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INTRODUCTION

The United Nations Conference on New Sources
of Energy was held in Rome from 21 to 31 August
1961. A brief review of the proceedings, of the papers
submitted to the Conference and of the related
discussions has been printed in New Sources of
Energy and Energy Development: Report on the
United Nations Conference on New Sources of Energy»
That publication also contains the agenda and the
lists of participants and conference officers, as well
as lists of all the papers and reports.

The Proceedings of the Conference comprise seven
volumes as follows:

Volume 1. General sessions.
Volume 2. Geothermal energy: I.
Volume 3. Geothermal energy: Il.
Volume 4. Solar energy: I.
Volume 5. Solar energy: Il.
Volume 6. Solar energy: Ill.
Volume 7. \Vind power.
The present volume, "Geothermal. energy: I",

contains the papers and reports relating to agenda
item II.A.l, "Prospection of geotherm,:l fields. a~~
investigations necessary to evaluate their capacity .

The Rapporteur's ge~eral rep~rt an.d his summa
tion of the proceedings m connexion WIth the agenda

I united Nations publication, Sales No. : 62.1.21.

item are given in full in both English and French.
as are those individual papers that were submitted,
to the Conference in both languages. With a few
exceptions, all the papers are summarized in both
English and French. .

The papers are printed in the alphabetical order
of the authors' names. References supplied by the
authors are listed after the text. As a rule, they are
numbered consecutively throughout each paper and
are indicated by arabic figures in parentheses.

The reports and papers are printed in the form
in which they were presented to the Conference,
and the affiliations of the participants are those in
effect at that time. Corrections to the papers have
been incorporated; some of the figures have been
rearranged; and minor editorial changes have been
made.

The views and opinions expressed are those of
the individual authors and do not imply the expres
sion of any opinion on the part of the Secretariat
of the United Nations.

The symbols appearing after the titles of the
papers and reports, and in references to them in
the text, correspond to the symbols under which
they were presented at the Confe~en.ce. !hey have
here been abbreviated by the ehmmatlOn of the
prefix "EJCONF.351", which should be included in
all full references.

INTRODUCTION

La Conference des Nations Unies sur les sources
nouvelles d'energie s'est tenue a Rome du 21 au
31 aout 1961. Le document intitule Sources nouvelles
d'energie et production d' energie .: Rappo?'t sur ~e~
traoaux de la Conference des Nations Unies sur e
sources nouoelles d' energie I donne un apen;u des
travaux des mernoires soumis a la Conferenc~ et
des debats dont ceux-ci ont fait l'objet. Il contient

. I Ii t des membres duen outre l'ordre du Jour, a IS e . ,
Bureau et des autres personnes ayant pns ,par~ a
I C f ' . i u'une liste de tous les memoiresa on erence, ams q
et rapports presentes.

Les Actes officiels de la Conference comprennent
les sept volumes suivants :

Volume 1. Sessions generales

I Publication des Nations Unies, nO de vente : 62.1.21.
Hi

Volume 2. Energie geothermique I
Volume 3. Energie geothermique Il
Volume 4. Energie solaire : I
Volume 5. Energie solaire : Il
Volume 6. Energie solaire : III
Volume 7. Energie eolienne

Le present volume, « Energie geothermique.: I»,
groupe les memoires et rapports ayant trait au
point II.A.l de l'ordre du jour, « P~ospe~tion des
champs geothermiques et recherches necessarres pour
evaluer la puissance utilisable».

Le rapport general du Rapporteur et le resume
des debats sur le point de l'ordre du jour eta
bli par le Rapporteur ~ont .do~nes integral,em~nt,

en anglais et en francais, amsi que les memoires



qui ont ete soumis a la Conference dans les deux
l~ngue;,. Sauf quelques exceptions, ils sont tous
resumes en anglais et en francais.

Les memoires sont classes dans l'ordre alphabetique
des noms d'auteurs. La liste des references fournies
par les auteurs figure a la suite du texte. D'une
facon generale elles sont numerotees consecutivernent
pour chaque memoire et sont indiquees par des
chiffres arabes entre parentheses.

En regle generale, les rapports et memoires sont
publies sous la forme dans laquelle ils ont Me pre
sentes a la Conference, et les fonctions indiquees
pour chaque participant sont celles qu'il occupait

Iv
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a cette epoque. Toutefois, les corrections necessaires
ont ete apportees et certaines figures ant ctc rerna
niees: des modifications de rcdaction mineures ont
de meme ete faites.

Les vues exprimees n'engagent que leur auteur
et n'impliquent aucune prise de position de la part
du Secretariat de 1'0rganisation des Nations Unies.

Les cotes indiquees apres les titres des mernoires
et des rapports et dans les renvois qui y sont faits
dans le texte correspondent aux cotes utilisees pour
la Conference. On les a cependant abrcgces en elimi
nant «EjCONF.:J5», qui doit Cire maintenu dans les
cas 011 la reference complete est donnee.



TABLE OF CONTENTS * - TABLE DES MATIERES *

Agenda item II.A.l

Prospection of geothermal fields and investigations necessary to evaluate their capacity

Point II.A.l de l'ordre du jour

Prospection des champs geother miques et recherches necessaires pour evaluer la puissance
utilisable

General report - Rapport general

GR/3 (G) Prospection of geothermal fields and investigations necessary to
evaluate their capacity . . . . . . . . . . . . . . . . .

Prospection des champs geothermiques et recherches necessaires pour
eualuer la puissance utilisable . . . . . . . . . . . . . .

Rapporteur's summation
Resume du rapporteur

Ruiz Elizondo

Ruiz Elizondo

Page

3

24

48
51

Individual papers - Mernotres

73

81

82

89

54

59

60
71

99

91
98

117

134
139

Averiev

Banwell

Burgassi

Bodvarsson

Bodvarsson,
Palmason

Battini, Menut

Burgassi, Battini,
Mouton

......

The technique of testing geothermal wells . . . . . . . .
111ethodcs d' essai concernant les puits de vapeur et d' eau (resume)

Geothermal driIlholes: Physical investigations . . . . ...
Puits geothermiques : recherches physiques (resume) . . . . .

Etude structurale de la zone de Roccastrada en vue de la recherche
de vapeur par les methodes geophysiques, gravimetriques et
clectriques . . . . . . . . . . . . . . . . . . . . . . .

Structural study of the Roccastrada zone in prospecting for steam
by geophysical, gravimetric and electrical methods (summary) .

Physical characteristics of natural heat resources in Iceland .
Caracteristiques physiques des ressources thermiques naturelles de

l'I slande (resume) . . . . . . . . . . . . . .

Exploration of subsurface temperature in Iceland

Exploration des temperatures du. sous-sol en I slande (resume)

Prospection des champs geothermiques et. recherch,e~ nece~sair~s
a leur valorisation, executees dans les diverses regions d Italie

Prospecting of geothermal fields and. explo~ation, n.ecessary for their
adequate exploitation, performed in. uartous regions of Italy . .

P ti , th mique pour la recherche des forces endo-rospec IOn geo er
genes . . . . . .

Geothermal prospect£ng for endogenous energy (summary)

, , , in most cases it is followed by the translation, in italics,
• The first title refers to the original language. 1 • t ,'. d ns la plupart des cas de sa traduction en caracteres italiques. I ' 'ginale' 11 es SUlVI,a. .• Le premier titre est cclui de a version on • .

v

G/74

G/53

GI2G

GIG

G/24

G/G5

G/Gl



G/25

G/lO

G/77

G/48

G/17

G/55

G/ll

G/20

G/42

G/67

G/12

G/34

G/57

G/28

G/31

, . 'la prospection desContribution des methodes geophyslques a . . .
champs geothermiques I

The contribution of geophysical methods to the survey of ~e~th~Y1:za.
fields (summary) . . . . . . . . . . . . . . .

Geochemical aspects of thermal springs in El Salvador, ,
Aspects geochimiques des sources thermales dlt Salvador (resume)

Geothermal energy in Mexico . . . . . . . . . . . . . .

Energie geothermique au Mexique (resmne) . . . . . . . . .

Geolo ical environment of hyperthermal areas in. eonti~lental
Uni~ed States and suggested methods of prospecting them for
geothermal power ...............,.....

Milieu geologique des regions hyperthermiques des, Etats-Unis
continentaux. Suggestions en vue de leur prospectlOll pour la
fourniture d' energie geothermique (res1t1lle) . . . . . . . . .

Investigations for geothermal power at \Vaiotapu, New Ze,alalH!
Recherches en vue de la mise en ceuure de l'cncrgic gcothcYlllIlJuC 11

Waiotapu (Nouvelle-Zelande) [resumel . . . . . . . . . . .

Scientific factors in geothermal investigation and exploitation .
Elements scientifiques dans les rechcrches et l'cxploitation f/othcr-

miques (resume) . . . . . . . . . . . . .

Review of geothermal activity in El Salvador . . . . . . . .
Notes sur I'actioite geothermique au Salvador (rlsl/l//(;) . . . . .

Operations research and possible applications to geotlll'rmal
exploration programming . . . . . . . . .

Programmes d' exploration geotherniiquc (res u 111c)

Geothermal drillholes: Chemical investigations
Puits geothermiques : etudes chimiques (resl/me)

Natural steam geology and geochemistry . .
Geologie et geochimie des champs gcotlierniiqucs (Y(;SI/IIU:)

Preliminary investigation of the Rabaul gcothermal area for the
production of electric power. . . . . . . . . . .'. . . .

Recherches preliminaires sur le champ geothermiqlfe de Rabaul
en vue de la production d' energic electriquc (rest/I//e) . . . . .

Geology of New Zealand geothermal steam fields . . . . . . .
Geologie des gites de uapeur geothermique en Nouvcllc-Zclandc

(resume) .

The present position regarding the utilization of geothermal
energy and the role of geothermal energy from the viewpoint
of energy economy in Japan ..... . . . . . . . . .

Staf~t ac!uel ,de l'ut~lisation de l'energi« geotltcY1/tl'qlfc et rtilc de
I c;zergz,e geothermzque dans I'economic energCtique du Japon.
(resume) . . . . . . . . . . . . . . . . . . . . . . . .

Geology and geothermal energy in the Taupo Volcanic Zone,
New Zealand. . . . . . . ..............................

Consider~tions geologiques et energie geothcrmique dans la rcgion
volcamque de Taupo (Nouvelle-Zelande) [resumel . . . . . .

Isotope geology in the hydrothermal areas of New Zealand. . .
Geol?gie isotof!ique dan« les regions hydrothcrmiqucs de la N ouucllc

Zelande (resume) . . . . . . . . . .
....................

vi

Page

Brcusse 141

Christmann 145

148

de Anda,
Isita Septien,

Ruiz Elizondo 149
J(j5

Decius )fili

)'ii

Dench )'i!1

) !I~

Doyk-, :-;t urlt UtI

:!(I(I

I )urr :!01

:!II~

Durr :!Iq

:!lIi i

El1i~ :!o~

et:
Faera, Tonnni :!HI

.l")~.... -\

Fooks :!:lo·

:!:lil

Grinrllcy :!:li

:!4:i

Harada. Xlori :!41i

:!4!1:

Hcaly :!;iil

:!;ii \

11 ulston :!;iU

:!(i3



vii

GJ30

GJ46

GJ69

GJ58

GJ3

GJ76

GJ73

G(75

G(38

GJ5

GJ29

GJl

G(23

Alternative methods of determining enthalpy and mass flow .
Variantes des techniques de determination de l' enthalpie et du debit

en poids (resume) . . . . . . . . . . . . . . . . . . . .

Sampling of geothermal drillhole discharges

Echantillonnage des produits des puits geothermiques (resume)

Photogeology applied to natural steam exploration
A pplication de la photogeologie ala prospection des gttee de vapeur

naturelle (resume) . . . . . . . . . . . . . . . . . . . .

Les anomali~s thermiques et les champs geothermiques dans le
cadre des intrusions recentes en Toscane . . . . . . . ..

Th~rmal anomalies and geothermal fields related to recent plutonism
m Tuscany (summary) .

Geology of The Geysers thermal area, California
Considerations geologiques au sujet de la region thermique dite

« The Geysers» en Californie (resume)

Echantillonnage et analyse des gaz des sources naturelles de
vapeur

Sampling and analysis of gases in natural-steam wells (summary) .

Echantillonnage et analyse des eaux de sources thermales ou
provenant de manifestations vaporiferes

lVater collection and analysis from thermal sources and vapour
manifestations (summary) .

Mcthodes et dispositifs de me sure en tete des puits employes au
champ geothermique de Larderello apres eruption d'un son
dage

l\Ieihods and apparatus used for wellmouth measurements in the
Larderello geothermal zone when a new well comes in (summary)

The hyperthermal waters of Pauzhetsk, Kamchatka, as a source
of geothermal energy

Les eaux hyperthermiques de Paoujetsk, dans la presqu'ile du
Kamtchaika, sources d' energie geothcrmique (resume)

Results and power generation implications from drilling into the
Kilauea Iki lava lake, Hawaii . . . . . . . . . . . . . .

ReSlt!tats des forages exec'flt~~ ~u lac de lav~ de ~ilau~a Iki dans
l' Etat d' Hawaii : posstbtlztes de production d energte ressortant
de ces trauaux (resume) .

Chemical analysis and laboratory requirements: experience in
New Zealand's hydrothermal areas .

Analyses chimiques et exigences quant ~ux laboratoires : expe;ience
acquise dans les regions hydrothermzques de la Nouvelle-Zelande
(resume)

Known geothermal fields in Japan . . . . . . . . . . . . .
Les champs geothermiques actuellement connus au ] apo« (resume)

Methods used in exploring geoth.ermal fields in J.apan, with
particular reference to geophysIcal methods, their role and
results. . . . . . . . . . . . . . . . . . . . .. .

Role des meihodes de prospection, particulierement l'ordre .geo
physique, et resultats obtenus dans les champs giothermiques

japonais (resume) . .

James

Mahon

Marchesini

Marinelli

McNitt

Nencetti

Nencetti

Nencetti

Piip, Ivanov,
Averiev

Rawson,
Bennett

Ritchie

Saito

Sato

Page

265

267

269
277

279

286

288

291

292

302

304
315

317

324

326

337

339

345

347

359

361

366

367
373

374

378



G/33 Geophysical prospecting in New Zealand's hydrothermal fields.

Prospection geophysique dans les champs hydrothermiques de la
Nouoelle-Zelande (resume) . . . . . . . . . . . . . . .

G/54 Prospecting of hydrothermal areas by surface thermal surveys

Prospection des champs hydrothermiques par etude de l'actiuite
thermale en surface (resume) . . . . . . . . . . . . . . .

G/2 Preliminary evaluation of geothermal areas by geochcmistry,
geology, and shallow drilling . . . . . . . . . . . . . .

Evaluation preliminaire des champs geotherrniques par la geocliimic
et la geologic, completees par le forage de puits peu profonds
(resume) .

G/35 Chemical prospecting of hot spring areas for utilization of geo-
thermal steam . . . . . . . . . . . . . . . . . . . . .

Prosp'ection chimique des regions de sources chaudcs pour l'ulili
sation de la oapeur geothermique (resume) . . . . . . . . .

vHi

Page

Studt 380

384

Thornpson,
Banwell, Dawson,

Dickinson ase

400

White 402

40U

Wilso/l 410

420



Agenda item II.A.l

PROSPECTION OF GEOTHERMAL FIELDS
AND INVESTIGATIONS NECESSARY

TO EVALUATE THEIR CAPACITY

Point II.A.l de I'ordre du jour :

PROSPECTION DES CHAMPS GEOTHERMIQUES
ET RECHERCHES NECESSAIRES

POUR EVALUER LA PUISSANCE UTILISABLE

Chairman - President

Frank E. STUDT

Rapporteur

Jesus RuIZ ELIZONDO



GENERAL REPORT - RAPPORT GENERAL

PROSPECTION OF GEOTHERMAL FIELDS AND INVESTIGATIONS
NECESSARY TO EVALUATE THEIR CAPACITY

Jesus Ruiz Elizondo*

GRj3 (G)
Original : Spanish

General survey of geothermat energy

A significant proportion of all countries in the
world meet their scheduled requirements for energy
by conventional means, burning coal and oil, and
harnessing water power. When nuclear energy
becomes available on an economic basis, as it
promises to be in the near future, the ultimate
exhaustion of the existing reserves of fossil fuels
will be postponed. The use of these fuels - hydro
carbons and coal - as raw materials in the chemical
industries and elsewhere has become important,
perhaps even more important than their mere
consumption to give heat.

What we call new sources of energy have long
been known. History tells us that some of them
may even have been utilized by the peoples of
antiquity. These new sources are known under the
names of wind power, solar energy, tidal energy,
thermal energy of the seas, and geothermal energy.
In view of the imperative need for greater and
greater amounts of energy, to enable man fr~ely

to advance along his path of progress and well-being,
the new sources of energy must be utilized, wherever
they can be, with modern techniques and in the
light of scientific progress.

The countries with the greatest natural, technical
and economic resources will of course have the
brightest economic future. It is logical to include
sources of energy among the n,:tural resources; ~he

countries that nature has lavishly endo~ed WIth
fossil fuel will have little reason for anxiety.. But
those less abundantly provided with these riches
will naturally have to look to other sou~ces of en~rgy
to raise the standard of living among their population.
Such resources may long have lain dormant and
undreamed of and when found, still need to be
made productive, i~ order to eliminate. the burden
to the national economy constituted by Imports due
ultimately to energy shortage. .

The existence of geysers and fumaroles, In many
countries and in many parts of the world, ha~ of

. I M gnificent and CUrIOUScourse played a certain ro e. a did'
manifestations have attracted beho~der.s, an ~ho~~
some places to rudimentary explo.I~a~lOn by
providing tourist and bathing faCIlItIes. Manybare

. h h t springs have eenthe places, Indeed, were 0 I tent
used by the healing art, and, to a esser ex ,
for residential heating. th

A considerable number of studies le:t~n t~ssete
conclusion that geothermal energy IS a wa g ,

. 1 Mexico City Mexico.• Comision Kacional de Energla Nuc ear, • •
3

of uncertain and limited duration. This statement
must, however, be related to the average length of
human life. Countries like Italy and New Zealand,
which have successfully developed their geothermal
resources, show such exploitation to be fraught
with blessings to population and region alike, and
demonstrate that the stores of energy may, in general,
last long enough to amortize invested capital, ~Ol~e

times with a substantial margin of profit, fortifying
the economy of village, city and nation.

Geothermal energy utilizes the heat existing in
certain parts of the earth's crust near the surface,
or at depths not exceeding the limit of economic
utilization. This energy is manifested in the form
of steam. Valuable chemical by-products may also
result, as in Italy. The variation of temper~ture

with depth is known as the geothermal gradient.
A geothermal anomaly exists wherever the increase
of temperature per metre of depth is greater than
normal. Thus the study of geothermal energy for
purposes of utilization should be understood in
terms of geothermal .anomalies.
. The prospection of geothermal fields makes it
necessary to improve the techniques, to extract the
energy available in the thermal regions. The a~t .of
geothermal investigation is indeed of recent origm.
The great advances registered by prospecting tech
niques have been due not only to research, but ~lso

to practical experiments. The work of prospecting
for geothermal fields must rely on method as t~e

key to success, as it is in various branches of economic
geology. This has to do with various well-known
factors; money, time, knowledge, objectives and
profits. No one can doubt that Nature demands
risk and investment of all who seek her favours.
The risks diminish and security of investment
improves only after sound experience has been
acquired; but sound experience, in general, comes
high.

Various geothermal fields are known in the world
today. They confer well-being and blessings on the
people of a number of countries. It may 1?e said
that all these fields have a common denorninator :
they represent true persistence and genuine thoug?t,
imbued with skill and art. A man whose profession
is the search for oil, coal, fissionable materials or
dam sites will realize that the energy obtainable
from a g~othermal field is recovered more easily,
and that with natural steam the recovery by-passes
a number of steps necessary to make possible energy
generation from other sources. Geothermal energy IS

therefore one of the cheapest sources of energy. As
already noted, it is assuredly not a renewable



resource; it is by no means easy to. predict its life
at full-scale production; the ?n~y thing that c,:n be
said in this respect is that It IS mdeed transItory.

The author expresses his sincerest thanks to the
Secretariat of the United Nations for giving him
the opportunity of collaborating with it. on the
topic of geothermal energy, and for having con
tinuously assisted him with precise and clear-cut
information.

This report could not have been written without
the encouragement and aid of Mexican institutions,
friends and colleagues. His Excellency, Licenciado
Jose Maria Ortiz Tirado, Chairman of the National
Nuclear Energy Commission of Mexico, gave the
author permission to undertake this work, and
provided the necessary facilities. The Bank of
Mexico and the Geothermal Energy Commission
have also followed this work with keen interest.

The writer expresses his warmest appreciation to
all these persons, as well as to the authors of about
forty papers, whose names are listed in the table
of contents.

Purpose of this report

By invitation of the Secretary-General of the
United Nations, the writer is acting as ': ~apporteur
for this conference. At the time of wntmg, about
forty papers have been received fro~ n:any parts
of the world. They evidence enthusiastic interest
in this subject, and fundamentally,. perhaps, the
urgent need of increasing the. per ~apl~a number of
kilowatts generated, WhICh IS a J~stIfied, natural
and inescapable tendency, not only m the developed
countries but also in those termed under-developed.
Italy, N~w Zealand, I~eland, th~ Unite?- .States,
Mexico, Japan, the Union of SOVIet. SOCIalIst Re
publics, El Salvador, France and Belgium are among
the countries presenting papers on various aspects of
geothermal prospection. This report will a~tempt to
give a very general account of the tOpIC o.f the
prospection of geothermal areas and of the ~onsIder~
tions and criteria followed in evaluatmg their
capacity.
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II.A.! Geothermal prospection

Description of geothermal fields

This section of the General Report gives a some
h t generalized description of the known geotherma)

~el~s The information has been largely tak~n from
pape;s reviewed by the aut~lOr, and also I~cludes
data from a number of earher personal notes.

Tables 1 to !) have been prepared for the sake
of simplicity. They indicate, country by coun~ry,
th known geothermal fields now m production,
to:ether with those now in preliminary development
(figure I). .

The tables are divided into three column.s. The
left-hand column gives the names and loca.tIOns of
the geothermal fields, arran~ed by coun~nes, an~1
present status, i.e., productIOn, exploratlO~1 preli
minary to production, or merely prosp~ctlOn and
survey, in the initial basic stag<-;.s. ~eadmg to .tl~c
discovery of a geothermal field. 11115 col~lmn also
gives the history of the field and the olcvanon above
sea level, in metres, of the geothcrm;~1 area, as wc!1
as the elevation, if known, of the horizon or (~CPO~lt
from which geothermal energy is cxt.ractcd. 11.1 the
form of steam. The object is to asccrt.un statistIcally
the influence of the elevation of geot hernial fields
on their production.

The central column states, very briefly, the
constitution of the geolog!cal steam ~rap. in. the
subsurface and the formations composl1lg It. Each
day secs increasing interest in the origin of the
underground steam tha~ yields t~sable cncrgy at
the surface, in its behaviour, and III the subsurface
reservoirs in which it is stored.

The right-hand column is used for su bjcc.ts on
which information mayor may not be available,
They relate to what is known, for these geothermal
areas, of the surface heat flux and the flow rate of
geothermal fluids, the amount of energy produced
by the field, if in production, and the investigations
made to estimate this production, where tests haw
not yet been made. Finally, information has been
provided which was considered necessary to supple
ment the very brief description of the geothermal
fields, zones or areas of the country. In some cases
it has been considered advisable, in addition to the
table, to annex separate statements on topics not
previously mentioned.

Table 1. General features of known steam fields: Italy

Name, location, present stage, history,
elevation (metres above sea level)

Larderello, 17 km S of Volterra. 'Natural
steam vents were known before 1777, but
it was then that the presence of boric acid
was discovered.

Count Francesco de Larderel was the
founder of the borax industry. The field
is named in his honour. Other localities
in the neighbourhood of Larderello are
Serrazzano, Lagoni Rossi, Lago, Montero
tondo, Sasso and Castelnuovo, all in Tuscany.

Structural geology 0/ the known or in/erred
sub-soil zones with steam accumutotion

An impermeable Oligocenc-Mioccnc
stratum, locally called" argille scagliose"
(schistous clays), discordantly overlies
a permeable anhydrite series of the
Rhaetic, in which the steam occurs.
The fractures emerge through the crystal
line basement, and the steam is probably
connected with a cooling intrusive body
several kilometres below the anhydrite
series.

The first. gcothcrmal powa st at ion.
producing 40 hp with natural "t('<\111 ,
was installed in 1\)05.

The average depth of the wcll s is
700 m. the maximum I r,00 m.

A total of WO wells yield :? 1':;0 flOII

kglh of steam, at an average temperature
of :WO°C and an average pressure of
5 at m abs.
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Name, l?cation, present stage, history,
elevatwn (metres above sea level)

Larderello is a field in production. The
Larderello area covers about 400 sq. krn.,
and includes parts of the provinces of Pisa,
Grosseto, Siena and Leghorn. Its maximum
elevation is I 000 m above mean sea level.

Monte Amiata, 70 km SE of the Larderello
area, in the provinces of Siena and Grosseto
Tuscany. This field is now in the stage of
exploration and of production. Its elevation
above mean sea level is I 738 m.

Roccastrada, located 30 km SE of Larde
rello, in the provinces of Siena and Grosseto
Tuscany. It is now in the stage of exploratio~
and investigation.

Montecatini-Orciatico region, 25 km N of
Larderello, in the province of Pisa, Tuscany.
It is in the exploration and investigation
stage.

La To/la region, a few kilometres from
the Tyrrhcnian coast, in the province of
Rome. It is now in the exploration and
investigation stage.

-'lollti Berici region, in the province of
Viccnza, Venetia. It is now in the exploration
and invcstigatlon stage.

Structuy'!l geologyo] the known or inferred
sub-soil: zones wtth steam accumulation

As at Larderello, the schistous clays
are directly in contact with the under
lying anhydrite series (which contain the
steam), but here the sedimentary deposits
are still affected by volcano-plutonic
ignimbrites.

Probably similar to those of Mont
Amiata.

Similar to the above.

Similar to the above.

The trap in which the steam has
accumulated is probably formed of
recent rocks of volcanic origin.

Remarks

The annual production of energy by
the Larderello field is 2 X 109 kWh.

The surface temperatures of the thermal
springs range from 20 to 500C. Drilling
has reached 400 to I 100 m depth.
A total of 12 wells have been drilled,
and 5 of them produce I 000 kgjh of
a fluid containing 30 per cent of gas,
at a pressure of 5.5 atm abs and a tem
perature of 1500 C.

The average surface temperature of
the thermal springs is around 55 0C.

Preliminary drilling has commenced.
The surface temperatures of the thermal
springs are in the neighbourhood of MoC.

Preliminary drilling has commenced.

In view of the general situation in the Italian
geothermal fields, which are unique in their charac
teristics, not much can be said, without taking a
considerable amount of space, as to whether the
steam is endogenous or exogenous (that is, whether
it comes from magmatic fluids or is formed primarily
by meteoric water). It is of major importance, in
a region of thermal manifestations, to have sufficient
bases to be able to consider a favourable geological
trap structure. This is a practical consideration that
is borne in mind during exploration in a steam
field, and may perhaps be responsible for drilling
in some parts of Italy where there are no. superficIal
manifestations. After all, if the heat IS at least
partially associated with intrusive bodies. at a
certain depth, it is important to know the eXIst~nce
of successive permeable and impermeable formatlO~s
capable of forming geologically favourable traps, III

order to constitute deposits of heat; the fluids
themselves may result either from deep magmatic
influence or from shallow meteoric influence. It may
be unnecessary to devote practical consideration
to the trap, provided an adequate idea of the struc
tural geometry of the formations in depth is obtained.
Detailed geological reconnaissance, in addition to
gravimetric, electrical and seismic exploration, is
therefore recommended in advance of any drilling.
Hydrogeological studies are supplementary tools,
and isotope geology and geochemistry play the
important part of being concerned with the origin
and evolution of the elements in the fluids.

In spite of this, and bearing in mind that Italy
is the first country to develop geothermal energy,
a very broad field for research and production still
exists in that country.

Table 2. General features of known steam fields: New Zealand

Name, location, present stage, history,
elnJalion (metres above sea level)

JVairakei, about 16.5 km NE of Lake
Taupo, in the central volcanic portion,
district of North Island, New Zealand.
The elevation is about 396 m above sea level.
It is now in production.

Structural geology of the known QT inferred
sub-soil zones with steam accumulation

Volcanic rock is predominant.

The 'Waiora formation, locally intruded
by a thick cover of rh.yoUte, is co~posed

of post-Mesozoic pumIce.ous. breccia, and
forms an aquifer constItutmg the heat

Remarks

The thermal region of Wairakei consists
of both active and extinct thermal areas.
The high-pressure steam of Wairakei
comes from wells drilled into the principal
active faults.
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Name, location, present stage, history,
elevation (metres above sea level)

Waiotapu, about 48 km NE of Wairakei,
North Island, New Zealand. This field is
in the stage of investigation. Excepting for
well No. 1, all the other wells (6 in number)
were started at a surface elevation below
457 m.

Kawerau, about 98 km NE of Wairakei,
and about 8 km S\V of the village of Teteko.

The Onepu steam vents are 2.5 km N
of Kawerau, which is crossed by the Tara
wera River. It is now in the stage of invest
igation. Its elevatiou above sea level is over
20 m.

Orakeikorato. Present status is one of
investigation (?).a

Tikitere. Present status is one of investi
gation (?).a

Tekopia. Present status is one of investiga
tion (?).a

Waikiti. Present status is one of investiga
tion (?).a

Structural geology of the known or infe~red
sub-soil zones with steam accumulaiLon

deposit, with temperatures up to 260°C.
It is covered by impermeable lacustrine
mudstones of the Huka formation. The
sequence is traversed by sharply dipping
fractures of the middle Pleistocene, which
cut through the underlying ignimbrites.

The fissures at the top of the ignim
brites are large and open. The possible
existence of other structural traps below
the ignimbrites of Wairakci is under
consideration.

The probable age of the hydrothermal
field is about 500000 years (:\rid<1le
Pleistocene, according to G/34).

There are soft breccias both overlying
and underlying the hard ignimbrites.
This is called the \Vaiotapu formation.

Localized in the principal Quaternary
volcanic belt on North Island.

The purniccous brcccia forms an aquifer
covered by thick rhyolitic effusions.

This brcccia is underlain by highly
fractured andesitc, and by ignimbrites.

Marry active faults cross this field.

Remarks

There are 20 wells in the western
region of this field, producing a total
of about 480 000 kg/h of high-pressure
steam.

The eastern part produces about
135000 kg/h of high-pressure steam
from several wells. There arc 22 well,
producing intermediate-pressure steam.
About 10 wells have been declared non
producing.

Seven wells in all havr- be('n <Irille,}
to a depth of 1 OSO m. TIn' drillill~ Ior
well No. S has IH"en J>r()~ramnH·'1. Th«
total period of this in\"t'sti~ation has I"Tn
:! years.

The dee-p bores give higher tvrnpt-ra
tun's, up to :!!!,';"C, according to (;/li.

Estimated power is 10(10(1 k\\', n,il1~

direct steam, with S('collClar~' st r-am from
the t ln-rma l waters.

The estimated t lu-orct ira l I")\"'r that
could be g"\wra\",1 from t hv g("o\lwrm,\
resources of this fidd is (\3 lOll ],\\'.

Twe-lve bon's have 1)("("n dr ill ... l f"r
invcst ignt ion. 1'11<' frar\Il\(,I! an,Ic,,\,·
I'ro,ItICl'S high-pressure ,.,1<-all1 at :!ilt"C

The cold water acts uufa voural.lv on
the brcccin aquifer, cooling t lu- S;".l111
wells after t lu-v havr- ],een 3 vrars in
production. . ,

The level of phrcat ic.water has droppcd
This field differs from t hosr- of Wairakc:
and Waiot npu in that there an' rhvohtic
effusions instead of ignimbrites.· The
highest tcrnpcraturc recortled 111' to now
was :?5:lnC at about :;00 III depth. ,\n
obscrva t ion reported in ;V.Z.]. (;(,,7.
Gcogr., \'01. I (I!l.';8) is \Tr~' interesting:
from the beginning of this century, Ill'

to now, the reaction of the crnannt ion
has changed f rorn a lk alim- to acid. Hut

the acidity is superficial. since the wrlls
gain alkalinity with depth.

The chlorine content is :lOO to (lOO 1'1'111.

The heat flllx at Onr-pu is estimated
at :?Ii 000 I\:-eal/s, which would he
equivalent to 100 t hr-orrt ir al mcgawat ts.

The estimated natural hr-a t flux.
re lat.ivo to onc, is 860 X 1O~ BTl" lh.

The natural heat flux cst ima tcd at
OnC is li70 X 10~ BTtJ/h.

The natural heat flux ost irna tr-rl rcla t ivc
to OnC is 43<l X ](l~ HT!; Ih.

The natural heat flux estimated rr-lat ivc
to OnC is 2!l0 X lOG HT!ljh.
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Name, l?cation, present stage, history,

elevation (metres above sea level)

Taupo, thermal area adjacent to the
township of Taupo. Its present status is one
of investigation.b

Ngatamariki, in the beds of Orakonui,
near the Waikato River. Its present status
is one of investigation (?).b

Rautawiri, including the thermal areas of
Ohaki and Broadland. Its present status is
one of investigation (?).b

Rotokatna area, crossed by the Parariki
River. Its present status is one of investiga
tion.>

Tauhara, near the Taupo-Napier road.
Its present status is one of investigation (?).

Structural geology 0/ the knonn or interred
sub-soil zones with steam accumulation Remarks

The estimated heat flux is 35 900
K-caljs.

The heat flux has not been estimated.

The estimated heat flux is 23 100
K-caljs.

The estimated heat flux is 52 100
K-caljs.

The heat flux is insignificant.

• ]. A. H. Smith, "Production and utilization of geothermal steam", N.Z. Engineering, Vol. 13, No. 10 (1958).
b D. R. Cregg, N.Z.J. Geol. Geopli., Vol. 1 (Feb., 1958).

The gravimetric survey at Wairakei showed the
existence of an anomaly previously attributed to
basement uplift, which was found in fact to be due
to a thick sequence of over 500 m of rhyolitic rocks.
Gravimetric prospection thus has its limitations
as far as steam fields are concerned.

The spacing of the wells above the faults is 150
to 300 m; they are occasionally closer together,
and the production is not materially ~ffected by the
location of other wells on the faults, m the western
part of Wairakei.

Knowledge of the stratigraphy a?d s~ructure is
necessary to save time and money, since It has been
found that the fissures producing high-pressure ~tea~

are large and open, at the crest of the Wairakei
ignimbrites. If the well taps the upper parts, one
cannot be too sure of getting high-pressure steam;
the fissures must consequently be cemented, ~nd
this takes time and money. Drilling into the 19m~
brite and its fault zones has not shown a substantial
increase in production.

The high-pressure producing wells (at over 20~ -psi)
are more affected by temperature and permeability.
The temperature falls from the fissure to the aqmfer.

The permeability of the aquifer is adversely
affected by the hydrothermal alteration of the rocks.

The Wairoa breccia becomes impermeable as ~
result of deposition of minerals of hydrotherma
origin.

Wells drilled near the feed fissures without travfers-
. duci and there oremg them are usually non-pro ucmg, fi

., d '11 . to the ssuresthe accepted practice IS to n m
themselves. . .

. . fl d by the depOSItIonThe flow of the wells IS m uence . (at
'1' . the casmg aof calcium carbonate and suica m if

300-500 m depth); this deposition reducJs the~; ~~~
diameter at the wellhead, and also re uces

duction, but these phenomena are usually accom
panied by a slight increase in enthalpy. In this case,
however, there is no mineral deposition in the steam
producing fissures.

The heat flux of the aquifer of Wairakei field
is controlled by the same pattern of fault inter
section..

The Na/K ratios have been used in a way that
might perhaps lead one to think that the steam
does not come from a single source, even in the same
area.

One method of estimating the heat production
in New Zealand considers the chlorine content in
the borehold fluids and the chlorine content of the
natural steam in order to get an approximate idea.

The gas-water ratio is 30 per cent.
The total productive capacity of the Wairakei

field is very difficult to estimate, since the best
indication derives from a detailed study of the trends
of the natural heat flux and of the behaviour of
the individual wells.

The hydrothermal and hydrological studies might
lead to the conclusion that the factor limiting the
production might be nothing less than the scarcity
of meteoric water. .

As in Mexico and elsewhere, the steam field of
Waiotapu has been studied by means of aerial photo
graphy. The calciting of the casin~ is more rapid than
at Wairakei. This causes blocking of the shallow
wells so that they no longer serve for energy produc
tion. ' The deep wells encounter high pressure and
temperature without calciting.

In comparison wit~ Wairakei, this fi~ld has. a
high bicarbonate ratio and a low chlonde ratio,
A low chlorine content is generally considered to
indicate that the water of the formation itself has
been heated by the steam.
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of known steam fields '. New Britain, Trust Territory of New Guinea
Table 3. General features

Name, location, present stage, history,
elevation (metres above sea level)

Area of Rabalanakaia-Matupi- Vulcan, near
Rabaul, on either side of Blanche Bay and
Simpson Harbour. Rabaul township is
situated within the subsided caldera. This
part of New Britain is served by Diesel
generators for the production of electricity.

According to G/12, the existence of geo
thermy in this area has caused belief that
it will be possible to obtain 5 megawatts
in 8 years, and then reach a total of 20 mega
watts, developed in steps or stages of
5 megawatts.

The areas with a marked heat flux are
located between 50 and 30 m above sea level.
The natural thermal emanations are located
below high tide mark, and their temperature
varies from 40 to 98°C.

In 1937 the Matupi volcano erupted, and
was active in 1942. The Vulcan volcano
erupted in 1878 and 1937.

Structural geology of the known or inle~red
sub-soil zones with steam accurnulaiiow

No structural stratum acting as an
impermeable cover is known, but it is
possible that the lava effusions from
Rabalanakaia could have formed restric
ted beds.

Permeable strata between recent vol
canic effusions.

It is possible that the lava effusions
form impermeable covers above argil
laceous and pumiceous sedimcnts.

Remarks

The heat flux is intimately associated
with Matupi and Vulcan volcanoes,
and with the Haba!anakaia crater and
the eastern wall of the caldera,

The quantity of natural heat escaping
is not necessarily a measure of the
quantity of heat that could be obtained
by deep drilling.

According to G/I:!., if the results (,f
the initial investigations show a heat flux
of the onler of a thousand million llTUjh,
investigation of the system will !,("
recom rnenrlvd , for generating :!II m'·ga· I

watts. Drilling deeper than fillll m i;
rocornmcrulcd, and the possibh' cost (,f

the proposed investigation would I>e
about £200000. If these \\'l·lIs were pro·
duct ivc, an engine room could be supplic.'.
after adequately cemcnt ing the ('a,in~

liners.

At Rabaul, in New Britain, if the results of preli
minary prospecting are satisfactory, drilling will be
undertaken to establish the possibility of production
of 20 megawatts by the field.

The latter wells should discharge, for at least
a year, at the pressures and flow rates visualized
today for the period of approach to the final stage
of power production.

'During this period, there \ViII he continuous te~t~

of the pressure at well bottom and of the tempera
tures, as well as of variation in flow rate. The meas
urements will also include the quantity of steam and
water and their chemical composition.

It will cost about £10,000 to measure the natural
heat flux and other physical properties.

Table 4a. General features of known steam fields: Iceland

High-temperature thermal zones

Name, l~cation, present stage, history,
elevation (metres above sea level)

Reykjanes area, in the Quaternary neo
volcanic zone of sw Iceland. The elevation
is 15 m above sea level. Its area is I square
kilometre.

Trolladyngja area, in the Quaternary neo
volcanic zone of SW Iceland. Its elevation
is 120 m above sea level and its area is
5 square kilometres.

Krysuvik area, in the. Quaternary neo
volcanic zone of SW Iceland. It is 150 m
above sea level and its area is 10 square
kilometres.

Hengill area, in the Quaternary neovolcanic
zone of SW Iceland. Its elevation is 30 to
600 m above sea level, and its area is 50
square kilometres.

Kerlingafjoll area, in the Quaternary neo
volcanic zone of the eastern central part
of the western half of Iceland. Its elevation
is 900 m above sea level and its area is
5 square kilometres.

Structural geology 01the knoion or interred
sub-soil zones with steam accwmwlaiion

Permeable zones between strata of lava
with permeable dikes and faults.

Permeable zones between strata of
basaltic lavas with permeable dikes and
faults.

Permeable zones between strata of lava
with permeable dikes and faults.

Similar to the above.

Permeable zones between basaltic
formations with dikes and faults.

The heat flux has been estimated at
5 to 25 X 104 caljs. One well Ifl~ 111

deep has been drilled.

The heat flux is cst imatr-d at !; tn
25 X 104 cal/s.

The heat production is estimated at .1
to 25 X If.J6 calls. 15 wells have been
drilled to a maximum depth of I :WO m. I

The base temperature is about 23ft°C.

The heat flux rarigr-s from 25 to
125 X 1()8 cei]«. The base temperature
is 230°C. Numerous shallow wells haw
been drilled, together with 8 deep wells,
to a maximum depth of 120ft m.

The heat flux is cst.imatorl at 25 to
125 X 106 calls.
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l\'atne, location, present stage history

rlevaiio« (metres above Set; level) ,

Tor/ajOkllll area, in the southern part of
the eastern half of Iceland. It is 900 m
above sea level and is 100 square kilometres
in area.

Vonarskard area, in the Quaternary neo
volcanic zone practically in the eastern half
of Iceland. Its elevation is 1 000 m above
sea level.

Grimsl'olll area, in the Quaternary neo
volcanic zone of the eastern half of Iceland.
It is 1000 m above sea level and 12 square
kilometres in area.

Kt'erkfiu// area, in thc Quatcrnary neo
volcanic zone of the eastern half of Iceland.
The elevation is I 500 m above sea level,
and the area is 10 squarc kilometres.

Askja area, in the ncovolcanic zone of
the eastern half of Iceland, at I 050 m above
sea level.

Sama/jall area, in the ncovolcanic zone
of the eastern half of Iceland : elevation
350 m above sea level. Area 2.5 square
kilometres.

h'lafla area, in thc ncovolcanic region of
the eastern half of Iceland. Elevation 450 m
above sea level. Area 0.5 square kilometres.

Thcistarrykir ana, in the ncovolcanic zone
of the eastern half of Iceland. Elevation
330 m above sea level. Area 2.5 square
kilometres.

Structural geology of the known or inferred
sub-soil ZOnes with steam accumulation

Similar to the above.

Permeable zone between basaltic forma
tions with dikes and faults.

Similar to the above.

Permeable zones between basaltic
formations with dikes and faults.

Similar to the above.

Similar to the above.

Permeable zone between basaltic forma
tions with dikes and faults.

Similar to the above.

Remarks

The heat flux is 125 to 750 X '10° cal/s,
with an average of 5 X 108 cal/s.

Heat flux estimated at 5 to 25 X 106

cal/s.

The heat flux is estimated at 125 to
750 X 106 caljs. This area is located
under the ice cap of Vatnajokull,

Heat flux estimated at 25 to 125 X 106

calfs.

Heat flux estimated at 5 to 25 X 106

cal/s.

Heat flux estimated at 25 to 125 X 106

cal/s.

Several shallow wells have been drilled.

Heat flux estimated at 5 to 25.X 106

cal/s.

Heat flux estimated at 5 to 25 X 106

caljs.

Table 4b. General features of known steam fields: Iceland

Low-temperature thermal zones (linear grouping)

Xom«, location, f"~st'nt stage, history,
drl.'aJion {metres abor.:e s~a level}

50 km (1) ~W of Torfajokull.

50 km (+) ~W of Torfajokull.

60 km (+) ~W of Torfajokull. Includes
the Great Geyser.

40 km E of Krysuvik.

Xear Trolladyngia. The base temperature
at Reykir is 980C. Seventy wells have been
drilled there to a maximum depth of I 380 m.
The production of the wells is 370 litresfs
at 8,oe.

XE of Reykjanes, near Reykjavik. The
base temperature at Reykjavik is 1.46oe.
Forty wells have been drilled to a maxlm~m

depth of 2200 m. Their total productiOn
is 134 litresjs at a maximum temperature
of 1380e.

Structural geology of the known or inferred
sub-soil zones with steam accumulation

Volcanic strata in Tertiary districts.

Same as above.

Same as above.

Same as above.

Same as above.

Same as above.

Remarks

Total natural flow 52litres/s. Maximum
surface temperature 1000C. Heat flux
25-125 X 106 cal/s.

Total natural flow 140 litres/so Maxi
mum surface temperature 100°C. Heat
flux 5-25 X 106 cal/s.

Total natural flow 60 Iitresjs. Maximum
surface temperature 100°e. Heat flux
5-25 X 106 cal/s.

Total natural flow 70 litres/so Maximum
surface temperature 100°C. Heat flux
5-25 X 106 cal/s.

Total natural flow 120 litres/so Maxi
mum surface temperature 83°C. Heat flux
5-25 X 106 cal/s.

Total natural flow 10 litresjs. Maximum.
surface temperature 800 e. Heat flux
5-25 X 106 cal/s.

2
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Name, location, present stage, history,
elevation (metres above sea level)

In the SW part of Iceland. There is in fact
a system. of lines including the largest
natural manifestation of hot water at
Deildartunga.

W of Akureyri.

Structural geology of the known or inf~rred
sub-soil zones with steam accumulatwn

Volcanic strata in Tertiary districts.

Same as above.

Remarks

Total natural flow 400 litres/so :llaxi
mum surface temperature J(JOoC. Heat
flux 25-125 X 106 cul]«.

Total natural flow 70 li trcsjs. l\laximum
surface temperature 8!l°C. Heat J1ux
5-25 X 106 cal/s.

The total potential natural heat resources of
Iceland are estimated, in terms of electric power,
to be of the order of 500 megawatts.

The thermal areas of Iceland are controlled by
permeable contacts between strata of lava, permeable
dikes and faults.

"Circulation" may take place at the bottom. of
the basalts-that is, at a depth of two or three kilo
metres. Hot volcanic structures of Recent age appear
to be supplying th~ heat to t.he. high.-temperature
areas. The circulatmg water IS m direct contact
with the hot rock. On the other hand,' the low
temperature areas appear to draw their natural heat
from .the heat existing in the lower or deep parts
of the basalts. The temperature in the circulation
region may be 100-120 ~C. There is an excess amo~nt
of heat stored in the high-temperature areas, WhICh.
may be exploited by drilling.

The low-temperature areas are characterized by
springs of hot water and underground temperatures
below 150°C. located in Tertiary regions. The high
temperature areas are located in the Quaternary
district. The total flux of natural heat in the low
temperature areas is estimated at one hundred
million calls, while the high-temperature areas appear
to have a heat flux of a thousand million calls.

About 250 low-temperature thermal areas are
known, distributed over the lowlands of the eastern
half of Iceland. There are a large number of natural
manifestations, about 600, with an estimated total
flow of 1 500 Iitres/s The heat production of the
hydrothermal springs is 108 cal/s., at an average
temperature of 75°C.

In his paper presented to this conference,
Bodvarsson has fixed a base temperature of 150°C
as the upper limit in the group of low-temperature
thermal areas (G/6). From this criterion, he concluded
that the subsurface conditions, both chemical and
physical, vary considerably as soon as the base
temperature exceeds 150°C.

An approximate total of 70 000 linear metres of
wells have been drilled in Iceland to exploit the
natural heat resources. The deepest well reached
2200 m, and is inside the city of Reykjavik. Several
tens of thousands of metres are scheduled for drilling
during the coming years.

Drilling in the thermal areas of Iceland has shown
the important fact that the heat production of the

ell exceeds the natural production of the area;rior to drilling. In one case the increase was twenty-
fold.

The continuous and uniform power potential. of
the thermal areas of Iceland for energy yrodl1~t!on
has been estimated at 300· megawatts, m addition
to a recoverable heat of 15000 megawatts/year.

Heat is used in Iceland today mainly for domestic
heating and greenhouses. The total quantity. of
natural heat utilized corresponds to an annu;~l savmg
of petroleum fuel of about GO 000 n~etnc to.ns,
or 350 kg/year per capita, from the information
given in G/24.

The maximum temperature measured up to now
in the thermal regions of Iceland is about 2:W "C.
The geotherrnal gradient in nonthermal regions varies
from 0.033 to 0.01G5 °C/m.

In some cases the geochemical data may indicate
the reaction temperatures.

The drilling fluid disturbs stationary temperature
conditions by cooling or heating the formation around
the drill.

Geochemical methods show a positive correlation
between the temperature of the hydrothermal sources
and the total content of dissolved solids. For instance,
water discharged at 30°C from hydrothermal sources
may contain 150 ppm of solids, while water dis
charged at 100°C may contain over 300 ppm.

Combined temperature, gravimetric and magneto
metric measurements are being conducted in the
thermal area of Reykjavik, and indicate an upward
flow of hot water to the west of the intrusive bodv.
During the last six years a total of twenty-five wells
have been drilled in this area, on the basis of previous
studies. The maximum production temperature is
138°C, the maximum depth is 2 200 m, and the flow
of hot water is 135litres/s, which is used for domestic
heating in the city of Reykjavik. The base tempera
ture of the area is 146 cc. This temperature is prevalent
down to 1000 m depth.

The Reykir thermal area was the first large area
to be exploited in Iceland.

Drilling started in 1933. By 1954 there were seventy
wells. Maximum depth was 621 m. The production
of the wells was 360 litres/s of water at an average
temperature of 87°C. The area is in a block-faulted
region with a Tertiary fault striking SW-NE. In 195!l,
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an additional well reached 1 380 m. Only an insig- to 1 200 m, and the total production IS 500 litres/s
nificant production was obtained at depth 670 m at 180 to 230°C.
Temperature measurements indicate that after pass-
ing a fissure at 670 m, the temperature fell from 98 The area is geologically complex. There is an

0C Th R ki th I apparent horizontal stratification of the heat flux.
to 90 . .e ey rr erma area is controlled by The temperature declines below the permeable
a porous horizontal stratum, and more than a single horizons.
fault. The decrease of temperature with depth is an

One of the largest geothermal areas of Iceland interesting phenomenon not fully understood at
is the Hengill thermal area, where it is planned to present. However, the principal practical application
build a power plant based on natural steam. is that the area is not one of substantial upward flow.

Large-scale drilling started in 1958, and eight wells Iceland possesses Tertiary vo1canism, some of it
haw been completed. The depth ranges from 300 active in several parts of the country.

Table 5. General features of known steam fields: United States

Sam,. location, presrlll stage, histor y,
elevation (",d,(S abot'~ sea lcrcl}

Big Gryscrs,California. The first geological
observations were made by Brewer in 186!.
Geological investigations were privately
made for the production of steam to generate
electric energy in 192·1. first hy Decius, and
continued in I!155 with the same object.

Hvpcrthrrrnal manifestations occur along
a line 8.5 km long in Sonoma County,
California. The elevation of Big Geysers is
,5l!l m above sea level.

Ana 0/ Ca.<a Di al.lo, in the south of
~Iono County, California. Five wells were
driller! in I!);;!) and 1!J(;n.

A,ea 0/Calistot;a, Napa County, California.
It is located SSE of the Big Geysers zone.
It is ~n km from Big Geysers.

Surpri5e mile)', California. There was an
eruption of mud volcanoes with explosive
force in the neighbourhood of this zone
in 19.';1. -

Area 0/ l.ahrricu-, Oregon. This area was
prospected with a well, in view of the
existence of thermal manifestations with
temperatures up to I ROoF.

Area of Crunip Lake. Oregon.

Area 0/ lFabuska, :-;e,-ada.

Structural geology oj the known or inferred
sub-soil zones with steam accumulation

The results obtained by drilling indicate
that the producing zone is a structurally
very complex sandstone, which has been
fractured and faulted, subjected to

intense hydrothermal activity, and under
gone alteration as a result. The original.
rock is a dense grey sandstone with
smaller intercalations of lutite; under
normal conditions its porosity does not
exceed 10 per cent, and its permeability
is less than one millidarcy. The relatively
high production of the well thus comes
from fractures. The sandy formation
mentioned is probably of j urassic age.

There are considerable volumes of
volcanic material at the surface. The
producing horizon is probably similar to
that of the above zone, Steam production
is predicted at a maximum depth of

3:!5 m.

Three wells have been drilled in what
is called the Franciscan formation of
]urassic sandstones to over 100 m depth.

The area is covered by a thick layer
of alluvium, making it difficult to deter
mine the structural geology.

The zone is covered by Quaternary
sediments and volcanic rock.

This area is composed of Tertiary and
Quaternary volcanic effusions, with block-

faulting.

There are Tertiary volcanic. rocks.
There is at least 455 m of allUVial fill.

Remarks

Six wells have been drilled in this area
first to depths varying between 87 and
121 m, and have later been extended
to 226 and 290 m. The temperatures
were over 4000F at 280 m during drilling.
The previous drilling of 13 wells in this
area confirms the above geological situa
tion.

Three of the wells drilled in 1960
over a fault zone, active for over lOO
years, reached 192 and 247 m depth
respectively. The 3 wells are producers,
with a total capacity of 335 000 kgjh
of steam at a pressure of 2.37 kgjsq.cm.
The exploration is considered to have
been only partial.

Two wells were drilled. One of them
was abandoned as non-producing at
652 m in volcanic rock. The other well,
1 029 m to the E of the first one, reached
a depth of 357 m, meeting only valley
alluvium.

The well was drilled to 199 m and
abandoned as non-producing.

A well was drilled to 512 m, giving
a maximum of 170 oF.

Three wells have been drilled to over
610 m depth. The hot water obtained
was at 140°F, highly charged with sodium
sulfate. The project was considered
unsuccessful.
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Name, location, present stage, history,
elevation (metres above sea level)

Area of Steamboat Springs, Nevada,
16 km S of Reno.

Area of Brady Hot Springs, Nevada.

Beowawe area, north central part of
Nevada.

Kilauea-Iki volcano, Hawaii. The eruption
of this volcano in 1959 formed a lava" lake
over 100 m deep in the crater, containing
about 100 million metric tons of molten lava.

Structural geology of the known or inferred
sub-soil zones with steam accumulatwn

The drilling indicated faulting since
Tertiary volcanic rocks appeared at 50 m,
while at over 300 m and at the well
bottom, there were volcanic rocks and

granodiorite.

This area is an alluvial valley contain
ing Quaternary volcanic effusions.

Drilling showed andesite, basalt anti
altered volcanic rock at 50 m depth.
At 500 m, traces of slickenside material
indicate the presence of faults.

The heat deposit is the lava stored
in the crater.

Remarks

Four wells were completed, with a
maximum depth of 540 m. The first well
was abandoned as non-producing. The
second well reached 295 m, encountering
granodiorite at the bottom. The first
tests showed a steam flow of 57 000 kgjh
at a production pressure of 2.61 kgjsq.cm.
through an 8-inch orifice.

The other two wells produced steam,
probably from the granodiorite. The
probable origin of the heat is a Quaternary

rhyolitc.
Three well~ were drill ell. One of them

failed, ami two were l'roducer~.

Thre~ wells drilled. The first reached
585 m. The other wells are excellent pro
ducers at 152 and 213 m. A fault zone
is believed to have been tapped.

Drilling and thermal surveys indicate
an energy source from which about
2 X 109 k\Vh can be recovered.

In the United States, according to G/48, in the
region known as the West, there are about 700 loca
tions of hydrothermal springs, beside.s the spectacular
manifestations in Yellowstone National Park, and
about 80 or 90 which can be classified as hyper
thermal. The hyperthermal manifestations occur in
Oregon, Idaho, California, and Nevada, over about
10 per cent of the total area of the United States.
Except for five hyperthermal springs, the others are
sufficiently localized around a Pliocene or Quaternary
volcanism to conclude that they are directly asso
ciated with these phenomena. The intrusive magmas,
still retaining much of their initial heat, are believed
to be, and possibly are, the only source of the
hyperthermal emanations.

The faults and fractures of the overlying rocks
provide passage for gases a.n~l l!quid5. The 7.~)J~es
of high porosity and perm?abll.lty 111 the ro~k adJOIIl
ing the heat zones may likewise play an important
part in the process.

The prospection of hyperthcrmal areas may well bp
confined to surface observations in an area of Recent
volcanism, while prospection for prodllcti?n. in areas
of hyperthermal activity must be by drilling.

Including two wells now bei~lg d~illed, a total
of forty-three wells have been drilled lJ1 the western
United States for discovery and development of
geothermal power. Electric energy is today bring
produced in one of these areas.

Table 6. General features of known steam fields: Mexico

Name, location, present stage, history,
elevation (metres above sea level)

PatM field. Located 7 km W of Tecozautla,
in the State of Hidalgo. The present status
is exploration and experiment. Elevation
1 550 m above sea level. Drilling started
in 1955-1956.

Valley of Lxtldn, Situated ·22 km NW of
Zamora, in the State of Michoacan. Present
status: in exploration, with only shallow
drilling.

Zone of Mexicali. Situated in Lower
California. Elevation 42 m above sea level.
Entirely in exploration.

Structural geology of the known or inferred
sub-soil zones with steam accumulation

Steam has been obtained at variable
depths, due to the fact that the structural
control is of faults, which the wells (a
total of 12 to date) have intercepted in
various zones. The zone that is probably
producing consists of a more or less
permeable bed of volcanic character of
the Upper Tertiary (?), fed through
fractures with steam and water.

Structural Graben; faulted Tertiary
Quaternary volcanic zone. Alluvium and
altered basalts known from two incom
plete wells drilled there.

The subsurface structure responsible
for the steam production is associated
with the San Andres fault zone, whose
activity has been manifested in some
parts. The affected rocks are Quaternary
alluvium and Cenozoic igneous rocks.

Rt'm4,ks

A turbo-generator produces electric
energy from the dry steam of well :!-,\.
The maximum depth below the surface
is 700 m in the other wells.

The temperature declines below l1i() m.
Lake Chapala, 35 km from Ix t lan,
influences and will continue to in tlucncc
the steam production of this field.

Two exploration wells were drilled,
meeting a thick cover of alluvium and
altered igneous intrusive rock.

If the prospecting in this zone is
successful, it is hoped to reduce the
importation of electric energy.



General report GR/3 (G) Ruiz Elizondo 13

Table 7. General features of known steam fields: Japan

Saml, l~aJion, prcsen; stage, history,
dn'aJlOn {metres abot'e sea level)

Shou'a-Shill=all area. Western part of
Hokkaido Island. The existence of a sub
surface magmatic mass at 800°C was dis
closed by geophysical methods.

.1/at;lIkau'll arm. Xorf hcrn part of I1onshu.
This includes a valley in a volcanic district
with 3 active volcanoes and other extinct
ones, as well as a large number of hot
emanations, fumarok-s, and sulfur deposits.

(),llknf,r area. Xor t hr-rn part of l lonshu.
This is an an-a of cllipt ic shape, formed
hy a l.asin 10 »: I km. This basin is the
result of crusta] subsidence in the upper
~Iio«(nc.

Iirptll area. Xorf h-ca st crn part of Kyushu.
Pments strong surface phenomena com
parable to SOI11I' in New Zealand.

Obama ana. Western part of I":yushu.

Otake area.Central eastern part of Kyusbu-

Hakonc area. Central eastern part of
Honshu.

Soya area. Xorthcrn part of Kyushu.

Structur.al geology.ot the known or interred
sub-soil zones w~th steam accumalasion.

The zone is composed of Tertiary
volcanic rocks. Showa-Shinzan is a vol
canic dome parasitically formed almost
16 years ago from the Usu volcano.
It is composed of dacitic rock originally
at I OOO°C and now at over 8000C.
In this locality the igneous masses intrude
into deposits of the Pliocene, Pleistocene
and Holocene, consisting of Iavas, vol
canic ash, sand, lapilli, clastic sediments,
and pumice rock. The economic and indus
trial existence of fluids in the permeable
rocks overlying the intrusion has not yet
been confirmed.

Geological work in 1957 has demon
strated that this area consists of a
compound and dissected volcano with
a central cone, with a collapse caldera
structure. The lavas are very compact.
The parts lower than the column below
150 III consist of dacite, which is an
accumulation of lava and porous tuff
containing fragments of pumice. Since
1953 this valley is considered particularly
gcothermal, probably with an imper
mcable cover (G/I).

A considerable part of this basin is
formed by lacustrine sediments over
300 m thick, which have been penetrated
by contemporary dacitic domes. The
zone is of Quaternary volcanism, although
there are no recent volcanoes.

The Onikobe field resembles that of
\\'airakei, New Zealand, since faults
in the basement of very competent rock
act as feed ducts for hot fluids ascending
from depth to the overlying lacustrine
strata, where the heating of the meteoric
water in the rock pores, as well as the
fractures, initiate a convective geothermal

system.

Highly volcanic zone.

Highly volcanic zone.

Highly volcanic zone.

Highly volcanic zone.

Highly volcanic zone.

Remarks

For hot baths, 7 wells were drilled
in 1953. Four of them produced steam
at a depth of 160 to 300 m.

Ten wells in all were drilled to a
maximum depth of 450 m, reaching
temperatures of 189°C. Production tests
indicate that, at diameter 45 mm, the
hourly production is one metric ton of
steam and 0.3 metric ton of water.

Three wells have been drilled into the
lacustrine strata to depths of 255, 250
and 192 m, away from the thermal
emanations. Wells 2 and 3 obtained high
temperatures of 90 to 130°C at a depth
of HO to 125 m, which depth corresponds
to an intercalation of compact andesite
in a stratum of tuffaceous breccia.

At 255 m the temperature was 185°C.
Production tests ran 2 cu. mjh, with

steam and water in equal parts.

Three test wells have been drilled to
a depth of HO m, with a temperature>
of 145°C. A 75 mm orifice produces
3.4 metric tonsjh of steam and water,
one-third being steam. Thirty kW of
geothermal energy are being generated.

About 80 wells have been drilled,
producing steam and water at 130°C.
The total production is 4200 metric
tons/h, which would correspond to
70000 k W if used to generate electric
energy.

Four exploration wells have been drilled
to a maximum depth of 900 m; maximum
temperature 185°C. At 150 mm orifice,
tests showed 9 metric tons/h, 6 metric
tons of which were steam.

Production 2 metric tons/h, one metric
ton being steam.

One test well drilled to 200 m; tempera
ture lOooC; the production was one
metric ton/h of hot water.
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lbusuki S of Tearai. This zone is located in a volcano.
area.

K usatsu area. Central part of Honshu. This zone is located in a volcano.

Yamanouchi area. W of Kusatsu. This zone is located in a volcano.

Name, location, present stage, history,
elevation (metres above sea level)

Takenoyu area. Western part of Kyushu.

Unzen area. W of Takenoyu. Now a tourist

centre.

Ebino area. South-western part of Kyushu.

Oshima area. E of Atagawa.

Atagawa area. Southern portion of central
Honshu.

Narugo area. Northern part of Honshu.

Takinoue area. Northern part of Honshu.

Structural geology 0/ the known or in/erred
sub-soil zones with steam accumulatron

Highly volcanic zone.

This zone is located in a volcano.

This zone is located in a volcano.

This zone is located in a volcano.

Area in a volcanic zone.

Area located in a volcanic zone of
the Tertiary.

Area located in Tertiary formations.

Remarks

Three wells have been drilled to 30 m
depth, giving a temperature of 120'C.
The production was one metric tonjh

of steam.
Three wells have been drilled to i5 m.

with temperatures 100loC and an hourly
pro<luction, at 125 II1m well diameter,
of 12 metric tong of hot water.

Tests indicate that 2 metric ton_jh
of a mixture of steam and water in equal
parts can be produced.

Two wells have been drilh-d to 200 Ill.

reaching a temperature of 100'('. One
metric ton/h of water is produced.

A temperature of 100"C has lx-cn
rccoTl!e,1. Tests indicate that 2 metric
tons/h of a mix t ure of su-am and water
in equal parts can be product-d.

Three wells ha vc ln-cu drilled. trmpcru

t urc iWC.
One metric ton/h of watr-r is l>ein~

produced.

Tests ind ica tv that 2 metric tonsjh of
a mixture of sf r-am and water in r-qual
parts can be pTl>lItIl·ed.

Twc-nt v-t wo wrll» hnvv lxcn drilled to
21:1 m, r;'adJing a u-mpcr.uur« of li5'C
Tests inrl ica t e that from:! to i metric
tons/h of a mi xt urc of steam and wa tr-r
can be obtained through a ,1511I111 orifice.
The amount of water in this mixture
varies from I to li metric tons/h.

According to G/l, large areas have been prospected
by the Japanese Government since 1947 through
its institutions such as the Geological Service, and
the electrical companies. The subsoil temperatures
measured up to now do not exceed 200°C. Steam
is not produced in satisfactory amounts, and is

mixed with hot water. Gcothcrmal prospection in
Japan is in its initial and preliminary stage.

Intrusive bodies detected in depth by geophysical
methods have been studied; and areas have also been
studied in which the Tertiary faults break into
the granitic basement, transporting high temperature

Table 8. General features of known steam fields: Soviet Union

Name, location, present stage, history,
elevation (metres above sea level)

Area 01 Pauzhetsk. This hydrothermal area
occurs in the extreme south of Kamchatka,
and covers an area of about 400 sq km.
Elevation 100 m above sea level (?). In 1958
rotary exploration drilling commenced, and
one well reached 800 m depth.

Structural geology ojthe known or inferred
sub-soil zones u'Uh steam accumulation

This zone consists of Quaternary
volcanic rocks in a tectonic trough,
surrounded by volcanic rocks of the
Lower Quaternary. These are in turn
underlain by a series of Tertiary deposits,
consisting of tuffaceous sandstones at
650 m below the surface at Pauzhetsk.
An increased production of water and
steam is noted on crossing fractures in
tuffaceous agglomerates of the Tertiary.

The active volcanism of the area is
responsible for the accumulation of heat
in porous Tertiary formations from which
steam and water are drawn by wells.

Remarks

The flow of thermal water at the
surface is estimated at WO litres/g. 1'1'
to 1960 a total of 15 wells were drilled,
to :WO to 800 m depth. The maximum
temperature reached was I !l5n e in one
well with an enthalpy of 188 K-caljkg
in a mixture of steam and water; the
maximum well-mouth pressure was (1.i
atm; the total flow of the field is 150 kl;js,
which is considered su fficien t to operate
a pilot gcothcrmal power station.

In the vapour phase, the gas content
consists chiefly of CO z, present in quan
tities over ten times as great as the
HzS + NH3 ·
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Table 9. General features of known steam fields: El Salvador

Name, l?cation, present stage, history,
elevation (metres above sea level)

Aguachapan. Western part of El Salvador.
There are two classes of geothermal fluid:
water and steam of acid character, and
neutral, chlorine-rich, thermal water.

This field belongs to the Central Graben
which contains Quaternary volcanism per~
sisting down to historic times. The zone
including this field has considerable geo
thermal activity, and over 40 separate sites
are known.

Prospection drilling was done from 1956
to 1958, and the deepest reached about
400 m depth.

Structural geology of the known or infe:rred
sub-soil zones with steam accumulation

According to the drilling data, the
steam is confined to fissure zones. The
geothermal emanations of the country
occur in the Quaternary volcanism dis
tributed in two belts 20 km apart.
Most of the calorimetric studies in El
Salvador have been run in the volcanic
belt of the south. The Aguachapan
structure has undergone displacements
in the Graben up to 1 000 m in the
vertical direction; faults at the end of
the Pliocene.

The Graben has a pyroclastic cover
300 to 500 m thick. The hydrothermal
activity is located along the boundary
lines of the Graben as well as inside
the Graben. The steam is believed to
originate in percolating water, fed by hot
fluids travelling through fissures in the
basement, principally in the region of
volcanoes of the Pleistocene. Drilling
has shown that the steam is produced
from fissures in the Pleistocene cover.

Remarks

The surface heat losses ~re: 8 X 104

Kvcaljs, with an average heat flux of
about 100 X 10-6 caljsq.cm.js, this figure
being comparable with the normal heat
flux in El Salvador, which is 2.5 X 10-6

cal/sq.cm.js.

Sufficient heat to install a plant of
50 to 100000 kW is expected. The steam
produced is low pressure and wet.

The hydroelectric potential of El Sal
vador is 106 kW, of which only about
10 per cent is now being utilized.

fluids up to the younger overlying sediments with
porous rocks. Caldera type volcanic structures have
also been identified as well as the associated fractures,
in order to learn the geothermal potential when
the fluids migrate from depth and are trapped in
upper and younger strata of lava.

The first prospecting hole for geothermal power
was drilled forty years ago.

The number of steam wells in most of the areas
is small. All but a few are shallower than 200 m.

Apparently, from the studies to date, a minimum
energy equivalent to 100000 kW could be recovered
from the thermal sources known up to now.

From the analysis, study and comparison in the
previous section of the known geothermal zones of
the world, we can only repeat that this novel source
of energy, geothermal energy, has given good results
in the areas exploited in Italy, New. Zealand ~md
Iceland, and promises fruitful results III the Umted
States the Soviet Union, Mexico, Japan and El
Salvador. There can be no doubt that, with techniq~es
being improved from day to day, the prod~ctlon
of geothermal energy will become econormc by
comparison with other conventional and ,non-conven
tional sources of energy. It is thus essentlal to devote
technique, practice and scie?ce to the knowledge
that willmake it possible ~o dIscoyer new ~eotherm~l
fields. Prospection techmques WIll be discussed III

the following section.

Methods and techniques used in geothermal
prospection

It now becomes necessary to. consider this. so.ur~e
of energy as something that IS really specIalIze.,

although all the methods used to discover, locate
or develop thermal zones rely, in one way or another,
on the distinctive nature of the zones, that is,
they operate with physical, chemical and physico
chemical systems. Water plus heat in the subsoil
behave differently from what is observed at the
surface, in the form of hydrothermal sources.

Thus, just as oil prospection, in its initial stages,
took as points of departure the existence of oil
seeps, and wells were sited close to such showings
in order to "pinpoint" the deposit in the subsoil;
and just as, in many aspects of mining exploration,
the existence of gossans, hardpans, etc., was con
sidered as the base for drilling for economic deposits
in the subsoil, so, equally, geothermics has had its
beginning, in treating of the search for steam deposit
in the subsoil, in the existence of hydrothermal
sources and steam vents at the surface. But the
conclusion was soon reached that the existence of
surface manifestations in an area indicates the
existence of geothermal energy in the subsoil, but
not necessarily the best places for proper siting of
wells.

The thermal manifestations are geysers, fumaroles,
hot springs, bubbling pools, ponds evolving steam,
and mud-pots; likewise the chemical alteration of
the rocks, the deposits from hot springs (geyserite,
sulfur, alum, etc.) and of products, in geJ?-e~al,

that could be indications of hydrothermal activity,
such as kaolin, pyrite, alunite, chlorites, etc.

Generally, then, it may be said that it is essential
to commence by delimiting the thermal area geogra
phically, in accord~ncewith the dicta~es of observa
tion. Since there IS already a certain amount of
experience, and certainly bases for comparison with



reference to what might be expected !o occur ~n
the subsoil, once we know that there IS a certain
set of conditions at the surface, we must p~oceed
exhaustively and systematically to work directly
on the surface.

In this respect, G/54 gives a full ~r~atment, and
should be consulted. Under these condItIons one must
plot surface isotherms, and at 1 m~t~e, at 2 metres,
and, in general, at depths not requ~nng mu~h work,
and which can be accomplished with relative ease.
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F th readings of thermometers and thermo.
roml tehe temperatures over 1°C higher than the

cou p es, . h b I
for the formation and t ose e ow an upperaverage '

li it for instance 50°C above the average temperature
~r;h~ formation, are detected. In this way the first
thermal anomalies can be located.

The heat flux may next be estit;lated. By.the aid
of the following table, we get a~ Idea ?f this p~ra
meter, according to the experience In the New
Zealand geothermal fields.

Table 10. Estimation of heat flux in New Zealand's geothermal fields

Manifestation

Abnormally high temperature gradient
in the upper. strata, unaccompanied by an
important amount of steam.

Conductive and convective flux together.

Convective flux. The area is characterized
by visible steam, especially at high atmos
pheric humidity.

Large fumaroles with discharge vents
15 cm to I m in diameter, sometimes yielding
slightly superheated steam.

Discharge of steam from hot ponds and
bubbling mud pools.

Steam is discharge from hot springs and
geysers. They. may be quiet or active.

Heat flux:

Varies. from I to 20 gm caljsq.rn.js.

From 4 to 200 gm cal/sq.m./s.

From 200 to 2000 cal/sq.m./s.

Varies from 106 to 2 X 107 gm
cal/sq.m./s.

Varies from 1()3 to 1.5 X 10'· gm
cal/sq.m./s for calm water up to 1.5 X 106

gm cal/sq.m.fs for ponds in violent
ebullition.

Of the same order of magnitude as
above.

Rrmurks

The greatest flux corm-s from light
and thermally altered strata, from small
Iumarolcs and. occasionally, from hub
bling mud pools.

The principal dbdlarge is in the form
of steam.

The methods of direct measurement in use have
adequate instrumentation, such as the Lee disc,
the total heat calorimeter, the Venturi collector and
tube, the thermocouple and static Pitat tube, ac
cording to the nature of the manifestation examined.
It is necessary to recognize the superficial condi
tions of work, and the type of soil in particular,
in the zone of heat-flux measurement. In all cases,
and for separate areas, one must plot graphs relating
the temperature to the heat flux for certain types
of material, whether several centimetres below the
surface or at a greater depth.

Geological mapping, together with general and
detailed reconnaissance, is then pursued in the ther
mal areas and in the surrounding zones. It is difficult
to generalize about the scales used, since the size
of the zones for study varies from place to place.
It is desirable to convert to a uniform working
scale all previous information available, such as
geological report, maps of communications, villages,

industrial and population centres (the latter is
related to adequate utilization if sufficient steam
is discovered).

It will not be superfluous to indicate the con
venience of having aerial photographs, on the scale
of 1 : 10000, for instance, before starting the geo
logical work on the surface (G/69). The geological

work on the field will confirm the findings of the
aerial photographs, and one may then proceed to
interpret the observations to obtain a struch~ra.J,

stratigraphic and petrological picture as realistic
as possible.

As part of the surface reconnaissance, it should
not be ignored that vegetation may be an indicator
of thermal areas, since a certain type of vrgctatlOl1
is modified in a characteristic way by various
temperatures. This indication of the field, aided
by aerial photographs, may explain the particular
boundaries of thermal areas.

In this state of things, once the list of thermal
surface manifestations has been checked, we proceed
to chemical analysis, which may be an index and
representative of the chemical conditions of the
emanations.

Chemical prospection is well situated in this
respect within a logical programme of work. Gj35
gives ample information, and assigns high importance
to the chemical method of prospection.

The chemical analysis will include, with an ade
quate technique, the sampling and testing of the gas
in the steam of the emanations, as well as the con
densed steam from the hot waters. It is very useful
to know the persistence or variation of the ratios
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between elements in water from surface sources or
from. the subsurface of a well in production. G/29
reports, for the case of New Zealand the costs of
a fi~ld chemical labor~tory, and gives in great
detail the methods used III New Zealand for chemical
analysis. .

The observation of the chemical behaviour of the
fluids of a I?eot~erma~ field in the stage of prospection,
and following It, dunng the production tests, throws
light on the possible duration and amount of steam
production. G/42 and G/46 separately explain the
method of chemical sampling appropriate for geo
thermal areas.

According to G/35, starting out from the study
of active areas, we conclude that a thermal area
in detail has characteristic ratios which are constant
in this area, but very different from those of other
parts. The low gas content of the steam in the fuma
roles, and marked variations in the C02jH2S and
CO2/NH3 ratios indicate that the steam is being
evolved from boiling water in the subsurface water
which, in the case of New Zealand, contains chlorides.

The values of the ratios Cl/As, Na/Li and Na/Ca
for all the areas of a region are useful for judging
the uniformity of a magma, and for detecting areas
belonging to an earlier period of activity, as well
as for comparison of the region with others of the
world.

The ratios CI/B, CI/F and CI/S04 are useful to
determine the possible suitability of drilling, if the
area in question is similar to Wairakei.

As for the sampling of hydrothermal springs,
the methods for sampling gas and steam of the
fumaroles differ according to whether the gas content
of the steam is high or low.

In areas under consideration for drilling, it is
essential first to sample the waters of the ma~ife~ta
tion with clear water in good flow. The principal
manifestation must also be sampled in areas within
the entire region of activity, even though man~ of
them are not suitable for drilling, for practical
reasons.

It is advisable to determine the following consti
tuents: CljHB02 , Cl/F, Cl/As, CljS04' CI/NJ:I~, Na/K,
NajLi, Na/Ca, Ca/Mg, as well as the s:lIca and
bicarbonate (ions), and if possible the ratios Cl/Br,
Br/I, As/Sb, NajRb, and NajCa.

From these ratios, a group characteristic for each
area is sought.

At the same time the gas content in the s~eam
of some fumarole in the area should be determmed,
as well as the ratios CO2/H2S and C03/NH (G/35).

The conditions indicating the existence in t?e
subsurface of a trap favourable to the cornrnercia.l
accumulation of steam presuppose the us~ of vanous
physical parameters of the rock. In certam respec~s,
the geophysical exploration here resembles that III

prospection for hydrocarbons. One must therefore
make use of certain parame.te!~, such a~ the tem.p~i
rature, the magnetic susceptibility. denSIty, electnc

conductivity, velocity of propagation of elastic
waves, and the radioactivity.

The temperature gradient is determined by thermo
meter measurements. Three papers, G/61, G/54 and
G/25, give full information on the scope and method
of temperature measurements. G/25 mentions tem
perature measurements on the bottom of wells
not over 10 m in depth, and likewise suggests this
procedure to avoid the surface fluctuations of tem
perature. It must also be realized that in the first
stage of a thermal survey, not only is the thermal
anomaly known geographically, but the incidence
of thermal springs is likewise indicated with assurance.

The magnetic properties relate to the intensity
of magnetization of a small volume of rocks produced
in a unit field. A Schmidt balance is used to determine
the variations of the vertical component of the earth's
magnetic field. A magnetometer is used only in
aerial prospecting. The members of the reservoir
rock and of the cover formations are sedimentary
strata, in which the magnetic susceptibility is very
low. Further than that, the magnetic effect may
even be completely masked by volcanic or meta
morphic strata, so that in this way one may more
or less fail to learn of the possible existence of the
cover formation (Gj25). It should be noted that,
in some places, magnetic prospection has served to

. focus or locate heat sources, since, owing to the
action of H 2S, the hydrothermal alteration of the
magnetite causes the formation of non-magnetic
pyrite. Therefore, when variations in the magnet?
metric intensity are observed, one must bear m
mind that it is of interest to know the decreasing
magnetic values of the hydrothermal strata, since
they indicate the origin of the hydrothermal activity.

An important parameter is the density, which is
used in the gravimetric method of prospection,
The variations of the intensity of gravity between
the measurement stations and a reference station
are measured. The gravimetric method is better
adapted than the magnetic method, which has the
disadvantage of including all the effects of the surface
strata as well as the deep strata in the measured
value. Important data on the tectonics are obtained
by this method.

The electrical conductivity method is most defi
nitely recommended in geothermal investigation,
since the results that can be obtained are the
most complete (G/25).

For the general reconnaissance, electric logg~ng
is recommended in a network 500 X 500 m, WIth
four stations to each square kilometre. For semi
detail studies, networks 250 X 250 m are used.
The drawing of a resistivity map is suggested for
better siting of the initial prospecting wells.

The adaptability of the electric prospecting method
to the technical problems that arise is emphasized,
as well as the fact that it permits explorations and
reconnaissance that are considerably more complete,
faster and clearer. The resistivity of a formation
depends strictly on its temperature. Thus, if a
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stratum changes its temperature from 17° to 150°C,
its resistivity falls to ~; it falls to ~ if th.e temperat~re
goes from 17° to 280°C (Gj25). Electnc prospechon
permits the drawing of a resistivity map do,,:n. to
depths corresponding to the object of determmmg
whether there are hot zones at the bases of the
impermeable formation. It may also be learned
whether or not a fracture, that is the cause of the
geological structure, is fed by fluids.

The seismic methods are based on measurements
of the velocity of propagation of elastic waves,
which are proportional to several constants and
parameters, such as the modulus of elasticity, the
density, and the modulus of incompressibility. The
seismic methods include reflection and refraction,
depending on whether the energy reflected from the
interfaces is utilized, or whether, on the other hand,
the wave has passed through formations of different
nature, to emerge at the surface after travelling on
a certain path. Seismology takes account of the
subsurface geological structure on the basis of the
velocities of seismic waves.

The radioactive method, which measures the
radioactive substances that may be transported
by faults and fractures, is also considered. In any
case, the results obtained by any single method
are fortuitous, and it is of advantage to employ
complementary methods. In the last analysis, the
drill will speak the last word.

Drilling is considered one of the phases of prospec
tion. During the preliminary development of a geo
thermal area, it is advisable to drill pilot wells of
diameter AX (2t inches) with a diamond drill and
core sampler, to. determine the geological section
of the formation in which the steam is accumulated,
or down to where it is tapped, in case a fracture is
encountered. Smaller diameters are used, in principle,
not merely to save money, but also to save time,
so as to get a picture of the general geotherrnal
conditions more rapidly. The temperatures, the
geothermal alteration of the rock encountered by
the test well, the preliminary analysis of the fluids
collected, and pressure observation under the con
ditions so produced, will make the situation clear
enough to formulate the drilling programme with
g::eater accuracy and delicacy in siting the larger
diameter wells, which require substantial investment
(of the same order of magnitude, for instance as
that required by oil wells). '

The purpose of drilling a well with an initial dia
~eter of, say, ,20 inches, is not only to site the geolo
gIcal exploratIOn for confirmation. There is always
the ~ope t~at it may be a producing well. The well
spacmg WIll depend on the productive capacity
of the field, ~llld on the ne~d of providing the geo
thermal turbmes for electnc power with a certain
hourly flow of steam, if the energy is to be used
to generate electricity. If it is to be used for heating
purposes, the arrangements will be different.

Italy is a country where geophysical methods
of exploration have been used successfully - the
electnc method for the most part. The chemical

method has been successfully employed in New
Zealand, while several geophysical methods have
been used on. a limited scale in Japan. All these
countries have run extensive initial and continuing
temperature and heat-flux surveys. In all countries
involved, whether they have actual geothermal
developments or are merely considering them for
the future, it is absolutely essential to start out
with the fullest possible geological knowledge about
the areas that deserve attention.

Some views on the origin of the heat and steam
in geothermal zones

It is difficult to attribute to any single origin
the heat and steam that occur in all areas of the
world with geothermal manifestations. In some cases,
the evidence will disclose certain causes; in others,
the explanations will be different, but in any case
one always seeks to adjust them to the actual
features of the areas under study.

Isotope studies show that the amount of magmatic
steam in all the thermal areas studied up to now is
not much more than 5 to 10 per cent of the total
amount of hydrothermal fluids. Thus the component
of meteoric origin predominates. The increase in
temperature rise with depth is due to heat conduction
from the magma through the rock, and in reality
only a small proportion of the heat is transferred
to the magmatic steam itself (Gj2).

The high-temperature geothermal areas arc due to
volcanic heat, and most of the water is of meteoric
origin. When the heat supply is great and the per
meability of the rock is low, dry steam is formed.

When the fracture system extends to great depth,
the meteoric water migrates within a tremendous
convection system, and is first heated by conduction
through the rock; heating then continues as a result
of the condensation of volcanic steam. In the case
of New Zealand, the authors suggest that alkali
metal chlorides are continuously transported from
the magma. They estimate that a depth of the order
of 3 000 m for the zone of steam condensation would
be necessary in order to have continuous transport
of chlorides.

. Gj3 s!ates that the water becomes heated in deep
circulation as a result of the conduction by hot
rock. The largest share is that of primary water
released at depth, which arrives at the surface
mixed to .a g~eater or lesser degree with meteoric
wa~er. ThIS pnmary water may be either metamor
phic connate water or magmatic water.

The isotopic evidence mentioned by Gj31 indicates
a magmatic contribution of the order of 10 per cent
in the thermal fluids of New Zealand.

The normal thermal equilibrium of an area may be
affected by: the presence of an intrusive magma
rising sufficiently close to the surface to heat the
surrounding rock, and, consequently, the interstitial
water as ~ell; by extrava~ation.of extrusive igneous
rocks, which, owmg to their relatively recent activity,
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still retain a large amount of heat; by heat from
volcanoes; by heat from the disintegration of radio
active elements; and possibly from the heat that
might ~e .g~nerated by the slip friction of the forma
tion adjoining the faults.

An i.ntr~sive body ~rst causes heating at the depth
at which It m:=ty be III contact with the interstitial
water, or may Influence that water, so that this heat
transferred by conduction, will be manifested at the
surface in the form of steam passing through feed
channels, whether these are fractures, discordances,
etc. (G/48).

The:e is an ~ntere~ting discussion in G/35, according
to WhICh an IntrUSIOn measuring 7 X 7 X 1 km at
depth. of 3 kr:r soli~ified in 40000 years. During
this time the circulating waters entrained the steam
together with the chemical components in the
separated magmatic fluid. A deposit 20 X 10 X 1 km
was then formed into strata of 5 per cent porosity
under an ignimbrite cover at a depth of 3 km.
The heat contained in the water and the rock
could supply the natural activity of Wairakei for
4000 years.

Studies based on geochemical prospection show
that the heat in chloride water could not all be due
to magmatic steam, since in that case the juvenile
water content would have to be around 35 per cent.
From the chlorine content of this chloride water,
its juvenile water content is inferred to be about
8per cent, and, in agreement with the oxygen isotope
evidence, a possible content of 5 per cent is indicated
in the thermal water (G/35).

The high lithium and cesium content of the waters
of Wairakei or the water of the thermal areas could
not have resulted from leaching or entrainment by
the magmatic steam, but must have come from a
residualaqueous phase of a crystalline magma (G/35).

Considerations on the evaluation of the capacity
of geotherrnal zones

In zones in the preliminary stage of development,
with no steam production as yet, it is customary
to proceed on the basis of comparison. In a new
zone with certain characteristics, what can be
expected, if we know that other zones have certain
other characteristics? No conclusion as to the pro
ductive capacity can be formulated .without ~c~~al
drilling. The preliminary tests during the. initial
drilling of steam wells will throw the first light on
this subject.

In an area scheduled for developmen!, with 1!0
previous drilling information, or very Iittle of It,
the siting of the exploration wells ~hould be based
on surface reconnaissance, according to data of
geophysics, geology, geochemistry, ~tc. (G/53)'llThe
preliminary objective will be to dnll test we s to
confirm the inferences from these surveys, and then
to supply detailed information about the pres.eni
formations, including their most important phYSIC~
properties (porosity, permeability and density) an

the existing physical conditions, that is, the tempera
ture and pressure of the fluids, the nature of the
percolating fluids, etc. As information from the
initial drill holes is obtained, preliminary sections
and temperature profiles are drawn as a guide for
subsequent siting of discovery wells.

In fields or areas where steam is now being pro
duced or has in the past been produced, evaluation
demands more tool and details to meet this require
ment. The observations, embodied in the gas-steam
and steam-water ratios; the well-bottom and well
mouth temperatures; chemical analyses of the
various phases of the fluids; the pressures under
various conditions; and the fluid discharge per hour;
the corrosion aspects; the deposition of calcite and
silica; the meteorological and hydrological features
-all these factors, interconnected and interrelated
in one way or another, are important elements
of any judgement evaluating the capacity of a field
in production.

At Wairakei, the data selected have permitted
the completion of a schedule of isotherms at a
depth of 850 m.

In addition to the above characteristics, the
hydrostatic pressure, the heat output, and the heat
in the rock, should also be listed in order to evaluate
the capacity of the geothermal field.

The total area of the thermal formation, the heat
flux and the water flow rate, may be learned and
estimated from surface thermal surveys. From this
information, preliminary investigations of the power
potential may be made in accordance with the
graphs (G/53) relating:

1. The available potential of water flow up to
170°C (varying this temperature from 50° to 170°C)
to the kW/kg of steam per second, with the depth
in metres also entering into the graphs.

2. The enthalpy in cal/gm, at temperatures
varying from 50°C to 400°C, plotted against kW/kg/s
(between 0 and 700), the depth also being taken
into account. This graph indicates the available
power potential of hot water flows up to the critical
temperature.

3. The storage of energy in water-saturated rock
under depth conditions, below the boiling point,
may likewise be learned. This graph relates the
enthalpyin caljcm to the energy per unit volume
in joules/cc, using the total energy as an additional
variable for separate curves of the same graph,
expressed in 106 joules/cc; the depth is also introduced
as a variable.

4. The power, in megawatts/year, may be esti
mated from the enthalpy in caljgm, the depth in km,
and the area in sq. km.; curves of depth and area
are obtained for a given energy storage in water
saturated rock, which is assumed to yield 25 per cent
of the total.

The reader is referred to G/53 for extremely
valuable details on these aspects of preliminary
evaluation, with special reference to the Wairakei
zone.
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G/75 sets forth ideas on the evaluati01! of the
fundamental characteristics of a new well 1ll steam
production; a logical and rational programme must
be carried out to establish measurements of the
steam discharge, based on the relations between
discharge pressure and mass flow rate thro,:gh the
surface orifice, for which a calibrated outlet IS used.

The gas-steam ratio, or the volume of gas corre
sponding to a certain weight of condensed steam,
is measured by means of specially designed instru
ments (Gj75). Values are found determined from the
closed-valve pressure, with pressure readings at
regular time intervals. To use the most accurate
means of measuring the water-steam mixture in a
producing well, the steam and water must be separ
ated, and each phase separately measured. Cyclone
and axial separators have been designed for this
purpose.

Adequate information is essential to the proper
use of the necessary technical and scientific aid
assistance in the evaluation of geothermal zones.
In this respect, G/76 summarizes the methods and
the analyses performed at the Larderello investigation
laboratories. In general, the samples of gas or steam
are examined after collection and cooling of the
natural fluids by water cooling systems. Very
interesting conclusions have been obtained in the
course of this work, such as the fact that the abun
dance of Ar4 0 in the so-called endogenous gases is
higher than in the atmosphere; the isotopic composi
tion of the CH4 indicates an organic origin; the iso
topic composition of the CO2 indicates a contribution
of CO2 derived from limestone. The permanent gas
phases are collected together or separately, like the
residual gases, and the noble gases argon and helium
are quantitatively estimated; both these and the
residuals (CH4, N2, H 2) are recovered after absorption
of the principal gaseous constituents in the form
of CO2 and H 2S.

Where the thermal gradient is normal, the thermal
conductivity is 12000 cal/s/sq.km. The high-intensity
thermal areas possess a heat flux at least fifty times
as great as the normal. Thus the measurement and
estimation of the heat flux in new areas, and in
the known areas, are highly necessary and desirable,
to be able to know whether or not they are really
geothermal resources.

The evaluation of the heat flux, of the steam/
water ratio, of the chemical content, and thus of
the ,Possible production, requires experience in order
to J~Idge ,:nd recommend the implementation of
specific projects for energy generation or the recovery
of valuable salts. It is essential, if this evaluation
is to be valid, to sample the well discharges, which
are processed by correct techniques and systematic
procedures.

G/46 discusses the requirements for adequate
sampling in the light of the flow systems encountered
in . the hor~zontal discharge piping of Wairakei.
ThIS paper IS very adequately illustrated, which is
a?other reason why it is so useful, besides being
SImply expressed. The gas contents are analysed

in the steam samples, condensed in water-cooled
flasks of several litres capacity. Analyses are also
run for the dissolved components, ammonia, boric
acid, fluorine and chlorine. The sampling necessary
for specific estimation is given, such as that. of the
principal ions and the trace metals, the Isotope
ratios, and the determinations of pH and of dissolved
gas.

G/30 mentions various methods suggested f.or
measuring the quantities of steam and water dIS
charged by the wells, and refers to the fact that. t?e
bulky equipment used to measure these quantities
presents a practical problem. The author then
recommends apparatus that is readily portable and
will simply determine the mass flow at a certain
pressure at the wellhead. He describes the methods
used in New Zealand, including the beta ray method,
the gas method, the magnesium sulfate injection
method, and the critical pressure method.

From the work at the Kilauca-Iki volcano of
Hawaii, G/5 estimates that the volcanic receiver
contains 3 X 1016 caJ. To melt this amount of rock
by a nuclear explosion, about 100 megatons would
be required. If only the latent heat of fusion
(0.75 X 1016 cal) were recovered and converted into
electricity at a thermal efficiency of 25 per cent,
this would yield 2 X 109 kWh.

An estimate given in G/48 suggests the idea that
a cubic mile of rock, such as the Devil's Tower
in Wyoming, in cooling from 1 800 0 1' to lOO°F,
would liberate sufficient heat to operate a 4 mJO-kW
power station for 7 000 years. Studies of igneous
bodies of previous geological ages show that a cubic
mile is a very small portion of the great masses
exposed by erosion.

Dry steam cannot be expected normally in hydro
thermal areas at depths above 3000 m. Meteoric
water must circulate to such depths to maintain
a pressure higher than the critical pressure of pure
water, embracing the zones of condensation and mix
tu:~. A column of pure water at boiling point reaches
critical pressure at a depth of :3 500 m.

The apparent absence of chloride water in the
areas of superheated steam suggests that meteoric
water does .not penetrate to such depths, or does
not do so 1ll appreciable quantities. The chlorine
in these zones is probably retained in the magma.

According to the information from New Zealand
the existence of dry steam is improbable in an area
where the superficial manifestations contain an
appreciable amount. of chlorine (over 20 ppm).
An abundance of acid sulfate manifestations close
to the boiling point, but of moderate flow favours
the possibility of the existence of dry steam at depth.

An area cOl;taining rnanifestafirmg in the boiling
state a~d sodlUI? chlor,tde In appreciable amounts,
presentlll& relatively hIgh. K/Na and LijNa ratios,
m.ay possibly have a conSIderable temperature rise
WIth depth.

Diluted, neutral or alkaline spring waters will,
in general, probably not have markedly higher
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temperatures in depth, even if their surface ambient
is of moderately high temperature.

The maximum temperatures obtained from shallow
wells may be used for an acceptable pre-development
estimate of the continuous heat flux in a hydro
thermal system. The total surface and subsurface
discharges of water may likewise possibly be deter
mined directly, or by a chlorine inventory. In this way
it was possible to determine the heat fluxes for many
New Zealand systems, amounting to millions of
calories a second.

In Big Geysers, the zone of iron sulfides - pyrite
and marcasite - indicates the possibility of sub
surface correlation, but more data will stilI be neces
sary. A tendency to loss of circulation is noted,
especially in areas where the cores show open seams.
These data were useful in determining the steam
producing zones.

The experience in Italy, New Zealand and else
where permits us to observe that the preliminary
evaluation, based on the superficial manifestations
of the heat flux in a geothermal area, gives a figure
lower than that subsequently obtained by drilling
and steam production. It is thus of adv:antage. to
bear this experience in mind whenever, 111 dealmg
with investments, a higher recovery of steam can be
ensured by means of production than could have
been predicted from the preliminary analyses.

The problem of deposition

It is important to mention tl:e proble~ of silica
and calcite deposition, since such i ncrustation reduces
the rate of flow of the fluids.

Silica is precipitated from surface flows with water
at temperatures under 100°C. Som~ :vaters are excep
tionally high in SiOz. The solubility of amorphous
silica is about 350 ppm at lOO°C, and probably
500 ppm at 150°C.

Deposition is considered to o~c:ur o.nl~ when ~~e
silica content exceeds the solubility Iimit of am. 
phoussilica as a result of the cooling and evaporatlOn
caused by the evolution of steam. In tha~ case
the polymeric forms of silica are suspended 111 the
solutionand deposit a film on the surface. The growt?
of quartz crystals appears to be too slow for t~lS

bl '1' t form depOSItsless soluble form of sta e SI ica 0 . . k
in the casing, even though it does depOSIt 111 the roe
of the hottest zones. .

The waters of Wairakei reach the saturation point
for amorphous silica at 140°C and saturated vapour
pressures of about 40 psi. If the water IS used ~t
higher temperatures, very little difficulty can e
anticipated.

A f lcite.jt i known that the total concentra-. s or ea Cl e, 1 IS. . th mal waters
bans of calcium and hicarbcnate 111 • .er bl
are usually high enough to cause calClt1l1g pro emsfA typical Wairakei well, discharging 200

f
ton1~ 0

1 f one ppm 0 ea cmmwater per hour, has a oss 0 f C CO in an
from solution, and can. form 0.5 kg 10 t~ olS-inch
hour. If concentrated 111 a I-metre eng

pipe (since these deposits are in general localized)
the diameter would be halved in only 50 days.

Calcium carbonate is deposited in hydrothermal
sources of pH 6 to 8, when the dissolved calcium
exceeds a few ppm. The production of fluids at
intermediate pressure can avoid the precipitation of
carbonates in depth. Silica deposition gives serious
trouble in waters with over 350 ppm of SiOz.

Brief considerations on costs and other economic
aspects

Diamond drilling in 1950 cost $18 a metre in
the west of the United States. In Mexico this cost
today is about $25 a metre.

The drilling of the sixteen exploration and pr~d~c

ing wells in Mexico, by the churn and rotary drilling
systems, to the maximum depth of 700 m at present,
including the first installation of a geo.thermal power
plant at Pathe, has cost $640 OO~ 111 four yeCl;rs.
This figure also includes the prevlOus exploration
and the pay of technical personel and labour. Of
these sixteen wells, twelve are at Pathe, two at
Ixtlan and two at Mexicali.

The annual cost of geothermal operations in
New Zealand during the past ten years has ranged
from $55 000 to $138 000. The cost of. a portable
laboratory for the chemic:al prosp.ection of a field,
including all the appropriate equipment, has been
estimated in New Zealand at about $4000.

G/48 states that th,e followil;g fac~ors very seriously
deserve to be taken into consideration when contem
plating an economic operation: the avail.able mark~t,

the value of a kilowatt-hour of electric energy m
that particular market, collective exploitation, and
the production costs of natural energy. A field able
to supply energy that can be used to generate
between 2000 and 3000 kWh can be oper~ted

successfully. In the United States, the results obtall~ed
during the last two years give groun.ds for hoping
that at least six areas in the west WIll be capable
of competitive economic operation. . .

This disagrees with G/67, according to which
an industrial geothermal field is one capable of
producing about five million metric tons ?f steam
a year. According to this I?aper, a commercial steam
field produces a substantial amount o~ wat~r-for
instance, Larderello produces something like ten
million metric tons of water a year.

In Japan, the partial information available .in.di
cates that investment has been about 119 million
Japanese yen. . .

It has been demonstrated (G/5) that there exists
a drilling rig capable of han~li?g exploration w~rk
at over I OOO°C, and of resisting highly corrosive
conditions. .

From this, the authors infer that the design of
/craters engineered to trap a lav~ flow a~ong known

ones of passage in active volcamc areas IS no lonl?er
~eyond the realm of possibility. The lav~ basins
could be sited around a central power station, and
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Figure 1. Distribution of known geotherrnal zones in the world
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in a region sufficiently active to supply continuous
power. The natural period for the Kilauea basin
to cool is estimated at over seventy-five years.

There is an opportunity to learn the industrial
use of subsurface reservoirs of molten rock, such
as could be formed by deep nuclear explosions,
or from the magmatic subsurface deposits that
could exist in active volcanic regions. At 5 millsjk'Wh,
this energy would be worth $10 million. It is therefore
very significant that the Kilauea lava deposits and
similar bodies of molten rock constitute substantial
natural resources.

The United States papers state that there has as
yet been no prospection in the western United States
outside of areas where thermal activity can be
observed on the surface.

In that part of the world, the regions of late
volcanism are suitable for steam prospection in an
area of 60000 square miles, including part of the
States of Idaho, Oregon, California and Nevada.
This type of prospection will also include the northern
part of Oregon and the south-easte:npa~tofWashing

ton in an area of 85 000 square miles, smce there are
favourable prospects for the existence of Miocene
to Recent volcanism there.

Proposed topics for discussion

1. In areas with volcanic Pliocene to Recent rock,
lacking superficial hy?:<?thermal :manifestatio~s,
what will be the possibilities of findmg commercial
steam in the subsurface?

2. Should all pre-Pliocene volc~nism and .the
igneous rocks associated with it (that IS, more ancient
than 500000 years) be entirely eliminated from the
natural-steam picture?

3. Discuss the economy of geother~al prospec
tion-that is what method of prospectIon has been
found to be cheapest and most effective?

4. Is there an argument for the view th.a~ zones
with credible evidence of hydrothermal activity are
potentially vaporiferous? . . .

5. How are thermal manifestations den:rmg their
heat from tectonic, magmatic or volcan~c.effe~ts
to be distinguished? How is it possible to distinguish

. t ?tectonic steam from magmatic seam.

6. How much can be said, on the basis of para
meters, about the active life of a geothermal fiel??
We mean parameters such as the gas-steam ratio ;
the steam-water ratio; the surface and subsurface
temperatures and pressures; the mass-flow rate of
fluid in kg/h; and the chemical composition of the
fluids.

7. What parameter is in reality most important
for the above question?

8. The variation and chemical composition of
hydrothermal fluids collected at the surface indicates
separate origin and paths for separate areas: Can
this variation, assuming a primary influence, give us
an idea whether the geothermal energy involves
magmas (intrusive, in a state of cooling), acid,
intermediate or basic?

9. How does the chemical composition of hydro
thermal water vary from that of sea water?

10. How do the prospecting costs of steam wells
(exclusive of drilling costs) compare wit~ those
required for other sources of energy, for mstance
petroleum?

11. What depth is considered economic ~n steam
production? Certain authors apparently consider t~at

a certain base temperature can be reached by!S0mg
deeper than 3000 m to obtain dry s~eam. DISCUSS
this question as related to the varymg nature of
the formations.

12. Since it is of considerable importance in steam
production, and in view of the tro~?le it caus~s,

we propose discussion of the ~ep~sItlon of ~alclte
and silica in the casing and pipelines, and m the
zones adjacent to drilled wells. Specifically, from
the experience up to now, what ~easures can be
adopted to eliminate this incrustation?

13. How many kilow~tts must a. field produce
to be considered pontentially economic?

14. We propose discussion of a ge?eral dril.ling
programme to obtain steam at a ce~tam de~t~ m a
fractured volcanic formation. What IS the mmrmum
diameter of the casing reaching the surface for the
production to be commercial in .the case where
150 kgjs of steam are produced, at grven temperature
and pressure?
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PROSPECTION DES CHAMPS GEOTHERMIQUES ET RECHERCHES NECESSAIRES

POUR EVALUER LA PUISSANCE UTILISABLE

(Traduction du rapport precedent)

Jesus Ruiz Elizondo*

Aspect general de I'energie geothermique a joue un certain role dans diverses parties du monde.
Dans certains cas, ces manifestations, qui constituent

De nombreux pays realisent leurs programmes souvent un spectacle imposant, ant fait I'objet d'une
energetiques grace aux sources classiques d'energie exploitation primitive, sous la forme de Iieux de
- petrole, charbon et eau. Les perspectives offertes recreation et de bain; il n'etait pas rare, non plus,
pour un avenir prochain par la disponibjlite de que les eaux thermales soient utilisees a des fins
l'energie nucleaire dans des limites economiques,' therapeutiques ou, parfois, comme source de chauf
auront pour consequence un prolongement de fage pour les habitations.
I'existence des hydrocarbures et du charbon dont
I'importance pour l'obtention de produits divers est 11 res sort d'un grand nombre d'ctudcs rcalisecs
grande, plus grande, si on veut, que s'ils etaient jusqu'a present que la source gcothcrmiquc d'energie
utilises simplement comme combustibles. n'est pas renouvelable et que sa durce est de nature

temporaire. Cette consideration est valable toutefois
L'histoire rapporte que les sources, appelees a l'echelle de la vie moyenne de I'hommc. Les regions

aujourd'hui, sources nouvelIes d'energie, etaient en du monde telIes que l'ltalic et la Nouvellc-Zelandc,
realite connues des peuples de I'antiquite et il est qui ont developpe avec succes leurs programmes
probable que certaines d'entre elIes ont ete utilisees geothermiques, presentent des preuves qui per
de facon rudimentaire. Ces nouvelIes sources d'energie mettent de dire que l'utilisation de l'cncrgie geo
sont les vents, le soleil, les marees, les reservoirs thermique apporte des benefices incalculables aux
thermothalassiques, les champs geothermiques. La
vie moderne et la necessite d'assurer de plus grandes pays et aux regions qui en disposent et que sa durec

, . peut etre en gencral suffisante pour pcrrnettrc
res sources d energie pour permettre a I'humanite de I'amortissement des investissements et cela avec tine
suivre son chemin de progres et de bien-etre exigent,
chaque fois que cela est possible, de mettre a profit marge de benefices substantiels qui stimulent l'eco-

11
' nomie locale et generale.

ces nouve es sources d energie a I'aide de techniques
modernes et a la lumiere des progres scientifiques. L'energie geothermiquc consomme la chalcur

Les pays qui se trouveront reellement dans des presente dans la crofrte terrestrc, pres de la surface
conditions plus favorables en ce qui concerne leur ou a une profondeur qui ne depasse pas la Iimite
avenir economique, sont, on le sait, ceux qui dispo- de .l'exploitation economique ; elIe est obtenue sous
seront de plus grandes ressources naturelles, tech- fo:me de vapeur. En outre, des sous-produits chi
niques et economiques. Il est logique d'inclure les mIques de grande valeur peuvent etre obtenus,
sources d'energie parmi les ressources naturelIes; les comn:e en Italie. La variation de la temperature en
pays que la nature a pourvus de combustibles Ionction .de la profondeur s'appelle le gradient
naturels en abondance, n'ont pas en realite beaucoup geothermique. Une anornalie geothermique est consti
de sujets de preoccupation. Cependant, ceux dont tuee par I'existence, en un lieu donne, de valeurs
les ressources en combustibles natureIs sont moins superieures de I'accroissement de la temperature par
im~ortantes, mais qui neanmoins progressent et metre de profondeur, phenomene qui ne se produit
desirent progresser, pour ameliorer les niveaux de ~~s dans le~, con~itions norm.ales. Par consequent,
yie de leurs peuples, ce qui est naturel et a quoi ~ etude de l.e?e:glC geothe:mIque proprement dite
11 faut s'attendre, doivent invariablement chercher a des fins utilitaires, devra etre effectuee en fonction
a deco~vrir d'aut~es sources d'energie qui ont pu des anomalies geothermiques.
rester msoupconnees pendant un certain temps et A .la prospection des champs vaporiferes est
lorsqu'ils les trouvent, les faire produire pour eviter associee la ~ect;ssite ~e p.erfectionner les techniques
d~ la sorte Jes restristions. associees a l'obligation pour obtemr I energie disponible dans les regions
d Importer a cause dune insuffisance de l'energie th~rmales. La connaissance des recherches geother
disponible. miques est, en realite, recente, Les methodes de

Au cours de nombreux siecles I'existence de prospection ont fait I'objet de progres serieux, non
manifestations telIes que les geysers'et les fumerolIes ~eulement grace. a la ~ech~r~he scientifique, mais

. egalement par SUIte de I expenence pratique acquise.
* Comision Nacional de Energia Nuclear, Mexico (Mexique]. La methode est la cle du succes pour le travail
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cl'exploration et de recherche des champs vaporiferes
circonstance commune a diverses branches d~
domaine de la geologie economique. Cet aspect reunit
plusie~lrs parame~res.bien connus : argent, temps,
connalssances, objectifs et benefices. Il ne fait pas
dedoute que pour obtenir quelque chose de la nature,
iI est. ne~essal~e de consentir ~ certains risques et <a
certams investissernents. Les nsques seront moindres
et les investissements plus sfirernent justifies seule
ment lorsqu'une experience solide aura ete acquise;
mais, en general, cette experience cofite cher.

On connait actuelIement dans le monde un certain
nombre de champs vaporiferes qui sont la source
de bien-etre et de profit pour les habitants de divers
pays. On pourrait dire que ces champs vaporiferes
ont tous un facteur commun : ils representent la
tenacite et la pensee authentique, pleine dingeniosite.
L'hornme, qui dcdie son temps a la recherche du
petrole, du charbon, des matieres fissiles et des sites
pour les barrages, constate que I'energie que peuvent
fournir les champs vaporiferes est plus facilement
recuperable et permet d'omettre une serie cl'etapes
qui sont inevitables dans l'exploitation de l'energie
provenant d'autres sources. C'est pourquoi la source
geothermique d'cnergie est l'une des moins cheres.
Certes, on l'a dit plus haut, cette source ne constitue
pas une reserve renouvelable; il n'est pas facile de
prevoir sa duree de vie a I'echelle d'une exploitation
complete: a cc sujet, on ne peut qu'indiquer d'une
facon gencrale sa nature ternporaire.

Objet de ce rapport

L'auteur participe aux travaux de cette conference
en qualite de rapporteur sur I'invitation du Se~re

tariat general de 1'Organisation des Nations Unies,
Lors de la redaction de ce rapport, pres de 40 commu
nications etaient deja parvenues revelant l'enthou
siasme, l'interet suscite par cette matiere et, peut-etre
au fond un besoin latent d'augmenter le nombre de
kilowatt's par habitant, tendance qui est j~stifiCe,
naturelle et inevitable tant dans les pays a haut
niveau de developpement que dans le~ pays ~its
sous-develop-pes. L'Italie, la Nouvelle-Zelande. I Is
lande les Etats-Unis dAmerique, le Mexique, le
Japo~, l'Union des Republiques socialis~es sovie
tiques, le Salvador, la France et la Belgique sont
au nombre des pays qui presente~t des, travau~ sur
les divers aspects de la prospection geothermique.
Le present rapport a pour but de rendre. compte
d'une facon tres generale du prob~eme cC?ns~Itue par
la prospection des zones geothermiques amsi qu~,des
considerations et des criteres qUl permettent d eva
Iuer I'importance de ces dernieres.
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possible sans I'impulsion et sans l'aide de diverses
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sion nationale de I'energie nucleaire, a autorise
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et la Commission de l'energie geothermique ont
egalement suivi avec un grand interetIa redaction
de ce rapport.

L'auteur exprime ses remerdements les plus
sinceres a toutes les personnes citees ci-dessus et
aux auteurs d'environ quarante ouvrages, dont les
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Description des champs vaporiferes

Cette partie du rapport general contient une
description sommaire des champs vaporiferes connus.
Les renseignements presentes sont fondes en grande
partie sur les rapports revus par l'auteur et concordent
avec certaines conclusions personnelles, obtenues
anterieurement.

Les tableaux 1 a 9 ont ete elabores par souci de
simplicite. Ils groupent par pays les champs vapori
feres connus, en production au stade du develop
pement preliminaire (fig. 1).

Ces tableaux comprennent trois colonnes : la
premiere colonne a gauche contient l'indication du
nom, de l'emplacement du champ vaporife~e du ,rays
considere et de son etat actuel : production, etude
precedant la production ou, simplement, prospection
et investigation initiales des etapes fondamentales
qui aboutissent a la decouverte d'un champ vapo
rifere ; on a indique egalement dans cette colonne,
les donnees historiques et l'altitude en metres du
champ geothermique en question, ainsi q~e ,l~ hal;!
teur de l'horizon ou du gite dont on extrait I energie
geothermique. sous forme d; vapeur, dans ,la mesure
ou il est possible de connaitre cette do!mee ..L~ but
de ces dernieres indications est d'etabhr statistique
ment la relation entre la production et l'altitude des
champs vaporiferes. .

La deuxieme colonne indique de facon concise la
constitution et les formations rencontrees dans le
piege geologique a vapeur du sous-sol. L'origine, le
deplacement et l'emmagasinage de, ~a vapeur.s.outer
raine qui fournit a la surface de I e?ergIe u~Ihsable,
feront 1'objet d'un interet chaque lour croissant.

La derniere colon ne de ces tableaux concerne les
facteurs qu'il n'est pas toujours possible de ;onnaitre
et qui, par consequent, ne peuvent pas et.re tous
indiques. On a tente de presenter les connaissances
relatives au flux calorifique superficiel et au flux
calorifique des fluides souterrains de chaI?ps v,apo
riferes consideres, cellesqm sont relatives ,~ la
quantite d'energie produite par le champ, s 11 s~
trouve a l'etape de la production, et celIes ~m
concernent les recherches ayant trait a l'evaluatIOn

3
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de cette production dans le cas ou elle. ri'a ~as encore
ete etablie. Enfm, cette colonne contIen.t egalel?e:r;t
les renseignements comple~e~taires q~l1 sont Ju~es

necessaires pour une description concise et rapide

des champs, zones ou regions geothermiques, de pays
consideres. Il a semble opportun de completer cette
.description, separernent et en ~ehors du tableau,
par des indications supplementaires,

f.... "f..nf..rales des champs vaporfferes connusTableau 1. Caract.,rlstlques &" e

ITALIE

Nom, lieu, itat actuet, antecedents, altitude en metres

Larderello, it 17 km au sud de Volterra.
Le degagement naturel de vapeur etait connu
avant 1777, anneie ou fut decouverte la
presence d'acide borique.

Le fondateur de l'industrie boracique est
le comte Francesco de Larderel. Le champ
parte le nom de Larderello en son honneur.
Autres points dans la proximite de Larderello:
Serrazzano, Lagoni Rossi, Lago, Monte
rotondo, Sasso et Castelnuovo, taus en
Toscane.

Larderello est un champ. en production.
La region de Larderello couvre une surface
de 400 km2 et empiete sur les provinces
de Pise, de Grosseto, de Sienne et de Li
vourne. Son altitude maximum est de
1000 m.

Monte Amiata, it 70 km au sud-est de
la zone de Larderello, dans les provinces
de Sienne et de Grossetto, en Toscane.
Ce champ se trouve au stade de l'exploration
et de la production. Son altitude est de
1738 m.

Roccastrada, it 30 km au sud-est de Larde
rello, dans les provinces de Sienne et de
Grosseto, en Toscane. Se trouve au stade
de l'exploration et de l'investigation.

Region de Montecatini-Orciatico, it 25 km
au nord de Larderello, dans la province
de Pise, en Toscane. Se trouve au stade
de I'exploration et de l'investigation.

Region de la Tolfa, it quelques kilometres
du littoral tyrrhenien, dans la province
de Rome. Se trouve au stade de l'exploration
et de I'investigation.

Region des Monts Berici, dans la province
de Vicence, en Venetie. Se trouve au stade
de l'exploration et de l'investigation.

Aspect giologique et structural des zon~s du sous· sol
cannues DU supposees, avec accumulation de uapeur

Couche impermeable de terrain de
I'oligocene-miocene, appelee localement
« argille scagliose» (argile schisteuse),
surjacente en discordance a une serie
permeable anhydritique du rhetien qui
contient la vapeur. Les fractures emergent
d'une base cristalline et il est probable
qu'elle est lice it une masse intrusive
en refroidissement, situee a quelques
kilometres de profondeur au-dcssous de
la scrie anhydritique.

Comme a Larderello, l' « argille sea
gliose» est en contact direct avec la seric
sous-jacente anhydritique (qui contient
de la vapeur), mais les scdimcnts con
tiennent des effusions d'ignimbrites vol
caniques et plutoniques.

Probablement semblables a ceux de
Monte Amiata.

Semblables au precedent.

Semblables au precedent.

Le reservoir geologique ou s'accumule
la vapeur est probablement forme de
roches d'origine volcanique recente.

Remarques complemmtaires

La premiere usine geothermo-electrique
de 40 CV a ctc installee en 19(H,.

La profondeur moyenne de forage
est de 700 m, la profondeur maximum
est de 1 600 m.

Un ensemble de 1(iO puits produit
2 850 000 kg de vapour par hcure it uno
temperature et a une pression absolue
moycnnes de :!O() ·C et 5 atrn.

La production annuclle d'energie du
champ de Larderello est de 2 X 109 k\\"h.

Les temperatures de surface des
sources thcrrnalcs ant varic entre :!f1
et 50 ·C. La profondeur des sondagcs
est de 400;L I 000 m. Des 12 puits actucls,
5 produiscnt 1 000 kg/h dun tluide qui
contient 30 p. lOO de gaz iL une prcssion
absolue de 5,5 atm et ;\ une temperature
de 150 ·C.

Les temperatures de surface des sources
thcrmales oscillent autour de 55 "C.

Los premiers sondages ont etc com
mences. En surface, lcs temperatures
des sources thcrrnalcs oscilIent autour
de 55 ·C.

Los sondagcs prclirninaircs ant et"
commences.

A la Iumiere de cette description generals des
champs geothermiqurs, italiens, dont les caracteris
tiques sont uniques, il ri'est pas possible de proceder
a. un examen suffisamment concis de la question de
savoir si la vapeur est d'origine endogene ou exogene
(c'est-a-dire si elle provient de fluides magmatiques
ou, principalement, d'eau meteorique). L'acquisition
de bases suffisantes pour pouvoir considerer un
reservoir geologiquement favorable presente une
importance primordiale dans une region ou se
produisent les manifestations thermales. Cette cons i-

deration d'ordre pratique apparatt a tous ceux qui
s'occupent d'exploration dans le domaine des champs
de vapeur. Elle pourrait avoir pour consequence
I'execution de sondages dans des regions de l'Italie
ou il n'existe pas de manifestations en surface.
Apres tout, si la chaleur est associee, ne serait-ce
qu'en partie, a des masses intrusives situees a une
certaine profondeur, il importe de connaitre I'exis
tence des formations permeables et irnpermeables
successives capables de former des reservoirs geolo
giquement favorables de chaleur; les fluides peuvent
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etre le resultat d'une influence profonde magma
tique et superficielle meteorique. La consideration
pratique du piege peut etre plus avantageuse en
donnant l'idee correcte de la geometrie de structure
des formations en profondeur. C'est pourquoi il
convient de recommander I'execution de recherches
geologiques detaillees ainsi que d'etudes gravi
metriques, electriques et sismiques avant celle de
tout sondage. Les etudes hydrogeologiques consti-

tuent un outil complementaire, tandis que la geologie
isotopique et la geochimie ont le role important
d'etudier 1'origine et I'evolution des elements consti
tuant les fluides.

Malgre ce qui precede et compte tenu du fait que
1'Italie est le premier pays en ce qui concerne le
developpement de l'energie geothermique, le domaine
d'investigation et de production y est encore tres
etendu.

Tableau 2. Caracteristiques generales des champs vaportferes connus

N OUVELLE-ZELANDE

Som, lieu, ita! actuel, a1J/icidents, altitude en metres

Il'airakei, a 16,5 km au nord-est du lac
de Taupo, dans la partie centrale volcaniquo,
district de North Island. L'altitude est de
396 m. Se trouve au stade de la production.

ll'aiofaplI, situc a 48 km au nord-est de
Wairakei, Norfh Island. Cc champ se trouve
au stade de I'exploration. Tous les puits,
it I'exception du nO I (6) debutcnt a une
altitude inferieure a 457 m.

Kauierau it 98 km au nort-est de \Vairakei
et it 8 km'du village de Tcteko. Les mani
festations de Onepu se trouvent a 2,5 km
au nord de Kawerau qui est traverse par la
riviere Tarawera, Cc champ se trouve
actuellement au stade de I'investigation.
Son altitude est su perieure a 20 m.

Aspect geologique et structural des zones du sous-sol
connUes DU supposees, avec accumulation de vapeuT

Predominance des roches volcaniques.
La formation de Waiora, avec des couches
intrusives localisees de rhyolite, est
cornposeo de breches de pierre ponce
post-mesozoique et forme un reservoir
qui constitue le gite de chaleur, avec
des temperatures atteignant 260°C.
Elle est recouverte par des Iits de lacs
imperrncables de la formation Huka.
La succession des couches est traverscc
par des fractures de forte inclinaison
du pleistocene moyen qui coupent les
ignimbrites sous-jacerrtes.

Au sommet des ignirnbrites, les fissures
sorrt larges et ouvertes. On suppose qu'il
peu t exister d'autres pieges structuraux
sous I'ignimbrite de Wairakei.

L'age probable du champ hydrothermal
est de 500 000 ans (pleistocene moyen,
se Ion Gj34).

Breches douces, tant au-dessus qu'au
dessous d'ignimbrites dures. L'ensemble
porte le nom de formation Waiotapu.

Le champ se trouve dans la bande
volcanique principale du Quaternaire de
North Island.

La breche de pierre ponce forme un
aq uiferc recouvert de laves rhyolitiques
epaisses. De I'andesire fortement frac
turee se trouve au-dessous de cette breche,
de merne que de I'ignimbrite.

Ce champ est traverse par de nom
breuses failles actives.

Remarques complimentaires

La region thermale de Wairakei
comprend des parties thermiques soit
actives, soit eteintes, La vapeur sous
pression de Wairakei provient de puits
fores dans les failles principales actives.

La region situec a I'ouest de ce champ
comprend 20 puits qui produisent au
total 480 000 kgjh de vapeur sous haute
pression.

La partie orientale pcssede plusieurs
puits produisant pres de 135 000 kgjh
de vapeur sous haute pression : 22 puits
produisent de la vapeur sous une pression
intermediaire, Environ 10 puits ont ete
juges improductifs.

Les sept puits fores jusqua present
atteignent une profondeur de I 080 m.
Le plan du puits 8 est acheve. La duree
totale de I'investigation a ete de trois ans.

Les forages les plus profonds fournissent
des temperatures clevees, atteignant
295°C scion Gj17.

La puissance est.imee est de 10000 kW
en utilisant la vapeur primaire et secon
daire des eaux thermales.

Douze puits ont Me fences en vue de
I'exploration. L'andesite fissuree produit
de la vapeur sous haute pression et it
270°C. La penetration d'eau froide
agit de facon negative sur I'aquifere de
la breche en refroidissant les puits de
vapeur qui ont fonctionne pendant trois
ans.

Le niveau des eaux pbreatiques a
baisse. La difference entre ce champ
et ceux de Wairakei et de Waiotapu
est constrtuee par la presence de coulees
rhyolitiques it la place des ignimbrites.
La temperature la plus haute mesuree
jusqua present est de 253°C it une
profondeur de 500 m. L' observation
publiee dans N.Z.]. Geol. Geoph, 1
(1958) et selon laquelle, depuis le debut
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Nom, lieu, ttat actuei, antecedents, altitude en metres

Orakeikorato se trouve au stade de I'in
vestigation (?) a.

Tikitere se trouve actuellement au stade
de l'investigation (?) a.

Tekopia se trouve actuellement au stade
de l'investigation (?) a.

Waikiti se trouve actuellement au stade
de l'investigation (?) a.

Taupo, regions thermales voismes du
village de Taupo. Se trouve actuellement
au stade de I'Investigation b.

N gatamariki, dans les banes de Orakonui,
pres de la riviere Waika.to, se trouve actuel
lement au stade de l'exploration (?) b.

Rautawiri, a l'inclusion des regions ther
males de Ohaki et de Broadland, Se trouve
actuellement au stade de l'exploration (?) b.

Region de Rotokawa, t.raversee par la
riviere Parariki. Se trouve actuellement au
stade de l'investigation b.

Tauhara, pres de la route Taupo-Napier,
se trouve actuellement au stade de l'mvesti
gation (?).

Aspect giologique et structural des zones d~ soups,sOI
cannues DU sicpposees, avec accumulahon e va eur

Remarques complimentaires

de cc siecle et [usqu'a present, les rnani

festations, qui avaient un caractere
alcalin, sont devenues acides, est tres
interessante. Toutefois, cette acidite n'est
que superficielle puisque I'alcalinite aug·
mente avec la profondeur.

La teneur en chlore est de 300 a
600 ppm. Le flux calorifique estime pour
Onepu est de 25 000 kcal/s. ce qui
correspondrait a 100 :lIW thcoriques.

Le flux naturel de chaleur, estime
relativement il 0 °C, est de BtiO X 1(J6

BTU/h.

Le flux naturcl de chaleur, estirne
relativement il 0 °C, est de 570 X W6

BTU/h.

Le flux naturcl (le chaleur, cstim,'
rclativcmcnt il 0 or, est de 4:lO X J(~

BTU/h.

Le flux naturcl de chalcur, cstirnc
relat.ivemcnt il 0 °e, est de 2HO X J(~

BTU/h.

Le flux de chalcur i-stinu' est de

35 !lOO l,cal/!-i.

Le flux calorifiquc u'a pa!-i et<' <',·alll".

Le flu x de chalcur ('still1l' est de
23 lOO kcal/s.

Le flux de chalcur est irm' est de
52 lOO kcal/».

. Le flux de chalcur est insignifiant.

a J. A. H. Smith, "Production and utilization of geothermal steam", N.Z. Engineering, vol. 13, n? 10 (l!lliS).

b D. R. Gregg, N.Z.]. Geol, Geoph., vol. 1 (fevricr 1958).

L'etude gravimetrique de la regIOn de Wairakei
a revele 1'existence d'une anomalie attribuee ante
rieurement a un soulevement de la base; on a pu
cependant verifier qu'elle etait due en realite a une
serie de plus de 500 m d' epaisseur de roches rhyoli
tiques. Il en decoule que 1'application de la gravi
metrie dans la prospection des champs vaporiferes
est sujette a des limitations.

Les puits ont ete fores dans les failles a des dis
tances de 150 a 300 m; dans certains cas, ils sont
voisins et la production n'est pas affectee de maniere
sensible par la presence d'autres puits dans les failles,
dans la partie ouest de Wairakei.

La connaissance de la stratigraphie et de la
structure est indispensable pour economiser le temps
et 1'argent, puis que les fractures qui produisent de
la vapeur sous haute pression sont grandes et ouvertes

au sommet de l'ignimbrite de \Vairakei. Si les forages
n'atteignent que les parties superieures, on ne peut
etre assure de I'obtention de vapeur ahaute pression;
il en decoule la necessite de cirncnter Ies fissures,
ce qui demande du temps et de l'argent. Le sondage
dans 1'ignimbrite et dans les zones de failles n'a pas
abouti a une augmentation importante de la pro
duction.

Dans les puits ahaute pression (de plus de 200 livres
par pouce carre) en production, le role des variations
de la temperature et de la perrneabilite est notable.
La temperature diminue a partir de la fracture
jusqu'a I'aquifere, La perrneabilite de l'aquifere est
affectee par les modifications hydrothermiques des
roches. La breche de Wairoa devient impermeable
a cause du depot de substances minerales d'origine
hydrothermale.
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,L~s puit~ qui ont ete fores pres de fractures
d ahmentatlOn, sans les traverser sont generalem t
. d tif ' , enimpro uc IS; c est pourquoi on a adopte la pratique
de forer dans les fractures.

Le d~gagement ~~s puits subit l'influence du depOt
de calcite e: de s~I1(~e d~ns. la roc?e ~ncaissa?te (a
300-500 m), ce depot reduit le diametre umforme
e.t la pre?sion a l~ tet~du puits ainsi que la produc
tion, mais ces phenomenes sont Irequemment accom
pagnes d'une. legere augmentation de l'enthalpie.
11 ne se produit pas de depot mineral dans les fissures
produisant de la vapeur.

~e fl~x de chaleur, de I'aquifere du champ de
Wairakei est commande par le meme tableau d'inter
section des failles.

Les rapports Na/K se presentent d'une maniere
qui peut permettre de supposer que meme la vapeur
d'une seule region ne provient pas d'une source
unique.

En ce qui concerne l'estimation de la production
de chaleur, il existe en Nouvelle-Zelande une rnethode
qui tient compte, dans le but d'obtenir une indi
cation assez approchee, du contenu en chlore des

forages et du contenu de la vapeur naturelle en
chlore,

Le rapport gaz-eau est de 30 p. 100.
nest tres difficile d'evaluer la capacite totale de

production du champ de Wairakei, la meilleure
evaluation etant celle qui provient d'une etude
minutieuse des orientations du flux de chaleur
natureIle et du comportement des differents puits.

Le champ de vapeur de Waiotapu a ete etudie,
comme au Mexique et en d'autres endroits, a l'aide
de photographies aeriennes, Le depot de calcite dans
les conduites de revetement est plus rapide qu'a
Wairakei.

Il en resulte que les forages peu profonds s'ob
struent et sont inutilisables pour la production
d'energie. Les puits profonds OU les pressions et les
temperatures sont elevees, ne presentent pas de
depots de calcite.

Compare a Wairakei, ce champ possede un rapport
eleve des bicarbonates et un rapport faible des
chlorures. On considere generalement qu'une faible
concentration de chlorures indique que l'eau a ete
chauffee par la vapeur.

Tableau 3. Caracteristiques generales des champs vaporfferes connus :
Nouvetle-Br-etagne (Territoire sous tutelle de la Nouvelle-Oulnee)

SOIll, lieu, ttat aclucf, antic/dents, altitude en metres

Region de Rabalanakaia-Matu pi- Vulcan,
Rabaul, au nord des baies Simpson et
Blanche. En fait, la caldera est occupee
par le village de Rabaul. Dans cette region,
l'energie elcctriquc est produite it l'aide
de generateurs Diesel. D''apres G/12, la
presence de phcnomencs geothermiques a fait
considercr la possibilite d'obtenir 5 M'W
dans un dclai de 8 ans et d'arriver it 20 M\V
par echelons de 5 :\I\V.

Les regions posscdant un flux de chaleur
notable se trouvent entre 15 et 30 m au
dessus du niveau de la mer. Les manifes
tations thermales naturelles se trouvent
au-dessous du niveau supcrieur de la maree
haute et leur temperature varie entre 40
et 98 0C. Une eruption du volcan l\Iatupi,
actif en 1942, a eu lieu en 1937. Des eruptions
du volcan Vulcan se produisircnt en 1878
et 1937.

Aspect giologique et structural des zones du sous-sol
connues ou suPPosCes, avec accumulation de vapeur

On ri'a pas identifie de couche de
recouvrement impermeable, mais il est
possible que des coulees de lave provenant
du Rabalanakaia aient forme des lits
confines.

Couches perrneables entre les coulees
de lave depoque recente. Il se peut
que les coulees de lave forment des
recouvrements impermeables sur les
sediments it argile ou it pierre ponce.

Remargues complementaires

Le flux de chaleur est associe etroite
ment it la presence des volcans Matupi
et Vulcan, du cra.tere de Rabalanakaia
et de la paroi orientale de la caldera.

La quantite de chaleur qui se degage
ne donne pas nccessairement une mesure
de la quantite de chaleur qui pourrait
etre obtenue par forage profond. Selon
G/12, si les resultats des premieres
investigations revelent l'existence d'un
flux de chaleur de l'ordre de 109 BTU/h,
il conviendra detudier le systeme en vue
de la generation de 20 MW.

11 est recornmande de forer it plus
de 500 m de profondeur; le prix de
l'investigation proposee peut atteindre
200 000 livres sterling. Ces puits, s'ils
s'averent productifs, pourront alimenter
une usine, les conduites devant etre
re couvertes et cirnentces convenablement.

A Rabaul, en NouveUe-Bretagne, si les. re~ultats
de l'exploration preliminaire se revelent sa.tIsfalsants,
on procedera au foncage definitif qui decidera de la
possibilite d'une production de 20 megawatts dans
ce champ.

Les derniers forages devraient debiter I?endant au
moins un an, aux valeurs de la pressIOn ~t des
depenses prevues pour l'etat final de productIOn de
puissance.

Au cours de cette periode, on effectuerait des
verifications continues de la pression et de la tempe
rature au fond du puits ainsi que de la variation
du debit. Ce dernier point comprendrait egalement
les rnesures de la quantite de vapeur et de la quantite
d'eau ainsi que celles de leur composition chimique.

La mesure du debit de chaleur naturelle et celle
des autres proprietes physiques impliquerait une
depense d'environ 10 000 livres sterling.
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Tableau 4a. Caracterfstlques generales des champs vaporfferes connus: Lstarrde

Zones thermales ahaute temperature

Nom, lieu, ttat actuel, antecedents, altitude en metres

Region de Reykjanes, dans la zone neo
volcanique du quaternaire, sud-ouest de
l'Islande. Son altitude est de 15 m et son
etendue de 1 km-.

Region de Trolladyngja, dans la zone
neovolcanique du quaternaire, sud-ouest de
l'Islande. Son altitude est de 120 m et son
ctcnduc de 5 km".

Region de Krysuvik, dans la zone neo
volcanique du quaternaire, sud-ouest de
l'Islande. Son altitude est de 150 m et son
etendue de 10 km".

Region de Hengill dans la zone neovolca
nique du quaternaire, sud-ouest de l'Islande.
Son altitude est de 30 a 600 m et son etenduc
de 50 kms,

Region de Kerlingafjoll, dans la zone
neovolcanique quaternaire de la partie
centrale orientale. moitie ouest de l'Islande.
Son altitude est de 900 m et son etcndue
de 5 krn'',

Aspect geologique et structural des zones du sous-sol
cannues ou sup-posees, avec accumulation de oapeur

Zones permeables comprises entre des
couches de lave, affectees par des filons
perrnoablcs et des faiIles.

Zones perrncables comprises entre des
couches de lave basaltique, affcctees
par des filons permeables et des Iailles,

Scrnblables aux precedents.

Semblables aux precedents.

Zones permcablcs comprises entre des
formations basaltiques, affcctcos de murs
et de failles.

Remarques complcmentaircs

Le degagcmcnt de chaleur a ete estirne
entre 5 et 25 X 106 calls. Le seul puits
qui ait ete fonce attcint une profondeur
de 162 m.

La production de chaleur cstimeo se
trouve entre 5 et 25 X 106 calls.

La production de chalcur varie entre
5 et 25 X 106 calfs. Quinze puits ont ete
fences avcc uno profondeur maximum
de I 200 m. La tcmpernture de base
est d 'cnviron .230 "C,

La production de chalcur cstimce se
trouve entre 25 et 1.25 X 106 calls.
La temperature do base est de .230 'C
De nombrcux puits ont cte Ionccs a
une faible profondeur : H puits attcigncnt
des profondcurs dont le maximum est
de I 200 Ill.

La production de chalcur est imcc se
situe entre 25 et 125 X 106 caljs.

La production de chalcur cst.imce Se
situe entre 5 et .25 X 1(16 cal/s.

Region de Torfajokull, dans la partie sud
de la moitie orientale de l'Islande. Son alti
tude est de 900 m et son etendue de 100 km".

Region de Vonarskard, dans la zone neo
volcanique quaternaire, presque dans la
moitie orientale de I'Islande. Son altitude
est de I 000 m.

Semblables aux precedents.

Semblables aux precedents.

La product ion de chalcur est
it 750 X)06 caljs, avcc line
moycnnc de 5 X IOR calls.

de l~.j

valour

Region de Grimsuotn, dans la zone neo
volcanique quaternaire de la moitie orientale
de l'Islande. Son altitude est de I 000 m
et son etendue de 12 km".

Region de Kverkjjoll, dans la zone neo
volcanique quaternaire de la moit.ie orientale
de l'Islande. Son altitude est de I 500 m
et son etendua de 10 km2 .

Region de Askja, dans la zone neovolca
nique de la moitio orientale de l'Islande,
a I 050 m d'altitude.

Region de Namafjall, dans la zone neo
volcanique de la moitie orientale de l'Islande,
a 350 m d'altitude. Superficie : 2,5 krn''.

Region de Krafla, dans la zone neovolca
nique de la mortie orientale de I'Lslande :
450 m d'altitude. Superficie : 0,5 km". '

Region de Theistareykir, dans la zone
neovolcanique de la moitie orientale de
l'Islande, a 330 m d'altitude. Superficie :
2,5 km''.

Semblables aux precedents.

Zones pcrmeablcs comprises entre des
formations basaltiques affectees par des
murs et des failles.

Semblables aux precedents.

Semblables a.ux precedents.

Semblables aux precedents.

Semblables aux precedents.

La production de chaleur est cstimce
entre 125 et 750 X In6 calls. Ccttc
region se t rouvo sous la couchc de glace
de Vatnajokull.

La production de chaleur est cstimcc
entre 25 et 125 X 106 calls.

La production de chalcur est cstirncc
entre 5 et 25 X 106 calls.

La production de chalcur est cst imcc
entre 25 et 125 X 106 caljs. 11 cxistc
quelques puits pcu profonds.

La production de chaIcur est cstirncc
entre 5 et 25 X 106 calls.

La production de chaleur est estirncc
entre 5 et 25 X 106 cal/s,
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Nom, lieu, flat actuel, antecedents, altitude en metres

50 km (') au nord-ouest de Torfajokull.

50 km (+) au nonl-ouest de Torfajokull.

60 km (+) au nord-oucst de Torfajokull ;
comprend le Great Geyser. '

40 km a l'oucst de Krysuvik.

Pres de Trolladvngia. La temperature
it la base est de 98 oC a Heykir; il existe
70 puits avcc une profondeur maximum de
13S0 m. Production des puits : 370 lis a
87 -c.

Au nord-ouest de Rcykjanos, pres de
Reykjavik. La temperature il la base est de
146 oC a Reykjavik. Il cxistc 40 puits
avcc une profondcur maximum de 2 200 m
et unc production de 134 lis a unc tempe
rature de 138 -c.

Dans la part ie sud-oucst de I'Islande :
en fait. c'est un systcrnc de Iigncs qui
cornprend la plus grandc manifestation deau
chaude a Deildartunga.

A l'oucst de Akurcyri.

Aspect geologique et structural des zo
cannues DU SUpposees n~s du sous-sol, avec accumulatwn de uapeur

T~r.rains volcaniques dans des districts
tertlalres.

Identiques aux precedents.

Identiques aux precedents.

Identiques aux precedents.

Identiques aux precedents.

Identiques aux precedents.

Identiques aux precedents.

Identiques aux precedents.

Remarques complimentaires

Debit naturel total: 521/s; temperature
maximum en surface: 100°C; flux de
chaleur : 25 a. 125 X 106 calls.

Debit naturel total: 140 lis. Tempera
ture maximum en surface: 100°C. Flux
de chaleur : 5 a. 25 X 106 calls.

Debit naturel total: 6 lis. Temperature
maximum en surface : 100_°C. Flux de
chaleur : 5 a. 25 X 106 calls.

Debit naturel total : 70 lis. Tempera
ture maximum en surface: 100°C. Flux
de chaleur : 5 a. 25 X 106 calls.

Debit naturel total: 120 lis. Tempera
ture maximum de surface : 83°C. Flux
de chaleur : 5 a. 25 X 106 calls.

Debit naturel total : 10 lis. Tempera
ture maximum de surface : 88°C. Flux
de chaleur : 5 a. 25 X 106 cal/s.

Debit total naturel : 400 lis. Tempera
ture maximum en surface: 100°C. Flux
de chaleur : 25 a 125 X 106 calls.

Debit naturel total : 70 I/s. Tempera
ture maximum en surface : 89°C. Flux
de chaleur : 5 a 25 X 106 calls.

Le potentiel total des ressources thermiques
naturelles de l'Islande est de I'ordre de 500 mega
watts d'energie elcctrique.

Les regions thermales de l'Islande dependent de
contacts permeables entre des couches de lave, des
filons permeables et des failles.

La « circulation » peut avoir lieu au fond des
basaltes, c'est-a-dire a 2 ou 3 km de profondeur.
Dans Ies regions de haute temperature, la chaleur
semble etre fournie par des structures volcaniques
c~audes recentes. L'eau qui circule est en contact
?Irect avec les roches chaudes. Par contre, les regions
a basse temperature fournissent de la chaleur natu
relle qu'elles semblent prendre des reserves existant
dans les parties basses ou profondes des basaltes.
~ans la region de circulation, la temperature peut
etre de 100 a 130°C. Dans les regions de haute
temperature il existe des reserves de chaleur en
exces qui peuvent etre exploitees au moyen de
forages.

Les regions de basse temperature sont caracterisees
par des manifestations d'eau chaude et par des
temperatures souterraines inferieures a 150°C et
se trouvent dans la zone du tertiaire. Les regions
de haute temperature se trouvent dans la zone du

quaternaire. Le debit total de chaleur naturelle est
evalue a 108 calls dans les regions a. basse tempe
rature et probablement a. 109 calls dans les regions
a haute temperature.

On connait environ 250 champs geothermiques de
basse temperature repartis sur les terres basses de
la moitie orientale du pays. Le nombre des manifes
tations est eleve - environ 600 - et le debit total
estirne atteint 1 500 lis. La production de chaleur
des sourc~s hydrothermales atteint 108 calls, avec
une temperature moyenne de 75°C.

Selon Bodvarsson, la limite superieure des tempe
ratures souterraines est de 150°C dans la zone de
basse temperature (G/6). A partir de ce critere cet
aute,;r conclut que les conditions tant chimique; que
physiques du sous-sol changent considerablernent a.
mesure que la temperature s' eleve au-dessus de 150°C.

Pres de 70000 m de puits ont Me fores en Islande
dans le but d'exploiter les reserves naturelles de
chaleur. Le puits le plus profond, qui se trouve
dans la ville meme de Reykjavik, atteint 2200 m.
On se propose de foncer plusieurs dizaines de milliers
de metres de puits dans les annees a. venir.

Les etudes des regions thermales de l'Islande
effectuees au moyen de forages, ont mis en evidence



un fait important, savoir : la production de chal~ur
des puits est superieure a celle que donnait la regIOn
thermale lorsque les puits n'existaient pas encore.
Dans un cas, l'augmentation a atteint un facteur 20.

Le potentiel total de production continue et
uniforme d'energie des regions thermales ~e I'Tslande
a ete evalue a 300 megawatts, et le reservoir de
chaleur recuperable serait de 15 000 megawatts
par an.

ActuelIement en Islande, la chaleur naturelle est
utilisee principalement pour le chauffage des maisons
d'habitation et des serres. La quantrte totale de
chaleur utilisee correspond a une economie annuelIe
d'hydrocarbures d'environ 60000 tonnes, soit 350 kg
par an et par habitant (selon les renseignements
tires de G/24).

La temperature maximum mesuree jusqu'a present
dans les champs thermiques d'Islande est de 230 QC.
Le gradient de temperature des regions non ther
males varie entre 0,033 et 0,0165 QC/m.

Dans certains cas, les donnees geochimiques
peuvent fournir des indications sur les temperatures
de reaction.

Le fluide du forage provoque des conditions non
stationnaires, refroidissant ou rechauffant les forma
tions dans lesquelles sont pratiques les trous.

Les methodes geochimiques revelent qu'il existe
une correlation positive entre la temperature de la
source hydrothermale et la quantite totale de solides
dissous. Ainsi, dans le cas des sources hydrother
males, l'eau qui sort a 30 QC peut contenir 150 ppm
de solides alors que celle qui sort a 100 QC pe ut
en contenir 300 ppm.

Des mesures combinees thermiques, gravimetriques
et magnetometriques, effectuees dans la region
thermale de Reykjavik, ont montre l'existence d'un
flux ascendant d'eau chaude a l'ouest de l'intrusion.
Au total, 25 puits ont ete fences dans cette region
au cours des six dernieres annees, en se fondant sur
les etudes anterieures, La temperature maximum
de production est de 138 QC, la profondeur maximum
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est 2 200 m et le debit total d'eau chaude est de
135 lis; cette eau es~ u~ilisee pour le chauffage des
habitations de Reykjavik.

La temperature de base de la region est de 146°C;
elle se maintient a partir de 1 000 m de profondeur.

La region de Reykir est la premiere en date des
grandes regions thermales exploitees en Isl~nde. Les
forages ont ete entrepris en 1933; en Hl5~, 11 y a,va!t
deja 70 puits dont la profondeur maximum etait
de 621 m. Ces puits produisent 360 litres par seconde
d'eau a 87 QC de temperature moyenne. Cette region
comporte des dislocations en blocs et une faille
principale SO-NE de 1'6poque tertiaire. En lUGU,
un nouveau puits a ete fence jusqu'a une profondeur
de 1 380 m. A la profondeur de 670 m, la production
etait insignifiante. Les mesures de temperature
montrent qu'au passage d'une petite fissure situee
a 670 m, la temperature tombe de 98 ;l uo QC. La
region thermale de Reykir semble dcpendre cl'unc
couche horizontale poreuse et de plusieurs failles.

La region thermale de Hengill constitue l'un des
champs' vaporifercs les plus etcndus d'Islande. 11
existe un projet de construction cl'une usine d'cnergie
utilisant la vapeur naturelIe.

Les forages a grande cchcllc ont ctc entrcpris en
1958. Actuellemcnt, huit puits sont achcvcs. Leur
profondeur varie entre :HlO et ] 200 m et leur pro
duction totale atteint 500 lis avcc unc temperature
de 180 a 230 QC.

Du point de vue gcologiquc, ccttc rt-gion prcscntc
une structure complexe. Il cxistc, scmblc-t-il, unc
stratification horizon talc du flux thermiquc. An
dessous des horizons pcrrncablcs, la temperature
tombe.

La baisse de temperature clans le scns de la pro
fondeur est un phcnomene intcrcssant qui n'a pas
encore recu une explication satisfaisante. Cepcndant
on peut en conclure pour la pratique que cctte
region nest pas caracterisce par un courant ascen
dant important.

L'Islande presente un volcanisme tertiaire qui est
encore actif dans certaines regions du pays.

Tableau 5. Caractertstiques generales des champs vapor-lfer-es connus: Etats- Unis d'Amertque

Nom, lieu, etat aetuel, antecedents, altitude en metres

Big- Geysers (Californie). Les premieres
observations geologiqucs ont ete faites par
Brewer en 1861. Des etudes geologiques
ont ete effcctuees it titre prive en vue de
l'utilisation de la vapeur pour la production
d'energie electrique, tout dabord par Decius
en 1924; elles furent reprises en 1955 dans
le meme but.

Les manifestations hyperthermiques se
produisent sur une distance de 8,5 km,
dans le Sonoma County, en Californie.
Les Big Geysers sont it une altitude de 519 m.

Aspect geologique et structural des zones du 50u5·s01

connues DU supposees, avec accumulation de vapcur

Les resultats obtenus grace aux forages
montrent que la zone productrice est
constituee de gres it structure t.res tour
mcntce. avec fissures et failles, et soumise
it une activit.e hydrothermique intense
qui I'a modificc. La roehe clle-rncmc
est du gres dense, gris, avec des intrusions
de lutite moins importantes; dans les
conditions> normales, sa porosite ne
depasserait pas 10 p. 100 et sa permca
bilite serait inferieure it un millidarcy.
Par consequent, la production rclative
ment elcvec des puits provient de frac
tures. La formation grescusc mcntionnco
est probablement jurassique.

Dans cette region, (j puits ont <'le
fences it 87 et 121 m. puis approfondis
it 226 et ~![JO 111. Pendant le forage,
lcs temperatures ont dcpassc 400 °F a
280 m. Trcizc puits, Ionccs antcricurcmcnt
dans cette region, vcri ficnt les conditions
geologiquos susmcntionnecs.
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.!Yom, lieu, (tat uctvrt, antecedents, altitude en metres

lUgion de Casa Diablo, dans la partie sud
du Mono County, en Californie. Cinq puits
ont ete fondes en 1959 et 1960.

Rlgion de Calistoga, (Napa County) [Cali
fornie]. Cette region se trouve au sud-est
de la region des Big Geysers, it 29 km de
ceux-ci.

Surprise l'alley (Californie). U ne eruption
volcanique explosive de boue a eu lieu dans
le voisinagc irnmediat de cette region en 1951.

Region de Lakevietu (Oregon). Des mani
festations thcrrnales, avec des temperatures
atteignant 180 oe, ont incite a foncer un
puits dans cette region.

Rlgioll de Crump Lake, (Oregon).

Region de Jl'a/mska (Nevada).

Rigion de Steamboat Springs, a 16 km
au sud de Reno (Nevada).

Rlgioll de Brady Hot Springs (Nevada).

Region de Beowawe, centre-nord du Nevada.

Vo/call de Kilauea-Iki, dans I'etat d'Ha
waii. L'eruption de ce volcan, en 1959,
a produit dans le cratere un lac de lave
de plus de 100 m d'epaisseur, contenant
pres de cent millions de tonnes de lave
fondue.

Aspect geologique et structural des zones du sous-sot
connues Ott supposees, avec accumulation de ua-pour

Masses volcaniques considerablos en
surface. L'horizon producteur est pro
bablement semblable au precedent. La
production de vapeur est pr'e'vue a une
profondeur maximum de 325 m.

Trois puits ont ete Ionces dans la
formation sableuse jurassique appelee
Franciscan, a une profondeur de plus
de 100 m. La region etant recouverte
d'une epaisse couche dalluvions, il est
difficile d'en determiner la structure
geologique.

La region est couverte de sediments
quaternaires et de roches volcaniques.

La region est composee de coulees de
laves du Tertiaire et du Quatemaire
avec des dislocations en blocs.

Roches volcaniques du Tertiaire. On
constate la presence d'une couche dallu
vions d'au moins 455 m d'epaisseur.

Les puits montrent l'existence de
roches volcaniques entre 50 et 300 m;
au-dela de cette profondeur, la granodio
rite vient s'ajouter aux roches volca
niques.

La region est constituee par une
vaflee d'alluvions contenant des coulees
volcaniques du quaternaire.

Les forages montrent l'existence d'an
desite, de basalte et de roches volcaniques
fragmentees a 50 m. Les traces de
glissement rencontrees a 500 m indiquent
la presence de failles.

Le reservoir de chaleur est la la ve
elle-meme. accurriulee dans le cratere.

Remarques comblimensaires

En 1960, trois puits ont ete fonces
sur un plan de faille active depuis plus
de 100 ans; les profondeurs de ces puits
sont de 192, 247 et 174 m. Les trois puits
sont en production et fournissent ensemble
335 000 kg de vapeur par heure, avec
une pression de 2,37 kgjcm", L'exploration
du champ est consideree comme etant
seulement partielle.

Des 2 puits fonces dans cette region.
I'un, qui traverse une roche volcanique
jusqu'a une profondeur de 652 m, a ete
abandonne comme improductif ; l'autre,
situe a I 029 m a .l'est du premier,
semble encore traverser it 357 m des
alluvions de la vallee.

Le puits a .ete fonce jusqu'a 199 m
de protondeur, puis abandonne comme
improductif.

Un puits, fence jusqu'a 512 m, a
permis de mesurer des temperatures
atteignant 170 of.

Trois puits, atteignant une profondeur
superieure a. 610 m, ont foumi de l'eau
chaude a plus de 140 of trcs chargee
en sulfate de sodium. On considere que
ce projet n 'a pas abouti it un succes.

La profondeur maximum des 4 puits
qui ont ete fences est de 540 m; le premier
puits a ete abandonne comme i mpro
ductif; le deuxieme atteint la granodio
rite a. 295 m. Les premiers essais ont
donne 57 000 kg de vapeur par heure
it une pression de production de 2,61 kg/
cm2 pour une ouverture de 1/8 de pouce.
Les deux autres puits ont rcncontre
de la vapeur qui provient probablement
de la granodiorite : la source probable
de la chaleur serait une rhyolite du
quaternaire.

Sur trois puits, un est improductif.

Trois puits ont ete fonces, dont le
premier atteint 585 m et les deux autres
sont bons producteurs a. une profondeur
de 152 et 213 m. On suppose qu'ils
penetrent dans une zone de faille.

Les travaux de forage et I'etude
thermique revelent la presence d'une
source d'energie dont on peut recupcrer
pres de 2 X 109 kWh.

3"



Selon G/48, il existe dans l'ouest des Etats-~nis
d'Amerique, a part les manifestations spectaculalres
du parc national de Yellowstone, pres de 700 sources
d'eau thermale, dont 80 ou 90 p. 100 peuvent etre
classees comme hyperthermiques. Ces dernieres se
trouvent dans l'Oregon, l'Idaho, la Californie et le
Nevada; elles sont reparties sur environ 10 p. 100
de la surface totale des Etats-Unis. A l'exception
de cinq d'entre elles, toutes ces sources hyperther
miques sont situees suffisamment pres d'une region
volcanique du pliocene ou du quaternaire pour qu'il
soit logique de conclure qu'elles sont directement
liees aces phenornenes. On estime que les magmas
injectes qui conservent encore une grande partie de
leur chaleur initiale constituent la seule origine des
manifestations hyperthermiques.

Les failles et les fractures de roches qui se trouvent
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au-dessus du magma injecte constituent des voies
de degagement pour les gaz et les liquides. Les
zones de roches tres poreuses et tres permcables,
voisines des zones chaudes, peuvent egalement jouer
un role important dans ce processus.

La prospection des regions hyperth~rmales peut
fort bien etre restreinte aux observations superfi
cielles dans les zones volcaniques de geologie recente:
la prospection des regions caracterisees par une
activite hyperthermique, en vue de ~a production,
doit Hre effectuee par foncage de PUltS.

Compte tenu des deux puits qui sont actuellement
en cours de forage, la partie ouest des Etats-Unis
compte 43 puits fores dans le but de decouvrir et
d'exploiter la puissance geothermique. Dans l'une
des regions mentionnees, l'energie gcothermique sert
a produire de l' energie electrique.

Tableau 6. Caracteristiques generales des champs vaporiferes connus : Mexique

Nom, lieu, itat actuel, antecedents, altitude en metres

Champ de Pathe CEtat de Hidalgo), it
7 km it I'ouest de Tecozautla. II se trouve
actuellement au stade de I'exploration et
des essais. Son altitude est de 550 m. Le
foncage des puits a commence en 1955-1956.

viaue de I'Ixtlrin (Etat de Michoacan)
it 22 km au nord-ouest de Zamora. Actuelle
ment au stade de 1'exploration; quelques
puits ont ete fences de maniere rudimentaire.

Region de Mexicali (Basse-Californie), it
une altitude de 42 m. Cette region se trouve
errtierernerrt au stade de I'exploration,

Aspect giologique et structural des zones du sows-sol
cannues DU supposees, avec accumulation de uapeur

La vapeur a ete obtenue it des profon
deurs varices du fait que la structure
qui commande le champ est constituce
de failles que les puits (12 en tout) ont
rencontrees en des zones differentcs,
La zone probable de production est
constituee de couches plus ou moins
perrneables de caractere volcanique 'qui
sont du tertiaire superieur (?) et dont
1'alimentation en vapeur et en eau se fait
par des fractures.

Structure de graben; zone volcanique
du tertiaire-quaternaire affectee de failles.
Alluvions et basaltes alteres : leur presence
a ete revelee par deux puits fences de
maniere incomplete dans cette region.

La structure du sous-sol dont depend
la production de vapeur est associee
it la zone de fractures de San Andres,
L'activite de cette zone s'est manifestec
par endroits jusqu'au Recent. Les roches
affectees sont des alluvions du Quater
naire et des roches ignees du cenozotque.

Rtmarqrus comp/imn1fai,,(s

Un turbo-gendratcur produit de l'cncr
gie clectrique en utilisant la vapeur
seche du puits 2-A. La profondcur
maximum atteinte dans les autrcs puits
est de 700 m.

Apres 150 m la temperature a baisst',
Le petit lac de Chnpala (it 35 km de
Ixtlan) affecte et affectera la production
de vapour de cc champ.

Le forage de puits d'exploration a
penctre clans une couche epaisse de
recouvrement forrnee dalluvions et de
roches ignecs alterecs intrusives. On
esperc reduire la quantitc d'cncrgic
electrtque importee si la prospection dans
cette region aboutit it un succes.

Tableau 7. Oaracter'Isttques generales des champs vaportteres connus: Japon

Nom, lieu, itat actuel, antecedents, altitude en metres

Region de Showa-Shinzan, dans l'ouest de
I'Ile dHokkardo. L'existence dans le sous-sol
d'une masse magmatique it 800 oC a ete
deterrninee par des methodes geophysiques,

Aspect geologique et structural des zones du sous-sol
connues ou supposies, avec accumulation de uapeur

La region est constituee par des roches
volcaniques du tertiaire. Showa-Shinzan
est un dome volcanique qui a fait son
apparition il y a 16 ans sous la forme
d'un dome parasitique du volcan Usu.
I1 est constrtue de roches dacitiques
dont la temperature initiale etait de
1 000 cC et qui sont actuellement a plus
de 800 -c.

Dans cette region, les roches ignees
forment des intrusions dans les depots
du pliocene, du pleistocene et de

Remarques comptementaires



Rapport ~eneral GR/3 (G) Rulz EIizondo 35

SOlll, liell, etat actllel. anticidents, altitude en metres

Higioll de .11atsukaira, dans la partie nord
de Honshu. Cette region comprend une
valleedans un district volcarriqn o possedant
trois volcans en activite et dau tres assoupis,
ainsi qu'une multitude de manifestations
thcrmiques, fumerolles et depots de soufre.

Region de Onikol», dans la partie nore!
de Honshu. Cette region, de forme elliptique,
est constituec par IIn hassin de I () km sur 8.
Ce bassin est le rcsulta t <rune subsidence
crustale du mioccne supcricur.

Rreion de Brpp«, au nord-est de Kyusbu
Phcnornencs de surface in tenses, comparables
aquelques-uns de CCIIX qui se trouvent en
:\ounllc-ZeJandc.

Region de Oliania, a I'oucs t de Kyushu.

Region de Otahe, centre ouest de Kyushu.

Region de Hakonc, centre ouest de Honshu.

Rel',ion de Noya, nord de Kyushu.

Aspect geologique et structural des zones du sous-sol
connues ou SUpposees, aoec accumulation de vapeur

lholoccne formes de lave, de cendres
voleaniques, de sable, de lapilli, de sedi
ments clastiques et de pierre ponce.
Le niveau economique et industriel des
fluides dans les rochos pcrrnoa.bles situees
au-dessus de l'intrusion na pas encore
ete veri fie.

Les travaux geologiques realises en
1957 montrenr que cette region est
constituee par un volean compose frag
mente, avec un cone central, et une
structure de caldera d'effondrement. Les
layes sont t.res denses; les parties inte
rieures de la carottc, it plus de 150 m
sont formees de dacite qui est une accu
mulation de lave et de tuf poreux avec
fragments de pierre ponce. Depuis 1953,
on considero que la vallee possede
des caracteros pa.rticuliererncnt geother
miques, avec probablement une couver
ture impermeable (G/l).

Une partie considerable du bassin
est forrnee de scdiments lacustres de
plus de 300 m d'epaisseur, traverses
par des domes dacitiques contemporains.
Cette region est voleanique quaternaire
mais ne possede pas de voleans rccents.

Le champ d'Onikobe est semblable
it celui de Wairakei en Nouvellc-Zelande,
etarrt donne que les failles de la base
de roches tres denses forment comme
des conduits d'alimentation pour les
fluides chauds, partant du fond et attei
gnant les couches lacustres de recou
vrement, ou I'elevaat.ion de la tempera
ture de l'eau meteoritique accumulee
dans les roches poreuses ainsi que dans
les fractures provoque la formation d'un
syst.eme geothermique convectif.

Region t.res voleanique.

Region tres voleanique.

Region tres voleanique.

Region tres voleanique.

Region tres volcanique.

Remarques complementaires

En 1953, sept puits ont ete Iores en vue
de la creation d'une installation de bains;
quatre d'entre eux ont fourni de la
vapeur it 160 et 300 m de profondeur.

En tout, 10 puits ont ete fores, avec
une profondeur maximum de 450 m
et des temperatures atteignant 189°C.
Les essais de production donnent un
resultat de 1 tonne de vapeur par heure
et 0,3 tonne d'eau par heure pour une
ouverture de 45 mm de diametre.

Trois puits ont Me fences dans la
couche lacustre et atteignent des profon
deurs de 255, 250 et 192 m, it I'ecart
des manifestations thermales. Les puits 2
et 3 ont permis de mesurer des tempe
ratures de 90 it 130°C it des profondeurs
de 110 it 125 m; ces profondeurs corres
pondent it une couche intercalaire d'ande
site compacte dans une couche de recou
vrement de breche de tuf. A 255 m de
profondeur, la temperature eta.it de
185°C.

Les essais de production ont donne
2 tonnes d'un fluide comprenant de la
vapeur et du gaz en parties egales,

Trois puits d'essai ont ete fences
jusqu'a une profondeur de 110 m; la
temperature est de 145°C. L'ouverture
etant de 75 mm, la production est de
2,4 tonnes par heure d'un melange de
deux parties d'eau pour une partie de
vapeur. Production de 30 kW d'energie
geothermoelectrique.

Pres de 80 puits ont ete fences dans
cette region; ils produisent de la vapeur
et de I'eau it 130°C. La production totale
aUeint 4 700 tonnes par heure, ce qui
correspondrait it 70 000 kW si elle etait
u tilisee pour produire de l'energie.

Quatre puits d'exploration ont ete
fences jusqua une profondeur maximum
de 900 m; la temperature maximum
est de 185°C. L'ouverture est de 150 mm;
les essais ont donne 9 tonnes par heure,
dont 6 de vapeur.

La production est de 2 tonnes par
heure, dont une tonne de vapeur.

Un puits experimental a atteint une
profondeur de 200 m avec une tempera
ture de 100°C. La production deau
chaude est de une tonne par heure.
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Nom, lieu, ttat actuel, anticedents, aUitude en metres

Region de T'akenoyu, partie ouest de l'tle

de Kyushu.

Region de Unzen, a l'est de Ta~en.0Yu.

Constitue actuellement un centre tounshque.

Region de Ebino, dans le sud-ouest de
I'Ile de Kyushu.

Region de Yunono, dans la partie sud-est
de Kyushu.

Region de Tearai, dans la partie sud-ouest
de Kyushu.

Region de Ibusuki, au sud de Tearai.

Region de Kusatsu, dans la partie centrale
de la Honshu.

Region de Yamanouchi, a l'ouest de Kusat
suo

Region de Oshima, a l'ouest de Atagawa.

Region de Atagawa, au sud de la partie
centrale de Honshu.

Region de Narugo, dans la partie nord
de Honshu.

Region de Takinoue, dans la partie nord
de Honshu.

Aspect giologique et structural des zon~s d; soups'SOI
connues ou supposee«, avec accumulatwn e va cur

Region tres volcanique.

La region est localisee sur un volcano

La region est Iocalisee sur un volcano

Zone situee sur un volcano

Zone situee sur un volcano

La region est situee dans une zone
volcanique.

La region est situee dans unc zone
volcanique.

La region est situee dans unc zone
volcanique.

Zone situee sur un volcano

La region est situee dans unc zone
volcanique.

La region est situee dans une zone
volcanique du tertiaire.

Terrains tertiaires.

Remarques compllmentaires

Les trois puits dc 30 m dc profondeur
atteignent 120°C. La production est
de une tonne par heure de vapour.

Trois puits ont ete fences jusqu'a
une profondeur de 75 m. La temperature
est de 108°C et la production d'eau
chaude atteint 12 tonnes par heure pour
une ouverturc de 125 mm.

Un puits de 84 m de profondeur a
atteint une temperature de 156°C.

Les essais montrent qu'il est possible
d'obtcnir 2 tonnes par hcure d'un melange
de vapeur et dcau en parties egalcs.

Les essais montrent qu'il est possible
d'obtenir 2 tonnes par heurc d'un melange
en parties egales d'eau et de vapour.

Deux puits de 200 m de profondeur
atteignent une temperature de WO oc.
La production est d'une tonne par heure

d'cau.

On a mcsure une temperature de
100 oC. Les essais montrent qu'il est
possible d'obtcnrr 2 tonnes par hcure
d'un melange d'eau et de vapour en
parties egalt's.

Los trois puits Ionces clans ccttc n'gion
atteignent une temperature de iO 'c.
La production d'eau est cI'une tonne par
heure.

Les essais montrent qu'il est possible
d'obtenir 2 tonnes par heure d'un melange
de vapour et d'eau en parties cgales.

On a fonce 22 puits a. unc profondeur
de 213 m. La temperature atteinte est
de 175°C. Les essais montrent qu'il est
possible dobtenir de 2 a 7 tonnes par
heure d'un melange d'eau et de vapour.
pour une ouvcrture de 45 mm. La quan
tite d'eau varie entre I et 6 tonnes par
heure.

Selon GIl, diverses institutions gouvernementales
japonaises, telles que le Service geologique et les
compagnies d'electricite, ont realise des prospections
dans diverses regions importantes. Les temperatures
souterraines mesurees jusqu'a present ne depassent
pas 200°C. Les quantites de vapeur obtenues ne
sont pas suffisantes et la vapeur elle-meme est
melangee ade l'eau chaude. La prospection geother
mique au Japon se trouve dans sa phase initiale et
preliminaire,

Les masses intrusives detectees en profondeur par
des methodes geophysiques ont ete etudiees, de
meme que les regions ou les failles du tertiaire,
penetrant dans une base de granit, conduisent les
fluides chauds vers des sediments plus jeunes situes
plus haut et contenant des roches poreuses. Les
structures volcaniques du type caldera ont ete
egalement explorees, ainsi que leurs fractures asso
ciees, dans le but de determiner le potentiel geo
thermique correspondant au cas ou les fluides
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emigrent des .profondeurs et sont captss dans les
couches superieures de lave plus jeunes.

Le premier sondage d'exploration de la puissance
geothermique a ete effectue il y a 40 ans.

Jusqu'a present, le nombre des puits dans la
plupart des champs est faible et, a I'exception

de quelques-uns, leur profondeur est inferieure a
200 m.

Il ressort des etudes realisees actuellement qu'il
est possible de recuperer des sources thermales
connues une energie minimum equivalente a
100000 kW.

Tableau 8. Caracteristiques generales des cham.ps vaporfferes connus : Union sovietique

1\'O,"j liew, nat nehul, antic/dents, altitude en metres

Rigion de Pauzhetsh , clans la presqu'tle
du Karntchatka. Ce champ hydrogcothsr
rnique se trouvc dans la partie meridionalo
du Kamtchatka et couvre une etendue
de 400 km", Son altitudc est de 100 m (?).
Les sondagcs d'cxploration par rotation,
jusqu'a 800 m dc profondcur, ont commence
en 1958.

Aspect geologique et structural des zones du sous-sol
cannues ou suPPosees, avee accumulation de vapeur

La zone est constituee de roches vol
caniques du quaternaire dans une depres
sion tectonique errtource de roches
volcaniques de quaternaire iriferieirr.
Ces roches se trouvent au-dessus d'une
serie de depots tertiaires qui sont consti
tues de turfs arenaces au-dessous de
650 m.

Une augmentation de la production
de vapeur et d'eau a ete constatee a la
suite de l'intersection de fractures dans
les roches agglomeratives tufacees du
tertiaire. .

L'accumulation de chaleur dans les
formations poreuses du tertiaire, d'ou
l'eau et la vapeur sont extraites a l'aide
de puits, est due au volcanisme actif
dans cette region.

Remarques complimentaires

Production d'eau thermale superficielle
estimec a 100 u«

]usqu'en 1960, 15 puits ont ete fences
a des profondeurs de 200 a 800 m.
La temperature maximum de 195°C
a eM atteinte dans un puits dont la
valeur calorifique est de 188 kcal/kg
du melange de vapeur et d' eau; la pression
maximum a la sortie du puits est de
6,7 atm. La decharge totale du champ
est de 150 kg/s - quantite qui est est.irnee
suffisante pour mettre en exploitation
une usine geothcrmoelectrique pilote.

Le constituant gazeux principal de la
phase vapeur est COz dont la concen
tration depasse plus de dix fois celle de
SHz + NHa·

Tableau 9. Caracter-Isttques generales des cham.ps vaporfferes connus: Salvador

""om, litN, lIal al'luc1, Q"Ucldrnls, aUitude en metres

Aguochopan, dans la partic occidentale
du Salvador. Le champ est caracterise
par deux types de fluides geothermiques :
eau et vapeur acides et caux thermiques
neutres, riches en chlore,

Ce champ fait partic du grabcn cent~al

caracterise par un volcariismc quaternalrc
dont l'activite s'ctend jusqu'a la periode
historique. Ccttc zonc presentc une activi~e

geothermique considerable; on connait errvr

ron 40 champs distincts,

Les sondages de prospection ont ete
effectues de 1956 a 1958. Le puits le plus
profond atteint 400 m.

Aspect glologique et structural des zon~s du sous-sot
cannues ou supposees, avee accumulalwn de vape«r

ScIon les renseignements fournis par
lcs sondages, la vapeur est confinee dans
les zones de fissures. Les manifestations
geothermiques du pays se produis~nt

dans la region volcanique du quaternaire
cornposee de deux bandes distantes de
20 km. La plupart des recherches calo
rimetriques ont ete effectuees dans la
bande volcanique meridionale. La struc
ture de Aguachapan a ete soumise ~

des deplacements dans le graben a~tel

gnant 1 000 m dans le sens ,verttcal;
ces failles se sont produites a la fin
du pliodme. Le graben est recouver;
d'une couche pyroclastique de 300 a
500 m d'epaisseur. L'activite ~yd.rother-

I t si tuee tant sur les limites duma e es .
b 'a' I'interieur merne de ce dermer.gra en qu . .

On suppose que la vapeur pr'ov'ierrt d eaux
filtrantes alimentees par les fluides chauds

ui arrivent par des fissures de la base,
q t t dans la region des volcans du
sur ou d t montre

Ieistodme. Les son ages on
p I vapeur provient de fissures dans
que a I'"
la couverture du p eistocene.

Remarques comptementaires

Les pertes superficielles de chaleur
sont de 8 X 104 kcaljs, le flux moyen
de chaleur est de 100 X 10-6 cal/cm2js,

valeur que I'on peut comparer au flux
normal de chaleur au Salvador,
2,5 X 10-6 cal/cmz/s.

On espere trouver une quarrtite suffi
sante de chaleur pour installer une
usine de 50000 a 100000 kW. La vapeur
obtenue est humide et de faible pression.

Le potentiel hydroelectrique du Sal
vador atteint 10: kW; actuellement,
on n 'en utilise que 10 p. 100.
Tableau 10, f. 141.
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L'analyse, I'etude et la comparaison qui font
l'objet de la section precedente sur les regions geo
thermiques connues dans le monde conduisent a
constater de nouveau que la source nouvelIe d' energie,
appelee source geothermique, a permis d'obtenir de
bons resultats dans les regions OU elle est exploitee,
en Italie, en NouvelIe-Zelande et en Islande, et
permet d'entrevoir des resultats fructueux aux Etats
Un is d' Amerique, en Union sovietique, au Mexique,
au Japon et au Salvador. Il ne fait pas de doute
que le perfectionnement rapide des techniques
permettra d'obtenir l'energie geothermique du sous
sol dans des limites economiques par comparaison
avec les autres sources, classiques ou non, denergie.
Il est done indispensable d'utiliser des connaissances
techniques, pratiques et scientifiques qui permettront
de decouvrir de nouveaux champs geothermiques.
La ~ection suivante traite des methodes de pros
pection ,

Methodes et techniques utllisees dans la pros
pection geothermique

Il est necessaire de considerer cette source denergie
comme quelque chose de reellernent special, car les
methodes utilisees pour decouvrir localiser ou
atteindre les zones thermales seront fondees d'une
facon ou d'une autre sur la nature particuliere a
chague ~one ou, en d'autres termes, parce que l'on a
affal~e a .de? systemes physiques, chimiques ou
physico-chimiques. Dans le sous-sol, l'eau et la
chaleur se comportent d'une maniere differente de
celIe qui est observee en surface, par exemple, dans
le cas des sources hydrothermales.
~e rnerne gu'a ses debuts l'exploration petroliere

avait pour pomt de depart l'existence de suintements

de petrole et qu'on forait des puits tout pres de
ces manifestations afin de situer exaetement le gite
sou terrain , et de merne que dans de nombreux cas
d'exploration miniere, on considerait l'existence de
chapeaux de fer, de carapaces ferrugineuses, etc.,
comrne une base pour le sondage et la recherche
de gites economiques dans le sous-sol, de merne la
prospeetion geothermique s'est fondee au debut de
la recherche des gites souterrains de vapeur sur
l'existence des sources hydrothermales et des mani
festations superficielIes de vapeur. l\Iais on est arrive
rapidement a la conclusion que les manifestations
superficielIes d'une region, tout en indiquant l'exis
tence d'une reserve souterraine d'energie geother
mique, ne constituent pas les points les plus propices
pour le foncage des puits.

Parrrii les manifestations thermales figurent les
geysers, les fumerolles, les sources d'eau chaude,
les sources bouillonnantes, les bassins qui degagent
de la vapeur, les marmites de bone, de merne que
l'alteration chimique des roches, les depots des
sources d'eau chaude (geyserite, soufrc, alun, etc.)
et, en general, les produits qui pcuvcnt etre des
indices d'une activite hydrothcrmalc. tcls que le
kaolin, la pyrite, I'alunite, les chlorites, etc.

De facon generale, on pent done dire qu'il Iaut
commencer par dclirniter geographiquement la zone
thermale, conforrnerncnt nux observations. Comrne
on dispose deja d'une certainc experience et, assu
rement, de bases de comparaison pour cc qui est
des phenomenes sou terrains auxqucls on pent
s'attendre lorsqu'on sait quil existe en surface un
certain jeu de conditions, il convient de proceder it
des .travaux directs superficicls, detaillcs et systc
matiques,

Tableau 10. Evaluation du flux calorifique dans les champs geothermiques de la Nouvclle-Zelande

Pr!anifestations

Gradient de temperature anormalement
cleve dans les couches superficielles, mais
non associe a des quantites importantes
de vapeur.

Association d'un flux conductif et de la
convection.

Flux de convection; la region est caracte
risee par de la vapeur visible, surtout
lorsque I'humidite atrnospherique est grande,

Grandes fumerolles dun diametre de
.sortie allant de 15 cm a 1 m, debitant
;;Quvent de la vapeur Iegercment surchauflee.

Degagement de vapeur des bassins d'eau
chaudc et des marmites de boue.

Degagement de vapeur et d'eau a partir
tie sources chaudes et de geysers; ces mani
l'estations peuvent etre assoupies ou actives.

Flux de dealer"

Entre 1 et 20 cal{m2{s.

Entre 4 et 200 cal{m2{s.

Entre 200 et 2000 cal{m2{s.

Entre 106 et 2 X 10 7 eal/m2{s .

De 103 a 1,5 X 104 cal{m2{s pour de
I'eau tranquille et jusqu'a 1,5 X 106

cal{m2{s dans le cas d'eau en ebullition
violente.

Du merne ordre de grandeur que le
precedent.

Kcmarqurs

Le flux le plus important provicnt
de terrains legers et thermiquement
alteres, ainsi que de pctites Iurncrollcs
et parfois de marmites de boue.

Le debit est gcncralcmcnt sous forme
de vapeur deau,
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En, ce qui conce;ne. ces travaux, les indications
donnee.s dans le memOlre G/54 sont nombreuses, et
ilconvIent d~ les consulter. Dans de telles conditions
il est necessaire de tracer des isothermes a la surface'
a 1 m et 2 m de P!of:m~eur et, en general, pou;
toute profondeur qm n ex~ge pas un travail de trop
grande e~vergure ou relativernent trop difficile. Les
thermometres et les thermocouples permettent de
detecter des temperatures depassant d'au moins
1 DC la. moyenne du terrain explore, ainsi que
celles qUI so~t en deca d'une limite superieure, par
exemple .50 C au-.dessus de I,: temperature moyenne
du terrain, ce qui rend possible la localisation des
premieres anomalies thermiques.

Le flux caIorifique peut ensuite etre evalue, Le
tableau ci-apres permet de se faire une idee de ce
parametre, selon I'experience acquise dans les champs
de la Nouvelle-Zelande. .

Les methodes utilisees pour les mesures directes
font appel, selon la nature de la manifestation
etudiee, it des instruments tels que le disque de Lee,
le calorirnetre a chaleur totale, le collecteur et le
dispositif de Venturi, le thermocouple et le dispositif
de Pitot statique. II est indispensable de reconnaitre
les conditions superficielles de travail, et, en parti
culier, le genre de terrain dans la region OU I'on
mesure le flux de chaleur. Dans tous les cas, et
pour des regions differentes, il faudra utiliser les
graphiques representant les variations de la tempe
rature avec le flux de chaleur pour des types donnes
de materiaux, que ce soit a quelques centimetres
ou plus de profondeur.

On etablit ensuite une repartition geologique de
reconnaissance, generale et detaillee, en regions
thermiques et en zones de voisinage immediat
suivant des echelles qu'il est difficile de generaliser
puisque l'etendue des zones etudiees varie. d'un.e
region a l'autre. Dans la mesure du possible, ~l
convient de rapporter a une echelle de travail
uniforme taus les renseignements anciens tels 9u e
les donnees geologiques, les plans de cornmumca
tions, les plans des agglomerations, ~es centres
industriels et demographiques (ces derm;rs. ~en~el
gnements ayant leur importance pour 1 irtilisation
convenable de la vapeur dans le cas ou elle est
trouves en quantite suffisante). 11 ri'est pas sUI;e!flu
d'indiquer l'opportunite des travaux d'etude aenens
tels que les leves photographiques a une echeUe de
1/10 000 par exemple, precedant le commencemen.i
des travaux geologiques de surface (G/6.9). L~ traval
geologique sur place servira d~ venficatIOn aux
donnees des photographies aeriennes: on 'p0urra
ensuite interpreter les observations en vue ~e 1 ob~en
tion d'un tableau de la structure stratlg,ra:p~lque
et petrologique, repondant le mieux a la realIte.

11 ne faut pas negliger au cours de la r~connaist-
, , 't t n peusance superficielle le fait que la vege a 10 .

ti ..' d ,. thermales certamesCons ituer un indice es regions . '. s
plantes se modifiant de Iacon caractenstlque ~ar
les conditions de temperature donnees. Cette mIl-

l 't' par escation obtenue sur le terrain, comp e ee

prises de vues aeriennes, peut expliquer la delimi
tation des regions thermales.

A cette etape de la verification de l'inventaire des
manifestations thermiques superficielles fait suite
~elle de l'analyse chimique qui peut donner des
mdications sur les conditions chimiques des mani
festations.

Dans un programme rationnel de travail, la
prospection chimique se situe convenablement a ce
point. On trouvera des renseignements detailles a
ce sujet dans le memoire G/35, qui accorde une
importance particuliere a la methode chimique de
prospection.

Les analyses chimiques effectuees par des procedes
convenables comprennent le prelevernent d'echan
tillons et l'analyse des gaz contenus dans la vapeur
des emanations ainsi que dans la vapeur condensee
de l'eau chaude. I1 est tres utile de connaitre le
comportement des rapports entre les elements que
contiennent les eaux provenant de sources superfi
cielles ou prelevees dans le fond d'un puits en pro
duction. Des indications sur le prix d'un laboratoire
chimique de terrain sont donnees pour le cas de la
Nouvelle-Zelande dans le memoire G/29 qui decrit
egalement, en detail, les methodes d'analyse chimique
utilisees dans ce pays.

L'observation du comportement chimique des
fluides d'un champ geothermique pendant la periode
de prospection et, plus tard, pendant les essais de
production donne des indications sur la duree
possible et sur l'importance de la production de
vapeur. Les memoires G/42 et G/46 presentent des
explications detaillees de la methode de prelevernent
d'echantillons chimiques convenant a l'etude des
zones geothermiques.

Selon le memoire G/35, il ressort de l'etude des
regions actives que les regions thermales presentent
souvent des rapports caracteristiques, constants dans
une meme region mais tres differents d'une region
a l'autre. Une faible concentration de gaz dans la
vapeur des fumerolles et des variations appreciables
des rapports CO2/SH2 et CO2/NH3 indiquent que la
vapeur a pour origine de l'eau en ebullition dans
le sous-sol, de l'eau chloruree dans le cas de la
Nonvelle-Zelande.

La determination des valeurs des rapports Cl/As,
Na/Li et Na/Ca, pour tous les champs d'une meme
region, permet de juger de I'uniformite du magma
et de detecter les champs qui appartiennent a une
periode arrterieure d'activite, ainsi que de comparer
la region avec d'autres.

Les rapports Cl/B, Cl/F et Cl/504 sont utiles
pour determiner I'opportunite de sondages, dans le
cas ou la zone etudiee presente une similitude avec
ceIle de Wairakei.

En ce qui concerne le prelevement d'echantillons
des sources hydrothermales, les methodes de prele
vement de gaz et de vapeur des fumerolles different
selon le contenu en gaz de la vapeur, selon qu'il
est eleve ou faible.
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Dans les regions ou I'on envisage de foncer des
puits, il est indispensable de ~releve.r to~t d'ab?rd
des echantillons d'eau des manifestations a ~a~ lim
pide et a debit suffisant. En outre, les principales
manifestations de toute la region ~ctive de~ront
etre analysees, merne si pour des raisons pratiques
elles ne conviennent pas au forage.

Les rapports qu'il est recommande de determiner
sont les suivants : Cl/HB02, Cl/F, Cl/~s, Cl/~04'
Cl/NH4, Na/K, Na/Li, Na/Ca et Ca/Mg; 1.1 convient
egalement de determiner la concentration de la
silice et celIe des bicarbonates (ions) et, dans la me sure
du possible, les rapports Cl/Br, Br/I, As/Sb, Na/Rb
et Na/Ca. .

A partir de ces rapports, on recherchera pour chaque
champ une caracteristique commune.

Il convient de determiner parallelernent la concen
tration des gaz dans la vapeur de toute fumerolIe
presente dans la region, ainsi que les rapports
CO2/SH2 et CO2/NH3 (G/35).

Les conditions qui impliquent l'exist~nce ~'un

piege souterrain favorable a l'accum:ulatIOn dune
quantite de vapeur conyenable du pomt de v?e .d.e
l'exploitation commerCl~le, sous-~ntendent 1 utili
sation de divers parametres physiques des roches.

Par certains de ses aspects, la prospection geo
physique resserrrble a celle qui a pour but la recherc~e

des hydrocarbures. C'est pourquoi il convient d'uti
liser des parametres tels que la temperatur~, .l~

susceptibilite magnetique, la densite, .la conductivite
electrique, la vitesse de propagation des ondes
elastiques et la radioactivite.

Le gradient de temperature est determine par
des mesures thermometriques. La portee et la methode
des mesures therrnometriques sont decrites de facon
detaillee dans les memoires G/61, G/54 et G/25.
Le memoire G/25 presente les mesures de la tempe
rature au fond de sondages ne depassant pas 10 m
de profondeur, ce qui permet de se liberer des ~uc

tuations superficielIes de la temperature. 11 convient
de tenir present a l'esprit qu'au cours de la premiere
phase de la prospection thermique, on indique no.n
seulement l'extension geographique de l'anomahe
thermique, mais aussi la frequence des sources ther
males.

Par proprietes magnetiques on entend I'intensite
d'aimantation d'un petit volume de roche place
dans un champ unitaire. Les variations de la compo
sante verticale du champ terrestre sont mesurees
a I'aide de la balance de Schmidt. Le magnetometre
n'est utilise que dans la prospection aeroportee,
L'horizon magasin et sa couverture sont constitues
de couches sedimentaires dont la susceptibilite
magnetique est tres faible. De plus, l'effet magnetique
peut meme etre totalement masque par des terrains
volcaniques ou metarnorphiques, de sorte que l'exis
tence possible de la couverture peut passer plus ou
moins inapercue (G/25).

Il convient de noter que dans certaines regions
la prospection magnetique a servi a situer avec
precision les sources de chaleur, car l'alteration

hydrothermique de la magnetite: provoquee pa,r .SH2,

aboutit a la formation de pynte no? ?1agnetIq~e.

P sequent en observant les variations de 1In-ar con, .' te t d
tensite magnetometrique. I! est m e,ressan e

itre les valeurs magnetiques decroissantes des
connai . '11' di t I' .terrains hydrotherrniques, pUl~qU e es m iquen on-
gine de I'activite hydrothermlque. ., .. ,

Un parametre important est la densite, utIl~see

dans la methode gravim~~rique. de prospection,
On mesure les variations de I intensite de la pe.santeur

tre une station de reference et les stations de
en . d t' 1mesure. Cette methode est mieux a ~p ee ,9ue a
methode magnetique, qui a l'inconvel!lent d lllcI~re
dans la mesure tous les effets des te:rams super~clels

et profonds. Cette methode fo~rlllt des renseigne-
ments importants sur la tectonique. ,...

On recommande de Iacon formelle I utilisation
de la methode de la conductivite elcctrique pour
la recherche des champs geothermiques etant donne
qu'elle permet d'obtenir des resultats plus complets
(G~~. .

Lors d'une reconnaissance gcncrale, 11.est recom
mande d'executer des sondages clcctriqucs avec
unemaillede 500 X 500 m, soit quatre ~tatio~s

par kilometre carre. Pour les etudes de seml-dc~all,

on etablira une maille de 250 X 250 m. Il convient
d'etablir egalement une carte de resistivite pour il?
planter au mieux les premiers forages de reconnais-
sance. .

Il est a noter que la methode clcctriquc de pros
pection peut s'adapter aux divers yroblcmes tech
niques rencontres et p~rmet de realiscr un~ explora
tion et une reconnaissance plus completes, p.lus
rapides et plus claires. La resistivite d'une format.lO~

depend etroitement de sa ternperatu~e : c'es.t ~1~SI

qu'un terrain porte de ~7. a 150 QC V?lt sa rcsistivite
divisee par 5; elle est divisce par fl SI la tempera~urc

passe de 17 a280 QC (Gj25). La prospection electrique
permet d'etablir une carte de resistivite a la pro
fondeur qui permet de determiner s'il. exis.te des
zones chaudes a la base de la formation Imper
meable et aussi si une fracture, cause de la structure
geologique, est alimentee ou non par des f1uides.

Les rnethodes sismiques sont basees sur la mesure
de la vitesse de propagation des ondes elastiques.
qui depend de certains parametres et constantes
tels que le module d'elasticite, la densite, le coefficient
d'incompressibilite, Il existe deux rnethodes sismiques
celle de la reflexion et celle de la refraction, qUI
correspondent a l'utilisation de I'energie reflechie
par des surfaces de separation et a celle de l'energie
qui a traverse des formations de nature diverse
avant de sortir a la surface apres avoir decrit une
certaine trajectoire. Les rnethodes sismiques rendent
compte de la structure geologique du sous-sol a
partir de la vitesse des ondes sismiques.

La methode radioactive, qui consiste a mesurer
les substances radioactives vehicuIees eventuellement
par les failles et par les fractures, a ete egalement
consideree,

De toute facon, les resultats obtenus par n'irnporte
quelle methode unique sont aleatoires, et il convient
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d'utiliser des, methodes complementaires. En fin
de compte, c est le foret qui aura le dernier mot
it dire.

Le forage de puits ~st considere comma l'une des
ph~ses d; la prospectI~n. Pou~ les travaux prelimi,
naires d un .cha~p geothermlque, on conseille de
foncer des puits pilotes de diametre AX (2 1/4 pouces)
avec un foret de diarnarrt et un tambour echantillon
neur, afin de connaitre la structure geologique en
coupe de la formation OU se trouve accumulee la
vapeur, ou la profondeur ou cette derniere est
mterceptee, dans le cas ou on atteindrait une fracture.

L'utilisation de diametres reduits au stade preli
minaire a, en sa faveur, non seulement des conside
rations d'ordre econornique, mais encore le facteur
temps si on veut obtenir rapidement les conditions
geothermiques generales. La mesure de la tempera
ture, l'alteration hydrothermique des roches traver
sees, l'analyse prelirninaire des fluides recueillis et,
meme.I'observation des pressions dans les conditions
produites, permettent de se faire une idee suffisam
ment concise pour etablir un programme raisonnable
de forage de puits de plus grand diametre, forage
qui exige de plus grandes depenses (de l'ordre de
grandeur de celles qui sont necessaires pour le forage
d'un puits a petrole).

Le forage d'un puits d'un diametre initial de
20 pouces, par exemple, ri'a pas pour but unique
la verification des resultats de l'exploration geo
logique : on espere toujours qu'il pourra deve~ir

un puits de production. La distance entre les puits
sera fonction de la capacite de production du champ
et du bcsoin d'assurer un debit de vapeur donne
pour alimenter les turbines geothermo-electriques,
si cette energie est destinee a etre transforrnee en
electricite. Dans le cas ou l'on se propose de l'utiliser
pour le chauffage, les installations seront differentes,

L'ltalie est un pays ou les methodes geophysi.ques
de prospection, en particulier la methode elec.tn~ue,

ont ete utilisees avec succes. La methode chimique
a donne de bons resultats en Nouvelle-Zelande;
au Japon, diverses methodes geophysiques o~t ete
utilisees de Iacon limitee. Tous les pay~ .es!lm.ent
qu'il convient d'effectuer des etudes prehr~ll~aues
minutieuses et continues sur la thermometne et
les debits de chaleur.

Dans tous les pays, que leur progra~m~ g~o
thermique soit mis en route ou que sa reahsahop
ne soit que prevue, il est indispensable de partir
des connaissances geologiques les plus amples pos
sibles de la region interessante.

1, ·ri· e de la
Quelques considerations sur orrgrn rieother-

chaleur et de la vapeur des champs &

miques

II est difficile de trouver une explication ~~~1:~~
de l'origine de la vapeur et. de la chaleur P?t\ations
les regions ou se prodmsent des mam testations
'h . . s les cons ageot errmques, Dans cert3;ms cas, . ans d'autres,

mettront en evidence certames causes, d

il Y aura des explications differentes, mais chaque
Iois, on recherchera l'accord avec les caracteristiques
reelles des regions etudiees.

Les etudes isotopiques montrent que dans toutes
les regions etudiees jusqu'a present, la quantite
de vapeur magmatique ne depasse pas 5 a 10 p. 100
de la quantite totale des fluides hydrothermiques.
Par consequent, la composante d'origine meteorique
predomine, En profondeur, la plus grande partie
de la chaleur passe par conduction du magma aux
roches, et ce n'est en realite qu'en faible proportion
qu'elle est transmise a la vapeur magmatique (GJ2).

Les champs geothermiques de haute temperature
doivent leur existence a la chaleur volcanique,
et la plus grande partie de I'eau y est d'origine
rneteorique. Lorsque la quantite de chaleur disponible
est grande et lorsque la perrneabilite de la roche
est faible, on obtient de la vapeur seche.

Dans le cas d'un systeme de fractures tres pro
fondes, l'eau meteorique parvient a un systerne
gigantesque de convection et se rechauffe d'abord
par conduction dans les roches, puis grace a la
condensation de la vapeur volcanique. Divers auteurs
supposent que, dans le cas de la Nouvelle-Zelande,
les chlorures alcalins sont transportes continuellement
a partir du magma. Un apport continu de chlorures
impliquerait une profondeur de l'ordre de 3000 m
pour la zone ou se condense la vapeur.

Selon le memoire GJ3, l'eau qui circule aune grande
profondeur se rechauffe par conduction dans les
roches chaudes. La principale composante serait
I'eau primitive, qui provient de la profondeur et
arrive a la surface melangee dans une mesure plus
ou moins grande a de I'eau meteorique. L'eau
primitive peut etre soit rnetamorphique, soit fossile,
soit magmatique.

Dans le cas des fluides hydrothermiques de la
Nouvelle-Zelande, les resultats des etudes isoto
piques mentionnees dans le memoire GJ31, montrent
que la contribution magmatique est de l'ordre de
10 p. 100.

L'equilibre thermique normal d'une regi?n pe~t

etre affecte par la presence d'un magma intrusit
qui monte suffisamment pres de la surface pour ceder
de la chaleur aux roches environnantes et, par
consequent, a l'eau interstitielle; par le deplacement
de roches ignees extrusives qui co~servent enco~e

une grande quantite de chaleur du fait que leur acti
vite appartient aune epoque recente ; par la presence
de volcans; par la desintegration d' e~ements .ra?io
actifs: et peut-etre par la chaleur qur pourrait etre
dCgag~e par le f~ottement assoc~e au deplacement
de formations adjacentes aux failles.

L'effet calorifique d'une masse intrusive se mani
festera a partir de la profondeur ou cette derniere
peut se trouver e? c<;mtact avec l'eau interstitielle
ou avoir une certame mfluence sur eUe, de telle sorte
que la chaleur, transmise par conduction, apparaitra
en surface sous la forme de vapeur, suivant des voies
d'echappement telles que les fractures, les discor
dances, etc. (GJ48).
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L'auteur du memoire G/35 presente une etude
interessante d'une intrusion de 7 X 7 X 1 km, situee
a une profondeur de 3 km, qui se serait solidifiee
en 40000 ans, periode pendant laquelle I'eau en
circulation a absorbe la vapeur par conduction,
ainsi que les produits chimiques du fluide magmatique
separe. Il s'est forme un reservoir de 20 X 10 X 1 km
en strates d'une porosite de 5 p. 100, sous une couche
d'ignimbrite a une profondeur de 3 km. La chaleur
de l'eau et de la roche pourrait alimenter pendant
4000 ans I'activite natureIle de Wairakei.

Les etudes fondees sur la prospection geochimique
permettent de conclure que la chaleur de l'eau
chloruree ne peut pas etre attribuee en totalite a
la vapeur magmatique car, dans ce cas, le contenu
en eau jeune serait d'environ 35 p. 100. A partir
de la concentration du chlore, l'auteur deduit qu'elle
est presente dans une proportion de 8 p. 100; d'apres
les donnees des isotopes de I'oxygene, cette proportion
dans les eaux thermales pourrait etre, en general,
de 5 p. 100 (G/35). .

La concentration elevee de lithium et du cesium
dans les eaux de Wairakei ou dans l'eau des champs
thermiques ne peut etre assuree par la lixiviation
ou par I'entrainement avec la vapeur magmatique :
elle doit provenir d'une phase aqueuse residuelle
d'un magma en cristallisation (G/35).

Considerations relatives a I'evaluation de la
capacite des champs geotherrnlques

~our les zones qui se trouvent a un stage prelirni
naire de developpement et qui ne produisent pas
encore de vapeur, on precede habituelIement par
comparaisons. Que peut-on esperer d'une region
nouvelIe, possedant des caracteristiques donnees,
lorsqu'on connait les caracteristiques d'autres re
gions? Il n'est pas possible de tirer des conclusions
sur la capacite de production sans avoir effectue
des sondages. Les premiers renseignements relatifs
a cette question seront obtenus au moyen des essais
preliminaires pratiques lors des sondages initiaux
des puits de vapeur.

Dans toute region dont l'exploitation est prevue
et pour laquelIe on ne possede que tres peu ou pas
du tout de renseignements a partir de sondages
anterieurs, les donnees pour le choix de l'emplacement
des puits d'exploration doivent etre tirees de recon
n~issapc~s superficieIles, geophysiques, geologiques,
geochlmlques, etc. (G/53). Le but preliminaire du
fonc;age des puits d'exploration est donc de verifier
les renseignements donnes par les reconnaissances
mentionnees et recueillir une information detaillee
s~r les formati~ns presentes, leurs proprietes phy
SlqU~S ,les plus Impo:t.antes (po~osite, permeabilite,
densl~e) et les condlt!OnS physiques teIles que la'
temperature, la pression et la nature des fluides
in filtres , etc. A mesure que s'accumulent les rensei
gnen:ents, f~~rnis. par les premiers sondages, on
procede a 1 etabhssement de coupes preliminaires
et de courbes de temperature d'une facon qui per-

mette de les utiliser comme guides dans le choix
d'emplacements posterieurs.

Pour les champs ou regions produisant deja de
la vapeur, ou en ay.a~t 1?roduit ~an~ le passe, l:ev,a
luation de la capacite dispose d outils et de details
plus nombreux pour resoudre cette question. Les
renseignements contenus dans les rapports gazl
vapeur, va.pcur/eau, temperatures au fond du puits
et a la surface; analyses chimiques des diverses
phases flu ides ; pressions dans diverses conditions
et quantites de flu ides par heure; corrosion; depot
de calcite et de silice; caracteristiques metcorologiques
et hydrologiques, constituent tous des facteurs
connectes ou relies entre eux d'une manicre ou d'une
autre qui sont des elements importants des tentatives
devaluation de la capacite d'un puits en production.

A Wairakei, les renseignements rccueillis ont
permis de tracer un jeu complet d'isotherrncs jusqu'a
des profondeurs de 850 m.

Pour evaluer la capacite d'un champ geothcrmiqllc,
il convient de relever, outre les caracteristiqucs
deja mentionnees, celles de la pression hydrostatique,
de la production de chaleur et de la chalcur dans
la roche.

Les reconnaissances thermiqucs de surface per
mettent de connaitre et dcvaluer la surface totale
du champ therrnique, le flux calorifique et le debit
d'eau. A partir de ces donnccs, on pent recherchcr
de Iacon prelirninaire le potenticl de puissance all
moyen des graphiques (G/5:~) qui relient :

1. La puissance disponible dans les debits d'cau
pour des temperatures comprises entre 50 et 170 "C
et le nombre de kilowatts par kilogramme de vapour
par seconde, en faisant intervenir cgalement la
profondeur en metres.

2. L'enthalpie, en calories par gramme, relice ala
temperature, qui varie de 50 a 400°C, en fonction
du nombre de kilowatts par kilogramme par seconde
(entre 0 ~t 700), compte tenu de la profondeur.
C~ gr';lphIque montre. la variation de puissance
dIspomb.1e ?~ns les ,dcbItS d'eau portee a des tempe
ratures mfeneures a la temperature critique.

3. On peut connaitre la reserve d'energie dans
~a roche ~aturee d'eau a une profondeur inierieure
a celIe qut correspond a la temperature d'cbullition.
Ce &":aphi9ue relie l.'enthalpie, en calories par gramme,
et: energre par unite de volume, en joules par centi
metre c~be, compte ten~ de I'energie totale exprimee
en 106 J~ules par ~entIm~tr~ cube, et representee
sur le meme graphique amsi qu'en fonction de la
profondeur.

. 4. On 'peu~ evaluer.les meg';l\V~ttspar an en faisant
intervenir 1 enthalpie expnmee en calories par
gramme, la profondeur en kilometres et la surface
en kilometres carres: on obtient des courbes de pro
fonde~r et de surface pour une reserve d'energie
donnee dans une roche saturee d'eau en admettant
un rendement de 25 p. 100.

L~ lecteur trou,v~radans le memoire G/53 des details
extremement precIeux sur ces aspects de l'evaluation
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preIiminaire, particulierement pour la region de
Wairakei.

. ~es cOFsi~eratio~sl sur, I'evaluatioj, des caractd
ns iqdues on amen

t
a ~s d u,n nouveau puits produc

~eur e ~apeu~ son presentees dans le memoirs- Gj75;
II est necessaire de realIser un programm I .
et rationnel pour determiner la valeur ed ogdl9b~Ct

, ti due Ide vape~r, a par I; e la rnesure du rapport entre
les presslOns de decharge et de sortie a la b h
d
"fi ouc eu putts, pour un on ce calibre.

Le rapport gazjvapeur ou le volume de
d t ' '. gaz

correspon an ,a u? ~ertal~ pOlds?e vapeur condensee,
se ~esur~nt a 1 aide d appareils speciaux (Gj75).
?n etabht d<;s valeurs determinees de la pression
~ vann~ fermee en relevant les, val~urs de la pression
a des intervalles de temps reguliers. Pour obtenir
u~e me.sure plus pr?cise. du melange eaujvapeur
dun puits en productIon, 11 est necessaire de separer
la vapcur et 1eau et .d.e mesurer chaque phase iride
pendamment. On utilise pour cela des separateurs
du type cyclone ou du type axial. .

.Pour.disl~oser des b.ases techniques et scientifiques
necessaires a la resolution du probleme de I' evaluation
d~s champs gcothermiques, il est indispensable de
~Isposer de renseig~ements satisfaisants. A ce sujet,
I auteur du mernoire G/76 resume les methodes
po.u: le prclevemcnt cl'cchantillons et d'analyse
utilisees dans les laboratoires de recherche de Larde
rello. En gcneral, les cchantillons tant de gaz que
de. vapeur sont prelcves apres refroidissement des
fiuides naturels au moyen de dispositifs refrigerateurs
it eau. Ces etudes ont perrnis d'aboutir a des conclu
sions interessantes : ainsi, les fluides appeles endogenes
presentent un enrichissernent en Ar40 par rapport
~ la concentration atrnospherique : la composition
isotopique du CH 4 temoigne d'une origine organique;
la composition isotopique de CO2 indique une contri
bution de la part de la decomposition thermique
des roches carboniques profondes. Les phases pure
ment gazeuses sont recueillies globalement ou sepa
rernent de merne que les gaz residuels qui permettent
de determiner quantitativement les gaz nobles,
l'argon et I'heliurn ; ces derniers, ainsi que les gaz
residuels (CH

4
, Nz, H 2) sont recuperes par absorption

des constituants gazeux principaux tels que CO2 et
SH2•

Lorsgue le gradient therrnique est normal, la
conductibilitc therrnique est de 12 000 caljs/km

2
•

Les regions thcrmiques de grande intez:.site ont un
flux calorifique au moins 50 fois superieur a~ flux
normal. C'est pourquoi il est necessa~re et souha;t~ble
demesurer et devaluer le flux calonfique des regions
nouvelles mais aussi celui des regions connues,
dans le but de determiner s'il existe des reserves
geothermiques.

L'evaluation du flux calorifique, du rapport
vapeur/eau, de la composition ch,imique et, l?a~
SUIte, de la production possible, eXlge une, c~rta~n
experience pour J' uger et recommander la reahsatlO.n

. d" erglede tel ou tel projet en vue de la productIOn en
ou de la recuperation de sels preeieux. pour que

l'evaluation soit valable, il est indispensable de
prelever des echantillons de la decharge des puits
selo~ des precedes corrects et des methodes syste
matiques.

,~es conditions d'un prelevernent convenable
d echanhllons sont examinees dans le memoire Gj46
pour le cas des systemes decoulement qui ont ete
trouves. dan~ les voies dechappernent horizontal
de Wairakei, Independamment de sa simplicite
de presentation, l'utilite de ce mernoire est accrue
du fait des figures dont il est etaye, Les concentrations
des gaz sont determiriees dans les echantillons de
vapeur. cond~nsee dans des ballons d'une capacite
de plusieurs litres, refroidis a l'eau; il en est de merne
po?r cell~s des constituants dissous : ammoniaque,
acide bonque, fluor et chlore. On mentionne egale
ment le prelevernent d'echantillons en vue de cer
taines ~et~rminationsspecifiques telles que le dosage
des prmcipaux constituants ioniques, des traces
de metaux, I'evaluation du rapport isotopique et
celle du pH et des gaz dissous.

Diverses methodes suggerees pour la mesure des
quantites ~e vapeur et d'eau debitees par les puits
sont mentionnees dans le mernoire G/30 ou 1'on
constate, en outre, que ces methodes presentaient
I'inconvenient pratique d'exiger un materiel lourd
et encombrant et ou 1'on recommande de disposer
d'appareils de transport facile qui permettent de
determiner simplernent le debit-masse a une pression
donnee de bouche de puits. L'auteur decrit les me
thodes utilisees en Nouvelle-Zelande et, en particulier,
la methode des rayons beta, la rnethode du gaz,
la methode par injection de sulfate de magnesium
et la methode de la pression critique.

Au sujet des travaux realises au volean Kilauea
Iki, dans l'Etat d'Hawaii, le memoire G/5 indique
que ce reservoir voleanique contient 3 X 1016 calories.
Pour faire fondre une telle quantite de roche, il
faudrait une explosion nucleaire equivalente a
100 megatonnes. Dans le cas ou seule la chaleur latente
de fusion serait recuperee (0,75 X 1016 calories) et
transforrnee en energie electrique avec un rendement
de 25 p. 100, on obtiendrait 2 X 109 kWh.

Selon une supposition presentee dans le memoire
Gj48, un mille cube d'une roche comme celle de
Devils Tower dans I'etat de Wyoming degagerait,
en se refroidissant de 1 800 a 100 OF, une quantite
de chaleur suffisante pour faire fonctionner une usine
generatrice de 4 000 kW pendant sept mi11e ans.
Les etudes des masses ignees de periodes geologiques
plus anciennes montrent qu'un mi1le cube constitue
une fraction fort faible des grandes masses qui ont
ete denudees par l'erosion.

On ne peut esperer trouver normalement de la
vapeur seche dans les regions hydrothermales a
une profondeur inferieure a 3000 m. L'eau meteo
rique doit circuler a des profondeurs semblables
pour que sa pression soit maintenue a une valeur
superieure a la pression critique de 1'eau pure,
englobant les zones de condensation et de melange.
La pression critique d'une colonne d'eau pure, au
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voisinage de son point d'ebullition, est atteinte a
une profondeur de 3 500 m.

L'absence apparente d'eau contenant du chlore
dans les champs de vapeur surchauffee sugge~e
que l'eau meteorique ne penetre pas aUSSl profonde
ment ou qu'elle ne parvient pas ade telles profondeurs
en quantites appreciables. Il est probable que, dans
ces regions, le chlore reste dans le magma.

Selon les renseignements recueillis en Nouv~lle

Zelande, il est improbable que la vap~ur s~che

soit presente dans les regions ou le~ ,mamfe~t~tlOns
superficielles contiennent des quantites appreclabl~s

de chlore (plus de 20 ppm). L'abondance de. ~am
festations acides sulfatees dans un etat voism de
I'ebullition mais avec un flux modere temoigne
en faveur de l'existence possible de vapeur seche
en profondeur.

Une region qui possede des manifestations en
ebullition avec des quantites appreciables de chlorure
de sodium et des rapports K/Na et Li/Na relativement
eleves peut presenter une augmentation considerable
de temperature avec la profondeur.

Il n'est pas probable, en general, que les eau~

de source, diluees, neutres ou alcalines, merne SI
elles se trouvent dans des conditions de temperature
moderement elevees en surface, presentent une
temperature notablement plus grande a des niveaux
profonds.

Les valeurs maximums de la temperature, mesurees
au moyen de sondages peu profonds, peuvent etre
utilisees pour une evaluation acceptable du flux
continu de chaleur dans un systeme hydrothermique
avant sa mise en oeuvre; il est possible que les valeurs
de la decharge totale superficielle et de la decharge
subsuperficielle puissent etre aussi deterrninees direc
tement ou par I'interrnediaire d'un bilan du chlore.
On a pu ainsi determiner les flux de chaleur, en
millions de calories par seconde, pour de nombreux
systemes de la Nouvelle-Zelande,

Aux Big Geysers, la zone des sulfures de fer
(pyrite et marcassite) indique la possibilite d'une
correlation dans le sous-sol, mais les donnees sont
encore insuffisantes. Une tendance aux pertes de
circulation a ete constatee, en particulier dans les
regions ou les noyaux presentent des fractures
ouvertes. Les donnees obtenues anterieurernent se
sont revelees utiles pour la determination des zones
productrices de vapeur.

L'experience acquise au cours des travaux realises
en Italie, en Nouvelle-Zelande et dans d'autres
regions permet de constater que l'evaluation preli
minaire du flux calorifique, lorsqu'elle est fondee
sur les manifestations superficielles d'un champ
geothermique, aboutit a des valeurs inferieures a
celles qui sont obtenues par la suite a partir des
donnees fournies par les puits et la production de
vapeur. Il convient done de tenir compte de cette
experience lorsqu'il s'agit d'investir dans des condi
tions presentant une possibilite d'assurer, par la
production, une recuperation de la vapeur plus
importante que celle qui a pu etre deduite des etudes
preliminaires.

Le probleme des depots

Il convient de mentionner le problerne du depot
de silice et de calcite dont l'importance reside dans
l'influence negative de ce depot sur le rendement
de decharge des fluides.

La silice est precipitee par les courants s~pe~~ciels

qui transportent de l'eau aune t~mperatu~einferieure
a 100°C. Certaines manifestations contIen~~nt des
quantites exceptionnellement elevees de silice. L~
solubilite de la silice amorphe est de 350 ppm a
100°C et probablement de 500 ppm a 150 DC.

On admet qu'il ne peut y ~,,:oir precipitation .que
lorsque la solubilite de la. s.lhce amorphe ?eVlent
trop faible a cause du refroidissernent et de I evapo
ration dus au degagernent de vapeur. Les for~es

polymeres de la silice se trouvent al.ors en suspe~slOn

dans la solution et forment une pelhcule superficielle,
La croissance des cristaux de quartz semble etre
trop lente dans le cas de cette f~rme moins soluble
de silice stable pour que des depots se forment dans
les conduites; cependant, il s'en forme dans les ro~hes

appartenant a des zones plus chaudes de la region.
Le point de saturation des eaux de \Vaira~ei,

pour la silice amorphe, est a 140°C, et la presslOn
de vapeur saturee atteint 40 Iivres par pouce carre,
On ne peut prevoir que tres peu de difficult.cs lorsque
l'eau est utilisee a une temperature superieure.

Quant a la calcite, on sait que les concentrations
totales de calcium et de bicarbonate dans les eaux
thermales sont generalement assez elevees pour poser
des problernes de depots. Dans un puits type de Wai.ra
kei, debitant 200 tonnes d'eau par heure, la solution
perd 1 ppm de calcium et pendant .le mem:: temp~,
il peut se former 0,5 kg de CaC03 • SI ce depot devait
se produire sur 1 m de longueur d'une conduite
de 8 pouces (en general les depots sont localises),
ce diametre subirait une reduction de la moitie
en 50 jours seulement.

Les depots de carbonate de calcium se ferment
dans les eaux thermales ayant un pH compris entre
6 et 8 lorsque la quantite de calcium dissoute depasse
quelques ppm. La production de fluides a une
pression moderee peut empecher la precipitation
des carbonates dans les zones profondes. Les depOts
de silice constituent un ennui serieux dans le cas
des eaux contenant plus de 350 ppm de Si0

2
•

Breves considerations sur les frais
et les aspects economiques

En 1950, dans l'ouest des Etats-Dnis, le forage
avec un foret de diamant coutait 18 dollars le metre.
Au Mexique, la merne operation cofrte actuellement
25 dollars.

Le forage de 16 puits d'exploration et de production
au Mexique, par percussion et par rotation, jusqu'a
des profondeurs qui atteignent actuellement un
maximum de 700 m, a coute 640000 dollars pour
quatre annees, compte tenu de la premiere instal
lation d'une usine geothermo-electrique a Pathe.
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FI~ure 1. Repar-tttton des zones geothermiques dans le monde

EXERGIE GEOTIIERMIQUE THEORIQUE ET PRODUCTION n'ENERGIE

DANS CERTAINS PAYS

Pay'l

~
~

Production d'cnergie

Production runu-e esume e

pr-ermers tr-avaux de mise en vateur
ou rcnselgnementS illSufflsants

w

!i~,.·~g

ITALIE

1. Larderello
2. Monte Amiata
3. Roccastrada
4. Montecatini-Orciatico
5. La Tolfa
6. MonU Berici

NOUVELLE-ZELANDE

7. Wairakei
8. Waiotapu
9. Kawerau

10. Orakeikorato
11. Tikitere
12. Tekopia
13. Waikiti
14. Taupo
15. Ngatamariki
16. Rautawiri
17. Rotokawa
18. Tauhara

NOUVELLE-BRETAGNE

19. Matupi
Rabalanakaia-Vulcan

ISLANDE

20. Reykjanes
21. Trolladyngja
22. Krysuvik
23. Hengill
24. Kerlingafj611
25. Torfaj6kull
26. Vonarskard
27. Grimsvotn
28. Kverkfj611
29. Askja
30. Namafjall
31. Krafla
32. Theistareykir

ETATS-UNIS

33. Big Geysers
34. Casa Diablo

35. Calistoga
36. Snrprise Valley
37. Lakeview
38. Lac Crump
39. Wabuska
40. Steamboat Springs
41. Brady Hot Springs
42. Becwawe
43. Volcan Kilauea, Iki, Hawaii

MEXIQUE

44. PatM
45. lxtlan
46. Mexicali

JAPON

47. Showa-Shinzan
48. Matzukawa
49. Onikobe
50. Beppu
51. Obama
52. Otake
53. Hakone
54. Noya
55. Takenoyu
56. Unzen
57. Ebino
58. Yunono
59. Tearai
60. Ibusuki
61. Kusatsu
62. Yamanouchi
63. Oshima
64. Atagawa
65. Narugo
66. Takinoue

UNION SOVIETIQUE

67. Pauzhetsk, Kamtchatka

SALVADOR

68. Aguachapan
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Ce chiffre comprend egalement le prix des explora
tions anterieures et les salaires du personnel technique
et les depenses en main-d'ceuvre, Les 16 puits sont
repartis comme suit : 12 a Pathe, 2 a Ixtlan et 2
a Mexicali.

En Nouvelle-Zelande, le prix annuel des travaux
geothermiques a varie entre 55000 et 138000 dollars
au cours de ces 10 dernieres annees, Le prix d'un
laboratoire portatif, destine ala prospection chimique
des champs et comprenant tout I'equipement
indispensable, est estime en Nouvelle-Zelaride a
4 000 dollars.

Selon le memoire Gj48, il est interessant, lorsqu'on
considere les possibilites d'une operation economique,
de tenir compte du marche disponible, du prix du
kilowattheure electrique sur le marche considere,
de l'exploitation collective et du eout de la production
de I'energie naturelle. Un champ capable de fournir
une energie dont on peut produire de 2000 a
3 000 kWh peut assurerle succes de l'operation. D'apres
les resultats des forages d'exploration effectues au
cours de ces deux dernieres annees, on peut esperer
qu'au mains six des regions explorees dans l'ouest
des Etats-Unis constitueront des operations a succes
du point de vue economique.

Ces considerations different de celles qui sont
presentees dans le memoire Gj67, selon lesquelles
un champ geothermique industriel doit pouvoir
produire environ 5 X 106 tonnes de vapeur par
annee, Selon ce mernoire, un champ vaporifere
commercial produit des quantites notables d'eau;
ainsi le champ de Larderello produit annuellement
pres de 10 X 106 tonnes d'eau.

Les renseignements fragmentaires dont on dispose
sur le Japan montrent que dans ce pays les investis
sements ant atteint pres de 119 millions de yens.

On a demontre (Gj5) qu'il existe un equipernent
de forage pouvant etre utilise a plus de 1 000 QC
et resistant a l'action d'une forte corrosion.

Les aute~rs en deduisent qu'il n'est pas impossible
de con~evOlr des crateres realises techniquement et
construits dans le but de capter la coulee de lave
le long de zones qui presentent des voies d'echap
pement dans les regions de volcanisme actif. Les
bassins de laves pourraient etre localises autour d'une
centrale electrique, dans une region suffisamment
active pour fournir une energie continue. On estime
que le temps nature! de refroidissement du reservoir
de Kilauea est superieur a 75 ans.

Il existe une possibilite de connaitre comment
pourraient etre utilises industriellement les {( maga
sin.s » sout~rrai~s de roches fondues tels que ceux
qur yourraIent etre formes par des explosions nu
cleaires profon~es ou a partir des gites magmatiques
souter~ams qm. peuvent exister dans les regions de
volcamsme actif, En evaluant le kilowattheure a
5 mils, cette energie correspondrait a 10 millions
de dollars; le fait que le reservoir de lave de Kilauea
et les masses semblables de roche en fusion repre
sentent des reserves naturelles importantes est donc
significatif.

Les auteurs americains constatent qu'a l'heure
actuelle, la prospection dans l'ouest des Etats-Unis
ri'est pas sortie des limites des regions presentant
une activite thermique de surface.

Dans le cas de l'ouest des Etats-Unis, les regions
caracterisees par un volcanisme tardif du point
de vue geologique, sont propices a la re~herche de
la vapeur sur une etendue de 60000 milles carres
comprenant une partie des Etats suivants : Idaho,
Oregon, Californie et Nevada. Ce genre de prospection
pourrait s'etendre egalement a,des roches du nord
de l'Oregon et du sud-est de I'Etat de Washington,
sur une superficie de 85 000 miIles carres, etant
donne qu'il existe des indications favorables quant
a l'existence d'un volcanisme du miocene jusqu'au
recent.

Sujets proposes pour la discussion

1. QueUes peuvent etre les possibilites de trouver
de la vapeur a l'echelle commerciale dans le sous-sol
des regions comprenant des roches volcaniques du
pliocene recent mais ne presentant pas de manifes
tations hydrothermales superficicllcs?

2. Doit-on eliminer totalemcnt du panorama
vaporifere le volcanisme prcpliocenique et lcs roches
ignees qui lui sont associees (c'cst-a-dirc rcmontant
a plus de 500000 ans)?

3. Examen de l'aspect economiquc de la prospec
tion geothermique : quel est le precede de prospection
le mains cher et le plus efficace?

4. Peut-on soutenir que les zones qui prcscntent
actuellement des preuves convaincantes d'activite
hydrothermale ont Cte potenticllemcnt vaporifercs?

5. Comment distingue-t-on les manifestations
thermales qui recoivent la chaleur de phenornenes
tectoniques, magmatiques ou volcaniques? Comment
peut-on .distinguer la vapeur tectonique de la vapeur
magmatrque?

6. Que peut-on dire au sujet de la duree de vie
ac~ive d'u,n champ geothermique a partir des para
metre,s suivants : rapports gazjvapeur, vapeurjeau,
te,m'perature~et pressions en surface et en profondeur,
d.e~)1t de. fl~Ides en kilogrammes par heure, compo
SItIOn chimique des fluides?

7. Quel est en fait le parametre le plus important
pour la question precedente?

8. L.es variations et .les compositions chimiques
des fluides hydrothermIques recueillis en surface
indiquent des origines et des trajectoires differentes
dans les differentss regions. En admettant une
~nfl?ence .primitive, ces variations pourraient-elles
indiquer .sI.les magmas du sous-sol (masses intrusives
en .refrOldIssement) sont acides, interrnediaires ou
basiques?

9. Comment varie la composition chimique des
sour~es hydrothermales par rapport a la composition
de 1 eau de mer?

10. Comn;er;t le ~out de prospection des puits
de vapeur (a I exclusion du sondage) se compare-t-il
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it celui des autres sources d'energie, telles que le
petrole?

11. Quelle est la profondeur economique pour la
production de vapeur? Selon divers auteurs, une
certaine temperature de base pourrait etre atteinte
en depassant la profondeur de 3000 m pour obtenir
de la vapeur seche. Examiner cette question sous
l'angle de la nature des differentes formations.

12. Etant donne l'importance considerable des
depots de calcite et de silice pour la production
de vapeur et les difficultes qu'ils causent, il est
recommande d'examirier le problerne pose par l'accu
mulation de ces depots dans les conduites et dans
les roches voisines des puits. De facon concrete,

quelles sont les mesures qui peuvent etre adoptees, a
la lumiere des connaissances acquises jusqu'a present,
pour eliminer la formation de ces incrustations?

13. QueUe quantite d'energie, e.n ~ilowatts,. d?i~
produire un champ pour pouvOlr etre considere
comme potentiellement economique?

14. Nous proposons la discussion d'un programme
general de forage en vue de l'obtenti~n de vaJ?eur
a- une certaine profondeur dans un terram volcamq,ue
fracture. Quel est le diametre minimum de la cond~lte
qui parvient a- la surface pour que la productI0t;
soit commercialement satisfaisante, dans le cas ou
I'on obtient 150 kgjs de vapeur a- une pression et
une temperature donnees?



PROSPECTION OF GEOTHERMAL FIELDS AND INVESTIGATIONS
NECESSARY TO EVALUATE THEIR CAPACITY

Rapporteur's summation

The papers presented in connexion with .agenda steam may be eco.nomic.ally recovered in areas
item II.A.l are ample evidence of widespread mter.est without surface manifestations.
in this field. A total of thirty-nine papers dealm.g A summary of the statements presented at the
with the technical and scientific problems of this session follows.
aspect of geothermal en~rgy g~ve ext~emely valua~le So far as the economy of geothermal prospecting
information and the discussion dunng the seSSIOn is concerned there is no one-and-only method.
devoted to' the subject brought forth new ideas Economy in prospecting is achieved b~ finding the
and exchanges of experience. Of equal impo:tance most effective method for each geologIcal problem
were the interventions that indicated interest III the and in planning the exploration .so that a clear
exploitation of geothermal energy i~ three areas picture of the underground material may emerge.
about which no papers had been submitted, namely, Moreover, the possibilities of success~ul results may
Kenya, Fiji and Chile. depend on the use of very expe~slve. tools. ~e

Those who look to geothermal energy as a means refraction seismic method is effective III detecting
of earning a living or as a professional challenge deep faulting and in determining. the shape and
have the important task of discovering new steam depth of a deep basement. According to the expe
fields with economic potentials. The first problem rience gained in some c~ses, it :nay b~ cheaper than
the geothermal prospector must solve is to determine the electrical method III dealing WIth the same
in which areas the search is likely to be profitable. type of problem. In central Italy. and northern
The special conditions that make an area suitable Sardinia, seismic refraction prospecting has proved
for prospecting are easily recognized. A characteristic advantageous.
feature without analogy in other branches of econo- In Kenya, the region of the Rift Valley, which
mic geology is the presence of a source of heat runs north to south, is of considerable geothermal
which transfers thermal energy to fluids. The heat interest, although attempts at harnessing its energy
source is connected, through a formation of fractures, have so far been disappointing. Volcanic and fissure
with a reservoir where fluids can be trapped under eruptions are abundant in the valley, major faulting
pressure. being generally of mid-Pleistocene age. The only

Surface manifestations are a useful indication active volcano in the country is 01 Doinyo Lengai.
of what to expect, but in order to ensure economically It is situated about 120 miles from Nairobi, which is
successful exploitation of geothermal steam, sites built on volcanic rocks and lacks an adequate power
should be tested which seem most promising against supply for its growing urban and industrial develop
the background of the general geological character- ment. Boring for water sometimes results in striking
istics of the area. A systematic inventory of thermal steam, and some farmers condense geothermal steam
resources could be made of sites that look promising to augment their water supply.
in countries where there are surface indications A geological report has now been completed,
of geothermal activity. Thus it would be possible and a company is proceeding to investigate further
to select a number of areas for further investigation. the geothermal potential of the Rift Valley from
Testing geothermal fields would become a continuing a commercial standpoint. Two deep boreholes were
process, with first priority given to the most fav- drilled one mile apart, with negative but interesting
ourable fields, from an economic and social point of results. Bottom-hole temperature ranged from 93.30
view, and difficult ones left to subsequent projects. to 101.6°C at approximately 500 metres in one hole,

H is evident that geothermal energy is restricted and it reached 204,4°C at about 950 metres in the
to certain places and particular areas of the earth's other. In spite of the promising high temperature
crust. These limited areas, however, perhaps do not no steam escaped. It is thought that the steam at
always coincide with surface thermal manifestations, the lower levels may be due to reheating of water
which are not necessarily present in areas where from near-by Lake Naivasha by vapour and gas
geothermal steam may be found underneath. escaping through fissures. Indications are that the

On the basis of experience, particularly from the source may be magmatic, or that the steam may be
electrical geophysical method of prospecting, as formed by ground water. There is no doubt that a
described during the discussion, a method could reservoir of magma of an enormous energy content
perhaps be developed to determine where geothermal exists in the Rift Valley area; the problem is to
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intersect fissures leading primary steam and gases
from the magma, but that has proved to be
difficult. very

. There has of late been an interesting development
In sha~low holes, between 100 and 180 metres,
prod~clllg CO2 (95-98 per cent content) at pressures
varying between 1.5. an? 3 atmospheres. One site,
120 mII~s from Nairobi, has one producing hole
andone III reserve; the other, 45 miles from Nairobi
has one almost producing, and two in reserve '

In Chile, there is a promising zone amidst abundant
geJ:sers and fumarolas, located in the volcanic
region of Tat~o, near. t~e most important copper
and natural nitrate mmmg centres in the northern
part of the country, close to the border with Argen
tina and Bolivia. Its elevation is over 4 200 metres
and it is surrounded by high mountains. This high
plateau, tipped slightly towards the south-west
is full of thermal waters; some of them are stagnant'
but others form currents for the headwaters of the
river Tatio. Its temperature is between 84° and 87°C.

Earlier investigations are now being continued
bythe University of Chile on 40 geysers, 72 fumaroles,
62 thermal water springs and 5 mud-pools. The
temperature of the geysers and fumaroles ranges
from 81 0 to no°C, and that of the springs and mud
pools from 41 to (j~oC. The chemical characteristics
follow:

pH : 5.96-8
H3B03 : 0.06-1.05 gjl

Si02 : 0.011-(U)3(j gjl
Al203 : 0.005-0.036 gjl
FC20 3 : 0.005-0.038 gjl

Ca : 0.07-0.028 gjl
CO2 : traces.

~o borings have been made, and there have been
only occasional pressure measurements at the site.

It is worth noting that the north of Chile is totally
devoid of any hydro-power possibilities (the region
isextremely arid) and of mineral fuels. The important
mining industry of that region relies on the importa
tion of fuel oil for its more than 300000 kW power
plants.

According to onc participant in the discussion,
it is almost impossible to lay down ~eneral rules
as to the applicability of various geophysIcal methods
to the exploration of geothermal fields. They dep~nd
largely on local conditions; the use of ~lectncal
geoprospecting is based mostly on .expenence. at
Larderello. It is thought to be vah~ for reg~ons
mwhich measurements of resistivity are III formatIOns
overlaid with strata of clay. The picture becomes
much more confused, however, if, as is often the case,
these overlays are mixed with sand, calcareous
rocks or lava.

Gravimetric methods have been stand<l;rd pro
cedures and do not appear to be very expensIVe. On~
author however claims that the LarderelIo metho
of vertical electrical prospecting has borne very 1?ood
results in another region, that of Mount AmIata.

There, the large difference in resistivity between
the impervious cover and the steam-bearing rocks
has made it possible to draw a clear picture of the
formation and to determine the most favourable
locations of productive borings. The geological
complications diminish the usefulness of the electrical
method.

Supplementary information was given about the
bonngs at Larderello, which amount to 360 holes
over almost 200000 m 160 of which are now active
pro~ucing 3000000 kg steam per hour. At Mount
Amiata there are 5 active holes with an output
of 200 000 kg steam per hour. The region of Mount
Amiata proves that in volcanic formations without
steam manifestations, economically viable geothermal
deposits may be found. Larderello is now boring
a 3 000 m hole, to study the temperature behaviour
at great depths. It has reached the 1500 m mark.
Reference was also made to the fact that careful
and methodical measurements of flow, pressure and
temperature are being conducted for each hole.

In Japan, electrical methods in drilling holes
have proved satisfactory with the use of specially
protected cables that resist high temperatures. In
Japan prospecting for steam for power generation
is done in areas where manifestations at the surface
are weak, because at the present time any geothermal
prospecting in places which are hot-spring resorts
would be impractical.

A statement regarding a problem previously dealt
with expressed the views that the possibilities of
producing natural steam depended upon the existence
of a source of heat, on the presence of a permeable
horizon and an impermeable cap-rock, and on the
absence of infiltrations of either fresh or salt water
if superheated steam was expected.

The economic question of geophysical prospecting
was again raised. It was maintained that through
electrical prospecting, important discoveries had led
to an increase of 4 500 tons per hour of steam at
Larderello after 1949. The electrical method offers
the advantage of being dynamic. It is adaptable
to different stratigraphic and tectonic conditions
and shows the evidence of thermal anomalies on
account of differences in resistivity caused by
different temperatures.

Prospecting activities have a few aspects in
common, whether the intention is to look for steam
or for oil; although there is the important difference
that the oilfield has a finite reserve, varying from
field to field. In a geothermal field, the amount
of energy obtainable is indefinite, as is its exploitation
lifetime. On the other hand, a single well in a geo
thermal field has a limited duration; its production
time depends on the well's diameter, the chemical
composition of the "productive strata", the tempera
ture, the corrosive conditions and other factors.
A most important factor which determines the pro
ducing period of a well is that of incrustations.
Some incrustation problems have been solved by
drilling a well close to the one affected. In contrast
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to steam, the oil industry has achieved a high degree
of technical perfection, whereas the geothermal
industry is still at an early stage.

Workers in isotope chemistry constantly strive
for the answer to the important questions of the
origin, nature and composition of fluids in geothermal
steam. An interesting view was presented to the
effect that the isotope composition of magmatic
water is unknown because of sampling problems.
Isotopic evidence does not point to the existence
of volcanic water in many of the known hydrothermal
springs, but chemical and heat flow evidence points
to the possibility of some volcanic water.

A no less interesting aspect of isotopic chemistry
was outlined in connexion with the oxygen isotopic
composition of limestone. This line of research
has been followed in verifying the existence of deeply

located intrusive bodies and in prospecting for geo
thermal fields.

The experience gained in oil reservoir mechanics
over the past thirty years could usefully be drawn
upon for making a better survey of current work
on geothermal steam production. In this connexion,
experience in special well tests, based on the downhole
measurement of the rate of pressure buildup, may
lead to an evaluation of the maximum efficient
rates at which wells can be operated.

It appears, however, that reservoir mechanics
is not quite the same for oilfields as for geothermal
steam fields; in the Wairakei area of New Zealand
a decrease of pressure in the field was obtained
as a result of abundant water production. This
brought about an increase in temperature, improving
the general situation in the field.



Les mcmoires presentes au sujet du point II.A.l
de I'ordre du jour ternoignent amplement du tres
grand .intcn~t <Jue suscite cette question. Trente-neuf
memOlres traitant des problemes techniques et
scientifiques poses p~r cet aspe~t de I'energie geo
thermlque ont fourm des renseIgnements precieux,
et les debats qui ant eu lieu aux seances consacrees
a ce sujet ont donne aux participants I'occasion
d'exprimer des idees nouvelles et dechanger des
donnees d'cxpericnce. Egalement importantes ont
ete les interventions qui ont montre I'Interet que
l'on porte a l'cxploitation de I'energie geothermique
dans trois regions pour lesquelles aucun memoire
n'avait etc prcsentc : le Kenya, les iles Fidji et le
Chili.

PROSP~CTION DES CHAMPS GEOTHERMIQUES ET RECHERCHES NECESSAIRES
POUR EVALUER LA PUISSANCE UTll.ISABLE

Resume dn Rapporteur

geographique de ces regions peu nombreuses ne
coincide peut-etre pas toujours avec ceIle des pheno
menes thermiques de surface, qui ne se produisent
pas necessairement dans des regions OU l'on peut
trouver de la vapeur geothermique dans le sous-sol.
Se fondant sur l'experience acquise notamment par
l'application des methodes electriques de prospection
geophysique qui ont ete decrites pendant les debats,
on pourrait peut-etre mettre au point un pro cede
pour determiner les endroits ou de la vapeur gee
thermique peut etre recueillie de facon rentable dans
des regions sans manifestation en surface,

Voici un resume des exposes presentes a la Confe
rence.

En ce qui concerne l' economie de la prospection
C'cst i1 ccux pour qui I'cncrgie geothermique est geothermique, il ri'existe pas de rnethode seule et

un movcn de subsistance ou un objectif professionnel unique. Une prospection economique exige l'emploi
qu'incombe la tache importante de decouvrir de de la methode la plus efficace pour chaque probleme
nouvcaux gitcs de vapour offrant des possibilites geologique et une exploration organisee de maniere
economiques. Le premier probleme que le pros:pec- adonner une idee tres nette des elements du sous-sol.
teur geothcrmique doit rcsoudre est de determiner De plus, la possibilite d'obtenir d'heureux resultats
dans quellcs regions la prospection a des chanc~s peut dependre de l'emploi d'instruments tres cofrteux.
d'etrc fructucuse. On rcconnait facilement les parti- La methode de la refraction des ondes seismiques
cularites d'une n~gion propice a la prospection. Un est efficace pour deceler les failles profondes et
trait caracteristique sans analogie dans les autres determiner la forme et la profondeur d'un soubas
branches de la geologic cconomique est la presence sement profond. D'apres l'experience acquise dans
d'une source de chaleur qui cede de I'energie t~~r- quelques cas, eIle peut etre moins couteuse que la
mique aux fluides, La source de chaleur, est r~he~, methode electrique pour resoudre le meme genre de
par une formation de fractures, a un rese:vDIr ou probleme. Dans le centre de I'Italie et dans le nord
les fluides peuvent etre retenus sous presslOn. de la Sardaigne, la prospection par refraction des

. di ondes seismiques s'est revelee avantageuse.Les phcnornenes de surface constituent u~e 111 1-
cation utile de cc que I'on peut attendre, mais, pour Au Kenya, la region de la Grande fosse, qui est
s'assurer d'unc exploitation rentable de la vapeur orientee du nord au sud, presente un tres grand
geothermique, il faut cprouver les em~laeements interet du point de vue geothermique, bien que les
qui semblent Ies plus favorables, eu egard, ~ux efforts accomplis jusqu'a present pour exploiter son
caracteristinucs geologiques generales de l~ region. energie aient donne des resultats decevants, Les

'I 'th d e des eruptions provenant de voleans ou de fissures
On pourrait drc.sser un inventaire me o. IqU blent abondent dans la vallee ; les principales failles datent
ressources thcrmiques des emplacements qUI sem d "1 t d T du pleistocene Le seul
prometteurs clans les l)ays Oil des phenon;.enes Ll genera emen u rnuieu . . .

, . ., , thermlque volean aetif dans le pays est le 01 Doinyo Lengai.
surface indinucnt une activite geo . d 11 est situe a environ 190 kilometres de Nairobi,
'. 'J h . . tain nombre e

serait ainsi possible de c DISlr un cer , qUI' est batie sur des roches voleaniques et ne dispose, ' . d 't s plus poussees.
regIOns pour y faire es enque e . it pas de ressources energetiques suffisantes pour son
L'examen de champs gcothermiques devlendra~ ~t~ de'veloppement urbain et industriel croissant. En

t d ' order la pnori e
processus continu permettan acdc int de vue effeetuant des sondages pour trouver de l'eau on
aux champs les plus favorables u poi h s rencontre parfois de la vapeur, et certains agriculteurs'. . d' ver les C amp ,
e;Onomlque et social et e reser. It' ieurs. condensent de la vapeur geothermique pour aug-
dexploitation difficile pour des pro) ets u er menter leur approvisionnement en eau,

11 ' , . , thermique ne se , I' . t d'et 'd" test evident 9ue I enerwe geo des regions Un rapport geo ogIque Vlen e re re Ige e une
trouve qu'a ccrtams endrOlts et dans . t' societe privee poursuit l'etude du potentiel geother-o la SItua IOnparticulieres de l'ceorce tenestre. r,
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pH : 5.96 - 8;
H3B03 0.06 - 1.05 gjl;

Si02 0.011 - 0.036 gjl;
Al203 0.005 - 0.036 gjl;
Fe 203 0.005 - 0.038 gjl;

Ca 0.07 - 0.028 gjl;
CO2 traces.

On ri'a effectue aucun forage, et les mesures de
pression sur les lieux ont ete peu frequentes.

Il convient de remarquer qu'il n'y a, 'dans le nord
du Chili, pas le moindre potentiel d'energie hydro-

mique de la Grande fosse du point de vue, com~er
cial. On a effectue deux sondages profonds, a, I,? k1~o
metre l'un de 1'autre; les resultats en ont ete nega~l~s
mais interessants. La temperature de fond Va;nalt
entre 93,3 °C et 101,6 °C a enviro~ 5?0 me.tres
dans un trou et atteignait 204,4 C a environ
950 metres dans l'autre. En depit des promesses de
cette temperature elevee, aucune vapeur ne s'est
echappee, On pense que la vapeur qui seA trouve
aux niveaux plus profonds resulte peut-etre du
rechauffement de l'eau du lac Naivasha tout proche
par la vapeur et le gaz qui ~'echappent. des fissures.
Il se peut que la source soit magmatique, ~u que
la vapeur soit formee par de l'eau souterrame. Il
n'est pas douteux qu'un reservoir de magma d'~ne
tres grande richesse energetique existe dans la regIOn
de la Grande fosse' il faudrait entrecouper les fissures
qui arnenent de l~ vapeur et des gaz primaires en
provenance du magma, mais cela s'est revele tres
difficile.

Un fait nouveau interessant s'est produit recern
ment. Dans des puits peu profonds (de 100 a
180 metres), il y a eu production de CO2 (teneur
de 95 a 98 p. 100) a des pressions variant entre 1,5
et 3 atmospheres. A un endroit situe a 190 kilometres
de Nairobi, il y a un puits productif et un puits
en reserve; a un autre endroit, a 70 kilometres de
Nairobi, il y a un puits sur le point de produire et
deux en reserve.

Au Chili, il existe une zone riche de promesses
au milieu de geysers et de fumerolles abondants,
situes dans la region volcanique de Tatio, pres des
centres miniers de cuivre et de nitrate naturel les
plus importants de la partie nord du pays, a proxi
mite de la frontiere de I'Argentine et de la Bolivie.
La zone se trouve a plus de 4 200 metres d'altitude
et est entouree de hautes montagnes. Ce haut plateau,
legerement incline vers le sud-ouest, abonde en eaux
thermales dont certaines sont stagnantes et d'autres
forment des courants qui se dirigent vers le cours
superieur du Tatio. La temperature varie entre 84
et 87°C.

Des etudes entreprises anterieurernent sont actuel
lement poursuivies par I'Universite du Chili au
sujet de 40 geysers, 72 fumerolles, 62 sources d'eau
thermale et 5 bourbiers. La temperature des geysers
et des fumerolles varie entre 81 et 90°C et celle
des sources et des bourbiers entre 41 et 62°C. Les
caracteristiques chimiques sont les suivantes
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electrique (la region est ~xtrememen! aride).ni aucun
combustible mineral. L'lmI?orta~te md~~tne extr~c
tive de cette region est tributaire de 1importation
de fuel-oil pour faire fonctionner ses centrales, dont
la puissance depasse 300000 kW.

D'apres un particiJ?~nt a la Con,ference" i,l est
presque impossible d .e!l~ncer de~ regles ge,nerales
concernant 1'apphcablhte. des diverses me~hodes
geophysiques a l'explorahon des champs geother
miques. Ces regles depen~ent d~ns une lar~e mesure
des conditions locales; 1emploi de la methode de
prospection eleetrique est principalement f?nde sur
l'experience acquise a Larderello. On estime que
cette methode est valable pour lcs regions oU. les
mesures de la rcsistivite ont lieu dans des formations
recouvertes de couches d'argile. La situation devicnt
beaucoup plus confuse si, com~le c:est souvent le
cas, ces recouvrements sont melanges. de sable, de
roches calcaires ou de lavc.

Les methodes gravimetriques sont d'un crnploi
courant et ne semblcnt pas tres coutcuses. Un aut~ur
pretend toutefois que la mcthode de prospectlO.n
electrique verticale employee it Lardcrcllo a produit
de tres bons resultats dans unc autre region, celle
du mont Amiata. La grande difference de resistivite
entre le mort-terrain impermeable et les roches
vaporifcres a perrnis de se faire une hire nette de la
formation et de determiner lcs emplaccments les
plus favorables pour des forages productifs. Les
complications geologiques reduiscnt l'utilite de la
methode clectriquc.

Des renseignements supplerncntaircs ont ctc Iournis
sur les forages de Lardercllo. Il y a :lUO puits sur
pres de 200000 metres; WO d'cntre eux sont en
exploitation et produisent 3 millions de kilogrammes
de vapeur par heure. Au mont Amiata, il y a cinq
puits en exploitation qui produiscnt 200 000 kg/h
ele vapeur. La region du mont Amiata prouve que
l'on peut trouver eles gisements gcothermiques
cconomiquement viables dans des formations volca
niques ou ne se produit aucun dcgagement nature!
de vapeur. A Larderello, on creuse actuellcment
un puits de 3 000 metres pour etudier le cornpor
tement de la temperature a de grandes profondeurs.
Le forage a maintenant atteint 1 500 metres. On a
egalement signale que des mesures minutieuses et
methodiques du debit, de la pression et de la tempe
rature sont en cours dans chaque puits.

Au Japon, les rnethodes electriqucs de forage se
sont revelees satisfaisantes, avec l'emploi de cables

. specialernent proteges, qui resistent ~l des tempera
tures elevees, Dans Cl' pays, on precede ala recherche
de vapeur pour la production denergie dans des
regions ou les manifestations de surface sont faibles,
car toute prospection geothermique dans des endroits
qui sont des stations thermales serait actuellement
impossible.

Dans un expose relatif a un problerne precedent
ment traite, on a exprime l'avis que la possibilite
de produire de la vapeur naturelle depend de l'exis
tence d'une source de chaleur, de la presence d'un
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h?ri~on perm~able et ~:un chc:peau impermeable,
amsi que de I absence d mfiltratlOns d'eau douce ou
salee, si l'on desire obtenir de la vapeur surchauffee.

L'aspect economique de la prospection geophy
sique a de nouveau ete evoque. On a affirrne que
grace a la pros~ection electrique, d'importante~
decouvertes avaient permis d'augmenter de
4500 tonnes par heure la production de vapeur aLar
derello, apres 1949. La methode electriqueoffre1'avan
t~g~ d'etre dyr:a.mique. ~lle p~ut etre adaptee a
differentes cO,n~lbons strattgraphlgues et tectoniques
et met en evidence les anomalIes thermiques en
raison de differences de resistivim causees par des
temperatures differentes.

Qu'il s'agisse de chercher de la vapeur ou du
petrole, les activites de prospection ont quelques
aspects en commun. Cependant, il y a cette grande
difference que les champs petroliferes ont une reserve
limitee, qui varie de l'un a l'autre. Dans un champ
geothermique, la quantite d'energie disponible est
indefinie, de merne que la duree de son exploitation.
En revanche, la vie utile de chaque puits dans un
champ geothermique est Iimitee ; la duree de' sa
production depend du diametre du puits, de la
composition chirnique des « strates productives »,
de la temperature, de la corrosion et d'autres cir
constances. Un facteur tres important qui determine
la duree de production d'un puits est celui des
incrustations. On a resolu certains problernes d'incrus
tation en forant un puits pres de celui qui est affecte,
Ala difference de 1'industrie du petrole qui a atteint
un degre eleve de perfection technique, l'industrie
geothermique en est encore a ses debuts.

Les travailleurs de la chimie isotopique s'efforcent
constamment de trouver la reponse aux questions
importantes que posent l'origine, la nature et la

composition des fluides dans la vapeur geother
mique. On a exprime l'avis interessant que la compo
sition isotopique de 1'eau magmatique est inconnue
a cause des difficultes de l'echantillonnage. La
preuve isotopique n'indique pas 1'existence d'eau
volcanique dans un grand nombre de sources hydro
thermiques connues, mais les elements d'information
fournis par l'analyse chimique et le debit de chaleur
indiquent l'existence possible de quelque eau volca
nique.

Un aspect non moins interessant de la chimie
isotopique a ete expose au sujet de la composition
de la pierre a chaux en isotopes d'oxygene. On a
employe cette methode de recherche pour verifier
l'existence de corps intrusifs situes a de grandes
profondeurs et pour chercher des champs geother
miques.

On pourrait utilement mettre a contribution
I'experience acquise au cours des 30 dernieres annees
sur la mecanique des bassins petroliferes pour
ameliorer l'examen des travaux actuels relatifs a la

. production de vapeur geothermique. A ce sujet,: les
donnees d'experience fournies par des recherches
speciales sur les puits, fondees sur la mesure,. au
fond du puits, du taux d'accroissement de la pr~sslOn,

peut faciliter l'evaluation des taux maximaux
d'efficacite auxquels les puits peuvent etre exploites.

Il semble cependant que la mecanique des bassins
n'est pas tout a fait la meme pour les champs petro
Iiferes et pour les champs de vapeur geothermique;
dans la region de Wairakei (Nouvelle-Zelande), on a
obtenu une diminution de pression dans le champ
a la suite de la production d'une grande quantite
d'eau. On a ainsi determine un accroissement de la
temperature, ce qui a ameliore la situation generale
du champ.
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The testing of geothermal wells is a methodological
ly new department in the practice of hydrogeological
surveying, a department that has originated only
during the last few years. Its development is con
nected with the establishment of geothermal power
stations utilizing the energy of geothermal steam
and hot water which occur in volcanic regions.
The number of locations with operating geothermal
wells is small today, but it may increase during
the next few years as geothermal exploration pro
gresses.

The testing of geothermal wells requires the use
of various devices and instruments, and demands
a very high level of general technical equipment.
In this paper, however, the author deems it necessary
to discuss primarily the fundamental methodological
aspects of the question, to bring out the necessary
initial data that will make it possible to obtain a
complete and meaningful characterization of a well.

The technique of testing geothermal wells that
has been developed by the Pauzhetsk Observation
Station of the USSR Academy of Sciences in Kam
ch~tka is based on hydrogeological principles, since
this ensures the most rational approach to the study
of a deposit of thermal water as a whole. This method
however, is distinguished by a number of specific
feat~res.. from the technique of hydrogeological
testing In common use. The specific nature of this
method is due,. in .the last analysis, to the high
temperature, WhICh Introduces various complications
into the hydrodynamics of these wells.

The peculiar features in the dynamics of geothermal
wells are due to the fact that they reach deep pressure
water at a temperature considerably above lOOoe
Thus, in the Pauzhetsk geothermal field, the tempera~
ture of the water at a depth of 250-350 m is 185
195°C. As a result of the ebullition of the water
the output at wellmouth consists of a two-phase
medium (wate~ plus saturated steam), and, as the
water-stea~ mixture rises in the well, the quantity
of steam Increases. progr~ssively. The velocity of
~he steam-water mixture Increases accordingly, and
In many cases reaches a value of hundreds of metres
a second at wellmouth.

There is a comp~ex functional relationship between
the depth at WhICh the vapour phase is formed
and t~e temperature of the water reached by the
well, Its flow rate, and the conditions of motion
through the well and of its discharge to the surface.

* Pauzhetsk ?bservation Station, Volcanological Laborator
Academy of Sciences, Moscow, USSR. y,

According to the results of experimental work at
the Pauzhetsk hydrothermal field, the level of
steam generation in the operating wells runs down
to depths of tens and hundreds of metres.

The depth of steam generation found always
corresponds to a strictly determinate pressure 
namely, to the pressure of saturated steam at the
given temperature. This circumstance enables one
to evaluate the hydrodynamic condition of a well.
Indeed, if at a certain depth there exists a pressure
considerably lower than the seam pressure at the
same level, then water will be drained from the
seam, owing to the deep descent of the steam genera
tion level, thus giving a vapour-lift effect. In this
case, to each position of the level of steam generation
corresponds a definite pressure drop and a definite
flow rate. The high flow-rate of geothermal wells,
which usually amounts to tens of kilogrammes a
second, is a consequence of the vapour lift.

Thus the dynamics of geothcrrnal wells obeys the
fundamental hydrogeological laws. This makes it
possible to apply the formulas of underground
hydraulics, more particularly the Dupuy formula
for artesian wells, for calculating the coefficient
of filtration and the specific flow of the well :

o = 2 7t ~~K~
,~ R

In
r

~cc<:>rding to this formula, the discharge of a well (Q)
IS directly proportional to the coefficient of filtra
tion (K) and to the depth of the level below the
surface (S~, whence one may also calculate the in
crease of discharge per metre of increased depth-i.e.,

the specific flow of the well (q) equal to Q.
S

. It ~ust be borne in mind that the quantity S
In this formula represents the difference between
the static and dynamic levels of the water in the
well, with both levels under the same atmospheric
pressure. In a geothermal well, however, as already
stated, th~ level of steam generation is not under
atmosphenc pressure, but is instead under the
pressure of saturated steam at the temperature
existing in the w~ll. In order to pass from the depth
of ste<l;m formation to the lowering of the steam
~ormatIon lev~l du~ing drainage from the seams,
In the sense In WhICh this is used in the Dupuy
formula, ~he level of steam generation must be raised
by the height of a column exerting the same pressure
a~ the exce.ss pressure of saturated steam under the
given conditions (figure 1).
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I Water-permeable rocks
at temperature over 1000C.

2 Aquiferous horizon
3 Water
4 Steam-water mixture
5 Curve of depression

Such data as the depth of steam generation and
the pressure of saturated steam at that level cannot
be obtained by means of the conventional hydro
geological procedures. To determine them it is neces
sary to take account of a number of phenomena
that occur during the boiling of water.

By the technique developed at the Pauzhetsk
Station of the USSR Academy of Sciences, the depth
of steam generation is determined by measuring
the temperatures in the bore of an operating well.
This method is based on the fact that steam genera
tion in a well is accompanied by a decrease in the
temperature of the effervescing water. In this
connexion, the temperatures over the entire distance
between the level of steam generation and the
wellmouth are lower than would be expected from the
enthalpy of the steam-water mixture (5"") measured
at the surface. Two regions will be seen on the tem
perature graph of figure 2, one of which is curvi
linear and characterizes the temperature rise in
the zone of the steam-water mixture, while the second
is steeper and rectilinear, and characterizes the
temperature of the deep water. At the point where
these two parts of the curve meet, we have a tem
perature corresponding to the mean enthalpy of
the steam-water mixture and to the depth of steam
generation corresponding to that mean enthalpy.

The pressure of saturated steam at this level
at a given temperature may be easily determined
from the heat engineering tables.

As for the static level of high-temperature waters,
this is usually determined by a manometer installed
at the wellmouth. This method is applicable to the
case when the static level is above the earth's surface,
and under the condition that no steam bubbles
are formed in the upper part of the bore. Such
bubbles may badly distort the pressure readings,
and they must not be attributed to the hydrostatic
head of the aquifer tapped.

Based on the above considerations, we may con
clude that, to obtain the required data, it is possible,
at least in principle, to reduce the technique of
testing geothermal wells to the conventional technique
of hydrogeological testing, and to consider the dis
charge of the steam-water mixture as a function
of the decrease in level on pumping out. However,
technical difficulties would interfere with this in
many cases. More specifically, it is not always
possible to determine precisely the level of steam
generation, especially if it is near the well-bottom.
In practice, therefore, it has proved more rational
to represent the discharge of the steam-water mixture
as a function of the wellmouth pressure of the steam:
Q = f(p). Here the relation between the flow and
pressure is of inverse character. The maximum flow
of the steam-water mixture is observed on free
gushing of the well-i.e., at a wellmouth steam
pressure of 1 atm. .

Just as in testing artesian wells one plots the rela
tion between flow and lowering of level (for at least
three different values of the lowering), in geothermal
wells we determine the relation between flow and
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Figure 1. Hydrodynamic scheme
of an operating geothermal well

l\I Thickness of aquiferous
horizon

HSl Static level of thermal
waters

Hd Dynamic level
H; Level of steam genera-

tion .
S Depression of dynamic

level
h w Height of water colum~

exerting pressure equi
valent to excess pressure
of saturated steam at
the given tempe.rature

R Radius of depresslOn

funnel
r Radius of well

..

On the basis of the foregoing we have:

S=H-H h whsi s - w(all' ere
S is the dynamic lowering of level;
H'l is the static level of the underground water;
H, is the level of steam generation; and
hwlsll is the height of a column of water exerting
a pressure equal to the excess pressure of saturated
steam.
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Steam pressure at well mouth 4.4 atm; mean enthalpy of
steam-water mixture 177 !real/kg; lIs = level of steam generation.

Figure 2. Temperature in an oper-ating gecthermal well

(Pauzhetsk field. well No. 2-H)

power of the rocks, resulting in a failure of the flow
of water into the bore of the well to compensate
the ejection of the steam-water mixture. With a
bore of relatively large diameter, the steam formed
from the water is able to move faster than the
water; this leads to exhaustion of the vapour lift
and to interruptions in the discharge.

Geyser and pulsating conditions cause, in all
respects, an extraordinary increase in the difficulty
of testing, since the various stages of the ejection
cycle are characterized by different values of the
flow rate and enthalpy, and also differ from each
other in chemical indices. In this connexion, it is
extremely desirable to convert the geyser conditions
into continuous operating conditions. Experience
shows that in most cases this can be accomplished
by using gate valves to close the well, since the
additional resistance limits the outflow of steam
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wellmouth steam pressure (for at least three va!u~s
of the pressure). This graph is the basic characte.r1?tlc
of geothermal wells with res./?ect ~o their pr?ductlvIty.
A similar system of testlI~g IS. extensively used
in New Zealand at the Wairakei geothermal field,
as well as the Pauzhetsk geothermal field in the
USSR.

The steam pressure is one of the main para~eters

recorded in testing geothermal wells. Its maximum
value is limited by a quantity corresponding to the
temperature of the ther~nal water tapp:d by the well.
The working pressure .IS always considerably lower
than this maximum value, since the level of steam
generation is at a great depth, and during the
ascent of the steam-water mixture to the surface,
part of the thermal energy is expen~ed on the
expansion of the steam and on overcomn~g the hy
draulic resistance. It is only when a well IS opened,
after a long shut-down, that, in connexion with
the violent ebullition of the water close to the well
mouth, a pressure approaching the maximum is
observed on the manometer. This pressure must be
noted, since the lower boundary of the enthalpy
of the steam-water mixture is disclosed by the
temperature corresponding to this pressure.

The minimum pressure at wellmouth is reached
during free gushing, without installation of auxiliary
equipment. When the piping for the measurements
is installed, the lower limit of pressure is increased,
and is inversely proportional to the diameter of
the branch.

The steam pressure is an index of temperature
at a given point, since, in a system containing
saturated steam, there is a strictly determinate
temperature corresponding to each pressure. More
over, the steam pressure at well mouth may also
serve as an index of the flow rate of the steam-water
mixture. Indeed, this pressure reflects the value
of the hydraulic resistance of that part of the path
from wellmouth to the discharge of the steam
into the atmosphere. These resistances are determined
by the design features of the given section, and by
the velocity of the steam-water mixture, which
in turn depends on the flow rate and enthalpy.
It follows that under constant conditions of efflux
of the steam-water mixture, and when its enthalpy
is constant, variations in the steam pressure at
wellmouth will reflect changes in the flow rate.
All of this, taken together, makes the steam pressure
one of the principal elements of the observations
of operating conditions, permitting one to dispense
with simultaneous measurements of the temperature
and flow rate of the steam-water mixture. This pres
sure is usually most efficiently recorded by means
of a recording manometer, giving a continuous
24-hour record (figure 3).

The above hydrodynamic propositions are appli
cable to wells which, in the character of their flow,
are constantly operating. But the flow of some
geothermal wells is of the pulsating type, and some
times even intermittent, of the geyser type. The
causes of geyser conditions reside in the low filtering
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and thereby establishes more favourable conditions
for the motion of the steam-water system as a whole.

Since the diameters of geothermal wells have a
substantial effect on their operating conditions
which is an imp.ortant factor ~n operation, the ques~
tion of the choice of the rational design of future
production wells arises.' During exploration drilling,
when the water content of the rock and the para
meters of the steam-water mixture are still unknown,
thedesign of a well will naturally fail to be optimum.
The diameter of the casing string may either be
too great, which will lead to intermittent flow, or
too small, which will involve a certain artificial
decrease in well productivity. However, after hydro
geological testing, when data on the specific flow
of the well and the enthalpy of the steam-water
mixture become available, the calculation of the
production well becomes realistic. ~no:ving the
specific flow rate of a well, and knowmg Its depth,
one can determine the level to which the water
should be lowered in order to provide a given well
productivity, and. one .can accordingly select a
casing of the required diameter.

The processes of differentiation of the chemical
composition of the high-temperature water tapped

by a well are closely related to the specific features
of the dynamics of geothermal wells. As the vapour
phase is formed, highly volatile substances dissolved
in the water pass over into it. This results in almost
total degassing of the water, accompanied by im
poverishment in certain salts. But with respect
to most of its salts, the water becomes more concen
trated.

To get a correct idea of the chemical composition
of the steam-water mixture and of the water that is
encountered at depth by the well, one must first
know the composition of the vapour phase and the
composition of the water at wel1mouth, and secondly
the steam-water ratio when samples are taken for
analysis.

The composition of the vapour phase is of very
great practical importance in itself, since the choice
of the scheme of steam utilization at the projected
geothermal power station depends on it.

In chemical testing, geyser conditions cause par
ticular trouble. During the boiling stage, the water
in the well is strongly degassed, while the concen
tration of salts, as shown by observations, is almost
doubled. During the ejection, .therefore, the first
portions of the steam-water mixture are exceedingly

MA)(. STEAM

TEMPERATURE 7 ATM

.' f steam pressure at wellmouth
Figure 3. DailY variatiOn 0

(Pauzhetsk field, well No. 7-K)

. 1230 h maximum steam pressure (7 atm), which explains the violent
1215 h gate valve fully opened after long shut-g~~~0~64~~I~establishment of steady-state operation; 0400-1045 h steady-state

ebullition of the water near the wellmouth; 123 -
operation. 4
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low in gas content and have an increased mineral
content. The analytical data can of course not be
applied to the entire volume of water. In exactly
the same way, the data obtained by the analysis
of steam samples taken during the boiling stage
and at the end of ejection, when the quantity of
steam becomes very great by comparison with
the water, can likewise not be considered charac
teristic. It is only during the approximate middle
of the ejection, when portions of water that have
not first been degassed come to the surface, that
their analysis can reflect the actual composition of
the deep water. Since sampling takes a considerable
time (about one hour, on the average), a well with
geyser conditions can be satisfactorily tested only
if the stage of ejection lasts several hours. But if
the stage of ejection is brief, then when taking a
single sample there will unavoidably be a portion
of steam with a different gas concentration, and,
what is also important, in a different ratio to the
water. In interpreting the data of chemical analysis
from wells with geyser conditions, one must therefore
adopt a very cautious attitude toward the figures,
especially those on the gas composition, in view of
the fact that they' may characterize random and
temporary concentrations.

Thus, as follows from the above methodological
propositions, the following basic data are required
for the formulation of an energetic and hydro
geological characteristic of a geothermal well :

1. Thermophysical data:
(a) Temperature of the water and rocks in the

resting well;

(b) Enthalpy of the steam-water mixture at
discharge;

(c) Steam pressure at wellmouth.

2. Hydrodynamic data:
(a) Position of the static level of the thermal

water;
(b) Flow rate of the steam-water mixture at

various steam pressures at wellmouth ;
(c) Position of the levels of steam formation at

various flow rates.

3. Chemical data:
(a) Chemical composition of the water;
(b) Chemical composition of the steam;
(c) Weight-ratio of water to steam in drawing

samples for analysis.
To be able to rely with confidence on the data

obtained, the design and equipment of the well
must meet certain requirements, which are as
follows: high-grade cementing, and flawless well
mouth equipment, free from all leakage. Otherwise,
operating geothermal wells under various conditions
may be subject either to absorption in the upper
unpressurized aquiferous horizon, or on the other
hand, suction from it; if there are leaks in the well
head, the static level cannot be measured, nor can
the well be prepared for temperature measurements.

If these requirements are met, the analysis of
the original data will permit assessment of the
energy capacity of the well, selection of rational
operating conditions, and elucidation of the hydro
geological conditions at its site.

Summary

Methods for testing geothermal wells developed
by the Pauzhetsk Observation Station of the U.S.S.R.
Academy of Sciences in Kamchatka are based on
hydrogeological studies, since this provides the most
reliable approach to the study of hydrothermal
fields. Since the thermal water tapped by the well
at depth is in the liquid phase, its dynamics is
governed by the fundamental hydrogeological laws.
This permits use of the formulas of underground
hydraulics in the calculations.
. The high teu:perature creates considerable difficulty
III the dynamics of &"eot~ermal wells. In operating
wells, steam generation is at great depth, which
res';1lts i!1 the formation of a vapour-lift, assuring
a high Yield for ~he well: Consequerrtlv, in evaluating
the hydrodynamic conditions of the well, the analysis
of the thermophysical data is of particular impor-
tance. .

The processes of differentiation in the chemical
composition of the geothermal water tapped by a
well are closely associated with the specific features
of the dynamics. During ebullition, the volatile
substances are readily transferred from the water

phase to the steam phase, while the concentration
of most salts in the water increases. To obtain a
correct idea of the composition of the steam-water
mixture, one must know the composition of the
steam phase and the water at the point of discharge,
as well as the water-steam ratio.

To formulate a complete hydrogeological and
energe.tic characteris~ic. of a geothermal well, the
followmg are the principal original data required:

1. Thermophysical data

(a) Water and rock temperatures in a steady-state
well; .

(b) Enthalpy of the steam-water mixture at
discharge;

(c) Steam pressure at wellmouth.

2. Hydrodynamic data

(a) Position of the static level of the thermal
water;

(b) Rate of flow of the steam-water mixture at
varying steam pressures in the wellmouth :,
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(c) Position of steam-generation levels at var in
flow rates. y g

3. Chemical data

(a) Chemical composition of water;

(6) Chemical composition of steam;

(c) Weight ratio of water to steam in drawing
samples for analysis.

Analysis of the above basic data permits evaluation
of the energy capacity of the well, selection of the
~ost practical regime of operation for it, and estab
Iishment of the hydrogeological conditions prevailing
at the site of the well.

METHODES D'ESSAI CONCERNANT LES PUITS DE VAPEUR ET D'EAU

Resulne

Les methodes d'essai concernant les puits de
vapeur et d'eau mises au point par la station de
controle et d'observation de I'Academie des sciences
de l'URSS installee a Paoujetsk au Kamtchatka
sont fondees sur l'hydrogeologie, qui permet l'etude
la plus rationnelle possible des nappes aquiferes
hautement thermales. Dans la mesure ou I'on ren
contre au fond d'un puits des eaux tres chaudes
en phase liquide, leur dynamique obeit aux lois
fondamentales de J'hydrogeologie. Ainsi, on peut
leur appliquer, dans les calculs, les formules de
l'hydraulique souterraine.

Dans le merne temps, les hautes temperatures
compliquent singulierernent la dynamique des puits
de vapeur et d'eau. Dans les puits en activite, la
formation de vapeur gagne les grandes profondeurs,
ce qui provoque une « poussee de vapeur », pheno
mene qui assure au puits un debit eleve. C'est
pourquoi I'analyse des donnees thermophysiques est
d'une extreme importance lorsqu'on veut connaitre
les conditions hydrodynamiques du puits.

Les processus de differenciation de la composition
chimique des eaux hautement thermales provenant
d'un puits sont etroitement lies aux caracteristiques
de la dynamique. Lorsque I'eau entre en ebullition,
les substances les plus volatiles passent a la phase
vapeur et la concentration de I'eau en sels mineraux
devient plus elevee. Pour se faire une idee .exacte
de la composition du melange vapeur-eau, 11 faut
connaitre celIe de la phase vapeur et celIe de I'eau
it la sortie, ainsi que la proportion d'eau et de vapeur.

Pour determiner exactement les caracteristiques
hydrogeologiques et energetiques d'un puits de
vapeur et d'eau, il faut disposer des donnees de base
suivantes : .

1. Donnees thermophysiques

a) Temperature de l'eau et des roches dans un
puits au repos;

b) Enthalpie du melange vapeur-eau a- la sortie;
c) Pression de la vapeur a- la bouche du puits.

2. Donnees hydrodynamiques

a) Etat du niveau statique de l'eau thermale;
b) Importance de la consommation du melange

vapeur-eau lorsque la pression de la vapeur varie a
la bouche du puits;

c) Etat des niveaux de formation de vapeur lorsque
la consommation varie.

3. Donnees chimiques

a) Composition chimique de l'eau;
b) Composition chimique de la vapeur;
c) Rapport des masses de l'eau et de la vapeur

lors du prelevernent d'echantillons pour analyse.

L'analyse des donnees enumerees ci-dessus permet
de calculer la puissance energetique du puits, de
choisir le regime d' exploitation le plus rationnel et
de connaitre les conditions hydrogeologiques sur les
lieux memes,
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GEOTHERMAL DRILLHOLES: PHYSICAL INVESTIGATIONS

C. J. Banwell *

The final test of the usefulness of a hydrothermal
system for power production is the quantity and
quality of the heat which can be withd~a'Yn from
it, and for how long. In most cases, this mvoh:es
the drilling of holes to obtain data about the essential
physical properties of the producing zones, and
their extent. Since the drilling of holes is relatively
costly, it is important to make the fullest possi?le
use of the data from each stage of the exploration
of the field, beginning with surface surveys of
different kinds, so as to site both exploratory and
production holes to the best advantage.

Data required from drilIholes

The following are the more important physical
data required from drillholes in a hydrothermal
system. The ways in which this information is used
for assessing the power potential of the area and
for planning exploration and production programmes
will be discussed below.

PROPERTIES OF ROCKS

determine water permeability on fresh specimens
which have not been allowed to dry out before
measurement. Number and selection of samples will
"generally be the same as for porosity.

PHYSICAL CONDITIONS

Temperature

In the Wairakei area, temperatures are normally
measured in drillholes at depth intervals of 100 feet
(approx. 30 metres) by means of the geothermograph,
which is capable of recording temperatures in the
range from 20 to 300°C. Measurements are made
in new holes at frequent intervals after drilling until
temperatures have stabilised, which commonly takes
from one to several months. The form of the tempera
ture pattern observed during the early stages of the
approach to equilibrium will often show the location
of fissures and permeable zones intersected by the
hole. Temperature measurements are also made in
the majority of holes in the area as often as circum
stances permit, so that changes in temperature with
time can be followed.

Porosity

Porosities are determined by laboratory measure
ments of wet and dry densities of core samples from
drillholes. Assuming that cores are taken at frequent
enough intervals to identify all the more important
geological formations met with, porosity measure
ments should be made on enough samples from each
formation to allow characteristic values and varia
bility to be determined.

P ermeability

The mean permeability of a large volume of rock
may sometimes be much greater than that of small
samples owing to the presence of joints or fissures,
and both permeabilities should be known as accu
rately as possible. Knowledge of the large-scale perme
ability is generally built up progressively from
observation of fissures encountered while drilling
by drillhole output measurements, and from th~
aquifer pressure changes which develop as bore
drawoff is increased. Small-scale permeability is
measured in the laboratory, using core samples.
Permeability to air and water is sometimes found
to differ widely, and it is generally desirable to

* Geophysics Division, Department of Scientific and Industrial
Research, Wairakei, New Zealand.

Hydrostatic pressure

Pressures in closed drillholes at any depth may
be determined by calculation from a knowledge of
wellhead pressure, water level, and temperature
distribution. Determination of pressures by this
method has become difficult in holes in certain parts
of the Wairakei area owing to the presence of steam
and lack of a recognisable water level, and direct
pressure measurements with a recording gauge
lowered into the hole are now proving more satis
factory.

M ass and heat output

These physical conditions are also important and
should be suitably determined.

The foregoing list of measurements covers only
those required for this paper. It is not exhaustive,
and further observations of different kinds may be
necessary for geophysical, geological, chemical or
other purposes. Under favourable conditions surface
geologica~ a!1d .geophysical surveys may' provide
valuable indications of the kind of formations which
may be met by drillholes, and of their depths and
extent. Hel!ce, som~ information concerning certain
of the physical conditions at depth may be available
from. t~ese sources .before drilling commences, and,
by similar means, It will sometimes be possible to

60



down to a temperature of 50°C. Figure 1·covers the
lower part of the temperature range on a larger
scale, and figure 2 the full range up to the c~itical
temperature. Comparison with actual or projected
power plants designed to operate with heat sources
of this kind shows that ·the power generated can be
expected to range from about 28 per cent of th~o

retical for a small single-stage station operatmg
from water near 100°C, to 63 per cent for a large
multi-stage station with an effective initial water
temperature of 253°C. Water te~peratures ?elo,w
boiling point can be measured directly, while m
hotter systems To is estimated from the ~nthalpy
(ratio of heat to mass flow) of the natural discharge.
A supplementary enthalpy scale has been added to
figure 2 for this purpose, The depth scales at the
top of figures 1 and 2 give the depth at which the
estimated initial temperature will be reached on
the assumption that the hot water in the system
is at boiling point at each depth un~e~ the hydro
static head. From these scales, the mirnrnum depth
to which the hot water system extends is thus

DrilIhole physical investigations

make useful estimates of probable conditions in
parts of the system remote from areas already
drilled.

Data from surface thermal surveys

ESTIMATES OF POWER POTENTIAL

By thermal surface surveys, which are described
in another paper of this series, it is possible to
estimate the total area of hot ground at the surface
associated with the system, and the total water and
heat flow. From this information, preliminary
estimates of the power potential may be made by
means of the graphs of figures I to IV,

Continuous power

Figures I and 2 give the power produced by an
ideal heat engine from a flow of hot water at the
temperature To. The engine is assumed to discharge
heat into a sink (condenser) at a temperature of
30°C, and to use the heat available from the water
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Figure 2. Power available from hot water flows up to critical temperature

estimated, and a preliminary indication is obtained
of the depths required for prospecting drillholes.

If the hot water becomes mixed with cold ground
water on its way to the surface, the enthalpy at
the discharge point will not give a true indicati~)ll

of the initial temperature, and the power potential
will be underestimated. The dashed curve (II) of
figure 2 shows the relation between initial tempera
ture (To) and power potential represented by a ~ot

spring discharging water at 100°C, on the assumption
that the spring water has been diluted with just
enough ground water at 15°C at each depth to
reduce the temperature to boiling point under the
hydrostatic pressure. While this is doubtless an
extreme case, the curve shows that the true power
potential of a hot spring heavily contaminated with
surface water may be much higher than the estimate
from surface measurements.

The total power available from the natural heat
flow is calculated by multiplying the observed
natural mass flow (water plus steam) by the theore-

tical output given by the graph and by an efficiency
factor corresponding to the type of generatm,g
station to be used. Provided all the natural flow 15

in fact diverted to power generation, this outpyt
can be expected to be maintained for an indefinite
period.

Stored energy

If the total of bore drawoff and residual surface
activity exceeds the original natural discharge, the
extra heat must be drawn from storage in some part
of the system, and figure 3 has been prepared to
show the quantities of energy stored in rock saturated
with hot water. The same ideal heat engine and
working conditions as before have been assumed.
The heat capacity of the rock has been calculated
for a particle density of 2.5 gm/cc and a specific
heat of 0.2 cal/gmOC, which are assumed constant
over the temperature range; changes in density and
specific heat with temperature of the water filling
the pores are taken into account in the calculations.
Curves (I) and (II) give the total mechanical energy
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available per unit volume for porosities of 40 per
cent. and 20 yer ce~t respectively. Curve (IV) is
obtamed by mtegratmg curve (I) with respect to
depth from the surface to a given depth, and thus
gives the total amount of energy available in a
column of unit area to this depth. The temperature
scale superimposed on curves (I), (11) and (Ill) is
based as before on the assumed boiling point-depth
relationship of figures 1 and 2.

Storage estimates from surface data

The family of curves in figure 4 gives the relation
ship between the cross-sectional area and depth of
a hydrothermal system required to provide the
amounts of energy shown beside the curves. The
system is assumed to consist of a column of constant
area within which conditions correspond to those
assumed for the calculation of curve (I) of figure 3.
However, in calculating the curves for figure 4, it
has been assumed that only 25 per cent of the
theoretical energy will be delivered by the power
station, in order to take account both of the finite
efficiency of the power station and of the probability

that only a limited fraction of the stored heat will
be recoverable from an actual hydrothermal system.

By means of figure 4, it is possible to make an
immediate estimate of the storage potential from a
knowledge of the area of hot ground and of the
enthalpy of the natural activity given by the surface
surveys. The enthalpy scale included in figure 4 is
based, as before, on the assumption of boiling point
depth conditions down to the level of maximum
temperature.

Production from intermediate depth

Under suitable conditions, it may be possible to
induce an upward movement of hot fluid to drill
holes which do not penetrate to the full depth, and
curves (Ill) and (V) have been included for the
special case of drillholes producing from a depth of
550 metres, where the temperature under boiling
point-depth conditions will be 260°C. The theoretical
loss of available energy is not serious for the example
chosen, and development from this limited depth
would have evident economies. However, in practice,
if the drillholes terminate in a permeable formation
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it may be difficult to prevent the steam which will
have separated from the water from escaping into
the upper parts of the permeable region and even
tually to the surface. These difficulties are likely
to be much reduced if the rising hot fluid can be
tapped by the drillholes in restricted passages in
generally impermeable formations, or in permeable
trap structures immediately beneath such forma
tions.

SITING OF DRILLHOLES

It will be evident that preliminary estimates of
the power potential of a hydrothermal system based
on surface data alone must be subject to various
uncertainties. One of the first objects of a drilling
programme must be to reduce these uncertainties
by checking the initial assumptions regarding the
shape and volume of the hot region, and the tempera
ture distribution within it. Quantitative drillhole
data will also allow the observed values for the
various variables to be used in the energy calcu
lations in place of the idealized quantities used for

figures 1 to 4, so that estimates will improve progress
ively as drilling data accumulate.

In the early stages of a drilling programme, holes
must be sited largely on surface evidence of various
kinds, and account will need to be taken, not only
of the actual surface temperature patterns, but also
of such factors as geological structure, where this
is known in sufficient detail, topography, hydrology,
chemistry, etc., many of which will be peculiar to
each area. Some of these questions will be found
discussed in other papers of this series, and only a
very limited account of some of the others is possible
here, but the following points may be noted briefly.

The form of the surface temperature pattern may
be modified by a migration of surface water asso
ciated with the general water drainage of the area.
Often the direction of the near-surface hydraulic
gradient can be inferred from the topography, and
the possible nature of the distortion judged; on the
down-gradient side the hot areas are liable to
spread excessively, so the drillholes on this side
may quickly penetrate colder formations, While on
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Figure 5. Isotherms at one metre depth, Wairakei, 1958

the up-gradient side there may be potential producing
areas beneath country which is cold at the surface.

The. succession of permeable and impermeable
f~rma~Ions beneath the surface, their dips and
directIons, are all liable to cause a displacement of
the surface activity relative to the sources at depth,
and may lead to some degree of separation of areas
of st~am and water discharge. If surface geology can
provide indications of the displacements to be
expected, it will be of much value in early siting
programmes.

Faults, by breaching impermeable members near
the surface, may impose characteristic forms on t.he
patterns of surface activity which are not necessarily
correlated with feed sources or hot regions at greater
depth. However certain of the larger or more
~ctive faults may also maintain pern;-eable rout~s
ill deeper cap formations through WhICh hot flUId

m~g~ates, .and one of the later objects of production
d.nl~Ing WI!! b~ to ~stablish whether any such asso
ciations WIth identifiable faults exist, and to locate
the flow routes with precision. Location is often
assisted by a study of the temperature pattern from
groul?s of h~les in the neighbourhood, and from
certain chemical data which will be discussed else
where in this series.

If the expected power demand is small compared
with the estimated potential of the hydrothermal
system under consideration, it may be possible in
some ~ases to limit t~e size of the area to be proved
by drillholes. Thus, If the probable energy require
ment In megawatt yea~s can be decided, figure 4
may be used to determine the area required either
for a chosen drilling depth, or for the depth to
maximum ~emperaturegiven by the enthalpy of the
natural discharge. However, there are evident

4'
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dangers in partial development of an area, especially
if this takes the form of drilling in a limited sector
towards the boundary, since the hot fluid tapped
may not be typical of the area as a whole, and
drawoff by bores is much more likely to lead to rapid
falls in output and quality through invasion of the
bore area by cooler water from outside. These diffi
culties are liable to be further aggravated by the
reduced chances of tapping some part of the main
flows of hot fluid maintaining the activity, so that
production will be dependent almost entirely on
local heat storage, the efficient recovery of which
may be uncertain.

The Wairakei area

The following maps and other data provide
illustrations of the information obtained by drilling
in this area up to January 1961, and of the uses of
the foregoing diagrams for estimating power poten
tial.

The procedures for making the one metre probe
map and measuring the heat and mass flows are
described in another paper of this series.' All the
data used here are for the period 1958-59. Because
of difficulties of measurement, relatively wide limits
of error -must be allowed for the mass and heat
flows, but this is not important for these preliminary
estimates of potential, which are necessarily pro
visional, and subject to larger uncertainties of their
own.

SURFACE THERMAL SURVEYS

One-metre probe survey

Figure 5 shows the form of the 13°C, 20°C and
50°C isotherms at one metre depth determined from
a survey of the area in 1958. Virtually all the hot
areas can be enclosed within a circle of radius 2.7 km
and area 23 km", The total hot area within the
13°C isotherm is 6.28 krn'', and within the 50°C
isotherm 1.15 km-, Drainage of surface water in the
area is predominantly to the Waikato River, on the
eastern side, so that some of the hot areas shown
by the map on this side may be superficial. Similarly,
the western boundaries of the surface map may have
been displaced eastwards by the same process so
that hot areas may underlie superficially ~old
ground.

The surface locations of major faults crossing the
area, as mapped by Grindley, are shown, and some
measure of correlation between the distribution and
shape of hot areas and some of these faults is obser
vable. In particular, the elongated hot area near
the centre of the map coincides well with a sector
of the Waiora fault, and one branch of the hot area
on the NW boundary with part of the Te Mihi fault
There is also a general correspondence between the

1 G. E. K. Thompson, C. ]. Banwell, G. B. Dawson, and
D. ]. Dickinson, Prospecting of Hydrothermal Areas by Surface
Thermal Surveys (G/54).

NE-SW elongation of many of !he smaller hot areas
and a similar trend on the main fault pattern.

Natural heat and mass flow and enthalpy

To illustrate the use of figures 2 and 4, mass and
heat flows of 429 kg/sec and 162400 kg/cal/sec
respectively will be used. The mean enthalpy is then
379 cal/gm relative to 15°C, or 394 cal/grn relative
to o°C.

Continuous power potential

Assuming there has been no important dilution
of the hydrothermal fluid by local ground water on
the way to the surface, and that the hot fluid comes
ultimately from a single source, use of the enthalpy
scale of figure 2 shows that the theoretical maximum
temperature will be 346°C, at a depth of approxi
mately 2.3 km, and the power potential will be
516 kW per kg/sec. Multiplying this by the mass
flow of 429 kg/sce gives a gross potential of 221 mega
watts, and, assuming an over-all conversion efficiency
of 63 per cent, a final generated potential of I:W mega
watts. Realisation of this potential would require
that all the natural heat flow be diverted to drillholcs
at the theoretical maximum temperature and depth,
but reference to the special case illustrated by curve
(Ill) of figure :~ shows that the theoretical loss of
potential resulting from tapping the hot fluid at a
much shallower depth is not serious. Problems
associated with this mode of exploitation are likely
to be peculiar to each area, and the final efficiency
achieved will depend strongly on many accidental
local factors which must be evaluated principally
by means of drillhole data.

Stored energy potential

Insertion of the enthalpy value of 304 cal/gm in
figure 4. gives a generated energy potential (on the
assumJ?tlOns stated above) of about 22000 megawatt
years If an average area equal to that of all hot
groun~ (6.28 km-) is used, and about 4 000 megawatt
years If only the areas of high activity (1.15 km')
a.re inclu~e~l. In one respect, these may be con
sidered mmimum values, since the possibility cannot
be excluded that the hot water system extends to
dep!hs. below the level of maximum temperature,
to lImIts. ~et only by diminishing rock porosity and
permeability.

Total power potential

To .exp:es~ stored energy in terms of power
potential, It I~ necessary to decide upon a value for
the rate of. wlthdrCl:wal or life required. Considering
first a requirement m the form of a base-load station
with a continuous. generated power of 250 mega
watts, the above estimates show that full exploitation
would yield 139 megawatts from the natural heat
flow, leaving. 111 megawatts to be supplied from
storage. Takmg the smaller area, the estimated
storage of 4 000 megawatt years would give a life
of 36 years at this rate. Since a life of the order
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of 20 years is generally considered economic for a
power station, these results show that, with reason
ably efficient exploitation, the potential of the area
should be adequate to meet the requirement of
250 megawatts for a sufficient period. Alternatively,
if full use of both flow and storage could be assured,
the latter would yield 200 megawatts for a period
of 20 years, and the total capacity over this period
would be 339 megawatts. Estimates based on the
larger storage area (6.28 km2) would give much
greater power potential, but temperature data from
drillholes, which now provide fairly complete cover
for the whole system down to approximately one
kilometre depth, do not yet fully justify such
estimates.

DATA FHO:\I \VAmAKEI DRILLHOLES

T eniperature

Figure 6 is an isothermal map of the Wairakei
system at a level of 150 metres above datum (between

300 and 400 metres below ground surface) based on
temperature data from the sel.ection .of drillholes
shown. The data permit a satisfactorily complete
pattern to be drawn at this level, and. the syst~m

appears to constitute a distinct unit WIth a major
hot centre (W) to the north-west, and a smaller one
(P) to the east.

Comparison with the surface map of figure 5
shows a general similarity, but as expected from
hydrological considerations, the. surfac~ hot areas
which extend as far as the Waikato RIver on the
eastern side overlie regions of rapidly falling tempera
ture, while on the west hot regions reach well out
beneath cold ground. The large central cold ar~a

surrounding bore 34 in figure 5 correlates satis
factorily with a similar feature at the Lev~l of
figure 6, the form of the pattern here suggesting a
zone of inward migration of cooler water. Towa:ds
the southern limit of the area, the strongly active
Karapiti area (K), which forms a large feat~re ~n

the surface map, has little apparent expression m
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figure 6, though the isotherms extend well out in
this direction. Thus, the Karapiti area is apparently
superficial, and is merely a somewhat remote area
of escape of steam from the feed areas to the
north.

Figures 7 and 8 are vertical profiles running
approximately N-S through the western and central
parts of the area, respectively. Their actual courses
are shown by the locations of the drillholes through
which they pass. Both profiles show clearly that
the hot region A extending south from the centre W
in figure 6 consists of a relatively thin sheet which
overlies lower temperatures. Several drillholes tapping
region A (e.g., bores 203, 204 and 211) are now
producing steam almost completely free from water;
thus confirming the suggestion that there is a route
of steam flow here; the increasing proportion of
steam from these drillholes, together with increases
in the heat flow and number of fumaroles in the
Karapiti area over the last few years, indicates an
increased flow of steam from the source areas.

Temperature maxima like D and A in figures 6
and 7, and N in figure 6, can be correlated satis
factorily with areas of steam or water discharge at
the surface. By analogy, it might be expected that
temperature minima like B in figure 7 and the
re-entrant form of the isotherms beneath drillholes
12 and 13 in figure 8 would represent regions of
inflow of colder water forming parts of a circulatory

system. However, this is not supported by present
temperature trends, which are rising in nearly all
parts of the area, including most of the minima
(several more minima are shown by drillholcs in
other parts of the area). The form of the patterns
certainly suggests circulation, but this now appears
to have been stopped or even reversed.

A feature of the profiles of figures 7 and 8 is
the tendency of temperatures to increase again with
depth towards the bottom (i.e., about one kilometre
from the surface). Only a few drilIholes are deep
enough to establish this tendency very clearly, but
it does provide some evidence for an enlargement
of the hot areas at greater depths, and consequently
for increased heat storage deeper in the system. A
few drillholes to depths of the order of 1.5 to 2 kilo
metres are required to check this point effectively,
and to show the deeper geological structure.

Energy storage from drillholc data

In figure 6, the 230°C isotherm represents approxi
mately boiling point at this depth. From the tempera
tu~e ~lata availabl~, it is not possible to complete
this Isotherm satisfactorily throughout its whole
~ength, but ~he. das~ed outline is believed to represent
ItS shape within fairly close limits. The area within
this outline is about 1 krn'', which agrees closely
with the value quoted above for the total area
within the 50°C isotherm at one metre depth, so
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that the estimate of energy storage based on this
area and used in the calculations above is effectively
unaltered. There is some additional storage in the
outer areas, but most of this is at relatively low
temperatures, and the hot~er regions (such ,as A)
appear to be now filled with a large quantity of
steam. Total energy in the regions explored by
drilling remains small, and production from storage
must depend very much on development, direct or
indirect, from greater depths.

Structure

Figure 9 is a geological profile, prepared by
Grindley, through the area in which the majority
of the drillholes feeding the present power station
are located. The Huka formation, in the upper part
of the profile, covers much of the area of figure 6,
and consists of impermeable material; it is probable
that leakages of hot water and steam through
breaches in this formation by faults are responsible
for much of the characteristic form of the surface
temperature pattern. The next formation, the
Waiora, is much thicker, and consists mostly of
permeable material. In addition to a general perme
ability, which is recognisable from core samples,
information from drilling logs shows this formation
to be traversed by many fissures or highly permeable
zones through which steam and water move with
greater freedom. Many of the drillholes with high
outputs appear to be producing from large feeding
fissures near the bottom of the formation. Beneath
the Waiora formation are the ignimbrites, of un
known thickness. These rocks are generally imperme
able in core specimens, but permeable in the mass
because of the presence of open joints, fault fractures
and the like. Geological profiles for the remainder
of the area drilled are not yet available, but the
locations of certain other formations, identified as
ignimbrites and rhyolites, are shown superimposed
on the isothermal profiles of figures 6, 7 and 8. Like
ignimbrite, rhyolite is generally permeable by large
scale jointing rather than inherent permeability of
the rock itself. Correlation between temperature
and structure in these profiles is not very evident,
except that the hot zone A lies mostly in the upper
section of a thick rhyolite formation which reaches
into the area from the south.

Energy storage in the light of structure

From the viewpoint of power production, the
withdrawal of stored heat from jointed but otherwise
impermeable rocks such as ignimbrites and rhyolites
is likely to be inefficient because water movement
through them will be confined mostly to the joints,
and large temperature differences will tend to
develop between the interior of the rock and the
incoming cooler water to which the heat must be
transferred. Hence, much of the useful heat storage
in the parts of the Wairakei area so far explored
by drillholes will be confined to the permeable
members above the ignimbrites-that is, roughly
from the surface to a depth of some 600 metres.

Location of heat source feeding drillholes

For a rough estimate of the energy storage in
permeable formations down to 600 metres, let it be
assumed that the effective cross section of the'
storage region is twice that of the source area W
in figure 6, or 2 km-, to allow for heat stored in the
outer areas. From figure 4, the net available energy
for this combination of area and depth is about
1 000 megawatt years. In comparison, the total mass
of hot water and steam withdrawn from the Wairakei
area by drillholes between April 1953 (when produc
tion first became significant) and the end of January
1961 was 1.68 X 108 metric tons, with an equivalent
temperature (based on the mean enthalpy) of about
253°C. This represents 830 megawatt years of
energy at an assumed over-all station efficiency of
63 per cent. Over the same period the surface heat
flow has remained roughly constant (it has in fact
increased somewhat), so that the driIlhole energy
must have been derived from storage. Clearly, it
cannot have come from the storage in the upper
600 metres, since this would have become almost
completely exhausted, and temperatures would haw
fallen drastically, whereas they have in fact remained
nearly constant, or even risen in some regions over
the past year. Hence, it must be concluded that
the production drillholes arc at present drawing
their heat supply mainly from some deeper source,
presumably beneath the ignimbrites, through exist
ing permeable paths, and storage in the upper
system has remained virtually intact.

A quifcr pressure changes

In the course of tests to determine possible drawoff
rates by drillholes from the production area, the
mass discharge from drillholcs was progressively
raised until it reached a maximum value 2 070 kg/sce
in February 1960, which is about 25 per cent more
than the estimated requirement for the 250 megawatt
power station. The rate of drawoff has since been
reduced, and in January HHH it was about !WO kg!
sec. Assuming the original natural mass discharge
to have been equal to that measured in the HJ58-MJ
survey (425 kg/sec), the sum of surface flow and
~ore drawoff has therefore ranged from over five
times the natural flow at the peak period to about
three times in January 1961. Changes in drawoff
rate as large as this would be expected to gin
measurable pressure falls in the producing aquifer,
and large falls in water level have in fact been
observed in a number of drillholes. As an example,
the water level in bore 34 has fallen from approxi
mately ground surface in 1956 to 75 metres below
ground surface at ~he end of 1960. Comparable falls
have taken place 111 several other drillholes on the
eastern and southern boundaries of the area. These
drillholes are all far from the area where most of
the drawoff is taking place, and it is to be expected
~hat pressure falls would be still larger in this area;
111 fact, pressure falls in drillholes in the production
area, although they are often difficult to measure
accurately, appear to be much smaller. The system
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is apparently not behaving like a simple cold-water
aquife; with drawdown, and the reasons for this
behavIOur are still not clear, though certain theories
can be sugges.ted. However, the absence of large
pressure falls m most of the production area, and

lack of evidence of any important inward movement
of cold water in the regions above the ignimbrites
suggest strongly that hot water from deeper sources
is available in large quantities to the producing
drillholes through channels of high permeability.

Summary

This paper deals primarily with the siting of bores
in a thermal area for the purpose of obtaining
scientific data, and with the interpretation of the
physical data so obtained for the assessment of the
potentialities of the area for power production, for
thesiting of production bores, and for the subsequent
monitoring of the behaviour of the hydrothermal
system during exploitation. The siting procedures
and interpretations discussed here are based on
experience gained in approximately ten years' explo
ration in the thermal area in the North Island of
New Zealand, with particular reference to the
Wairakei area, where large-scale development is now
well advanced.

In a new development area, where information
from previous drilling is scanty or absent, the basic
data for siting investigation bores must be derived
from the results of various surface surveys
geophysical, geological, chemical, etc.; further details
of some of these surveys are dealt with more fully
in companion papers, to which referenc.e should ~e

made. The object of the first prospectmg bores IS
then to check the inferences of the surface surveys,
and to provide detailed inform~tion conc~rning the
rock formations present, their more Important

physical properties (e.g., porosity, permeability and
density), and physical conditions (e.g., temperature,
fluid pressure, nature of permeating fluid, etc.). As
information from the first bores becomes available,
preliminary sections and temperature profiles can
be prepared and used as a guide for further siting.

In later stages of the development of an area,
when bore drawoff has become considerable, tempera
ture and pressure measurements in both prospecting
and production bores provide important data concern
ing the response of the hydrothermal system, and
the rate at which the known heat storage is being used.

At Wairakei, temperature data from recent
prospecting bores distributed over the outer areas,
taken in conjunction with data from the numerous
development bores and some earlier prospecting
bores, have enabled a reasonably complete set of
isotherms to be drawn down to depths of the order
of 3 000 feet. Down to this depth a hydrothermal
system which constitutes a distinct ent~ty app.ears
to exist most of the heat supply bemg denved
from a relatively small group of sources which feed
hot water or a mixture of steam and hot water from
below into a region near the western end of the
production area.

PUITS GEOTHERMIQUES : RECHERCHES PHYSIQUES-.

Resume

Cette communication s'interesse au premier chef
au choix de I'emplacement des J?ujts a forer ~ans
une region thcrrnique pour recuelIlIr des re,nseIgne
ments scientifiques et interpreter les donnees phy
siques ainsi obtenues, ainsi que. pour evaluer les
possibilitcs de la region en ce qUI concerne la pro
duction d'cnergie pour choisir l'emplace~ent dJs
puits de producti~n et la surveillance ult.eneure u
comportement des systemes hydrothermIque~ p~n

dant leur exploitation. Les techniques de ChOlX es
. 't' ssees en revueemplacements et d'mterpreta IOn pa . .

1, , ience acquisedans le mernoire reposent sur exper 1 h
en dix annees environ d'exploration dans J c aIrP
geothermique de l'ile du Nord de la tou,:e le

a-. 1" men aZelande, en sirrter'essanf partI~u I~re. d
region de Wairakei ou les realIsatIOns a gratn e

, lei de eloppemen .echelle sont maintenant en p em ev
d mise en oeuvre,

Dans toute region ~n cours e a des fonyages
pour laqueIIe les renselgnements dus t meme
anterieurs sont peu abondants ou man[ue~oiX des
totalement les donnees de base pour e c,

puits d'exploration doivent etre etablies ,3. part~r des
resultats de diverses etudes de surface geophysiques,
geologiques, chimiques, etc. On trouvera des descrip
tions plus detaillees de certains de ces travaux da:n.s
les memoires qui accompagnent cette cornmum
cation, qu'il conviendra de consulter. L'obje~.des
premiers puits de prospection est done de venfier
les indications' que donnent les travaux de surface
et de se procurer des renseignements detailJes. ,s~r
les formations rocheuses presentes, leurs propnetes
physiques les plus imp?rta:n.tes (poro.site, p~r~ea
bilite, densite) et la situation physl.que ge!1e~~le
(temperature, pression, natur~ des fiuides qm.s m
filtrent, etc.) Des q1!e 1'0n .dlsposera de rens;lgne
rnents sur les premiers puits, on pourra prepar~r

des coupes preliminaires et des courbe~ de tempe
rature, pour s'en servir comt;I~ de guides en vue
du choix d'emplacements ulteneurs.

Dans les stades plus avances de la mise en oeuvre
d'une region, lorsque les puits ont deja beaucoup
donne, les mesures de la temperature et de la pres-



72 I1.A.! Geothermal prospection

sion, tant dans les puits de prospection que dans
les puits de production, fournissent des renseigne
ments importants ence qui concerne les reactions
du systeme hydrothermique et le regime dutilisation
de I'energie thermique que l'on sait etre accumulee
dans ces puits.

A Wairakei, les donnees sur la temperature
fournies par des puits de prospection recents, repartis
sur les regions exterieures, prises en liaison avec les
donnees des nombreux puits en exploitation et
quelques puits de prospection preliminaires, ont

permis de tracer un jeu raisonnablement complet
d'isothermes jusqu'a des profondeurs de l'ordre de
3000 pieds. ]usqu'a cette profondeur, il semble
exister un systeme hydrothermique constituant une
entite clairement definie, la majeure partie de la
chaleur etant fournie par un groupe relativement
petit de sources qui fournissent de l'eau chaude ou
un melange de vapeur et d'eau chaude en prove
nance des couches inferieures a une region proche
de I'extremite occidentale de la surface en pro
duction.
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ETUDE STRUCTURALE DE LA ZONE DE ROCCASTRADA
EN VUE DE LA RECHERCHE DE VAPEUR

PAR LES l\IETHODES GEOPHYSIQUES, GRAVIMETRIQUES ET ELECTRIQUES

Ferdillulldo Battini* et Paul Menutt

Depuis pres de 13 ans, la Compagnie generals de
creophysiquc et sa filiale la Compagnia Generale di
Geofisica ont cffectuc des prospections geophysiques
appliquces a la recherche de vapeurs endogenes
pour le compte de la societe Larderello, S.p.A. Nous
rernercions Cl'S socictes d'avoir bien voulu autoriser
cette communication.

Du point de vue geophysique, les recherches de
vapeur sont sou vent assez analogues aux recherches
d'hvdrocarburcs, du fait, en particulier, de la neces
sitl d'une couverturc impermeable et de roches
reservoirs poreuscs et fissurces.

Lcur aspect pills particulicr reside dans le facteur
temperature et dans la recherche des fractures
eventuellcs par lesqucllcs les flu ides peuvent ali
mentor leur reservoir.

C'cst dire que I'on pcut a priori songer a appliquer
aux recherchcs de vapours endogenes tous les pro
cedes gcophysiques classiques dans la recherche du
petrolc, tcls que :

Pour la reconnaissance : magnotisrne aeroporte,
grayimctric, methodcs clectriCJues (pr,incip~leme?t

sondagcs clcctriqucs) et telluriques, refraction SlS
miquc;

Au stade du detail : methodes electriques de detail,
reflexion sismique.

Le factcur temperature peut etre etu~ie par les
methodes thermomctriqucs (rnalgre de tres 9randes
difficultes d'interpretation) ou par les methodes
electriquss.

Le choix entre ces diverscs mCthodes ?oit etr~
fait suivant les conditions locales, le probleme pose
et les conditions cconomiqucs de la recherche.

Avant rappcle ces gencralites, nous exposerons
I, - . d 1 'rion de Rocca-exemple de la prospection e a reg . d k
strada-~fonticiano, situec a une quarantamte . e dm

1 S· t . une tren aine eau sud-sud-ouest ue ienne e a It li
km du littoral de la mer Tyrrhcnienne. en a le
centrale.

C . 't' ff t 'e en deux stades :ette prospection a eel' ec ue , . Le
. ., dages eleetnques.

par.gravimetric pUIS I;ar son "dicte par les
choix de Cl'S deux methodes a ete . es
conditions locales et par des raisons econom;qu r

. , . u etre executee
~a couverture gravlmetr~que a P tant d'eliminer

rapldement et a peu de frais, permet-• Lardcrcllo, S.p.A., rise.
t Compagnia Gcncrale di Geofisica, H.ome.

certaines zones reconnues peu interessantes pour les
recherches ulterieures. Il est a noter que l'inter
pretation de la gravimetrie a pu, cornme nous le
verrons par la suite, fournir certains elements
quantitatifs.

L'etude par sondages electriques, plus detaillee,
a donne des indications de profondeur.

La comparaison des resultats bases sur deux para
metres physiques differents (den site et resistivite
electrique) a. permis une interpretation plus poussee
que si une seule methode avait ete appliquee.

Cadre geologique

La zone prospectee est situee sur le fianc occident,:l
de la ride permo-triasique de Roccastrada-Monti
ciano. Elle s'etend au nord-ouest jusqu'aux affleu
rements de merne age de Boccheggiano-Prata et
au sud vers la plaine de Grosseto, recouverte de
sediments recents,

Sur la partie centre-orientale affleurent des la,:es
trachytiques que no us appellerons par la sUIt.e
« ignimbrites ». Leur presence et celle de rares mam
festations thermales (eaux chaudes ou sulfurees) ont
suggere une etude geophysique aux fins de la
recherche de fluides endogenes.

La serie stratigraphique schematique est la sui
vante :

Neogene : alluvions recentes, sables, argiles et
sables gypseux, conglomerats,

Allochtone : argiles « scagliose », argileuses a l'est
et plus ca1caires a!'ouest; roches vertes.

Autochtone : ca1caires et anhydrites de la serie
d'anhydrites du rhetien, schistes et quartzites du
permo-trias. . .

Les horizons eventuellement productifs se situe
raient dans l'autochtone, tandis que l'allo~h.to~e et
une partie du neogene ont les c~ractenshques

d'impermeabilite et d'epaisseur reqmses pour une
bonne « couverture ».

Etude gravlmetrique

Le but assigne a cette etude etait la reconnaissance
generale des caracteres s~ructuraux de la. zone
(grandes fractur~s, toit de 1 autoc~tone, remplissage
d'argiles « scaghose » et de neogene, etc.)afin, en

73



74 II.A.1 Prospection ~eothermique

ROCCASTRADA
ANOMAlIE RESIOUELLE

d=2,o
Eclle//e ~ 1:8tJ.ooo

Zone de
minimum

Zone de
maximam

Fi~ure 1. Anomalie reslduelle
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particulier, de delimiter les zones a detailler par la
suite.

Sept cents stations ont ete executees sur une
surface d'environ 625 km",

Nous avons dresse une carte de l'anomalie de
Bouguer en densite 2,6 puis une carte residuelle
(fig. 1). Elles mettent bien en evidence les grands
traits structuraux de la region.

On remarque principalement les deux « graben »
limites par les failles F 1 G, F 2 G et F 3 G, F 4 G.
Ces failles encadrent les zones d'anomalies negatives
correspondant a des zones de plus grand remplissage
neogene (lettre N sur la figure 1).

Sur la figure 2, nous avons trace une section
representant l'allure presumes du toit de l'autoch
tone. Sa determination est complexe, car sur le flanc
oriental les failles F 1 G, F 3 G mettent probable
ment au contact le neogene et l'autochtone, tandis
que sur le flanc occidental au voisinage des failles
F 2 G, F 4 G la situation est plus complexe. II y
a en effet apparition des argiles « scagliose )) alloch
tones. La densite de ces argiles est d'environ 2,6;
ce sont done les terrains les plus lourds rencontres
dans cette prospection.

On a calcule lors des essais dinterpretation quan
titative que, pour un meme gradient gravimetrique,
le rejet des failles du type F 1 G, F 3 G doit etre
superieur a celui des failles F 2 G, F 4 G, ceci a
cause de la presence desdites argiles.

Pour la meme raison, la cote du toit de l'autoch
tone a l'ouest de F 2 G, F 4 G sera probablement
inferieure a sa cote a proxirnite des failles F 1 G,
F3 G.

Les plages negatives marquees T et t correspondent
aux effusions d' « ignimbrites », Les plus importantes
sont T2, T3, T5.

La coulee visible en affieurement entre T3 et T5
ne doit pas avoir une grande epaisseur, tandis que
la partie superficielle de T5 a ete erodee et recou
verte par les alluvions.

Les anomalies T2, T3 font supposer de grandes
epaisseurs d'ignimbrite et doivent correspondre aux
centres effusifs principaux.

Les fractures qui ont donne naissance aux epan
chements sont tres vraisemblablement liees aux
systernes F 1 G et probablement a F 3 G, F 4 G.

L'interpretation de la carte montre que l'autoch
tone s'approfondit d'une facon generale d'est en
ouest; toutefois, on ne peut exclure quil y ait des
rehaussements locaux au voisinage des failles F 2 G
et F 4 G.

Le recouvrement passe de formations essentielle
ment neogenes a l'est a des formations d'argiles
« scagliose » allochtones al'ouest. L'epaisseur maxima
de ces dernieres serait atteinte dans le compartiment
entre la faille F 5 G et l'anomalie N4.

En resume, la gravimetrie a attire l'attention sur
certains graben qui presentent pour la recherche un
double interet :

Ils ont une epaisseur satisfaisante de recouvrement
impermeable;

Ils sont bordes par des lignes de fractures en
rapport avec les effusions ignimbritiques et qui en
consequence sont probablement le siege de manifes
tations thermales.

II a done Me decide d'explorer en detail par
prospeetion electrique la zone centre-sud de l'etude
gravimetrique.

Etude electrique

Deux cent trente sondages clectriqucs ont cte
executes sur une superficie d'environ 85 km",

L'experience des prospeetions. cl.ectriques ante
rieures montre que dans la majorite des cas les
terrains allochtones sont conducteurs dans leur
ensemble, les series resistantes correspondant it
l';mtochtone. Cependant, lorsque l'autochtone com
mence par des couches minces de « macigno » de
I'oligocene ou de « scaglia )) du cretnce, series relati
vement conductrices, la prospection clectriquc les
englobe dans le recouvrement.

Dans la region de Roccastrada, les affleurcments
autochtones les plus recents sont d'iige rhcticn ; on
ne peut cependant exclure qu'il cxistc, sous recou
vrement, une serie autochtone plus complete.

La figure 3 montre un cxcmple caractcristique de
sondages electriques.

Quant a la precision que l'on peut attcndrc de
I'cvaluation des profondeurs (outre I'indctermination
due a la presence cventucllc de series autochtones
relativement conductrices), il faut noter qu'aucun
forage ri'existant dans cette region a l'cpoque de la
prospection, nous n'avons pu etalonner nos mesures,
ce qui evidemment n'cst pas une condition tres
favorable pour une bonne precision des evaluations
absolues. Toutefois, Ics profondeurs relatives se
ressentent moins de cet ctat de choses et l'on petit
esperer que l'allure de la carte du toit du substratum
resistant reflete bien la rcalite,

Les figures 4 et 5 rcsument I'interprctation. Lcs
grandes lignes de la tectonique du substratum
resistant sont les suivantes.

Le substratum s'enfonce d'une Iacon generale dans
le sens NNE-SSO. Un systeme principal de fractures
de direction NNE-SSO accentue localernent le
p~nda~e gener~l, ainsi d'aiIIeurs que des failles de
direction sensiblernent orthogonales de moindre
importance. Un certain nombre de compartiments
sont ainsi delimites, identifies par les lettres C sur
la figure 4.

Le compartiment Cl est compris entre les affleu
rements situes au sud-est de Sticciano et la Iaille F1,
dont le rejet passe du nord au sud de 100 a 450 m
e?,:,i~on. Le recouv:ement est peu epais, et sa resis
tivite correspond a celle dun terrain alluvial de
permeabilite moyenne. Sauf a l'extremite sud-est,
ou le pendage s'accentue, le toit du substratum fait
penser a une surface d'erosion.
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Figure 3. Exemple de sorrdage eIectrique

Le compartimcnt Cti apparait comme le prolon
gement nord de Cl. Cependant il pourrait etre separe
de.cedernier par le prolongement nord de la faille Fl,
q~1 n'apparait pas nettement sur les rcsultats elec
tngues a cause de son rejet qui diminue vers le
nord.. diminution due pcut-etre a I'erosion de. la
partie nord du compartiment Cl. A noter un~ fa!ble
epalsseur de recouvrement ignimbritique et neogene.
Au \"oisinage de la faille Fl, certaines ~nomahes ~es
sondages electriques nous laissent croire que. [ad.ite
fracture pourrait etrc lice a un centre effusIf.

Le compartiment C5 an nord de la fail le F4, qui
aun rejet d'environ 200 m, est Iimitc a l'est par les
a~eurements du torrent Bai et a l'ouest par l~
faIlle F2, dont le rejet passe de 200 m au nord a

400 m environ au sud. Le recouvrement n'est pas
tres epais et est assez permeable.

Le compartiment C4 est limite par les failIes F2
F~ (dont le rejet est ici de 200 a 300 m) F6, d~
rejet moyen 450 m, probablement en relation avec
les effusions de Sassoforte. Le recouvrement est
sensiblement plus epais que dans les compartiments
precedents (500 m a l'est de F6). Ce recouvrement
comporte des ignimbrites, bien visibles sur les
sondages electriques, reposant sur un ensemble
condueteur representant les argiles « scagliose ».

o Le compartiment C3, qui recouvre toute la partie
ouest de l'etude, denote une allure assez reguliere
du toit du substratum resistant, avec pendage vers
l'ouest-sud-ouest, et une epaisseur maximum de
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recouvrement. La resistivite de ce recouvrement,
basse au sud de Montemassi, augmente notablement
au nord, denotant la presence dans les argiles « sea
gliose )) d'elements calcaires, marneux et ophioli
tiques.

Le compartiment C2, qui ne se differencie pas de
C3 dans sa partie sud-ouest, est delirnite par les
failles Fl-F3-F2, cette derniere disparaissant vers
le sud-ouest. Le recouvrement est partout tres
conducteur (5 a 10 ohms/m) et doit done presenter
une bonne impermeabilite.

Le resultat le plus interessant de cette etude
electrique est la mise en evidence des fractures
principales de direction NNE-SSO, en particulier
dans la region du compartiment C2, qui presente
toutes les probabilites d'une bonne couverture.

Malheureusement, l'epaisseur de recouvrement sur
le fianc est de la faille F 1 est faible, et un defaut
de couverture est a craindre. Cependant cet incon
venient s'attenue a I'extremite sud-ouest de F 1 et
disparaitrait peut-etre plus au sud, zone qui n'a pas
ete touchee par la presente etude electrique.

La faille la plus interessante par son rejet, surtout
dans sa partie centrale vers son croisement avec F3,
est indubitablement la faille F2.

Comparaison des resultats electriques et
gravlmetrtques

Sur la figure 5 nous avons reporte sur les diverses
sections les profils de l'anomalie gravimetrique res i
dueIle (d = 2,6) et l'aIlure du substratum resistant
deduit de I'interpretation des sondages electriques,

Rappelons que I'etude electrique ne recouvre que
le centre et le fianc oriental d'un graben mis en
evidence par la gravimetrie.

D'une facon generale, on rernarque que les zones
hautes du substratum resistant (compartiments C5
C6-Cl des sections 1-2-3-4) correspondent a des
anomalies residuelles gravimetriques positives.

En ce qui concerne les failles, comme on pouvait
s'y attendre etant donne les caracteres respectifs
des deux prospections, la carte electrique presente
un plus grand detail. Il faut toutefois remarquer la
bonne correspondance entre les representations de
la faille FG1, qui sur la section 1 correspond bien
a la faille F2, sur la section 2 se place au voisinage
de cette derniere, et sur les sections 3 et 4 represente

une position moyenne entre les failles Fl et F2,
tendant a se rapprocher localement de celle dont le
rejet est le plus grand.·

L'infiexion de la residuelle gravimetrique qui a
ete interpretee vers le nord-ouest des sections 3 et 4
comme une faille F2G n'apparait pas sur la carte
eIectrique, mais nous ne saurions tirer aucune
conclusion de ce fait, car dune part le nombre de
sondages electriques au nord-ouest de cet accident
est vraiment trap faible et d'autre part une partie
de l'effet gravimetrique observe peut etre due it la
presence d'argiles « scagliose » de densite elevee. Il
y a la un probleme qui resterait a resoudre,

Sur le profil 2 qui traverse des accidents localises,
la gravimetrie qui, rappelons-le, etait utilisee comme
methode de reconnaissance, ne pouvait mettre en
evidence les compartiments relativement etroits
indiques par les sondages electriques. Il n'y a toute
fois pas de contradiction entre les resultats des deux
methodes. La merne rernarque vaut pour les failles
transversales telles que F3-F5.

Avant de conclure il est bon de rcmarquer que
les conditions topographiques etaicnt relativcment
defavorables :

Altirnetrie difficile (altitude variant de !iD il
700 m);

Viabilite tres rcstreintc (plus de 20 p. 100 du
travail a du ctre fait ~t pied, aussi bicn en gravi
metrie qu'en clectrique}:

La presence de broussailles a ncccssite le trace
prealable de layons pour le dcroulcmcnt des cables
electriqucs.

Malgre cela, la prospection n'a ncccssite que cinq
mois pour I'clectrique, trois mois pour la gravi
metric.:

Conclusions

On voit par cet exemple qu'une etude critique
poussee.dcs r~sultats des deux prospections electrique
et gravimetrique a permis de mettre en evidence
a moit;~re~ frais, une. premiere zone presentant le~
caracteristiques requrses pour l'implantation de
forages dexploration.

Si ceux-ci s'averaient encourageants, il n'y a pas
de doute que des methodes de plus fin detail telles
que la. reflexion sismique a haute resolution per
mettraient de serrer encore le probleme de plus prcs.

Resume

Entre la recherche du petrole et celle de vapeur
endo.gene, il existe certaines analogies liees a la .
~oexIstence de « roche magasin » et d'une couverture
Impermeable suffisamment epaisse, Il est done
possible d'appliquer a la recherche de la vapeur les
methodes geophysiques deja utilisees avec succes
dans la recherche petroliere.

La Compagnia Generale de Geofisica, qui depuis
plus de 13 ans coIlabore avec la Societe LardereIlo

dans l,a zone boracifere toscane, a effectue recemment
un,e etude str.uct,ur~le pres de Roccastrada, par
m;th~des grav~m~tr~que et electrique. Etaient con
fi~e~ a la gravimetric la reconnaissance structurale
generale de la zone, a I'electrique I'etude de detail
dans les secteurs d'interet majeur.

"La gravimetrie, executee sur une superficie de
6~~ k.m2

, a mis en lumiere deux « graben » de carac
tenstIques favorables, en revelant simultanemsnt les
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principaux syste~es de fractures interessanr le
substratum potenhellement productif et en indiquant
en partie la nature des terrains de couverture

A la suite de ces resultats, une etude de detail
du graben sud f~t e~ect~ee par sondages electriques,
sur une :up~rfiCle d envrron 80 krns. On a pu ainsi
mieyx defi~~r les z~ne~. d,e fracture et les caracta.
rishques d impermeabilito du recouvrement. Les

resultats obtenus par les deux methodes sont illustres
Sur des figures. De leur confrontation, il resulte une
concordance notable dans le cadre des hypotheses
geologiques admises. On en conclut qu'il convient,
pour l'etude de vastes superficies, d'utiliser plusieurs
methodes geophysiques afin de mettre rapidement
en evidence les zones les plus interessantes et de les
etudier ensuite en detail.

STRUCTURAL STUDY OF THE ROCCASTRADA ZONE IN PROSPECTING FOR STEAM
BY GEOPHYSICAL, GRAVIMETRIC AND ELECTRICAL METHODS

Sununary

Th,ere are certai~ analogies between prospecting
for all and prospecting for steam, smce in both cases
cne seeks structures having both reservoir rock and
an impermeable cover of sufficient thickness. The
geophysical methods already successfully employed
in oil prospecting may therefore be applied to steam
prospecting as well.

The Compagnia Generale di Geofisica (GGC),
which has been collaborating with the Larderello
Company for over thirteen years in the boraciferous
zone of Tuscany, has recently conducted a structural
study near Roccastrada by gravimetric and electrical
methods. The gravimetric method was used for the
general structural survey of the zone, while the
detail sun·cy in the areas of greatest interest was
run by the electric method.

The gravimetric survey of an area of 625 sq. km.
revealed two graben with favourable characteristics,
simultaneously disclosing the principal fault systems
associated with the potential producing layer and
indicating in part the nature of the cover.

Following these results, a detail survey of the
south graben was run by electric logging over a
surface of about 80 sq. km. This gave better definition
of the fault zones and the impermeability charac
teristics of the cover. The results of both methods are
illustrated by figures. Their comparison shows good
agreement under the geological hypotheses adopted.
I t is concluded that the use of several geophysical
methods for prospecting large areas is advisable, so
that the zones of greatest interest may be rapidly
determined for subsequent detail study.
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PHYSICAL CHARACTERISTICS OF NATURAL HEAT RESOURCES IN ICELAND

Gunnar Bodvarsson*

MAGNITUDE OF THE THERMAL AREAS

The heat flow to the surface-that is the heat
output of the thermal areas, varies within wide
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Thermal activity is a very common phenomenon
in Iceland. Hot-water springs and natural steam
outlets are scattered over large parts of the country
and constitute a striking and unusual natural
phenomenon. In the course of the past decades the
thermal activity has become an important .natural
resource which is now being exploited on an mcreas
ing scale. Modern geological, geophysical and geo
chemical methods are now applied in order to explore
the characteristics of the subsurface phenomena.
Drilling for hot water and natural steam is being
carried out on a relatively large scale.

The present paper is written for the purpose of
giving a brief report on the main results of the
geological and geophysical exploratory work. The
paper is based mainly on results obtained in the
period after 1945. For further information the
reader is referred to other papers by the present
author (Bodvarsson, 1949, 1950, 1951, 1956, and
1957).

Important contributions to the study of the
thermal activity in Iceland have been made by
Thoroddsen (1925) and Thorkelsson (1940, and
earlier works). The book by Barth (1950) contains
a wealth of descriptive material. Moreover, the work
by Einarsson (1942) deserves special attention for
the emphasis it places on the physical aspects of
the geothermal phenomena.

Geology

Iceland is a member of the Brito-Arctic basalt
province. The total series of flood basalts in Iceland
is believed to reach a thickness of several kilometres.

According to the results of the seismic refraction
studies of the Swedish-Icelandic expeditions in 1959
(RUh, 1960) and 1960 (Bath and Tryggvason, 1961),
the section through the upper crust, from Reykjavik
in the south-west to Tjornes in the north-east,
appears to be as shown in the sketch in figure l.
Formations A and B are flood basalts. Formation C
does not outcrop, but may be composed of basalts
of a relatively early origin. The composition of D
and E is unknown. The Moho-discontinuity appears
to be at a depth of 28 km.

The flood basalts are relatively inhomogeneous,
and the average nature of the figures is therefore
to be emphasized. A striking feature is the practical
absence of a continental structure.

* State Electricity Authority, Reykjavik, Iceland.

The Tertiary basalt plateau is the predominant
surface formation in the north-west, the north and
the east of the country. Quaternary volcanics cover
only small parts of these districts. The central,
southern and south-western parts are, on the other
hand, covered by Quaternary lava flows a~d tuffs.
The Tertiary plateau appears to underlie these
formations. Post-Glacial volcanism is confined to
the Quarternary districts, as shown in figure 2. The
shaded areas indicate roughly the extent of the
Neo-Volcanic zone of Iceland.

Types, magnitude and distribution
of thermal areas

RELATION BETWEEN TYPE

AND SUBSURFACE TE:\II'EHATUHES

Two main types of thermal area can .be dis
tinguished in Iceland. Firstly, the areas WIth hot
water springs and a relatively low degree of thermal
metamorphism. Secondly, the large areas with
natural-steam holes and a high degree of metamor
phism. Various investigations have indicated that
the two types differ mainly in the subsurface tempera
ture and that most other factors can probably be
regarded as functions of this quantity.

The hot-water areas arc characterized by a
relatively low subsurface temperature, in the tipper
flood basalts at least. Most of the areas in the north
west and north appear to have a temperature below
100°C. Some of the large hot-water areas in the
south-west and the west have temperatures between
100°C and 150°C.

The large natural-steam areas, on the other hand,
are characterized by subsurface temperatures above
200°C. The maximum measured is about 2300C.

The thermal areas are preferably classified on
the basis of the temperature conditions. The hot
water areas are classified as the low-temperature
activity, and the natural-steam areas as the high
temperature activity.

As a matter of course, there are no well-defined
limits between the two groups. There arc a number
of important borderline cases, as can be expected.
The classification can be made somewhat more
quantitative on the basis of the concept of the base
temperature, which will be discussed below.
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Figure 1. Crustal structure of Iceland in a SW-NE section

A scale with three steps appears appropriate, as
follows:

This scale will be applied mainly to systems of
thermal areas, as will be discussed below, where the
various components of the heat output will also be
discussed in some detail.

imits. The output of some of the smallest hot-water
areas is only of the order of 105 cal/sec, whereas
the largest natural-steam areas have an output of
the order of 109 caljsec. This great variation suggests
the introduction of a scale of magnitude in order
to classify the areas with regard to the heat output.
On the other hand, the heat output is a figure
which in most cases is known with little accuracy
and is even somewhat uncertain by definition. This
situation warrants only a scale with relatively wide
steps.

Magnitude

I
II

III

Total heat output

5-25 X 106 cal/sec
25-125

125-750

r==
o

I
50 100km

~
NEO-VOLCANIC ZONE.

ICELAND

HIGH-TEMPERATURE AREAS

MAGNITUDE:r 0

• 21: 0
• m 0

LOW-TE MPERATURE LINES --------

Figure 2. Distribution of thermal areas in Iceland
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Table 1. Major low-temperature thermal lines in Iceland

Total natural {low, litres/sec.
M ax. sur/ace Heat output

temp. C magnitude

(a) 52 100 I

(b) 140 100 I

(c) 60 100 I

(d) 70 100 1

(e) 120 83 I

(I) 10 88 I

(g) 400

(h) 70

(i) 145

100

89

100

II

I

I

Remarks on drilling, base temperature, tic.

. Includes the Great Geyser, iJorc1erline case.

Borderline case.

Base temp. at Heykir \l8°C, 70 wells at
Reykir, max. depth 13S0 metres. Output
of wells 370 litres/sec. at 87°C.

Base temp. in Reykjavik 14(j°C, 40 wells
in Reykjavik, max. dcpth tl :?OO metres.
Output of wells 134 litres/sec at a rnax.

temp. 138°C.

System of lines. Includes largest hot
water spring at Deildartunga.

Borderline case.

THE LOW-TEMPERATURE ACTIVITY

There are approximately 250 low-temperature
thermal areas scattered over the lowlands of the
western half of the country. The number of major
springs is about 600 and the total integrated flow
of all hot-water springs is roughly 1 500 litres per
second. The total sensible (above 4°C) heat output
of the springs amounts to some 108 caljsec, giving
an average temperature of 75°C.

The low-temperature areas are in a great number
of cases distributed in a linear pattern. This suggests
a common structural control and interrelation
between the individual thermal areas on the lines.
In accordance with the discussion below, the in
dividual lines will be regarded as hydrothermal
systems, each related to certain relatively large
geological structures.

The geographical distribution of the major low
temperature systems is given in figure 2 and some
data are given in table 1. The magnitude applies
in each case to the system as a whole. Moreover,

. the table contains information on temperature
conditions and drilling performed on the individual
systems. The subsurface temperature is characterized
by data on the base temperature in the individual
thermal areas. This concept will be discussed below.

THE HIGH-TEMPERATURE ACTIVITY

. There are thirteen high-temperature areas, all
III the Nee-Volcanic zone, as shown in figure 2.
These areas are quite extensive, and can probably
be regarded as individual hydrothermal systems.
They are characterized by a great number of steam
holes, large areas of hot ground and a very high
degree of thermal metamorphism.

The total heat output of all high-temperature
areas has been very roughly estimated at the order
of 109 caljsec. Data on the individual high-tempera
ture areas are given in table 2.

The main characteristics
of the hydrothermal systems

BASIC CONCEPTS

The circulation and heating of water in geologic
bodies depends on the structural control and the
nature of the heat source. Further items of interest
are the depth of the circulation base and the tempera
ture of the water as it enters the upward movement.
These two concepts will be called the base depth
and the base temperature, respectively.

Moreover, the total amount of water and heat
transported through individual systems is of interest;
also, the total amount of surplus heat accumulated
in the upstream and discharge zone. A brief dis
cussion of these concepts and topics follows.

STRUCTURAL CONTROL

The seismic results given in figure 1 indicate a
relatively sharp Velocity contrast between the flood
basalt A and the underlying formation D. In the
south-west, the P-velocity jumps from 4 to 6 km/sec.
The lower formation appears to be a dense and
probably an impermeable formation. It is therefore
probable that the circulation of the water is confined
to flood basalts and that the base depth in the
south-west in general does not exceed 2 km.

Conditions in the north appear to be complicated
by the presence of the layer C, which is of an unknown
composition and permeability. The maximum base
depth may here exceed 3 km. .

In general, flood basalts may be permeable owing
to (1) tubes and openings at the contact of lava
beds, (2) columnar structure in and fissures along
the walls of intrusive bodies, and (3) recent faults.

In the literature a considerable emphasis has been
placed on the importance of faults. In the case of
the low-temperature activity in Iceland, the evidence
appears to be somewhat on the contrary. Contacts
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between lava flows as well as dikes and sill
to furnish the main permeability The hotS aPl?ear

h t
l . . spnngs

in t ~ nor 1 are In a great number of cases controlled
by.d.lkes. In the south-west, the low-temperature
actlVI~Y appears to be largely controlled by out
croppmg contacts.

The high-temperature areas, on the other hand
appe~r to be controlled by faults and fissures of
relatively recent age. Many of the structures ma
haw been formed or reopened in very recent timel.

It is possible that the isostatic upwarping. of
Iceland at the end of the Pleistocene may have
influenced the general permeability conditions in
the flood basalts. The stresses which were induced
by differential movement of the individual blocks
may haw formed new faults, and also reopened old
passages in faults and along dikes.

TIlE HEAT SOURCE

The extensive volcanic activity in Iceland
immediately suggests a connection between the
thermal activity and the volcanism. It is evident
that recent volcanic processes can influence the
subsurface temperature field and build up the heat
sources of thermal activity.

This appears to be the case as far as the high
temperature activity is concerned. All areas of this
type are located in regions of post-Glacial and in
some cases very recent volcanism. The fissures
controlling the areas are closely connected to the
volcanic structures. Moreover. subsurface tempera
ture of more than 200°C has been observed in shallow
wells in these areas. It is difficult to account for the
high temperatures without relying on the presence
of volcanic structures of a very recent age.

On the other hand, it should be emphasized that
.the heat output of the large high-temperatu::e are.as
IS of considerable magnitude. The upflow of Juvemle

water from magmatic sources can hardly account
for a comparable heat transport (Einarsson, 1942
and Bodvarsson, 1951). There are therefore reasons
for assuming that the circulating water has a direct
contact with the source rock. Moreover, recent
Isotopic studies of thermal waters are not indicative
of I:?ajor juvenile components (see Craig, Boato and
White, 1956). For a broad discussion of relevant
pro"?lems, the reader is referred to the paper by
WhIte and Brannock (1950).

Banwell (1958) is aware of a similar difficulty in
the case of the large thermal areas of New Zealand.
He suggests the presence of large convective magma
~ham"?ers in order to explain the necessary flow of
juvenile water.

The heat supply of the low-temperature areas
appe~rs in most cases to be closely related to the
physical conditions in the Tertiary districts. These
parts ?f the country have not been subjected to
volcanism through the Quaternary period at least.
Intrusives with elevated temperatures are therefore
not to be expected in these districts.

On the other hand, the temperature in the lower
parts of the flood basalts in the Tertiary districts
appears to be relatively high. Temperature measure
ments in both shallow and deep holes (Bodvarsson
and Palmason, 1961, Gj24) indicate a temperature
of 100° to 150°C at the bottom of the flood basalts.
The lower figure applies to the conditions in the
northern districts, where the temperature gradient
is relatively low but the flood basalts relatively
thick.

Some non-thermal boreholes in the western regions
indicate higher temperature gradients. This may be
due to local anomalies, partially a very rapid erosion
during the Pleistocene (Bodvarsson, 1957).

The temperature conditions in the Tertiary dis
tricts imply that water circulating to the lower

Table 2. High-temperature thermal areas in Iceland

Elevation Area Heat output Remarks on drilling, base temperature, etc.
Same m km 2 magnitude

I. Heykjanes . 15 1 I One well 162 m deep.

~. Trolladyngja. 120 5 I

Krijsuvfk 150 10 I 15 wells, max. depth 1200 m. Base
3. temp. approx. 230°C.

30-GOO 50 II Base temp. about 230°C. Numerous
4. Hengill shallow wells, 8 deep wells max.

depth 1 200 m.

l\:erIingafjoll . 900 5 II
5.

Torfajokull 900 100 III
G. I
7. VonarskanI I 000

1000 12 III Under the Va.tnajokull ice sheet.

8. Grfmsvotn.
1 500 10 II

9. Kverkfjoll . I
ID. Askja . 1 050

2.5 Il A few shallow wells.

11. ~amafjall
350

450 0.5 I
12. Krafla .

2.5 I
13. Theistareykir.

330
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parts of the flood basalts can be heated to a tempera
ture of 100°C or more. Water percolating down
through dikes and faults can be heated by a contact
with the hot rock and ascend again, either by hydro
static head or by convective movement.

This heat supply is probably of a transient nature.
The rock adjacent to the channels of flow is gradually
cooled and the heat supply decreases.

In fact, it appears difficult to account for the heat
supply of the largest low-temperature springs on
the basis of a stationary supply. For example, the
large spring at Deildartunga in Borgarfjordur issues
about 250 litres per second of water at 100°C corre
sponding to a heat output (above 4°C) of 2.4 X 107

cal/sec. By a stationary outflow of terrestial heat
of the order of 2 to 3 microcal/cm-sec, the spring
would theoretically have to drain the heat supply
through an area of some 1 000 square kilometres.
Actually, the heat take-up is incomplete and the area
drained has to be considerably greater. This appears
unreasonable, especially in view of the fact that
there is a number of other springs in the vicinity
of the Deildartunga spring.

THE BASE TEMPERATURE

Theoretical investigations (Bodvarsson, 1951) and
temperature measurements in boreholes (Bodvarsson
and Palmason, 1961) indicate that a fairly uniform
temperature generally prevails through a greater
part of the upstream zones of the -hydrothermal
systems. This temperature should approximately be
equal to the temperature which the water has
acquired at the circulation base-that is, equal to
the base temperature. A decrease in temperature is
appreciable only in the uppermost 1 000 metres.

The base t~mperature is consequently a figure of
fundamental importance, It affects both the physical
and the chemical conditions in the thermal areas.
The technique of measuring or inferring the base
temperature is discussed elsewhere (Bodvarsson and
Palmason, 1961).

The above classification of the thermal areas into
two groups, that is, the low-temperature and high
temperature groups, respectively, is preferably
carried out on the basis of the base temperature.
The present author has adopted a base temperature
of 150° as the upper limit for the low-temperature
group.

This procedure is based on the fact that the
subsurface chemical and physical conditions appear
to change considerably as the base temperature
increases beyond 150°C. Of course, this is no sharp
limit.

Data on the measured base temperature in a
number o.f thermal areas are given in tables 1 and 2.
The maximum encountered is about 230°C.

THE TOTAL TRANSPORT OF HEAT AND WATER

Natural heat escapes from thermal areas in the
following ways: (1) as the sensible heat content of

hot water and steam issued at the surface, (2) by
conduction and radiation from hot ground, (3) by
conduction from the channels of flow, and (4) by
underground drainage of water.

The first two factors appear to predominate. In
principle there are no major difficulties in measuring
the heat escaping at the surface. However, the field
work involved is quite substantial, and accurate
determinations have not yet been carried out in
any of the high-temperature areas in Iceland. The
situation is better in the case of the low-temperature
areas, as the sensible heat content of the water
predominates there, and this factor can be measured
with relative ease.

Data on the flow characteristics of the various
major hydrothermal systems are given in tables I
and 2. The data on the heat output are given in
the previously defined magnitude scale. The largest
high-temperature thermal area, the Torfajokull area,
appears to have a total heat output of the order of
5 X 108 cal/sec, This averages to about 500 microcal/
sec and cm- of the thermal area.

The global average of the normal conduction flow
of terrestial heat is about one microcal/cm'scc. On
this basis, the total flow through the surface of
Iceland (100000 km-) should be about 109 cal/sec,
This is of the same order as the heat output of the
Torfajokull area.

THE ACCUMULATION OF HEAT
IN THE UPFLOW ZONES

The rock formations in the upflow zones of the
thermal areas are heated by the ascending hot
water and steam. Mainly the high-temperature areas
include large volumes of rock heated to temperatures
approximately equal to the base temperature. The
upflow zones of these areas therefore contain a
substantial amount of surplus heat.

Rough estimates indicate that in the case of
i~d~vidual areas the surplus heat accumulated
divided by the total heat output gives a time of
accu~ulation of several thousand years. The surplus
heat 1S therefore a substantial part of the total heat
output during post-Glacial time.

THE CHEMICAL COMPOSITION
OF WATER AND STEAl\!

A considerable amount of geochemical data has
been collected in Iceland. The hot-water and the
natural-steam in most areas have been sampled
and analysed. It has turned out that the majority
of the resul~s are of a relatively uniform nature.
Table 3 furmshes data on the thermal water in three
areas, one low-temperature area and two high
temperature areas. Table 4 furnishes data on the
composition of the natural steam in the two latter
areas.

It s?ould be realized that the water sampled in
the high-temperature areas is not identical with
the thermal ground water. The samples were collected
from wells and are a residue after flashing.
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Table 3. Chemical composition of w t f
a er rom steam well . h .

(A I s In t e Reykjavik, Hengtll and Krtjsuvfk areas
na yses . U S G I .

. " eo ogical Survey, Menlo Park, Caliiornia)

Chrmicat

Dale of collection -+

Si02
.\1 .
Fe ..
~In

Cu .
Pb.
z».
.\5 . .
Ca ..
~rg .
~a.

K .
Li .
~Hl

HC03 •

C03

S°l' .
Cl . .
F ..
Br ..
I ..

~02

~03 ..
POl' ..
B ....
Sulfide, as II:S.
Dissolved solids residue at I Soot'
Hardness as (aeO. ... . .
pH .. . . . . . . . . . .
Specific condur tanrr- micro-ohms/cm at :!5°C .

Reykjavik HengiU KrijsuvikSpring, 880C WeU at Hoeragerdi WeU at Seltun
2/10/58 11/8/58 10/9/68

126 ppm 283 ppm 425 ppm
0.13 0.37 0.10
0.00 0.12 0.02
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.08 0.00
1.90 2.80 8.70
0.30 0.00 0.50

159 174 500
1.40 10 68
0.00 0.10 0.60
0.00 0.10 0.00

24 0.00
43 57 50
17 72 67
30 152 735

1.00 2.10 0.70
0.90 0.50 4.80
0.10 0.00 0.10
0.00 0.00 0.03
0.00 0.00 0.40
0.10 0.08 0.15
0.06 0.85 1.70
0.2 5.20 7.00

285 913 2,030
5 6.2 24
9.40 9.40 9.30

281 941 2760

Table 4. Chemical composition of natural steam
In two places

(.\nalyses: Department for Natural Heat, Reykjavik)

to as the science of the reservoir mechanics of
natural heat resources.

The present writer has elsewhere (Bodvarsson,
1949 and 1951) discussed this subject and given a
number of case histories from Iceland, mainly from
the Hengill area, listed as No. 4 in table 2. Although
a considerable amount of new data has been collected
during the past ten years, the basic conclusions still
appear valid. The reader is therefore referred to
these papers. For a very interesting discussion of
similar topics in the case of the Wairakei thermal
area in New Zealand, the reader is referred to the
fine paper by Studt (1958).

For the sake of completeness, a point of major
interest will be discussed briefly.

The drilling carried out in the thermal areas of
Iceland has revealed the important fact that the
heat output of the wells can surpass the natural
output of the area before drilling. An increase by
a factor as high as 20 has been obtained in one
case. This poses the important problem as to the
origin of the additional flow of heat and water.

It is possible that the wells may induce a consid
erable decrease of the natural impedance of the flow
and thus lead to an increased circulation in the
entire hydrothermal system.

7.50

83.9
9.6
5.4
0.1
1.0

Krijsuvik
high-Iemp.

1.43

84.6
4.9
2.1
0.0
8.4

lIengiU
high·temp.

Gas content, millilitresjgrammc steam .
Camp "OS!tlOn of gases, per cen t :

CO2
H2S

H2 • "

CHI' .

~_es_id_ue-:(X~2:'":et:c:...)_~~....:...:...~ --------

Exploitation and reservoir mechanics

To date, a total of approximately 70 000 ~et.res

haw been drilled for the purpose of the explOItatwn
of natural heat resources in Iceland. The deepest
well, reaching a depth of 2 200 metres, is located
within the city of Reykjavik. Several tens of thou
san~s of metres are planned to be drilled within the
commg few years.
. The exploitation of the natural ~eat ~esources

lllvolws geological and physical consIderatwns of a
rather special nature. This subject can be referred
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On the other hand, a transitory increase of the
flow may also be obtained on the basis of the large
amount of heat accumulated in the upflow zones
of the individual areas. The density of water decreases
with increasing temperature, mainly above 100°C.
The density of water at lOO°C is 0.96 gr/ml, at
200°C 0.87 and at 250°C only 0.80. Therefore, cold
water in the formations surrounding the thermal
areas has a tendency of encroaching on the hot
water within the discharge zone to drive it out.
However, the cold water entering the hot rock is
heated by the contact with the rock, and new hot
water is formed. This transitory circulation can
therefore be maintained by the surplus heat in the
rock and will last as long as there is surplus heat
present.

Moreover, the steam flow from wells in high
temperature areas may partially depend on the
boiling of pore-water in the hot rock. Porous rock
at temperatures above lOO°C and saturated with
water can act as a heat reservoir in a somewhat
different way. Wells drilled into the rock may
induce a decrease of pressure and a subsequent
boiling of the water in the pores. At a not too great
porosity, the boiling will largely depend on the heat
content of the rock. Of course, the temperature of
the rock has to be near to the boiling temperature
of water at the depth of the rock formations. Both
types of heat reservoirs may be encountered in the
high-temperature areas.

The present author (Bodvarsson, 1956) has es
timated the total potentialities of thermal areas
in Iceland for power production at some 300 mega
watts steady power and a recoverable heat reservoir
of some 15000 megawatt years.

At present, natural heat is utilized in Iceland
mainly for domestic and green-house heating. The
total amount of heat utilized corresponds to a
yearly saving of fuel oil of approximately 60000
met.ric tons, or about 350 kilogrammes per year per
capita,

Geophysical exploration of the natural heat
resources

Geophysical exploration has been of considerable
importance for the development of the natural heat
resources of Iceland. In some cases, the exploration
work has been of a decisive importance. A review
of the methods involved and a number of case
his.tories have been given elsewhere by the present
wnter (Bodvarsson, 1950). For detailed information
the reader is referred to this paper. '

The geophysical exploration is carried out mainly
for two purposes. Firstly, for the uncovering of
structural features. Secondly, for the study of the
subsurface temperature field. The latter methods
are generally referred to as the direct methods,
whereas the structural methods represent the indirect
methods.

The indirect methods involve conventional tech
niques such as the magnetic, gravitational and the
seismic methods. Their application to natural-heat
prospecting does not generally differ much from the
methods of prospecting for oil and minerals. The
main purpose is the uncovering of intrusives, mainly
dikes, and tectonic structures.

The introduction of the seismic methods for the
study of the general structure of the flood basalts
probably represents the main advance during the
past ten years. For further information, the reader
is referred to the papers by Bath (1960) and by
Bath and Tryggvason (1961).

The direct methods involve a technique specially
adapted to natural-heat prospecting. The main
purpose is the study of the subsurface temperature
field, mainly the base temperature and the extension
of the rock heated to this temperature. The methods
involve the thermal, the electric resistivity and the
geochemical methods. The thermal methods are
discussed in a special paper by Bodvarsson and
Palmason (1961).

. The application of the electric resistivity method
IS based on the fact that the electric resistivity of
~ock decreases with increasing temperature and
Increasing degree of thermal alteration. The mapping
of th~ s~bsurface resistivity is therefore a quasi
quantitative method of studying the subsurface
temperature field. A case history is given by Bod
varsson (1950). The main limitation of this method
is the low depth penetration.

A large-scale investigation of the chemical com
position of the thermal waters and gases in Iceland
has revealed the fact that the chemical composition
~ppea.rs to depend on the base temperature. This
IS mainly the case for the Si02 content of the water
and the CO2 content of the gases intermixed with
~he. st~am. Chemical components are therefore
~ndIcatIve of the temperature conditions. For further
Information, the reader is referred to the paper bv
Bodvarsson and Palmason (1961). •

Modern isotope methods are interesting recent
newcomers to the field of natural-heat prospecting.
A laboratory for the study of the D and 0 18 content
of natural waters in Iceland is being built.
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Summary

The present paper discusses the physical charac
teristics of natural heat resources in Iceland on the
basis of geophysical, geological and geochemical
data,

Iceland is, according to recent seismic studies
built up of a layer of Tertiary basalts which reache~
a thickness of 2 to :l km. The Tertiary formations
are in some regions, mainly in the central and
southern parts, covered by Quaternary volcanics.

,Two types of thermal areas can be distinguished.
FIrstly, the low-temperature areas which are charac
terized by hot-water springs and subsurface tempe
~atures below 150°C. These areas are located mainly
mthe Tertiary districts. Secondly, the high-tempe
rature areas which are located within the Quaternary
districts and are characterized by natural-steam
holes and large areas of hot ground. The subsurface
temperature in these areas is above 200°C at a
relatively very shallow depth. The total heat output
of the low-temperature areas is estimated at 108 call
sec, whereas the high-temperature areas appear to
have an output of 109 cal/sec.

In general, the thermal areas are controlled by
permeable contacts between lava-beds, permeable
dikes and faults. The circulation base may be the
bottom of the flood basalts, that is, at a depth of
2 to 3 km. Recent hot volcanic structures appear
to supply the heat in the case of the high-temperature
areas. The circulating water appears to have a
direct contact with the source rock. The low-tempe
rature areas, on the other hand, appear to draw on
the natural heat content of the rock in the lower
parts of the flood basalts. The temperature at the
circulation base may be lOO°C to 150°C.

A considerable amount of surplus heat is
accumulated in the subsurface formations of the
large high-temperature areas. The time of accumula
tion is of the order of several thousand years. The
surplus heat is a vast heat reservoir which can be
exploited by drilling. Some aspects of the reservoir
mechanics are discussed. Also, exploration methods
are reviewed briefly. The integrated potential of the
natural heat resources in Iceland is estimated, in terms
of electric power, to be of the order of 500 megawatts.

CARACTERISTIQUES PHYSIQUES DES RESSOURCES THERMIQUES NATURELLES
DE L'ISLANDE

Resume

. ~e present rnemoire passe en revue l.es caracte
nstrques physiques des ressources thermlques, natu
relles de l'Islande sur la base de donnees geophy-
siques, geologique~ et geochimiques. ,
,D'apres les etudes sismiques les plus recentes,
IIslande est constituee par une couche de basaltes
appartenant au tertiaire dont l'epaisseur est de 2, , . l" rnent
a 3 km. Dans quelques regions, partlcu iere .
dans les zones du centre et du sud. ces forma~lOns
tertiaires sont recouvertes par des roches volcalllques
appartenant au quaternaire.

On peut distinguer deux genres de champs geo
thermiques. Ce sont tout d'abord les zones a basse
temperature, qui se caracterisent par des sources
d'eau chaude et des temperatures de sous-sol infe
rieures a 1.50 "C. Elles se trouvent principalement
dans les districts constitues par le tertiaire. La
deuxieme categoric est celle des zones a haute
temperature, situees dans les districts quaternaires
et caracterisees par des trous, d'ou jaillit de la
vapeur naturelle, et par d'importantes etendues ou
le sol est chaud. La temperature du sous-sol y
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depasse 200°C a une profondeur relativement tres
faible. Le debit total des regions a basse temperature
est evalue a 108 calories/seconde, tandis que celui
des zones a haute temperature semblerait s' etablir
a 109 calories/seconde,

Les champs geothermiques, d'une maniere gene
rale, sont regis par la permeabilite des roches assu
rant le contact entre les gites de lave, par l'existence
de filons egalement impermeables et par les failles.
La base de la circulation peut etre au fond des
ecoulements de basalte, c'est-a-dire a une profondeur
de 2 a 3 km. Ce sont des structures volcaniques
chaudes recentes qui semblent fournir la chaleur
dans le cas des regions a temperature elevee. L'eau
de .circulation semble y trouver un contact direct
avec les roches qui fournissent cette chaleur. Dans
le cas des regions a basse temperature, au contraire,

il semble que des emprunts soient faits aux reserves
naturelles de chaleur des roches des niveaux infe
rieurs de l'ecoulement de basalte. Cette tempera
ture, a la base de la circulation, peut aller de 100 it
150°C.

Un gros excedent de chaleur est accumuls dans
les formations situees dans le sous-sol des grandes
zones a haute temperature. Cette accumulation s'est
faite en un temps qui est de 1'ordre de plusieurs
milliers d'annees, L'excedent de chaleur constitue
un vaste reservoir que l'on peut exploiter par des
forages. Le memoire passe en revue certains des
aspects de la cinematique de ces reservoirs. L'auteur
examine succinctement les methodes d'exploration.
Le potentiel integre des ressources thermiques
naturelles de l'Islande est evalue a quelque 500 mega
watts d'energie electrique.
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EXPLORATION OF SUBSURFACE TEMPERATURE
IN ICELAND

G. Bodmrsson* and G. Palmason*

The subsurface temperature field constitutes the
most important. set of physical data to be assessed
in any exploration of natural heat phenomena. The
temperature studies are carried out for three purposes.
First, as a meth.o~ of .prospecting. Second, for the
purpose of obtaining Important quantitative data
on the physical conditions in thermal areas under
exploitation. Third, in order to obtain observational
data on regional temperature conditions and the
thermal mechanism generating thermal areas.

Temperature data can be obtained directly by
measurements in borcholes, or indirectly, on the
basis of geochemical inference. The latter method is
based on the fact that the equilibrium conditions
of certain geochemical reactions depend substantially
on the reaction temperature. Geochemical data can
therefore in some cases be indicative of reaction
temperatures.

The purpose of the present paper is to give a
brief review of the thermal methods applied in
Iceland and report results from a few thermal areas.
The background of the paper is based on observa
tional material from a great number of boreholes
in Iceland with a total depth of 70 000 metres. The
maximum depth drilled is 2200 metres. Moreover,
extensive analytical material on thermal waters and
gases has been available for the purpose of thermo
chemical inference.

For general information on the physical condition
in thermal areas in Iceland the reader is referred
to papers by Einarsson (1942) and Bodvarsson
(1961, GJ6). The latter paper contai~s .fur~her
references. A wealth of descriptive matenal IS gryen
by Barth (1950). Data on utilization and economIcal
aspects are given by Bodvarsson and Zoega (1961,
GJ3i).

Theoretical remarks

The temperature of the earth incre';lses with depth.
Apart of the associated heat flow IS generated by
radioactiw decay, and a part may be due to a
~eneral cooling of the earth. The temperatu.re ~eld
IS no simple function of the depth, as comphcatIOns
may arise because of the following factors.: .

(l) Xon-uniform distribution of the radIOactIve
sources.

(2) Possible local generation of heat by .th~
dissipation of mechanical energy and by chemlca
processes.---• State Electricity Authority. Reykjavik. Iceland.
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(3) Non-uniform thermal properties of the
material.

(4) Movement of fluids, gases and magmas.
(5) Tectonic movements.
(6) Irregular topography and surface changes

due to erosion and sedimentation.
(7) Long-period variations of the surface tempe

rature.
These factors have to be taken into account in

any evaluation of observational temperatures. The
equation for the temperature field, the heat transport
equation, can be written as follows:

aT
\7. (k\7T - 5) + h = pc - at' (I)

where T = temperature,
k = heat conductivity,
5 = vector of mass transport of heat per

unit surface and time,
h = generation of heat per unit volume and

time,
p = density of the material,
c = heat capacity of the material.

The heat transport equation is quite complicated
if all of the above factors have to be taken into
account. However, in the study of natural heat
resources most are of minor importance, with the
exception of the mass transport of heat by fluids,
gases and magmas, which is one of the main factors
causing thermal activity. The implications of the
mass transport can be illustrated on the basis of
the following simple considerations.

Thermal areas are the outlets for extensive
circulations of water in geological bodies. The water
after being heated at depth moves upward and is
issued in the thermal areas. The depth of the circula
tion base will here be called the base depth, and
the temperature of the water as it enters the upward
movement will be called the base temperature. The
latter quantity is an important physical charac
teristic of the individual thermal areas.

The upflowing water loses heat because of the
conduction of heat from the channels of flow, and
sometimes because of intermixture with colder
water. Moreover, the water may lose temperature
because of flashing if the base temperature is above
ice-c.

Suppose that the water flows vertically up through
a rock of uniform permeability and heat conduc-
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tivity and that the flow is.u.niform over a large area.
In case of stationary conditions and no heat sources
or flashing in the upflow zone, the heat transport
equation reduces to the following simple equation :

kd2TJd~2 + sq dTJdx = 0 (2)

where s is the specific heat of the water and f{ the
upward mass flow per unit surface. The quantity x
represents the depth. With a base ~epth D .and .a
base temperature Ti; the following solution IS
obtained:

(1 - e-Sqx /k )

T = r, (1- e-sqD/ k ) (3)

In general, the base depth is. a relatively. large
quantity and th~ se~ond term. III !h~ den?mmat~r
negligible. The simplified solution IS III this case.

T = Tb (1- e-sqx /k ) (4)

This relation, although obtained by: means of
great simplifications, is of conceptual Importance.
It illustrates in a qualitative manner the tempe
rature-depth relation in thermal areas.

Of course, the permeability and the. s~ecific fl?w
are never uniform. This leads to deviations which
have to be discussed in the individual cases.

Temperature measurements in boreholes

Borehole temperatures are measured primarily
for the purpose of inferring formation t.emperatures.
At stationary conditions in a non-flowing borehole,
the measured data are simply equal to the formation
temperature. On the other hand, complications arise
from any flow of fluids. Thus the drilling fluid
induces instationary conditions by cooling or heating
the formations around the hole. All measurements
carried out during or shortly after drilling are
therefore seriously affected. This effect will be
discussed below.

EXPERIMENTAL TECHNIQUE

Three types of temperature measuring devices
have been applied: mercury maximum thermo
meters, electric resistance thermometers, and thermo
meters of the vapour pressure type.

The maximum thermometer is a simple and
inexpensive device. It has several disadvantages,
however. First, in practice only monotonously
increasing temperature-depth relations can be re
corded satisfactorily. The use of high-inertia thermo
meters for decreasing temperature is possible but is
quite time consuming. Second, no telerecording is
possible. Third, although the accuracy may be good,
the mercury column may tend to drop under hoisting
out of the hole. Moreover, the device is slightly
sensitive to pressure. These disadvantages are quite
serious, and the maximum thermometer is therefore
not a satisfactory instrument.

The semiconductor resistance thermometers, the
thermistors, are high-accuracy instruments which

be used for telerecording. In routine work, an
~~~uracy of O.l°C is e~sily attainable. The accuracy
can be increased consIderahbly b

h
y a c.areful repeated

calibration. Moreover, t e t ermistor responds
relatively rapidly to temperature changes.

The thermistor is an ideal .instru~e~t for low
temperature boreholes. ~xpe~Ience indicates that
the telerecording system IS reliable up to a ~empe
rature of about 150°C. On the other hand, the insula.
tion of the cable and ~he thermistor-connecti0.n
presents difficulties at higher temperatures. It IS

hoped, however, that the insulation difficulties may
be resolved.

The temperature recorders based on. the ~apour
pressure system are as yet the only reliable mstru
ments available for temperatures above 150°C.
Present instruments are applicable up to 260°C.
They are quite rugged devices, but the accuracy is
only about 1°C. Another ~rawback is a r~latively
slow response. Several minutes are required for
equilibrium. In most high-temperature work.. how
ever, this accuracy and response tune do not Impose
serious limitations.

THE INFLUENCE OF TIlE DRILLING FLUID

The transient temperature conditions. induced by
the drilling result mainly from the cooling effect of
the drilling fluid. This effect is particularly great
in modern rotary drilling, where circulations up to
more than 100 metric tons per hour are applied,
The fluid is kept at a relatively low temperature
which in drilling for natural steam may be as much
as 150°C below the formation temperature.

At the moment drilling is discontinued, and the
circulation comes to rest the borehole temperature
will be equal to the temperature of the. fluid durin.g
drilling. The recovery to the formation value IS

very slow due to the thermal properties of the rock.
The relaxation time for a borehole of 1 000 metres,
which may be completed in three to four weeks,
is more than two months.

On the other hand, the formation temperature ~s

of fundamental importance and estimates of this
quantity may be required during drilling. In natural
heat work, the decision whether the drilling of a
well should be continued or not will in general
depend to a large degree on the temperature of the
formations penetrated. The question arises whether
the formation temperature can be estimated on the
basis of an extrapolation of transient borehole data
measured during breaks in the drilling operation.

The extrapolation of the borehole data involves
two steps. Firstly, an estimation of the temperature
field in the formation as the drilling is discontinued.
This represents the initial condition for the second
step. Secondly, a computation of master curves .for
the temperature rise at the various formatlOn
temperatures possible. A matching of the computed
curves and a sufficient amount of observed data
should theoretically yield the formation temperature,
although equilibrium has not been attained. The
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assumption of a pure conduction flow of heat may
at firs~ appear t~ be a plausible basis for the computa
tions lllv~lved ~n both steps. There are, however,
several difficulties, some of which will be listed
below.

There is considerable uncertainty as to the rele
vance of the pure conduction theory, mainly in the
case of the first step. The formations penetrated
may be p~rme~ble to the drilling fluid, at least at
the conditions Imposed during drilling. The walls of
theborehole may be invaded, resulting in an unknown
mass transport of heat into the formation. The
initial conditions may thu~ deviate largely from
those computed on the baSIS of a pure conduction
flow of heat.

Further uncertainty results from the fact that
the temperature conditions in the borehole during
drilling are not known accurately. The counterflowing
streams of drilling fluid exchange heat through
the drillpipe, leading to a downhole increase of the
temperature. The temperature of the fluid at the
bottomcan be tens of degrees higher than is measured
at the outlet or the inlet at the surface. A quantitative
estimate" of this effect is difficult to obtain.

In addition, the thermal properties of the rock
penetrated are generally not known accurately.

A further difficulty arises in the case of a pure
conduction process. The initial slope of the tempe
rature rise is not sensitive to the true formation
temperature. A record of a considerable time-length
would be required.

On the other hand, the computational work
involved can be carried out on a high-speed computer.
The first set of master curves has been computed
by the State Electricity Authority, Reykjavik. They
are based on the conduction theory and intended
as a check of the applicability of that theory to
the present case.

The experience gained in Iceland so far indicates
that conduction theory is correct as far as t~e
temperature recovery is concerned. The basalt~c
rock encountered in the thermal areas of Iceland IS
relatively impermeable. On the other han~, the other
difficulties listed imply that furthe.r studies have to
be carried out in order to attain a satisfactory
solution.

At this juncture, it appears that a borehol~-record
of the order of one day or more is necessary In or~er
to obtain a reasonable estimate of the formation
temperature. In the meantime the drillin~ rig ,,:ould
have to be idle, but the rig operating cost IS relatIVely
high. It is therefore questionable, In son:e case~ at
least, whether the value of the information gaIned
is not lost in rig time.

Geochemical methods

Samples of water from almost all thermal area~
in Iceland have been analysed for contents th:
dissolved solids. A comparison of results from e

various thermal areas indicates a positive correlation
between the spring temperature and the total
amount of solids dissolved. For instance, water
issued by springs at 30°C may contain only about
150 ppm (parts per million) of solids, whereas water
from springs at lOO°C contains more than 300 ppm.

An explanation of this phenomenon is illustrated
in the relatively clear correlation between the
amount of dissolved silica, Si02, and the spring
temperature. On the average, the amount of silica
increases by one ppm for each degree C of spring
temperature. The data at hand indicate that the
base temperature, Tb, is a main factor regulating
the contents of silica and that the following relation,

25 + T» = Si02 in ppm, (5)

where Tb is in degrees C, gives a semi-quantitative
illustration of the conditions.

A plausible interpretation of relation (5) is that
it simply illustrates the solubility of silica from
basaltic rock in water at different temperatures.
Iceland is built up of flood basalts, and there are
reasons for assuming that the hydrothermal circula
tion systems are entirely within the flood basalts
(Bodvarsson, 1961, GJ6).

This interpretation is supported by laboratory
studies. Krauskopf (1956) and White, Brannock and
Murata (1956) have studied the solubility of silica
in water. The experimental data of Krauskopf
indicate that the solubility of amorphous silica in
distilled water amounts to approximately 70 ppm
at ooC and to 350 ppm at 90°C.

Crystalline forms of silica should have lower
solubilities. Relation (5) indicates that the ultimate
solubility of silica from basaltic rock is 25 to 35 per
cent of that of amorphous silica. This appears a
reasonable ratio.

Laboratory tests on the solubility of silica from
samples of basalts have been carried out in Reykjavik.
The results confirm the above interpretation.
. An important property of dissolved silica is that

it precipiates extremely slowly from weak over
saturated solutions. This is mainly the case for
saturations below 200 ppm. Thus, water saturated
at one temperature and cooled to a lower tempera
ture will not precipitate the silica. A polymerization
takes place, but the colloids are kept in a fine
dispersion for a long time and are chemically reactive
in much the same way as dissolved matter. The
main implication is that thermal water which has
been saturated at one temperature and is cooled
by conduction losses or flashing will keep the initial
silica content reactive in spite of the temperature
loss.

This rather" anomalous behaviour of the silica
implies that r~lation ~5) ~an be .applied in order to
obtain a semi-quantitative estimate of the base
temperature. The method is of practical importance
in cases where it is possible to obtain samples of
water from hydrothermal systems. The amount of
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silica in the sample is indicative of the base tempe
rature, although the sample has been cooled by
conduction losses.

Some thermal springs with a temperature less
than 50°C and a flow of one or two litres per second
represent leaks from hydrothermal systems with
high base temperatures. The small flow implies large
conduction losses on the way to the surface, and
the springs may be rather insignificant. But the
amount of silica in the water reveals the high base
temperature and furnishes a positive evidence as
to the prospects of the area. The method has been
of some practical importance in Iceland ..

In conclusion, it may be mentioned that some
of the gases issued by thermal springs in Iceland
appear to furnish some evidence as to the base
temperature. It has been observed that CO2 and H 2S
are practically absent in springs having a base
temperature below 90 or 100 degrees. The presence
of these gases can therefore be regarded as evidence
of a base temperature above 100°C. However, the
experimental data are still too few to warrant
definite conclusions.

Results from thermal areas

This section illustrates a few results which
have been obtained on the basis of thermal methods
in Iceland. The observational data are from three
major thermal areas which are now being exploited.
One of the areas is located in the city of Reykjavik,
and. the two other areas, the Reykir area and the
Hengill area. are located 16 km north-east and
45 km east of the city, respectively (figure I). The
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emphasis is placed on temperature data which have
been of practical importance for exploration and
exploitation.

REYKJAvix THERlIlAL AltEA

The presence of a thermal area in the city of
Reykjavik is indicated by two natural thermal
springs. The larger spring issued about 10 litres per
second of water at 88°C. Drilling for hot water was
initiated in 1928. Some moderate results were
obtained in the following two years after the com
pletion of thirteen relatively shallow boreholes.
An additional borehole of 760 metres was com
pleted in 1944.

The exploration of the area was resumed in 1(15t.
In view of the difficulties involved in the application
of electrical resistivity methods in a populated area,
it was decided to carry out thermal prospecting by
means of a few shallow boreholes. A total of twelve
boreholes, 30 to 80 metres deep, was drilled in the
area. Temperature measurements in these boreholes
and data from the existing boreholes furnished a
relatively good picture of the variation of the surface
temperature gradient in the area.

Moreover, gravity and magnetic surveys were
carried out in the area. The results revealed the
presence of a large basaltic intrusive in the eastern
parts of the city. The combined evidence furnished
by the temperature, gravitational and magnetic
data indicated an upflow of thermal water west of
the intrusive.

Drilling was resumed on the basis of this set of
data. During the past six years, a total of twenty-five

ICEl.AND

~ THERMAL AREAS

• NON- THERM_L
BOREHOLES

Figure 1. Locations of relevant thermal areas and non-thermal boreholes in Iceland
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Figure 2. Reykjavik surface temperature gradient

boreholcs have been drilled in the area. A borehole
of 2 200 metres was completed in 1959. This drilling
has been successful, and the total output of the
boreholcs amounts to about 135 litres per second of
thermal water. The maximum production tempera
ture is 138°C. The water is utilized for domestic
heating in the city of Reykjavik.

Figure 2 shows the lines of equal surface tempe
rature gradient in the city, compiled on the basis of
all boreholes drilled so far. Figure 3 gives a tempe
rature survey of the deepest borehole. The data
represent equilibrium temperatures in the closed
borehole. The same figure also gives temperature data
from two shallower boreholes. The borehole G-4 is
located close to the main zone of upflow of thermal
water, whereas boreholes G-I0 and Sundlaugar are
located in the intrusive body mentioned above. The
temperature measurements were carried out with
~hermistors, with the exception of the deep data
In figure 3, which were obtained by a vapour
pressure thermometer.

The data in figure 2 show quite cl~arly th~ area ~f
maxImum surface temperature gradient. ThIS ma~I
m~m is due to the presence of a thin permeable SIll
WIth a slight northward slope. The de~th.to the south
ern edge is about 160 metres. The sIll IS pen~eated
bywaterof 80 to 95 degrees and is covered by Imper
meable basalts. Some shallow wells produce from
the sill.

Figure 3 reveals quite clearly the bas~ tempe
rature ofthe area which is about 146°C. ThIS tempe-,

rature prevails in the lowest 1 000 metres of the
borehole.

REYKIR THERMAL AREA

The thermal area at Reykir was the first large
thermal area to be exploited in Iceland. Until
recently, all thermal water distributed by the Reyk
javik Municipal District Heating Service was supplied
by this area.

Drilling was initiated in 1933. In 1954, when
drilling was discontinued, a total of seventy boreholes
had been completed in the area. The maximum depth
reached was 612 metres. The output of the boreholes
is 370 litres per second of water at an average tempe
rature of 87°C.

The drilling, although quite successful, had not
furnished any evidence as to the general structural
control of the area. The presence of permeable
basaltic layers was indicated at 200 to 400 metres,
but the structure controlling the water supply was
unknown.

The area is located in a blockfaulted country,
and there is topographical evidence that a major
SW-NE fault line of Tertiary age runs through the
area. The importance of this fault appeared obvious.

In 1959 it was decided to drill a new deep borehole
in the area in order to cut this fault at a relatively
great depth-that is, at about 1000 metres. It was
hoped that the new borehole would reveal the struc
tural importance of the fault and possibly produce
water at a higher temperature than the previous
boreholes.
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gerdi, is favourably located as to exploitat!on. A
natural-steam power plant IS now planned III this
part of the area.

Large-scale drilling was initiated in 1958. A total
of eight boreholes has been completed. The depth
varies from 300 to 1 200 metres, and the total
output now amounts to 500 litres per second at
180 to 2300C. Temperature surveys have been carried
out in most of the boreholes by means of a vapour
pressure thermometer. The data have been obtained
at equilibrium conditions. Data from two boreholes
are given in figure 5.

The area is geologically complex, and the struc
tural control has been revealed neither by the drilling
nor by other investigations. The most prominent
feature of the temperature data is the apparent
horizontal stratification of the flow. This is apparent
from the temperature data. The temperature drops
below the permeable horizons which are indicated
by the temperature maxima.

This decrease of the temperature with depth is an
interesting phenomenon which is at present not
wholly understood. However, the main practical
implication appears to be that the Hveragerdi area
is not an area of major upflow and that the major
structures of upflow have to be found elsewhere in
the main thermal area.
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The borehole was completed at a depth of 1 380
metres. Only insignificant production was obtained
from the depth of 670 metres.

An accurate temperature survey was carried out
with a thermistor when the borehole had reached
temperature equilibrium. The results are given in
figure 4.

The results give a temperature of 98°C at the
small fissure cut at 670 metres. Immediately below
the fissure, the temperature drops to 90°, and is
fairly constant in the lower part of the borehole.

The temperature data are indicative of a hori
zontal permeable layer at the depth of 670 metres.
Moreover, no up flow of thermal water through the
fault is indicated. Thus the results appear negative
as to the importance of the Tertiary fault line. The
Reykir thermal area appears to be controlled by a
horizontal layer rather than the fault. None of the
older boreholes had been drilled deep enough to cut
the horizontal layer.

Figure 3. Reykjavik: temperature in boreholes

THE HENGILL THERMAL AREA

This area is one of the great natural-steam areas
of Iceland. The southern part of the thermal area
the region around the small community of Hvera~ Figure 4. Temperature in borehole G-l, Reykir area
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Figure 5. Temperature in boreholes, Hengfjl area

Temperature°c
60 180 200 2 :>() 240

-, -..........
<,I\.

<, '\ 2
---.L \..

<, "\

HENGILL THERMAL AREA ,~
TEMPERATURE IN BOREHOLES 1

I Borehole G- I I_ 2 Borehole G- 7
-

I
7 ,J..800

600

400

200

1000

e
2

"Q)

E
cl'- 0
£
a.
Q)

Cl

Regional temperature conditions in Iceland

Icelan~ was ~ubjected to volcanism throughout
the Tertiary penod. Sever~l thousands of metres of
flood basalts have been built up during 'this . d

I
. . . peno

The vo camsm 15 still active in some parts of th~
country.

A stn~y of th.e thermal conditions within the flood
basalts IS of sClen!I~C as well as practical interest.
The State Electricit.y Authority has initiated a
gene~a! survey of the temperature and heat flow
condItions. A .num?er of relatively shallow boreholes
have been dnlled m non-thermal areas, and further
holes are planned. The location of present holes
is given in figure 1.

Most of the non-thermal boreholes have been
successful and have revealed a fairly linear increase
of temperature with depth. The surface temperature
gradient is clearly revealed by the boreholes. The
results are given in table 1. The data were obtained
at equilibrium conditions with thermistors.

A thorough discussion of the data given in table 1
requires a study of the influence of the various factors
given at the beginning of the paragraph devoted
to theoretical remarks. The main factors of interest
are percolation of subsurface water, erosion and
topography. The present paper does not allow space
for a discussion of this kind. Some pertinent ques
tions have been reviewed in a paper by Bodvarsson
(H157).

The main implication of the data is that it appears
possible to estimate the temperature at the bottom
of the flood basalts. The results of the seismic work
of the Swedish-Icelandic expedition in 1960 (see
Bath and Tryggvason, 1961) indicate that the flood
basalts in the south-west of Iceland have a thickness

Table 1. Surface temperature ~radient

in non-thertnal boreholes

Location

(I) Thykkvibair
(2) Arnarholt .
(3) Holtavorduheidi
(4) Tindar . . . .
(5) Thorskafjardarheidi .
(6) Vadlaheidi

Elevation
[metres)

(5)
(20)
340

15
460
570

Depth
(metres)

90
240

32
105
48
40

Temperature
gradient
(degrees

Cjmetre)

0.093
0.165
0.054
0.11
0.034
0.033

of 2 km, whereas in the north a figure of more than
3 km is probable.

An extrapolation of the data in table 1, combined
with a correction for possible influences of erosion,
indicates a temperature of the order of not less than
1500C at the bottom of the flood basalts in the south
west. In the north, a figure of the order of 1000C is
obtained. Of course, the average nature of these
results is to be emphasized and further observational
data are needed. But the present results appear to
be of general interest for the study of the thermal
activity in Iceland as shown by Bodvarsson (1961,
Gj6).
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Summary

A considerable amount of data on borehole tempe
ratures has been collected in Iceland. This work has
been carried out for three purposes. First, as a means
of prospecting, second, in order to obtain data. on
the physical conditions in thermal areas, and third,
in order to obtain a comparison between thermal
and non-thermal regions. The results have furnished
data on the temperature of the water circulating in
the thermal regions and on the average outward
conduction flow of heat in non-thermal regions.

The main part of the data has been collected on
the basis of temperature measurements in boreholes.
The boreholes are of various depths, the maximum
depth being 2200 metres. Temperature gauges consist
of maximum mercury -thermometers, electric re
sistance thermometers and vapour pressure thermo
meters. The applicability of the various types is
discussed.

In general, boreholes are cooled.~y the drilling
fluid. Instationary temperature conditions are there
fore encountered, and the correct evaluation of this
effect is of great importance. Theoretical studies
have been carried out and the results are presented.

There appear to be possibilities of estimating
the base temperature of hydrothermal systems on
the basis of the chemical constituents in the thermal
water. Mainly, the amount of silica dissolved in
the water appears to depend on the temperature
conditions. This phenomenon is discussed briefly.

Results from thermal areas in Iceland are given in
the final section of the paper, where the main impli
cations of the results are also discussed. The maximum
temperature so far measured in thermal regions in
Iceland is approximately 230 0C. The temperature

.gradient in non-thermal regions has been found
to vary between 0.033 to 0.1650C per metre.

EXPLORATION DES TEMPERATURES DU SOUS-SOL EN ISLANDE

Resume

Beaucoup de donnees ont ete recueillies en Islande
sur les temperatures qui regnent dans les puits fores
dans des champs geothermiques. Ces travaux avaient
trois objectifs. En premier lieu, ils avaient une inde
niable utilite pour la prospection, en second lieu,
ils visaient a obtenir des renseignements sur la situa
tion physique qui regne au site de chaque champ
geothermique et, finalement, ils permettaient d'eta
blir une comparaison entre les regions OU regne cette
activite et les autres. Les resultats de ces travaux
ont permis d'etablir des donnees sur la temperature
de l'eau qui circule dans les zones geothermiques
et sur le regime moyen de conduction vers I'exterieur
de la chaleur dans les autres regions.

La majeure partie de ces donnees ont Me recueillies
sur la base de mesures de la temperature dans les
puits. Ces puits ont des profondeurs variables, le
maximum etant de 2 200 metres. Les indicateurs
de temperature sont constitues par des thermo
metre sa vapeur de mercure du type a maximum, des
thermometres a resistance electrique et des thermo
metres a tension de vapeur. L'auteur passe en revue
les domaines d'application des divers modeles,

D'une maniere generale, les puits sont refroidis
par le liquide de forage. C'est dire que la temperature
en est instable, effet qu'il faut evaluer d'une maniere
correcte, car il est fort important. On a precede it
des etudes theoriques sur la question et les resultats
en sont exposes dans le present mernoire.

. Il semble se presenter une possibilite d'evaluer
la temperature de base des systernes hydrothermiques
en se basant sur la composition chimique des eaux
thermales. La quantite de silice dissoute dans l'eau,
en particulier, semble etre deterrninee par la tempe
rature. L'auteur passe brievement ce phenomena en
revue.

Il donne les resultats obtenus dans divers champs
geothermiques islandais dans le dernier paragraphe

. du present memoire, ou il examine egalement les
conclusions les plus importantes a tirer des resultats.
La temperature maximum mesuree jusqu'a present
dans les champs geothermiques d'Islande est de
l'ordre de 230 DC. La variation de temperature, dans
les regions ou il n'y a pas de sources thermales, s'est
etablie a une valeur comprise entre 0,033 et 0,165 oC
par metre.
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PROSPECTION DES CHAMPS GEOTHERMIQUES
ET RECHERCHES NECESSAIRES A LEUR VALORISATION

r r ,

EXECUTEES DANS LES DIVERSES REGIONS D'ITALIE

Renato Burgassi *

Quiconque se trouve amene, pour une raison ou
une autre, a s'occuper d'une rnarriere plus ou moins
approfondie des problernes touchant l'energie geo
thermique, ne peut manquer de rencontrer, des les
premiers pas dans sa recherche, le nom de Larderello.

La raison en est vite expliquee ; c'est uniquement
en cette localite, dont je devrai inevitablement par
ler beaucoup plus longuement que de toutes les autres
qui seront citees dans ce memoire, que depuis plus
d'un siecle ont ctC entrepris des travaux de recherche
puis d'utilisation de l'energie endogene a l'echelle
industrielle.

11 parait done normal de dormer a la region de
LardereIIo la priorite absolue dans une communi
cation qui traite justement de la recherche et de la
valorisation de l'energie geothermique.

Region de Larderello

GENERALITES

Cette region, souvent connue sous le nom de region
boracifere nom du au bore contenu dans ses eaux
thermales' et vapeurs, est situe~ au centre.de la
peninsule itaIienne, a courte distance du htt?ral
tyrrhenien (en moyenne 30 km). Elle couvre en~lron

400 km2 entierement en Toscane sur les provIllces
de Pise 'Sienne Grosseto et Livourne (fig. 1 et 2)., ,

Coordonnees geographiques : -latitude de 10° 45'
it no 3', longitude de 430 9' a 43° 18'.

La region est accidentee, avec des, sommets dont
l'aItitude maximum atteint 1 000 metres. Ces sorn
mets appartiennent a une chaine d'environ 50 km
de long appelee « monts metalliferes )~ a cause de
I'abondance des rnirieraux qu'elle recele (sulfures,
oxydes et carbonates de fer, de cuivre, de plomb,
de zinc, etc.). Ces mineralisations sont. tres proba?le
ment liees aux phenomenes magmahque~ relahVr
ment recents (mio-pliocene et quaternalre) d~d a
Toscane et sont done en rapport avec les flui es
endogen~s de la region boracifere. ,.

. . d d f 're de ce memoireSans vouloir le moms u man e ar t
un recit historique, il m'est indispensable d~rapKo~der
queIIes furent les origines de la recherche es ui es

. .• Larderello.*Chefdu Service d'etudes et derecherches mJlllereS,
S. p. A. Pise (Italic).
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endogenes dans cette region, afin d' evaluer pleine
ment les faits et les circonstances qui en ont deter
mine I' evolution.

Les premiers chercheurs eurent comme seuls
guides les nombreuses manifestations naturelles,
constituees par des jets de vapeur d'eau et de gaz,
qui tres frequemment bouillonnaient avec violence
dans des bassins naturels localement appeles
« lagoni» (fig. 3); ces manifestations parfois impres
sionnantes se groupaient en divers centres parfois
eloignes les uns des autres (10 a 15 km), disperses
sur une grande etendue, et qui occupaient chacun
une surface d'un derni-kilometre carre au maximum.

Ceux qui, les premiers, entreprirent la mise en
ceuvre de sondeuses rudimentaires (fig. 4) implan
terent leurs puits, qu'ils pousserent a peu de metres
au-dessous de la surface, au voisinage immediat des
manifestations naturelles; le resultat fut de realiser
le drainage des fluides chauds qui affleuraient grace
a une abondante circulation au travers des cavites
et discontinuites d'un terrain superficiel devenu
erninemment permeable du fait meme de cette circu
lation.

Ces premiers puits eurent naturellement des debits
tres modestes, de l' ordre de quelques centaines de kilo
grammes par heure, sous forme de vapeurs saturees,
accompagnees d'eaux meteoriques en circulation
pratiquement superficielle, qui degradaient et de
classaient notablement le fluide-vapeur.

Par la suite, grace aux progres des sciences geolo
giques, a la meilleure connaissance dll; cadre general
et au perfectionnement des appareils de forage,
on parvint a obtenir des renseignements de plus. en
plus complets sur les conditions locales du pheno
mene,

Cette evolution de la recherche qui a amene un
perfectionnement continu des connaissances peut
etre symbolise par l'exemple suivant : des l~s pre
mieres phases de la recherche l?ropre~ent dite, on
avait note que les centres de manifestations naturelles
et tres souvent les manifestations individuelles
se trouvaient alignees sur des lignes directrices bien
determinees; aujourd'hui nous pouvons dire que ces
lignes con:espo~dent aux grandes directions structu
rales et tectoniques.

Comme il a deja. ete dit, le perfectionnement des
connaissances permet maintenant une vision beau-
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Figure 1. Region boraclfere : planimetrie

coup plus claire, sinon parfaite, du cadre geologique
general. Nous allons done examiner brievement les
principales caracteristiques de ce cadre.

CONDITIONS GEOLOGIQUES

La region des « soffioni » est caracterisee, du point
de vue geologique, par la presence de nombreux

Hots de terrains anciens, tertiaires, secondaires et
primaires, composes d'un socle cristallin paleozoique
(schistes, phyllades et quartzites) et d'une serie
sedimentaire a dominante calcaire (mesozoique-ceno
zoique). Ces terrains, autochtones assurernent, affleu
rent au milieu d'une couverture allochtone Iormee
par une coulee tectonique (( argille scagliose») depla
cee au cours de l'orogenese de I'Apennin.
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Apres les phases de glissements de terrains et de
formation et emersion des rides tectoniques, il y eut
un nouvel abaissement de la region et un retour de
la mer provoquant une nouvelle sedimentation de
terrains que l'on peut done qualifier de « neo-autoch,
tones ».

La serie stratigraphique de tous ces terrains peut
etre ainsi decrite dans l'ordre chronologique, de haut
en bas (tableau 1).

TECTONIQUE REGIONALE

Pour bien comprendre les cara~ter.istiq~es ,de la
tectonique de la region des « soffiom », 11 est mdlsp~n
sable de rappeler le resultat structural?e la forma~lOn

des Apennins : par suite de la compression tangentielle
de I'ecorce terrestre, celle-ci s'est arquee vers le
haut (et correlativement s'est epaissie en profondeur)
pour former un certain nombre de rides allongees

Eiablissernerds de la.
I'r ~.

Larderel.lo Sip, A.

Echelle f 100.000

., b racitere : detail de la planlmetrte
Figure 2. ReglOn 0
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dans le sens de la chaine apennine (des « anticlinaux »,

pour employer un terme plus courant).
Ces rides n'ont pas toutes le meme age, car de

solides raisons generales permettent de demontrer
que les rides sont de plus en plus anciennes quand on
se rapproche de la mer Tyrrhenienne, et que chacune
est anterieure a. celIe qui la borde immediatement
a. l'est et au nord-est.

Sans entrer dans les details, nous nous limiterons
a. observer que, par suite de la rigidite relative des
terrains qui constituent la partie superieure de la
Iithosphere (jusqu'a 10 km environ), la deformation
anticlinale est advenue au moyen de fractures avec
rejet, c'est-a-dire de failles, convergentes en profon
deur et de direction identique a ceIle de la ride;
les parties surelevees le long de l'axe de la ride
(culminations axiales) sont delimitees par des fais
ceaux de failles transversales a. la structure (NE-SO)
et probablement subverticales.

En meme temps que le plissement anticlinal super
ficiel (au moyen de failles convergeant en profon
deur) et par suite de la meme cause generale, selon
toute probabilite une compression tangentieIle de
la tranche de lithosphere interessee par I'orogenese,
s'est formee une intumescence vers le bas.

La consequence en a ete la descente progressive,
a des zones de temperatures de plus en plus elevees,
de masses rocheuses considerables, dans les conditions
requises pour leur transformation en granite.

La naissance de chaque ride est done typiquement
accompagnee par la formation de macules magma
tiques dans sa racine profonde (en gros, aune profon
deur de 20-25 km et plus).

Pendant le vieillissement de la ride et son affaisse
ment graduel, lors d'une des phases de relachement
et de distension de la croute, dont on doit admettre
qu'elles suivent les phases de compression qui furent
a l'origine de la ride, les macules magmatiques,
potentielIement mobiles, trouveront les possibilites
d'une remontee et meme d'une effusion superficielle
(phenomene d'intrusion). Dans cette nouvelle posi
tion plus superficielIe, le magma se consolide par
refroidissement a la temperature du milieu, en expul
sant une bonne partie de ses constituants volatils.

En effet, it Gavorrano et pres de Campiglia, le
granite est inclus dans le calcaire massif du Lias
inferieur, dans une serie ou il n'y a pas de metamor
phisme regional et seulement un metamorphisme de
contact. Il est done vraisemblable que le magma
est rernonte jusqu'au-dessus de la limitc du meta-

Figure 3. Manifestation naturelle de la region boraclfere [« lagone »)
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Tableau 1. Serie stratigraphique de la region boracifera
d'apres G. Merla (1952)

Ensmtbles tectoniques Age
Formations

Calcaires it silex, stratifies.

« Macigno», banes greseux et argileux.
Schistes polychromes, plus rarement calcaires.
Nummulitiques intercales vers le haut.
Jaspes.

Calcaires rouges it ammonites.
Calcaire « cireux " massif.
Calcaires fences avec intercalations d'argiles grises et jaunatres

(schistes it avicula contorta).
Serie anhydritique (alternances d'anhydrite dolomie et calcaires

dolomitiques), sur les affieurements on passe par elimination
du gypse a une breche residuelle dite « calcaire caverneux ».

Surface de transgression

Trias supericur (carnien-norien?).

Pliocene.
Miocene.

Conglomerates, sables et argiles.
Conglomerates, sables, argiles, marnes.

Surface de transgression
Age divers (du ju . " .rassique Infeneur- « Argille s licretace inferienr it l'oligo e ) . cag rose ", roches vertes, calcaires « palombini », agglomeres

c ne . cahotiquemerrt.

Surface de glissement et denudement tectonique

Oligocene.
Oligocenc,
Eocene-cretace.
Cretace inferieur,
Jurassique superieur.
Jurassique moyen.
Lias.
L.ias inferieur (sinemurien).
Lias inferieur (hettangien).
Rheticn.

AUTOCHTONE :

Sirie sedimentaire
mesozoique-oligocime

KEO-AUTOCHTONE. •

ALLOCHTONE. _ • • •

Soclc cristalli11. • • • Pcrrnicn,
Carbonifcrc ?

Quartzites et anagenites irrtercalees de schistes.
Schistes phylladiques.

11 de~~:~~e;te~~~~q~~~~~e~s~~r~~~~~. de la region boracifero on note d'importantes lacunes de la serie stratigraphique, lacunes dues

m?rphisme regional, situee entre 4 000 et 7 000
metres de la surface.

Le .c~dre regi?nal dans lequel se situe la region
boracifere, du littoral et des monts de Campiglia
aux mo~ts de Monticiano-Roccastrada, correspond
au domaine de trois rides tectoniques : la premiere,
la deuxieme et la troisierne (fig. 5).

.Ici, comme en general dans l' Apennin septen
tnonal, les rides ont ete partiellement couvertes et
ennoyees, surtout apres la phase d'affaissement, par
la nappe allochtone des « argille scagliose » qui s'est
form~e et s'est propagee par glissement sur les flancs
des ndes durant leur surrection. On voit que les rides
occidentales sont actuellement, parce que plus an
ciennes, fortement disloquees par l'affaissement, et
d'autant plus qu'elles sont plus anciennes. Entre une
nde et la suivante, i1 n'y a aucun affieurement
d'autochtone au milieu des « argille scagliose », et
c~ci precisement parce qu'il s'agit de zones affai~sees
ouont pu s'accumuler davantage les masses de ghsse
ment allochtones. La zone boracifere correspond
dans Son ensemble a une culmination tectonique
et constitue la deuxieme ride; celle-ci, comme les
autres, presente tout un systeme de failles, vastes
surfaces de cisaillement des masses rocheuses accom
~agnees d'un deplacement relatif des d.eux .compal;"
hments jointifs. Ces failles ont des dIrectIOns soit

longitudinales (NO-SE) soit plus ou moins transver
sales a la ride.

.Les diverses fractures existantes ne sont pas neces
sairement toutes contemporaines. Au contraire il
y a des raisons et des faits d'observation qui nous font
supposer que certaines sont plus anciennes et d'autres
plus recentes, La generation la plus ancienne est
celle des fractures longitudinales et transversales qui
ont accompagne la surrection de la ride' leur age
peut etre attribue au miocene inferieur et moyen.

AU; 1?eme mom~nt se realisaient en profondeur les
con~lhons de naissance des magmas trachytiques
(mais pas eJ.l~ore celles de leur migration dans une
zone plus voisme de la surface et encore moins de leur
consolidation avec expulsion des vapeurs). Par la
suite se produisirent de nombreux autres mouvements
tectoniques regionaux, lies a l'expansion de la racine
~: la .ride et aux affaisseIll;ents correspondants, a
I'invasion de la mer au miocene superieur et au
pliocene, et a l'emersion definitive apres le pliocene.

Il est plus que vraisemblable que ces mouvements
se sont produits au moyen de nouvelles fractures
et t~es ~~uvent en fais;;nt rejouer les anciennes, plus
parhcuherement les failles subverticales. Une bonne
partie des mouvements qui ont suivi la surrection
de la ri~e ont eu un caractere de distension; I'age
des dermers mouvements est nettement quaternaire,
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c'est-a-dire qu'ils datent seulement d'une centaine
de milliers d'annees environ. Ce sont precisement ces
derniers mouvements et leur age recent qui semblent
avoir favorise la remontee du magma et I'emission
de vapeur. En effet, les vieilles failles qui n'auraient
pas rejoue dans les mouvements successifs sont
probablement rendues depuis longtemps etanches
et impermeables par les depots de fluides minerali-
sateurs. .

Il semble logique de preciser que ces generations
de fractures les plus recentes sont justement les voies
majeures de remontee du fluide endogene (fig. 6 et 7).

CONSIDERATIONS RELATIVES AV GISEMENT

Si nous examinons les caracteristiques geotecto
niqu:s

A

de la r~gion boracifere toscane, nous voyons
aussitot se degager quelques traits fondamentaux
pour la recherche des fluides endogenes dans cette
region. Ces traits peuvent se decrire brievement
comme suit. .

~es terrains ,les plus bas dans la serie stratigra
phique exploree par sondage sont constitues de
r?~hes (schis~es, phyllades et quartzites) fortement
siliceuses qm forment le socle cristallin ancien de
la region. Ces terrains ont ete le siege d'importants
phenomenes tectoniques qui ont determine leur plis
sement, la formation de structures positives (dor
sales), et en consequence une abondante fracturation
suivant des directrices bien determinees.

Imrnediatement au-dessus de ces terrains se trouve
la formation d'anhydrites et de calcaires dite ( serie
anhydritique », L'epaisseur de cette formation it
l'origine peut etre evaluee d'apres des donnees
regionales a 300-400 rn, mais elle se trouve tres sou
vent reduite a cause de sa plasticite a 50-100 m.
Dans ce dernier cas (exernple du voisinage de Lar
derello), sa perrneabilite naturelle s'est considerable
ment accrue par suite des circulations de fluides
chauds etablies depuis des millenaires, au point
qu'on peut la comparer a une eponge. La preuve en
est que sur de telles zones (dont la superficie peut
atteindre plusieurs kilometres carres) ou se trouvent
realisees ces conditions particulieres, plus de 90 p. 100
des forages qui ant atteint la « serie anhydritique »
ant ete positifs.

La serie stratigraphique decrite plus haut est
souvent reduite au point qu'on ne trouve aucun des
elements qui devraient norrnalement recouvrir la
« serie anhydritique », et que celle-ci n'est alors recou
verte que par les « argille scagliose » allochtones et
parfois les terrains neogenes, De telles zones corres
pondent en general aux culminations des anticlinaux
mineurs ( les « dorsales ll, dans la terminologie locale),
et c'est la que la recherche s'est developpce avec le
plus d'intensite et de succes.

Les ~ones ou existe la serie stratigraphique plus
ou moms complete, c'est-a-dire ou ran trouve,
au-dessus de la serie anhydritique triasique, les for-

Figure 4. Premieres tentatives de sondage dans la region boracifere
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Figure 5. Schema tectonique de la Toscane

mations it dominante calcaire du lias et du jurassique
puis les horizons successifs jusqu'a l'oligodme sont
generalement des zones synclinales ou la serie anhy
dritique elle-merne est tres souvent moins permeable
9u'ailleurs et par suite "moins productive par~e que,
a cause de sa grande cpaisseur, les circulahons se
cantonnent au voisinage de son toit et de son mur.
Dans de telles zones, la serie stratigraphique co,mp~end
un autre terme assez permeable, qui est I horizon
superieur du jurassique (<< Malm ») constitue de jaspes
(95-98 p. 100 de silice) tres fractures et permeables.
De toute rnaniere les productions obtenues de cet
horizon sont bca~Icoup plus modestes que celles
obtenues de la « serie anhydritique ».

Le dernier terme de la serie stratigraphique loc~le
est constitue par la couverture aUochtone d' « argille

scagliose » ~ont l'epaiss,eur peut. varier de 200 a plus
de 2 000 metres, formee essentiellernent de. schistes
argileux accornpagnes de calcaires et autres roches.
Cette. formation.' au-dessus de. laquelle reposent
parfOl~ des terrains 'plus recents (neogene) eux aussi
essenheUement argileux, est impermeable et joue
le role de « couvercle » pour tout le systeme geo
hydrothermal.

MANIFESTATIONS NATURELLES

11 a semble opportun de reprendre ici l'examen des
manifestatio~s .na~ur~lles citees au debut de ce para
graphe. 11 etait indispensable de decrire d'abord
au moins sommairement, le cad~e general dans lequei
eUes se trouvent (ou se trouvaient) afin de deduire
les raisons de leur existence.
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Tableau 2. Vieilles analyses de gaz preleves sur des manifestations naturelles de la
region boraclfere

Localitc Hydrogene Gaz Azote Hydrogene Gaz
sulfure carbonique de marais

Larderello. 4,20 90,47 1,90 1,43 2,0

Caste1nuovo. 3,76 92,63 1,08 0,90 1,63

Sasso 5,43 88,33 1,55 2,01 2,55

Serrazzano 6,10 87,90 2,93 2,10 0,97

La majeure partie de ces manifestations ont aujour
d'hui disparu, a cause du drainage exerce par les
forages sur les horizons les plus permeables ; elles
etaient ou sont encore constituees par de la vapeur
d'eau et des gaz. Comme exemple nous donnons
une vieille analyse effectuee vers 1870 (tableau 2).

Les donnees recueillies grace au developpement
des recherches nous permettent maintenant de dire
que les manifestations naturelles se produisaient
dans des conditions locales particulieres, plus preci
sement :

a) La ou la couverture argileuse (<< argille sea
gliose ») est peu epaisse (200-300 m) et recouvre
directement la « serie anhydritique », coincidant

Echelle f: 200.000

LE71ENDE

rn Ne" . G.ul.odtbm~

o a.zLt>dt.to~
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--- Li.gnu de fra.dure

.t:i. E~_c~

avec de notables plissements du socle cristallin (zones
de Larderello, Castelnuovo, Serrazzano, Lagoni Rossi);

b) La ou affieurent, au milieu des « argille sea
gliose ». des terrains particulierernent permeables
de la serie stratigraphique inferieure, par exempIe
la serie anhydritique ou les jaspes du « Malm »
(Castelnuovo, Sasso, Monterotondo, Lago);

c) Dans une moindre mesure, le long de certains
contacts par failles entre terrains differents.

On peut admettre que les manifestations natureIles,
surtout la ou elles etaient les plus importantes, en
developpant une voie directe de degagement des
fluides chauds vers la surface, ont permis et deter
mine I'evolution naturelle du phenomene, perfec-

Figure 6. Schema geotectonique de la region boracltere
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Figure 7. Section du schema geotectonique de la region boracffere

tionnant le cycle geo-hydrothermal jusqu'a, l'appari
tion de vapour a la surface.

E? outre, en maintenant un regime dynamique a
la circulation, elles ont tres probablement permis le
developpcment de celle-ci dans les horizons perme
abies de la serie stratigraphique, en particulier la
serie anhydritique, specialernent dans les zones ou
elle est la moins epaisse.

ETUDES ET PROSPECTIONS
GEOLOGIQUES ET GEOPHYSIQUES

Les criteres qui avaient guide la recherche dans le
p~sse furent plus que simplistes, comme il a deja ete
dit, puisque les chercheurs se preoccupaient se~le
ment d'executer les sondages le plus pres possible
des manifestations superficielles; celles-ci furent done
pendant longtemps l'unique guide de la recherche.

Par la suite, on remarqua de plus en plus la necessite
d'executer un ensemble d'etudes et de prospectlOns
a~n de recueillir le plus grand nombre po~s~ble
d Informations aptes a fournir de nouveaux cnteres
pour orienter les forages.

C'est ainsi que l'on effectua des lever? geotect?
niques de surface sur fonds topographlques tr~s
detailles (echelle lilO 000 et 1/25 000) etablts parfois

specialement a cet effet. Ces levers et les etudes
petr0!Sraphiques et paleontologiques annexes ont
permls de tracer des cartes geologiques de detail et
des coupes structurales. Ces documents indiquent :

a) Les terrains affleurants, et sur les coupes les
terrains presents en profondeur;

b) Les principales lignes de fracture;
c) Les caracteristiques stratigraphiques et struc

turales.
Ces levers ont couvert sur la region boracifere une

surface globale de 450 km",
Comme nous l'avons deja signale, la serie alloch

tone des « argille scagliose » couvre la majeure partie
de la region boracifere, Ce recouvrement allochtone,
plus qu'heterogene et disloque, n'a aucune relation
stratigraphique avec les terrains autochtones sous
jacents. Cela complique done notablement I'inter
pretation de la geologie de surface, et c'est pourquoi
l'on essaya egalement diverses methodes de pros
pection geophysique dans le but de fournir des infor
mations sur le substratum de la couverture argileuse.
Les methodes suivantes furent essayees a plusieurs
reprises et en plusieurs endroits :

a) Electrique par potentiel spontane ;
b) Electrique par resistivite (quadripole}:
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700 m
1 (lOO m

584 mm
143 mm

c) Magnetique :
d) Gravirnetrique ;
e) Par observations de radio-activite :
f) Sismique par refraction et par reflexion ;
g) Thermometrique.
Certaines de ces methodes durent etre ecartees

pour diverses raisons, en premier lieu parce qu'elles
ne se montraient pas aptes a resoudre les problemes
poses, taridis que d'autres (methodes gravimetrique
et therrnometrique) se montrerent adaptees a une
prospection regionale ayant pour but de reconnaitre
les grandes masses magmatiques en intrusion profonde
et les grandes structures du soc1e (gravimetrie] ou
d'importantes anomalies geothermiques (thermo
metrie).

Enfin, la methode electrique par resistivite a pu
etre employee intensivement; eUe a reussi a dormer
une representation assez fidele de la forme du sub
stratum des « argille scagliose n, d'ou la possibilite
de reconstruire le schema structural et de tracer
avec une bonne approximation les lignes de fracture.

Sur la region boracifere, les prospections electriques
ont couvert une surface globale de 495 km2 environ
avec 4 900 sondages electriques.

SONDAGES

De tres nombreux sondages ont ete executes
(fig. 8) sur diverses zones, parfois distantes l'une de
l'autre (jusqu'a 15 km) et appelees conventionnelle
ment « champs vaporiferes ». D'autres sondages ont
ete fores dans les positions intermediaires entre
champs; dans l'ensemble, l'exploration par sondages
s'est etendue jusqu'a ce jour aune surface de 70 km2;

leur nombre atteint un total de 380 sans compter
ceux executes avant l'adoption des sondeuses meca
niques en 1926. Les caracteristiques moyennes de
ces sondages sont les suivantes :

Profondeur moyennc .
Profondeur maximum
Diametre maximum
Diametre minimum

Les sondages sont tous tubes en acier cemente,
les diametres et profondeurs des tubages variant
suivant les circonstances.

La profondeur des sondages varie suivant l'epais
seur de la couverture impermeable (( argille sea
gliose n) et, par suite, la profondeur des terrains
permeables vaporiferes (serie anhydritique, serie des
jaspes, quartzites du soc1e).

Figure 8. Sondage en eruption dans la region boracitere
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PRODUCTION

pour !e~ 1()O sondages actuelIement en production
sur la :eglO~1 boraciferc ~t 9.ui alimentent les indus
tries electnques et. clllmlques de la Larderello,
S, P: A., la production est la suivante :

Debit de v-apeur- . . . . . 2 850 000 kg/h
Pression moyenne en serv ico 5 atm absolus
Pression it puits fcrrnc de 10 a 32 atm absolus
Temperature moyenne . , . , . .. 2000C
Temperature maximum . . . . . , . , . , 2450C

La composition chimique moyenne du fluide pro-
duit est la suivante :

Vapour d'eau (H 20) . . . . 955,0 g
Anhydride carbonique (C02) 42,5 g
Gaz cornbustiblcs (CH t , H 2) 0,2 g
Hydrogen!' sulfure (H 2S) 0,9 g
Azote (!\%l •. , . • . 0,16 g
Acide borique (H 3BOa) 0,25 g
Ammoniac (~H3) . . . 0,30 g
Gaz rares (Ill', Ar, ~e) 1,0 cm''

A titre d'excmple, nous presentons un diagramme
(fig. 9) sur lequel on a reporte en abscisses le temps
en mois et annecs, et en ordonnees la variation du
debit d'un sondage en kg/h. En examinant ce dia
gramme, qui est pratiqucment semblable a ceux de
tous les sondages de la region, on peut voir claire
ment que clans la premiere periode de vie d'un son
dage iI se produit un rapide declin de la production;
ce declin s'amortit ensuite progressivement et la
courbe de production rejoint une valeur asymp
totique. 11 y a des sondages qui produisent depuis
environ 40 ans, avcc un debit reduit au dixieme de la
valeur initiale.

Region du mont Amiata

GENEHALITES

La region du mont Amiata se situe elle aussi a
breve distance du littoral tyrrhenien (50 km) et a

Ftgure 9. Diagrarrlrrle du debit de .va~:ur
d'un sondage de la region boraclfe

70 km environ au sud-est de la region de LarderelIo,
entierement en Toscane, dans les provinces de Gros
seto et Sienne (fig. 10). C'est un massif montagneux
qui s'eleve brusquement au-dessus de la region envi
ronnante jusqu'a une altitude de 1 738 metres.
Coordonnees geographiques.: longitude de 11° 31'
a llo 41' est, latitude de 420 49' a 42° 57' nord.

GEOLOGIE

La serie stratigraphique des terrains sedimen
taires existant dans cette region ne differe guere
de celIe de la' region de Larderello precedemment
cornmentde, et l'on peut done se dispenser de la
decrire.

Vne difference substantielle correspond par contre
a la presence de produits volcaniques, .representes
par les ({ ignimbrites » (trachytes dans la vieille ter
minologie) qui constituent .justement le relief du
mont Amiata depuis la cote 800 metres environ
jusqu'au sommet.

Ces ignimbrites ont ete produites par un volca
nisme acide qui s'est manifesto en grande partie
par des nuees ardentes.

Dans la masse d'ignimbrites on trouve aussi des
laves proprement dites constituant des coupoles et
croupes d'extrusion qui se sont formees le long des
fractures a travers lesquelles s'est produite I'erup
tion du magma.

TECTONIQUE

La tectonique de la zone du mont Amiata repro
duit elle aussi en partie le motif dominant a Larde
rello, La serie stratigraphique se trouve, en de nom
breux points, reduite et laminee, mettant les ({ argille
scagliose » directement en contact avec la serie
anhydritique. Vne complication ulterieure a ete
introduite par I'intrusion magmatique et ensuite
par l'effondrem.ent vulcanotectonique cau~e. par
l'eruption et qUI a engendre une nouvelle sene de
failles.

MANIFESTATIONS

A I'interieur du mont Amiata, au voisinage de la
carapace vo1canique, on releve une serie de modestes
manifestations consistant en des sources thermales
de temperature variable entre 20 et 50 DC, et princi
palement en des emanations gazeuses fr?i~es! compo
sees essentiellement de CO2 et H 2S, qUI s ahgnent le
long des principaux system~s de fractures;. Ces ma~i
festations tres modestes, a cause de l'irnperrnea
bilite elevee de la couverture argileuse, differencient
nettement, a ce point de vue, la zone de l'Amiata
de la zone classique de Larderello.

ETUDES ET RELEVES
GEOLOGIQUES ET GEOPHYSIQUES

Dans cette region aussi nous avons execute une
serie de releves et d'etudes preliminaires comprenant
un releve geotectonique de detail comportant , des
analyses et etudes en rapport avec le probleme,
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Fi~ure 10. Regton du mont Amiata : planimetrie

ainsi que des prospections geophysiques par la
methode electrique de resistivite et par la methode
gravimetrique.

SONDAGES

Dans cette region, 12 sondages ont ete fores
jusqu'a present, pres de Bagnore ou les travaux de
recherches preliminaires avaient fait entrevoir un

notable soulevement du substratum de la couverture
constituee par les « argille scagliose », en correspon
dance duquel il etait permis de supposer, par ressem
blance avec d'autres zones fortement soulevees, que
1'on pourrait rencontrer la serie anhydritique tres
permeable directement en contact avec la couverture
d' « argille scagliose ». Les premiers forages ont
pleinement confirme cette hypothese.
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Regions diverses

En plus des regions precedemment decrites ou
la Larderello, S.p.A., exerce son activite industrielle
(depuis plus d'un siecle dans la premiere et depuis
tro~s ans dans la seconde), il y a aussi d'autres
regions d'Italie (fig. 11) 011 cette meme societe a
entrepris d'importants travaux de recherches preli
m~naires afin de determiner les possibilites de decou
vnr des fluides endogenes utilisables industriellement.

Par suite justement de I'etat preliminaire de ces
recherches, il ne semble pas opportun de decrire en
detail les caracteristiques de chaque region, carac
teristiques d'ailleurs tres semblables; de ce fait, ces
regions seront seulement citees a titre indicatif,
tandis que nous exposerons globalement les traits
communs des conditions geologiques et hydrother
males, ainsi que les travaux entrepris.

PRODUCTION

Comme il a ete dit precedemmenr 1 '
t
' t 11 d ,.., es manifesta-
IOns na ure es e cette region sont 1 tot d" p u 0 mo estes

et en consequence 11 ne s'est pas p d it '
L d 11

" ro Ul comme a
ar ere 0 une evolution naturelle d l'

h d the 1 libe u eye e geo-
y ro rma, avec 1 eration spontan' d 1. ti d ee e a ma-

jeurepar le es gaz et presence de vape '1
f

u r a a sur-
ace.

Par suite, les premiers sondages ont debite d"tite dIe en or-mes quan I es e gaz (CO et H S) qUI' se t . t
f d

,,2 2 rouvaien
en pro on eur en ventables accumulations et t
't d ti ' peu -e, re ~n gran c par le emulsionnes ou dissous dans
1eau, le volume de gaz a notablement diminue
avec le temps.

,n suffira comme excmple de se reporter aux rele
ves du pourcentage gazjvapeur dans le fiuide debite
par le sondage « Bagnore 1 », le premier fore sur cette
zone (tableau 3).

Actucllcmcnt, !a production globale des cinq son
dages en production dans la region du mont Amiata
e~t ?c 200 000 kg/hcure d'un fluide ayant les caracte
nstiques moycnncs suivantes

Rapport gazrvapcur . , , , ,
Prcssion it puits fcrrne , . .
Prcssion en regime de production
Temperature , , , , , , . . . .

Les sondages de
tiques identiques a
fondeur va de 400

cette region ont des caracteris
ceux de Larderello et 1a1100' ,eur pro-metres.

30 p. 100 de gaz
8,5 atm absolus
5,5 atm absolus
150°C

REGION DE ROCCASTRADA

Cette region est situee a 30 km environ au sud-est
de, La~~erelIo, a la partie meridionale des « monts
metalliferes », dans les provinces de Grosseto et
SIepne, en Toscane. Coordonnees geographiques :
latitude de 42° 55' a 430 4' longitude de lIO 2'
a lIO 16'. '

REGION DE MONTECATINI-ORCIATICO
(PRES DE VOLTERRA)

Cette region est situee a 25 km environ au nord de
Larderello, dans la province de Pise en Toscane
Coordonnees geographiques : latitude' de 430 24' ~
43° 27', longitude de 100 28' a 10° 45',

REGION DE LA TOLFA

~ette reg~on se situe eHe aussi a quelques kilo
metres du littoral tyrrhenien pres de Civitavecchia
et ~anta MarinelIa, en province de Rome, dans le
Latium. Coordonnees geographiques : latitude de
42° l'a 42° 12', longitude de lIO 47' a 120 4',

CARACTERISTIQUES GENERALES

, T~mtes ces regions ont comme traits communs
1 existence d'une serie de terrains sedimentaires
analogue a celle de LarderelIo avec des horizons
tres impen~eables r;couvrant des termes profonds
plus ou moms pe~meables, et surtout la presence en
masse plus ou rnoms grande de produits volcaniques
acides recents (ignimbrites), semblables a ceux du
mont Amiata et peut-etre contemporains de ceux-ci.

On y retrouve une tectonique comportant des
structures forte?1ent, soulevees par rapport aux
autres et des directrices de fractures d'orientation
diverse.

Les manifestations naturelIes sont representees
principalement par des eaux thermales dont la
temperature, peut a~teindre 50-60°C et des gaz
sulfo-carboniques froids, en tout point semblables
aux manifestations du mont Amiata.

REGION DES MONTS BERICI

La societe LarderelIo effectue en outre des etudes
tout a fait preliminaires sur la region des monts
Berici situee en Italie du nord, dans la province de
Vicence, en Venetie. Coordonnees geographiques :
latitude de 45° 23' a 45° 29' longitude de Ho 27' a
n» 36'.

-Dans cette region, on trouve d'importantes traces
d'un volcanisme assez recent et l'on releve des mani-

Tableau 3. Pourcentages de gaz et de vapeur du sondage « Bagnore nO 1 »
(region du mont Amiata)

Av,il 1.959

Ga: H,O
p. 100

81,0 19,0

oaobre 195.9
Aurit 1960 Octobre 1960 Mars 1961

Gaz H,O Gaz H,O Gaz H,O Gaz H,O

p. 100
p. 100 p. 100 p, 100

77,1 22,9 64,4 35,6 35,0 65,0 23,2 76,8
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Figure 11. Re~ions de Roccastrada, Montecatini - Orciatico, La Tolfa

festations naturelles consistant en sources thermales
et emanations de gaz (C02 et H 2S) [fig. 12J.

ETUDES ET LEVERS GEOLOGIQUES ET GEOPHYSIQUES

Des levers et etudes geologiques de detail interes
sant une superficie globale de 1 050 km2 ont ete
executes sur les regions ci-dessus. Les prospections
geophysiques suivantes ont egalernent ete executees :

Gravimetriques sur 1 760 km2 avec 2 300 sta
tions;

Electriques (resistivites) sur 650 km2 avec 1 150
sondages electriques.

SONDAGES

Dans les regions de La Tolfa et de Montecatini,
les premiers sondages ont deja commence, tandis



on ne rencontre en affleurement aucune manifesta
tion de roches magmatiques recentes, e~ d'~utre part
les sondages eux-memes, tout au moms .Jusqu aux
profondeurs de 1 500 et 1 600 metres atteintes pour
le moment, n'ont pas rencontre .de roches de, cette
categorie, De ce fait, on peut dire que la pres~~ce

d'effusions magmatiques n'est pas unecondItlon
indispensable a un projet de recherche.

Prospection et recherches en Italie

que I'on prevoit d'en entreprendre a breve echeance
clans les autres regions.

Indices probables et caractercs particuliers
pouvant orienter la recherche de fluides
ondogenes dans de nouvelles zones
Nous avons deja vu que ni dans la region bora

cifere de Larderello ni dans son voisinage immediat
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Par ailleurs, en ce qui concerne les zones com.me le
mont Amiata oil existent des effusions magmatiques,
il convient de considerer avant tout I'age de ces
phenomenes, qui, tant au mont Amiata que d~ns .les
autres regions citees au cours de cette communication
(La Tolfa, Roccastrada, etc.) sont tous posterieurs
au pliocene,

Vne condition indispensable est l'existence dar:s
les zones prises en consideration d'une anomalie
geothermique sensible qui pourra etre revelee notam
ment par la presence de sources thermales ·et, dans
les conditions les plus favorables, par des emanations
de vapeur, mais encore mieux par des prospections
thermometriques regionales effectuees au moyen de
petits sondages (profondeur maximum 50 metres)
disposes suivant une maille de un a deux kilometres
de cote.

Il semble interessant de signaler que dans la zone
de Larderello les sondages ont note des gradients
geothermiques atteignant 9 °C en 10 metres.

D'autres indices symptomatiques peuvent etre,
outre la presence de sources therrnales, les manifes
tations de gaz CO2 et H 2S (merne froids), qui sont
generalement Iiees a des phenornenes magmatiques,

Une autre indice important est encore la presence
du bore qui, en plus ou moins grande quantite, est
toujours present dans les fluides des manifestations
naturelles rencontrees dans les zones oil la recherche
a eu un resultat favorable (Larderello, mont Amiata,
La Tolfa, etc.).

En ce qui concerne le cadre geologique general,
nous considerons comme indispensables les conditions
suivantes :

a) Existence d'une couverture impermeable qui
interdit dans un sens une diffusion ou une dispersion
trop grandes des fluides a la superfieie et en sens
contraire une infiltration rapide des eaux meteo
riques froides en profondeur;

b) Presence d'horizons permeables dans la serie
stratigraphique locale, a des profondeurs econo-

miquement accessibles par les sondages. Par conse
quent, une autre condition favorabl~ e?t le pheno
mene de plissement qu~ I:ern;ettra I eXIs~ence dans
les zones prises en consIderatIOn ?e ;ertames struc
tures hautes, evidem~ent. plus mteressa~~es pour
l'exploration, et en particulier dans la premiere phase
des recherches;

c) Fracturation suffisante des., ter~ains .q,ui consti
tuent le socle regional, de mamcre a faciliter la re
montee des fluides chauds.

D'apres ce que nous avons expose dan? ce para
graphe il semble evident que pour etablir un pro
gramm'e de recherche ~e. fl1,lid~s end<?genes on devra
prevoir les travaux preliminaires suivants :

a) Lever geotectonique .de detail de toute la
region prise en consideration, sur cartes topogra
phiques d'echelle non inferieure a 1/25000;

b) Releve de toutes les manifestations hydro
therrnales et gazeuses et analyses correspondantes;

c) Prospection thermometrique regionale au moyen
de petits sondages disposes suivant une maille regu
liere ;

d) Prospections geophysiqucs suivant la rnethode
la plus adequate, pour obtenir le maximum d'inform~

tions sur les structures profondes (mcthodc gravi
metrique, electrique, etc.);

e) Quelques forages dexploration pour recueillir
en profondeur des donnees sur la seric stratigra
phique et les gradients geothcrmiques.
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Resume

Une breve introduction met en evidence le fait
que la region de Larderello a un caractere d'ante
riorite par rapport aux autres regions d'Italie et
du monde oil des recherches d'energies geothermiques
ont ete entreprises. Depuis un siecle deja on y
execute ces recherches et on y traite industriellement
les fluides endogenes trouves, Les caracteristiques
de cette region sont decrites en mettant en evidence
avant tout sa position geographique au centre de
l'Italie (Toscane), a faible distance de la cote tyrrhe
nienne (30 km en moyenne).

Il s'agit d'une region vallonnee faisant partie
d'une chaine de hauteurs nornmee {( monts metalli
feres », a cause des mineraux metalliques qu'elle
recele, mineraux probablement lies aux {( magma
tisme » Toscan et done a mettre en relation avec le
phenornene de Larderello.

Les premieres recherches, consistant en de modestes
travaux de forage, ont ete guidees exclusivement
par les manifestations naturelles constituees de
vapeur d'eau et de gaz (C02-H2S) en differentes
localites de la region. Par la suite, grace aux progres
de la connaissance des conditions locales et des
outils de travail, des elements nouveaux furent mis
en evidence et ont servi de guide pour les recherches
ulterieures,

A la lumiere de ces connaissances, l'auteur illustre
les caracteristiques geotectoniques et phenomeno
logiques de la region, en decrivant la serie strati
graphique des terrains.

Cette serie exclusivement sedimentaire est formee
par un socle regional (schistes phylladiques et
quartzites permo-triasiques), par une serie evapo
ritique triasique et jurasicoliasique surtout calcaire,



affleur~nt et enfin, quelquefois, le long des contacts
par faille entre terrains de nature differente,

, L'auteur decrit en outre les prospections et les
etu~e~ geologiquas et geophysiques effectuees dans
la region boracifere, pour avoir de nouveaux elements
pouvant servir de guide a la recherche.

Ces etudes ont consiste en des prospections
geot~ctoniques de detail et des prospections geo-

.physiques varices. Parmi ceIles-ci, certaines se sont
montrees plus adaptees que les autres aux exigences
de, ~e~t~ ,recherc~e, comme la methode electrique
(resistivite), la methode thermometrique et la gravi
metric.

L'auteur donne ensuite quelques precisions sur
380 forages executes dans cette region. La production
totale de vapeur des 160 sondages actifs est de
2 850 000 kg/h.

Une fois decrite la region boracifere, on passe a
la description de la region du mont Amiata situee,
toujours en Toscane, a 70 km environ au sud-est
de la precedente,

Cette region, bien que la serie stratigraphique
sedirnentaire soit semblable a celle de la region
boracifere, presente une difference substantieIle due
au fait qu'ici on trouve des effusions de roches
volcaniques acides (ignimbrites).

On fait remarquer que dans cette zone la couche
des argiles « scagliose » de couverture est tres imper
meable, si bien qu'on ne note en surface que de
tres modestes manifestations de gaz (surtout CO2) ,

Les 11 sondages effectues dans cette region ont
rencontre de grandes quantites de fluides constitues
au debut par 96 p. 100 de gaz et 4 p. 100 de vapeur
d'eau, tandis que par la suite il y a eu une remar
quable amelioration, jusqu'a obtenir maintenant un
rapport de 23 p. 100 de gaz et 77 p. 100 de vapeur
d'eau. La production totale des sondages actifs est
de 160000 kg/h avec une pression moyenne de
production de 6 atmospheres.

La societe Larderello poursuit avec succes la
recherche des fluides endogenes dans les regions
boracifere et Amiata depuis plus d'un siecle sur la
premiere et depuis trois ans sur la seconde. 11 y a
en outre d'autres regions sur lesquelles la meme
societe commence des recherches de merne nature :

Region de Roccastrada en Toscane, a environ
30 km au sud-est de LardereIlo;

Region de Montecatini-Orciatico en Toscane, a
25 km environ au nord de LardereIlo;

Region de La Tolfa dans le Latium, a 150 km au
sud-est de la region boracifere,

Dans toutes Cl'S regions, les series sedimentaires
sont semblables a ceIles de la region boracifere,
mais, difference notable, on y note la presence
d'effusions de roches volcaniques acides (ignimbrites),
comme dans la region du mont Amiata.

En outre, la societe LardereIlo est en train d'effec
tuer des recherches a un stade tres preliminaire
dans la region des monts Berici dans l'Italie du

Prosp t'ec Ion et recherches en Italie

par quelques terrains du cretace-eocene t d I' Ii
, (schi t'I e e 0 1-gocene se IS es argi eux, calcaires et gres).

route cette serie est en grande part'
" lusi d' le recouverte(a 1exc USlOn e petites zones) par une f ti

fl h id lIlt· orma IOnys 01 e a oc lone conshtuee de calcaires t hi t'I d" . , e se IS es
argl eux ages vanes (surtout cretace-eocs ). ., " 1" cene en
dispOSItions irregu teres et chaotiques.

Cette derniere formation est elle-me'me ac ., . cessoire-
ment recouverte par des sedlments recents m' ,

1' , ( '1 ' iocenes
et p lOc~nes argl es, .sables et conglomerats).
,Pour 111ust,r~r la situation tectonique regionale.

I au~eur se refere .aux effets structuraux de la for
n;a~lOn des Ape~nms" qUI ont determine, dans cette
re~lOn la f?rmahon d. une. serie de plissements anti
clinaux (rides) de d~rectlOn apenninique, avec de
grandes fractures (fai lles) et charriages.

En meme temps que ces plissements de surface
il s'est tres probablement forme un gonflement e~
profond~ur avec, comme consequence, la descente
progressive des masses rocheuses vers des zones de
plus en plus chaucles, jusqu'a l'etablissement des
conditions rcquiscs pour Ieur transformation en
granite.

Pendant lcs phases succcssives de vieillissement
des rides, avcc les phcnomcnes de distension de la
croutc terr~stre, lcs arnns magmatiques potentieIle
mcnt mobiles ont trouve lcs conditions pour une
rernontcc vcrs la surface, sinon pour un epanchement
en surface proprcmcnt dit (intrusions).

Dans Cl'S nouvcllcs positions plus superficielles, le
magma se consolide par dispersion de chaleur et
extrornission de scs parties volatiles.

L'auteur parle cnsuitc de l'age probable de la
formation des principales fractures qui interessent
les terrains autochtones. Elks sont d'ages differents
~elon lcs divers mouverncnts tectoniques qui ont
Interesse la region. 11 pcnse que la formation des
fractures lcs plus rcccntes est aussi la plus favorable
ala rernontce du flux thermique.

De l'examcn des caractcristiques geotectoniques
ci-dessus illustrccs, emergent les faits les plus impor
tants, qui SOl1t :

La trcs grande fracturation des terrains du socle
ancien (permien) suivant des directrices bien deter
minces;

La presence dans la scrie stratigraphique locale,
de terrains hat~tement perrneables (principalement la
« serie d'anhydrite triasique »};

L'existence de lacunes stratigraphiques qui mett~1?-t
en contact direct la susdite formation avec la sene
argileuse de couverture;

La grande impcrmeabilite de la form',ltion de
couverture qui sert de (I grand couvercle » a tout le
systeme geohydrothermique. .

Ce mernoire fait remarquer que les manifesta~lOns
nat~re,ues (vapeurs d'eau et ga.z sUlfo-carboll1que~
se Itberaient ou se liberent tou]ours en correspon
dance des zones ou la couche argileuse e~t moms
epaisse, dans les rares zones OU les terrams plus
permeables qui constituent leur substratum
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Nord (Venetie), ou existent des produits volcaniques
acides d'age assez recent.

Dans les regions ci-dessus mentionnees ont ete
executees des prospections geotectoniques de detail
et d~s prospections geophysiques par methodes
el~ctnque (resistivite}, gravimetrique, thermome
tnque. Dans la region de La Tolfa et de Montecatini
les premiers forages ant deja ete commences.

. En conclusion de cet expose, nous rappelons les
diverses conditions, indices et caracteres particuliers
qui peuvent etre utiles pour la preparation d'une
recherche de fiuides chauds sur des zones diverses :

La presence dans la zone d'effusions de roches
volcaniques n'est pas une condition indispensable
pour le succes de la recherche (la region de Larderello
en est un exemple classique);

Par contre, I'existence d'l:,me. anomalie thermique
sensible est une condition indispensable;

Existence d'une couverture de terrains hautement
impermeables;

Presence de niveaux tres permeable a une pro
fondeur economiquement accessible par forages;

Presence de fractures dans les terrains plus ou
moins anciens qui constituent le socle regional.

Enfin, i1 est conseillc a ceux qui se proposent
d'entreprendre une recherche de fluides chauds de
prevoir une serie d'etudes et de travaux prelimi.
naires :

Prospections et etudes geologiques:
Prospections geophysiques (clcctrique, gravims

trique, thermique, etc.);
Quelques forages d'exploration.
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PROSPECTING OF GEOTHERMAL FIELDS AND EXPLORATION NECESSARY FOR
THEIR ADEQUATE EXPLOITATION, PERFORMED IN VARIOUS REGIONS OF ITALY

(Translation of the foregoing paper)

Renato Burgassi *

Everyone who, for one reason or another is to
any extent concerned with the problems ~f geo
thermal energy, must have come across the name
of Larderello at the very outset.

This is easy enough to explain. Larderello has
been the only place - and I shall unavoidably
have to discuss it at greater length than all the
others mentioned in this paper - where exploration
work, followed by actual utilization of geothermal
energy on an industrial scale, has been going on for
over a century.

It therefore seems quite natural to assign absolute
priority to the LarderelIo region in a paper concerned
precisely with prospecting for geothermal energy,
and with its adequate utilization.

The Larderello region

GENERAL FEATURES

This region, often termed the Boraciferous region
on account of the boron in its thermal waters and
steam,is located at the centre of the Italian peninsula,
a short distance from the coast of the Tyrrhenian
Sea(30km on the average). Its area is about 400 km",
entirely in the Tuscan provinces of Pisa, Siena,
Grosseto and Leghorn (figures 1 and 2). ,

Geographical co-ordinates : latitude 10° 45'-t2>
11°03' N, longitude 430 09' to 43° 18' E.

The region is hilly, with peaks reaching a maximum
altitude of 1 000 m. These peaks belong to 3: range
about 50 km long, called Metallifero~s HIlls on
account of their abundant mineral depOSIts (sulfi~es,
oxides and carbonates of iron, copper, lead, zmc,
and other metals). These deposits are in all proba
bility associated with magmatic phenomena of
relatively recent age (Mio-Pliocene and Quaterna:y)
in Tuscany, and should thus be. correlated. with
the endogenous fluids of the Boraclferous region.

Without wishing in the s~ightest to t~rn this
paper into an historical narrative. I must stIll.rec~ll
the origins of the search for endogenous fluids m
this region so that I can fully evaluate the facts
and circu~stances responsible for its development.

The first prospectors were guided exclusively by
the numerous natural steam and gas jets, which
very frequently caused violent ebullition in the
natural basins known locally as "lagoni" (figure 3).
These manifestations, sometimes on an impressive
s~ale, were grouped in a number of centres, some
times far apart (10 to 15 km) spread over an extensive
area, each occupying, at most, half a square kilo
metre.

Those who first undertook rudimentary borehole
drilling (figure 4) sank their wells to a depth of a
few metres below the surface in the immediate
neighbourhood of' the natural geothermal activity.
Consequently they succeeded in draining off the hot
fluids, which came to the surface as a result of the
abundant circulation through the cavities and
discontinuities in the surface formations, which had
become eminently permeable due to the very fact
of that circulation.

The flow from these first bores was naturally very
modest, of the order of several hundred kg/h, in
the form of saturated steam, accompanied by
meteoric water circulating practically at the surface,
which had a marked downgrading effect on the hot
fluid.

The subsequent information obtained on the local
geothermal conditions thanks to the advances in
the geological sciences, increased familiarity with
the general background, and the improvement in
drilling equipment became more and more complete.

This progress in exploration, which has led to the
continuous improvement in our knowledge on this
subject, may be illustrated by the following example.
From the initial phases of the exploration proper,
the centres of the natural springs or vents, and very
often those outlets themselves, had been found to
be aligned along very definite directional lines. We
are able today to say that these lines correspond
to the major structural and tectonic directions.

As already noted, the present state of our know
ledge gives us a far clearer, if not perfect, view of
the general geological background. We shall therefore
briefly examine the main features of this background.

THE GEOLOGICAL CONDITIONS

• H and Exploratl'on Division, Larderello,ead, Prospecting
S.p.A., Pisa, Italy.

The "soffioni" region is characterized geologically
by the presence of numerous small islands of ancient,
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Figure 1. Boraciferous region: planimetry

tertiary, secondary and primary formations, com
posed of a Paleozoic crystalline basement (schists,
phyllades and quartzites) and a predominantly
limestone sedimentary series (Mesozoic-Cenozoic).
These formations, which are certainly autochthonous,
outcrop through an allochthonous cover formed by
a tectonic coulee ("argille scagliose") displaced during
Apenninean orogenesis.

After the phases of overthrust, formation and
emergence of tectonic folds, renewed subsidence,of
the region occurred, followed by renewed manne
transgression, leading to new sedimentation of strata
which may thus be termed "neo-autochthonous".

The stratigraphic sequence of all these formations
may thus be described in chronological order, from
top to bottom (table 1).
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REGIONAL TECTONICS

To have a good understanding of the character
istics of the tectonics of the. "soffioni" region, the
structural result of the Apenmnean orogenesis must
be recalled. As a result of the tangential compression
of the. earth's c:ust, it buckled upwards (and as a
result increased III depth) to form a certain number
of elongated folds with the strike of the Apennine
range (or "anticlines", to use a more common term).

The folds are not all of the same age, for sound
general reasons permit one to demonstrate that they
are more and more ancient as one approaches the
Tyrrhenian Sea, and that each of them antedates
the one immediately adjoining it on the east and
north-east.

Without going into the details here, we shall note
merely that, owing to the relative rigidity of the
formations constituting the upper portion of the

Scale 1:100.000
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Boracifer ous re~ion: Planimetric detail
Fi~ure 2.
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lithosphere (to a depth of about 10 km), anticlinal
deformation occurred by means of fractures with
displacement, that is, of faults, convergent in depth
and with the strike of the fold. The portions super
elevated along the axis of the fold (axial culminations)
are bounded by systems of faults transverse to the
structure (NE-SW), and probably subvertical.

At the same time as the anticlinal folding on the
surface (by means of faults converging downwards),
and for the same general cause, in all probability
a tangential compression of that section of the
lithosphere affected by orogenesis, downwarping
occurred.

The consequence was the progressive descent, to
zones of higher and higher temperature, of consider
able masses of rock, under the conditions requisite
for their metamorphosis into granite.

T~e birth of each fold was thus, typically, accom
pamed by the formation of magmatic nodules in
its deep root (mostly at a depth of 20-25 km or
more).

During the ageing of the fold and its gradual
subsidence, during one of the phases of crustal
relaxation and bulging which must be assumed to

have. followed the phases of ~ompression that give
rise to the fold, the m~&"mahc nodules, potentially
mobile, found opportumhes for ascent and even for
effusion onto the surface (the phenomenon of intru
sion). In this new position, nearer or at the surface
the magma became consolidated by cooling to th~
temperature of the surrounding medium, while
expelling a large proportion of its volatile con
stituents.

At Gavarrano and near Campiglia, in fact, the
granite is included in the massive limestone of the
Lower Lias, in a series where all regional metamor
phism is absent and there is only contact metamor
phism. It is therefore probable that the magma
ascended to above the limit of regional metamor
phism, located between 4000 and 7000 m below
the surface.

The regional background of the Boraciferous
region, from the costal region and the Campiglia
hills to the Monticiano-Roccastrada hills, corresponds
to the domain of three tectonic folds - the first
second and third (figure 5). '

Here, as in general in the northern Apennines
the f~lds have be.en partially covered and submerged:
especially following the phase of subsidence, by the

Figure 3. Natural manifestation of Boraciferous region ("lagone")
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Table 1. Stratigraphic sequence of the Boraciferous region

after G. Merla (1952)

Tectonic

NEO-AUTOCHTHONOUS Pliocene
Miocene

Age Formations

Conglomerates, sands and clays
Conglomerates, sands, clays, marls

"Schistose clays", green rocks, "palornbini" limestones, chaotically
agglomerated

ALLOCHTONOUS . . . •

Surface of transgression

Various ages (from Lower Jurassic
Lower Cretaceous to Oligocene)

Surface of overthrust and tectonic denudation
AUTOCHTHOXOUS

M esozoic-oligocene
sedimentary series . Oligocene

Oligocene; Eocene-Cretaceous

Lower Cretaceous; Upper Jurassic
Middle J urassic ; Lias
Lower Liassic (Sinemurian)
Lower Liassic (Hettangian)
Rhetian

Upper Triassic (Carnian-Norian?)

"Macigno", sandstone and argillaceous strata
Polychromatic schists, more rarely nummulitic sandstones intercal-

ated upwards
Jaspers
Siliceous limestone, stratified
Worn ammonitic limestones
"Waxy" massive limestone
Dark limestones with intercalations of grey clays (Schists with

Avicula contorta)
Anhydrite series (alternating anhydite-dolomite and dolomitic

limestones), at the outcrops the gypsum is eliminated, leaving
a residual breccia termed "cavernous limestone"

Crystalline basement Perrnian
Carboniferous?

Surface of transgression

Quartzites and anagenites intercalated with schists
Phylladic schists

Note: Important breaks in the stratigraphic sequence are noted in numerous zones of the Boraciferous region. They are due
to tectonic causes or erosion.

allochthonous cover of the "argille scagliose" (schist
ose clays), which was formed and spread by over
thrusting along the flanks of the fold during their
upheaval. The western folds are older, and will thus
be seen to be strongly dislocated by subsidence,
and the more so, the more ancient they are. Between
one fold and the next, there is no outcropping of
the autochthonous formations whatsoever through
the "schistose clays". This is precisely because these
are zones of subsidence, where still _more masses of
allochtonous overthrusts could accumulate. The
boraciferous zone corresponds in its entirety to a
tectonic culmination, and constitutes the second
fold; this fold, like the others, has a whole system
of faults, shearing surfaces of the rock masses
accompanied by a relative displacement of the. two
jointed compartments. These faults have either
longitudinal strikes (NW-SE), or strikes more or less
transverse to the fold.

The various existing faults were not necessarily
all formed at the same time. On the contrary, there
are grounds and observational facts indicating that
some of them may be more ancierrt and others more
recent. The more ancient generatIon IS that of ~he
longitudinal and transverse faults that accompamed
~he upheaval of the fold; their age may be placed
III the Lower and Middle Miocene.

At the same time, the conditions for the formation

of trachytic magmas were realized in depth (but
not yet for their migration to the neighbouring zone
of the surface, and still less for their consolidation,
accompanied by ejection of steam). Numerous other
subsequent regional tectonic movements also took
place subsequently, in connexion with the expansion
of the root of the fold and with the corresponding
subsidences, the marine transgression in the Upper
Miocene and Pliocene, the final post-Pliocene emer
gence.

It is more than likely that these movements were
accomplished by new faulting, and very often by
reactivating the old ones, especially the subvertical
faults. A considerable part of the movements follow
ing the upheaval of the fold were of the nature of
bulging; the last movements are definitely of Quater
nary age, that is, they date back only some hundred
thousand years. It is precisely these latest movements
and their recent age that seem to have favoured
the ascent of the magma and the emission of steam.
Indeed, the old faults, which played no further part
in these successive movements, probably long ago
became impermeable reservoirs for deposits of
mineralizing fluids.

It seems logical to note that these generations
of the most recent fractures are precisely the major
passages by which the endogenous fluids ascend
(figures 6 and 7).

6
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DISCUSSION OF THE FIELD

If we examine the geotectonic features of the
Tuscan Boraciferous region, we shall see at once
that there are certain fundamental indications for
endogenous-fluid prospecting in this region. These
features may be briefly described as follows.

The lowest formations in the stratigraphic sequence
explored by drilling are composed of the same
strongly siliceous rocks (schists, phyllades and
quartzites) which constitute the ancient crystal
line basement of this region. These formations
have undergone major tectonic phenomena which
have determined their folding, the .formation of
positive (dorsal) structures, and, in consequence,
abundant faulting along clearly defined directional
lines.

These formations are immediately overlain by
the formation of anhydrites and limestones known
as the "anhydrite series". The original thickness of
this formation may be estimated, from the regional
data, at 300-400 m, but it very often thins to 50
100 m on account of its plasticity. In this latter
case (as in the Larderello area), its natural perme
ability is considerably increased as a result of the
circulations of hot fluids that have been established
for thousands of years, to the point where it might
be compared to a sponge. The proof is that in such
zones (which may cover several square kilometres)

where these particular cor:ditions ~xist, o~er 90 per
cent of all the wells reachmg the anhydrite series"
have been producing.

The stratigraphic sequence described above is
often reduced to the point where all the strata that
would normally overlie the "anhydrite series" are
missing, so that this sequence is covered only by
the "schistose clays", and sometimes by Neogene
formations. Such zones correspond in general to the
culminations of minor anticlines ("dorsal" anticlines,
in the local terminology), and it is there that explora
tion has proceeded with most intensity and most
success.

The zones whose stratigraphic sequence is more
or less complete, that is, where the Triassic anhydrite
series is overlain by the predominantly limestone
formations of the Lias and jurassic, followed by the
successive horizons all the way up to the Oligocene,
are generally synclinal zones in which the anhydrite
series itself is very often less permeable than else
where, and therefore less productive, because, owing
to its great thickness, the circulations concentrate
near the roof and wall. In such zones the strati
graphic sequence includes another rather permeable
series, the upper horizon of the ]urassic ("~lalm"),

consisting of highly fractured and permeable jaspers
(95-98 per cent silica). In any case, the production
from this horizon is much more modest than that
from the "anhydrite series".

Figure 4. First attempts at test drilling in the Boraciferous region



Prospection and exploration in Italy G/65 Burgasst

- -- Boundaries of tectonic ridges

~ Intermediate zone

~Volcanites (liparites,lavas, etc.)

.... Granite

~BoraciferousRegion of Larderello

@
FL.ORENCE

""'.'MONT
',AM/AT'"

\
Scale 1:1.000.000

Figure 5. Tectonic scheme of Tuscany

. The last series of the local stratigraphic sequence
IS the allochthonous cover of "schistose clays",
whose thickness may range from 200 to over 2 000.m,
and which consists essentially of argillaceous schls~s
acComl?anied by limestones and other r?cks. Thts
formatIOn, above which there are sometImes ~ore

rec~nt layers (Neogene), themselves also eS,~e?~;ally
arglllaceous, is impermeable and acts as a lid for
the entire geo-hydrothermal system.

NATURAL GEOTHERMAL ACTIVITY

It ~ee~s opportune to resume, at this point, the
examination of the springs and vents mentioned at
the beginning of this section. It was essential first
to describe, at least summarily, the general back
ground a{?ainst which ~his activity occurs today (or
occurred m the past), III order to deduce the causes
for its existence.
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Table 2. Old analyses of gases taken from natural vents of the Boraciferous Region

Locality
Hydrogen Carbon Nitrogen

sulfide dioxide

Larderello 4.20 90.47 1.90

Castelnuovo. 3.76 92.63 1.08

Sasso. 5.43 88.33 1.55

Serrazzano 6.10 87.90 2.93

Methane Hydrogen

1.43 2.0
0.90 1.63
2.01 2.55
2.10 0.97

Most of these natural outlets have disappeared
today, on account of the drainage of the most
permeable horizons by the producing wells; they
emitted steam and gases, or still emit them. As an
example, we give an old analysis, performed about
1870 (table 2).

The data collected as a result of the expanding
exploration work now enable us to say that natural
hot springs and vents occur under specific local
conditions, or, more exactly:

(a) Where the argillaceous cover ("schistose clays")
is not thick (200-300 m) and directly overlies
the "anhydrite series", coinciding with marked
folding of the crystalline basement (zones of
Larderello, Castelnuovo, Serrazzano, Lagoni
Rossi) ;

(b) Where particularly permeable formations of
the lower stratigraphic sequence outcrop
through the "schistose clays", formations suchas
the anhydrite series or the jaspers of the "Malm"
(Castelnuovo, Sasso, l\Ionterotondo, Lago);

(c) To a lesser extent, along certain faulting
contacts between different formations.

The natural outlets, especially where they were
of greatest magnitude, may be assumed to have
developed a direct channel for the discharge of the
hot fluids to the surface, and thus to have allowed
and determined the natural development of the
phenomenon, perfecting the geo-hydrothermal cycle
until the appearance of steam at the surface.

Moreover, by maintaining a dynamic regime of
circulation, they were very probably the factors

Legend
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Figure 6. Geotectonic scheme of the Boraciferous region (Larderello "soffioni")
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Figure 7. Section of the geo-rectonfc scheme of the Boraciferous region

tha~ permitted its development in the permeable
honzons of the stratigraphic sequence, in particular
~he a~~ydrite series, and especially in the zones of
Its nummum thickness.

GEOLOGICAL AND GEOPHYSICAL EXPLORATION

AND PROSPECTING

The criteria that guided exploration in the past
were, as already noted, more than simplified, since
th~ prospectors were concerned only with exploratory
dn~h~g as close as possible to the sites of surface
aC~lVIty; thus, these outlets long provided the sole
gUIde for exploration.
. Subsequently it was recognized, to an ever incre.as
mg extent, that a set of exploratory and prospectmg
operations had to be performed, in order to collect
the largest possible amount of information that
would provide new criteria for guiding the drilling.

Thus, surface geotectonic surveys were performed,
based on very detailed topographic maps. (scale
1/10 000 and 1/25000), sometimes drawn specifically
for .~hat purpose. These surveys, tOf?ether w.lth
auxIlIary petrographic and paleontologlcal studies,

made it possible t? draw detailed geological maps
and structural sections. These documents indicate:

(a) The outcropping formations, and on the
sections, the formations present in depth;

(b) The principal fault lines;
(c) The stratigraphic and structural features.
These surveys covered a total area of 450 km 2

in the Boraciferous region.
As already mentioned, the allochthonous series of

the "schistose clays" covers the greater part of the
Boraciferous region. This allochthonous cover which
is extremely heterogeneous and dislocated, 'has no
stratigraphic correlation whatsoever with the under
lying autochthonous formations. Thus, this fact
substantially complicates the interpretation of the
surface geology. This is why various geophysical
exploration methods were tried in order to obtain
information on th~ substratum under the argillaceous
cover. The following methods were tried a number
of times at various locations:

(a) Electrical, the spontaneous polarization
method;
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(b) Electrical, the resistivity method (quadripole);
(c) Magnetic;
(d) Gravimetric;
(c) Radioactivity measurements;
(f) Seismic method, by refraction and reflection;
(g) Geothermal method.
Some of these methods had to be eliminated for

various reasons, primarily because they proved
unsuitable for solving the specific problems involved,
while others (gravimetric and temperature surveys)
proved suitable for regional prospecting aimed at
recognition of the great. magmatic masses with
deep-seated intrusions and the great basement
structures (gravimetry), or important geothermal
anomalies (geothermal measurements).

Finally, the electrical resistivity method could be
intensively applied, and yielded a rather faithful
representation of the shape of the substratum of
"schistose clays", making it possible to reconstruct
the structural pattern and trace the fracture lines
in good approximation.

In the Boraciferous region, 4 900 electricalloggings
were run over a total area of 495 km".

BORES

~ery numerous bores were drilled (figure 8) in
vanous zones, sometimes far apart (as much as
15 km) and arbitarily termed "steam fields". Other
holes were drilled in positions intermediate between
fields; the total area of exploration by drilling has
expanded until it covers an area of 70 km2 to date.
The total number of boreholes is 380, without
counting those drilled before the introduction of
mechanical drills in 1926. The average measurements
of these boreholes are as follows:

Average depth . . 700 metres
Maximum depth 1 600 metres
Maximum diameter 584 millimetres
Minimum diameter 143 millimetres

The boreholes are all tubed with cemented steel
of diameter and depth varying according to the
circumstances.

The depth of the boreholes varies with the thick
ness of the impermeable cover ("schistose clays")
and the consequent depth of the steam-bearing
permeable strata (anhydrite series, series of jasper
and quartzites of the basement).

Elgure 8. Gusher test well in the Boraciferous regton
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Figure 9. Flow-tim.e graph of a borehole
in the Boraciferous region
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composition of the fluid

Steam (HP)
Carbon dioxide (C02)

Combustible gases (CH4 and
H2) . • • • • • 0.2

Hydrogen sulfide (H 2S) 0.9
Nitrogen (N2) • • • 0.16
Boric acid (HaBOa) 0.25
Ammonia (NHa) 0.30
Rare gases (He, Ar, Ne) 1.0 cc.

As an example, figure 9 is a graph of the flow of
a well, in kg/h, plotted as the ordinate, against the
time in months and years as the abscissa. Examina
tion of this graph, which is practically similar to
those of all the steam wells of the region, shows
clearly the sharp fall in production during the
initial period of well life. This decline then gradually
flattens out, and the production curve approaches
an asymptotic value. Some wells have been producing
for about forty years, with a flow now reduced to
a tenth of its initial value.

PRODUCTION

The produ~tion of the 160 wells now in production
in the Bor~clferous region, which feed the electrical
and chemical plants of Larderello, S.p.A., is as
follows:

Steam flow ....
Mean service pressure . .
Shut-in wellhead pressure
Mean temperature .
Maximum temperature

The average chemical
produced is as follows:

The Monte Amiata region

INTRODUCTION

The Monte Amiata region is likewise located a
short distance (50 km) from the coast of the Tyrrhe
nian Sea, and about 70 km SE of the LardereIlo
region, entirely in the' Tuscan provinces of Grosseto
and Siena (figure 10). It is a mountain massif ris~ng
abruptly above the surrounding area to an elevation
of 1 738 m. Geographical. co-ordinates: 42 0 49' to
42° 57' Lat. N, HO 31' to HO 41' Long. E.

MANIFESTATIONS

In the Monte Amiata area, near the volcanic
shield, a series of modest outlets are noted. They
consist of hot springs, ranging in temperature from
20 to 50°C, and mainly of vents of cold gas composed
essentially of CO2 and H 2S, aligned along the principal
fissure systems. This activity, which is very modest,
owing to the high impermeability of the argillaceous
cover, distinctly differentiates the Amiata zone, in
this respect, from the classical zone of Larderello.

GEOLOGY

. The stratigraphic sequence of sedimentary form~
hons in this region differs in no way from t~at. m
the. LarderelIo region, discussed above, an.d omISSIOn
of Its description is therefore felt to be m order.

One substantial difference however, is the presence
here of volcanic formations: represented by "igni.m
brites" (trachytes, in the old terminology), WhICh
make up the relief of Monte Amiata from the level
of about 800 m to the summit.
. These ignimbrites were produced by acid volcan
Ism, which manifested itself largely in volcanic
clouds.

GEOLOGICAL AND G;EOPHYSICAL EXPLORATION
AND SURVEYS

In this region, too, we carried out a series of
preliminary surveys and exploration work, compris
ing a geo-tectonic detail survey consisting of analyses
and studies relative to the problem, and geophysical
exploration by the resistivity and gravimetric
methods.

DRILLING

Twelve boreholes have been drilled in this region
up to now, near Bagnore, where the preliminary
work indicated a marked elevation of the substratum
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Scale 1: 500.000

Figure 10. Monte Amlata region: planimetry

under the "schistose clay" cover. It was reasonable
to assume, in this connexion, from the resemblance
with other strongly uplifted zones, that the very
permeable anhydrite series might also be found here
in direct contact with that cover. The initial drilling.
has fully confirmed this hypothesis.

The boreholes in this region have characteristics
identical with those of Larderello. They range in
depth from 400 to 1 100 m.

PRODUCTION

As already mentioned, the natural geothermal
activity in this region is rather on the modest side,
and consequently there has been no natural evolution
of the geo-hydrothermal cycle, as at Larderello,
accompanied by spontaneous liberation of the major
part of the gases and presence of steam at the
surface.



Prospectton and exploration in Italy Gj65 Bur'gassf 129

The first borehol~s yielded enormous flows of gas
(C02 and .H2S). which was present in the veritable
accumulabo?s III the depths and may be in large
part emulsified or dissolved in the water. The
~olume of the gas flow decreased markedly with
time,

It will suffice as an example to mention the data
on the gas/steam percentage ratio in the fluid
discharged by Bagnore No. 1 well the first to be
drilled in this zone (table 3). '
. The tot~l production to~ay from the five produc

tion wellsIn the Monte Amiata region is 200 000 kg/h
of a fluid with the following average character
istics :

Gas/steam ratio . . . . . . . 30 per cent gas
Shut-inwellhead pressure. . . . 8.5 atm abs
Pressure under production condi-

tions. . . 5.5 atm abs
Temperature 1500C

Various regions

Besides the regions described above, where Larde
rello, S.p.A., has been conducting industrial opera
tions, for over a century in the first case, and for
three years in the second, there are also other regions
ofItaly (figure 11) where it has undertaken important
preliminary prospecting work to determine the
possibilities of discovering endogenous fluids that
can be industrially exploited.

Owing precisely to the preliminary status of these
operations, it does not seem advisable to describe
in detail the characteristics of each region. They are,
incidentally, very similar to each other. These
regions will therefore merely be mentioned by name,
and we shall state as a whole the common features
of the geological and hydrothermal conditions, as
well as the work that has been undertaken.

ROCCASTRADA REGION

. This region is located about 30 km SE of Larderello,
m the southern part of the Metalliferous HIlls, III

the Tuscan provinces of Grosseto and SIena. Geo
graphical co-ordinates: 420 55' to 43° 04' Lat. N,
no 02' to no 16' Long. E.

REGION OF MONTECATINI-ORCIATICO

(NEAR VOLTERRA)

This region is about 25 km N of Lar~erello, in
the Tuscan province of Pisa. GeographIcal co-or
dinates: 43°24' to 430 27' Lat. N, 10° 28' to 10° 45'
Long. E.

LA TOLFA REGION

This region is likewise a few kilometres from the
coast of the Tyrrhenian Sea, near Civitavecchia
and Santa Marinella, in the province of Rome, in
Latium. Geographical co-ordinates: 42° 01' to 42°12'
Lat. N, 11° 47' to 120 04' Long. E.

GENERAL FEATURES

The features common to all these regions is the
existence of a series of sedimentary formations
similar to that of Larderello, with very impermeable
horizons covering deep formations, more or less
permeable, and mainly the presence of a more or
less great mass of recent volcanic acid products
(ignimbrites), similar to, and perhaps contemporary
with, those of Monte Amiata.

The tectonics is marked by structures strongly
uplifted over the others, and by directrices of faults
of varied orientation.

The natural outlets consist primarily of thermal
springs whose temperature may reach 50-60°C, and
of vents of cold sulfo-carbonic gases, similar in all
respects to the outlets at Monte Amiata.

REGION OF THE MONT! BERICI

Larderello, S.p.A., is also doing prospecting work,
on a very preliminary basis, in the region of the
Monti Berici, in northern Italy, in Vicenza province,
Venetia. Geographical co-ordinates: 45° 23' to 45° 29'
Lat. N, 11° 27' to 11° 36' Long. E.

Important traces of fairly recent vo1canism are
found in this region, as well as natural geothermal
activity in the form of hot springs and gas vents
(C0 2 and H 2S) (figure 12).

GEOLOGICAL AND GEOPHYSICAL EXPLORATION
AND SURVEYS

Detailed geological surveys and studies on a total
area of 1050 km2 have been run on the above
regions, and the following geophysical exploration
work has also been carried out: gravimetry on
1 760 km2 with 2 300 stations; electric (resistivity)
logging on 650 km 2 with 1 150 bores.

BOREHOLES

In the La Tolfa and Montecatini regions, the first
drillings have already begun, and it is planned to
initiate such work in the near future in the other
regions.

Table 3 .. Percentages of gas and steam from bore "Bagnore 1" (Monte Amiata region)

October 1959 April 1960 October 1960 March 1961
April 1959

Gas H 2O

Gas H2O
Gas H2OGas H 2O

Gas HP per cent per cent per cent
per cent per cent

77.1 22.9 64.4 35.6 35.0 65.0 23.2 76.8
81.0 19.0

6-
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Probable indications and peculiar features
that may guide prospecting for endogenous

fluids in new zones

We have already seen that neither in the Boraci
ferous Region of Larderello nor in its immediate
vicinity is any outcropping of recent magmatic
rocks encountered, and that even the bores, at least

. down to the depths of 1 500 to 1 600 m reached

to date, have likewise not encountered such rocks.
This fact justifies the assertion that the presence
of magmatic effusions is not an essential condition
for prospection work.

As for zones like Monte Amiata, where we do
note the presence of magmatic effusions, it seems
that the age of these phenomena should be the
primary factor considered. Both at Monte Amiata
and in the other regions mentioned in this paper

(//



in a net with sides one to two kilometres in
length.

The geothermal gradients fO';lnd in the I.:arderello
region boreholes may be as high as 9~~ m 10 m,
which seems highly significant. In addition to the
presence of hot springs, vents of CO2 and ~2~ g~ses

(even cold) may furnish other symptomatic mdIc,;,-
tions, for these gases are generally due to magmatic
phenomena.

Prospection and exploration in Italy

(La ~olfa, Rocca~trada, etc.), the magmatism is
invanably post-Phocene.

One necessary condition is the existence of an
appreciabl~ geothermal anomaly in the zones under
consideratIOn. Such an anomaly may be disclosed,
inter alia, by the presence of hot springs, and, under
the most favourabl~ conditions, by steam jets, but
still better by regional temperature surveys with
shallow boreholes (maximum depth of 50 m) arranged

G/65 Burgasst 131
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Still another important indication is the p.r~sen~e

of boron, which, in larger or smaller quantities, IS

always present in the fluids from the natural outl.ets
found in the zones where the results of prospecting
operations have been favourable (Larderello, Monte
Amiata, La Tolfa, etc.).

As for the general geological background, the
following conditions may be considered essential: '

(a) Existence of an impermeable cove:, to stop
the upward diffusion or excessive dispersion of the
fluids at the surface, and the rapid downward
infiltration of cold meteoric water;

(b) Presence of permeable horizons in the local
stratigraphic sequence at depths economically acces
sible to drilling. Consequently, another favo~ra?le

condition is the phenomenon of folding, permIttlI!g
the existence, in the zones in question, of certain
high structures, which are obviously of greater
interest for exploration and in the initial stage of
prospecting;

(c) Sufficient fissuring of the regional basement
formations to facilitate the ascent of hot fluids.

From what has been explained in this section, it
would seem to be obvious that, in setting up a
programme of prospecting for endogenous fluids,

provision sh?uld be made for the following prelimi
nary operations :

(a) Geo-tectonic detail survey of the e~tire region
under consideration, based on topographic maps on
a scale not smaller than 1/25 000;

(b) Survey of ~1l the hyd~othermal and gas
outlets and analysis of the fluids:

(c) Regional temperature survey with shallow
boreholes arranged in a regular net;

(d) Geophysical explorati~m by .the mos~ suitable
method to obtain the maximum information about
the deep structures (gravimetric, electric, and other
methods) ;

(e) Several explorati0!1 well.s to collect data, in
depth, about the stratigraphic sequence and the
geothermal gradients.
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Surnrnary

In a brief introduction, the author indicates that
exploration for geothermal energy in the Larderello
region antedated such work in other regions of Italy
and of the world. Work of this kind has been going
on for a century at Larderello, and the endogenous

. fluids discovered are being industrially exploited.
The author describes the characteristics of this region,
beginning with its geographical position in the
central part of Italy (Tuscany), only a short distance
(averaging 30 km) from the coast of the Tyrrhenian Sea.

It is a hilly region which forms part of a range of
heights called Metalliferous Hills on account of the
metallic minerals they contain. These minerals are
probably due to the Tuscan "magrnatism" and
should thus be associated with the Larderello pheno
menon.

The first prospecting consisted of modest drilling
operations, guided exclusively by the natural show
ings of steam and gas (C0 2 and H 2S) at various
points of the region. The subsequent advances in the
knowledge of the local conditions and in the mastery
of the tools of the art disclosed new elements which
served as guides for subsequent exploration.

In the light of this knowledge, the author illustrates
the geotectonic and phenomenological characteristics
of the region by describing the stratigraphic sequence
of the area.

This sequence is exclusively sedimentary, and is
formed by a regional basement (phylladic schists and
Permo-Triassic quartzites), by a Triassic and Liassic
evaporitic series consisting mainly of limestones,

and by several Cretaceous-Eocene and Oligocene for
mations (argillaceous schists, as well as limestones
and sandstones).

This entire sequence is covered (except for small
zones) by an allochthonous flyschoid formation
consisting of limestones and argillaceous schists of
various ages (mainly Cretaceous-Eocene) in irregular
and random arrangement.

The accessory cover of this formation consists of
Miocene and Pliocene sediments (clays, sands and
conglomerates).

To illustrate the regional tectonic situation, the
author refers to the structural effects of the Apen
ninean orogenesis which have led, in this region,
to the formation of a series of anticlinal folds in
Apenninean direction, with great fractures (faults)
and overthrusts.

Most probably a subsidence occurred simulta
neously with the surface folding, leading to the con
sequent progressive descent of rock masses towards
hotter and hotter zones, until the establishment of
the conditions necessary for their metamorphosis
into granite.

During the successive phases of ageing of the folds,
with the phenomena of crustal bulging, the potentially
mobile magmatic accumulations found the conditions
necessary for an ascent towards the surface, if not for
effusion onto the surface itself (intrusions).

In these new and more superficial positions, the
magma became consolidated by dissipation of heat
and ejection of its volatile portions.
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The author then discusses the probable age of the
principal fractures associated with the autochthonous
formati~ns. They a.re of varying age, according to
the vanous tectomc movements that have taken
place in the region. He believes the formation of the
most recent fractures was the most favourable to
the ascent of the heat flux.

Examination of the above geotectonic charac
teristics dis~loses the following facts of major impor
tance:

The very great faulting of the ancient basement
formation (Permian) along very well determined
directional lines;

The presence, in the local stratigraphic sequence,
ofhighly permeable formations (mainly the "Triassic
anhydrite series") ;

The existence of statigraphic breaks putting this
formation into direct contact with the argillaceous
cover series;

The high impermeability of the cover formation,
which serves as the "great lid" for the entire geo
hydrothermal system.

The author notes that the natural showings
(steam and sulfido-carbonic gas) were liberated, or
are still being liberated, in the zones where the
argillaceous cover is not so thick, in the rare zones
where the more permeable underlying formations
outcrop to the surface, and, finally, in occasional
cases, along the faulting contacts between formations
of different nature.

The author also describes the prospecting ope.ra
tions and the geological and geophysical exploration
work conducted in the Boraciferous region to ob
tain new elements that might serve to guide the
exploration work.

This work consisted of detailed geotectonic stu?ies
and of various types of geophysical exploration,
Some of these geophysical methods prove.d to be
more suitable than the others for the reqnirements
of this work such as the electrical (resistivity)
method, the g~othermal method, and the gravimetric
method.

The paper then reports on 380 boreholes drilled
in this region. The total steam flow of the 160 active
boreholes is 2 850 000 kg/h.

After describing the Boraciferous region, .the
author passes to the description of the Monte Amiata
region, still in Tuscany, but about 70 km SE of the
former field.

Although the sedimentary stratigraphic series of
this region resembles that of th~ Bo~acIferous region,
there is nevertheless a substantial dIffereI!ce betwe~n
the two regions, since here we find effusions of acid
volcanic rocks (ignimbrites).

The author points out that in this zo~e th~ layer
of the "schistose clays" of the cover is highly Imper
meable, so that only very modest gas showings are
found at the surface (mainly CO 2) , •

The eleven boreholes drilled in this region e~cotunf
tered large amounts of fluids, consisting at rs 0

96 per cent gas and 4 per cent steam. There was a
remarkable improvement later, however, and the
present ratio is 23 per cent gas to 77 per cent
steam. The total production of the active holes is
160 000 kg/h at an average wellmouth pressure of
6 atm.

The Larderello company has been successfully
prospecting for endogeneous fluids in the Boraci
ferous and Amiata regions, for over a century in the
former case, and for three years in the latter. There
are also other regions on which the company is now
initiating similar exploration work:

The Roccastrada region of Tuscany, about 30 km
SE of Larderello;

The Montecatini-Orciatico region of Tuscany,
about 25 km N of Larderello;

The La Tolfa region of Latium, 150 km SE of the
Boraciferous region.

In all these regions, the sedimentary series resemble
those of the Boraciferous region, but there is an
important difference. Effusions of acid volcanic
rocks are noted in all of them, as in the region of
Monte Amiata.

The Larderello company is also conducting explo
ration work, in a very preliminary stage, in the region
of the Monti Berici in Northern Italy (Venetia),
where there are acid volcanic products of very recent
origin.

In the above regions, detailed geotectonic studies
have been performed, together with geophysical
exploration by the electrical (resistivity), gravi
metric and geothermal methods. In the La Tolfa
and Montecatini regions, the first drillings have
already begun.

In concluding this report, we recall the varied
conditions, indices and peculiar characteristics t.hat
may be of use in preparing an exploration project
for hot fluids in various zones:

The presence of volcanic effusions in the zone is
not an indispensable condition for the succe.ss of. the
prospecting operation (the Larderello region IS a
typical example of this);

On the other hand, the existence of an appreciable
thermal anomaly does constitute an indispensable
condition;

Existence of a cover composed of highly imper-
meable formations; .

Presence of highly permeable horizons at a depth
economically accessible to drilling;

Presence of faults in the more or less ancient for
mations that constitute the regional basement.

Finally the author advises all who propose to
undertak~ prospecting for hot fluids to provide
for a series of preliminary studies and work including
the following:

Geological prospecting operations and studies;
Geophysical exploration (electrical, gravimetric,

geothermal, etc.) :
Drilling of several exploration boreholes.
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PROSPECTION GEOTHERMIQUE POUR LA RECHERCHE
DES FORCES ENDOGENES

R. Burgassi *, F. Battini * et J. Mouton t

Mise en oeuvre de la prospection geothermique

Une serie de sondages en petit diametre de 30 a
35 m de profondeur, non tubes, ont ete disposes le
long d'un profil d'essai a des. intervalles compris
entre 300 et 600 m.

Des mesures systematiques de temperature ont
ete effectuees (avec des thermometres a resistance)
dans chaque sondage et a differentes profondeurs
pendant une periode qui a dure entre 10 et 50 jours

suivant les sondages. Ces mesures ont permis de
determiner les elements suivants :

a) La duree de stabilisation du sondaqe apres la
fin de la perforation (le mouvement de I outil et la
circulation de la boue perturbant notablement la
repartition norm~l~ d~s temp~r';ltures dans. les for
mations). La stablhsat.lOn defimt~~e est extrem~men~
longue mais en pratique I equilibre est atteint a
moins de 0,1 degre apres une periode variable entre
3 a 7 jours suivant les sondages.

b) La duree de stabilisation de la temperature de
la boue dans les sondages apres deseente des cables
de mesure (20 minutes).

c) La profondeur limite de l'influence des varia
tions de la temperature superficielle (gencralement
10 m).

La figure 2 indique l'allure successive des dia
grammes de temperature au cours de la stabilisation
d'un sondage. L'equilibre est atteint lorsque les
diagrammes se superposent.

On a pu montier d'autre part qu'a partir de 15 m
de profondeur la variation saisonniere de tempera
ture etait nulle, ou tout au moins pratiquement
negligeable. Une Iegere variation (de l'ordre de 0,2 oC
pour 50 jours) a cependant ete observee pour certains
sondages : elle correspond probablement ala derniere
phase de stabilisation des sondages, qui est fort
longue.

Les gradients de temperature ont ete determines,
dans chaque sondage, une fois I'equilibre thermiquc
atteint. Pour un flux donne, ce gradient varie avec
la conductibilite thermique K des terrains (suivant
la loi de Fourier, le flux <I> a travers une surface 5
est <I> = K X 5 X gradient). Cela est bien mis en
evidence dans les forages ayant traverse des terrains
de natures diverses (fig. 3).

Pour que les valeurs des gradients mesures soient
proportionnelles aux valeurs du flux en chaque
point, il faut done que ces gradients soient rapportes
a un terrain de meme conductibilite thermique. Un
coefficient de correction, fonction de la nature des
terrains (reconnue par carottage electrique), a ete
evalue a partir des diagrammes de temperature.
Dans la zone de Larderello, sa valeur passe de 1
pour les terrains tres argileux a 2 pour les terrains
tres calcaires. .

En tenant compte de la valeur de ce coefficient
pour ehaque sondage, l'ensemble des gradients
mesures a alors ete rapporte a un terrain argileux
a basse conductibilite thermique.
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* Larderello, S.p.A., Pise (Italie).
t Compagnia Mediterranea di Prospezioni, Bolognc (Italic).

Conditions geologiques et geothermtques
du champ de Larderello

La vapeur exploitee dans la region de Lard~rello

(Toscane) provient d'une serie permeable constituee
essentiellement par les calcaires caverneux et les
anhydrites du Trias superieur (rhetien), surmontant
des schistes et quartzites du Permien. L'ensem?le

. est recouvert par la serie impermeable des ({ argille
scagliose »,

La roche magasin peut egalement etre constituee
par des gres oligocenes ({ Macigno ») et des blocs
de calcaires ({ alberese » qui se trouvent parfois a la
base des « argille scagliose »,

La couverture argileuse impermeable maintient
sous pression dans la serie calcaire un fluide sur
chauffe (lequel se detend et se vaporise dans les
forages d'exploitation). La serie calcaire est alors
portee a la temperature du fluide (200-240 oC) et
agit comme une source de chaleur provoquant une
augmentation du flux et du gradient geothermique
dans les terrains de recouvrement.

Dans les zones steriles ou les calcaires ne con
tiennent pas de fluide surchauffe, soit par defaut
d'alimentation, soit par defaut de perrneabilite, flux
et gradient doivent etre beaucoup plus reduits.

La societe Larderello, S.p.A., s'est propose de
mesurer les variations du flux de chaleur le long
d'un profil perpendiculaire a la zone productive de
Larderello-Castelnuovo et atteignant a ses deux
extrernites des zones steriles (voir fig. 1 pour la
position du profil).

Cet essai devait permettre de mettre au point la
technique operative, de juger de I'efficacite de la
rnethode geotherrnique et de preciser ses possibilites
d'application a de nouvelles zones.
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PROSPECTION GEOTHERMIQUE DANS LA ZONE DE

t.t rn t r e de la zone e c t u e t tem e nr exploitee _

forage pr%nd '1!Q
Sondage dlor ude "______________ .5
Courbe d'lsogradienr er ,a .aleur en degr., pour 10 m. __ ®
Zone chaude reconnue par la p r o s p ec t Io n ~

Figure 1

Echelle 1: 50.000

Examen des resultats de la prospection

ANOl\IALIE DU GRADIENT
A L'APLOMB DE LA ZONE PRODUCTIVE

.La ~ourbe des gradients de temperature (le gra
dient mdique correspond a l'accroissement de tempe
rature sur 10 m) mesures et corriges a ete reportee
sur la figure 4. Sur la meme figure est indiquee
l'allure de la topographie superficielle et celle du
substratum calcaire des « argille scagliose » (d'apres
le~ donnees des forages et de la prospection elec-.
trique}.

Le gradient mesure presente des valeurs fort
elevees (plus de 50 pour 10 m) dans la partie centrale
du profil, qui correspond a une zone chaude et
structuralement haute, et des valeurs plus basses
(1,5 a 20 pour 10 m) de part et d'autre de cette
zone.

On a cherche a se rendre compte si cette diminu
tion du gradient etait due seulement ~ l'~nfoncemen~
des calcaires ou si elle correspondalt egalement a
l'absence de fluide surchauffe dans ces memes
calcaires.

~a surface topographique(ou plutot la surface
qur se trouve vers 10-15 m de profondeur a la limite
d'influence des variations externes de temperature)
et .la surface des calcaires (s'ils sont impregnes de
fluide surchauffe) peuvent etre considerees de rnaniere
~pproximative comme deux isothermes, la premiere
a la temperature de 100, la seconde a la temperature
de 2200 •

Le gradient geothermique aura une valeur variable
suivant la distance de ces deux isothermes. La
valeur moyenne approximative de ce gradient
theorique a ete indiquee sur la figure 4.

~i les calcaires sont effectivement impregnes de
fluide surchauffe, le gradient mesure doit etre
superieur au gradient theorique. En effet, la conduc
tibilite moyenne du recouvrement augmente avec
les nombreuses inclusions calcaires et avec la pro
fondeur : ~ll~. s~ trouve a~ors toujours superieure a
la conductibilite du terrain argileux superficiel de
reference. "

La zone anomalique ou se trouve verifiee cette
condition. est indiquee en hachures sur la figure 4.
Elle se situe dans la partie mediane du profil de
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MESURES SUCCESSIVES DE TEMPERATURE DANS LE SONDAGE B

MONTRANT LA PROGRESSIVE STABILISATJON DES CONDITIONS THERMIQUES
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VARIATION DU GRADIENT GEOTHERMIQUE

AVEe LA NATURE DES TERRAINS AUX SONOAGES 8 ET 16
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mesures et correspond exactement a l'extension du
champ connu de Larderello.

On notera la valeur particulierement elevee du
gradient au sondage 16. Il s'agit probablement la
d'une anomalie locale due a des montees superfi
cielles de vapeur dans les inclusions calcaires des
« argille scagliose »,

Les deux extremites du profil ou le gradient
mesure est inferieur ou egal au gradient theorique,
correspondent au contraire a des zones steriles.

Les valeurs mesurees et corrigees du gradient sur
le profil envisage ci-dessus et sur un second profil
d'etude qui lui est perpendiculaire ont ete reportees
sur la figure 2 ou l'extension de la zone anomalique
chaude a egalement He indiquee. Cette zone deborde
legerement au nord le champ actuellement exploite,
et il parait interessant d'effectuer des forages dans
cette direction.

ANOMALIE REGIONALE DU GRADIENT

On doit souligner que dans les zones reconnues
steriles, le gradient a encore une valeur elevee
(1,5 a 20 pour 10 m) notablement superieure a celle

du gradient geothermique normal (0,30 pour 10 m).
C'est que toute la reg.on de Larderello est proba
blement le siege d'une anomalie region ale du flux
de chaleur, d'origine profonde (due par exemple it
un magma en position anorrnalement haute). C'est
ce gradient regional anormal qui provoquerait le
rechauffement. du fluide et sa montee par convexion
le long des lignes de failles ou fractures jusqu'au
toit de la serie calcaire, ou il est arrete par la couver
ture impermeable des « argille scagliose »,

A cet!e anomalie regionale se superpose I'anornalie
secon.daIre (que n~us avons etudiee) due a la masse
calcalr~ surchauffee, laquelle peut a son tour etre
masquee par de fortes anomalies locales dues ades
remo~tees superfici.elles de vapeur dans les inclusions
calcaires des « argl1le scagliose »,

Crlteres pour l'ernploi de la methode ~eo
thermique dans de nouvelles zones

• L'appl.icat~on de la methode geothermique peut
etre envisagee sous deux aspects :

1) Un gradient regional anormalement eleve etant,
semble-toil, la condition de base pour la presence
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de fluide surchauffs, il y a lieu de s'assurer, avant
d'entreprendre des recherches detaillees et des
forages profonds, que ce gradient anormal existe
reellement. La determination de la valeur regionale
du gradient peut etre executes a tres large maille.

2) Dans les zones a gradient anormal et dans
celles-la seulement, on peut dans un second temps
rechercher les anomalies secondaires du flux, c'est-a-

dire rechercher les zones susceptibles d'etre effec
tivement productives, en associant la prospection
geothermique a l'etude structurale du sous-sol par
methods geophysique classique (prospection elec
trique ou sismique). L'exemple du profil etudie a
Larderello a montre que I'extension d'une zone
productive pouvait effectivement etre deterrninee
avec une bonne precision.

Resume

La vapeur exploitee a Larderello provient de
calcaires triasiques proteges par une couverture
impermeable d'argiles. Ces calcaires sont portes a la
temperature du fluide (200-2400 ) qu'ils contiennent
et constituent une source de chaleur qui provoque
une augmentation notable du flux et du gradient
geothermique dans les terrains argileux de recou
vrement.

Des mesures du gradient de temperature ont ete
executees suivant un profil perpendiculaire a la zone
productive dans des sondages d'une trentaine de
metres de profondeur. De nombreux essais ont
permis de determiner le temps necessaire pour
atteindre l'equilibre thermique des sondages apres
perforation et la profondeur limite apartir de laquelle
les variations de la temperature superficielle ri'ont
plus d'influence sur les mesures.

Pour un flux donne, le gradient de temperature
varie avec la conductibilite thermique des terrains,
qui est plus elevee pour les calcaires que pour les
argiles. Un coefficient de correction a done ete
applique a chaque sondage, de. mani~re a rapporter
taus les gradients a un terrain argileux de basse
conductibilite thermique.

La courbe des gradients de temperatu:e corriges
presente des valeurs elevees dans la partie centrale
du profil, qui correspond a une zone chaude et
structuralement haute, et des valeurs plus basses
de part et d'autre de cette zone.

Pour tenir compte des variations de profondeur
des calcaires, on a etabli une courbe des gradients
theoriques, en admettant que le recouvrement est
homogene et que la surface du sol et celle des calcaires
constituent deux isothermes.

La conductibilite moyenne du recouvrement etant
plus elevee que la conductibilite du terrain argileux
de reference, le gradient mesure et corrige doit etre
plus eleve que le gradient theorique pour. que les
calcaires contiennent effectivement un fluide sur
chauffe,

Cela a ete observe dans la partie centrale du profil,
qui correspond a la zone productive de vapeur,
mais ne l'a pas ete dans les zones steriles extremes.
La prospection geothermique permet done de loca
liser avec une precision suffisante les zones favorables
a la presence de fluide surchauffe,

La presence de ce fluide parait d'autre part en
relation avec un gradient regional anormalernent
eleve. Les sondages d' etude effectues a Larderello
sont restes dans le secteur d'influence de ce gradient.

Dans de nouvelles zones, il parait souhaitable,
avant d'entreprendre des recherches detaillees et
des forages, de s'assurer qu'un tel gradient regional
anormal existe reellernent. Dans l'affirmative et
seulement alors, on pourra entrer dans une phase
plus detaillee en associant prospection geothermique
et prospection geophysique classique pour la deter
mination des zones les plus favorables a la recherche.

GEOTHERMAL PROSPECTING FOR ENDOGENOUS ENERGY

Summary

The steam utilized at LardereIlo <?riginates in
Triassic limestones protected by an. Impermeab~:
cover of clays. These limestones, WhICh ar~ at 2~0
same temperature as the fluid th~y. contam ( 
240°C) constitute a heat source provldmg a ~onsIder-
b .' t fl . the arglIlaCeOusa le mcrement to the hea. ux m . of the

Cover, and causing a considerable increase
geothermal gradient there.

t gr ad ient haveMeasurements of the tempera ure d .
beenmade on a perpendicular profile in the pro ucmg

zone in boreholes some 30 m deep. The time required
after penetration of the drill for the bore~ole to
attain thermal equilibrium has been determined by
numerous experiments, and the limiting depth at
which the variations of the surface temperature no
longer affect the measurements has also been.
determined.

For a given heat flux, the temperature gradient
varies with the thermal conductivity of the forma
tions, which is higher for limestones than for clays.
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A correction factor was therefore applied to each
borehole to refer all the gradients to an argillaceous
formation of low thermal conductivity.

The curve of corrected temperature gradients
shows high values in the central part of the profile,
corresponding to a hot and structurally high zone,
and lower values outside this zone.

To allow for the variations in the depth of the
limestones, a curve of theoretical gradients was
plotted under the assumption that the cover was
homogeneous and that the surface of the ground
and that of the limestones were both isotherms.

The mean conductivity of the cover being higher
than that of the argillaceous reference formation,
the measured and corrected gradient should be
higher than the theoretical gradient, because the
limestones contain a superheated fluid.

This has been observed in the central part of the
profile, which corresponds to steam production, but
not in the non-producing extreme zones. Geothermal
prospecting thus permits sufficiently, ~ccurate locali
zation of the zones where the conditions favour the
presence of superheated fluid.

The presence of this flui? maY,.on the other hand,
be related to anomalous high regional gradient. The
test borings at Larderello were in the zone of influence
of this gradient.

It would seem desirable to make sure of the
actual existence of such an anomalous regional
gradient in newly developed zones before undertaking
detailed exploration and drilling. In the affirmative
case, and only in that case, should the more detailed
phase be entered by combining geothermal prospect
ing with classical geophysical methods to determine
the zones most favourable for study.
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CONTRIBUTION DES METHODES GEOPHYSIQUES
A LA PROSPECTION DES CHAMP~ GEOTHERMIQUES

j. J. Breusse *

Temperature

vue structural, cette prospection se rapproche de
celle de la recherche des hydrocarbures. Ces para
metres sont : la temperature, la susceptibilite magne
tique, la densite, la conductibilite electrique, la
vitesse de propagation des on des elastiques et la
radioactivite,

L'energie recherchee etant de nature geothermique,
on a pense tout d'abord a la mesure du gradient
de temperature. Le but de I'operation est de mettre
en evidence, au cours d'une reconnaissance generale,
des anomalies qui seront produites par les zones
chaudes. L'horizon magasin, a moins qu'il ne soit
tres profond, est porte a une temperature superieure
a ceUe que supposerait le gradient geotbermique
general, et il y a egalement l'influence des fractures
superficielles. Dans ces conditions, les couches de
terrain qui surmontent le magasin s'echauffent par
conduction, et c'est ainsi qu'on a pu calculer que
dans le cas d'un plan maintenu a une temperature T
et re couvert par exemple par des marnes, la tempe
rature atteindra T/2 dans les marnes a 27 metres
au-dessus du plan au bout de 100 ans et a 270 metres
du meme plan au bout de 10000 ans.

Ce gradient de temperature pourra etre determine,
dans une premiere reconnaissance a large maille,
a I'aide de mesures therrnometriques executees au
fond de simples trous de tarieres disposes en quin
conce, methode assez rapide et peu cofrteuse. Les
zones anomaliques tant soit peu developpees pour
ront ensuite faire l'objet de mesures identiques,
mais au fond de forages d'une dizaine de metres de
profondeur, ou mieux en mesurant le gradient de
temperature dans ces forages, afin de se liberer des
fluctuations superficielles de la temperature.

Cependant, en regle generale, une region aura ete
retenue par le geologue specialiste en raison des
indices de surface qu'elle offre : emanation de vapeur
et d'eau chaude, existence de geysers, de sources
chaudes, solfatares, etc. Deux cas peuvent alors se
presenter:

1) Si ces indices sont nombreux et suffisamment
disperses, on pourra ne pas avoir recours a une
reconnaissance therrnometrique, car ils constituent
par eux-me~es la repon;;e a ce qu'on peut attendre
d'une premIere reconnaissance.

2) S'ils sont rassembles ou quasi uniques, on peut
recommander une telle prospection afin d'avoir une
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Pour bien comprendre les possibilites d'application
des methodes geophysiques a la recherche d'energie
geothermique, il convient tout d'abord de preciser
la structure geologique que doit presenter un champ
geothermique pour qu'il y ait production de vapeur
seche plus ou moins surchauffae ou d'un melange
de vapeur saturante et d'eau chaude.

Dans le cas de production de vapeur seche sur
chauffee, cas le plus souhaitable evidemment, il est
maintenant cornmunement admis qu'un tel champ
doit presenter les conditions suivantes :

a) Existence d'une batholite de roches acides en
voie de refroidissement et de fractures importantes
affectant les couches sedimentaires surincombantes,
fractures plus ou moins ouvertes et qui seront en
consequence d'age relativement recent, et compor
tant des chenaux de circulation pour le fluide endo
gene. Certaines de ces fractures pourront meme
atteindre la surface du sol et dormer lieu a des
(( soffioni »;

b) Presence d'un ou plusieurs horizons perrneables
generalement fissures ou caverneux jouant le role
de magasin ou de reservoir;

c) Existence d'une couverture impermeable assu
rant la conservation du gisement;

d) Absence d'infiltrations, merne laterales, d'eaux
douces superficielles ou marines dans l'horizon
magasin, lesquelles refroidissent le gite et changent
les conditions d'etat physique du fluide endogene.

Pour la production de vapeur saturante, e~ ~'eau
chaude, le champ devra avoir les caractensbques
suivantes : •

a) Existence dans I'ecorce terrestre. d'une zone
chaude, generalement d'origine volcanique :

b) Presence d'un horizon magasin, le plus souvent
coulee de laves ou tufs volcaniques impregnes de
vapeur ou d'eau chaude;

c) Existence d'une couverture semi-permeable qui
protege plus ou mains bien le gisement; .

d) Un reseau de fractures peut eg~le.me~t eX1s~e~
et favorise alors les circulations, mais 11 n a pas 1C1
le caractere imperatif du schema preced:~t. ..

Ces conditions etarit posees, on a songe a ubh~er
differents pararnetres physiques des. roches et es
methodes geophysiques qui en denvent po~r la
prospection geophysique des cI:amps ge~thern:1qu~~
Par certains cotes, et en parbcuher dun point
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idee de la localisation et de l'extension des anomalies
calorifiques produites par les zones chaudes.

Susceptibillte magnetique

On a songe a utiliser les proprietes magnetiques
des terrains, et en particulier leur susceptibilite,
qui est l'intensite d'aimantation d'un petit volume
de roche plonge dans un champ unitaire, en mettant
en ceuvre la methode rnagnetique, soit au sol en
mesurant (avec une balance de Schmidt, le plus
frequemment) les variations de la composante
verticale du champ terrestre, soit en aeroportee en
enregistrant le champ terrestre total a l'aide d'un
magnetometre,

L'horizon magasin et sa couverture seront le plus
souvent constitues par des terrains sedimentaires,
done de tres faible susceptibilite magnetique, et
l'allure tectonique de ce magasin ne se traduira sur
les mesures que d'une facon tres floue, sinon meme
indiscernable. Ce qui peut s'inscrire sera l'effet, mais
affaibli et etale, de l'allure d'un substratum cristallin
plus ou moins profond, effet qui sera difficile a
distinguer des variations dues a l'heterogeneite
interne du socle. De plus, cet effet sera totalement
masque par les terrains volcaniques ou metamor
phiques et plus ou moins ignores qui peuvent exister
dans la couverture.

Dans le cas present, cette technique est la moins
efficace et elle est certainement a ecarter pour les
prospections preliminaires tout au moins, malgre
son faible prix de revient.

Densite

Un autre parametre qui peut etre considere est
la densite, la methode qui en derive etant la gravi
metric. Elle consiste a mesurer les variations de
I'intensite de la pesanteur entre les stations de
mesure et une station de reference. Cette methode
est en general mieux adaptee que la methode magne
tique, neanrnoins elle a I'inconvenient, tout comme
cette derniere, d'inclure dans la mesure les effets
de terrains superficiels et profonds. Certes, il peut
se faire que l'horizon magasin et les couches qu'il
surmonte soient plus denses que les terrains de la
couverture, mais les anomalies residuelles corres
pondantes pourront etre masquees par l'effet d'hete
rogeneites plus profondes, et la discrimination est
loin d'etre toujours aisee,

On pourra neanmoins deduire certaines informa
tions sur la tectonique, mais l'interpretation reste
delicate et les corrections sont importantes. En
particulier, la methode exige un reIeve topographique
precis des points OU le gravimetre a ete mis en station,
ce qui rend la rnethode couteuse, surtout si le relief
est accentue, et vu la grande generalite des rensei
gnements apportes.

Aussi ne saurions-nous conseiller la gravimetrie
au stade initial de la prospection, lorsque les condi-

tions geologiques sont encore mal connues et en
general ne sont pas simples.

Conductibilite electrique

Nous arrivons maintenant aux methodes basees
sur la mesure de la conductibilite electrique des
terrains. Nous avons expose au debut de ce mernoire
les conditions geologiques requises par un champ
geothermique. On est amene en quelque sorte a
etudier l'allure d'un horizon permeable et chaud, et
a preciser le reseau des failles qui l'affecte sous une
couverture impermeable le protegeant d'echanges
trop rapides ou trop brutaux avec l'exterieur,

Cette couverture sera en general argileuse ou
marneuse, done electriquement conductrice par
rapport au magasin qui sera greseux, caIcareux,
dolomitique ou constitue de laves. D'autre part, on
va etre amene a etudier le comportement de ces
terrains dans une tranche superficielle du sous-sol
de quelques centaines de metres d'epaisseur et
depassant rarement un millier de metres. Ces condi
tions, meme en relief mouvemente, sont parfaitement
du domaine de la prospection electrique basee sur
la mesure de la resistivite, avec sa technique du
sondage electrique pour la reconnaissance generale
et les prospections de semi-detail et celle de la carte
des resistivites pour les etudes de detail. Ces tech
niques offrent en outre le grand avantage de se
classer parmi les methodes dynamiques, a savoir
qu'il est possible et tres aise dans ce cas de faire
varier la profondeur d'investigation, puisqu'elle
depend de la longueur de la ligne d'envoi de courant
utilise. De plus, la resistivite est un parametre qui
varie dans de tres larges proportions avec le facies
des terrains (1 a 10 ou meme a 1 000). En resume,
ces techniques permettent en definitive d'etablir
des cartes en courbes de niveau de J'allure du toit
de l'horizon magasin, ainsi que de tracer les accidents
et fractures qui l'affectent.

Ce n'est pas tout. Illeur reste encore une propriete
tres interessante qui se rapporte directement au
problerne de la recherche de I'energie geothermique.
Nous avons vu, lors de I'expose sur les questions
de temperature et des zones chaudes, que la chaleur
ernanant du magasin echauffait peu a peu la couver
ture: Or, la resistivite d'une formation depend
etroitement de sa temperature : c'est ainsi qu'un
terrain porte de 17°C a 150°C voit sa resistivite divisee
par 5, et elle est divisee par 9 si sa temperature
passe de 17°C a,~80 o.C. On a donc la un moyen efficace
de determiner s 11 existe des zones chaudes a la base
de la couverture en etablissant une carte de resistivite
a la prof<;>ndeur correspondante, et de savoir par
exemple SI une fracture, cause de la structure geo
logique, est nourriciere ou non. .

Ce point est important en soi, sans compter que
la methode remplace et se substitue a la mesure
directe en surface de la variation de la temperature
~ors d:une prospection de semi-detail. La prospection
electnque garde cependant son utilite, merne si les
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failles ne presentent qu'un tres faible rejet ou s'il
est nul par endroits.

Vitesse de propagation des ondes elaetiques

Il, y a encore les methode~ sismiques, qui sont
basees sur la mesure de la vitesse de propagation
des ondes elastiques dans le sous-sol. Deux methodes
s'offrent a nous : la refraction sismique et la reflexion
sismique.

Au point de vue de la determination de l'aIlure
structurale, la refraction sismique est assez voisine
de la prospection electrique, puisqu'elles font appel
toutes deux a des trajets d'energie plus ou moins
horizontaux, done specialement aptes a deceler les
accidents vertieaux, Par contre, la refraction offre
plusieurs inconvenients : elle est beaucoup moins
sensible au facies des terrains; sa mise en ceuvre
est plus.complexe; elle exige un equipement impor
tant et lourd, si on desire atteindre une profondeur
de plusieurs centaines de metres, 500 m par exemple;
et les calculs dinterpretation sont beaucoup plus
longs. EIle utilise des explosifs qu'il faut garder,
transporter, enfouir assez profondement, et il est
necessaire d'avoir les cotes topographiques des
points d'explosion et des sismographes. En outre,
eIle ne fournit aucune indication sur les zones chaudes
profondes. Bref, son prix de revient est beaucoup
plus eleve que celui du sondage electrique.

Il y a encore la reflexion sismique, qui demande
l'obtention de reflexions, done l'existence de miroirs,
ce qui n'est pas toujours le cas, surtout si on a
affaire it des formations volcaniques. Sa mise en
ceuvre sera d'autant plus delicate que l'on sera en
presence de terrains dont la topographie sera du
type minier. De plus, cette methode, mettant en
jeu des trajets d'energie verticaux, est peu indiquee
pour determiner les failles et leur rejet.

EIle offre en outre tous les inconvenients de la
refraction sismique en ce qui concerne l'utilisation
desexplosifs, l'enfouissement des charges, la lourdeur
de l'appareillage et les difficultes de mise en ceuvre.

C'est une methode cofrteuse pour de resultats qui
auront dans ce cas toutes chances d'etre parcel
laires et mediocres, et nous ne saurions absolument
pas la conseiller pour de telles recherches.

Radioactivite

On a pu songer aussi a la methode radioactive,
qui consisterait dans notre cas a mesurer les sub
stances radioactives qui sont eventuellement vehicu
lees par les failles et fractures. Pour ce faire, il est
certes necessaire que les accidents recherches tra
versent la couverture pour aboutir jusqu'a la surface.
De toute facon, les resultats it attendre d'une teIle
methode sont trop aleatoires, et eIle restera entiere
ment muette sur les conditions structurales. EIle
est done it ecarter comme methode serieuse de
recherche.

Conclusion

En conclusion, nous sommes formellement pour
l'utilisation de la prospection electrique pour resoudre
les problemes poses par la recherche des champs
geothermiques, ou tout au moins par leur mise en
oeuvre prealable, parce que les resultats obtenus
seront les plus complets.

Lors d'une reconnaissance generale, nous recom
mandons d'executer des sondages electriques avec
unemaillede500x500metres.soit 4 stations au
km-, Pour les etudes de semi-detail sur les zones
retenues comme pouvant etre interessantes, on
resserrera cettemaillejusqu.a250X250metres.et
meme moins. Enfin, pour implanter au mieux les
premiers forages de reconnaissance, une carte de
resistivite sera executee.
. Nous insistons de plus sur le fait qu'outre sa

parfaite adaptation technique aces problemes le
prix de revient de la prospection electrique est le
moins eleve parmi les methodes dynamiques, ce qui
permet pour une meme depense de realiser des
explorations et reconnaissances beaucoup plus com
pletes, plus rapides et plus etendues,

Resume

L'auteur rappelle tout d'abord les c~ndit~ons
auxquelles doit satisfaire la structure geologique
d'un champ geothermique pour qu'il y ait production
de vapeur seche plus ou moins surchauffee, ou d'un
melange de vapeur saturante et d'eau chaude.

Pour reconnaitre cette structure, on a cherche a
utiliser differents parametres physiques des roch~s,
temperature, susceptibilite magnetique. ~enslte,
conductibilite electrique, vitesse de propag.atlOn de~
ondes elastiques et les methodes geophyslques qUI
en decoulent,

L'application de ces methodes est ensuite examinee:
tant au point de vue de leur opportunite d'emploi
que des resultats a en attendre.

11 est ainsi discute des differents modes d'execution
des mesures therrnometriques et de leur utilite, Puis
des mesures magnetiques et de leur contre-indication
pour les prospections preliminaires. Les memes
conclusions s'appliquent aux mesures gravimetriques,
qui concernent surtout la geologic profonde, sont
coUteuses et d'une interpretation delicate.

11 est ensuite demontre que la conductibilite
electrique est le parametre a retenir, et ant donne
les conditions structurales a determiner, la facilite
de mise en eeuvre et d'adaptation et le faible cofrt
des methodes de prospection electrique et en parti
culier de la technique du sondage electrique, qui
apporte de plus des renseignements precieux sur le
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Iacies des terrains. On est, d'autre part, en presence
d'une technique dynamique qui offre en outre
l'avantage de mettre en evidence les zones chaudes
par suite de la baisse de resistivite des terrains par
effet thermique.

La mesure de la vitesse de propagation des ondes
elastiques et des rnethodes qui en derivent (reflexion
sismique et refraction sismique) est ensuite pre-

sentee et discutee, Ces methodes, dont la mise en
ceuvre est importante et onereuse, ne sauraient etre
conseillees dans le cas d'une reconnaissance gene
rale.

La conclusion est nettement en faveur de l'utili,
sation prealable de la technique du sondage electriqu
pour la resolution des problemes que pose la recherche
des champs geothermiques.

THE CONTRIBUTION OF GEOPHYSICAL METHODS
TO THE SURVEY OF GEOTHERMAL FIELDS

Summary

Conditions are listed which the geological structure
of a geothermal field must satisfy in order to produce
more or less overheated dry steam, or a mixture of
saturating steam and hot water.

Different physical parameters of rocks have been
used t? determine this structure: temperature,
magnetic properties, density, electrical conductivity,
wave velocity. Geophysical methods have been
derived from these parameters, and operations have
been carried out.

The applications of these methods are then
examined with respect to the choice of the proper
method and the results to be expected.

Thermometric measurements are discussed con
sidering the different ways they may be carried out
and their usefulness. Mention of magnetic measure
ments follows.: they.sh?uld not be used in prelimi
na~y exploratlO~. ~hIS IS also true of gravity data,
WhICh apply principally to deep formations; they
are costly and difficult to interpret.

Electrical conductivity is then proved to be the
most valid parameter, because of the tectonics to
be determined and because it is easy to operate.
Moreover, electrical prospecting methods are inex
pensive, and electrical sounding, in particular, gives
valuable data concerning the nature of the forma
tions encountered. Furthermore, it is a versatile
method offering the added advantage of indicating
the warm areas through decreased formation resis
tivity by thermal effect.

\Vave velocity measurements are then discussed,
together with the corresponding methods: seismic
reflexion and refraction. These methods, which are
expensive to set up, are not advisable in the case
of a general reconnaissance programme.

The author concludes that electrical methods
should be used first when surveying geothermal
fields.
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GEOCHEMICAL ASPECTS OF THERMAL SPRINGS IN EL SALVADOR

Gerd Christmann *

. The foll~)\ving discussion is concerned with an
interpretation of post-volcanic phenomena of the
thermal areas Laguna Verde and Salitre r t
El S 1 d 1\1 th d

" . ' wes ern
. a va or. f; e 0 s aiding In the precise identifica-

tion of thermal waters are described and discussed.
I.n the thermal. waters of Laguna Verde and

Sahtre~ the following chemical differences ma be
recogmzed : y

Th~ ~oderately warm, nearly neutral, chloride
containing waters of Salitre are characterized by a
normal S04-content.

The hot, strongly acid, suIfate-containing waters
of Lag~na Verde are marked by a normal Cl-content.
The dIschar&"e from these springs is considerably
smaller and IS accompanied by a steam phase.

The chemical characteristics of these thermal
waters markedly coincide with the data from Craig
(1956), who analysed hundreds of samples from
famous thermal regions such as Yellowstone Park
Wyoming, Lassen Park, California, Iceland, Kenya:
New Zealand and Lardorello, etc. The thermal
wate~s of. El ~alvador can be fitted into Craig's
classification WIthout much difficulty.

Mo.re~ver, Craig (1956) found that enrichments of
cer~am Isotopes are extremely helpful in classifying
vanous thermal waters.
Accord~ng to the composition of their isotopes,

these spnngs correspond to the associated surface
water,. or they contain approximately the same
deutenum concentration as the local meteoric
waters, but they are enriched in 0 18 with respect to
these waters by amounts ranging up to approximately
0.4 per cent.

In the acid thermal waters the deuterium content
attains values as high as 5 per cent, the 0 18 content
mcreases to 1.6 per cent in comparison to the local
m~teoric waters, and there is a general tendency for
this enrichment to be associated with the progressive
decrease in pH.

At first it may not be easy to explain these
phenomena because it is difficult to extract oxygen
for isotope analysis from many of the minerals
composing the rocks. Therefore, the amount of
variation in the 0 18/016 ratio in silicates, carbonates,
and oxides in igneous and metamorphic rocks IS
~ot very well known. The first to succeed in obtain
Ing precise and reliable data on oxygen isotopes
were Baertschi and Silverman (1951) and Silverman
(1951). They analysed silicate rocks, generally

* Servicio Gcol6gico NacionaI, San Salvador.

finding that those rocks which contained the greatest
percentage of free quartz were richest in 0 18 • The
greatest concentratio~ of 0 18 was found in quartz
that formed at relatively low temperatures. It is
~emarkable that the highest 0 18/016 ratios were found
In the more siliceous rocks and the lowest in the
more bas.ic .rock~ (Silver~an, 1951). He attributes
these variations III ISOtOPIC composition to diffusion
processes.

Thus, if isotopic exchange takes place between
water a~d rock, we e~pect that the oxygen of the
water WIll. become ennched in 0 18 but the hydrogen
content WIll not change significantly. Let us suppose
th3;t the ~xchange is an equilibrium phenomenon.
ThIS requires that the equilibrium constant at the
temperature of contact be smaller than the difference
in 0 18 concentration between water and rock. Silver
man's data indicate that this might be the case.

These data hold true particularly for the geologic
relations in the Salitre field because here the most
conspicuous occurrences are crusts of the siliceous
evap?rites. Loss of pressure and temperature are
decisive above 'all in the precipitation of Si02 •

. Cr3;ig's expla~ation of the process of enrichment
In acid waters IS not at all satisfactory.

Urey (1947) and Tudge and Thode (1950) have
~hown. that energy, entropy and free energy of
ISOtOPIC ~ubstances depend largely on the vibrational
frequencies of the molecules, which in turn depend
on the masses of the atoms in the molecules.

The ~ulfur isot?pes, 9 2 an.d 534, with a 6 per cent
mass difference In geochemical processes involving
a valence change of -2 to +6, such as that between
sulfide and suIfate, are fractionated with the lighter.
The heavier, less energetic isotope is concentrated
in the more tightly bound sulfate (Ault, 1960). .

In the more favourable relationship of mass differ
ences of H 20 and D20, the D20 enrichment occurs
mainly through diffusion and exchange processes.

Krauskopf (1960) assumes the existence of various
partial pressures for the different components of a
magmatic gas phase. The thermal waters of Laguna
Verde can be explained easily by these data, as well
as the situation described by Grange (1955) for the
Waiora Valley in New Zealand.
. I~dustrial utilization of these phenomena is very

SIgll1fica~t for ~l Salva~or. In the following, a
method IS descnbed which makes possible quick
determinations of D 20.

Richards (1898) and Richards and Wells (1903)
listed a temperature of 32.383°C at which anhydrous

145
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or K" = Qc . QfL, QfL = quotient of the products
of activity. Because Q, = K», therefore:

(6)

The ionic coefficients of activity may deviate
from (1) at relatively small ionic concentrations,
the result being that under certain circumstances
the constant of equilibrium K» differs greatly from
the thermodynamic constant of equilibrium K».
Variations in the ionic concentrations and therefore
in the coefficients of activity lead consequently to
appreciable qualitative effects.

Thus the dissociation of Fe (SCN)3 ~ Fe3+ +
3 SCN-

yFe(SCN)3
K» = KalQ = K» F 3+ SCN·-=-3 -y'e 'y

i.e., in extremely dilute solutions the coefficients of I

activity of the dissolved substances = 1. They also
depend on the kind and concentration of other
particles.

If one considers a homogenous reaction in a
solution one obtains from (1) by the substitution
of (4) :

If one increases the ionic concentration of a
solution by adding an arbitrary salt, the ionic
coefficients of activity decrease, and K» increases.

(1)

sodium sulfate stands at equilibrium with the
decahydrate, the saturated solution and its vapour.
According to Taylor (1934), the point of inflection
is raised by 2.10°C, when H20 is supplanted by D20.

These physical data should be very useful and
suffice at least for qualitative determination of
coefficients of enrichments.

The ordinary indicators are useless in a precise
indication of the point of inflection. However, it is
possible to obtain a specific indicator by marking
use of the application of an exact form of the law
of mass action upon dissociation of weak elec
trolytes.

For an electrolytic dissociation of the type

AB~A++B-

the law of mass action yields

In this form the law can, however, be used only
with some precaution. The reason for this lies in
the fact that the undisturbed anomalous molecular
movement does not occur any more because of the
mutual attraction of the ions. One obtains a real
constant if one substitutes the concentration of the
reactants and products for their activities in the law
of mass action. If one writes aA and aB for these,
then for a commonly formulated chemical equation
the state of equilibrium becomes:

(3)

~
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or K» = Qa. when Qa is the quotient of the activity
products. Ka signifies the thermodynamic equilibrium
constant, its value remaining invariable under all
circumstances at a given temperature.

The activities, more precisely their logarithms, are
indicative values for the tendency of reaction of the
particles. With a substance in solution, the activity
is defined best by indicating the approach of its
value to the molar concentration of the substance
with increasing dilution of the solutions, i.e., the
activity a is normed to the molarity of volume e,
whereby the condition of norming mathematically
is expressed as:

lim. ale = 1

""£'e-+O

The relationship a = c is valid only for extremely
dilute solutions. The exact handling of the ratios of
the solutions of finite concentration is made possible
by the introduction of the so-called "coefficient of
activity". These are factors which combine activi
ties and molarities in the following manner:

a = e . [J.c or [J.c = ale (4)

According to (3), the relation

lim [J.c = 1,

""£'e-+O
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If the added salt contains neither ions of Fe3+
nor ions of SCN- the concentration of undissociated
Fe (SCNh is lowered by the increase of dissociation
constant K», In this process a change in colour is
noted. A solution of such a desired concentration
is obtained by dissolving 1.5 m-mol FeNH4(S04)2 .
. 12 Hp and 4.5 m-mol KSCN in 1 litre of water.

Through a careful application of the described
theory it should be possible to use this process as
a simple field method.

An outstanding, yet simple, laboratory technique
in analysing mixures of H20-D20 is described by
Oostens and Fripiat (1959). For the examinations,
a Beckman spectrophotometer with double beam,
model IR-4, was employed. The' precision of the
results is independent of the optics (NaCI or

CaF2) . The apparatus marks the degree of permea
bility in per cent which depends upon the wave
length. The figure gives an example for these analyses
made for weight concentration of heavy water:
(1) 4.73 per cent, (2) 3.10 per cent, (3) 2.46 per cent
and (4) 1.19 per cent. In the graph (previ?us page)
the permeability was plotted along the ordinate, the
wave length along the abscissa.

The occurrence of characteristic isotope enrich
ments in thermal water can be explained only
theoretically. The difficulty lies not in the problem
itself, but in the fact that up till now one is still
uncertain of the degree of purity of strictly "juvenile"
water in samples. Epstein (1960) proposes a solution
to the problem pointing out characteristic 0 18/016

ratios in coexisting minerals.
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Surnrnary

According to Craig, Boato and White (1956) two
main types of thermal springs may roughly be
distinguished :

Chloride tepid waters with pH in the range of
5-9. They' are generally discharged from a large
body of ground water. .

Acid hot springs, relatively high in sulf3;te, WIth
a pH from 1-5 and much smaller rates of discharge.

In this model the thermal springs in. the we~~~~
part of El Salvador can be classified w:tho.ut thi
difficulty With the aid of recent pubh~a~lOns . hiS

. . h h teristic enric -paper attempts to explam t e c arac
ment of isotopes.

Regarding industrial utilization, the described
situation is very significant for El Sa.lvador. Per~';lps

an answer can be found in the specific composition
of the different isotopes. The question is up for
discussion, whether or not there is a correlation
between characteristic isotopic enrichments and the
chemistry of the thermal springs.

A simple method is described .w:'Jich can prob,:bly
be used in the field for determining the deutenum
enrichment. An extremely efficient laboratory tech
nique was developed by the application of IR
spectroscopy.
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ASPECTS GEOCHIMIQUES DES SOURCES THERMALES DU SALVADOR

Resume

D'apres Craig, Boato et White (1956), on peut,
d'une facon generale, faire la distinction entre deux
types principaux de sources thermales :

1. Les eaux tiedes chlorurees, dont le pH varie
entre 5 et 9. Elles sont generalement alirnentees par
une masse d'eau souterraine importante.

2. Les sources chaudes acides, qui ant une teneur
en sulfates relativement elevee, dont le pH s'eche
lonne entre 1 et 5, caracterisees par un debit beaucoup
plus faible.

Il ri'est pas particulierernent difficile d'inscrire les
sO~Irces chaudes de la region occidentale de la Repu
blique du Salvador dans le cadre de cette classifi
cation. On s'efforcera dinterpreter l'enrichissement
observe dans leur composition isotopique.

En ce qui concerne les applications industrielles,
la situation qui vient d'etre decrite est tres signifi
cative pour le Salvador. On pourra peut-etre dormer
une reponse a la question en examinant la repar.
tition specifique des divers isotopes en cause. Il
conviendrait d'etablir s'il existe une correlation entre
certains enrichissements caracteristiques en isotopes
et la composition chimique des sources chaudes.
. On decrit une mcthode simple, qui pourra proba
blement s' employer sur place. pour determiner
l'enrichissement des eaux en deuterium. L'appli
cation de la spectroscopie dans la region de l'infra
rouge a permis la mise au point d'une technique
de laboratoire extrernemcnt cfficace.
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• Comisi6n de Energia Geotermica Y Comisi6 n Federal de
Electricidad, Mexico.

t Banco de Mexico, S.A., Mexico.
N I Mexico.t t Comisi6n Nacional de Energia uc ear,

General geological aspects of Mexico

1 See figures 6 and 7 below"

results so far promise Mexico an indigenous supply
of uraniferous raw material in the near future,
sufficiently large so that production of nucleo-electric
energy may, at the proper moment, at least in part,
complement the energy from conventional sources,
aided by the accelerated extraction of Mexican
hydrocarbons.

The new sources of energy, known as solar, wind,
geothermal, tidal and thermotalassic, present a new
and singular field in Mexico. Of the five sources
mentioned, only geothermal energy has been explored,
with the results mentioned in this report.

The development which may be obtained as a
result of the exploration of geothermal energy in
Mexico points to its future importance in the energy
pattern of the country.

The experimental geothermoelectrical power plant .
at Pathe, lin the State of Hidalgo, shows an approxi
mate cost of $53 per installed kilowatt, indicating
that the connexion of geothermoelectrical plants
with electrical systems provided by thermoelectric
or hydroelectric plants in the Bajio and Mexicali
zones will have an advantage in cost of electrical
energy, of benefit to both the people and the Govern
ment. It is important to note that the cost of the
experimental Pathe plant was exceptionally low;
the Ansaldo turbo-generator group of 3 500 kilo
watts was sold by Larderello to the Comision Federal
de Electricidad at a very low price, with co-operation
in research work. The power house and the frequency
converter were recovered from old installations.

In Mexico there are rocks from Cambrian, in
Sonora, to Recent. Mesozoic predominates in the
central part of the country, greatly masked by acid
effusive rocks. This zone and the west central zone
are rich in minerals.

Figure 1 shows the approximate location of the
following zones:

(i) Between the western part of the ce!ltral
portion, mentioned above, and the coastal plain of
the Gulf of Mexico, there is a north-to-south moun
tainous chain, intensively folded, known as the
Sierra Madre Oriental. The Mexican geosyncline
includes such a chain, which is formed mainly by
Mesozoic, Paleozoic and Cenozoic rocks. The Sierra
Madre Oriental has been subjected to an alpine type

Per cent
of total

20.0
72.0

6.2
1.8

Source

Natural gas
Crude oil
Coal
Water

jlexico is probably the only country i~ the wo~ld
which depends largely on oil to provide for I~S
energy requirements. It is estimated, on the b.asl~
ofactual consumption, that coal reserves are sufficIen.
to fulfil growing demand for more than o~e country,
the hydroelectric resources of Mexico WhICh remain
unexploited offer an appreciable amount of ene~gy
to be utilized for future development..The. gn?Wlllg
pace of energy consumption in ~exIco llldlca.te~
that its oil reserves have only a thirty-year peno
of life expectancy.

For the past three years, some geological~yfltvOr
able zones have been explored systematlca Y or

fdi . . 1 . 1 ithin the states 0ra ioactive mmera s, mam y w Th
Chihuahua, Sonora, Coahuila and Durango. e

Before 1955, when exploration drilling was begun
in Mexico, there were a number of known places
with hydrothermal springs, some of which were used
for recreation and bathing. Studies before 1955 by
Isita Septien (1) and de Anda (2, 3) were among
the first to show the urgent necessity of studying
the geothermal resources of Mexico scientifically.

The Cornision N acional de Energia Geotermica
established a department in 1955 to study possibilities
and developments in the new source of geothermal
energy; it was sponsored by the Comision Federal
de Electricidad, the Banco de Mexico, S.A. and
Nacional Financiera, S.A. The reasons which
prompted its creation were based mainly on available
data, which were considered favourable from ~he

geological point of view for conducting exploration
in the subsurface by drilling in search of natural
steam for the production of electrical energy. The
conventional sources of energy in Mexico had been
the subjects of careful study, in order to schedule
consumption of available energy because of the
ever-growing demands of the country.

Most recent information indicates that total
energy consumed in Mexico for different uses comes
from the following sources:
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of deformation and contains limestone, shales,
sandstones, conglomerates and marls : it exte d
from the centre of Mex~co to the north, compris~n:
pa~t of t~e states of Chihuahua, Tamaulipas, Nuevo
Leon, Hidalgo, Coahuila and Zacatecas.
. (ii) T~e north and centr~l plateaux are regions

situated m the .forr~er Mex1ca~ geosyncline. They
contain .PaleozOlc and Mesozoic rocks, which are
covered m large part by volcanic flows of variable
composition, from acid to basic.

(iii) The Sierra Madre Occidental is a continuation
~o the sou.th of the Basin and Range System and
IS for?1ed 1.n great part by rocks of igneous origin,
both intrusive and extrusive, with greater abundance
of the latter. It is believed that the predominant
age of these rocks is Tertiary; their basement is
unknown, but in the light of the few data available,
and considering their correlation with Arizona, it is
not difficult to suppose that the gross' section of
volcanic rocks is sublaid in large part by old
terrains of Paleozoic, and even older layers. The
structure which predominates in the Sierra 'Madre
accidental is block faulting. This wide region of
the country is for the most part inaccessible; and
manymineral deposits which undoubtedly are lodged
in fractures have not yet been discovered in the
region. The zone, of variable width, which represents
the transition between Sierra Madre Occidental and
the western limit of the Mexican geosyncline, con
stitutes the more important mineralized region of
the country, extending perceptibly in a north-west
to south-east direction.

(iv) The neovolcanic zone is composed funda
mentally of volcanic rocks, from Tertiary to Recent
age, transversal to the general trend of Sierra Madre
Oriental and Sierra Madre Occidental, being located
approximately between parallels 19 and 21, no~th
latitude. This is a region of intensive geysenan
activity, in which the Pathe and Txtlan fields,
which are being studied, are located.

(v) The Baja California peninsula is ,forI?-ed by
a batholith, mainly integrated by irrtrusive 19?eO~S

rocks of granitic composition, the age of which IS
believed to be pre-Cretaceous. In the :,ame part of
the peninsula there are likewise volcamc !ocks fr0!il
the Tertiary, located in isolated basins which contam
sediments from Tertiary to Recent.

(vi) The Pacific coastal plain is form.ed by .t~e
western slopes of the Sierra Madre .Occ1dental, It
IS a Zone within the limits of the contment, tow~rds
the Pacific with intensive seismic activity, espeCially
in the Ac~pulco region. .

(vii) The zones known as Sierra Madre del Sur,
Sierra de Chiapas, the Gulf coastal plain and the
Yucatan plateau form the remaining zones conve~
tionally recognized in Mexico; they are shown m
figure 1.

Schematically, Mexico exhibits a marke.d tilt
towards the Gulf of Mexico where recent sed1me~ts

, ibit stalhneoccur, whereas the Pacific coast exhi 1 s a.cry
basement, made up of intrusive Paleozo1C rocks.

Two great-stresses occur in Mexico: one is projected
from North America and exerts pressure towards
the south, mainly along meridian 100 W; the other
proceeds from South America and acts through
Central America, pressing Mexico towards the
north-west.

The combination of these two stresses produces
an important zone of transversal dislocation, from
the Gulf of Mexico to the Pacific Ocean. Such a
zone is the new volcanic region, in which a basaltic
plurivulcanism predominates, with intercalations of
felsites, even with faneriticintrusives in dikes. It
might also be considered that the Gulf of California
is a consequence of this dislocation, as well as the
San Andres fault zone, which reaches San Francisco,
California, in the United States.

Distribution of geotherrnal zones in Mexico

To repeat, the zone of transversal dislocation
known as the new volcanic region corresponds to
a line of weakness in which it is supposed that the
best results of geothermal energy may be encountered,
not excluding the fault zone of San Andres, which
is considered a consequence of the dislocation that
gave rise to the new volcanic zone (figures 2 and 5).

In Mexico, the presence of manifestations that
might lead to obtaining steam are intimately
connected, up to a certain point, with a favourable
structure, mainly through fractures and zones of
weakness that in one way or another have constituted
the conduits along which a considerable volume of
volcanic materials has come to the surface. Therefore,
the geothermal fields of Mexico investigated to
date - Pathe, Ixtlan, Mexicali and a few others
considered as potential - are found within an
important structural region.

Experience gained in this field has demonstrated
that calorific energy contained in steam might be
utilized for industrial and economic purposes. Such
energy comes from the heat accumulation of igneous
rocks in the subsurface, which remain at sufficient
depth to dissipate heat during a longer or shorter
period of time. Fluids of meteoric character which
have circulated to the depths have absorbed heat
coming out at the surface as steam.

It might be thought that a certain amount of
steam which appears on the surface may in fact
have a magmatic origin, a matter which might
better be studied by means of nuclear geochemistry
through studying a good number of samples.

It is interesting to note that in the locality known
as Aconchi, Sonora, there are hydrothermal manifesta
tions with temperatures at the surface up to 70°C.
The spring deposits precipitated from such waters
are highly radioactive. There is a question whether
the abnormal temperature results from energy
provided by the disintegration of radioactive min
erals or from hot water circulating in the depths of
the crust that has taken heat from an igneous body
still in the process of cooling and carrying radioactive
materials in solution.
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The new volcanic zone mentioned earlier is a
part of the earth's crust in which favourable struc
tures, volcanism and steam make Mexico a zone of
great interest to explore.

Geothermal fields actually drilled and studied

Three zones have been studied in Mexico to date
for ~he p\lrpose of recC!ve~ing steam: Pathe, Hgo.;
Ixtlan, Mich, and Mexicali, B. C. (see figure 2).

At Pathe and Ixtlan, the chemical -analyses show
that the hydrothermal manifestations are sodium
chloro-sulphated, but in Mexicali they are sodium
chloride waters.

The characteristics that have influenced the
decision to choose these zones are the following:

Widespread manifestations of hydrothermal foun
tains with superficial boiling temperatures;

Favourable structure, so far as was shown by
surface geology; and

Hydrothermal activity in relation to volcanic
phenomena.

The prospecting methods included:
Superficial geologic examinations;
Systematic measures of temperatures;
Chemical sampling of hydrothermic fluids;
Drilling by diamond drills, churn drills and rotary

drills.
Geologic observations were conducted to connect

the occurrence of hydrothermal fountains with
structural aspects, stratigraphy and volcanism from
Tertiary to Recent.

There is not sufficient data available to permit
evaluation of the productive capacity of the geo
thermal zones mentioned. A theoretic study of the
Pathe field which follows discusses some of the
characteristics of the field.

PATH:E

Pathe (figures 2, 3 and 4) was originally chosen
because it presented evidence of attractIve geothermal
activity-that is, thermal springs and fu~a.roles at
boiling point, a great amount of geysenh~ rock,
mineralized rocks with sulphides, alteratIOn .of
primary rocks giving place to important depo~lts
of caolinite, veins of gypsum and profound erOSIOn
in preferential directions with fractures. S?me
chemical analyses were made of the water of vanous
springs, and it appeared opportune to start an
exploratory perforation.

At 1552 metres above sea level, Well No .. 1 was
started on 17 August 1955. The choice of location was
not based on a spring or fumarole, b~t rather .on
the position of fractures, and t~e pos~lble c~oss~~1
of several For this well perCUSSIOn dnll eqUlpm d

: ' . omplete re corwas used III order to perrrrit a more c
of rocks and temperatures.

At a depth of three and a half metres, the ~:;~~
table was cut out, and the temperature was ,

at four metres the temperature rose to 400C; and
at 69 metres it was 1000C, exploding the steam
trapped in the mud brought out in. the spoon. At
a depth of 238 metres the well exploded, and the
temperature was around 150°C.

The temperature at the bottom~fthe well decreased
when it reached the pyrite zone and, as it penetrated,
the temperature increased abruptly. In the vicinity
of the pyritic beds, the spoon brought out pieces of
epoded rock, several centimetres in size, as if
they had been in a surface exposed to wear produced
by a strong current of water.

These facts, and the experience acquired in the
perforation of other wells for the procurement of
water in these places, high enough above sea level,
make it appear that the circulation of underground
water is an important factor in geothermal exploita
tion; it acts unfavourably, by cooling and dissipating
ascending thermal energy.

It has been proposed that the Pathe wells should
be deepened, at least to reach the bottom near sea
level to avoid the adverse effect of fast underground
water currents.

After Well No. 1 exploded, however, eleven wells
were drilled, to the north, south and east of Well
No. 1, at relatively shallow depths. Well No. 12
will be drilled to 1 500 metres in spite of the technical
difficulties encountered.

Figure 4 presents a geologic correlation of the
wells actually drilled at Pathe.

In 1956, a modified formula from the equation of
Carlslaw (4) was applied to results found in the drilling
of Well No. 1, and a notable correspondence was
found between the temperature encountered with
further drilling and the theoretic curve drawn using
the formula: .

r, = To - a LOO e~ . du
. br' U

in which:
T l = temperature that must exist at depth, Y.

To = 374.61°C = limit of temperature for this
theoretic curve, being the critical temperature for
water steam

a = constant = A
K

(varies from one place to
47t

another)
1

b = constant = 4 k t (varies from one place to

another)
A = intensity of the sending source
K = Kelvin coefficient of thermal diffusibility

(constant in each place, but varying from one place
to another)

t = time elapsed since the thermal body' started
to lose heat towards the surface (constant in practice
if the extent of the geological elapsed time since
the emission of heat started is considered)

y 2

U = 4kt
7
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Figure 5. Mexicali zone, showing trends of fracturing, hydrothermal springs and location of exploratory steam wens

ba

in which 0.577216 is the constant of Euler; for each
value of u, the corresponding value of I (u) has
been calculated by several authors and published
by the Federal Works Agency of the United States.

The parameters a and b are fixed in each case,
p.roviding two readings as the drilling proceeds, and
SInce:

3.3! 4.41
+7-7-

L
We- U
-du

br» U

exponential integral:

The integral

is a form of the

l oo e-U
-. du = f (u),

re U

whose development is:
2.2!f (u) = - 0.577216 -loge x + x-~
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There is a system of two equations:
. T - T r 2

!(u2) = / / '!(u1) ; u1 = .i, . u 2
0- 1 r2

2

Since To, r; T2, rI' r 2 are known, with the aid
of the table, the curve that relates u with / (u)
can be drawn on logarithmic paper.

Any given value may then be assumed for u,
and by replacing it in the former equation, a corre:
sponding value for 1t1 may be obtained. With the
aid of the appropriate table, the corresponding
value is found for /(u1) ; by replacing it in the first
equation, a value of /(u1) is found; it will be false
in general, and it will not coincide with the true
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value ~hat /(u2 ) ought to have when a predetermined
value IS assigned to u2 and the corresponding value
of the funct.ion is found on the tables. Nevertheless,
that value IS placed on the graph.

Oth~r values are calculated in the same way,
and WIll have a curve that will intersect the true
cu~ve o~ the relation of t£ with /(u) at one point.
ThIS point marks the value that must be chosen
for tt2 , replacing it in the equation:

b = U 2

r2

This is the value that has been sought for b. In
the, same way the table provides the value of /(U,2) ,
WhICh corresponds to the last value chosen for u
that is substituted in: 2'

T o - T 2
a=-----"'~~-"

/(u2 )

Having the values sought for the two parameters
a and b for the well mentioned, the theoretic curve
applicable to the geothermal well in question can
then be drawn.

Estimates of the productive capacity of a geo
thermal field can be determined by following a
similar procedure, drilling three wells close enough
so that the operation of two of them appreciably
affects the pressure readings on the third. In a
similar way the permeability of an aquiferous body
can be determined, using pumping methods, applying
the formulas of Muskat (Flow of Homogeneous
Fluids Through Porous Media), Theis (Determination
of the Permeability of Water Bearing Materials) or
Wenzel or others.

This estimate has not yet been made because it
is thought that the first well does not have the
~ecessary depth, and the readings are therefore
Inadequate.

There is a possibility of an underground sed~
mentary trap in the Pathe field. This opmlOn ~s

based on the observations made on the Mesozoic
limestone outcrops around Pathe, which, roughly,
follow a semi-ellipse. To the nortI:-west of 'this
locality, near Lean, Gto., suc~ hme~tones are
unconformably overlying crystallme SC~IstS. There
are plans to conduct detailed geologIca;l surfa.ce
mapping in the near future, and an electncal reSIS
tivity exploration, as well, in order properly to
locate the volcanic sediments contact underneath.

IXTLA.N

Ixtlan field (figures 2 and 9) is situated in the
state of Michoacan near Chapala Lake (1 400 metres
above sea level) and at an elevation above the lake
surface of more than 100 metres. Both surface and
subsurface drainage ape towards such ~ lake, an.d
the Duero River is the surface expreSSIOn of this
drainage. Ixtlan valley is structurally a graben; o~
the left margin of the river there are several th~rm~
springs, some of which function as geysers of re uce

flow. Saline deposits of hydrothermal origin are not
very abundant.

Two shallow drillings have been made at Ixtlan
(figure 9) for geothermal purposes: one at 220 metres
and the other at 180 metres below the surface of
the terrain. At the beginning, temperatures increased
more rapidly than at Pathe for the same depths,
but below approximately 150 metres, temperatures
were practically stabilized, and did not increase
further.

All these circumstances lead to the inference that
Chapala Lake makes the thermal springs behave
as geysers; the assumption is that the influence of
Chapala on Ixtlan goes as deep as 150 metres below
the surface; actually, this lake regulates and holds
back the water to a certain depth. The geyser
phenomena perhaps would not be apparent if
underground hydraulic flow were rapid enough.

'This situation seems to occur in other parts of
Mexico.

There are no substantial saline deposits as a result
of hydrothermal activity in Ixtlan, perhaps because
the salts are intercepted on their way up by the
rapid flow of underground water. Only dissolved
salts can reach the surface and be precipitated.

There are definite plans to carry on drilling to a
depth of 1 500 metres below the surface. It will
then be known whether or not these considerations
are sound.

MEXICALI

Mexicali field (figures 2 and 5) is located in the
meridional continuation of the San Andres fault
system, which perhaps gave origin to the Gulf of
California.

There is a basaltic promontory near Mexicali,
called Cerro Prieto (figure 5), around the margins
of which there are several hydrothermal springs;
sulphur deposits. of non-economic importance and
a few salts precipitated from the springs are exploited
locally in a rudimentary way.

West of Cerro Prieto lies the Sierra of Kukapas,
formed by the granitic batholith of Baja California.
I ts western and eastern margins show clear evidence
of faulting. Incipient mineralization is exploited in
the interior of the range, and there are some hydro
thermal springs at the eastern margin, especially in
its northernmost portion.

Geothermal exploration was initiated near the
eastern part of Cerro Prieto in order to reach the
granitic batholith below the overlying sediments
and try to find a favourable steam trap between the
two main types of formation.

To the present time, more than 600 metres have
been drilled in alluvial deposits without reaching
the batholith. Temperatures seem to have been
increasing very favourably, although it has not been
possible to determine the maximum temperature
so far reached owing to a mechanical difficulty at
the depth mentioned (see figure lO).
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Figure 11. Geotherrnal electric pilot plant,
Pathe, Hgo., Mexico

Figure 12. Explosion of Pathe Well No. 1 in January 1956

Figure 13. Geothermoelectric 3 500 kW group in pilot plant,
Pathe, Hgo., Mexico

Figure 14. Pathe field development, Mexico.
Foreground, Well No. 2A and pilot power house;

middleground, Well No. 1; background, Well No. 3
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Conclusions

In the light of experience obtained at Pathe
Ixtlan and Mexicali, the utilization of geotherrnal
energy in Mexico will probably result in cheaper
energy in the central and north-western parts of the
country.

Corroboration of success in the three fields men
tioned will permit and encourage general enterprises
to work at the development of this new field of
energy, thus helping the local economies of some
parts of the country.

At the beginning of 1961, about 8 million pesos
(about V.S. $ 640 000) had been invested for the

purpose of investig~ting geothermal. energy in l\1exic~;
this included drilling a total of sixteen wells. This
is a small amount, considering the size of the country
and the possibilities offered by geothermal develop
ment.
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Summary

Evidences of geothermal activity related to
structural and tectonic features were considered
in choosing three sites for investigation and drilling
in Mexico: Pathe and Ixtlan, in the neovolcanic
zone, and the fault zone of San Andres, near Mexicali,
B.C. This paper includes general information on
the progress of investigations in these zones.

Information is given in connection with methods
used in the explorations conducted so far, including
technical problems of drilling, as well as costs and
results obtained in the wells drilled (twelve in Pathe,
two in Ixtlan] at depths between 250 and 760 metres,
in areas partly consisting of basalts, much altered
and fractured, at a general elevation of 1 550 metres
above sea level.

Consideration is given to the possible effects of
elevation above sea level on production and to the
advantage of drilling deep, to sea level, in order
to learn the influence of subsurface water on steam
production at different elevations.

Results obtained to the present time with one well
drilled to 600 metres in the steam field at Mexicali,
RC. are given in the text.

Experience with the turbo-generator pilot plant
installed at Pathe, utilizing one of the dry steam
wells, demonstrates that production characteristics
are affected by the operation of some near-by wells,
whose production of water and steam has varied with
time. Mention is also made of the costs of production
of geothermal-electric energy.

Observations on incrustations of the Pathe wells
indi.c~ted that a chemical change from carbonates
to s~IIca had occurred, It is supposed that the amount
of incrustation material will diminish with the
increasing depth of the wells and that at the same
time there will be an incr~ase in the discharge
pressure.

. To complement the drilling, a geological survey
IS now planned to cover a wide surrounding area
at the steam fields of Pathe and Ixtlan. In exploring
the geological stru~ture, the discontinuity of volcanics
and older underlymg rocks is considered important
as a trap for steam in the subsurface area. Geo
physical methods and techniques will likewise be
used for this purpose.



Geotherlllal energy in Mexico G/77 de Anda et al. 165

ENERGIE GEOTHERMIQVE AV MEXIQVE

Resume

Les indications dactivite geothermique en rapport
avec des caracteristiques structurelles et tectoniques
ant ete etudiees pour choisir trois emplacements
en vue de recherches et de forages dans la Repu
blique mexicaine : Pathe et Ixtlan dans la zone neo
volcanique, - et la zone a failles de San Andres,
pres de l\IexicaIi, en Basse-Californie. Ce docu
ment fournit des renseignements generaux sur
ces zones qui jusqu'a present, ont fait I'objet. de
recherches.

Les auteurs donnent des renseignements sur les
methodes de recherche deja utilisees, mentionnant
notamment Ies problemes de forage, ainsi que le cofrt
et les resultats obtenus dans Ies puits fores (12 a
Pathe, 2 a Ixtlan) a des profondeurs variant entre
250 et 760 metres, dans des zones forrnees partiel
lement de basaltes, tres alteres et fractures, a une
altitude generale de I 550 metres au-dessus du niveau
de la mer.

Ils examinent Ies resultats possibIes en matiere
de production a diverses altitudes et Ies avantages
que presenteraient des forages atteignant le niveau
de la mer afin de determiner l'influence des eaux
souterraines a diverses altitudes, en rapport avec
la production de vapeur. Ce memoire ipresente ~es
resultats obtenus jusqu'a present avec un puits

du champ de vapeur de MexicaIi (profondeur actuelle :
600 metres).

L'experience acquise avec I'installation pilote
turbo-generatrice de Pathe, en se servant de l'un
des trois puits de vapeur seche, demontre que Ies
caracteristiques de production sont affectees par
l'expIoitation de certains des puits voisins, dont la
production d' eau et de vapeur a varie en fonction
du temps. 11 est fait mention du cout de production
d'energie electrique geothermique.

En observant les incrustations des puits de Pathe,
on a constate un changement de Ieur nature chimique :
Ies carbonates se sont transformes en silicates. On
presume que la quantite de matiere d'incrustation
sera d'autant plus faibIe que les puits seront plus
profonds, la pression de decharge augmentant paral
lelement.

Pour completer le forage, on prevoit maintenant
une etude geologique qui portera sur une vaste zone
entourant les champs de vapeur de Pathe et d'Jxtlan,
En etudiant les structures geologiques. on attache
une grande importance aux discontinuites des roches
volcaniques et des autres roches plus anciennes,
qui forment des pieges de vapeur dans le substratum.
On empIoiera egalement des methodes et des tech
niques geophysiques a cette fin.



* Consulting Geologist, Thermal Power Company, San Fran
cisco, California.

Sources of geothermal heat

The occurrence of thermal springs-that is, springs
having temperatures noticeably higher than the
mean average temperature of the atmosphere in
the area in which they are located, may be ascribed
to several causes. Temperature gradient of the earth's
crust must be recognized as a possible primary cause
of thermal springs and as a beneficial factor in aiding
retention of heat in springs which may owe their
abnormal thermal state to other causes. Estimated
averages of geothermal gradients vary from one
degree Fahrenheit per 60 feet of depth to one degree
Fahrenheit per 100 feet of depth. Even in the lesser
case, water or gas at depths of 12 000 feet should
have temperatures near the boiling point of water.
Deep oil wells have generally substantiated such
figures. In extremely deep wells, one at a depth of
20600 feet, temperatures as high as 454°F have

The purpose of this paper is to classify occurrences
of thermal emanations in the continental United
States with the view of determining what character
istics recommend specific areas as reasonable pros
pects in attempting to develop geothermal power.
None of the published literature that has come to
the attention of the writer has treated of the prospec
tive economic value of geothermal energy as related
to the development of power. Literature relating
thermal springs to human health and welfare,
however, is abundant, and has been of great value
for this study. Private geologic studies with the
object of producing geothermal power were made
by the writer starting in the year 1924 and at later
dates by others, but so far as is known such studies
have been very limited.

Including two presently drilling, there have been
forty-three wells drilled in the western United States
in the attempt to discover and develop geothermal
power. Important discoveries have resulted in several
areas, and manufacture of electrical energy is
presently in operation at one. It has been the privilege
of the writer to observe the drilling or the findings
of all but two of these wells, as well as to conduct
geologic investigations in eight of the total of
ten areas in which exploration drilling has been con
ducted.

Gj48

GEOLOGICAL ENVIRONMENT OF HYPERTHERMAL AREAS IN CONTINENTAL
UNITED STATES AND SUGGESTED METHODS OF PROSPECTING THEM

FOR GEOTHERMAL POWER
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been encountered, and at least ;;oO°F is expected
in deep wells to be drilled in the near future.

It may be assumed from the above that in areas
where there are no avenues of rapid escape or ascent
for waters or gases that have their habitat in high
temperature depths, a state of relative hyd:al~lic

and thermal equilibrium exists. Waters ex~stl11g

in these zones may be either connatc, meteoric .or,
possibly to a minor degree, juvenile waters which
have had their source in magmas. For the purpose
of this study they may all be designated under
the term, "interstitial water".

Movement of interstitial water may be induced
by the addition of meteoric water, causing it. to
escape in springs or broad areas of evaporatl?n,
Water so escaping from the deep zones of saturation
should not exhibit abnormal temperature differences,
The introduction of an equilibrium-disturbing pheno
menon therefore appears to be requisite to the
creation of changes in temperature from the estab
lished normal.

Various geological phenomena may play roles in
disturbing the normal thermal equilibrium. ~uch
phenomena may be due to any of the foIl0\\'111g:
(a) the presence of intrusive magma ascending to
zones near enough to the earth's surface to impart
their abnormal heat to surrounding rocks and
consequently to interstitial water in such rocks;
(b) extrusive igneous rocks which because of their
recent date of activity still retain abnormal heat;
(c) active volcanism; (d) expiring volcanism where
escaping heat is found in rocks adjacent to collapsed
vol~anic. cones or calderas; (e) disintegration of
radioactive elements. The latter phenomenon more
likely occurs over too broad an area to act as a
~ocalized ~ource. of heat. Heat generated by faulting
IS also ~vldent 111 some cases, but few if any faults
are believed to generate sufficient heat to create
hyperthermal waters. In such cases the probability
is always present that the fault merely affords
an avenue of escape for waters that have received
their heat from deep sources entirely separate from
faulting.

. Of all th~ probable sources of geothermal heat
Cited above, 1I1tn!SlVe and extrusive masses of magma
must be recogmzed as a requirement in affording
hyperthermal conditions of economic value. Intrusive
magma of whatever form may act as a source of
hea~ from whi.ch therm,:l waters and gases are
denved. Batholiths, laccohths or lesser bodies, such

166
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as dikes, stills and stocks, carry original heat suffi
ciently high to impart hyperthermal qualities to
waters and gases coming within their sphere of
influence. Many of such intruding bodies, presently
exposed by erosion, may be studied. Questions
persistently arise as to the depth at which still.
hot bodies of intrusive igneous rocks may exist
in areas of present hyperthermal activity. The depth,
of course, may be anything from zero to many
thousands of feet. The only probable limiting factor
is the greatest depth at which they may have
sufficient capacity to impart conducted heat to water
and gases having avenues of escape to the surface.
This means that such intrusive magmas are within
the zone of interstitial water or sufficiently close
to it so that their heat components, which must be
much higher than the normal earth temperature
gradient, can, by conductivity, start and mainta!n
convection currents. By convection currents so built
up, the heat-bearing media find their way to the
surface. It might be better stated to say that the
heat-bearing water and gas are forced to the surface
by hydraulic processes so developed.

It is not probable that convection. cu.rrents within
the interstitial water zone and within the scope
of this problem resemble convecti?n curre~ts ope~at
ing in a free surface vessel to WhICh heat IS applied,
Resistance to the upward movement of heated
water and gas is offered in varying degrees by the
differences in permeability of the rocks through
which they must travel. It is further probable that
ascending heated water and gas may be confined
to relatively narrow channels along fracture planes
in the rocks.

In figure 1, a striking example ?f intrusive magm~
is seen in the occurrence of DeVIls \ower ~n Croo
County, Wyoming. The photograph IS copIed from
United States Geological Survey, Bulletin 1021~I.
The author Charles S. Robinson, believes Devils

, . ' f magmaTower was formed by the mtruslOn 0
. I . di t ks The tower atInto over ymg se imen ary roe . I
present rises some 600 feet above t~e talus Sto~e
at its base. It is about 800 feet in dIame~er a 1 ~
base and 180 to 300 feet across its relatively/la
top surface. The author estimates that at the d n;;e
of intrusion the tower was. probably c~ve~ weh
several hundred feet of sedImentar~ roc . h f il
drilled 1.5 miles from Devils Tower m~eay -lo:er
encountered rock similar to that of . eVI s mally
at a depth of 1 400 feet in a 10catI~n ~~r kness
occupied by Mesozoic rocks of far &rea er ksICoccur
than 1400 feet. No other extrusIve roe that a
in the vicinity of Devils Tower. It .~pe~:~e risen
family of intrusive stocks may pOSSI y nderlying
from a very extensive body of magma u
the vicinity of Devils Tower. h

. it that may ave
Speculation as to thermal aetIVI Y lin stage of. . . ' and coo 1 g

eXIs~ed dunng the mtrusI~m the expulsion of
DeVIls Tower may well include th's surface. It
~hermal water and ga;s ~o the ea~e of interstitial
lUtruded rocks well wIthm the. zo or hyry. Heat
water. The Tower is a phonolIte P p

necessary to allow this rock to become fluid and
intrude overlying rocks would approximate 1 800°F.
One cubic mile of this rock cooling from 1 800°F
to lOO°F would liberate sufficient heat to operate
a 4000 kW generator plant for 7000 years. Study
of igneous bodies of earlier geologic ages than those
concerned here show that one cubic mile would be
but a small part of the great masses that have been
exposed by erosion or that have flowed from vents.

Hot water and gas reaching near enough to the'
earth's surface to be exploitable by drilled wells
constitute the media by which heat may be captured
and employed in driving engines. Steam at superheat
temperatures together with steam that may be
flashed from water above the boiling point, as well
as heat that may be transferred from water at less
than the boiling point, all become usable products.
Areas where wells may successfully recover the above
products are within the desirable range for prospect
ing. Such areas as may afford superheated st~am

and water above the boiling point must be recogmzed
as those exploitable within our present economic
limitations.

Prospecting methods

A search of the literature leads to the conclusion
that springs of hypertherrnal characteristics, that is,
springs with emanation -of water at or near ,the
boiling point, are limited to that part of the Umted
States lying west of the easterly front of the Rocky
Mountains. Figure 2 shows that boundary by dash
and dot line. Widespread volcanic activity during
Tertiary and Quaternary time occurred across nearly
all parts of the westerly United States. Within
the area west of the east front of the Rocky Moun
tains excluding the Yellowstone Park area, there
are about 700 known thermal springs. Of the foregoing
number there are some eighty or ninety springs
of hypertherm.al charac~e~.. Investigation of geologic
surroundings m the vicinity of the hyperther:nal
springs indicat~s t~at in .almost all cases .th~se spnngs
are situated within, adjacent to, or within a sho~t

distance of, late Tertiary of Quaternary volcamc
rocks. The evidence, while not wholly complete,
nevertheless strongly associates the very hot. areas
with Pliocene, Pleistocene or· Recent effusive or
explosive volcanics.

Figure 2 also shows the area 'yithin wh~ch the
eighty or ninety hyperthermal spnngs are situated.
I t is to be noted that all prospecting of geothermal
products to date has occ~rred :vithin this area.
From available data and evidence It would therefore
appear that geologic prospecting for geothermal
products, at least in the United S.tates, should be
conducted within areas of late Tertiary and Quater-
nary volcanism. . .

In prospecting for favourable areas m which to
attempt development of geothermal products of
sufficient volume to justify. development of power,
it is the opinion of the wnter that at the present
time the most dependable and possibly the only
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practical method lies in an interpretation of thermal
emanations as related to their geologic environment.
Measurements of heat flow, principally from run-off
waters, have been suggested and are no doubt
usable in specific cases. Such measurement methods,
however, may not be applicable to other cases in
other areas. Any attempt to measure heat by means
of temperature and volume of run-off thermal waters
at the Big Geysers in Sonoma County, California,

• would fall far short of finding total amounts. This is
an area of superheat, comprising sixty or seventy

acres, giving up heat to the atmosphere by radiation
while affording only a small run-off of hot water.
Measurement of heat radiated from the rock surface
to the atmosphere would involve exhaustive in
vestigations that seem unwarranted because it is
obvious from observation that attempts at economic
development are highly justified.

Similar conditions prevail in several of the hyper
thermal areas where prospect drilling has been
conducted in the western United States. In some
of them it appears that only a small part of the

Figure 1. Devils Tower, Crook County, Wyoming

A. North-west side of Devils Tower showing how the colum
and in places ~nite near ,the top and are cut by numerous cros~:fr~~~e~~converge

B. South side of Devils Tower showing the columns flaring 0 t d
form the massive base. u an merging to

(After United States Geological Survey, Bulletin 1021 I)
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(Photographs by Redwood Empire Association)

Figure 3

Magma-Thermal Power Company well number 1, September 1955, at Big Geysers, Sonoma County, California. At left. well at
completion blowing drilling mud, formation rock and steam. At right, after a few hours of cleaning up, well blowing clean steam. Total
depth 603 feet, surface pipe cemented at 180 feet. Shut-in pressure 240 psi. Temperature at bottom 600oF. This well is typical of operation
by Magma-Thermal Power Company at Big Geysers.

thermal emanation reaches the surface. Because of
the porosity of surface overburden there is undoubt
edly a subsurface run-off of thermal water into deep
basins adjacent to the area of thermal activity.
None of such subsurface run-off is observable or
measurable. In many 'cases understanding of geologic
control points to the advisability of testing by pro-
spect drilling. .

What improvements in prospect well locations
the future may develop rests with information
to be developed by close observation of subsurface
data gained from well logs, including principally core
records and the various types of electric and other
logs, together with temperature surveys by thermo
couple instruments. At present, prospecting in the
western United States has not gone outside areas
of thermal activity observable at the surface.
Recognizing the probability of subsurface zones of
heat saturation into porosity zones adjacent to the
avenues of ascent of the geothermal products,
prospect drilling with the purpose of extending
the productive areas will follow exploitation of
proved productive areas. What assistance geophy
sical surveys may render is also to be proved in
the near future.

Areas prospected by drilled wells

Figure 2 shows the locations of ten areas within
the hyperthermal region of western United States
that have been prospected by drilled wells. The first
are~, loc.ation 1, is the Big Geysers in Sonoma County,
California. The first geological observations in rhis
area were by William Brewer in 1861. Since that
ti~e various reports have been published by ge?
~OgIstS. of. the ~tate of California. Private geologiC
mvestigation WIth the purpose of producing geo
thermal steam for generation of electric power
was made in 1924 by the writer, and investigations
by other geologists followed in 1955.

The Big Geysers area is one of five emanations
of hyperthermal springs occurring along a straight
five-mile alIgnment. immediately on the north si?e
of Sulphur Creek m Sonoma County, California.
None of these emanations exhibits true geyser
characteristics.

Sulphur Creek has cut the deep trench of Sulphur
Canyon m a north 60° west direction into rocks
?f the Francisean, Jurassic group. These rocks
mcl.ude principally well-indurated medium to fine
grained sandstones with minor thin dark shale
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members, cherts, greenstones altered from basalt
and serpentines derived from ultra-basic intrusive
masses. The total thickness of the Franciscan group
in the Sulphur Canyon area is not determinable.
It unquestionably aggregates several thousand feet
and may total as much as 15000 or 20000. The
lowest exposed member of the Franciscan in Sulphur
Canyon is the sandstone series. It is through this
member that all five of the thermal emanations
have found exit to the surface.

Structurally the Sulphur Canyon area presents
a northward dipping monocline extending from the
bottom of the canyon northward to the summit
of the mountain ridge some 6 000 feet distant and
1 700 feet higher. Elevation at the Big Geysers
is 1 700 feet above sea level.

Regionally it appears that Sulphur Canyon is cut
into a great fault rift which may be moving in
sympathy with the movement of the San Andreas

Rift paralleling Sulphur Canyon approximately
30 miles to the south-west. Along the San Andreas
Rift the westerly block is drifting northerly. Some
evidence suggests a northerly drift of the block
on the south side of Sulphur Canyon. There is also
unquestionable evidence of overthrusting of the
block of rocks on the north side of Sulphur Canyon
towards the south.

The fault zone of what may here be called the
Sulphur Canyon fault appears to have a width
of about 1 000 feet at the area of the Big Geysers
within which zone the rocks are shattered and dis
placed to the extent of developing chaotic structural
conditions. This feature combined with cascading
boulders from higher elevations and crushed landslide
material precludes exact interpretation of fault
conditions in the immediate area. Similar conditions
are found one mile westerly at Sulphur Bank,
another area of hyperthermal activity, and again

Figure 4

. S Water Supply Paper Number 489 by Oscar Edward Meinzer, should be
This map copied from United States Geologlcal f urvleYnics pliocene, Pleistocene and Recent volcanics afford the great majority

, . h i these areas 0 vo ca ,
read in conjunction with figure 2. Wit III

of hyperthermal emanations.
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the suggestion is of a broad fault zone. Two l?i~es

south-east of Big Geysers near the thermal activity
at Duchy Creek, the Franciscan sandstones ar~ at
vertical angles and indicate extreme compr~ssI~n.

At the easterly extremity of the fuma.role district
in the Little Geysers area, overthrustmg towards
the south is strongly evidenced.

Temperatures across the five-mile extent of the
fumarole areas in Sulphur Canyon were taken at
the surface, specifically at Sulphur Bank, Big Geysers
and Little Geysers. Each of such areas demonstrates
thermal emanation at the boiling point of water.
Fumaroles appear at various points over an area
of approximately 100 acres at Sulphur Bank, over
approximately 70 acres at Big Geysers and about
20 acres at Little Geysers. The temperatures noted
are of course all within the influence of cooling
by atmospheric conditions. During drilling operations
temperatures of 350°F were encountered at depths
of only 20 to 30 feet, and at 900 feet temperatures
were in excess of 400°F.

In searching possibilities of the source of heat
issuing from the various points along the Sulphur
Canyon fault zone, the following features may ~e

considered. The faulting is probably of late geologIc
age and may well be active today, as is the paralleling
San Andreas Rift. The degree of compression develop
ed along the Sulphur Canyon fault is no doubt
relatively great since the rocks involved should
withstand great forces before failing. If faulting
can develop heat of the intensity and volume in
evidence in Sulphur Canyon, then such phenomenon
may be considered as a possible source. It should
be emphasized that the Franciscan sandstones from
which the .Sulphur Canyon fumaroles issue are
of Jurassic age, and the igneous members associated
with them undoubtedly reached final cooling in the
far distant geologic past.

The much more probable source of heat, and the
writer believes it the only logical source compatible
with available evidence, lies in an intrusive magma
along the zone of weakness created by the Sulphur
Canyon fault. The region immediately north and
east of Sulphur Canyon is in part occupied byexten
sive volcanic flow and eruptive rocks. Cobb Mountain,
only two miles distant from th~ Little. Geysers,
is composed of a group of volcamc eruptives, and
only a few miles farther north volcanic craters are
found. This volcanism is Quaternary, with numerous
explosive and extrusive vents from which molten
rocks reached the surface. It is therefore logical
to postulate intrusive magmas which failed to reach
the surface in the vicinity of this volcanic field.
The depth below the surface at which such magmas
may exist is beyond justifiable speculation, but the
fact that some of them reached the surface in the
near vicinity of Sulphur Canyon allows the belief
that they may possibly be only a few hundred or
a few thousand feet deep. It is further probable
that possible existing buried magmas in the Sulphur
Canyon region may be of quite recent geologic
time since there is no requirement that they be

contemporaneous with activity in the near-by Quater
nary volcanic field.

Prospect drilling

While prospect well d;illing commen.ced ir.~ 1922
at the Big Geyser area It ~vas not unt~l iuss t?at
modern methods were used m the operations, Dunng
the summer of 1D5D drilling was recommenced with
the object of developing adequate steam to j~s!ify

expensive equipment necessary to gen~ratc electricity.
This last drilling programme was highly successful,
and the electricity generating project is in full
operation.

During the drilling in 1!l5!! .careful attentior~ ,:'as
directed to subsurface conditions. Rotary dnllmg
machinery was employed witl.l .capacity l?ads and
drilling depths well beyond antIC1p~lteelre<]ll1r.ements,
and coring equipment was available elunng. ~he

entire operation. Since this last stage ?f drilling
was designed to obtain necessary data with respect
to geological conditions as well as to. secure produc
tion, it may be described as a prospecting programme,

Wells were programmed with a short conduc~or

string of 20-inch casing. Drilling continued with
a 17 i-inch hole and continuous coring below ap
proximately 200 feet in order to select the ?est
formation in which to land and cement 13i-mch
surface casing. These depths varied from 285 to
398 feet. Drilling continued with a 12}-inch hole
to completion varying from depths of 745 to 952 feet.
All wells of this group were brought in without
perforated pipe below the 13~-inch casing. Six wells
were completed under the above programme.

A composite picture from the above list indicates
that a sound and successful development drillin,g
operation resulted. The pipe sizes employed in this
operation were greater than a purely exploratory
operation would require since there was reasonable
assurance that all wells would be commercially pro
ductive and the greater sizes were believed advisable
to obtain maximum production. From the information
gained, an ideal prospect well could be planned as
follows: Using similar rotary drilling equipment.
set and cement 60 feet of 20-inch conductor pIpe,
drill and core a 17i-inch hole selecting the landing
point for the shoe of a 13i-inch surface string oppo
si.te firm non-caving formation; land and cement
pIpe back to the surface' drill ahead with spot
coring to ~ depth to be selected from appearan~e
of coreS-I.e., through zones demonstrating vem
porosity or through rocks visibly subjected to high
thermal activity and recording high temperature,
Some redu~ed cost would result by setting 11i-inch
or eve~ 91-mch surface pipe with successively small~r
hole dIamet~rs b.elow the surface pipe. At the BIg
Geysers, .conng ?Isc1osed zones of porosity with open

. veins . i-mch WIde occurring in highly indurated
Franciscan sandstone, also zones in which interbedded
shales had been highly altered and partially broken
down from their original normal state of cementation
and induration. Zones of iron sulphides, pyrite and
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mar~asite indicated a possibility of subsurface cor
relation, but more data are required if they are to
becom.e usab~e for such purpose. A tendency towards
lost circulation was noticed particularly in areas
where cores showed open seams. The above data
were all useful in determining the productive steam
zones.

Incertainty of the subsurface attitude of the Sul
phur Canyon fault has so far required that surface
locations of wells be made within the areas demon
strating thermal activity on the land surface. One
wellwas located and drilled to 1 400 feet depth with
the thought that it might intercept a northward
dipping fault plane. It resulted in small production
and otherwise gave no evidence of establishing the
position of the fault plane. Cores from the six wells
drilled in the Big Geysers area during 1959 together
with the action of the thirteen wells drilled prior
to that year established the producing zone as a
sandstone body highly disturbed and shattered by
faulting and altered by hydrothermal activity.
To assign it any other than an originally northward
dipping attitude would not be justified. The rock
is a dense indurated grey sandstone with minor
interbedded shale. In its unaltered and unfractured
condition the sandstone body would by estimate,
no tests having been made, have a porosity of less
than 10 per cent and a permeability of less than
one millidarcy. The high productivity from drilled
wells therefore must result from porosity due to
fracturing. The zone demonstrating hyperther~al

activity as stated is approximately 1 000 feet WIde.
Wells drilled into any part of this zone produce
heat through the medium of steam or other. gases
and hot water. There is no adequate term m the
literature that defines such a body of rock, and the
writer therefore suggests the name Therrnifer be u~ed
to designate a body of rock or reservoir from which
suchheat products as here described may be produced.

Owing to steam temperatures which approxi!ll~te
350°F and to some high pressure zones, all. dnllmg
must be conducted with a blowout preventer mstalled
on the surface casing. Footage drilled from the surf~ce
to the landing point for the shoe of the surf~ce caslIJ.g
may be conducted with reasonable safety If there IS
an adequate supply of heavy drilling fluid ready
at all times with which to control any tendency
of the well to flow within the first three or four
hundred feet of depth. A blowout with 350°F
steam could cause serious injury to persons and
has already resulted in substantial property and
reservoir damage.

Casa Diablo Hot Springs (location 4 on fi~ure .2)
is situated in southern Mono County, C,:hffn:~,
at the southern edge of the Mono Volcanic le .
The surface is occupied by recent rhyolrte and
obsidian masses of the so-called Mammoth Embay
ment, a physiographic feature of some 200 s~.uare
miles immediately east of the bold front of the terra
Nevada Mountains.

The Mammoth Embayment is a subside!lce area
t1· , d]ustmenresulting from complementary equa rzmg a

due to the expulsion of large volumes of flow and
explosive materials through vents and craters of
the Mono Volcanic Field. Subsidence of both regional
and local character is too recent to permit of close
time dating. The general subsidence has been accom
panied by a group of normal faults with the regional
northwest-southeast trend. Displacement along the
fault planes is small, individual cases showing from
only a few feet to possibly one or two hundred feet.

Thermal emanations directly upon the fault lines
are numerous. Some occurrences of thermal activity
in the area cannot be directly related to the faults,
but these particular cases are in areas of obscured
exposures so that they, as well as the obvious
emanations that occur directly on fault planes,
may owe their location to the same cause.

During the years 1959 and 1960, five wells were
drilled in the Casa Diablo area. The first was located
on the down side of a normal fault having a dis
placement of 200 feet or more. Location was made
with the object of intersecting the fault plane at a
depth of a few hundred feet. The well was drilled
to 1 063 feet. No cores were taken, but ditch samples
indicated that drilling was still in volcanics at its
total depth. It failed to flow and was temporarily
abandoned. Some months later the well was easily
brought into production by applying compressed air
at the surface.

Three wells were drilled in 1960 on a fault plane
from which the Casa Diablo Geyser has been known
active for over a hundred years. These wells were
drilled to 630, 810 and 570 feet. All are productive;
combined they indicate a total capacity of l.18 million
pounds of steam per hour at 35 pounds per square
inch pressure. A successful operation seems assured
from the above volume, and the entire field of
geothermal production is only partly explored.

History of the drilling operations in the Casa
Diablo area, as shown in the case of the first well
which was thought to be non-productive, indicates
the necessity of obtaining reliable temperature
surveys before abandonment. If such surveys show
sufficient heat, the well should be relieved of the
hydrostatic head standing above points of high heat
intervals since pressure exerted by a hole full of
water or drilling mud may hold back production.

Calistoga, Napa County, California, location 2
on figure 2, has had three prospect wells drilled in
search of geothermal power. Two of these wells
were drilled within a few hundred feet of a geyser.
Both the first two wells were started in the central
part of a mile-wide alluvial filled valley. Core records
indicate that the wells drilled into Franciscan,
]urassic sandstone at a few hundred feet of depth.
Their location is eighteen miles from the Big Geysers
area (location 1 on figure 2) and in structural trend
with the Big Geysers area although they do not
appear to be in the same fault zone. The fact that
these wells drilled into Jurassic sandstone makes
them analogous, to this extent at least, with the
Big Geysers area. Since the sandstone body is
covered by several hundred feet of valley alluvium,
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however, its condition and structural attitude at
the drilling location are unknown. It is probable
that thermal products are ascending through the
sandstone at some near-by location, but it is also
quite possible that these thermal products, chiefly
hot water, are being spread laterally through the
unconsolidated alluvium of the valley. For a success
ful prospect in this area it will be necessary to locate
the trace of any faulting in the Jurassic sandstone
on its surface at the base of the alluvium. It is believed
that the hot water produced by the two wells above
mentioned, which was recorded as 260°F, enters
the wells from the valley alluvium. Neither well
would flow of its own pressure.

A mile farther south, on the eastern border of
the town of Calistoga, a well was drilled to 518 feet
at the foot of a small hill standing about 100 feet
above the valley floor and having a diameter of
about 400 feet at its base. The hill is composed
of a highly weathered tuffaceous volcanic rock.
The volcanic is related to the Pliocene rhyolite and
andesite series that borders both sides of the alluvial
valley which at this location is one mile wide.

No coring was conducted in this third well, but
drill cuttings to 340 feet, where the well lost circula
tion, are all volcanic material. Thirteen-inch casing
was landed and cemented at 200 feet. On one test
which was not observed by the writer, the well
is stated to have blown dry steam through two-inch
tubing which had been run to 510 feet, almost to
the bottom of the well at 518 feet. The well is uncased
below 200 feet.

Since tubing was pulled the well stands with fluid
level at approximately 20 feet. Introduction of dry
ice starts the well flowing 230°F water with some
vapour. It will flow steadily until manually shut in.
Hot water production was estimated at 1 500 gallons
per minute, but tests later observed by the writer
appeared considerably less.

Since this well blew dry steam under the conditions
stated above, it appears of great importance that
technical information which was not taken or recorded
during the drilling be obtained before further pro
cedure. The writer has recommended the following:
(a) Take side well core samples from 200 feet to
bottom in order to determine whether or not the
well drilled through the volcanic flow rocks and into
Jurassic sandstone. At the point of lost circulation,
340 feet, it could have drilled into alluvial material
on an old land surface. (b) Run an electric log to
locate zones of porosity which, combined with the
core records, may locate zones from which hot water
enters the hole. (c) Run temperature survey for
location and confirmation of hot water zone. (d) If
the above data indicate the advisability of excluding
cold water entry into the hole, run a caliper log
survey to locate optimum point at which to land
and cement an intermediary string of casing.

The above example is given to point up the neces
sity of taking and keeping all possible technical
information during the drilling of .any prospect well.
This is but another case proving that it is less costly

to keep current technical records than to be required
to take them under disadvantageous conditions at a
later time.

Four wells were drilled in north-eastern California
and south central Oregon, all on the down side
of profound faulting on the east and west fronts
of the Abert-Warner fault blocks. These blocksare
approximately 30 miles wid~ an? extend some 1.50
miles in a north-ta-south direction. They compnse
late Tertiary and Quaternary volcanic flows. Moun
tains of the blocks rise to an average of 8000 feet
and stand 3 500 feet higher than the grabens on the
east and Modoc lava beds on the west. Profound
faulting outlines the eastern and western borders
of the entire feature.

One well drilled to 650 foot depth at Lakeview,
Oregon (location 5, figure 2), in an area of thermal
springs registering temperatures as high as ISO°F,
was abandoned as non-productive. The springs issue
from valley alluvium immediately on the west
front of the Abert fault block. One well drilled at
location 6, Crump Lake, Oregon, reached 1 684 feet.
H recorded temperature of 170°F and encountered
high head artesian water. Location was on the east
front of the Abert fault block and very near the
surface entered volcanic rocks on the up side of the
fault. The high head hot water must be interpreted
as issuing from highly porous volcanics.

Two wells were drilled at the east front of the
Warner fault block (location 3, figure 2), Surprise
Valley, California. The first of these two, near the
mountain front, passed out of valley fill into volcanic
rocks in place at 290 feet. It was abandoned as non
productive at 2 150 feet. A second well was drilled
3 375 feet east of the first, in the flat Surprise
Valley graben. At its total depth of 1968 feet
it was still apparently drilling in valley alluvium
with no evidence of having entered volcanics of the
Warner Range. The well was abandoned as non
productive. This last well was drilled in the immediate
vicinity of the famous mud volcanoes which erupted
with violent explosive force in 1951. Temperature
recorded in the thermal springs following eruption
was at the boilin~ point, though the highest te~
perature recorded m the drilled well was 156°F. It IS

di.fficult to reconcile the differences in temperature
WIth any other probability than that ascending
hypert~ermal w~ter issuing from a deeply buried
fault rises vertically through the alluvial valley
fill in a very narrow zone.

The Abert and Warner fault blocks are situated
in the Basin and Range Province of western America,
a st:uctural province characterized by profound
faulting and numerous mountain blocks separated
by deeply filled alluvial valleys. The Abert-Warner
blocks are also situated within the central portion
of the extensive Modoc and Cascade lava flows
of Pliocene a~d Quaternary age. The great lava
plateaux of this area occupy north-eastern California,
south central and south-eastern Oregon and southerly
portions of Idaho. They extend over, and occupy
the surface of, approximately 60000 square miles
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with accumulated thicknesses of lava of several
thousand feet. It has been suggested above that
favourabl.ea~eas for geotherrnal prospecting might be
found within these regions of geologically late
volcanism. The Modoc-Cascade and adjacent volcanic
plateaux provide the essential features wherever
structural conditions may coincide to localize pros
pecting areas. The vast Columbia lava plateau
of northern Oregon and south-east Washington,
occupying some 85000 square miles, is of Miocene
age and significantly exhibits few, if any, thermal
springs of hyperthermal characteristics.

Locations 7, 8, o and 10 all occur within the Basin
and Range Province in Nevada. Here Pliocene and
Quaternary volcanics on the surface are limited to
isolated small areas as compared with the vast
extensive flows of the Medoc-Cascade-Columbia
plateaux. The association of thermal activity with
faulting in Nevada is, however, especially noticeable.

At Wabuska, Nevada (location 8 on figure 2),
an area of extensive thermal springs occurring in
a valley one-half mile from outcropping Tertiary
lava, three wells were drilled to a greatest depth
of over 2000 feet. Well logs indicate valley alluvium
to at least 1 500 feet depth. No structural geologic
features were in evidence to aid in well locations,
and it is extremely doubtful that geophysi.cal
instruments would have been usable. Production
of 140°F water highly charged with sodium sul~hate

similar to water of the natural springs was obtamed.
The venture was considered unsuccessful.

Steamboat Springs, location 7 on .fi~ure 2, ten
miles south of Reno, Nevada, exhibits therm~l
activity over several hundred acres: The ge?lO~IC
setting involves a basement of Mesozoic gr~nodlOnte,
Tertiary volcanics, a thin mantl~ of Tertiary basalt
and extrusive Quaternary rhyohte.

Four wells were completed in the area. The first,
located on the east down side of a normal fault,
was drilled to 1 771 feet. The log indicated alluvium
to 350 feet, Tertiary volcanics to I ~50 feet, and
fromthis depth granodiorite and volcamcs to bottom.
The log further suggests that drilling below I 500
feet was in a fault zone. It was abandoned as non
productive.

A second well on a conspicuous sinter area along
a suggested fault zone was drilled to 973 feet, the
top 190 feet being logged as sinter material and the~
granodiorite to bottom. Initial tests rated 12500
pounds of steam per hour. Producing pressure
through an 8-inch orifice was 40 pounds per square
inch.

T . . . tely a mile westwo additional wells approxIma f d
f · th inter cone ouno the active thermal area on e SI ...

. bl f granodIOnte nosteam production proba y rom t ' ar
logis available. The near-by occurrence of ~uabe~nth~
rhyolite suggests a ready source of hea ~no~iorite
~scape through such dense rocks as 1gr 1 f ulting
IS. not readily explained by ?ther .than ocaro~uctive
WIthin the thermal field; III this ca~e·1 f such
wells may be limited to the near prOXImI Y 0

faults.

At Brady Hot Springs, Nevada (location 9, figure 2),
three wells have been drilled, one a failure and two
successful producers. The wells are located in the
midst of a series of thermal springs having a north
30° east alignment. The surface formation is valley
alluvium on which the springs have built up sinter
material. Quaternary volcanic flow rocks outcrop
a few hundred feet south of the springs.

Drill cuttings bailed from well number one,
which was drilled with standard tools, indicate
that the drilling was in very coarse, mostly sub
angular, fragments averaging approximately one
eighth inch in diameter with some fragments of
one-half-inch diameter. The material is character
istic of rapid outwash from a near-by source. No
evidence of having drilled into older rocks in place
was exhibited by the drill cuttings.

That the thermal springs on which the wells were
drilled are situated on a fault line that can be seen
from the air has been reported by reliable authority.
Most amazingly, following the completion of produc
ing wells number two and three, a series of small
fumaroles exuding vapor ten or fifteen feet into
the air have become actuated; they were not known
to exist prior to the drilling. The fumaroles are con
fined to a narrow belt that has now spread to a
length of approximately three miles in the alignment
of the fault line.

Wells presently producing encourage the thought
that the area will afford commercial production of
steam and hot water. Drilling to date, combined
with the unusual activation of new fumaroles,
indicates a prospective narrow zone controlled by
faulting.

At location 10, figure 2, near Beowawe in north
central Nevada, there is a group of small geysers
and fumaroles on a sinter area against the foot of
a north-facing bold escarpment of Tertiary lava.
The sinter area stands about 200 feet higher than
the broad alluvial valley north of the lava escarpment.
In turn, the lava flow mountains rise 600 to 700 feet
above the valley floor.

Evidence suggesting that the escarpment of t?e
volcanics is due to faulting is found in the physio
graphic features, the almost rectilinear alignment
of the north front of the mountains and the occurrence
of springs and sinter terrace at the contact of valley
alluvium with the volcanics.

Beowawe is a hyperthermal area of springs issuing
along the top of a sinter terrace sixty ~r seventy f~et

across its relatively flat top and extendmg half a mile
along the base of the escarpment. Geysers, fumaroles
and springs issue from more than a hundred pot
holes and vents across the top of the sinter area.
One thousand feet to the north in the flat valley
a group of five or six fumaroles exhibiting weak
geyser action roughly parallel the sinter terrace.

Three wells have been completed in the exploration
for geothermal products at Beowawe. The first,
drilled to I 919 feet, was located on the valley floor
about 600 feet north of the fumarole area on top
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of sinter terrace. The well logged sinter material,
opal and coarse sand grains de~ived from. volcanic
material to 150 feet. Below this depth It logged
andesite basalt and weathered volcanics as well as
occasionally some rounded sand grains and pebbles
indicating erosion surfaces between flows. At 1 580
feet slickenside material is suggestive of a fault plane.
The well was whipstocked south in an attempt to
bottom under the sinter terrace, but failed to reach
that subsurface area.

Two wells located directly on top of the sinter area
have been completed as excellent producers at depths
of 500 to 700 feet. No log record has been obtained
for these wells, but it is believed they drilled almost
entirely in a faulted zone. The Beowawe project
has possibilities of becoming a very successful
geothermal development.

Conclusions

Thermal emanations with temperature near the
boiling point of water indicate prospective areas
in which to drill wells in exploration for geothermal
energy.

In the United States, prospective areas appear
to be limited, with extremely few or even no excep
tions, to zones upon or relatively near post-Miocene
volcanism.

Quantitatively, areas warranting prospect drilling
are, at the present stage of exploration, best judged
by details of immediately surrounding lithologic
and structural geologic features. The outstanding
example supporting this opinion is the above
described phenomenon at Brady Hot Springs, Nevada.
Here, two completed wells on a group of hot springs
approximately one-quarter mile long created new
fumaroles for a distance of three miles along a fault
zone on which the hot springs were located.

Avenues of escape to the surface for geothermal
products are provided by faulting. Normal faults
occurring in areas of subsidence following the extru
sion of lavas are the most common types associated
with hyperthermal emanations. Faulting of any
nature, however, may provide the means of ascent
for hot water and gas.

The quality and quantity of heat required for
economic exploitation of geothermal energy must rest
with the available market, value per kilowatt-hour
of electrical energy in the particular market area
and the collective exploitation and production costs
of the natural energy. Depending on local conditions,
it is probable that energy capable of generating

two or three thousand kilowatt-hours could afford
a successful operation. From res~lts of exploratory
drilling during the past two years, It seems reasonable
to expect at least six and possibly more of the areas
prospected in the western United. States to result
in successful and profitable operations.

Drilling methods and technique mu~t of course
be determined by the operator. Experience shows,
however that where there is probable high tem
perature' and pressure near the surface full caution
must be exercised to avoid creating blowouts before
safety equipment can be in~talled. The choice of t.he
casing programme should include at least one size
that can be sacrificed and the well still completed
at the intended depth. Simply stated, the programme
'should provide a conductor, a surface string, an
intermediate string, if it becomes necessary, and a
production string.

If drilling equipment is adequate to handle ~he

casing and hole size conveniently, excessive oversize
and power may be avoided.
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Summary

Geothermal heat, to be of economic value, must be
contained in gases or fluids as mobile carriers.
If it is contained in gases, such gases must be under
pressures sufficient to produce from wells and trans-

mit ~o engines. with adequate remaining pressure
to dnve the engmes. If it is contained in water, the
temperature must be sufficiently high to flash off
steam or permit heat transfer to some other media
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more adaptable for driving engines. For convenience
springs ana. thermal areas meeting the above require
ments are referred to as hyperthermal.

Occurrence of hyperthermal springs and areas in
the United States is limited to that region lying
west of the .east~rl~ front of the Rocky Mountain
system. It IS significant that late Tertiary and
Quaternary vo1canism is likewise limited to the same
area and that nearly all hyperthermal activity is
closely associated with such volcanic areas.

Excluding the spectacular occurrences in Yellow
stone National Park, there are about 700 known ther
mal springs in westerly United States and approxi
mately eighty or ninety that may be classified as
hyperthermal. The latter occur in Oregon, Idaho,
California and Nevada and within approximately
10 per cent of the total area of the United States.

All but five of the above-noted hyperthermal
springs and areas are situated within, or near enough
to, Pliocene or Quaternary volcanism to justify
the conclusion that they are directly associated with
such phenomena. Injected magmas which still retain
much of their initial heat are believed to be the

principal, and possibly the sole, source of hyper
thermal emanations.

Avenues of escape for gases and liquids from the
magma or from the zone of abnormal heat created
by an injected magma are afforded principally
by faults and fractures in overlying rocks. Zones
of high porosity and permeability in rocks adjacent
to the heat zones may also have an important role
in the process.

Prospecting for hyperthermal areas may well be
confined to superficial observations in areas of geo
logically late volcanism. Structural features, prin
cipally faulting of any type, are important. Geo
physical surveys may become valuable adjuncts to
areal and structural geological studies.

Prospecting for production in areas of hyper
thermal activity must be done by drilled wells.
Most of the techniques employed in oil-well drilling,
particularly those employed in obtaining subsurface
information of lithology, porosity, permeability and
temperature, are required for a successful operation.
All such drilling should be conducted under constant
competent geological and engineering direction.

MILIEU GEOLOGIQUE DES REGIONS HYPERTHERMIQUES
DES ETATS-UNIS CONTINENTAUX

SUGGESTIONS EN VUE DE LEUR PROSPECTION
POUR LA FOURNITURE D'ENERGIE GEOTHERMIQUE

Resume

Pour presenter une valeur economique, la chaleur
d'origine geothermique doit etre emrnagasinee dans
des gaz ou fluides qui lui servent .de v~cteurs.
S'il s'agit de gaz, il faut que leur pression soit suffi
sante pour que les puits soient producteurs et que
les gaz parviennent aux moteurs avec "?ne ,pre~SIO?
restante qui suffise a entrainer ceux-Cl. S 11 s agit
d'eau, sa temperature doit etre assez elevee pour
permettre une vaporisation instantanee ou pour que
sachaleur se transmette ad'autres vedeurs convenant
mieux a l'entrainement des moteurs. Pour plus de
commodite, on qualifiera d'hyper~her.mique~ les
so~rces et zones geothermiques satIsfalsant aces
eXigences.

Aux Etats-Unis on ne trouve de sOlfr~es e~ ~e
regions hyperthermiques que dans la regIOn situee
a l'ouest du flanc oriental du systeme mo?t3;gneu~
que constituent les Rocheuses. 11 est slgJ.llficatI
que toute l'activite volcanique appartenant a la fin

1· "t ' 1 mentdu tertiaire et au quaternaire se irrn e ega e" ite
, . lite d I'activi ea la merne region et que la quasi-tota le, e .
hyperthermique presente des rapports etrOlts avec
ces regions volcaniques. "

Exception faite des manifestations imI?ressl.o~
nantes du parc national de Yellowstone, 11 exis e
e.hviron 700 sources d'eaux thermales connues ~~x
Etats-Unis dont environ 80 ou 90 peuvent e re,

classees comme etant hyperthermiques. Ces dernieres
se presentent dans l'Oregon, I'Idaho, la Californie
et le Nevada, soit sur environ 10 p. 100 de la surface
totale des Etats-Unis.

Toutes les sources et regions hyperthermiques
mentionnees ci-dessus, sauf cinq, se trouvent dans
des zones d'activite vo1canique appartenant au plio
cene ou au quaternaire, ou a proximite de ces zones,
si bien que l'on est en droit de conc1ure qu'elles
sont directement liees aux phenomenes en question.
On estime que les magmas injectes qui conservent
encore une grande partie de leur chaleur initiale
representent la source principale, voire unique, des
emanations hyperthermiques.

Les voies d'echappement des gaz et des liquides
du magma ou de la region ou regne une chaleur
anormale creee par un magma injecte sont fournies
principalement par les failles et les fractures des
roches qui se trouvent au-dessus de lui, Les regions
tres poreuses et tres permeable dans les roches
voisines des zones chaudes peuvent egalement jouer
un role important dans le processus.

La recherche de zones hyperthermiques peut fort
bien se Iirniter a des observations superficielles dans
des zones de vo1canisme geologiquement recent.
Les caracteristiques structurelles, particulierernent
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les failles de tous types, sont importantes. Les releves
geophysiques peuvent cornpleter utilement les etudes
geologiques des regions et des structures.

La prospection en vue de la mise en production
de certaines zones d'activite hyperthermique doit se
faire par le foncage de puits. On doit faire appel,
si on veut reussir cette operation a la plupart des

techniques auxquelles on a recours dans le forage
des puits petroliferes, particulierement a cel1es qui
servent a se procurer des renseignements sur la
lithologie, la porosite, la permeabilite et la tempera
ture du sous-sol. Taus ces forages doivent etre
menes sous la direction constante de geologues et
d'ingenieurs competents.
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INVESTIGATIONS FOR GEOTHERMAL POWER AT WAIOTAPU, NEW ZEALAND

N.D. Dench *

Preliminary investigation Shallow bores

Bore 4

The bores are described in the following paragraphs
in the order in which they were drilled. The shal
low bores were limited by drilling-rig capacity to a
nominal 1500 feet (450 m) and the deep bores,
for the same reason, to 3 000 - 4 000 feet (900
1 200 m). Drilling aspects are discussed later under
"Engineering".

Bore I

Bore 1 was sited in a closely faulted area near a
concentration of fumaroles and steaming ground.
Drilling fluid losses were frequent in broken country
down to 1 189 feet. The combination of low tempera
tures in the upper part of the bore (figure 4) and
of low water-level (or high bore siting), did not
allow the bore to discharge, even with .artificial
attempts. Calculations of downhole pressures, versus
saturated steam pressure corresponding to bore
temperatures, showed that it was necessary to lift
off the top 300 feet of water before the bore would
blow.

Bore 3

Bore 3 was drilled next, owing to expected similar
ity between Bores 1 and 2. Losses of drilling fluid,
indicating moderate fissures, were experienced below
production casing level at 1 369-foot and 1 439-foot
depths. Temperatures during drilling were higher
than in Bore 1, and a drilling fluid weight of 78 pounds
per cubic foot (specific gravity 1.25) was carried to
combat formation pressures. A shut-in wellhead
pressure of 22 psig allowed the bore to discharge
naturally.

The output from Bore 3 was small in total quantity
and had a steam fraction of only 5i per cent (table 2).
When first blown, the bore ejected fragments of
calcite. Deposition on the casing was so rapid that
geysering due to choking of the flow occurred after
only one month's blowing, and flow stopped alto
gether after a further 45 days. Since being cleaned
out with the drilling rig, which found 25 cu ft of
calcite between 190 and 440 ft, the bore has been
left closed.

Bore 4 was sited much closer to the areas which
the later survey showed to be those of major natural
heat escape. When its final depth, 1 508 feet, was
reached, temperature runs made to help decide
production casing depth led to the decision to drill
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I See bibliography contained in reference 2.

Before drilling began, useful background informa
tion was available on the Waiotapu area. The
general geology of the area, as well as detailed
chemical analyses and temperatures of the springs,
has been described in a number of publications.'
Aerial photographs and a contour map, which are
essential for engineering planning, were available.

The unpublished report on a detailed investigation
made by the New Zealand Department of Scientific
and Industrial Research (DSIR) in 1957, towards the
close of the period of shallow drilling, was of consid
erable help in siting and drilling the deep bores. It
is clear, however, that the value of such a survey
is enhanced if it precedes all drilling.

It is considered that a sufficient scientific appraisal,
to be made before investigation drilling starts,
should include the following:

(a) Geological report, including faults recognized
from ground or aerial photographs;

(b) Natural heat escape survey: approximate,
but showing the distribution of flow and the boundary
of warm ground;

(c) Chemical analyses of springs, particularly
chloride analysis, in areas like Waiotapu.

. A map such as figure 2, supported by written
information under the above headmgs, may be
expected to result in logical siting of bores.

In the Waiotapu heat survey, the two areas of
greatest surface heat flux were the one north-east
of Bore 4 and the one around and south of the
~hampagne Pool. Spring-water chloride concentra
tions (indicative of a deep-seated sonrce) we~e also
highest in the Champagne Pool. The surface ev~dence,
then, is that the main deep heat source at WaI?tapu,
or at least the main escape through the Waiotapu
ignimbrite formation, is in the southern end of the
thermal area.

Much of the thermal area is pitted by small
surface-explosion craters, suggesting a fine balance
between surface rock weight and hot water p~essures

beneath. In general, the ground-water table .IS close
to or at the surface, and the use of conSIderable
areas is limited because of lakes, streams or swamps.
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Table 1. Waiotapu: bore details

4

Bore number. . . . . . . . . . . . . . . 1 2 3 5 6 7

Shallow Deepened

Dates

Drilling began. 0 0 • 0 0 0 • 0
26 May 1957 23 Oct. 1957 30 Nov. 1956 16 May 1957 21 Jan. 1958 31 July 1957 13 June 1958 21 Aug. 1958

Drilling finished 0 • 0 0 0 0 0 0
1 Novo 1956 6 Dec. 1957 1 Apr. 1957 17 July 1957 4 June 1958 29 Aug. 1957 6 Aug. 1958 4 Nov. 1958

Casings

Surface
Outside diameter (inches) 0 0 III 8t III III III 8t 16 16

Depth (feet) 0 • 0 • • • • 0 0
52 65 61 67 67 65 79 122

Anchor 0 • 0 • 0 0 0 0 •• 0 0 8tin 6in 8tin 8tin 8tin 7tin 6in lIiin lIiin
303ft 376ft 348ft 369ft 369ft 316ft 363ft 348ft 385ft

Production 0 0 0 0 0 0 0 • • •
6in 4tin 6in - 4tin Hin 8tin 8tin

985ft 844ft 985ft 1 175ft 885ft 1 013ft 988ft

Slotted liner ......... - - - (6in O.D. to 47ft) - . 6tin 6in
94lft - 2 980ft 949ft - 3 282ft

Drilled hole

Diameter .... 0 0 0 0 •• 0 5!in 5iin 5tin 7iin 5iin 7tin 5tin 7tin 7iin
Depth 0 0 0 0 •••• 0 • 0 • 1 593ft 1 494ft 1489ft 700ft 1 508ft 3643ft 1 49lft 300lft 3282ft

Reduced levels

Casing head. . 0 • 0 • 0 0 • • 1 647ft 1 40lft 1 212ft 1 154ft 1 154ft 1 082ft 1 078ft 1 135ft
Production casing shoe. 0 0 0 0 + 662ft + 557ft + 227ft (+ 785ft) -2lft + 197ft + 65ft + 147ft
Hole bottom ......... + 54ft - 93ft -277ft - 354ft - 2 489ft - 409ft - 1 923ft - 2 147ft

...
00
t.J

........
?-.,..

~e
Soe

S
~..
"0

~
VJ
"0
~
(')....
o'
::l

NOTES:

Casing details (API refers to American Petroleum Institute Standards):
16 in. H·40 x 65 Ib/ft APr, short threads
III in. H-40 x 42 Ib/ft APr, short threads
8i in. J-55 x 36 lb/ft API, short threads (Bores 6,7)
8~ in. H-40 x 28 lb/ft API, short threads (Bores 1-5)
7! in. H-40 x 24 lb/ft APr, butt welded
6g in. J -55 x 24 lbjf t flush jointed
6 in. H-40 x 18 lb/ft APr, short threads
4l in. J-55 x 12.6 lb/ft flush jointed

Slotted liners :
Bore 6.-

Hung from production casing on slips.
28/2l" x 3/16" slots per lineal foot.

Bore 7.-
Liner is set on bottom.
16/3" X 0.15" slots per lineal foot.

Bore 4 deepening lime:
The over-all time quoted includes 1 month regrouting the site.

BOTe depths and levets:
These are quoted relative to casing head flange and ~loturiki datum.
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deeper, and the bore was left, therefore, without
running the casing. During this initial drilling, fluid
temperatures were quite high, and losses occurred
at depths of 610 and 777 feet.

Bores 5 and 2

Bores 5 and 2 were drilled before the larger rig
became available. Their purpose was to extend the
area of upper formation investigated.

Bore 5 found formations and temperatures similar
to those in Bore 4. A small fissure, found at 991 feet,
is the probable steam production level. When
opened and tested, the bore discharged greater
quantities than Bore 3 in spite of its smaller diameter
casing. Calcite deposition is less rapid than in Bore 3
but is nevertheless serious enough to rate the bore
as unusable.

Bore 2, sited lower in elevation than Bore 1 but
adjacent to the same fault, found generally similar
but rather better temperature/pressure conditions
in comparison with Bore 1 (figure 4), but still not
sufficient for natural or artificial blowing. A marked
temperature inversion at 600 feet shows that cross
flows of hot and colder water are occurring at
different levels. Fissures were found while drilling
at 870 and 1 320 feet.

Pressures

Downhole pressures have not been quoted, but
in the shallow Waiotapu bores they may be calculated
accurately from wellhead pressures and hot water
densities.

Deep bores

Bore 4

Bore 4 was deepened from 1 508 to 3.643 feet
when drilling difficulties forced complehon. The
bottom of the hard ignimbrite was found at 1 805 feet,
and mainly softer formations were found below.
Temperatures during drilling increased considerably,
but no major fissures were found. The pred:ctlOn
of higher temperatures was confirmed. WIth a
maximum of 279°C being recorded m one run. In
the closed state, stable gas pressures at the we~lhead
?f up to 630 psig have been recorded (the highest
In the field).

When opened and tested, Bore 4 discharged
greater quantities than did Bores 3 and 5, an? :t
operated at much higher pressure (table 2). Litt e
or no calcite deposition has occurred in the year
and a half of the discharge penod.

Bore 6
. f

Bore 6 was sited closest to the concentrah~ ~
natural activity centred on the Champagned ~o.
Since no major mud losses were expe~i~nced ufwg

drilling, it is apparent that permeab~hty was ~~~
Between 2 000 and 3 000 feet, gas inflow to

bore was large, and mud weight was raised to
85 Ib/cu ft (sp gr 1.37) to prevent the well from
flowing. Drilling temperatures were high. Maximum
temperature recorded was 285°C at 2500 feet, only
21 hours after water cooling ceased at that level,
and while 200 gallons of cold water per minute
were still pumped from the surface. The significance
of this very early maximum, found similarly in
Bore 4, is not clear.

When blown and tested, Bore 6 appeared as a
typical Wairakei 8-inch-diameter bore with a total
power potential of 7.3 megawatts at 130 psig (table 2
and figure 6). When left discharging, the wellhead
pressure (and correspondingly the output quantity)
decreased to 10 psig in four months because of
calcite deposition in the casing above 1 400 feet.
The bore has now been cleaned out twice and shows
a recovery to approximately the same flow character
istics as when first blown.

Bore 7

Bore 7 was sited farthest south, but still close to
the area of large natural heat flow. Permeability
was low, drilling temperatures quite high from
3 000 feet, gas quantities small. The highest tem
perature recorded in any New Zealand steam bore,
295°C, was found at the bottom of Bore 7 after
heating six weeks.

Discharge quantities were smaller and operating
pressures much lower than in Bore 6. In eight
months of blowing, the wellhead pressure changed
little, and only a small quantity of calcite was then
removed from 1 044-feet to 1 148-feet depths.

Proposed Bore 8

Before drilling operations were suspended, site
preparations were partly completed for a proposed
Bore 8 (figure 2).

Pressures

No satisfactory downhole pressure runs have yet
been made in the Waiotapu deep bores, and, since
fluid states and densities are not known with
certainty, no calculations of pressures are possible.

Engineering

In general, the equipment and techniques used
in drilling at Waiotapu differed little from those at
Wairakei. These have been described in other
papers and ar.e not detailed. here .. ApJ2lications
peculiar to Waiotapu are mentioned m this paper.

Shallow drilling

Main site equipment used in the shallow drilling
was the following:

Drilling rig: truck mounted, with 38-ft mast and
rated lifting capacity of 15 000 pounds.
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Figure 4. Temperatures in shallow bores

Pumps: 5 X lO-inch duplex; 4 X 6-inch duplex,
mounted on rig truck.

Generator: 6 kilowatts, for lighting and mud
shaker screen.
T~nks: 2/3 000 gallons, for mud storage, plus

Coohng tower.
The plant items were diesel engined.

A 2-§-inch outside diameter drill pipe was used,
flush jointed in the near surface lengths to allow
drilling through a steam gland. Current practice
replaces the gland by a small blowout preventer
with suitable high-temperature-resistant rubber.
Drilling and completion wellhead equipment was
to American standards (ASA), series 300, rated in
New Zealand at 515 psig maximum working pressure

8
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for steam. Conventional roller drilling bits were
used.

The initial programme, using Ill-inch, SI-inch,
6-inch OD casings, was found too severe for the
light drilling rig used because (a) production casing
length was limited by mast capacity; (b) rotary
torques were too great in hard, broken rock with
the large bit diameters necessary. In the surface
dacite rock in Bore 1, the 15-inch-diameter hole
was begun at 71-inch diameter and opened out to
lQ.~ inches before running the full-sized bit.

The second casing programme - St-inch, 6-inch,
41-inch OD - was easily within the rig capabilities,
but had the following disadvantages:

(a) Clearances between bit and casing outside
diameters were too small. Excessive time was spent
in reaming to avoid stuck casing (table 3), and
satisfactory casing cementings with 100 per cent
fill-ups could not be guaranteed.

(b) The flush joints on the 41-inch casing had
insufficient strength in compression to transmit the
thermal loading when the bore heated. Telescoped
joints occurred in Bore 4 production casing.

Preferred programmes would be 9t, 7, 41 inches
or IO!, 7I, 4t inches, using integral joints of strengths
similar to standard American Petroleum Institute
couplings, but of smaller outside diameter.

A water-based bentonitic mud was used throughout
as a drilling fluid. Normal specific weight carried
for both shallow and deep drilling was 75 lb/cu ft
(sp gr 1.2). In fractured country below the production
casing, water circulation can be advantageous, but
drilling times at Waiotapu would not have been
materially reduced. The IO-it high timber mud
cooling tower was inadequate for the highest drilling
rates, and either ponds or forced draught (fan)
coolers would have been better. It is now considered
unwise to 'continue drilling with return fluid tem
peratures consistently above 70°C.

Drilling rates are given of two typical, well
controlled, shallow bores (table 3). Shorter hole
time would have resulted from (a) reduction of
core lengths; and (b) reduction of reaming time
by the adoption of casing strings with greater
clearances. Drilling was carried out continuously
except for occasional weekends off when hole con
ditions were favourable.

Table 2. Waiotapu: bore flows

Bore number 3 4 5 6

270 1000

330 100

985-1 489 1 175-3643

72 270

4.4 16
77 27
27 27

332 620

40
140
87

480

8

600

2500

988-3282

114

8

54
600
260
400

3800
3500

22
405
170
405

1600
3000

Steam sampler
(calorimeter)

1 013-3001

315

4

700

400

11
89
38

380

885-1 491

128

3000 gal.
calor.

4

13
29
25

600
900
200

9
23
19

595
700
200

I 000 gal.
calor.

6Diameter (inches)

Production depths
(feet) .

Highest blowing pres
sure (psig)

At pressure 65 psig :
Steam flow (Klb/hr)
Water flow (Klb/hr)
Heat (MBtu/hr)
Enthalpy (Btu/lb)
Power from steam

(kW).
Power from water

(kW) .

At pressure 130 psig:
Steam
'Vater
Heat.
Enthalpy.
Power from steam .
Power from water .

At pressure 200 psig:
Steam
Water
Heat.
Enthalpy .
Power from steam.
Power from water .

Test equipment. Separator

All values are from most recent tests.

Estimated power figures assume condensing turbines and 75 per cent over-all set efficiency. Power from h t t
assumes use of steam flashed at atmospheric pressure. Transmission losses are not considered. 0 wa er
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Figure 5. Temperatures in deep bores

Deep drilling

. The major equipment for the deep. drillin.g .wa~
hke that used for Wairakei productIOn dnlhng.
Except for insufficient mud cooling, it was adequate
for the programme accomplished. Wellheads were-2 S " t ib ted by members

ee other papers In this volume con ri u
of the staff of the Ministry of Works,

rated at series 900, to withstand maximum pump
pressures and a peak bore pressure of 900 psig at
Bore 4.

Casing programmes are also the subject of a
separate paper, but it is pertinent to mention here
that a minimum of four cemented strings is considered
nece~sary .for exploration drilling. to 3 OOO-feet depth.
possIble SIzes are 18, 131, 9%, 6! mches with 4Linch

slotted liner. '2
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The list of drilling performances (table 3) needs
no further comment except under Bore 7, "Circula
tion losses". Flowing lake muds at 97 ft. were finally
sealed off by cementing the surface casing in two
separate operations - from bottom, then later back
filled from the top.

Bore 4 blowout

With 8i-inch casing set to 369 feet, Bore 4 was
deepened at 7i-inch diameter to 3643 feet -

without additional casing, due to equipment limit
ations. Mud return temperatures had been high
- 75° to 85°C - and while pulling out a core, the
bore came under a wellhead pressure of 40 psig.
This was sufficient to cause a large eruption of
surface formations 100 feet from the wellhead, and
also smaller mud eruptions under pumps and pipe
racks.

Over a period of a day or so the activity was
controlled, then stopped, by pumping heavy mud

100
o
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Figure 6. Flow quantities of 8-inch. deep bores
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Table 3. Waiotapu: drilling performances

Hole rating Shallow Deep

Bore number 2 3 Average 6 Average

Diameter (inches) 4 6 8 8 8
Depth (feet) 1494 1489 1492 3001 3282 3142
Elapsed time, including

shifting (days) 53 73 63 58 81 a 70
Nurnbcr of cores. 25 18 22 34 54 44
Average length (feet) 8 7 7.5 4 2.5 3

Time: Hours Per cent
Hours Per cent

of total of total

Drilling 339 349 35 574 623 41
Coring. 145 167 16 162 231 14
Casing, reaming . 149 85 12 32 66 3
Casing, running, ccm-

enting . 158 167 17 180 134 II
Circulation losses 53 77 7 65 425 17
Cooling hole 0 35 2 75 75 5
Breakdowns 105 108 II 139 120 9

TOTAL 949 1000 100 1200 1674 100

A verage penetration rates (feet per hour):

Average Average

Upper brcccias etc. 10 6.5 8 22 18 20
Waiotapu ignimbrite 3 2.5 3 3 8 5.5
Lower formations . 1.5-22 2-18

& Approximate.

andcement slurries from the surface. Casing fractures
were found and sealed, the site was regrouted, and
production casing was set into the ignimbrite.

It is probable that high temperature flow from
deep levels broke out of the hole into faulted country
at 470 feet, and flashed into steam with eruptive
force below the surface siltstones. The pressure at
470 feet cannot have exceeded 270 psig (wellhead
pressure plus mud weight). It is likely t~at
the smaller eruptions originated from the casing
breaks.

At Waiotapu it is imperative to set casing i~lto
the main ignimbrite formation before penetratl,ng
the hotter zones beneath. It is now standard practice
in investigation drilling to set producti0I!- casing as
soon as sufficient depth is reached. ThIS was not
~one in any of the shallow bores. In the more recent
Investigations elsewhere a 200-300-ft depth. ~ore
hole has been drilled alongside the cellar pOSitIon,
to assist in programming the main. bore where
near-surface formation conditions are III doubt. In
suitable ground, this has allowed surface cas.mg to
be set as deep as 250 feet and anchor casing to
650 feet.

SITES, SERVICES AND ESTABLISHMENT

Site access and levelling were straightforward
except that the thermal clays, when wet, delayed
operations drastically. Timber mattressing was neces
sary on Bore 7 site and approach road. Reinforced
concrete drilling cellars, 10 X 8 £1 on plan, 8 £1
and 10 £1 deep, were used in conjunction with
timber substructures.

Water for drilling the shallow bores, required at
up to 100 gallons per minute, was pumped from
streams through 3-inch or 4-inch galvanized pipes.
Owing to the strongly acidic quality of the spring-fed
streams, piping was up to 2 miles in length. For
the larger rig, and a maximum requirement of
400 gpm, a 6-inch-diameter gravity supply line was
installed from high up on a stream, over a distance
of 3 miles.

Consolidation grouting was carried out at all sites.
Normally 20-ft depth standpipes were used, and
grouting was done in 30-ft stages. At Bores 4 and 6,
where steam blew from some holes, 100-£1 standpipes
were cemented in to avoid cracking the weak surface
silts when grouting. The following tabulation sum
marizes the site grouting:

Number of holes Area Max. depth T otai cement

Bore No. (feet) (feet) (tons)

av. 21 each 30 (radius) 100 av. 40 each
1-5, 7.

42 180 X 120 120 320
4 (repeat)

47 45 (radius) 125 189
6.
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If the area is to be developed later for power
station construction, the temptation to drain the
valley to achieve more usable land area must be
resisted. Blowouts from, shallow depths due to the
formation of steam under the silts would almost
inevitably result.

The investigation was serviced from the Geo~hermal

Project at Wairakei, where base stores, repair shops
and offices are located. At the Waiotapu depot,
4 000 square feet of covered space contained storage
for bentonite, cement and general stores, a ~mall

workshop and an office. There was frequent delivery
of stores from Wairakei - daily at times during
the deep drilling. A 5-ton truck was based a~ the
rig. A lOO-horsepower crawler tractor w,:s stahon~d

at Waiotapu for site and road preparation and ng
shifting, but additional transport and a crane were
drawn from Wairakei for the latter work.

ACCOMMODATION, STAFFING

Living quarters at the depot comprised three
small houses, forty single men's huts, cookho~se

and washroom; all except the last were easily
transportable.

During drilling, three eight-hour shifts were
employed, the small rig needing three men 'per shift,
the large rig, five. A toolpusher, locally III charge
of drilling, and five or six ~ther employees ~ere

stationed permanently at Waiotapu. Men required
for site preparations, surveys and bore measure
ments were drawn from Wairakei. Most of the
consolidation grouting was done by the rig crews
between drilling holes. Altogether, personnel living
at the camp varied between twenty and forty
employees.

Detailed planning and direction of the work were
undertaken from Wairakei. Communication from
drilling site to depot and base was by radio, supple
mented by telephone between the two offices.

INVESTIGATION TIME

The over-all time involved in the investigations
described here, including setting up the camp, was
approximately three years. The start of the work
was slow, owing to acute labour shortage and to
inexperience in drilling the first hole. Time was
also lost by using the rig crews to do most of the
grouting. With adequate resources available in
manpower and equipment, the same programme
could be carried out in two years. If the additional
bores thought necessary to complete the investigation
are added, and the preliminary survey is included,
the minimum period required is three years.

General observations

Cores were taken in the early bores at lOO-ft
intervals, later at 50-ft intervals throughout, and
finally, as the formations became more clearly
recognized, at 50-ft intervals in the lower sections

of the holes only. Petrological study of a~l cores
provides basic information for understanding the
field and planning further bores.

Chemical analyses of the bore dischar~e~ have
shown constituent proportions generally similar to
those found at Wairakei. Chlorides, however, appear
rather lower and bicarbonates rather higher, than
at Wairakei, ~uggesting, respectively, greater distance
from the primary source, and greater tendency to
deposit calcite. .

Since the bores were drilled, continued measure
ments have been made, on both bores and natur~l

phenomena, in order to find any trends .an.d to gam
more information on discharge characteristics. Meas
urements include:

(a) Fortnightly inspections plus readings of bore
wellhead pressures, stream temperatures and
flows.

(b) Downhole temperature and pressure readings,
in which no appreciable changes have occurred.

(c) Bore flows.
Occasional cleanouts and surface maintenance

have been carried out.
Wellheads have been protected by timber covers,

and the deep bores, which can produce poisonous
hydrogen sulphide gas, are fenced off. The 8-inch
bores discharge into 6-ft diameter horizontal
concrete silencers, and Bore 4 discharges into the
adjacent stream.

In the Waiotapu field it was found that bores
sited close to major natural heat escape produced
the most steam. They also happened to be sited on
low ground and therefore had the highest pressures.
No major feeding fissure was found in any bore.

The hot water reservoir above the main ignimbrite
sheet has only a very weak cap, and there is con
sequently little pressure differential to produ~e

strongly flowing bores. The high temperature reservoir
below the Waiotapu ignimbrite has a strong imper
meable cap and produces acceptable quantities of
steam from the relatively impermeable formations so
far found in the only three holes drilled into it.
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The Waiotapu Thermal Area lies roughly at the
centre of the main thermal belt, 150 by 30 miles,
in the North Island of New Zealand. The natural
heat flow from the area was estimated as being
of the ~ame order as at Wairakei, where over
60 000 kilowatts of power from geothermal steam
is currently produced. Values were:

Wairakei: 1 860 million Btu/hour (relative to
O°C).

Waiotapu: 1400 (100000 kcal/sec).
In addition, geological and engineering considera

tions made this area appear suitable for electric
powerproduction from geothermal steam. The Power
Division of the Ministry of Works was directed to
carry out an investigation to this end in 1955. In
the period May 1956 to November 1958, seven
bores were drilled to a maximum depth of 3,643 feet
(1,110 metres).

The Waiotapu Thermal Area lies 30 miles (50 kilo
metres) to the north-east of Wairakei, in a valley
dominated by two dacite volcanoes to the north
and a volcanic dome to the south-west (figure 1).
A number of faults cross the area, the most pro
minent being that in the north-west, along which
Bores 1 and 2 are sited (figure 2). The s~quen~e

of rocks found in the greater part of the field investi
gated was, in simplified form (figure 3), as follows:

Surface siltstones: 100-200 feet thick.
Soft breccias etc.: 300-600 feet thick.
Hard ignimbrite ("Waiotapu" formation): 600

1 200 feet thick.
Softer breccias etc. : more than 1 000 feet thick.

Shallow inves~igation

All bores were sited close to major faults and
along obvious thermal ground. Bores 1 and 3 (and
later Bore 2), drilled to approxi~ately 1 500 feet
(450 metres) displayed decreasing temperatures
towards the bottom (figure 4). Of these three bores,.
only Bore 3 had sufficient pressure to produce a
steam flow to the surface. Although do,:"n~ole
pressures at sea level in all three bores were. similar,
it was evident that Bores 1 and 2 were sited too
highon the flanks of the mountain (height 2 708 feet)
to allow steam production. Therefore, no deeper
prospecting has been done in the northern part of
the field.

Bores 4 and 5, located farther south ::~d dri~~~
to SImilar depths, showed ste~ply rising t i
peratures in the WaiotapUlgmmbnte 1?elow(3;pproxd
rnately) 750 feet From these results It was mferr\
that a higher temperature reservoir lay beneat

the main ignimbrite, and deeper investigation was
begun when a larger drilling rig became available.

Deep investigation

Bore 4 was deepened to 3 643 feet (1 no metres)
and Bores 6 and 7 were drilled to over 3 000 ft.
(table 1). These bores all encountered much higher
temperatures (figure 5) - 295°Cmaximum compared
with 235°C maximum in the shallow bores. All had
high shut-in wellhead pressures and blew freely
when opened. The softer formations met below the
ignimbrite were not highly permeable, and none of
the deep holes struck large fissures.

As in the Wairakei field, the Waiotapu formations
generally contain hot water rather than steam.
Some steam is formed under blowing conditions as
the pressure is reduced during the flow up the bore.
The proportion of steam at atmospheric pressure at
Waiotapu varies between 15 and 45 per cent (derived
from table 2). These values are of the same order
as those generally found at Wairakei.

The two deep bores with 8-inch (20-cm) diameter
production casings produce a total of 90 000 pounds
per hour of steam and 830 000 Ibjhr of hot water
at a wellhead pressure of 100 psig (figure 6). These
quantities represent estimated power figures of
5400 kilowatts, using only the directly separated
steam, and 10000 kW using the secondary steam
from the hot water flashed to atmospheric pressure
as well.

General observations

Most of the Waiotapu bores deposit calcite on
their casings at a faster rate than at Wairakei. The
shallow bores block so rapidly that they may be
disregarded for power production.

Drilling was stopped in 1958, partly in order to
assess the results to that stage, and partly to renew
investigations elsewhere with the equipment used
at Waiotapu. It is considered, however, that not
sufficient drilling has yet been done to support any
decision to accept or abandon the field as a large
scale steam-producing area. Only two large-diameter,
deep bores were drilled, the considerable thermal
area in the east was not investigated by drilling,
and only shallow bores were drilled in the north.

A detailed scientific investigation of the area
was carried out in 1957 by the New Zealand Depart
ment of Scientific and Industrial Research (DSIR).
This is commented on in this paper, which also
describes the engineering aspects of the drilling
programme - necessary organization, technical
features and drilling times.
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RECHERCHES EN VUE DE LA MISE EN ffiUVRE DE L'ENERGIE GEOTHERMIQUE
A WAIOTAPU (NOUVELLE-ZELANDE)

Resume

Le gite thermique de Waiotapu se trouve a peu
pres au centre de la principale region geothermique,
qui mesure 150 sur 30 miles (environ 240 sur 50 km),
de l'ile du Nord de la Nouvelle-Zelande. Le debit
naturel de chaleur de cette region a ete evalue
comme etant du meme ordre que celui de Wairakei,
ou des centrales fonctionnant a la vapeur geother
mique foumissent actuellement plus de 60000 kW.
Les chiffres notes sont les suivants :

Wairakei : I 860 millions de Btu/heure (valeur
rapportee a 0 QC);

Waiotapu : I 400 millions de Btu/heure (100000
grandes calories/seconde),

En outre, certaines considerations geologiques et
techniques viennent confirmer l'impression que ce
champ se prete bien a la production d'energie
electrique a partir de la vapeur geothermique. Le
Service de I'energie du Ministere des travaux publics
a ete charge en 1955 de proceder a des recherches
dans cette voie. Pendant la periode de mai 1956
a novembre 1958, sept puits d'une profondeur
maximum de 3643 pieds (I 110 metres) ont ete
Io res.

La region thermique de Waiotapu se trouve a
30 miles (50 km) au nord-est de Wairakei, dans une
vallee dominee au nord par deux volcans constitues
de dacite et au sud-ouest par un dome volcanique
(fig. I). La region est sillonnee d'un grand nombre
de failles, dont les plus visibles se trouvent au nord
ouest, le long desquelles on observera les puits I
et 2 (fig. 2). En gros, les formations rocheuses ren
contrees dans la majeure partie du champ etudie
sont les suivantes, comme l'indique la figure 3 :

Gres fins de surface, riches en elements boueux :
100 a 200 pieds depaisseur (30 a 60 m);

Breches molles, etc. : 300 a 600 pieds d'epaisseur
(90 a 180 m);

Ignimbrite dure (formation dite de Waiotapu) :
600 a I 200 pieds d'epaisseur (180 a 360 m);

Breches plus molles, etc. : plus de I OOOpieds
d'epaisseur (300 m).

Examen superjiciel

Tous les puits ont ete fores pres de failles princi
pales et en bordure de terrains d'activite geother
mique nettement caracterisee, Les puits I et 3 (et
plus tard le puits 2), fences jusqu'a environ I 500
pieds (450 m), ont indique une baisse de temperature
vers le fond (fig. 4). De ces trois puits, seul le 3
accusait une pression suffisante pour dormer un
ecoulement de vapeur en surface. Bien que les
pressions de fond reduites au niveau de la mer dans
les trois puits aient Me analogues, il etait evident
que les puits 1 et 2 etaient situes trop haut sur les

flancs de la montagne (a 2 708 pieds d'altitude)
pour permettre la production de vapeur. En conse
quence, on u'a pas fait de forages de prospection
plus profonds dans la partie nord de la region.

Les puits 4 et 5, situes plus au sud et fences a
des profondeurs du merne ordre, ont manifesto des
temperatures en montee rapide dans l'ignimbrite de
Waiotapu, a des profondeurs depassant environ
750 pieds. On a deduit de ces resultats qu'il existait
un reservoir a plus haute temperature sons l'ignim
brite principale, et on a commence la prospection
aux plus grandes profondeurs des qu'on a pu disposer
d'une installation de forage plus importante.

Recherches en profondettr

Le puits 4 a ete approfondi a 3 643 pieds (1 HO m)
et les puits 6 et 7 ont ete fences a des profondeurs
depassant 3 000 pieds (tableau 1). On a trouve,
dans tous ces puits, des temperatures beaucoup
plus elevees (fig. 5) - maximum de 295 QC contre
235 QC - que dans les puits moins profonds. Dans
tous les cas, la pression qui regnait a la bouche
des puits Iermes etait tres elevee, et les echappe
ments etaient continus des qu'on les ouvrait. Les
formations plus molles que l'on a trouvees au-dessous
de l'ignimbrite ri'etaient pas tres permeables, et
aucun des forages profonds ri'a rencontre de fissures
importantes.

De merne que dans les champs de Wairakei, les
formations de Waiotapu contiennent generalement
de l'eau chaude, plut6t que de la vapeur. Il se forme
un peu de vapeur, dans des conditions permettant
son eruption, a mesure que la pression baisse au
cours de la montee le long du puits. A Waiotapu,
la fraction vapeur, a la pression atmospherique,
varie entre 15 et 45 p. 100 (d'apres le tableau 2).
Ces valeurs sont du meme ordre que celles que l'on
trouve habituellement a Wairakei.

Les deux puits profonds qui avaient des tubages
de production de 8 pouces (20 cm) de diametre ont
debite un total de 90 000 livres de vapeur a l'heure,
et 830000 livres a l'heure d'eau chaude a une
pression a la bouche du puits de 100 livres par
pouce carre au manornetre (fig. 6). Ces quantites
representent des puissances installables evaluees a
5.400 kW, en ne se servant que de la vapeur separee
directement, et 10000 kW en se servant egalement
de la vapeur secondaire obtenue en faisant bouillir
r?-pidement l'eau chaude a la pression atmosphe
nque.

Remarques generales

La majorite des puits de Waiotapu souffrent
d'une accumulation de calcite sur le tubage plus
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rapide qu'a Wairakei. Les. puits peu profonds
s'obstruent si rapidement qu'il vaut mieux ne pas y
songer pour la production d'energie,

Les forages ont ete suspendus en 1958, en partie
pour pouvoir evaluer les resultats acquis, et en
partie pour reprendre les recherches ailleurs, avec
le materiel utilise a Waiotapu. On estime cependant
qu'il n'a pas encore Me fence assez de puits pour
justifier une decision d'accepter ou d'abandonner le
champ en tant que gite capable de produire de la
vapeur sur une grande echelle, On ri'a fore que
deux puits profonds de fort diametre, et la region

thermique et endue qui se trouve a 1'est n'a pas
encore ete exploree par forage. Dans le nord, on
s'en est tenu a des puits peu profonds.

Des recherches scientifiques detaillees sur cette
region ont Me effectuees en 1957, sous les auspices
du Service des recherches scientifiques et indus
trielles de Nouvelle-Zelande (DSIR). Le present
memoire donne certaines precisions a ce sujet.
11 decrit egalement les aspects techniques du pro
gramme de forage - I'organisation necessaire,
les caracteristiques techniques et les temps de
forage.
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SCIENTIFIC FACTORS IN GEOTHERMAL INVESTIGATION AND EXPLOITATION

D. Doyle * and P, E. Studt t

Geothermal work should always be regarded as
experimental because the character of the hydro
thermal system varies so greatly from one field to
the next. The problems of each must be approached
individually, and too great a reliance must not be
placed on experience gained elsewhere. Practically
all the New Zealand fields are of the aquifer type;
therefore experience in New Zealand may not
apply in many overseas fields. Nevertheless, it may
be useful to examine the philosophy underlying
the New Zealand work and the organisation by
which it is accomplished.

The scientific factors discussed here are concerned
with prospecting, with assessing the capacity of
the field, and with locating exploration and produc
tion drill holes; they are involved in choosing the
form of utilisation (whether for heating, chemical
processing, power generation, etc.) and utilisation
techniques (for example, whether heat exchangers,
gas extractors or chemical inhibitors are required).
In brief, the scientific appraisal forms the basis
upon which utilisation is planned by the engineer.
For this reason, the services of competent scientists
and well-equipped laboratories are essential to any
large geothermal project. Finally, it is necessary to
study the response of the field to exploitation, to
predict future trends, and to assist in formulating
the best management policy. Therefore it is necessary
for scientific services to remain available throughout
the development phase, and to continue during the
productive life of the field.

Problems of the origin of hydrothermal fields are
not considered here. It is undoubtedly true that a
better understanding of the underlying causes of
hydrothermal systems would greatly assist prospect
ing and development, but research along these lines
cannot justly be charged against anyone project.

.. Suggested practice based on New Zealand
experience

PROSPECTING STAGES

The scale of prospecting must obviously be
governed by the demand for power, the availability
and economics of alternative resources, and the
information already available. In the simplest case,
a single hole will meet all requirements, and this

might be located by inspection alone. A brief
reconnaissance might suffice to evaluate a slightly
larger project, or to compare the relative merits of
geothermal, hydroelectric and diesel power stations
in a particular area; but a much more extensive
investigation, combined with test drilling, is desirable
before an attempt is made to bring a large geothermal
field into production.

For this reason, it is often advantageous to prospect
in stages:

I. Regional survey;
Il. Preliminary reconnaissance;

Ill. Comprehensive survey;
IV. Proving.

Together, these four prospecting stages lead to
utilisation:

V. Development;
VI. Production.

Stage I shows the geological background; stage II
may be regarded as a qualitative assessment of a
particular field; and stage III a quantitative assess
ment upon which the broad outline of a suitable
project may be based. In stage IV, test holes are
drilled to confirm or amend the previous assessment,
and the details of the project are settled. As each
stage of prospecting is completed, the results to
date should be examined and, if satisfactory, used
in planning the succeeding stage. In practice, the
stages frequently overlap one another, and one or
more may be omitted in the smaller projects;
nevertheless, the procedure remains one of periodic
reappraisal and replanning.

REGIONAL SURVEY

At the commencement of prospecting, it is likely
in many cases that information is already available
from regional surveys which form part of a national
programme (e.g., topographical, geological, geophy
sical). If this is not so, it is very desirable that such
surveys should be made and taken well beyond the
visible limits of the hydrothermal field. This is
necessary not only because there may be unseen
extensions of the field, but also because the regional
survey may greatly assist the interpretation of local
phenomena.

PRELIMINARY RECONNAISSANCE

Initially this will cover questions of accessibility,
terrain, and proximity to established centres of
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population and industry; also the manner in which
a geothermal project .can best meet the requirements
of the. comm~lllty. ~Ield w?rk will be done by small,
versatile partIes, usmg aerial photographs as a basis
for mapping.

Ge?lo;sists will note ~~e structural setting, volcanic
asso.cIatlOns,. permeability of the rocks, possible
aquifers, alignment of fumaroles, or hot springs
along faults, and so on.

Hydrologists will study the hot springs, fumaroles
and areas of steaming ground. Highly superheated
steam vents may suggest that steam alone will be
tapped from fractures in the rocks; in such a field,
problems of separation of steam and water will not
arise; but there may be a high gas content, and a
large contribution of heat from storage should not
be expected. Slightly superheated steam vents and
copious boiling springs or geysers suggest a boiling
water system in which considerable stored heat may
be available, and the elevation of the springs above
the natural cold water table may give an indication
of the presence of therrno-artesian pressure. Absence
of pressure and of boiling springs may indicate high
permeability in the host rocks, in which case to
attempt to draw more than the natural flow of hot
water may induce cold water into the field.

Typical samples will also be taken for chemical
analysis, to indicate the presence of valuable or
injurious by-products, and to distinguish ~etween
steam-heated, perched ground water and deep circulat
ing hot water.

Most important is a knowledge of the extent of
the field and an estimate of the natural mass and
heat output. The contribution of hot springs a;nd
pools is relatively easy to gauge; that of steaming
ground and fumaroles may be less so. In New Zealand,
a rapid survey of vegetation, or even a s!u~y of
airphotographs, gives sufficiently accurate prelImmary
figures for steaming areas; fumaroles are compared
by noting the relative dimensions of the steam c~ou.ds.

All this work will be directed towards establIshIng
the approximate capacity of the field, i~s suitability
for various forms of utilisation, and Its economIc
value compared with alternative resources. It does not,
however, by any means exhaust .the usefu!ness of
surface surveys, and if the verdIct at th'is sta/?e
is favourable, these surveys will be exten?ed. If drill
holes are already in existence, full use WIll be made
of any information they provide, but as a rule no
drilling will be done at this stage,

COMPREHENSIVE SURVEY

. I' t fi Id partiesThis will be undertaken by speCla IS. e f ddi '
using such techniques as give promIse 0 a I!11
to the knowledge of the hydrothermal system. Aben<;t
h d i d quate as a aSISp otographs may now be faun ma e . d

f • may be reqUIre.
or mapping, and some surveylllg ,
D . , "11 be carried out,

etaI1ed geologIcal mapplllg ',¥I , the h dro-
and extended well beyond the Iimits of h y. 1
thermal field This will be assisted by geop ySIct
surveys, designed to clarify the structure, roe

sequence and hydrology. Gravity and aeromagnetic
work may be used to build up the broad picture,
and seismic profiles to provide local detail. Electrical
surveys may be used to map the distribution of hot
or saline water, and surface magnetic surveys to show
those areas which have been subject to hydrothermal
alteration.

A careful survey will be made of the temperature
distribution near the surface, since this indicates
the area over which stored heat may be available,
and a new estimate will also be made of the mass
and heat output, which permits assessment of the
power potential of the field for continuous production.
These surveys also form a basis for comparison
after utilization has begun, when the work is repeated
in order that the efficiency of extraction may be
gauged and the response of the field to the draw-off
studied. Changes in hot spring discharge are easily
seen, but more important changes in steam escape
are less apparent, and it is advisable to establish
a number of fixed traverses at which these can be
measured.

Exploratory drilling may begin at this stage if
required to assist the interpretation of the surface
work-e.g., for additional geological or hydrological
information, or to aid the interpretation of the geo
physical data; but the holes should be located to
assist this work rather than to test possible steam
or hot water production. Core samples will be taken
for petrological examination, especially for the rank
and intensity of the hydrothermal alteration, and also
for the measurement of physical properties, such as
density, porosity, permeability, and magnetic polarisa
tion. Temperature, pressure, and water level will be
measured in the hole, and if it is capable of discharging
steam or hot water, this will be metered as for produc
tion holes.

These exploratory holes may be of small depth
and diameter, so long as they provide the information
required, and they need not be elaborately equipped
for full-scale production, which is not their purpose.
In some cases, however, it may be possible to combine
the two functions in the same hole. This then forms

. part of the proving programme also and is drilled
and equipped accordingly. On the other hand, the
scientist will frequently desire information from below
the optimum producing horizon, and some of the explo
ratory holes may therefore be drilled to much greater
depth, This is particularly important in certain types
of field where hot aquifers lie one above the other.
Such deep holes provide useful information about
the lower limits of a hot aquifer, and at later stages
they may be used to give early warning of adverse
changes at depth.

Chemical sampling of springs and fumaroles may
help to indi~ate the type of condition l~kely to be
met in the dnll holes, but many of the chemical features
are quite superficial. Chemistry becomes more impor
tant when holes are drilled, and their discharges can be
sampled and trends followed over a reasonable period.
Dissolved solids and gases will be estimated, in order
that mineral deposition and corrosion troubles can be
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anticipated, or the need for heat exchangers, gas
extractors, etc., assessed. Commercially valuable by
products will be looked for, and the economics of
their extraction studied. The concentration of various
constituents, or their ratios, or isotope ratios, may be
examined for clues to the location of feed zones,
and the radioactive isotopes C14 and tritium may be
estimated in order to establish an apparent age or
turnover time for any meteoric water contributing
to the output.

PROVING

As a result of the foregoing surveys, a fairly accurate
idea of the most important features of the field should
be obtained, so that its suitability for a specific
project can be judged. Some idea of productivity
may have been afforded by exploratory holes, but
the final proof of the field's capacity can only come
through systematic test drilling. All available informa
tion will therefore be used to select the drilling sites
most effective for this purpose. The number of holes
in this programme depends on the size and complexity
of the field, and also the reliance which can be placed
on the interpretation of the scientific work. Under
favourable conditions, the holes may be widely
spaced, but where the interpretation is not clear,
or where the field is complex, the spacing must be
closer.

Although these holes are designed for production,
they will also yield much information not previously
available. Therefore each is carefully studied in
comparison with predictions based on previous work,
and the interpretation of that work is amended where
necessary. In fact, the picture must be constantly
brought up to date as new information comes to hand,
so that it is at all times as complete as possible.

Cores will be taken at intervals specified by the
geologist and examined in the same manner as those
from the exploratory holes. Drillers' logs will be
examined and pumping tests made; temperature,
pressure and, if possible, electric logs will be made
and repeated as the hole warms up after drilling.
This will indicate impermeable caps and permeable
aquifers or fracture zones from which production.
may subsequently come.

As each proving hole reaches equilibrium, or when
it has yielded sufficient data to permit extrapolation
to equilibrium conditions, it will be opened. If there is
sufficient gas pressure, or thermo-artesian pressure,
the hole will discharge spontaneously; if not, it may be
possible to induce eruption with the help of air lift,
gas bomb, or swabbing. In some cases, where hot
water alone is required, continuous air lift may be
installed.

On first opening, there is often considerable erosion
underground and the discharge may carry rock
fragments. It is of interest to have these examined
petrologically to determine their point of origin in
the rock sequence. There is also a tendency to rapid
change in discharge characteristics in the early stages,
and it is therefore wise to allow a substantial "settling
down" period before attempting to meter the output.

The mass output at various wellhead pressures
will be measured and compared with previous pumping
and permeability tests; the enthalpy of the discharge
will be compared with the formation temperature
to show whether free steam is present in a water
system, or whether cold water has easy access to
the hole. After testing, the hole may be deepened,
or the casing may be perforated, and similar tests
repeated at lower or higher levels.

A close watch should be kept on shut-in wellhead
pressures; a general decline will accompany draw-down
in an aquifer, whereas a rapid rise will show the accu
mulation of free steam or gas. Output testing should
also be repeated at intervals to disclose long-term
trends. There is usually a slow decline in mass output,
but in a boiling water system this may be accompanied
by increasing enthalpy. This may suggest an increasing
proportion of free steam in an aquifer, or blockage
by mineral deposition. Decreasing enthalpy will
suggest the exhaustion of a steam pocket, or the
approach of cooler water.

Chemical sampling will also form a part of this
programme of metering the proving holes. It will
follow the lines set out for exploratory holes. Changes
observed since the earliest drilling may help to
indicate the size of the reservoir being drawn upon,
and possibly the location of the channels through
which it is fed.

FINAL ASSESSMENT

At this point, the decision to proceed with a geo
thermal project may have been made, and the form
it should take decided; but the size of the project
will remain to be settled.

As a result of all investigations, the following
should be known with reasonable accuracy:

(i) Type of field-e.g., steam, water;
(ii) Capacity of field, in continuous flow and in

storage;
(iii) Location of productive fissures, aquifers, etc.,

and the enthalpy to be expected from them;
(iv) Productivity of drill holes at various wellhead

pressures in various parts of the field;
(v) Chemistry of the discharge; gas and mineral

content;
(vi) Pressure and temperature distribution' suscep-

tibility to boiling, cold water invasion, etc.
At the same time, certain purely engineering problems
should ?~ve been stu~ied-forexample, access routes,
plant SIting, foundation tests, pipeline routes, cooling
water supplies, and, of course suitable drilling
techniques. '

With the help of all this information it should
now b~ possible .to choose an appropri~te rate of
extraction and wnte plant specifications. In some low
pressure fields, the contribution to the output which
is dra~n from .sto!age must be carefully regulated;
otherwise there ISnsk of cold water invasion. In small
fields, especially, it will be wise to set the initial
draw-off not much higher than the pre-existing natural
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flow. It is well known that the yield of Some New
Zealand and overseas fields is several times this flow
a.nd provision may therefore be made for later expan~
sion, .but the advisability of this cannotbe settled
at this stage and is best indicated by the results
of the initial development.

DEVELOPMENT

The remaining production holes will now be drilled.
If pr~vious ~ork has been sat~sfactory, the drilling
techmque WIll be well estabhshed, and since no
coring is required at this stage progress should be
rapid. With the completion of each hole, however,
tests will be made as before. Increasing detail is thus
added to the knowledge of the field, and in some
cases this detail may suggest desirable modifications
of the programme.

As the power house or other plant is put into opera
tion, ad hoc scientific assistance will be given, for
example, in examining the chemical balance at all
stages of the flow sheet, and in metallurgical "trouble
shooting".

BEHAVIOUR OF THE FIELD DURING PRODUCTION

A hydrothermal system is dynamic, and the changes
induced by production may in some cases gradually
lead to conditions quite different from those found
in the proving stage. It is most important, therefore,
that scientific study should be continued during
the productive life of the field. This will enable
trends to be recognised and their causes determined,
and it will permit changes in management policy
to take advantage of favourable developments and
circumvent unfavourable effects.

There will usually be a drop in pressure in the field
as a result of the draw-off. In some fields this simply
causes a drop in output from the holes; in others
it will cause boiling and accumulation of free stea~,

and it may be both prudent and profitable to dnll
holes to tap this; in others again, it may lead ~o
invasion of part of the field by colde~ water, and ~t
may be necessary to curtail productlOn where this
threatens and to concentrate production where t.h~re
is the least sign of pressure drop. Mineral deposition
may also be less troublesome in some sectors than
~n others, and production may be concentrated accord
mgly.

The measurements necessary to enable this strategy
to be adopted include the following:

(i) Periodical remeasurement of surface. te~
peratures and residual heat escape. ThIS .wI.ll
indicate the efficiency of extractIon, and It IS
also useful for detecting leakages through
fractured drill hole casing;

(ii) Integrated mass and ~eat output from al~
holes, indicating trends III the field as a whole,

(iii) Mass and heat output from individual holes,
which will show the more local trends;

(iv) Chemical sampling; this is often a useful
indicator of changing hydrology;

(v) In holes which have to be shut down for one
reason or another, temperature and pressure
logs should be made;

(vi) In holes which require cleaning or servicing,
pumping tests will show changes in permea
bility due to mineral deposits or to erosion;

(vii) Before reconnecting such holes to the pipelines,
the rate of heating and build-up of pressure
will be studied, and output characteristics
will be measured.

The importance of obtaining this type of information
is such that it may justify the drilling of special holes
if the normal production holes do not become available
often enough. In addition, precise level surveys and
tiltmeters may be found useful. Extraction of hot
water from an aquifer will lead to ground subsidence,
just as with cold water; on the other hand, the accu
mulation of large bodies of steam may lead to raising
of ground levels.

Organisation and costs

All major electric power stations in New Zealand
are owned and operated by the New Zealand Elec
tricity Department. Construction of power schemes
is the responsibility of the Ministry of Works, either
using its own forces or operating through design
consultants and contractors. The role of the Depart
ment of Scientific and Industrial Research is normally
confined to the use of geology and geophysics in
prospecting and site testing. Owing to the novelty
and complexity of the problems of utilising geothermal
power, a wider range of scientific methods is employed
than is necessary to investigate a hydroelectric or
coal-fired project, and frequently new techniques
have had to be developed. As a result it has been
found desirable to set up a fairly elaborate scientific
organisation. This organisation has naturally varied
from time to time as the project has progressed
through the various stages discussed above.

ORGANISATION FOR TYPICAL SURVEYS

Actual examples of the organisation adopted for
each type of investigation are given in the following
paragraphs.

Type I: regional survey

Prior to 1937 a broad survey of the whole Rotorua
Taupo region was carried out over several years
by the New Zealand Geological Survey (1); geophysical
techniques were also tested in typical localities (2, 3)
and a comprehensive survey of chemical aspects
of the hot springs was undertaken (4). These surveys
were conducted by small parties of two to five,
based at their normal headquarters, which were
outside the area under investigation.

A recent example is the survey by the Geophysical
Survey, Wellington, of geothermal gradients through
out the North Island of New Zealand, designed to
study the thermal setting of the whole volcanic belt.
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Type 11: preliminary reconnaissance

By 1945 some shallow drilling had demonstrated
the practicability of small-scale use of natural heat
and suggested a much greater potential. As a resul~,

the scientific work was reoriented to study the pOSSI
bility of utilization on a larger scale. Between 1945
and 1949 the Geological Survey and the Geophysical
Survey made detailed studies of the Rotorua field
(5, 6), and of the characteristics of dischargi~g

holes (7). Preliminary surveys were later ma~e III

other promising localities. At this stage a regional
office was opened in the area with a nucleus of a
professional staff of four; and about eight assistants
were attached for varying periods. A light drill rig
operated by the Geophysical Survey was available
for experimental drilling.

The investigation of the geothermal resources of
Fiji (8) furnishes another example of a Type II
survey. The purpose of this survey was to cover all
potential areas, without prior definition of method
of utilization, and to select fields justifying more
detailed work. A geologist familiar with New Zealand
conditions spent two months in the territory, water
samples were brought to New Zealand for analysis,
arid recommendations were made for geophysical
measurements to provide confirming information.

Types III and IV: comprehensive survey and proving

Early in 1950 it was decided to concentrate the
investigations on the Wairakei area. Additional
scientific field parties were made available, and the
Ministry of Works took over the drilling and engineer
ing investigations. In order to integrate the activities
of scientists belonging to different organisations and
to co-ordinate with the engineers of the Ministry
of Works, it was found desirable to appoint a scientific
co-ordinator within the Department of Scientific
and Industrial Research (DSIR).

The DSIR team averaged twenty-five; it covered
geology and petrology, hydrology and chemistry,
and utilised the following survey methods : thermo
metric, seismic, gravimetric, electric, magnetic, and
aeromagnetic. Considerable effort had to be devoted
to the development of techniques, especially for the
measurement of the heat output of the various forms
of natural activity.

During this period the Ministry of Works drilled
some fifteen bores averaging 1 000 feet, thus gaining
experience in overcoming the difficulties of drilling
for steam in permeable rocks. The existence of these
holes enabled further scientific work to be done in
the fields of stratigraphy, hydrothermal alteration,
physical bore logging, and the measurement of two
phase bore discharges.

A survey of this type was carried out at Waiotapu
(9); smaller-scale examples are those made at Rabaul
in New Britain (10) and Kawerau, New Zealand (ll).
In all these cases the work covered only a limited
area in connection with a clearly defined economic
objective.

Type V: development

The close co-operation behyeen .the s~ientists ~nd
engineers .established at Wairakei dunng previous
phases has continued. As methods have been ?e.v~loped

it has proved possible to transfer responsibility for
many of the observations to a measureme~ts group
set up within the Ministry of Works. ~h~ aim of the
observations both on the natural activity and the
bores themselves, is to build up and maintain a picture
of the state of the hydrothermal system as a whole.
This forms a basis for decisions on siting new holes
and the possibility of further extension of the size
of the project.

The power house and steam .coll~ction ~ystem has
been built under contract. Scientific assistance on
corrosion and similar problems has been given as
required to the consultants and contractors.

The scientists at present stationed in the thermal
area number five professionals and seven assistants,
covering the fields of geology, chemistry, and geo
physics; in addition there are approXimately, ten
others based at headquarters. It should be pointed
out that work on neighbouring fields at earlier stages
of investigation is covered by the same staff.

Type VI: production

Wairakei is now at the stage of production, but
extensions are in process of construction. It is intended
to continue the study of the state of the hydrothermal
system, both because of the unique opportunity of
observing the dynamic reactions of the system to
utilisation, and as an aid in formulating management
policy.

COSTS

The annual cost of DSIR geothermal activities
over the last ten years has varied from £20 000 to
£50000. This is equivalent to about £2000 per man
year on an average, for professional staff and assistants
for salary and overhead. As explained above, the
staff is engaged in simultaneous work on a number
of fields at differing stages of investigation or develop
ment; DSIR is not called upon to meet drilling costs,
nor those of the Ministry of Works measurement group.

The 1960 cost of DSIR investigations, £44 ODD,
should be compared with the cost of one 3 000 - ft.
investigational bore, which may be about £50000.
Similarly, if the total DSIR expenditure in the whole
region is taken as £350000, this is only a small part
of the cost of one medium-sized geothermal power
station (12).

The geothermal workers have been fortunate in
being able to call upon a wide range of headquarters
services, such as X-ray, optical and mass spectrometry,
radioactivity measuring facilities, seismic prospecting
teams, etc., whi~h have been built up over a number
of years to service the great variety of investigations
conducted by the department. Only rarely has it
proved necessary to send samples overseas or call
upon outside experts.
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Summary

Hydrothermal fields vary greatly in character and
heat output. There is a wide range of applications
to which they can be put, and there are various
techniques for doing this. For this reason a diversity
of information is required before the practicability
of any proposed installation can be assessed. Inves
tigations must necessarily be commensurate with
the scale of project envisaged; in the simplest cas~,

a single drill hole will meet all requirements and thIS
might be located by inspection alon~, b:ut w~ere
larger projects are contemplated extensIve investiga
tions are required.

Asa result of New Zealand experience, it is suggested
that the scientific investigations should pass through
six phases. Information from regional surv~ys - topo
graphical, geological, geophysical, etc. - IS valua?le,
since it assists the understanding of the setting.
Preliminary reconnaissance will cover a study of heat
flow, geology, hydrology, and chemistry. Attentio?
will also be given to such matters as ::ccess a?-d prOXI
mity to established centres of populatlOn and industry.
If justified, this will be followed by a more compre
hensive survey made by specialist field parties .wlth
more elaborate equipment. With data th~s obtained,
it should be possible to select sites to obtalll t~e maxi
mum information from such exploratory dnll ~oles
as are justified by the circumstances of the. project.
Core samples will be examined for physical and
petrologicalproperties, especially hyd:othermal altera
tion. Tests will be made to determllle temperature
and pressure distribution, permeabilit:y and rate of
heating. This will be followed by discharge tests
and the taking of chemical samples. .

The holes to be drilled in the proving phase will

depend on the size of the project and the complexity
of the field. Examinations similar to those suggested
for the previous phase will be carried out, particular
attention being devoted to mass and heat output
determined for various wellhead pressures. The output
from geothermal drill holes is apt to change in the
initial stages; consequently the holes must be allowed
to discharge for a period and measurements must be
repeated from time to time to allow trends to be
followed and possible interactions to be detected.

At this stage the information should be sufficient
to build up an over-all picture of the field from which
the scale of initial development and the best method
of utilisation can be selected. In many cases it may
subsequently be possible to extend the development,
but the practicability of doing this is best decided
from a study of the behaviour of the field after
production has commenced. It is therefore essential
that measurements, both of output and of conditions
at depth, should be continued throughout the produc
tive life of the field. The information thus gained will
also enable appropriate variations in field management
to be made as soon as changes in underground con
ditions become apparent.

As interest in geothermal utilisation developed in
New Zealand, the programme of scientific study in
the principal fields passed successively through the
above stages. The main work is centred at Wairakei,
and other fields are being investigated in the light of
Wairakei experience. The organisation has been varied
from time to time as circumstances have altered.

The cost of the scientific work in the whole region
has varied since 1950 from £20 000 to £50 000per year.
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ELEMENTS SCIENTIFIQUES DANS LES RECHERCHES
ET L'EXPLOITATION GEOTHERMIQUES

Resume

Les champs hydrothermiques varient beaucoup
quant a leur caractere et leur debit de chaleur. Ils
se preterit done anombre d'applications, avecdiverses
techniques en vue de leur execution. Pour cette raison,
il faut disposer de nombre de renseignements avant
de pouvoir juger de la valeur pratique d'une installation.
eventuelle. Les recherches doivent, de toute necessite,
etre menees a l'echelle du projet envisage. Dans le
cas le plus simple, un puits unique permettra de faire
face a tous les besoins et on pourra en choisir 1'empla
cement par une simple inspection. Mais quand on
envisage des projets de plus grande envergure, il faut
pro ceder a des recherches etendues.

A la suite de I'experience acquise en Nouvelle
Zelande, il est recommande que les recherches scien
tifiques soient menees en six etapes, Celle des rensei
gnements fournis par des etudes regionales - d'ordre
topographique, geologique, geophysique, etc. - est
precieuse, car elle aide a connaitre le milieu physique
on doivent se derouler les recherches. Les reconnais
sances preliminaires, qui portent sur le regime de
I'ecoulement de la chaleur, la geologic. l'hydrologie
et la chirnie, viennent ensuite. On se penchera ega
lement sur les questions telles que les voies d'acces
et la proximite des centres de population et d'industrie
deja etablis, Le cas echeant, on procedera alors a
des recherches plus etendues, a mener par des groupes
de specialistes travaillant sur le terrain et dotes
d'un materiel plus complet. Sur la base des donnees
ainsi fournies, il devrait etre possible de choisir les
emplacements de maniere a tirer le maximum de
renseignements des puits d'exploration qui sont
justifies par les circonstances dans lesquelles se
deroule le projet. On examinera les carottes pour juger
de leurs proprietes physiques et petrologiques, parti
culierement de I'alteration hydrothermique. On fera
des essais pour determiner la repartition des tempe
ratures et des pressions, la permeabilite des formations
et le regime des apports de chaleur. Cela sera suivi
de mesures du debit et de la prise d'echantillons
chimiques.

Les puits afoncer dans la phase desessais dependront
de 1'importance du projet et de la complexite du
champ. Des examens analogues a ceux qui ont ete
suggeres ci-dessus seront executes, en pretant tout
specialement attention au debit de masse et de chaleur
determine pour diverses pressions en tete de puits.
Le debit des puits geothermiques peut varier aux
stades initiaux, si bien qu'on doit laisser les puits
debiter pendant un certain temps et repeter les mesures
de temps a autre pour qu'il soit possible de discerner
des tendances et de juger des actions mutuelles
possibles.

Quand on en est arrive a ce point, les renseignements
disponibles doivent etre suffisants pour mettre au
point un tableau d'ensernble du champ, dont on pourra
se servir pour determiner I'echelle initiale de la mise
en ceuure et la meilleure methode d'utilisation. Dans
nombre de cas, on pourra pousser le developpement
par la suite, mais la praticabilite de cette maniere
d'operer sera decidee au mieux a la suite d'une etude
du comportement du champ apres sa mise en produc
tion. 11 est done essentiel que des mesures, tant du
debit que des conditions trouvees en profondeur, se
poursuivent pendant toute la duree de production
du champ. Les renseignements ainsi obtenus permet
tront egalement des modifications appropriees de
1'exploitation des que des changements dans les condi
tions souterraines se manifesteront.

Avec le developpement de I'interet porte a 1'utili
sation de l'energie geothermique en Nouvelle-Zelande,
le programme d'etudes scientifiques dans les principaux
domaines est passe successivement par les stades
mentionnes ci-dessus. Le centre principal est celui
de Wairakei, et d'autres champs font 1'objet de
recherches a la lueur de l'experience acquise dans ce
champ. L'organisation a Me modifiee de temps a autre
avec I'evolution des circonstances.

, I:e cofit ~es travaux scientifiques pour toute la
region, depuis 1950, a oscille entre 20000 et 50000
livres par an.
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Geologically, El Salvador is an extremely young
country. About one-fourth of the national territory
is of Pleistocene age, and about three-quarters is
covered by Tertiary formations, belonging mainly
to the Pliocene. Cretaceous formations, which crop
out in approximately 5 per cent of the country,
are of less importance. Only the Cretaceous rocks
are of sedimentary origin; all the others are volcanic.
The Quaternary volcanism is limited to two volcanic
belts, about twenty kilometres apart; associated
with these are steam vents and thermal springs.

Northern volcanic belt

This volcanic structure consists of about ten heavily
eroded strato-volcanoes, which started their activity
at the end of the Pliocene and continued into the
early Pleistocene. All the volcanoes are aligned in
a WNW direction, where tectonic elements in some
places gave origin to the formation of a graben.

Geothermal activity in that area (known at about
twenty places) consists of a few steam ,:ents, .but
mainly of hot springs. These thermal manifestations
seem to be independent of the volcanoes proper,
since the volcanoes themselves do not show any
geothermal activity, but the thermal springs are
situated along tectonic lines between the volcanoes.
Thus it seems that they may be due to ~eep w3:ter
circulation rather than to heating in relatively high
volcanic levels.

The thermal springs of this belt have not yet bee!!
studied in detail, but extrapolation of ~ome ca~on
metric measurements suggests that their combmed
natural heat loss amounts to about 5.104 kcaljsec
(above 25°C).

Southern volcanic belt

" In the southern part of El S~lyador there is .an
Important tectonic structure striking WNW,,, WhIC?
gave origin to the so-called "Central Graben . T~IS
Central Graben traverses the entire country, ~Ith
few interruptions, and continues to the east mto
Nicaragua. Within this graben there ar~ a gr~at

ti tive~any Quaternary volcanoes, some con mumg ac
Into historic times.

Geothermal activity along this belt is much ~~r~
pronounced than along the northern one. ThecdIe
element consists of steam vents (at two ,Places, ry
steam), whereas real hot springs are of less Importance.

• D" ." N lonal San Salvador.irector, Servicio Gcologico acio ,

All these manifestations are clearly limited to the
volcanoes themselves, being generally situated on
their lower slopes. Such activity occurs at about
forty different places.

Most of the geothermal studies so far undertaken
have been limited to this belt. Calorimetric measure
ments in these manifestations indicate a natural heat
loss of at least 15.104 kcaljsec (above 25°C), more
than 50 per cent pertaining to the geothermal fields
near Ahuachapan in the western part of El Salvador.

Ahuachapan' geothermal field

The geological setting consists of a WNW striking
graben (part of the Central Graben), about 20 km
wide, with vertical displacements up to 1 000 m.
The faulting occurred at the end of Pliocene. Along
the southern border of the graben a basaltic volcanism
became active during the Pleistocene, flooding the
graben with a cover of pyroclastics about 300-500 m
thick. Later displacements affected the interior of
the graben. A system of faults striking NNE affected
the basement above all, whereas a system striking
NNW seems to be limited mainly to the cover. One
of the NNE lines gave origin to an explosive volcanism
(several thousand years old); it consists of several
individual volcanoes traversing the entire graben.

In the Ahuachapan region there are two types of
geothermal activity: acid steam-fed manifestations
on the slopes of the Pleistocene volcanoes along the
southern border of the graben, and neutral or slightly

. alkaline thermal springs within the graben proper. The
former are characterized by a high S04" content and
relatively small discharges, whereas the springs within
the graben proper have high discharges rich in Cl'.

Groundwater movement occurs from the Pleistocene
volcanoes down into the graben. Thus the thermal
springs rich in Cl' could be considered as heavy
discharges (2200 Ijsec) of this mass of groundwater
at places where the water table reaches the surface.
In that case the chemical differences of the two types
of natural manifestation would be due only to near
surface changes, and the acid waters of th~ mani
festations situated higher should be underlam by a
hot water mass rich in Cl', so far not touched by
prospection drilling. Diminishing temperatures of
thermal springs to the north-i.e., in the direction of
groundwater movement would support this assump
tion. Thus it is supposed that both types of geothermal
activity are due to the same groundwater horizon
within the Pleistocene tephra cover, and that this
water is fed by hot fluids coming through fissures
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within the basement, mainly in the region of Pleisto
cene volcanoes.

Detailed determinations of the natural surface
heat losses of the Ahuachapan geothermal field (taking
into account discharge of springs and steam vents,
evaporation losses from hot water surfaces and heat
conduction to the atmosphere) lead to a figure of
8'104 kcaljsec (above 25°C) within a total area of
8.10-7 m", 90 per cent of these heat losses pertaining
to the Cl' rich thermal springs. This gives an average
heat flow of 100 .10-6 cal/cm- sec for the Ahuachapan
geothermal field, compared to the normal heat flow
in El Salvador, which amounts to about 2.5 .10-6

cal/cm'' sec.
Some prospection drillings were conducted from

1956 to 1958 in two geothermal areas within the
"acid" region, the deepest hole having a depth of
1 224 ft. Production from these holes consists of wet
low-pressure steam, with a slightly different chemical
composition compared to the natural manifestations.
Monthly discharge measurements did not show any
changes, nor have changes been observed in the
chemical composition of the waters or the condensates.
These drillings proved that in all cases steam was
obtained from fissures within the Pleistocene cover.

Geothermal energy and future energy supply

The hydroelectrical potential of El Salvador amounts
to about 1 .10 6 kW, nearly one-tenth of which is
actually being used. The natural develop;nen~ in
consumption of electnc energy (not taking into
account future industries with high energy demands)
will require an increase of approximately 7 000 kW
per year. Because of volcanic afold general.ly perfolleable
subsoil, leakage beneath dams IS often high. Chma.to
logical conditions (rainy and dry seasons) lead to WIde
fluctuations in the discharge of the drainage systems,
and the lack of vegetation leads to heavy erosion
of the soil, with consequent deposition near the dam
sites.

The geothermal potentials of El Salvador, as known
so far, seem to be economically promising, and their
energy utilization would avoid the above-mentioned
difficulties. Furthermore, it seems that the geological
setting of the existing thermal fields is not too compli
cated, making it possible to exploit geothermal steam
at a reasonable cost. It is hoped that within the next
few years the existence of enough steam can be
proved to warrant a geothermal power plant with
a capacity of 50000 to 100000 kW.

Summary

El Salvador, has a Tertiary volcanic basement and
is partly covered by Quaternary volcanic rocks.
The Quaternary volcanism is limited to two volcanic
belts; associated with these are steam vents and ther
mal springs, having a total heat loss of about 2 .105

kcaljsec (above 25°C).

Most of the investigations have so far been confined
to one of the main geothermal fields (Ahuachapan,
western El Salvador). Ahuachapan lies within a WNW
trending grab en (20 km across) partially flooded by
Pleistocene volcanic rocks. There are two different
types of .geothermal activity: acid water and steam

issuing from the slopes of volcanic structures; and,
at a lower level, nearly neutral thermal waters rich
in Cl'. It is supposed that both types are derived
from the same hot groundwater horizon.

Prospection holes proved the existence of wet
steam at shallow depths within the region of the acid
steam vents, where the steam is clearly confined to
fissures. Natural surface heat losses of this field
amount to 8'104 kcaljsec (above 25°C), having an
average heat flow of nearly 100 ·10-6 cal/cm'' sec.
It is hoped to prove enough steam to warrant a
50000 to 100000 kW plant.

NOTES SUR L'ACTIVITE GEOTHERMIQUE AU SALVADOR

Resume

La Republique du Salvador presente une plate
forme volcanique appartenant au tertiaire, laquelle
est partiellement recouverte par des roches, volca
niques elles-aussi, qui sont du quaternaire. .L'activite
volcanique du quaternaire est reduite a deux zones
volcaniques, associes auxquelles on trouve des jets
de vapeur et des sources thermales, dont les pertes
totales de chaleur sont de I'ordre de 2 X 105 kilo
calories par seconde (au-dessus de 25°C).

La plupart des recherches se sont limitees a l'un

des principaux champs geothermiques (Ahuachapan,
Salvador occidental). Le gite d'Ahuachapan est
enclave dans un massif effondre a orientation d'en
semble ouest-nord-ouest, large de 20 km, partieIle
ment r~couvertpar des roches volcaniques appartenant
au pleistocene. On observe deux types differents
d'::ctivite. fS~o~hermique : des eaux et de la vapeur
acides qUIjaillissent des pentes des massifs volcaniques
et, ades niveaux inferieurs, des eaux thermales presque
neutres et riches en Cl'. On suppose que les deux
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types de sources proviennent l'une et l'autre de la
meme zone d'eau souterraine.

Les puits de sondage ont demontre l'existence
de vapeur humide aux faibles profondeurs dans la
region des echappements de vapeur .acide, OU celle-ci
selimite nettement aux fissures. Les pertes de chaleur

superficielles naturelles, dans ce champ, se montent
a 8 x 104 kilocaloriesjs (au-dessus de 25 QC) avec
un debit de chaleur moyen voisin de 100 X 10-6

caljcm2js. On espere qu'il sera trouve assez de vapeur
pour justifier l'amenagement d'une centrale dont la
puissance s'inscrirait entre 50 000 et 100 000 kilowatts.
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Steam delivery

SEARCH THEORY

Search Theory, Sequential Analysis, Statistical In~er

ence Theory, Systems Analysis and Transportation
Technique.

Modern or mathematical logic can be used in drawing
conclusions from qualitative statements, for instance,
on the geological age of strat';l if certain .findin.gs are
available. Frequency analysis of the intensity ~f

earthquakes is helpful in seismic resear~h; exper~~

mental design and game theory are the new look
at nature in order to find out its secrets; so far geo
logical exploration programmers have not made full
use of the potential which sampling theory offers.

Among many other possibilities, four meth.ods. of
OR are suggested here for their possible application
to geothermal exploration :

Search theory . . . . Locating steam deposits
Information theory. . Drilling a steam fissure
Probability theory .. Drilling programmes
Transportation tech-

nique. . .....

The basic concepts of Search Theory, develo~ed

especially for the location of V-boats, deal w!th
problems very similar to geological exploration
for underground deposits. The main difference is that
submarines are moving targets, which is not the case
with geological targets. Thus the kinematic problems
of naval warfare may be reduced to static ones If
applied to geological cases.

There may be a case where nothing is known about
the position of a steam deposit within a certain region.
With equal probability it might be situated at any
place within this area. On the other hand, former
studies may indicate different probabilities for finding
it at certain locations; of course, one should take
advantage of such knowledge when conducting a
geological exploration. Methods of geological search
should therefore be adapted to such differing con
ditions, and thus they may be roughly divided into
two main groups: (a) random search and (b) proba
bility search.

The mathematical concepts of military search can
be adapted to such problems with relative ease,
so that it will be possible to arrive at optimum solu
tions. For the probability of detection will generally
result in some exponential form; the most promising
distribution of effort can be obtained graphically.
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Principles of Operations Research applied
to geothermal exploration

* Director, Servicio Geol6gico Nacional, San Salvador.

Methods of OR and some suggested applications

Though a generally accepted definition of Operations
Research (OR) still does not exist, the great val?e
of this branch of research has been proved by Its
amazing results. Whereas the methods of OR can. be
considered very promising in the field of geological
exploration, not much is known so far on its practical
application. Even simple examples an~ the m~re

formulation of problems may be helpful m speedmg
development in this field. Although this paper is
intended to serve for geothermal exploration pro
gramming, the suggested methods apply equally to
any geological exploration. .

Model building is a well-known concept of OR;
extended in scope, it may be of significant help in
analysing a situation. As an illustration, figure 1
gives a very simplified model of a geothermal explora
tion programme. Such models may be approached
mathematically, and here, as often, the great number
of salient factors makes solution difficult or, to the
OR practitioner, interesting. This does not mean
that solution is impossible if OR is not available,
since a useful insight into the problems can be attained
by listing the factors of influence and arranging them
in order of importance.

Optimum distribution of effort is another important
concept of OR. Applied to geothermal exploration,
the problem is how to use limited funds to obtain
maximum results. Two ways of spending available
means are, for instance: (a) geological surface mapping
and (b) exploration drilling. The final result may be
considered the product of these two approaches; if
one factor is zero, a tangible result can hardly be
expected. The problem is therefore to find th~ most
promising distribution of effort among the different
approaches.

Numerous mathematical methods have been
developed since OR was introduced. They include
Boolen Algebra, Decision Theory, Experimental De
sign, Game Theory, Information Theory, Linear
Programming, Probability Theory, Sampling Theory,
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INFORMATION THEORY

Although the Information Theory has so far been
applied mainly to solve problems connected with
communication, there appears to be a wide and practi
cally unexplored field for its application to other
problems.

In geothermal exploration it could be used, as a
simple example, in order to arrive at an optimum
drilling programme in case it is desired to learn the
maximum distance from a known point that a steam
fissure is still steam bearing. Its entropy can be
evaluated according to the precision required; with
use of concepts of Information Theory it will be
possible to calculate the necessary number of holes,
as well as their location.

Concepts of Information Theory could be very
u~eful in a cas~ where it is desired to get a clear
picture concernmg the thoroughness of investigation
of certain regions; this can be of prime importance
in deciding to reject or accept a zone for further
studies.

PROBABILITY THEORY

The Probability Theory is an extremely useful OR
tool, since most of its mathematical methods are based
on data of probabilities and statistics.

. ~f there is.already some information on the proba
bility of findmg a steam deposit within a certain area
but only limite~ funds are available to carry out
further exploratIOn.s. and production drilling, then
concepts of Pro.babIlIty Theory can lead to optimum
plans. Influencmg factors here are available funds
the cos~~ of exploration and production drilling, ami
probability, If further funds should become available
later on, the ori9inal plan would remain an optimum
programme. Using concepts of Probability Theory
~ould ~hus lead .to a s?lution of the problem men
tioned m the earlier section dealing with the optimum
distribution of effort.

TRANSPORTATION TECHNIQUE

As a sp~cial form. of linear programming, the
Transportation .Techmque was developed especially
for transportation problems such as the effective
distribu~ion of freight cars. Delivery of steam from
productive holes to power plants is a very similar
problem, and it seems quite desirable to make use
of this method in such cases. Furthermore in a case
where there are different power plants, e.g., Larderello,
and w~ere geological evidence may make it possible
to arrIv~. at more or. less exact figures regarding
the additional potentials of different steam areas,
the Transportation Technique could solve the problem
of where to drill in order to minimize costs of delivery.

It is evident that problems of this kind could easily
come up during a steam drilling programme.

Conclusions

The preceding sections illustrate some basic concepts
of OR and suggested applications to geothermal
exploration programming. The potential applications
of OR to geothermal exploration cover a much wider
range, as indicated by the few examples given;
eventually all the different phases of exploration
might be subjected to OR.

Not only may the clear-cut possibility of getting
more value for money when optimizing operational
programmes promote future interest in OR methods,
but it may become necessary to take advantage of
them, because from day to day the variety of explora
tion tools increases, and this leads to growing difficul
ties in synthesizing them into optimum plans. Parallel
to this development is the fact that the so-called
"best" deposits are discovered first· the more com
plicated cases thus remain, a situation'which will neces
sarily lead to theoretical and therefore mathematical
approaches. The more complicated the situations
become, the more necessary to substitute quantitative
mathematical analysis for such intangibles as "experi
ence" or "intuition".

One of the great advantages of OR lies in the fact
that the relative importance of different parameters
of a. system can be determined quantitatively over
a WIde range of conditions within a short time by
~~ans of. mechanical or electronic computers. Thus
~t IS possible t<;> make a great number of calculations
m advance or, m other words to simulate a multitude
of operations in ~rder t~ study the sensitivity of a
system to changes m the different parameters involved.
New data can ~asily be incorporated by recalculating
the corresponding programmes with the new values.

The prime necessity for any future geothermal
~~p!oration u~i~€? OR is a better knowledge of the
initial probabI!It1es, since the success of any such
programme wIll. depend largely on statistical data
r~gardmg geological conditions or the efficiency of
~Ifferent se3;rch methods, as well as on costs of explora
tion ; that IS, data should be collected and where
necessary, experiments should be made. '

It must be understood that OR is not intended
as a panacea ~o operational problems, but rather to
help an executI~e reach optimum decisions. It should
also be appreciated that any improvement in the
tools employ~d m geothermal exploration will, of
cour?e, also m~prove .the explorations themselves,
but It seem? quite possible that OR efforts regarding
the synthesized use of such tools may eventually pay
off better.
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Methods of Operations Research (OR) were devel
oped during the Second World War and were later
adapted to industrial operational problems. These
methods furnish tools for optimizing programmes, and
it is suggested that advantage also be taken of them
in programming geothermal explorations.

In order to make possible the more complete OR
of geothermal exploration programmes, there is urgent
need for collecting and evaluating data regarding
geothermal explorations already performed, since

the methods of OR are based principally on statistics
and probability.

Field experience will prove or disprove the useful
ness of different geological and geophysical methods
for geothermal exploration, and may eventually lead
to an improvement of their tools; whereas OR concerns
the co-ordinated use of these tools, leading to an opti
mum output at a minimum cost. It seems quite
possible that OR efforts will be more effective than
investigation in improving the methods themselves.

PROGRAMMES D'EXPLORATION GEOTHERMIQUE

Resume

Les techniques de recherche operationnelle (RO)
mises au point pendant la guerre de 1939-1945 ont ete
adaptees, par la suite, a la resolution de problemes
poses par les besoins de l'exploitation de certaines
industries. Ces techniques fournissent les outils per
mettant de mener les programmes dans les meilleures
conditions possibles, et leur application a l'organisation
des programmes d'exploration geothermique est recom
mandee,

Pour permettre des recherches operationnelle~ plus
completes sur ces programmes, 11 est essentiel et
urgent de recueillir et d'evaluer des donnees portant
sur les explorations geothermiques deja executees,

car la technique de la RO repose principalement
sur les statistiques et le calcul des probabilites.

L' experience sur le terrain permettra de confirmer
ou d'infirmer la validite de l'emploi des diverses
methodes geologiques et geophysiques d'exploration
geothermique et aboutira peut-etre au perfectionne
ment des outils auxquels elles font appel, tandis que
la RO porte sur l'utilisation coordonnee de ces outils
de maniere a realiser un maximum de production
aux moindres frais. Il semble tout a fait possible
que les efforts ainsi orientes soient plus efficaces
que les enquetes pour ameliorer les methodes
elles-memes.
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GEOTHERMAL DRILLHOLES: CHEMICAL INVESTIGATIONS

A. J. Ellis *

The chemical work on geothermal drillholes in
New Zealand has been limited to hydrothermal
systems with heat stored in permeable strata as high
temperature (200-280°C) chloride water. In the three
New Zealand areas where deep drilling has been
carried out (Wairakei, Waiotapu, and Kawerau),
water was found at maximum temperatures ranging
from 265° to 295°C, containing in solution about
0.3 per cent sodium chloride, and silica and calcium
carbonate close to saturation.

Hydrothermal systems of this type are common
to many parts of the world (Japan, Kamchatka,
Iceland, Italy), and an examination of the techniques
and results of drillhole sampling in New Zealand
may be of assistance to other countries.

The field work necessary to make a preliminary

* Dominion Laboratory, Department of Scientific and Indus
trial Research, Wellington, New Zealand.

assessment of a hydrothermal area is covered in
companion papers of this series. On such evidence,
test drillholes may be sited in a pattern related to
natural activity, faulting, or on a grid system covering
areas of highest heat output. Chemical evidence (1)
from analyses of natural waters and steam provides
important assistance in this first siting.

The structure of the Wairakei hydrothermal system
was outlined by Studt (2) and Smith (3). A brief
summary may aid in interpreting the results given
below.

From the surface the country consists of porous
beds of volcanic tufts (Wairakei breccias), followed
at about 500 feet by two mudstone beds, each of
100-200 feet thickness, and separated by breccias.
Below about 500-1 500 feet considerable depths (1 500
feet in the west, over 3000 feet in the east) of Waiora
pumice breccias act as a reservoir bed for hot water,
and are capped by the mudstone bands. The breccias

17e
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Ftgure 1. Sodium/potassium atomic ratios for waters from major drillholes at Wairakei
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rest on an ignimbrite base of unknown thickness
(over 2000 feet) which is down-faulted in the area
east of about Hole 45 (figure 1).

Through fissures in the ignimbrite water at about
260°C rises into, and almost fills, the' Waiora breccias
and thence flows to the natural hot springs in Geyser
Valley to the north-east. Steam rising from the hot
water in the breccias is concentrated beneath the
impermeable mudstone layers and is responsible for
natural fumaroles, the largest of which is Karapiti
fumarole. Some shallow drillholes have also tapped
these reservoirs of dry steam.

Chemical analyses of discharges from drillholes

SAMPLING AND ANALYSIS

The methods of collection and analysis of drillhole
discharges are described in this series by Mahon (4)
and by Ritchie (5), respectively.

A drillhole, when first discharged, takes at least
several hours to rid itself of drilling mud and debris.
In case the discharge is only of short duration, samples
of water should be collected regularly. Suggested
periods are after several hours, daily for a week,
weekly for a month, then monthly.

At the first opportunity, complete samples of the
discharges should be obtained, using one of the methods
given by Mahon for separating the steam and water
phase in a reproduceable manner for analysis.

The following determinations on the water phase
should be made regularly: lithium, sodium, potassium,
ammonium, magnesium, calcium, chloride, fluoride,
boric acid, silica; also the pH and total concentrations
of both sulphide and carbonate. From time to time,
bromide, iodide, rubidium, caesium, strontium, and
arsenic concentrations should be estimated.

On steam samples it is suggested that the carbon
dioxide, hydrogen sulphide and ammonia contents
be determined for each drillhole every two months.
The minor constituents, such as hydrogen, hydro
carbons, and nitrogen, could be estimated once a year.

WATER ANALYSES

Early prospecting results

The time taken for the water discharged from a
drillhole to reach stable concentrations and ratios
is an indication of the proximity of the hole to a
major feeding source in the country. Three early
Wairakei drillholes that tapped hot water are compared
in table 1.

Table "I

Hole 9, 563 feet deep:

Time after opening. 1 month 1 year 3 years 4 years 6 years
Na+ (ppm) . 820 872 950 1 160 1290
Atomic ratio Na/K 24 23 25 25 27

Hole 11, 886 feet deep:

Time after opening 2 months 1 year 4 years 8 years

Na+ (ppm) . 1100 1 192 1260 1235

Atomic ratio Na/K. 16.5 14.1 13.8 133

Hole 20, 2005 feet deep:

Time after opening. 4 months 8 months 3 years 6 years

Na+ (ppm) . 1310 1320 1320 1310

" Atomic ratio Na/K. 9.0 9.5 9.8 9.7

The sodium ion concentrations and the atomic
ratios of sodium to potassium in the waters i~lustrate

three different types of behaviour. In the undisturbed
natural system, there was, at shallow ~epths in the
permeable breccias, thermal water which had been
diluted to some extent with ground water. Hole 9
tapped a rather homogeneous supply of this type
in the first year before less diluted water was drawn
from a deeper source. The water now tapped by this
hole is almost undiluted (compare Hole 4/1, table. 2)
but travels a considerable distance from a feedmg
fissure, losing potassium into the country on the way.

Hole 20, the deepest of the three,. was drilled to
t~e top of the ignimbrite and immediately p~oduced
hIgh-chloride water, the composition of WhICh was
unchanged after six years. Its high output, low Na/K
ratio, and constant concentrations show that this

hole is close to a point where hot water enters the
breccias through the ignimbrite.

Hole 11, from present knowledge, is close to a feed
zone, but was not deep enough to receive a supply
of undiluted water immediately. The water also loses
potassium in travelling upwards through about 1300
feet of breccia,

Shallow prospecting holes may give, at least in the
early stages, a misleading idea of many of the chemical
characteristics of the main hydrothermal system.
Only by continuous observations and comparisons
can an accurate picture be obtained. At Wairakei,
this has taken about five years.

A comparison of waters from prospecting holes
with those of neighbouring hot springs enables a
decision to be made on whether one or several bodies
of hot water exist in a hydrothermal area.



210 II.A.l Geothermal prospection

Table 2. Early analyses of waters from shallow prospecting holes,
and from natural springs at Wairakei

Drillhole No. Depth Cl CI/B CI/F Cl/As Cl/Br Cl/SO,
or spring (It)

23. 1350 1910 22.5 lIO 900

13. 1402 1970 23.5 155 920 880 lOO

4/1 1494 1765 22.5 175 900 850 150

9 . 563 1250 22.0 180 850 890 180

15. 828 1955 21.5 150 1100 800 lI5

lI. 886 I 675 24.0 145 1000 860 155

16/1 994 2030 23.0 200 960 170
Champagne Pool, G.V.a 1770 24.5 165 1030 1000 188
Devil's Ink Pot, G.V.a 1265 24.5 140 1020 800 127
Spring N94/4/18, G.V.a 1840 25.0 160 1020 19
Devil's Eyeglass, \V.V.b 655 20.7 over 1400 440 G.!!

5000

• G.V. = Geyser Valley.
b W.V. = Waiora Valley.

Tables 2 and 3 give an impression of the differences
that may be encountered in the chloride waters
of two different hydrothermal areas of the one region.
Table 2 gives some early analytical information from
Wairakei drillholes and makes a comparison with
results for some natural chloride-containing springs
in the area. The drillholes cover about two square
miles.

Apart from one or two anomalies, the ratios in the
waters from drillholes and from the high-chloride
springs are essentially constant over the whole area.
It is important to note that the best production
holes at Wairakei were subsequently sited in the
Waiora Valley, where acid, low-chloride springs (e.g.,
Devil's Eyeglass) existed previously. They were
perched pools of surface water heated by steam
rising from the hot chloride water below. See Wilson (1)
for discussion of various acid spring types.

Table 3, in giving comparable information for
Waiotapu, shows that ratios and concentrations in
waters tapped by the holes vary widely over the area.
The geological environment is described in a Bulletin (6)
of the New Zealand Department of Scientific and
Industrial Research (DSIR). At least two different
sources of water exist here, and the two most southern
(and most successful) holes, 6 and 7, draw on water
most similar to that supplying the Postmistress Pool.

M ore recent results

Some recent complete analyses of waters from
drillholes in three hydrothermal areas, Wairakei,
Waiotapu, and Kawerau, are given in table 4. Results
for ten of approximately 60 deep 8" production holes
at Wairakei are followed for comparison by two
analyses of waters (Holes 13 and 23) on the outskirts of
the area where temperatures are too low for steam
production. Two examples each from 8" holes at
Waiotapu, and from the 2 000 feet, 8"diameter holesat
Kawerau, are included. The latter results are taken
from Western (7).

Concentrations shown in table 4, as elsewhere in
this paper, are expressed in ppm for water separated
from the mixed steam/water discharges at the local
atmospheric pressure (boiling point about 99°C).
Values for total ammonia (NH4+ + NH 3) , total
carbon dioxide (C0 2 + HC03 ' + C03 ' ) and total hydro
gen sulphide (H2S + HS') are given, but these vary
with the conditions of steam separation. The bicarbon
ate concentration cannot be interpreted as the quantity
in the underground water (8) if the pH is above
about 7.2. Boric and silicic acids are appreciably
ionized at higher pH values, but in the deep water
1ll the presence of carbon dioxide the ions are replaced
by bicarbonate ions.

Table 3. Waters from prospecting holes and natural springs at Waiotapu

Drillhole No. Depth
Cl CI/B CI/F Cl/As cue-or spring (It) Cl/SO,

1 1593 280 24.5 50
3 1489 675 29 65 22
4 3643 1995 31 190 740
5 1491 950 27 130
6 . 3001 1060 39 65 990 690 32
7 . 3282 1140 24 92 800
Postmistress Pool . 685 32 54 1300 770 20
Champagne Pool 1880 21 250 720 620 37
Pool, Lake Ngakoro 1785 22 176 480 670 82



Table 4

Concentrations in water (ppm)
Molecular ratios

Hole No. pH of chloride to of sodium to

I~u Na K Rb Cs Ca Mg F Cl Br I SO Total Total As Total Total Total
4 HBO, SiO, NH, CO, H,S

B F As, Br SO, u K Rb Cs Ca
::r
0....

Wairakei:
e
n

4/1. 7.9 12.6 1 300 192 2.9 2.2 19 2 7.0 2140 5.7 0.2 33 112 590 4.3 0.25 25 4 23.6 165 1050 850 175 31.0 11.5 1 650 3400 120
::r
(\l

20 . 8.4 13.8 1300 220 3.1 2.6 11 3 8.3 2215 5.5 0.4 35 109 590 4.7 0.20 17 3 25.0 145 1000 910 170 28.5 10.0 1 550 2900 210 S
26 . ,8.2 14.8 1340 245 3.3 3.1 10 3 7.7 2300 5.8 - 122 - 4.5 0.25 15 2 23.4 160 1080 890 200 27.5 9.3 1500 2500 230

ri'
- r.:>

27 . 8.5 13.5 1 300 215 3.3 2.9 10 4 8.3 2210 6.1 112 690 24.4
....

0.6 31 4.8 0.15 23 - 145 970 890 195 29.0 10.3 1 450 2600 230
~28 . 8.4 13.4 1 320 220 2.9 2.7 10 3 8.0 2240 5.2 0.6 34 115 660 4.7 0.15 31 2 24.2 150 1000 970 180 30.0 10.2 1 700 2800 230

41 . 8.5 12.5 1250 185 2.6 2.3 15 2 7.6 2130 5.9 0.3 30 112 580 4.5 0.15 20 3 23.5 150 1000 810 195 30.0 11.5 1800 3100 150
(\l
(Jl....

43 . 8.2 12.4 1250 175 2.7 2.6 17 3 7.8 2130 5.1 - 31 110 490 4.1 0.15 16 - 24.0 145 1 100 940 185 30.5 12.0 1700 2800 130 ~

44 . 8.6 14.2 1 320 225 2.8 2.5 9 3 8.3 2260 6.0 0.3 36 117 640 0.15 19 1 23.8 145 850 170 28.0 10.0 1750 3100 260 r.:>- - ......'
49 . 8.5 13.4 1250 210 2.9 2.4 12 2 7.7 2185 5.5 0.3 40 114 620 4.2 0.20 38 3 23.5 150 1100 890 150 28.0 10.1 1600 3000 180 0

::s
58 . 8.6 13.3 1250 195 2.9 2.4 16 2 7.1 2145 5.8 0.3 34 111 560 4.6 0.15 32 3 24.0 160 990 830 170 28.5 10.9 1 600 3000 135 (Jl

13 . - 11.6 1170 135 1.0 2.1 42 - 6.9 2025 5.2 1.2 34 106 300 4.6 0.65 20 1 23.5 155 930 880 160 30.5 14.5 4300 3200 49

23 . 8.3 11.5 1 250 130 0.9 1.9 21 2 9.8 2005 5.0 0.3 - 110 - - - 45 1 22.5 '110 - 900 - 33.0 16.3 5200 3 800 105 1£
""~

Waiotapu:

6. 8.9 6.6 860 155 2.4 0.8 14 4 6.0 1450 4.7 0.2 52 56 470 3.1 0.9 65 15 32 130 990 690 76 39.0 9.4 1 350 6200 105

I~7.... 8.8 6.4 790 90 0.7 0.9 4 3 7.5 1310 3.7 1.0 - 63 - - - 90 7 25.7 95 - 800 - 38.0 14.9 4200 5100 350

Kawerau:

7A. 6.5 - 210 34 - - 5 0 - 305 - - 9 32 194 - 7.0 120 3 H.8 - - - 92 - 10.5 - - 75

H ... 8.9 - 658 6.6 - - 3 0.5 - 689 - - 48 67 345 - 3.0 650 30 12.7 - - - 39 - 180 - - 400

~.......
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OVER 600 ppm Si02

500 - 600 ppm Si02

Figure 2. Silica concentrations in waters from major drillholes at Wairakei

The waters at Waiotapu and Wairakei are similar
in general character, the Waiotapu waters being
more dilute. The ratios of Na/Li and CI/B, and the
bicarbonate concentrations, are higher at Waiotapu,
though the Cl/Br ratios are rather lower.

Kawerau waters are notably low in calcium con
centrations and in Cl/B ratios. The concentrations
of bicarbonate are much higher than in the other
two areas.

The pH values for atmospheric pressure separation
are similar for all three areas. The addition of a steam
phase containing carbon dioxide t? re-form the original
deep water at about 2500 results in a solution slightly
more acid than neutral water for the temperature (9).

Tables 2 and 4, when compared, show how, at
deeper levels at Wairakei, variations in water concen
trations are much less than was found for waters
from shallow holes early in the project.

Interpretation of major features

Steiner (10, 11, 12) showed that waters rising from
the ignimbrite interacted with the country rock
to form various zones of hydrothermal alteration.
Ellis and Wilson (13) correlated the chemistry of
alkali and alkali earth ions in the hot waters with

the formation of hydrothermal minerals at different
levels. Some essential changes include the loss of
some potassium and rubidium from solution into
the country, very slight loss of lithium, caesium,
and magnesium, and a gain of calcium by leaching
of rock. It is therefore possible to follow the movement
of water through the country by means of ion ratios
such as Na/K, Na/Rb, Na/Ca, Li/Ca.

In permeable country the drillholes which discharge
waters with the lowest Na/K and Na/Rb ratios,
or .highest Na/Ca and Li/Ca ratios, are closest to a
point where waters enter the system from greater
depths. Ellis and Wilson (13) gave maps showing
the variation in alkali ratios in waters over the Waira
kei field, and showed that waters entered the breccias
in at least two positions.

Figure 1, based on recent results from major
drillholes, is a revised Na/K ratio map of Wairakei
showing two centres where ratios are lower than for
?urrounding holes, thus indicating points of water
inflow at depth. The drillholes in the east have,
in general, higher Na/K ratios because of the greater
thickness of breccias the waters must travel through
from the ignimbrite base. The depth of the holes
in relation to the country rock strata must always
be kept in mind when comparing these ratios.
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Table 5

Group 1: Range, 2110-2 160 ppm

Hole No. 4/1 4/2 31 39 41 43 58 59 60 62
Cl (ppm). 2 140 2 140 2 120 2140 2130 2130 2145 2160 2115 2160

Average = 2 138 ppm

Group 2: Range, 2 200-2 270 ppm

Hole No. 18 20 24 27 28 30 42 44 46
Cl (ppm) . 2 230 2 215 2 250 2210 2240 2230 2200 2260 2225
Hole No. 55 61 63 67 81
Cl (ppm). 2 270 2 250 2 220 2200 2230

Average = 2231 ppm

Group 3: Range, 2275-2340

Hole No. 22 26 47 48 50 56 57 75 76 78 80
Cl (ppm) . 2290 2300 2320 2300 2300 2300 2285 2300 2300 2340 2275

Average = 2301 ppm

The concentrations of silica in the waters are also
good indicators of water movement. The waters
at Wairakei are close to saturation with respect to
quartz, as they leave fissures in the ignimbrite.

The cooling of the water by steam separation as
it moves in the breccias away from the entry zone
(see the section on steam analyses below) causes
quartz to be deposited into the country. Figure 2
shows the variation in silica concentrations in the
waters from deeper drillholes over the Wairakei field.
There are two areas in the west where waters discharged
into the atmosphere' contain above 600 ppm Si02•

This suggests two separate inflo~s through the il?nim~
brite, probably related to the Waiora and the Wairakei
and Kaiapo faults shown on the map. A third separate
inflow in the east is indicated.

The most reproduceable samples of .water are
obtained from the weir-boxes of vertical tower
silencers which are fitted to production drillholes
at Wai;akei. The chloride concentrations can be

1 Compare the figures in table 4, corrected for the concentra
tion caused by loss of steam from 260°, with the values for quartz
solubility given by Kennedy (14).

relied upon to about ± 5 ppm. Table 5 shows that
the chloride concentrations in waters from major
holes fall, in general, into the same three groups
(very high enthalpy discharges are omitted for sim
plicity).

These figures illustrate how simple concentration
determinations may show individual points of hot
water entry into a hydrothermal system. At Wairakei,
water from a single primary source becomes diluted,
or loses heat to surroundings, to varying extents
as it flows up three separate channels.

Encroachment of ground water on the borders
of a hydrothermal area at the levels tapped by the
drillholes is also best estimated by chloride deterrnina
tions.

An indication of the volume of hot water held
in storage beneath the levels explored by drilling
may be obtained by constant surveys over the years
of the concentrations and ratios in the waters from
bores of high output. When drillholes greatly increase
the hot water flow from the area, a small reservoir
would be revealed by changes in the dynamic chemical
equilibria deep below, involving the reaction of

Table 6

Hole 20:

Date. 10/53 2/54 7/55 8/56 4/57 8/58 8/59 6/60

Cl (ppm) 2318 2250 2200 2 195 2255 2260 2230 2230

Atomic ratio Na/K. 9.0 9.5 9.5 9.8 9.2 9.7 9.7 10.0

Atomic ratio CL/B. 24.5 24.0 23.0 23.0 23.5 25.0 25.0

Atomic ratio Cl/As. 1050 950 1080 1000

Atomic ratio Cl/F 145 140 170 180 150 145 145

Hole 4/1 :
8/59 8/60

Date. 1/53 6/55 8/56 10/58

1960 2090 2130 2 150 2140
Cl (ppm)

19 11.9 10.8 11.5 11.8 11.8
Atomic ratio Na/K
Atomic ratio Cl/B 23.0 23.0 22.0 23.5 23.5

Atomic ratio CL/AS 900 1040 1050

Atomic ratio Cl/F 220 160 165 170 160
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Hole No.

4/2 Wairakei.
8A Wairakei.
9 Wairakei .
20 Wairakei .
22 Wairakei .
58 Wairakei .
81 Wairakei .
6 Waiotapu .
7 Waiotapu .
7A Kawerau ,
II Kawerau .

I1.A.I Geothermal prospection

Table 7

Gas content
EnthalPY 01 total Gas composition (per cent)

Depth 01 discharge
Date (It) discharge (moles/

(Btu/lb) 100 moles CO, H,S HCS- H, N,
H,O

7/53 1490 515 0.018 92.7 3.7 0.4 0.2 3.0

5/52 635 1200 0.077 95.8 1.5 0.5 1.2 1.0

10/53 563 530 0.060 94.4 3.2 0.6 0.9 0.9

2/54 2005 477 0.021 96.8 2.5 0.4 0.1 0.3

6/59 2036 455 0.011 89.5 4.9 1.8 1.2 2.5

6/59 I 619 410 0.008 90.1 6.3 1.2 0.4 2.0
7/59 I 883 475 0.009 92.8 4.2 0.9 1.8 0.3
9/58 3001 430 0.032 88.0 10.3 0.2 1.0 0.5
7/59 3282 450 0.103 92.3 5.3 0.5 2.0 0.0

1959 I 985 480 0.32 97.2 2.8 0.0 0 0.2
1959 2046 480 0.37 95.5 2.5 2.0 0 0

- HCS = Total saturated hydrocarbons.

ground water with magmatic liquids and the country
rock. Tritium estimations (15) assist by giving the
minimum time for ground water circulation.

Table 6 shows the small variations in some chemical
characteristics of discharges from two typical major
drillholes at Wairakei (Hole 4/1 was, in 1953, still
tapping stagnant and somewhat diluted water).
The general constancy over a period of time is favour
able for a long production life for the field.

STEAM ANALYSES

Composition

The gas contents and gas compositions of the steam
separated from the discharges give detailed informa
tion on the movements of steam and water under
ground.

Table 7 gives examples of analyses of steam from
Wairakei, Waiotapu, and Kawerau. Values for the

last area were taken from Western (7).The gas contents
of the discharges are highest at Kawerau and lowest
at Wairakei; the gas compositions are not very
different between areas.

Ethane isfound in the gases, and "n" in the formula
CnH2 n + 2 often ranges between 1.0 and 1.2.

Interpretation of the minor gas constituent results
is not simple, especially since methane and hydrogen
can result from decomposition of buried organic
material. The greatest success with the interpretation
of steam analysis has been obtained with the major
gas components.

Table 8 shows the contents of carbon dioxide and
hydrogen sulphide in some Wairakei discharges
during late 1960. The three groups are for major
holes in the eastern "Circle" area of the field, for
major holes about the Waiora fault line, and for
shallow holes discharging a high proportion of
steam.

Table 8

EnthalPY Gas content Molecular Gas outputHole No. 01 total discharge ratio [rom driUhole(Btullb) (millimoles/l00 moles H,O) CO,/H,S (Ib/hr)

CO2 H 2S

40 882 137 4.5 30 416
43 428 3.9 0.20 20 32
41 470 9.7 0.46 21 59
39 455 6.1 0.30 20 29
42 428 24 0.67 36 222
4/2. 462 17 0.64 27 105
46 495 10.8 0.49 22 89
30 _455 7.0 0.32 22 137
48 476 10.2 0.49 21
67 424 5.6 0.20 28 148
27 483 17 0.56 30 177
20 475 15 0.52 29 205
8A. 740 120 3.7 32 59
14 . 1035 229 8.3 28 104
68 . 1142 234
203. 1200 323 11.2 29 79
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Interpretation

The results in table 8 are explained by assuming
~hat water of enthalpy about 490 Btu/lb (correspond
~ng to the temperatures of' about 260°C measured
III the holes), and containing in solution about 0.018
moles gas/lOO moles water, enters the breccias from
channels in the ignimbrite at definite positions in the
!ield (cf· water analysis). As the water enters, and
IS partly ta~ped by the drillholes, steam separates and
gathers at higher levels under the mudstones, carrying
away much of the gas from the water. The enthalpy
of the water falls.

An illustration follows. If 7 per cent steam separates
from a water phase of 490 Btu/lb (about 260°C)
containing in solution 0.018 moles CO2/100 mole~
water, the resultant distribution is at equilibrium
about 0.25 moles CO2/100 moles H 20 in the steam
phase, and about .0015 moles CO2/100 moles Hp
in the remaining water phase of enthalpy 435 Btu/lb
(about 235°C). Ellis (16) gives the solubility of carbon
dioxide. The calculated compositions are matched
by examples in table 8 although it is unlikely that
equilibrium will be quite reached in the natural system.

At Wairakei, for the eastern group of drillholes
(all at 1200-1 600 feet), which are considered to be
fed by a separate fissure or set of fissures, the integra
ted total discharges (water and steam) and gas outputs
amount to an over-all ratio of about 0.02 moles gas/lOO
moles Hp. Bore 40 collects a large proportion of
separated steam.

For the middle group in table 8, the evidence
shows Hole 27 to be close to a feed point. Just how
closemay be judged by the different results for Hole 20,
only 100 feet away.

Simple gas analysis may therefore be an effective
method of locating feed channels accurately once
their approximate positions are found by the ion
ratio method. From this knowledge, improved sites
forfurther high-production drillholes may be selected.

The ratio CO
2/H2S is influenced in two ways.

First, hydrogen sulphide is rather more soluble than
carbon dioxide at all water temperatures. A small
amount of steam separating from the original hot
water will be relatively high in carbon dioxide, but
for a large steam separation at one place the CO2/H2S

ratio in the steam will approach that in the parent
water. Second, the formation of iron sulphides in
the country raises the ratio as steam moves from
the point of entry.

The analyses in tables 7 and 8 do not include
ammonia, which is more evenly distributed between
steam and water phases than the other gases, the

proportions depending on the temperature and the
extent of steam separation. For accurate results
ammonia should be estimated on samples of water
and steam separated at the same pressure.

From a knowledge of the steam/water ratio of
the drillhole discharge at a pressure (or the discharge
enthalpy), th.e water ';l-nalysis and ~team analysis
can be combined to gIve concentrations of consti
tuents in the complete discharge. Where the enthalpy
corresponds to that for saturated water at the
temperatures measured at the base of the drillhole
the composition of the complete discharge is also
that of the underground hot water.

Ratios such as Cl/NH3 , Cl/C0 2, CO2/NH3 can be
calculated for use as further indicators of water and
~te~m movement. The ratio CO2/NH3 is a sensitive
indicator of the degree of steam separation, owing
to the ~ifferences in solubilities of the two gases.
Ammoma becomes less soluble and carbon dioxide
more soluble in water with increasing temperature,
but at 260°C the distribution coefficients (weight
concentration in liquid/weight concentration in
steam) are still separated by a factor of about 20 (17).'

Table 9 gives examples of the CO2/NH3 and
Cl/C02 ratios at Wairakei. The concentrations and
molar ratios are for complete discharges.

The CO2/NH3 ratio may show several effects.
~igh CO2/NH3 ratios (e.g., Hole 203) result when
discharges carry an excess of steam which represents
the first small steam loss from the underground
water supply, or steam that has passed through a
cooler water phase.

Low CO2/NH3 ratios are found for waters that
have lost a small.amount of steam (Holes 30 and 24),
for steam that IS lost at a later stage from this
water, and for waters that have been heated or
reheated by steam. Steam-heated surface waters
contain a high ammonia content.

The situation is complicated by waters that lose
steam, migrate, and then are heated again by steam
of different composition. In the deeper parts of the
sy~tems the processes are probably simple losses or
gams of steam, but at the surface or on the outskirts
of an area, complex cycles of boiling, reboiling, and
convection occur.

Formation of deposits in drillholes

Silica

Silica deposition in bore pipes has. not proved
troublesome in the hydrothermal areas discussed

Table 9

Bore No .. 20 30 24 28 47 37 58 203

Enthalpy (Btn/lb) 475 455 460 505 475 630 460 1 200

Cl (ppm) 1540 1590 1600 1520 1600 1 170 1520 0

NHa (pprn) 0.60 0.55 0.80 0.95 0.85 2.5 0.70 2.0

Molar ratio CO2/NHa • 250 125 130 165 180 140 170 570

Molar ratio Cl/C02 •
5.2 11.5 7.8 5.0 5.3 1.8 6.5 0
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The solubility of calcite in water and salt solutions
at various carbon dioxide pressures has been deter
mined by laboratory studies (see Ellis (18) and
later work). The solubility can be expressed by the
following equation:

(Ca"") (HC03')2 = y. Peo.

For 0.05 molar sodium chloride solutions, when
partial pressures of carbon dioxide (Pe!J') are
expressed in atmospheres, and concentrations of
ions in parts per million, values of Y are given
below.

From the calcium and bicarbonate concentrations
determined by analysis, and the values of Y, it
is possible to obtain the minimum partial pressure
of carbon dioxide, Peo. (min), necessary to prevent
calcite deposition. The ion concentrations must be
adjusted to allow for steam separation, and the
bicarbonate concentrations, as analysed, adjusted
for the overlapping ionization of boric and silicic
acids.

Table 10 presents for three areas the values of
P oo, (min) calculated for the complete discharges
(or underground hot water) given by the drillholes.
The concentrations are for atmospheric pressure
separation, and pressures are in atmospheres.

above, although considerable deposition takes place
in surface flumes carrying waters below 100°C.

It is considered that deposition of silica will occur
only when the solubility of amorphous silica (14) is
exceeded by the cooling and evaporation caused
by flashing of steam. Polymeric forms of silica then
become suspended in the solution and coat out on
surfaces. Fortunately the growth of quartz crystals
appears to be too slow for this stable, less soluble,
form of silica to collect as deposits in pipes, although
it is forming in the country rocks in the hottest
parts of the area.

For Wairakei waters, the saturation point for
amorphous silica is reached at about 140°C or
saturated steam pressures of .about 40 psig. If
water is utilized above this temperature little trouble
is anticipated.

Calcite

The total concentrations of calcium and bicar
bonate in thermal waters are usually adequate to

'give trouble with calcite precipitates if the solubility
of this mineral is exceeded. For a typical Wairakei
hole discharging 200 tons of water an. hour, a loss
of 1 ppm calcium from solution could form 0.5 kg
of CaC03 in the period. If this was concentrated
over a 3-foot length of 8" pipe (deposits are usually
localised), the diameter could be halved in the order
of 50 days.

ToC .
10-4 y .

100 125 150 175 200 225 250 2i5
1350 450 120 40 14 4.3 l.i 0.45

Table 10

Bore No .. W.28a W.27a W.46a W.67a we.e» we.» rc.n-
ToC. 265 265 255 230 235 240 260
CO 2 (moles/lOO moles

H 2O) 0.026 0.017 O.OIl 0.006 0.032 0.103 0.37
(HCOa') ppm . 85 65 65 70 130 160 700
(Ca++) ppm. 10 10 9 13 14 4 3
Peo, (min) . 2.9 1.7 1.0 0.75 3.2 1.5 4.8

a w. = Wairakei. b Wt. = Waiotapu. C K. = Kawerau.

The high values of Peo• (min) correlate with
examples of troublesome calcite precipitation in the
casings of Hole 28 at Wairakei, and the Waiotapu
and Kawerau holes. Peo, (min) could be taken as
a measure of the precipitating tendency.

The carbon dioxide partial pressures can be
calculated for the underground water before steam
separation in the drillhole, from the carbon dioxide
content in the complete discharge, and values for
the solubility of this gas (16). The pressures are
similar in value to Peo, (min) , which shows that
the waters are close to saturation with calcite.

Equilibrium gas distribution between steam and
water phases is not maintained on steam flashing.

For natural steam separation in the country the
carb~n di?xide content of the water appea~s to
remain higher than for equilibrium conditions
(compare the concentrations for Holes 27 and 67).
The solution may become undersaturated and
leaching of calcium from the rock can then 'occur.

There is evid~nce, however, from water samples
taken under high pressure from drillholes that
~ate.rs flashing wit~in the pipe may contain ~arbon
dIOXIde concentrations several times lower than
expected f~r. equilibrium between the phases. Under
these conditions the waters with highest Peo, (min)
wou~d have the greatest tendency to precipitate
calcite.
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Summary

From experience with the hydrothermal areas of
'New Zealand, the author makes recommendations
for chemical work which would be helpful during
the prospection and evaluation of similar areas in
other regions.

Examples are given of complete analyses of steam
and water from drillholes in three hydrothermal
areas (Wairakei, Waiotapu, and Kawerau). F.or
Wairakei and Waiotapu, the chemistry of the dIS
charges from prospecting drillholes is. cor~pared
with that of the waters from natural spnngs In the
areas.

For Wairakei the chemical analyses of steam and
water from about sixty deep production holes are

used to derive patterns of water and steam move
ment. From this type of information, improved
positions for future drillholes can be selected.

Ratios of ions, such as NajK, NajRb, NajCa, are
useful indicators of water movement, while the
composition (C02, H 2S, NH3) and content of gas in
the steam give details on conditions of steam separa
tion from hot water.

A measure of the tendency of silica and calcite
to precipitate from solution in bore pipes can be
obtained from published solubility information,
together with the contents of silica, or of calcium
and bicarbonate,.in the waters, and of carbon dioxide
in the complete bore discharge.

PUITS GEOTHERMIQUES : ETUDES CHIMIQUES

Resume

Ce memoire presente des recomman?c~.tions, fon
dees sur l'oxperience acquise dans les regions hydro
thermiques de la Nouvelle-Zeland~, . en vue de
l'execution de travaux d'ordre chImIque susc~p
tibles d'etre utiles a la prospection et a revaluatIOn
de regions analogues dans d'autres pays. ,

L'auteur donne des exemples d'analyses completes

de vapeur et d'eau en provenance des puits dans
trois zones hydrothermiques (Wairakei, Waiotapu
et Kawerau). Pour Wairakei et Waiotapu, il compare
la composition des produits des puits fences aux fins
de prospection a celle des eaux des sources naturelles
de ces memes regions.

Pour Wairakei, les analyses chimiques de la
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vapeur et de l'eau en provenance d'une soixantaine
de puits de production profonds sont utilisees pour
etablir les regimes des mouvements d'eau et de
vapeur. Ces renseignements permettent de mieux
choisir a l'avenir l'emplacement des puits.

Les rapports entre les ions, tels que NajK, NajRb,
NajCa, constituent des indicateurs utiles des mouve
ments d'eau, tandis que la composition (C02, H 2S,
NHa) et la teneur des gaz de la vapeur fournissent

des precisions sur les conditions de separation de
la vapeur de l'eau chaude.

On peut evaluer la tendance que presentent la
silice et la calcite en solution a precipiter dans les
tubages, a l'aide des donnecs publiees sur la solu
bilite, en liaison avec les teneurs des eaux en silice
ou en calcium et en bicarbonate, ainsi que la teneur
en anhydride carbonique des produits qui sortent
des puits.
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NATURAL STEAM GEOLOGY AND GEOCHEMISTRY

G. Facca * and F. Tonani t

Definitions The source of heat

• GEO EXPLOR, Inc., Rome.
t Instituto di Mineralogia, Universita di Firenze, Florence,

Italy,

A. nat~ral steam field as defined above may be
realized m nature according to the different patterns
shown below. In the first place, a source of heat is
needed that, in a defined area, can provide natural
steam in greater quantity than usual; in other words
a source of heat in the commercial quantity defined
above.

Several geological phenomena may be a source of
thermal en:rgy; f.o~ insta~ce, ~aulting, some types
of geochemical activity, radioactivity, are exothermal
processes. The quantity of heat generated in such
a manner, however, cannot reach the above
stated requirements for a steam field.

Only one geological process seems to be able to
provide sufficient quantities of heat: the mobilisation
of subcrustal heat stored in deep-seated magma.

The actual upward movements of the olivin
~asatic ~ceanic ma.gma, the geological processes
mvolved m magmatic evolution, and the genesis of
volcanoes, are geological events involving a transfer
of heat from the deepest to the .superficial layers
of the earth's crust.

The ~atur~l steam fiel,ds now in production may
be classified m three mam types with regard to the
source of heat and the magmatic condition of the
heat transfer.

The first type is found in the Larderell6 steam
field, where there is a granitic pluton at an unknown,
but not very great, depth. It is a magmatic mass
near the surface, but without any direct com
munication with the surface.

The second type is at the Mount Amiata, Bagnore,
steam field; in this case the magmatic mass appears
to have reached the upper region of the crust with
sufficient energy to give birth to a Pliocenic, or
Quaternary, now extinct, volcano.

The third type is the Wairakei, New Zealand,
steam field; it is linked to an active' volcano.

Therefore, all types of a relatively shallow molten
mass can be an effective source of heat for a steam
field. The distinction among the three categories of
steam field is valuable not only from a theoretical
and genetic point of view, but also in exploratory
thinking.

Favourable areas for steam exploration may be
considered: (a) those where relatively shallowintruded
mo~ten rock mass can. ?e expected; (b) recently
extmct volcanoes; (c) living volcanoes. Prospecting
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All sources of subsurface natural heat that can
be utilize.d f~x practical purposes produce geothermal
energy; It IS the possibility of practical use that
~ctually d:fines this kind of energy. This definition
1S very wide and covers not only the present, but
also the future possibilities of the practical use of
natural. heat. It is very likely that in the future
every kmd of geothermal energy will be of practical
value. At present, only natural steam is of practical
value for industrial development.

A natural steam field man be defined as an area
w~ere sufficient natural steam to support an indus
tnal development can be produced by drilling.

This definition implies that our interest is limited
to steam fields that can produce large quantities of
energy at commercial costs. Owing to the fact that
exploration expenses are high and comparable to
the cost of petroleum exploration, a lower limit
must be established for a commercial interest; a
steam field which produces less than a certain
quantity of energy is not a commercial natural steam
field.

Many factors, both economic and technological,
are involved in establishing the lower quantity limit.
For the present purpose, however, only an order of
greatness is needed. In each venture the risk is
high. If the minimum exploration cost is estimated
at a million dollars, the production of half a billion
kWh per year can justify the risk involved, and
can be roughly assumed to be the minimum for a
commercial field.

At the present state of technological progress, a
rough estimate would be that a steam field which
can produce half a billion kWh per year is one
which can produce 5 million tons of steam at a
pressure of 5 atmospheres or more, with a minimum
temperature of 150°C.

From a geological point of view, the geological
and geothermal environment which can provide the
necessary conditions for such production must be
defined. A natural steam field can be defined as
o~e. capable of providing a minimum of ~alf a
billion kWh per year or an equivalent quantity of
energy of a different kind.
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may be undertaken with a reasonable chance of
success in such areas, even if there is little actual
thermal activity at the surface.

In oil exploration, the theory of the sedimentary
basins is the basic one for an exploratory programme,
because it permits a scientific, rational choice of
interesting areas, whereas the hydraulic theory
helps in locating a single exploratory well. In a
similar way, the genetic classification of steam fields
provides basic ideas for the choice of areas where
it is reasonable to undertake exploratory work and
expense. In oil as well as in steam exploration,
actual surface manifestations are not a necessary
condition for the choice of a drilling site, but they
are very useful from a regional point of view.

Heat accumulation

A source of a large quantity of heat is a necessary
condition for a steam field, but this alone is not
sufficient. It is easy to imagine a geological pattern
that disperses a large portion of the heat from the
source or, conversely, prevents its transfer or avail
ability in the shallow drillable depth.

The geological pattern shown in figure 1 represents
an ideal steam field, broadly similar to the Larderello

steam field. At an unknown depth, a heat source
is enclosed by impervious layers; the source's cap
rocks may be called the impervious series overlaying
the magmatic shallow mass or any other envisaged
heat sources.

The magma deposit with its own generally imper
vious cap rock is a heat source of roughly assigned
output. Such an output of heat is not only the most
important condition for the existence of a geothermal
field, but it also determines, in addition to the
surface temperature and the properties of the rocks,
the temperature distribution between the bottom of
pervious and the top of impervious layers.

In the pervious horizon, the thermal conductivity
is raised and the thermal gradient is lowered because
of the thermal convection, and vice versa in the
impervious horizon. With this condition, the highest
possible temperature for the top of a permeable
series is assured.

Over the sources cap rock is a very pervious
and porous reservoir; it may be called the productive
aquifer. It is overlaid by impervious layers, the
aquifer cap rock. The productive aquifer is sand
wiched between two impervious sequences.

The top surface of the source's cap rock permits
a steady upward flow of heat. The water of a produc-
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tive aquifer is heated at the bottom; if the permeability
is high and if the thickness of the productive aquifer
is sufficient, convection currents take place and
assure an upward transfer of the heat. All the water
of the very pervious aquifer is heated, and the
temperature at the top of the pervious layer is not
very different from the temperature at the bottom.
The heat transfer, assured by the convection currents,
occurs in an entirely different way from the hea;t
transfer occurring in the impervious bed~. Geologi
cally, in pervious beds the strong convection eq,:al
izes the top and bottom temperatures ?f the fluids,
whereas in impervious beds where no flm? movement
is possible, the temperature increases WIth dep~h.at
the high rate determined by the low conductIVIty
of the rocks and by the total high flow of heat.
Therefore the temperature at the pervious bed
happens to be high in this case.

In a different geological pattern, the aquifer
pervious layers are not covered ?y a cap roc~;
they reach the surface. Figure 2 grves a schematic
representation of such a geological pattern.

The convection currents take place equall¥ in the
aquifer, but the heated water loses part of Its ~eat
content at the surface. Hot sources, geysers~ che!lllcal
activity and superficial waters provide effective disper-

sal of heat. In any case, the water cannot greatly
exceed the boiling point at the atmospheric pressure.

Here there is a temperature-limiting factor in the
subsurface; if the permeability is high, and the
surface temperature is around the boiling point, the
convection currents will tend to equalize the tem
peratures in depth and, broadly speaking, the
water temperature in the subsurface will be under
the boiling point because the hydraulic pressure
increases in all cases.

These simple observations are a very useful aid
in the choice of the best productive interval: the
top of the porous under an impervious bed. Since
the various methods of porosity logging give fairly
adequate information, no difficulties arise in the
choice of the interval. A drill stem test can give
the other important data: the temperature of the
water and the flow rates.

An impervious layer of very limited thickness
.can stop the upward movement of the convection
currents maintaining water temperature around the
boiling point corresponding to the hydraulic pres
sure.

This may be summarized in a single sentence:
a steam field is a trap for the convection geothermal
currents generated by a sufficient heat flow.
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The shape of the reservoir is also an important
factor: if the aquifer cap rock is monoclinal to the
surface, no effective trap for the convection currents
can exist. The trap may be formed by horizontal
or sub-horizontal cap rock or by an anticline, an
updip pinch-out, any closed positive structure, etc.
The trap for convection currents may be similar to,
or different from, the oil traps; for instance, a
horizontal roof may also be a trap for currents.

Natural conditions of geotherrnal fields

Conditions of geothermal fields are determined
(a) by the mode of occurrence of geothermal energy,
i.e., by the sources of heat which have been identified
in the first section of this report; (b) by the properties
of the water which, in different states, is actually
the conducive fluid of geothermal energy.

The direction and the orientation of the geothermal
gradient, in connection with the vapour tension
curve of water, prevent the existence of a permeable
vaporiferous horizon at the top. If this exists it
will have thermal gradients of such height as to
produce imposing manifestations of other kinds
(IOO°C at ground level and molten silicates at
1 000 metres under the extension of the whole
area).

Geothermalgradients and the rise of the boiling
point in connection with pressure can be compared
only starting from a pressure of 10 atmospheres
(hydraulic pressure at 100 metres under ground
level).

In any case, in a steam horizon there is static
instability (a) in the water outlying the field and
(b) in the field itself between vapour and the water
on it. The vapour state can subsist statically only
in the presence of unusual diaphragms combined
with a rather high thermal gradient, Thus even the
open structure of a bed of natural gas under hydraulic
thrust would be unstable.

As an extreme case of thermal circulation of
water, or by induction of magmatic volatile, there
would be a stable system of ascending vaporous
streams where flowing vapour undergoes a loss of
pressure roughly corresponding to the hydrostatic
gradient (a further increase of the flow would but
enlarge the section of the ascending streams).

With the permeability necessary to ensure satis
factory production per well, the thermal flow required
to maintain such a condition is in a higher proportion
by two or three orders of magnitude, both to the
one adequate to maintain the thermal circulation
of water and consequently the production of vapour
in a thermal field, and to the thermal flow evaluated
for known geothermal fields.

It is thus assumed that the fluid conducive to
geothermal energy in the potentially productive
layers is water in liquid state.

The recurring presence of carried water, especially
during the initial transitory regime of the wells, is
already a very important hint. On the other hand,

thermodynamics help in the realization that addi
tional explanations for the existence of carried
water are unnecessary. Superheated vapour used in
known geothermic fields can very well originate
from the evaporation of water existing in a liquid
state in the productive layer. Exact figures cannot
be given because of wide differences in actual
geological cases.

Notwithstanding the various causes potentially
affecting the thermal content at the top of the well,
observed oscillations are not relevant. The highest
values are slightly higher than 700 kcal/kg, and
often they go as far down as 650 kcaljkg. The most
frequent values are between these figures.

Vapour speed can attain several hundred metres
a second in the hole, where losses or loads arc smaller
and the section of flow greater. In such conditions
only the fact of doubling the flow section relative
to conditions in the layer can account for an increase
of the order of ten kcaljkg. A similar effect can be
produced by switching from linear motion to eddy
motion (the latter is very likely to occur in the
passage of the flow through small fissures into the
hole).

If this factor is taken into consideration, the
thermal content typical of the fluid used in known
geothermic fields, like Larderello and Wairakei can
be identified with the one of saturated vapour (at
220-250°C and 20-40 atrn., 670 kcaljkg: point )1 of
Mollier's diagram (see figure 3).

This saturated vapour has very important pro
perties from ~he point of view of geothermal fields.
In fac~, dunng the stationary isoenthalpic flow
(throttling process), the water begins to evaporate
where the pressure attains the pressure of saturated
vapC?ur at. that given temperature. Two phases at
specific ~Ifferent enthalpy take place: saturated
vapour WIth elevated enthalpy and water with low
enthalpy. If. the .the~mal equilibrium between the
tW<;J phases .IS mamtamed, the state of the fluid in
a gIve:t.t sectI~n of the"flow channel will be represented
by points Band B of Mollier's diagram.

Until B i? to the left of M, the same procedure
can be applied to each fraction as to the first satu
~ated vapour E, but the general outcome will be
mdepe~dent of the fractions taken into consideration,
depending only on the initial thermal content of
water A.

When B" ~oinc~de.s with 1\1, there is bound to be
a change, since It IS the highest possible thermal
conten~ for a saturated vapour. Further isoenthalpic
expansion of the gaseous fraction will produce
super~eated v?-pour, corresponding to oints like U
(see diagram m figure 4). p

If, following .the di,fferent properties of water and
vapour, th,ere I.S a dIfferentiation between the two
phases, this WIll be the case If th s
1 d I . e vapour wa

a rea y acce erated when it Was balanced t the
th 1 ilib '. a ance aerma equi 1 rium WIth water a' . the. f h ' n Increase In
section 0 t e channel Slowing it d ly. h . " own or on
causing t e transition to eddy flow '11 b . b t, WI nng a ou
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that increase of the thermal content at point M,
which has already been mentioned (point U').

If, on the contrary, vapour remains in contact
with water, instead of overheating there will be
evaporation of the greater part of the water, while
the properties of vapour in the various sections of
the flowing channel will be given by the curve of
saturated vapour.

Conditions for exploiting geothermal fields
with water

The evaporation of water should take place chiefly
in the productive layer, and this for various reasons.
Besides all considerations regarding the quantitative
relationship between the circulation of water a;nd
the supply of vapour discussed bel<;>w, th~ forma.tlOp
of scales must be taken into consIderatIon. ThIS IS
absolutely inconsistent with the supply requ~red
from industrially productive wells when calcium
sulfate waters exist, but in the long run can become

damaging in other cases as well, given the limited
sections of holes.

The presence of water in the immediate neigh
bourhood of the well, where the section of the flow
is smaller, cuts down by several units the outflow
owing to the higher degree of viscosity. The height
of the water level on the bottom of the well brings
about a proportional loss of outflow.

Obviously the structure of the pervious layer is
of the highest importance in the process of differentiat
ing the vapour phase from the liquid phase. It also
determines the required permeability, both in its
constituents and in checking the scale formation.

EVAPORATION SPACE

In gushing holes a flow occurs because of a differ
ence in hydrostatic pressure. Discussion of thermo
dynamic conditions in a geothermal field in a wider
sense must be restricted to a stationary situation.

In this case the flow of water or steam is is0 en
thalpic. A distribution of pressures around the well
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Q = mass outflow
cr = permeability, possibly cr(r)
v = cinematic viscosity, possibly v(r)
"fJ = viscosity, possibly "fJ(r)
p = density, possibly p(r).

Under the condition of constant outflow, the
expression for (1) may be obtained from (2), given

or wells takes place at the point or in the area
maintained at low pressure by the outflow:

P = P(r)

(1) P(o) = Po, P (00) = Pi

r = distance from the well, variable parameter
P = pressure, variable parameter
Po = pressure at bottom of well
Pi = (hydraulic) layer pressure.

For each section perpendicular to the flow having
a total area f = f (r) :

dP . cr f(r) = Q
dr v

(2) v = ~
p

the condition at the boundary andf(r). This depends
on the type of flow, and in homogeneous environment
it alone determines the types of distribution of
pressures. In the present case, this distribution of
pressures can also depend on the distribution of IT

and v, Thus it is not necessary to insist on determining
the type of flow. The spherical flow is taken into
consideration as the ideal case of a stationary flow,
with the conditions given to the boundary. Con
sequently, permeability is assumed to be homogeneous
on a somewhat large scale, the casing rather short,
and the productive layer powerful enough.

In this way, f(r) is determined and the whole
distribution of pressure can be deduced from the
determination of Q, which can be evaluated at the
surface.

P, indicates the pressure of saturated vapour at
the local temperature of the layer. In general this
can be defined as isothermal if permeability shows
the values required for satisfactory production. The
condition P = P, defines a surface, which can be
roughly indicated as a sphere having a radius r,
such as P, = P(rs) , enclosing the space in which
water can evaporate.
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.The v?lume of the space of evaporation is of the
highest Impor~a~ce. In fact, the fundamental pro
cess.es deterrniriing the production of geothermic
available steam take place inside it: (a) formation
of a. vo~ume ?f vap?ur large enough to allow the
gravitative differentiation of vapour from water
(the volume of steam. ~us~ exceed the 50 per cent
of the total); (b) precipitation of salts contained in
the fraction of evaporated water, without prejudice
to the effect of minor factors like the variation of
temperature.

As shown by figure 5, the fraction of precipitated
salts tends to become important in a space closer
to the well bottom. The space where decantation
of water may occur is more extensive. .

Calcula~ions involving simple orders of magnitude
reveal which parameters are critical in establishing
an outflow of steam of industrial significance. The
space of evaporation narrows down quickly, causing
a substantial formation of scales, or preventing the
separation of steam and the supply of water (a) with
the narrowing of the diameter of the hole, (b) with
a decrease in rock permeability, (c) with over
compression of water in the productive layer, with
respect to the tension of saturated vapour at the
temperature of the layer itself.

Consideration of the structure of the productive
layer must stress the importance of permeability.
As to the thermodynamic state of the water in the
layer, it is of paramount importance that it should
be very close to the boiling point at layer pressure.
This again stresses the importance of the cap rock
as a thermal insulator. Parenthetically, this proves
that ideal conditions for the output of steam exist
at the top of the productive layer, and that such
conditions deteriorate rapidly with the deepening
of the casing in the pervious layer.

Approximate calculations show satisfactory quan
titative agreement with the observed facts.

RELATION BETWEEN STEAM PRODUCTION
AND THERMAL CIRCULATION OF WATER

Having established the existence of evaporation
space capable of supplying geothermi~ steam ideally
differentiated, it is possible to pin-polllt some SI~lll

ficant orders of magnitude to evaluate. geological
conditions for the existence of a geothermIc field.

Water as commonly found in known geothermic
~elds can supply about 10 per ce~t of. its own mass
in steam at point M, figure 3. ThIS WIll also be the
order of the highest ratio between the mass of
produced steam and the output of corresponding
underground thermal streams.

From the simultaneous conditions imposed for
the general average output of thermal streams (T~)
and for the output of geothermic steam (GS), It
follows that:

sr (TS) <I>

600 (GS) < <I>

when b.T is of the order of the thermal difference
in the pervious layer, and <I> is the regional geothermal
flow. The required ratio is

(GS) sr
(TS) «. 600

Since an average thermal difference in the pervious
state of more than 60° is rather high in relation
to the geothermal flow actually observed, the
conditions necessary for geothermal steam to be
generated from evaporation of layer water are
largely satisfied. It would be comparatively easy
to est~blish the relationship between the production
by umts of area of the field, and the permeability
of the productive layer, when the link between the
geothermal flow, the permeability, and the average
output of thermal streams is known.

GENERAL OPERATIVE CONSEQUENCES

The mass of steam which can be generated by
the mass unit of water increases with the thermal
content of water and with the temperature. Con
sequently it increases, in ideal geological conditions,
with the depth of the productive layer.

At deeper levels than the ones mentioned in
which water attains its critical point, a similar
increase in thermal content cannot be expected.

As all other conditions became still less favourable,
a convenient limit for the maximum depth of the
top of the pervious productive layer, i.e., of the
wells, can easily be foreseen.

The problem of the origin of geothermal fluid

. First, the importance of this problem for prospect
lllg geothermal fields must be emphasized.

Water in magmatic conditions has a thermal
content which does not exceed 1 000 kcal/kg ;
saturated vapour contains less than 700; deep
water at the boiling point little less than 300 kcal/kg.
~he magmatic volatile cannot bring about evapo

ration of exogenous water at the boiling point, not
even' for one-half of its own weight. In other
terms, juvenile steam cannot contain more than
one-third of evaporated exogenous water. Therefore
if it is not proven that the substance constituting
known geothermal fluids is a magmatic volatile, it
cannot be maintained that in these cases heat might
be carried by the magmatic volatile.

Research likewise cannot be restricted to the
outlets of the original reservoir (steam-bearing
faults).

Even exogenous water brought to the boiling
point through direct mixing with magmatic volatile
should contain one-quarter of its own mass. If the
presence of a fraction of magmatic fluid of such
moment cannot be proven, a substantial fraction of
geothermal energy must be transferred through
thermal water streams. In this case methods of
research in agreement with the preceding geological
outline should be followed.

9*
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Besides difficulties ansmg from a geochemical
probe of the magmatic origin of many volcanic
emanations, that referring to known geothermal
fields rests on non-existent evidence. The composition
of known industrial geothermal fluids is suggestive
in various cases of an origin from exogenous waters,
waters circulating in sedimentary rocks, brackish
waters, and so on. These considerations can be
applied to gaseous constituents, such as methane
and nitrogen, especially with respect to atmospheric
argon, and radiogenic argon, helion, and radon.

Goldschmidt had already questioned the magmatic
origin of boric acid; e.g., at Larderello the geothermal
fluid originates from marine formations.

According to geochemical data, the fluorine of
the emanations must have metamorphic origin; the
geochemical distribution of mercury and arsenic also
suggests that their presence in volatiles may be a
clue to the heating of sediments enriched with these
elements.

Steam exploration

Nearly all steam geologists state that the steam
fields are closely associated with a faulting system.
This conclusion is derived from the opinion that a
part of, or all, the steam is juvenile, Le., of a direct 
magmatic origin. The faulting should assure a path
for the magmatic steam. Some geologists also think
that a close relation links the steam quantity to
the size of the magmatic steam conduit.

Since we do not think that the juvenile gas or
steam reaches the productive aquifer, we can~ot

agree with the reported hypothesis. Notwithstanding
this, the importance of faulting can not be denied,
because (a) the faulting generates secondary perme
ability in rigid rocks, particularly in carbonate
rocks, and (b) the faulting can provide a suitable
trap. .

The geological and geothermal knowledge of the
steam field furnishes rational help in exploration.
The hypothesis may be applied to exploratory
surveying.

A satisfactory answer must be provided to three
main questions:

(i) In what region can we expect to find a source
of heat, i.e., a relatively shallow magmatic mass?

(ii) How can we detect a trap for the convection
currents?

(iii) In a given prospect, is the water supply
sufficient for industrial production of steam?

(i) The first question

Three types of steam field were classified : the
fields linked to a shallow plutonic mass; the fields
linked to living volcanoes; the fields linked to
recently extinct volcanoes.

No difficulties arise in identifying the areas where
active or extinct volcanoes are situated. But it is
perhaps useful to add a few words about the age
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of the extinct volcanoes. All the so-called extinct
volcanoes that still present some signs of post
volcanic activity are prospectable; without such
signs all Quaternary and Pliocenic volcanoes must
be considered prospectable. There is no basis for a
rational statement about pre-Pliocenic volcanoes.
If there is evidence of actual thermal activity, they
deserve further study.

Since plutonism can follow volcanism, especially
when severe post-volcanic faulting is known, the
age of the extinct volcano is not the only item to
be considered: the age of faulting is also important
because it is almost certain that post-volcanic
plutonism is closely connected with distension
faults.

A volcano can provide the source of heat but,
as we have already stated, this condition is necessary
but not sufficient. We must also detect what we
called a trap for the convection currents. A vo~cani~

series can certainly provide such a trap - Wairakei
field is an example - but it is more likely that the
trap or traps can be detected in a sedimentary
series pierced by a volcano. In this case, the sub
surface geological sequence, with its perv.ious and
impervious layers, can be better recogmzed and
forecast. The geological and geophysical data are
surer and more valuable; thus the choice of a rational
location for the exploratory well is. not so diffi~ult.

In a series that is entirely volcamc, the pervious
and impervious strata can' be detect~d only by
drilling, and information will not be a,:allable about
the lateral extent of the different facies,

To sum up: volcanic areas are favourable for
steam exploration' recently extinct volcanoes are
also good prospect~. A volcano th8;t opened i~s vent
through a sedimentary series (like Vesuvio and
Etna) at drillable depth is a better p!ospect than
a volcano entirely made up of volcamc rocks.

Plutonic masses

A body of rocks recently intruded at a relatively
shallow depth can supply a great quantity of ~eat
during the slow cooling process. If .the geologIcal
structure and nature of the overlymg ro~ks are
favourable a steam field may actually exist. The
Larderello 'field is of this kind.

Marinelli has presented a paper 1 especial~y devoted
to granitic plutons, and thus long dlscus~IOn of this
topic is unnecessary. Some brief observatIOns related
to exploration will suffice. .

Any kind of pluton, provided that it is at a relative
ly shallow depth, can be the heat source for. a steam
field; the basic plutons also supply he~t. Fo! instance,
an intrusion similar to the gabbro intrusion of t~e
Skaergaard peninsula in eastern Gre~nlan~ or ~ e

b venient intrusrveBushweld complex can e a con

. d th rmal fields related
1 Marinelli, G. Thermal anomahes an . geo ~h U ited Nations

to recent plutonism in Tuscany, Proceedtngs of e G 58 below
Conference on New Sources of Energy, 1961; paper.. I' '
includes a summary in English of the French origmar.

body if buried in a suitable country rock and cooling
at present, i.e., of recent plutonism.

The intrusive granitic masses of relatively small
size (dikes, ring dikes, laccoliths), classified by
Rastall in his third group of granitic bodies, and
in the process of cooling at shallow depth, are the
granitic plutons and are more likely to be the heat
source.

The close relationship between granitic plutonism
and volcanism induces consideration of the volcanic
areas as prospectable also for the Larderello type
of steam' field. The volcanic trend is also a plutonic .
trend.

A sedimentary blanket over a hot pluton is
favourable, for the reasons mentioned above.

The metallogenic volcanism (hydro-, hypo-, meso":
thermal metallogenesis not directly related to the
surface volcanism of the volcanic region) is clearly
related to the plutons. The areas of metallogenic
volcanism are prospectable for steam.

Gravimetric survey is a useful aid in detecting a
granitic pluton, but interpretation is difficult.
Knowledge of this matter is only elementary.

Surface thermal activity gives a regional indication,
not a drilling location.

Geochemistry is a valuable tool for careful study
of thermal activity. For example, the high geo
chemical mobility of mercury and its reactions to
abnormal heat apparently can provide very useful
information about the geothermal activity.

Radiometric survey, which is so closely related
to geochemistry, warrants field tests in .steal?
exploration. Knowledge of steam exploration IS
inadequate and at present thermal activity must
be considered necessary for an exploration prospect.

(ii) The second question

Volcanic and thermal activity are regional indica
tions; the first step of an exploration program~e

ends with the choice of the area. The second step IS
the choice of a drilling location. We must detect a
trap for the convection geothermal current, and drill
on the top.

Field practices are very similar to tho.se of.oil
exploration: systematic geological surveys, mclud~ng
airphoto geology, volcanology and vol~anotecton~cs,

morphology, etc. Furthermore, geophySIcal su~veymg
must be systematic, including gravimetry, airborne
and field magnetometry, refraction and reflection
seismology. So far as geochemistry is invol,:ed: ~e

have already pointed to its. usefulness, but It IS m
an experimental phase.

(iii) The third question

A commercial steam field produces water in
noticeable quantity. Larderello field produces some
10 million tons per year.

A hydrogeologic survey is needed as part of the
explorator~ :vork. In f,:ct, the supply of water can
be the limiting factor m production.
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Summary

A geothermal industrial field is defined as a field
capable of producing about 5 million tons of steam
per year. It requires (a) a source of heat, (b) a way
of transferring the heat, (c) ways of accumulating
the heat and the supply of water.

In the earth's crust only magmatic masses can
be a source of heat having an adequate output.
Three possible cases may be differentiated: (a) shallow
intrusion (e.g., Larderello, Tuscany), (b) volcano
pluton (e.g., Mount Amiata, Tuscany), (c) volcanism
in the strict sense (e.g., Wairakei, New Zealand).
These situations afford regional clues for steam
exploration. Active or recent volcanoes (younger
than the Pliocene) are conclusive indications for
profitable exploration. In other cases, thermal
phenomena must be accepted as the most promising
clues.

In known geothermal fields, the most probable
mechanism of heat transfer is the convection of
exogenous hot water rather than the flow of magmatic
volatile. The hypothesis of direct heat transfer by
means of magmatic volatile is not confirmed from
the geochemical point of view. From a thermo
dynamical point of view, it is unnecessary. Conse
quently more general cases are to be taken into
consideration.

The presence of an impervious cap rock is a
necessary condition to the existence of .a geothermal
field. Only this impervious cap rock IS capable of
heat accumulation in the lower aquifer layer. The
term "impervious" here means "very little pervious
in respect of possibilities of thermal convection".

Overheated steam produced in known geothermal
fields can very well proceed from the evaporation
of water from the productive layer. The water must
be at a temperature quite close to the boiling point
at the hydraulic pressure of the casing. Such a
condition is necessary for evaporation to take place
in a large space in the rock around the casing:
(a) for the separation of steam from water and
(b) for minimizing scale formation.

It is important to have very pervious rocks in a
productive aquifer layer not only because this
causes a high flow in each steam well, but also
because a very pervious rock (a) extends evaporation
space, (b) makes possible the convection of heat
between the top and the bottom of the pervious layer
and (c) permits the required circulation of water
in excess of the mass of generated steam.

Such considerations afford useful guidance for
the exploration and exploitation of geothermal fields.

GEOLOGIE ET GEOCHIMIE DES CHAMPS GEOTHERMIQDES

Resume

On definit le champ geothermique industriel
comme etant un champ capable de fournir annuel
lement une quantite de l'ordre de 5 millions de
tonnes de vapeur. Cela exige : a) une source de
chaleur; b) un moyen pour transmettre cette chaleur;
c) des moyens de l'accumuler et d'assurer l'alimen
tation en eau.

Dans la crofite terrestre, les seules sources de
chaleur d'une importance suffisante sont constituees
par des masses magmatiques. On peut distinguer
trois cas:

a) Intrusions superficielles (par exemple Larde
rello, en Italie);

b) Volcano-plutonisme (par exemple le mont
Amiata, en Italie);

c) Volcanisme au sens strict du terme (par exemple
Wairakei, en Nouvelle-Zelande).

De telles situations presentent des indications
precieuses a la prospection, sur le plan regional. Les
volcans actifs ou recemrnent actifs (posterieurs au
pliocene) indiquent par leur existence que l'explo
ration peut etre profitable. Dans les autres cas, i1
faudra accepter les manifestations thermales comme
principaux indices.

Dans les champs geothermiques connus, la convec
tion par des eaux souterraines exogenes semble
constituer le mecanisme de transmission de chaleur
le plus probable, plutot que la convection directe
par un flux magmatique volatil. En tout etat de
cause, I'hypothese de la transmission directe de
chaleur par un fluide volatil magmatique n'est pas
prouvee, du point de vue geochimique. Elle n'est
pas meme necessaire du point de vue therrnodyna
mique. On doit done prendre en consideration des
possibilites plus generales.

Il semble indispensable, pour l' existence d'un
champ geothermique, d'avoir une couverture imper
meable (c'est-a-dire peu permeable a I'echelle des
phenomenes de transmission de chaleur par convec
tion qui nous interessanjj, Une telle couverture
peut seule assurer l'accumulation de la chaleur dans
des assises permeables - notamment des masses
aquiferes situees au-dessous de ladite couche imper
meable.

La vapeur surchayffee des champs geothermiques
connus pent fort bien prendre naissance en raison
de I'evaporation de l'eau contenue dans les horizons
productifs. L'eau devra se trouver aune temperature
tres voisine de la temperature d'ebullition a la
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pression hydraulique correspondant a la profondeur
du tubage. Cette condition est necessaire pour
assurer I'evaporation dans une zone assez large de
la roche tout autour du tube: afin d'obtenir la
separation de la vapeur a partir de l'eau; et pour
reduire au minimum le processus d'incrustation.

La permeabilite des roches des couches produc
trices joue un tres grand role, non seulement parce
qu'elle determine un flux important de vapeur dans
chaque forage, mais aussi parce que cette permea
bilite :

a) Augmente la zone d'evaporation;
b) Assure la transmission de la chaleur par convec

tion de la partie inferieure de la couche permeable
a sa partie superieure (qui est l'endroit le plus
favorable pour l'exploitation);

c) Permet la circulation indispensable d'eau en
exces de la masse de vapeur produite.

De telles considerations nous offrent des criteres
precieux pour la prospection et l'exploitation des
champs geothermiques.



GJ12

PRELIMINARY INVESTIGATION OF THE RABAUL GEOTHERMAL AREA
FOR THE PRODUCTION OF ELECTRIC POWER

A. C. L. Fooks *

General observations

volcano. The land tongues to the north, east and
south-east are comparatively narrow and appear to
consist mainly of the volcanic cones, north daughter,
mother, and south daughter, all outside the caldera
wall, antedating the caldera collapse and not now
active. Within the caldera are Rabaul town, the
very recent volcanos of Matupi (or Tavurvur) on
the east and Vulcan on the west of the harbour.
Rabalanakaia, the crater halfway between Rabaul
town and Matupi volcano, lies athwart the caIdera
wall and is also of recent origin. It is thought to
have been active later than the caldera collapse,
but there is no historical record of its eruption.

Matupi and Vulcan volcanos erupted in 1878 and
1937. There was a further eruption of Matupi volcano
in 1941-1942. Distinctive and noticeable inclined
lava flows are visible from the rim of Rabalanakaia
flowing west and south towards the sea. Basaltic (?)
rocks are visible in the caldera wall and on the
slopes of Matupi.

If Rabalanakaia was active after the caldera
collapse, there is some possibility of lava flow
sheets occurring below sea level and forming a layer
of cap rock, which could impede the upward flow
of hot water and divert it seawards.

General observations of the area east and west
of Simpson Harbour and Blanche Bay were made,
even though the most promising area appeared (as
suggested by Fisher) to be that between Rapindik
and the slopes of Matupi volcano.

In contra-distinction to the Wairakei area in New
Zealand, the heat flows, other than the warm springs
a~ Sulph?r Creek, appeared to be intimately asso
ciated WIth the volcanoes Matupi and Vulcan, and
from Rabalanakaia crater and the eastern caldera
wall. There were no bubbling mud pots in any part
of the area, and no activity was seen outside the
caldera rim. The only visible steam escape was in
the actual crater of Matupi volcano and on a line
running almost. d~e south from Rabalanakaia (the
crater of Palagiagia). There were obvious seaward
flows of ~a~rly ?ot water into Greet Harbour, appa
rently ongmatmg from Rabalanakaia and particu
larly Matupi volcano. None of these hot water
~ows occurre~ above hi~h-tide level, but by observa
tion of the discolouratinn of the sea when viewed
from the top of Matupi volcano, and as seen on the

~30

* Project Engineer, Ministry of Works, New Zealand.

Description of the area

Rabaul township lies at the northern end of
Simpson Harbour and Blanche Bay; the latter has
been formed by caldera collapse of an ancient large

Rabaul, in New Britain, is served by diesel
generators for electric power. The Australian
Commonwealth Department of Works had inves
tigated the possibilities of a hydroelectric power
scheme to satisfy the growing need for additional
and cheaper power as the area developed. This was
found possible, but comparatively expensive.

Volcanic activity exists near the town, and the
Department of Works decided to investigate the
possible utilisation of geothermal steam for electric
power generation.

The author, accompanied by a geophysicist from
the New Zealand Department of Scientific and
Industrial Research (DSIR), visited the area with
the Chief Investigation Engineer of the Australian
Commonwealth Department of Works and made a
preliminary investigation of the area.

Since the Commonwealth Department of Works
maintains an office at Rabaul and a government
volcanologist is stationed there, the following informa
tion which was available was used in the survey:
(a) aerial photographs and topographical maps of
the area; (b) records of shallow water bores drilled
in the township area and near Rapindik (see figure 1);
(c) temperature measurements made in hot springs
near low-tide mark and in the area between Raba
lankaia and Matupi Volcano (Tavurvur); (d) local
knowledge of the geology of the area; (e) a survey
of the area prepared by G. N. Fisher, Chief Geologist
of the Australian Bureau of Mineral Resources,
and his report; (f) local knowledge of construction
facilities and transportation costs.

Matupi volcano erupted in 1937 and was active
in 1942. During the earlier eruption a new crater,
Baluan, was formed on the western side of Blanche
Bay. Figure 1 shows the area of Blanche Bay and
Rabaul, and figure 2 is an enlarged scale drawing
of the area finally selected for further investigations.

The power requirements were defined as being
5 megawatts within eight years, with an ultimate
total of 20 MW, which could be developed in 5 MW
steps. Geothermal sources appear well suited to
this type of development.
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Figure 1. Geothermal steam investigation at Rabaul, New Britain
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Figure 2. Geothermal steam investigation at Rabaul, New Britain
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aerial photographs, the quantity flowing could have
been considerable. If this was so, it seemed difficult
to account for the origin of the water. The rainfall
of the area is of the order of 100 inches per year.
Crater Peninsula, south-east of Rabaul township,
has an area of only about six square miles, and less
than a third of the water is likely to flow westwards
into Greet Harbour. This could not account for a
flow of more than 5 to 10 cusecs into Greet Harbour.

The bores drilled for water near Rabaul township
indicated only normal surface water, with no evidence
of the chloride content usually associated with hot
spring areas.

The heat associated with Vulcan volcano is small,
the area is some six miles from the main township
of Rabaul, and Fisher has expressed the opinion
that Vulcan is more likely to erupt than Matupi.
Further, there is no evidence of lava flows in the
vicinity which could form a confining cap rock
comparatively near the surface, and the ejecta have
been almost exclusively pumice.

Sulphur Creek area shows only minor warm
springs, of small flow and no great heat content. No
information was obtainable as to whether there was
an appreciable seawards flow from this creek, which
is thought to be an old explosion chasm of limited
activity; nor was any evidence available as to
whether there were submarine hot water flows at
the bottom of this elongated crater. Even if th~re

is more heat flow than was evident (the only spnng
seen had a temperature of less than 50°C and a
flow of less than 5 gallons per minute) th~ area
must be considered too close to the township for
steam production, in an area where the bores may
be difficult to control during drilling.

Matupi volcano is steep-sid~d, and little. or no
flat or gently sloping land exists between Its foot
and the sea. It would be very difficult to drill bores
in this area; also probably hazardous in the broken
basalts and pumice ground.

The only area therefore that appeared. to be
worth further consideration was the WIde fan
stretching from Rabalanakaia towar~s Rapindik
in the south-west and to a point approxI.mately ha~f
way between Rabalanakaia and Matupi volcano III

the south-east.
This appeared worth further investigation since

(a) a drill hole near Rapindik had encountered hot
water; (b) another drill hole farther east formerly
discharged hot water, but later the ~ow ceased
after an earth tremor; (c) lightly steammg ground
areas and some gas vents exist southwards f~om
Rabalanakaia; (d) a number of hot wate~ spnngs
exist along the shore edges (but below low-tide level)
in this area' (e) steam vents some thirty feet above
sea level are sufficiently active to have been used
for evaporating sea water.

Additional observations of the selected area

Although no major confinin&" str~c~ures .~e
known to exist in the rock formatIOns, It IS pOSSI e

that sufficient steam could be obtained' at usable
pressures even though high-pressure steam is unlikely
at reasonable depths.

As mentioned, lava flows slope downwards south
from Rabalanakaia. These appear to be in numerous
sheets,' and if a fairly continuous sheet occurs below
sea level, it could form a confining cap rock: The
surface layers are compacted muds and pumice,
and these themselves could form a weak confining
structure. The area is covered with the heavy kunai
grass of the locality, and observation of the extent
of the steaming ground is difficult.

Steaming ground is not very noticeable in the
climate of New Britain, but in only two places was
typically heat-altered ground seen, viz., at the salt
processing area beside the coast and at a point near
the steaming ground about a quarter of a mile due
north (inland and towards Rabalanakaia).

The former consisted of some half-dozen lightly
steaming vents over an area approximately 200 feet
square. The latter area consisted of two areas of
steaming ground each about 20' X 30', together
with an area of heat-altered ground about three
times this size and not visibly steaming.

Stunted scrub, as is usually associated with hot
ground in New Zealand, was not seen, but the
vegetation of New Britain may be more resistant
to hot conditions underfoot.

By New Zealand standards in considering areas
that have been surveyed for geothermal steam
investigation or exploitation, the natural heat flow
in Rabaul was insignificant. Were it not for the
hot springs at sea level and the apparent submarine
discharge of sediments, the area would not be
considered worth further investigation.

The areas of visible heat flow were only 50 to
100 feet above sea level so that, unless the pumice
or compacted mud provides more than a cap than
is apparent, steam cannot exist near the surface at
any great pressure in this area, i.e., it should be
reasonably safe for very shallow drilling operations
-say to 100 feet or so.

The pumice mud cover is presumed to be the
ejecta of the 1937 eruption, and if there was a
diminution of the visible steaming ground after
this eruption, it could indicate that the compacted

.mud did form a seal to the flow of very low pressure
steam, which now escapes seaward. No firm evidence
of this reduction was obtainable.

Areas nearer the caldera wall north and north
east of the steaming ground were not readily acces
sible, and were not explored. The ground did' not
appear excessively rough, however, for access roads
for drilling equipment.

The analyses of both Bore 9 and the previous
hot water bore in the Rapindik area indicate a high
content of dissolved solids, and further attention
should be given to this (should an investigation
prove fruitful) before any decision is made to proceed
with power development.
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In both cases the sodium chloride content of the
waters approached that of sea water. This may
indicate that the hot water flows near sea level are
merely the result of a convective flow of sea water
through a zone of strongly faulted hot rocks. This
is more likely since the sea floor dips steeply from
the shoreline; the 150' -below-se a-level contour is
only 600 feet from the shore at one point; and
Blanche Bay is well over 300 feet deep.

The natural springs all appear below high-tide
mark and mainly between the eastern end of the
aerodrome and the slopes of Matupi volcano (see
figure 2). They vary in temperature from 40° to
98°C, but these temperatures were obtained by
dipping a thermometer into the sea where the flow
appears strongest. It is from these hot spring areas
that the discolouration spreads seawards, being
traceable on the air photos and from Matupi volcano
more than two miles from the shoreline. Whilst no
quantitative figures were obtained, this must repre
sent a considerable flow or circulation of hot water.

The area likely to be worth investigation measures
about one-half mile north-south by one mile east
west. In summing up the information obtained to
this stage, the following conclusions were reached:

(a) The area near Baluan-Vulcan was unsuitable.
(b) The area near Sulphur Creek was unsuitable.
(c) The slopes of Matupi volcano were hazardous

and unsuitable.
(d) The Rapindik-Rabalanakaia area had a small

heat escape, and was unlikely to produce high
pressure steam, but if the lava flows were suitably
formed there was a possibility of obtaining low
pressure steam.

Although the natural heat escape was small,
experience has not shown that this can be related
quantitatively to the heat that can be obtained by
drilling. The total power required is small and is
equal to the power available from only four bores
at Wairakei, New Zealand, even at the 20 MW
stage.

Further investigations

In considering the likely costs of a more detailed
investigation, it appeared that if steam were obtained
the savings that could be made, compared with
the cost of the hydroelectric station, justified further
investigation of the Rapindik-Rabalanakaia-Matupi
volcano area.

Further investigation was therefore recommended,
and was considered capable of division into two
phases; the second phase might not be justified
unless the first phase showed that reasonable heat
flows existed.

The two phases of investigation would consist,
first, of measurements of existing physical conditions
and of natural heat flows; and, second, of drilling
to determine subterranean conditions of geology,
temperatures and pressures.

The following measurements were considered
desirable during the first phase.

(a) A surface temperature survey to define the
area of hot ground. This could be either qualitative
or quantitative: (i) a qualitative survey would
consist of a thorough walk-over survey of the selected
area and mapping of ground that was warm to the
touch, (ii) a survey, made by taking temperatures
at three-foot depth, along not too widely spaced
traverse lines, and then more detailed temperatures
in the areas found to be above normal temperature,
would provide quantitative information for early
and for future reference. This survey might reveal
lines of heat escape that could be correlated with
lava flow directions or faulting parallel or normal
to the caldera wall. If the field were later exploited,
the survey information would provide a valuable
record if natural changes or exploitation caused
warm ground to become hotter. A periodic check
of hot ground conditions during exploitation of a
geothermal field is considered essential, since changes
do occur, and preventive work is sometimes required
to prevent eruptions.

(b) A better defined and more closely controlled
temperature survey of the hot springs along the
coastline, and more particularly seawards at surface
and at several depths to sea bottom, should give
an indication of the type of heat flow, i.e., circulating
seawater or seawards flow from the land, and the
magnitude of the heat flows and quantities involved.
If some current flow meter readings were made of
the flow from the hot springs, a more quantitative
assessment of the quantity of flowing water could
be made. Flow rates at high and low tide conditions
would be needed.

(c) Two bores should be sunk to hot ground
water, but not deeper than sea level, in a line from
the salt-producing area to the caldera wall. The
chemical analyses should give an indication of the
flow system. This would not necessarily be the
chemistry of deep drill holes, but would serve to
deter~ine the heat flow system. The holes could
be drilled cheaply and safely without blowout
preventer equipment. Drive casing would be. used,
and the bores cased to within a few feet of bottom.
They should not be continued through an imper
meable rock or more than, say, 10 feet into the
hot water table. A 4" or 6"finished diameter
would be satisfactory for chemical sampling and
temperature measurement by maximum thermo
meter. Tentative positions are indicated at 1 and 2
on figure 2.

(d) Seis~ic surveys were not thought likely to
be useful III the small area under consideration,
particularly in view of the probably heterogeneous
nature of the underlying strata.

Six months should be sufficient time for this
survey, depending on the staff available. The cost
should be less than £10,000. If this survey showed
that the heatflow in the system was of the order
of 1 000 million Btu per hour (relative to 32°F), it
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would indicate that the system was worth investigat
ing for a 20 MW power scheme.

Provided the first phase indicated a heat flow of
suitable size, it was recommended that the second
phase should consist of drilling four bores. These
would be programmed for drilling to approximately
2 000 feet de.pth. Deeper drilling was not thought
to be economical for power production in a scheme
which proposed to deliver only 5 megawatts in its
initial stage and only 20 megawatts in total.

Consideration was given to the type of drilling
equipment which should be used for the second
phase of the investigations, if this were undertaken.

Small drills of the diamond drill type are light
and easily transported. They have the disadvantage
that their associated pumping equipment is of small
capacity and generally inadequate if hot conditions
are met in difficult drilling country. The drill pipe
is generally too small to allow adequate flows of
drilling fluid for cooling purposes. Core recovery
(for geological examination) is frequently poor in
broken country. The drills can handle only small
diameter casing to the desired depths. Small diameter
cores could not later be used for production purposes.'

It was concluded that, despite the additional cost,
it would be safer to use heavier drilling equipment
which would 'place and adequately cement 7" or 8"
diameter casings to 1 500 feet or so in depth. These
bores, if productive and with properly cemented
casings, could later be used to supply a power house.
A drilling rig of about 120 hp motor rating with
a draw-works capacity of 120000 pounds, using
12" X 7 t" pumps, is a desirable size for this work.
Lighter drills can be used, but the work is more
hazardous and the bores are generally not large
enough for production purposes.

It was proposed that four holes should be drilled;
three to be approximately in the positions marked 3,
4 and 5, on figure 2, and the fourth to be determined
after the first three are drilled. The actual location
of the first three bores would be influenced by the
position and alignment of zones of hot ground
found in the first phase of the detailed investi
gations.

If a usable steam discharge was obtained from
any of these bores, measurements of the possible
discharge characteristics and the chemistry of the
flow would be necessary; these should include the
quantity and type of gases in the steam fraction
and dissolved materials in the water fraction.

The possible cost of investigation drilling would
be of the order of £200 000.

If the results from the above were satisfactory,
the final drilling to prove the capability of the field
to produce 20 megawatts of power could proceed.
These latter bores should be discharged for at least
one year at the pressures and with the necessary
draw off envisaged at the final stage of power
production.

During this period there should be continuing
checks of downhole pressures and temperatures and
of any change in the discharge at the well heads.
The latter should include the quantities of steam
and water and their chemical composition.
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Summary

The Australian Commonwealth Department of
Works wished to assess the possibilities of producing
electrical power from geothermal steam at Ra~aul
in New Britain. A hydroelectric scheme was possible
but was expensive, particularly in t~e early stages
of power demand. The power reqUIrements were
estimated at 5 megawatts within eight years, and
the scheme was expected to be capable of ultimate
development to 20 megawatts.

The author, assisted by a New Zealand geophysi~ist
and scientists and engineers of the AustralIan
Government, made a preliminary survey of the
possibility of obtaining usable stea~, and made
recommendations along which the lines of more
detailed investigations could proceed.

Rabaul stands at the head of a bay formed by
the caldera collapse of an ancient .volcano. A semi
active volcano lies within four miles of the town.
Between the town and the volcano are older craters
and vents. Some steaming ground exists, and hot
springs occur at sea level.

Areas west of the harbour, close to the town and
on the slopes of the volcano, were eliminated as
unsuitable. The area selected for more detailed
inspection is shown on figures 1 and 2.

The areas of steaming ground were small, and
the natural heat escape was much less than that
of areas selected as worthy of investigation in New
Zealand. The hot springs at sea level are monitored
for temperature changes by the resident volcanologist
and his staff, and show temperatures up to 98°C.
They also appear to discharge seawards appreciable
quantities of solid matter into Blanche Bay (figure 1).

No structural cap rocks were known to exist, but
it seemed possible that the lava flows from Rabala
nakaia could have formed confining beds.

The quantity of natural heat escape is not thought :
to be a quantitative measure of the amount of
heat that can be obtained by deep drilling. It
appeared that there was appreciable heat flow
(possibly in a seawater convective system) associated
with the hot sea springs. Hot water had been found
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in two bores sunk near Rapindik; one of three had
discharged hot water.

It was concluded that further detailed investigation
was justified in the selected area and that this
should be divided into two phases.

The first phase would consist of a ground tempe
rature survey (to attempt to locate lines or zones
of heat escape at the surface) and also measurements
of the flow and contained heat of the discharges
from the hot springs; current flow readings in the
sea should be made if possible, to define the extent
of the seawater circulating system if this did in fact
exist.

Provided a heat flow of the order of 1 000 million Btu
per hour was disc~ose.d, a secOI;d phase of i!lVeS
tigation could be instituted. This would consist of
three or four drill holes to about 2 000 feet depth,
as marked by 3, 4, 5 inside the selected area of
figure 2. Temperature and pressure measuri~g ~nd

chemical analyses were recommended; and continuing
measurements should be made of the discharges if
satisfactory boreholes are obtained.

It was estimated that the cost of the initial stage
of investigation would be under £10000, and that
of the second phase would be of the order of
£200000.

RECHERCHES PRELIMINAIRES SUR LE CHAMP GEOTHERMIQUE DE RABAUL EN VUE
DE LA PRODUCTION D'ENERGIE ELECTRIQUE

Resume

Le Ministere des travaux publics du Common
wealth australien souhaitait evaluer les possibilites
de production d'energie electrique par vapeur geo
thermique a Rabaul, en Nouvelle-Bretagne. La
realisation d'un systerne hydro-electrique etait pos
sible mais s'annoncait couteuse, particulierement
au depart. On prevoyait que les exigences energe
tiques atteindraient 5 megawatts dans les huit ans,
et 1'on estimait que le systerne envisage pourrait
eventuellement produire jusqu'a 20 megawatts.

Avec 1'aide d'un geophysicien neo-zelandais, de
techniciens et d'ingenieurs du gouvernement aus
tralien, l' auteur a precede a des recherches prelimi
naires sur la possibilite d'obtenir de la vapeur
utilisable et a forrnule des recommandations desti
nees a orienter des recherches plus detaillees,

Rabaul est au fond d'une baie constituee par un
effondrement en caldeira d'un ancien volcano Un
volcan en derni-activite se trouve a environ 6 kilo
metres de la ville. Entre celle-ci et le volcan, on
trouve des crateres plus anciens, ainsi que des
events. Il existe des degagements de vapeur et, au
niveau de la mer, des sources chaudes.

Les regions situees a 1'ouest du port, pres de la
ville et sur les pentes du volcan, ri'etant pas appro
prices, ont ete exclues des travaux envisages. La
region choisie aux fins d'une inspection plus detaillee
est indiquee aux figures 1 et 2.

Les regions OU le terrain degage de la vapeur sont
restreintes et le debit de chaleur naturelle bien
inferieur a celui des regions choisies en Nouvelle
Zelande comme meritant de faire l'objet de recherches.
Les variations de temperature des sources chaudes
situees au niveau de la mer sont verifiees par le
volcanologiste residant sur place et son personnel.
Cette temperature peut atteindre 98°C. Ces sources
semblent egalement decharger des quantites appre
ciables de matieres solides, dans la Baie Blanche
(fig. 1).

On n' a pas connaissance de roches de recouvrement

structurel, mais il semble possible que les ccoule
ments de lave de Rabalanakai'a aient pu former des
masses encaissantes.

Le debit de chaleur naturelle ne parait pas consti
tuer une mesure quantitative de la chaleur qu'on
pourrait obtenir par des forages profonds. Il semble
qu'il y ait un debit appreciable de chaleur (peut-etre
dans un systeme de convection interessant l'eau de
mer) en liaison avec les sources chaudes sous-marines.
On a trouve de l'eau chaude dans deux puits fonces
pres de Rapindik. L'un d'eux a debite de 1'eau
chaude.

On en a conclu que des recherches detaillees
supplernentaires seraient justifiees dans la region
choisie et qu'il conviendrait de les diviser en deux
phases.

La premiere phase serait constituee par des
recherches sur les temperatures du terrain (visant
a etablir les lignes ou zones d'ecoulement de chaleur
vers la surface), ainsi que des mesures du debit et
de la chaleur accumulee par les decharges de sources
chaudes. On devra proceder, dans toute la mesure
du possible, a des lectures sous-marines du debit du
courant, pour definir l'importance du svsteme de
circulation d'eau de mer, en admettant qu'il y en
ait un.

En supposant que l'on mette ainsi en evidence
un debit de chaleur de l'ordre de 1 000 millions
de BTU a 1'heure, on pourrait passer a la deuxieme
phase des recherches. Celle-ci serait constituee par
le foncage de trois ou quatre puits jusqu'a 2 000 pieds
de profondeur environ (600 m) dans la region choisie,
aux emplacements indiques par les chiffres 3, 4 et 5
(fig. 2). Des mesures de la temperature et de la
pr~ss~on sont. recom~andees, ainsi que des analyses
chimiques..S1 on obtient des puits satisfaisants, on
devra contmuer lesdites mesures.

Le cofrt du premier stade de recherches a ete
evalue a moins de. 10000 livres, et le prix de la
seconde phase serait de l' ordre de 200 000 livres.
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STRUCTURE

particularly those in the area immediately to the
north. Geological mapping in this area (Sheet N85,
Waiotapu) has shown that ignimbrites of Wairakei
type (Paeroa Ignimbrites) are underlain and inter
bedded with pumice pyroclastics and sediments
that could constitute a lower aquifer if they extended
as far 'south as Wairakei. Only deeper drilling at
Wairakei will finally solve this problem.

An outline of the structure of the Wairakei field
and adjoining regions is given on the Taupo map
sheet and a more detailed account in the Wairakei
geological bulletin. The hydrothermal field is situated
on the crest of an important structural elevation
known as the Wairakei High, originally discovered
by gravity surveys (Beck and Robertson, 1955).
Basement greywacke is approximately 4500 feet
below sea-level on the crest of the Wairakei High
and approximately 8500 feet below sea-level in
the adjoining structural depressions. Drilling of the
Wairakei Field has shown that the Wairakei High
is a complexly faulted horst or fault-block, and is
step-faulted down to the depressions on either side.
The Wairakei High, on gravity evidence, continues
south for five miles from the central part of the
hydrothermal field. Drilling has shown that relatively
high gravity values to the south are not due to
basement uplift as was originally thought but are
due principally to a thick sill of rhyolite up to
1 500 feet thick, intruded into the Waiora aquifer
above the Wairakei Ignimbrites. In this area, the
Waiora aquifer is divided into two parts separated
by the rhyolite. The lower part of the aquifer, the
ignimbrites and presumably the greywacke basement,
have subsided in this region an amount roughly
equivalent to the thickness of rhyolite, i.e., 1 500 feet.
The centre of the rhyolite eruptions lies five miles
south of the Wairakei field where a large aero
magnetic positive anomaly probably marks the site
of a rooted rhyolite intrusion.

It is apparent at Wairakei that the fissures feeding
the aquifer through the ignimbrites are located
where the ignimbrite is closest to the ground surface,
i.e., in the comparatively restricted area of one
square mile coincident with the area of basement
uplift. From this central feed zone hot water has
spread laterally in the Waiora aquifer into the
depressions on either side. This spread is made
possible by the presence of the Huka lacustrine
mudstones which cap the aquifer and act as a
confining layer to spread the heat over a wide area.

237

Wairakei steam field

STRATIGRAPHY

The stratigraphy of the Wairakei Steam Field
has been outlined in a marginal text accompanying
a geological map of the Taupo Sheet District, within
which the steam field is situated (Grindley, 1960).
A more detailed description is given in a geological
bulletin describing the geology and structure of the
Wairakei Steam Field (Grindley, 1961). The Wairakei
Steam Field consists essentially of a pumice breccia
aquifer (Waiora Formation) varying from 1500 to
over 3 000 feet in thickness, in which hot water at
temperatures up to 260°C has accumulated to form
a substantial reservoir of heat. This aquifer (Waiora
Aquifer) is capped by relatively impermeable lacus
trine mudstones (Huka Formation), between 200
and 500 feet thick, at a depth of between 600 and
1000 feet below surface (See cross section, figure 2).
The Huka Formation is overlain by a younger
sheet of pumice breccia or lapilli tuft (Wairakei
Breccia) which is exposed at the ground surface
over the hydrothermal field.

The Waiora Aquifer is underlain by the Wairakei
Ignimbrites, a relatively impermeable. sequeIotce of
dense ignimbrite sheets. The hot water IS. co~sIde.red
to be fed into the aquifer through the Igm~bntes

up several steep-dipping fissure zones, w~I~h are
the downward extension of active faults VISIble at
the ground surface. The ignimbrites ar.e .known to
be at least 1 700 feet thick from the dnllmg of one
deep exploratory hole, which failed to penetrate
them at a depth of 4 020 feet.

The basement rocks underlying the structural
depressions in the Central Volcanic Di~trict are
generally assumed to be Permian-MesozOlc, cl.os.ely
folded and indurated, greywacke and argillite,
phyllites and sub-schists, similar t? those expos~d
in the ranges and plateaux bordenng the volcan~c
belt. Gravity surveys show that basement ~ock IS
approximately 4 500 fee~ bel?w sea-level m the
central portion of the Wairakei hydrothermal field,
i.e., 6 000 feet below the surface and about 2 000 feet
below the bottom of the deepest drill-hole. What
lies between the ignimbrites and ~he greywacke
basement at Wairakei, i.e., in the undnlled 2 000 f~;t,
is obviously a: matter of speculation. A lower aqui er
of pumice pyrocIastics and sed.iments h(~.s be~~
tentatively postulated on the baSIS of st~ahg:ap?
sequences exposed elsewhere in the Volcamc District.

. fi d Industrial• Geological Survey Department of Scient! c an
Research, New Zealand.
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Figure 1. Generalized geological map of central volcanic district

The surface thermal activity is largely concentrated
in those areas where active faults cut the Huka
Formation and allow hot water, trapped in the
aquifer, access to the surface along the open fault
zones. It is apparent that surface thermal activity
is an indicator that heat is present in the Waiora
aquifer but is no reliable guide to the location of

the fissures feeding the aquifer, due. to the wide
spread of the heat below the confining layer of
mudstone.

FAULTS

The major active faults within the Wairakei
production area are shown in figure 3. Three north-
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east-striking faults in the west (Waiora, Wairakei
and Kaiapo faults) are the main faults feeding the
Waiora aquifer and the bulk of the high pressure
steam so far won at Wairakei has come from wells
drilled into these faults. These three faults can be
traced as active features for several miles to the
south-west and north-east of Wairakei, with the
exception of the Waiora fault, which cannot be
traced north-east of Hole 55. A sub-surface fault,
not active at the surface, has been located by drill
holes in the eastern part of the field (Karapiti)
and can be traced south-west to the Karapiti thermal
area. This fault is probably responsible for feeding
a group of high pressure wells in the east.

Investigational drilling to the north-west and
south-west of the present production area has shown
that other faults contribute hot water to the Waiora
aquifer but these faults have not been adequately
tested and their productive limits are not known.
To the south-west of Wairakei, a major flow of dry
steam (over 500000 klbsjhr) has been found in
Hole 204 and investigational holes drilled on the
Wairakei fault. Unfortunately, this flow of dry

steam was unexpected and the discharge is now
uncontrolled. The fissure was tapped in the rhyolite
sill within the Waiora Formation at a depth of
1 224 feet. A comparatively low degree of hydro
thermal alteration and only moderate temperatures
were encountered in Hole 204 to within a few feet
of the sub-surface fissure which was presumably
capped within the rhyolite. That the fissure was
sealed is also shown by the absence of thermal
activity, present or past, at the ground surface.
After several months of dry steam discharge, Hole 204
was quenched in August 1960 by surface water and
is now a boiling lake inside a large crater. Ground
vibrations over an elliptical area roughly coincident
with the Wairakei fault show that the steam flow
is still present and indicate substantial reserves of
dry steam in this fissure.

SITING OF DRILL-HOLES

Siting of individual drill-holes has mainly been
governed by power-house requirements. The Wairakei
station, if extended to the full 250000 kW capacity
as originally planned, would require approximately
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1 500 klb/hour of direct steam at a turbine admission
pressure of 180 psi for high pressure turbines, and
500 klb/hour of direct steam at a turbine admission
pressure of 50 psi for intermediate pressure turbines.
This HP/IP ratio of 3:1 has governed the steam
winning policy at Wairakei in' recent years. In
general, it is found that by drilling for HP steam,
i.e., in the most favourable known localities, this
ratio can only just be maintained. IP steam can be
found almost anywhere at Wairakei and it is not
necessary to drill wells specially for IP steam.
Sufficient IP steam is available from planned HP
wells that failed to come up to expectations, from
exploratory wells drilled for scientific information,
and from borderline wells that have downgraded.

The known high-pressure steam areas in the
Wairakei production area are shown on the accom
panying map (figure 4). It can be seen that the
areas are comparatively restricted and closely
associated with the major faulting. The western
area is by far the most important and although in

an advanced stage of development is by no means
thoroughly exploited. Over 20 wells have been
drilled on the downthrow side of the Waiora, Wairakei
and Kaiapo faults in this region which have a total
tested output of over 1 000 klb/hour of direct HP
steam. The average spacing of wells along these
faults is approximately 500 feet for the Waiora
fault and over 1000 feet for the Wairakei and
Kaiapo faults. Smith (1958) has shown that wells
20 and 27, 60 feet apart on the Waiora fault, showed
less than 5 psi variation in bottom-hole pressure
when running together or separately. Although
these two wells are drilled into one of the largest
fissures in the field, which is almost certainly a
"feed point" into the aquifer, it is apparent from
the pressure tests described by Smith that many
more wells can be drilled into these faults without
affecting those already in production. Other faults,
such as the Upper Waiora fault in the extreme
west of the production area and others still farther
west that have been tapped by investigation holes,
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show promise comparable to the well-tested Waiora
'Ya~rakei and Kaiapo faults, and are likely to yield
similar returns.

Besides these western "fissure" wells a small
number of wells in the eastern part of the'field have
been producing over 300 klbjhour of direct high
pressure steam from an extremely permeable part
of the Waiora aquifer. A fault displacement of the
Huka mudstones has been found in this area, suggest
ing a feed zone separate from that in the .west.
This is also suggested by the chemistry (NajK ratios).
However, the effect of interference between wells
spaced at distances below 500 feet and downgrading
of some of the wells in this area to IP would suggest
that the feed, if it exists, is comparatively small.
This area can be considered fully developed.

The methods of hole-siting at Wairakei were
described by Grindley (1957). Holes are located
about 200 feet distant from the surface trace of
the known major faults and on the downthrow
(i.e., downdip) side. This is to ensure that the fault
or fissure zone is intersected between I 500 and

2000 feet where temperatures are reasonably high.
In general, the faults are cut. as close as possible
to the top of the Wairakei Ignimbrites where the
fissures appear to be large and open. If the fissures
are cut at a higher level (above 1500 feet), they·
cannot be relied upon for HP production, and have
to be cemented off. Precise hole-siting is therefore
essential as cementing of high-level fissures is time
consuming and expensive. Only in a few holes have
fissures been drilled in the ignimbrite. Results appear
to be no better than immediately above the ignim
brite, and the extra drilling is generally considered
not worthwhile.

PRODUCTIVITY OF DRILL-HOLES

Wells vary widely in performance and the factors
influencing this variation are (a) hole diameter,
(b) depth, (c) aquifer pressure, (d) temperature,
(e) length of open hole, (f) mass permeability per
unit length, (g) neighbouring holes if close.

For high-pressure production (200 psi +) it is
established by experience that the most critical
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factors are temperature and permeability. Wells
drilled in relatively impermeable but very hot ground
and wells drilled in comparatively cool but fissured
ground usually end up as IP wells or, in extreme
cases, as non-productive wells. Temperatures in the
aquifer vary inversely as the distance from the
fissures feeding the aquifer and can be predicted
fairly precisely from temperature contour maps
in the production area. Outside this well-explored
area, the temperature pattern is necessarily diffuse
and, although generalized contours can be drawn,
these will undoubtedly be modified as further wells
are drilled. Permeability depends on the mass
permeability of the aquifer and on the size of fissure
zones. Aquifer' permeability is adversely affected
by hydrothermal rock alteration, which is most
pronounced close to the feeding fissures where the
hot water first enters the aquifer. The voids in the
Waiora breccias become filled with hydrothermal
minerals and so the breccias are rendered imper
meable. Holes drilled close to the feeding fissures
without actually intersecting them are commonly
non-productive and become blocked with large
debris when opened for production. In such areas,
which include the western part of the production
area, drilling for fissures has become accepted
practice. Where the aquifer is deep, as in the east,
hydrothermal rock alteration is not so far advanced
and high pressure production is possible from the
aquifer away from fissure zones. The same situation
is possible in the extreme west of the Wairakei field,
where a deep pumice breccia aquifer has recently been
discovered by investigation holes.

An important factor in drill-hole performance
is the rapidity of mineral deposition in the casing
of discharging drill-holes. Mineral deposits are of
calcite and silica and accumulate within the lower
part of the cased section (1 000-1 500 feet). Mineral
deposition reduces the well diameter and increases
friction loss leading to a steady drop in well-head
pressure and output, normally accompanied by a
slight rise in enthalpy. Tests on mineral lowered
into the fissure zone of a discharging well (27)
show, however, that no mineral deposition is taking
place in the producing fissures (Smith, 1958).

RELATION OF HEAT FLOW TO STRUCTURE

A considerable body of evidence has now accumu
lated to show that heat flow into the Waiora aquifer
is related to the major active faults extending
from the surface down through the aquifer and
underlying ignimbrites. This can be shown by (a)
maximum temperatures in drill-holes, (b) rank of
hydrothermal alteration with depth, (c) sodium
potassium ratios of water discharged by drill-holes,
(d) silica content of water.

It is not proposed to present this evidence, which
is quite detailed, in this paper. A full description
is given in the Wairakei geological bulletin (Grindley,
in press). It is, however, proposed to illustrate

the type of structure controlling the thermal activity >

by means of isopachs (thickness contours) drawn
on buried flows of andesite in the lower part of the
Waiora Formation. An association of the andesite
with the high-temperature area in the western part
of the production area has long been recognised.
Only recently, however, have sufficient wells been
drilled through the andesite to show the structure
of the andesite and its relation to heat flow. Figure 3
shows isopachs drawn on the andesite. It will be
noted that the andesite thickens towards the inter- i

sections of four north-east faults with a single
north-west fault crossing almost at right angles.
I t will also be noted that thicknesses in the north
and south facing quadrants between the intersecting
faults are greater than those in the east and west
facing quadrants. This can be most simply explained I

by accepting slight clockwise displacement on the
north-east faults which produce small-scale tensional
fractures in the north and south facing quadrants,
allowing these quadrants to subside most at the time
of the andesite volcanism. Interpretation of the
north-east faults as normal faults with a slight
clockwise transcurrent component is in accord with
evidence elsewhere in the volcanic district.

The relation of heat flow to the andesite isopachs
is shown by comparison with the high-pressure steam
area shown on figure 4. The same relation can be
shown by the other methods mentioned earlier.
In other words, the present heat flow into the aquifer
is apparently controlled by the same intersecting
fault pattern that controlled the thickness of the
andesite flows. This correlation is so close that it
cannot be accidental. A theory has been proposed
(Grindley, 1961) that the fault pattern dates from
the inception of the horst and graben structure at
Wairakei, i.e., from about mid-Pleistocene, and that
both the thermal activity and local volcanism (the
andesite) have been controlled by this fault pattern.
This, together with other evidence, allows the age
of the hydrothermal field to be estimated as approxi
mately mid-Pleistocene or 500000 years old.

The dry steam field recently discovered by Hole 204
on the southern extension of the Wairakei fault
poses another problem. Two theories have been
proposed. One theory put forward by C. ]. Banwell
suppose~ that dry steam produced by fractionation
of chlonde water III the production area has migrated
south to Hole 204 along the fissure zone of the
Waira~ei f~ult. The other theory, put forward by
the wnter, 1S that Hole 204 has intersected a fissure
in direct communication with a reservoir of dry
steam at great dep~h (5000-6 000 feet) in a structural
trap below the Wairakei Ignimbrite. It has also been
~uggested (Gri?dley, in press) that the chloride water
III the production area has moved into the structural
dome .at the ~orthe~n end of the Wairakei High,
following up-dip migration from the south in a
lower aquifer below the Wairakei Ignimbrites dry
steam. sep~rating in structural traps along the'path
of migration, Both these theories remain to be
tested by drilling.
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in these two holes indicate proximity to the heat
source and are thus a favourable indication that
high pressure production may be maintained over
a reasonable period. The Kawerau thermal area
is crossed by numerous active faults but these are
located a mile to the west of the drilled part of
the field. The drilled area is covered by recent allu
vium, and faults, if present, are likely to be buried
and invisible at the surface.

Prospecting prior to development of geothermal
steam fields

A considerable amount of experience has been
won in New Zealand over the 'past ten years in the
selection, initial prospecting, development and ex
ploitation of geothermal fields. Much of this expe
rience is not available in published literature and,
indeed, each geothermal field presents unique prob
lems and generalisation is difficult. Before drilling
a geothermal field, it is advisable to carry out basic
scientific surveys to learn as much as possible of
the regional geology and structure. Of these surveys
the following are most important.

REGIONAL TECTONIC STUDIES

These also should cover a wide area surrounding
the steam field. They were not done at Wairakei till
late in the investigation (1956) and almost immedi
ately paid substantial dividends. Siting of drill-holes
was placed on a sounder scientific basis and the
percentage of successful, high-pressure wells increased
from less than 50 per cent to over 70 per cent of
the wells drilled. Tectonic studies involve study
both on the ground and from air photographs of
the active fault pattern and major fault-block
structures typical of the region. These fault-blocks are
completely buried at Wairakei and can be outlined only
by intensive drilling (see figure 2). In the Waiotapu
region to the north-east and on the north shore
of Lake Taupo to the south-west, the fault-blocks
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REGIONAL GEOLOGICAL SURVEY

This should cover a wide area surrounding the
geothermal field. This was done at Wairakei in 1950
but the area covered was insufficiently large to assist
greatly in the prediction of the geological sequence
in the steam field itself. In a recently active volcanic
area like the Taupo-Wairakei area, the older forma
tions are concealed by young volcanic material
and it is necessary to travel some 30 to 40 miles
north of Wairakei to see exposures of the older rocks
that are penetrated by drill-holes. This probably
applies to some degree to many geothermal fields.

A regional geological survey should allow the
forecasting of the thickness and probable depth
of potential steam-bearing aquifers, and also of the
impermeable formations which separate one aquifer
from another. Precise information can then be
passed on to engineers and drillers regarding likely
depths at which steam will be found.

Other geotherrnal fields in New Zealand

WAIOTAPU

Waiotapu geothermal field, 30 miles north-east
?f W~ira~ei (figure I), has been drilled by seven
investigation wells. The regional geology has been
described by G:ri~dley (1959). The rock sequence
penetrated IS similar to that at Wairakei except
that the ignimbrites are closer to surface and the
overlying aquifer is thin (less than I 000 feet) and
useless for high pressure steam production. A deeper
aquifer was drilled within the ignimbrite sequence
by three wel~s.and proved initially promising, the
thr~e ho~es givmg results comparable with average
Wairakei HP wells. However, mineral deposition,
principally calcite, rapidly downgrades the wells to
JP wells within a few months. The deep aquifer
is also thin (200-400 feet) and not greatly permeable
due to hydrothermal rock alteration. No fissure
zones were drilled, although holes were sited adjacent
to fault traces visible on air photographs. A pattern
of intersecting faults similar to Wairakei was noted
in the undrilled southern part of the field and may
yet prove to be the source area for the hydrothermal
water. Andesite flows similar to those at Wairakei
were encountered within the ignimbrite sequence
in the three deep wells and thicken south towards
the supposed source area in the southern part of
the field. Maximum temperatures increase south
also from 270°C to over 290°C. This may mean that
volcanism and heat flow are related to the same
structural conditions as they are at Wairakei and
should prove a useful guide to the search for high
pressure steam when the thermal area is again
drilled.

KAWERAU

Kawerau geothermal field, 60 miles north-east
of Wairakei (figure I), has been drilled by twelve
investigation wells. A reasonably deep pumice breccia
aquifer was drilled (I 500-2400 feet), capped by
thick rhyolite flows. Performance of the well~ wa~
initially good, corresponding to average Wairakei'
production, but most of the wells downgraded after
three years' production, owing to recharge by cooler
water from the east and south-east. Recently two
of the wells were deepened to over 3 000. fe~t and
penetrated andesites (2400-2700 feet),. similar to
those at Wairakei and Waiotapu, underlaIn by dense
ignimbrites. The andesites are extensively fissured;
temperatures are high (270°C+) and. ~oth wells
are now producing at high pressu~e, gI~lllg results
equivalent to the best of the WaIrakeI HP we!ls.
The relation of the andesite aquifer to the overlying
pumice breccia aquifer is at present not certain
although in one of the wells it appears to be capp~d
by mudstones. The future behaviour of the andesIte
aquifer is difficult to forecast and largely. depends
on how effectively it is capped and thus Insulated
from the overlying aquifer into WhICh .cooler ~ate~
has already penetrated. Comparis0l! WIth Wairakei
would suggest that the thick andesItes encountered
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are magnificently exposed. These structures can be
projected through the Wairakei area on the evidence
of the recent fault pattern. Since the faults are still
active, small scarplets produced by recent movements
can be traced from areas where the major structure
is exposed to areas like Wairakei where it is buried,
and predictions made of sub-surface structure before
intensive drilling is undertaken.

GEOPHYSICAL SURVEYS

The gravity survey of the volcanic district has
proved invaluable in the initial interpretation of
buried structural relief. The major structure at
Wairakei (Wairakei High) was originally discovered
by gravity surveys and, although the interpretation
of the high as due to basement uplift throughout
has been modified following drilling, the essential
value of the method remains unimpaired. Gravity
work should at all stages be closely integrated with

geological and te~tonic studies, iI.l the sam~ mann~r
as is customary III the major 011 compames. It IS

an important accessory to the geologist in predicting
and interpreting the sub-surface structure.

Magnetic surveys have been carried out over
the volcanic district and have also proved of value
in showing the presence of hidden bodies of highly
magnetic rock, such as the rhyolites at Wairakei.
These buried volcanics may have some bearing on
the movements of the hydrothermal fluids and
commonly constitute relatively impermeable layers
separating aquifers. Low magnetic values over
hydrothermal fields are usually due to hydrothermal
alteration and the spread of low magnetic values
may assist in determining the size of the hydrothermal
system at depth. It is, however, rarely possible
to determine from magnetic surveys alone the loca
tion of areas of most intense alteration where the
sub-surface aquifers are fed from great depth.
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Summary

In New Zealand the volcanic zone extends for
150 miles between the two active an desite volcanoes
of Ruapehu in the centre of the North Island and
White Island in the Bay of Plenty. A generalised geo
logical map of the central volcanic district and
adjoining regions (figure 1) shows active volcanic
centres, thermal areas, major faults and structural
depressions. At the two ends the volcanic zone is
narrow and dominated by large active andesite vol
canoes. The central portion is wider and dominated by
acid igneous activity - rhyolite domes, puroclastic
pumice deposits and ignimbrites. The major volcano
tectonic depressions are located in this central zone
and also most of the active thermal areas. The thermal
areas are closely associated with the rhyolite volcanism
and with development of the major volcano-tectonic
depressions. The boundary of the present active
acid volcanic region (shown on figure 1) includes
the Taupo-Reporoa, Tarawera and Whakatane de
pressions. These are .strongly faulted, actively

'subsiding structural depressions filled with consider
able thicknesses of pumice pyroclastics that constitute
aquifers for the geothermal steam fields. At some
of the hydrothermal fields, e.g., Wairakei and Waio
tap,!-, ~he ~umice aquifer is capped by lake beds
or IgI.llmbnte sheets; at others, e.g., Rotokawa,
Orakei Korako, the pumice aquifer is open.

.The hydrothermal fields are closely associated
w~th a north:east belt of active faulting associated
With ~he subsidence of the major structural depressions
mentioned above: The major faults up which the
hydroth~rmal ~Ulds asc~nd from the magma into
the pumice aquifers are still active and their continued
act~v~ty seel?s essential in maintaining hydrothermal
activity. Fissures along these active faults are
periodically enlarged and kept open by fault move
ments. The location of the hydrothermal fields was
mos~ probably established in the early stages of
subsidence. of the structural depressions in which
they are found. The present New Zealand hydro-
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the~mal . fields, particularly the major fields like
Wairakei, were probably established in the middle
Pleistocene period, which is approximately 500000
years ago. Older hydrothermal fields, now extinct,
existed prior to this, but are located in an older and
even d.eeper structural depression, Taupo-Rotorua
depression, to the west of the present active belt.

The newer hydrothermal fields in the present
active zone of subsidence appear to be located at
places where the north-east faults are crossed by
important but minor north-west faults. The north-

east fault pattern has been tentatively interpreted
as a belt of essentially normal faulting with a minor
but important component of clockwise transcurrent
shear. Tensional faulting at the intersections of the
north-east faults with secondary cross faults is
induced by the slight component of transcurrent
movement. At these fault intersections, hydrothermal
activity is principally' concentrated in the hydro
thermal field so far studied in detail, i.e., Wairakei,
and the same relationship is possible in other hydro
thermal fields.

GEOLOGIE DES GITES DE VAPEUR GEOTHERMIQUE EN NOUVELLE-ZELANDE

Resume

En Nouvelle-Zelande la zone volcanique s'etend
sur 150 milles, entre les deux volcans actifs d'ande
site de Ruapehu au centre de l'ile du nord et de
White Island dans la « baie de l'Abondance » (Bay
of Plenty). La carte geologique generalisee du
district volcanique central et des regions avoisinantes
(fig. 1) revele des centres volcaniques actifs, des
champs geothermiques. des failles importantes et
des depressions structurelles. En ses deux extremites
la zone volcanique est etroite et dorninee par de
grands volcans actifs d'andesite. La partie centrale
est plus large et dominee par une activite ignee
acide des domes de rhyolite, des depots de pierre
ponce pyroplastique et des ignimbrites, C'est dans
cette zone centrale que sont situees les depressions
volcano-tectoniques principales ainsi que ~a majorite
des regions thermiques et hydrothermlques.. Ces
regions sont etroitement associees avec le vo~ca~llsme

it rhyolite et avec le developpement de.s l?nnclpales
depressions volcano-tectoniques. Les hml~es de la
region volcanique active acide actuelle (VOIr fig. 1),
comprennent les depressions d~ Taupo-Reporoa,
Tarawera et Whakatane. Celles-ci ayant une abon
dance de failles constituent des depressions struc
turelles en effondrement actif, remplies d'une epais
seur considerable, de produits pyrop~astiques de la
pierre ponce, formant les masses aqUl~eres de champs
de vapeur geothermique. Dans c~rtall:s des ~hamps
geothermiques par exemple a WaIrakel et Waiotapu,
la masse aquifere de pierre ponce ,~st. rec~uv~rte
par des lits de lacs ou des masses d Igmmbnte, e~
d'autres lieux, par exemple a Rotokawa, Orakei
Korako, l'aquifere en pierre ponce est ouvert.

Les champs hydrothermiques sont etroitement
associes avec un bassin oriente vers le nord-est de
failles actives qui s'accompagnent de l'effond:em~nt
des depressions structurelles principales menhonn~es
ci-dessus. Les failles principales, le long desquel es
les liquides hydrothermiques montent du magma

dans les aquiferes en pierre ponce, sont encore
actives et le maintien de cette activite semble
essentiel a celui des manifestations hydrothermiques.
Des fissures le long de ces failles en activite sont
periodiquement agrandies et tenues ouvertes par
des mouvements formateurs de failles. La situation
des champs hydrothermiques a probablement ete
etablie lors des premiers stades d'effondrement des
depressions structurelles dans lesquelles on les trouve.
Les champs hydrothermiques neo-zelandais actuels,
particulierement ceux qui sont importants tels que
ceux de Wairakei, ont probablement ete etablis au
milieu de la periode du pleistocene, c'est-a-dire, il
y a environ 500000 ans.

Les champs hydrothermiques plus anciens mainte
nant eteints existaient avant cela mais ils sont
situes dans une depression structurelle plus ancienne
et plus profonde, telle que celle de Taupo-Rotorua,
a l'ouest de la region actuellement active.

Les nouveaux champs hydrothermiques dans la
zone actuellement active ou l'on trouve des effon
drements semblent et re situes en des lieux ou les
failles, situees nord-est, sont traversees par d'autres
d'importance secondaire, orientees nord-ouest. La
disposition des failles nord-est a ete interpretee
provisoirement comme etant un bassin de failles
essentiellement normales, avec une composante
mineure, mais importante due a un cisaillement
transcurrent dans le sens des aiguilles d'une montre.
Aux intersections des failles nord-est avec les failles
transversales secondaires, les failles tensionnelles
sont provoquees par la composante legere des
mouvements transcurrents. A ces intersections de
failles, I'activite hydrothermique est principalement
concentree dans le champ jusqu'a present etudie en
detail, par exemple, Wairakei; on peut done esperer
les memes rapports quant aux autres champs hydro
thermiques.
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ENERGY AND THE ROLE OF GEOTHERMAL
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UTILIZATION OF GEOTHERMAL
ENERGY FROM THE VIEWPOINT

A survey of past researches and explorations
into the utilization of geothermal energy
in Japan and evaluation of the results

The utilization of geothermal energy for the
purposes of electric power generation has been
under consideration in Japan since around 1920,
and in this respect various kinds of investigations
and exploratory drillings have been carried out in
many geothermal fields.

ORGANIZATIONS CONCERNED IN THE RESEARCH
AND EXPLORATION INTO GEOTHERMAL ENERGY

There are a number of research organizations and
companies in Japan which are performing research
and exploration on geothermal energy development.
However, there has not been any organization
which centralizes and co-ordinates these researches.
For instance, the Geological Survey Institute as one
of the governmental organizations is mainly conduct
ing exploration into geothermal fields from the
standpoint of research into geological structures.
Academic research in relation to the utilization of
geothermal energy, as part of general research into
volcanos and hot-springs, is being carried out by
the Volcano and Hot-spring Research Institute of
Kyoto University among the national universities.
Research and development for the purpose of
producing electric power at a low. cost by utilizing
geothermal energy were and/or have been conducted
by private companies, especially by electric power
companies (such as the Kyushu Electric Power Co.,
the Tokyo Electric Power Co. and the Chubu Electric
Power Co.) and metal refinery companies (the
Azuma Kako Co.). This company has been interested
in geothermal power generation for a long time and
conducted some preliminary exploration. Recently,
the company has appealed to the other companies
concerned and established the New Japan Geothermal
Development Co. which is undertaking exploratory
drillings in the Matsukawa district in the Tohoku
area of Japan. In addition, boring companies (the
Shonan Drilling Co. and the Tone Boring Co.) have
been studying the technique of bore drilling for
deriving geothermal energy from underground.

* Technological Sciences Service. Office of the Prime Minister,
Tokyo.

+ Kyushu Electric Power Company, Japan.

Besides the above, the Central Laboratory of
the Japan Monopoly Corporation is conducting
research into salt manufacture by means of geother
mal heat and, further, some private salt manufactur
ing companies are producing salt by heating and
enriching sea water with the aid of geothermal
heat.

In addition to the various organizations and
companies which are undertaking research and
exploration in connection with the utilization of
geothermal energy as mentioned above, the Japan
Geothermal Research Association has recently been
established, composed of members who are interested
in this matter, in answer to their request for the
establishment of an organization which would
facilitate mutual communication and exchange of
information between those concerned in the research
and exploration programmes.

A SURVEY OF PROGRAMMES OF RESEARCH
AND EXPLORATION INTO GEOTHERMAL ENERGY

AND THEIR EXPENSES

. For th~ first time, the then Tokyo Electric Light
mg ~o. installed a geothermal power station with
?- rating of 1 kw at Beppu Hot-spring in Kyushu
m 1925 and conducted various explorations there.
Thereafter, many research and exploratory pro
grammes were and have been undertaken in various
places as shown below, but no satisfactory results
have been available to date:
1947. Tone Boring Co. Exploration was started in

the Naruko district in the Tohoku area and more
than 250 borings have been performed over
several years.

1948. Tone Boring Co. Geothermal power generation
at 8 kw has been performed at Yunosawa Izu
in the Kanto area. ' ,

1951. Agency of Industrial Science and Technology.
Geothermal power generation at 30 kw has been
performed at Beppu in the Kyushu area.

1952 and after. Geological Survey Institute. They
have engaged In geological surveys in the Hok
~aido, Tohoku, Kanto and Kyushu areas, respec
tively.

1953-1956. Kyush~ Electric Power Co. Several
exploratory bonngs were made in the Otake
district in Kyushu.
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1955. Tokyo Electric Power Co. and Chubu Electric
Power Co. Exploratory borings were made in the
Kusatsu district in the Kanto area.

1958 and after. Tone Boring Co, Exploratory borings
were made, at Mt. Bandai in the Tohoku area.

1959 and after. Volcano and Hot-spring Research
Institute of Kyoto University. Geothermal explora
tion is under way in the Otake district in the
Kyushu area. I

1960. New Japan Geothermal Development Co.
Exploratory borings are under way in the Matsu
kawa district in the Tohoku area.

1960. Hotel Kowakuen. They are performing 30 kw
geothermal power generation at Hakone in the
Kanto area.
Details of the funds invested for the aforementioned

research and exploratory developments are not yet
available. The major ones which are available are
as follows:

Kyushu Electric Power Co., 70 million yen (includ
ing 26 million yen of government subsidy).

Tokyo Electric Power Co. and Chubu Electric
Power Co., 24 million yen (including 4 million yen
of government subsidy).

Volcano and Hot-spring Research Institute of
Kyoto University, 1 million yen.

Geological Survey Institute, 24 million yen.

MAJOR ASPECTS OF PAST EXPLORATION
OF GEOTHERMAL ENERGY AND THE RESULTS

1. The exploration of geothermal energy has been
carried out in areas where natural fumaroles and
hot-springs exist around volcanos formed in the
era between the Pliocene and Ouaternary. The
geological structure of those areas compri~es volc~lllic
rocks consisting mainly of andesite partially mIxe.d
with tuff. Comparatively little sedImentary rock IS
found in these areas.

2. As regards the methods of exploration, at
first, the condition of underground .strata was
assumed, based on preliminary exploratIons such as
geological and/or physical surveys, and then so~e
comparatively shallow test drillings were earned
out.

3. Most of the exploratory wells were drilled on
a small scale having a diameter from 2 to 4 Inches
and a depth' of from 100 to 400 metres.. There are
several wells with diameters from 6 to 8 Inches and
reaching a maximum depth of 900 metres.

4. Usually, saturated steam and sometimes a
small amount of superheated steam came out from
shallow wells drilled in the geothermal. ~eld aroun~
volcanos. However, considerable quantIties of watet
at high temperature (saturated water) spouted ou
from deeper exploratory wells (say 300 metres or
more).

5. Although the' conditions of the test ~~llS
varied according to location, depth and somello e~
factors, in general, the data obtained are as fo ows :

closed well pressure, 3-7 kg/cm2 ; highest temperature
at the bottom of the well during drilling, 150-190°C;
flow rate per well (in case of steam) : 100-5000 kg/hr.:
(in case of water at high temperature) 30000
100 000 kg/hr. In the case of steam spouted out,
it is composed mainly (more than 99 per cent) of
HzO and the remainder consists mostly of COz'

6. There were considerable discrepancies between
the assumptions based on the preliminary explora
tions and actual results of boring, and they indicate
how complex the underground features are.

REVIEW OF RESULTS OBTAINED

Reviewing the results of past exploratory surveys,
the volcanic geothermal fields are considered.

1. .Within the scope of the depth explored, it was
observed that underground strata consist mainly
of volcanic rocks and comparatively little sedimentary
rock and no impermeable layers on a large scale
as observed in Larderello, Italy. It is estimated
that there are hardly likely to be impermeable
layers of sedimentary rocks at greater depth (say
1 000 to 2000 metres).

2. It is assumed that natural steam vents result
from evaporation at the surface of high temperature
water situated normally at a shallow depth. There
fore, the steam spouted out when drilling took place
in the localities which have suitable geological
conditions from above the layer containing the high
temperature water. Steam vents coming from shallow
wells is of such a kind. When a well is drilled deep
enough to reach the high temperature water zone
or deeper, naturally, the high temperature water
spouts out and its flow rate is comparatively high.

3. Steam vents from shallow drillings contain
mainly COz as impurities. The composition of the
steam in general is similar to that of natural steam
vents from fumaroles in that area. On the other hand,
the composition of high temperature water spouting
from deep wells varies very much according to the
wells. There is less possibility of the existence of
impermeable layers underground to such a large
extent as is found in the continents because the crust
is of much more complicated structure and the scale
is smaller. Further there is much rainfall all over
the country (annual mean rainfall is 1500 mm or
more). Consequently, surface waterreadily penetrates
deep into underground layers and it is considered
that this makes it difficult to obtain a large amount
of primary steam originated by magma as seen
in Larderello.

METHODS OF GEOTHERMAL POWER GENERATION
DEVELOPMENT SUITABLE TO THE JAPANESE SITUATION

Methods of geothermo-electric generation can be
divided into these two major classifications: utilizing
primary steam originated by magma - steam sys
tem; utilizing secondary steam produced by means
of pressure reduction of high temperature water 
high temperature water system.
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The geological conditions of the field will determine
which system should be adopted.

It is not positively "impossible" but very difficult
in Japan to find, with the current exploratory. tech
niques, areas where a great amount of pnmary
steam originated by magma is available. On the
contrary, high temperature water is available in
various districts throughout the country. Therefore,
it is recommendable to concentrate on development
of geothermo-electric generation depending upon
utilization of the high temperature water system
which is more feasible, and to establish an exploratory
technique in connection with primary steam suitable
for the geological conditions in Japan before proceed
ing with further gradual exploration.

The role of geothermal energy in electric power
generation from the viewpoint of energy

economy in Japan

Japanese state economy has entered a stage of
expansion after the post-war period of reconstruction.
It is anticipated that it will rapidly grow from now on.
The role of geothermal energy within the scope of
geothermal power generation is taken into considera
tion.

THE ELECTRIC POWER SITUATION IN JAPAN

The demand for electric power in Japan has been
growing considerably in line with the development
of various industries and improvements in the nation
alliving standard in these days, and it is anticipated
that such a trend will continue in the future, as
shown in table 1.

It is evident from tis table that the percen
tage of hydroelectric power generation decreases as
the future power demand increases. This means
that the hydro-electric power sources available for
development are becoming exhausted, and it becomes
necessary to rely mainly on the development of
thermal power in order to meet the future growth
on the power demand.

On the other hand, judging from present coal
reserves and the location of mine shafts, it is estimated

that economical coal production will total about
55-000000 tons per year, and that the maximum
amount of coal available for the generation of electric
power will be limited to about 45 per cent of the
total output. Consequently, to meet the growing
power demand, it will be necessary to depend on
imported resources of heavy oil.

THE ROLE OF GEOTHERMAL POWER GENERATION

IN THE ENERGY SITUATION IN JAPAN

As mentioned above, it appears to be natural
that thermal power generation firing imported heavy
oil will meet the future growth of the power demand.
In addition, nuclear power and geothermal power
generation and some sources other than the conven
tional must be taken into consideration.

Even though there are great expectations that
nuclear power generation will contribute to need
for electric power generation as a new source of
energy in the future, it is economically inferior
to conventional thermal power generation and still
involves large problems regarding safety and site
location in Japan. Therefore, it will require an
interval of several years before it becomes available
for practical application.

Although it is hardly to be expected that geother
mal power generating facilities will develop a large
capacity in competition with conventional hydro
or thermal power generating facilities, it has some
significance as a new source of energy in Japan,
in view of the following considerations:

I. Volcanic geothermal fields are found in many
places all over the country. It is not so difficult to
find sites suitable for the high temperature water
generating system in such geothermal fields. There
fore, it is feasible to construct a number of power
plants with a small individual output but capable
of a large total production.

2. Since a wide transmission line network covering
all the country already exists, these power plants
can easily provide the power output of the network.

3. Geothermal power generation will enable a
saving, to some extent, in the amount of imported
heavy oil which is expected to increase in the future.

Table 1. An estimate of the power demand, required power generation
and required fuel in Japan

1956-58
1963 1970(Average) 1980

Power demand. 106 MWH 67.2 110.9 193.5 332.2
Required power gen-

eration . 106 MWH 77.9 124.9 216.7 369.3
Hydro 56.5 69,4 87.5 105.0
Thermal. 21.4 55.5 129.2 264.3

Required fuel:

Coal 103 ton 9300 20000 25000 25000
Heavy oil. 103 kl 1000 2600 17600 48300

NOTE: Heat value of coal = 5200 kcal/kg; heavy oil ~ 10000 kcal/kg,
(Re£. : Long Term Economic Out-look by Economic Planning Agency, May 1960.)
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4. It is estimated that the generating cost of
geotherI?al power generation is low compared with
conventional thermal power generation in Japan
where the cost of fuel is high.
. Revie,,:ing the r~sults of past research and explora

tion carried out III the geothermal field in Japan,

it is concluded that the geothermal power generation
by means of the high temperature water system
is the most suitable means of development and
that the further development of geothermal power
generation by the said system will play an important
role in the new phase of energy economy.

Summary

A number of research projects and explorations
into the utilization of geothermal energy have been
carried on for a long time in Japan; however, no
satisfactory results are yet available. In view of the
number of organizations which have participated
in past research and exploration and of the scope
of their research, this paper is concerned mainly
with problems of geothermal power generation.

Past explorations indicate that geothermal fields
in Japan exist in areas around volcanoes where
natural fumaroles and hot springs are found. The
fluids available in those areas are water at a high
temperature or secondary steam generated by the
evaporation of the high temperature water. No
primary steam originated by magma has been
available in large quantity, as is the case at Larderello,
Italy. Since there exist numerous volcanic geothermal
fields all over the country, high temperature water

is readily available. It would not involve too great
difficulties to find localities suitable for geothermal
power generation in those areas: Consequently, it
is considered that generating systems utilizing high
temperature water constitute the most attractive
means of developing geothermal power generation
for the time being.

The Japanese state economy has entered a stage
of expansion after passing the postwar period of
reconstruction. Accordingly, it is anticipated that
the energy demand will grow considerably from
now on. Against the growth in demand, there are
certain restrictions on coal production owing to
various adverse conditions. Further, the greater part
of the heavy oil supply depends upon overseas
imports. Under these conditions, geothermal energy
is likely to play an increasingly important part.

STATUT ACTUEL DE L'UTILISATION DE L'ENERGIE GEOTHERMIQUE
ET ROLE-DE L'ENERGIE GEOTHERMIQUE DANS L'ECONOMIE ENERGETIQUE DU JAPON

Resume

Il y a longtemps que l'on me~e au ]al?on nombre
de projets de recherches et d exploratIOn en. vue
de la mise en ceuvre de I'energie geothermlque,
mais les resultats obtenus ri'ont pas ete satisfaisants
jusqu'a present. Compte tenu du nombre des orga
nismes qui ont participe aux recherches et a l'explo
ration dans le passe, ainsi que de l'et;ndue d,e le~rs
travaux on ne s'interesse dans le present memorre,
qu'aux problemes souleves'par la production d'energie
geothermique.

Les explorations faites il y a .quelque temps
indiquent que les champs geothern:lques du Japon
se trouvent dans des regions qUl entourent des
volcans ou l'on trouve des fumerolles et des sources
chaude~ naturelles. Les fluides que I'on ,trouve
dans ces regions sont l'eau a haute temperat?re

. l' , porationou la vapeur secondaire produite p~r eY<l; ,
d.e cette eau. On n'a pas t~ouve de quanhtes apI~~
ciables de vapeur primalres en provenanceI r
rp.agma, telle que celle de LardereIlo, en ta le~
Etant donne que l'on trouve nombre de champ
geothermiques volcaniques de par tout le pays,

on se procure facilement de l'eau a haute temperature'
11 ne serait pas particulierement difficile de trouver
des emplacements se pretant a la production d'energie
geothermique dans ces regions. En consequence,
on estime que les systernes de production d'electricite
faisant usage d'eau a haute temperature constituent
la methode la plus attrayante pour l'energie geo
thermique en oeuvre des aujourd'hui.

L'economie du J apon etant entree dansun stade
d'expansion apres la periode de reconstruction de
l'apres-guerre, on s'attend a ce que les exigences
d'energie augmentent.a partir de maintenant d'une
maniere frappante. Compte tenu de cette evolution,
il faut se rappeler qu'on se heurte a quelques diffi
cultes quant a la production de charbon, eu egard
a certaines conditions negatives et, en outre, que
la majeure partie des grosses fournitures de petrole
dont le Japon a besoin sont tributaires de l'impor
tation. Dans ces conditions, il semblerait que les
sources actuelles denergie geothermique doivent
jouer a l'avenir un role plus important qu'aujourd'hui
dans l'economie de ce pays.

10
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GEOLOGY AND GEOTHERMAL ENERGY IN THE TAUPO VOLCANIC ZONE,
NEW ZEALAND

J. Healy*

* New Zealand Geological Survey Department of Scientific
and Industrial Research.

Geological setting of the chief thermal areas

The Taupo Volcanic Zone (figure 2) is a 10 to
15 mile wide belt extending across the centre of
the North Island in a north-east direction for 190
miles. It is flanked in the central part by plateaux
of flat-lying sheets of ignimbrite, erupted from vents
within the zone in which pronounced subsidence
accompanied the outpourings. Late intrusion has

folded the sediments and pyroclastics laid down
in the subsided basins, and has produced numerous
rhyolite extrusive volcanoes.. especially in two erup
tive centres. The hot spnngs are not located on
the ignimbrite plateaux or within the eruptive
centres, but rather on the margins of the latter.

At the south-west end of the Taupo Volcanic Zone
is the Tongariro group of volcanoes, with its vast
andesitic cones of Ruapehu, Ngauruhoe and Tonga
riro. Apart from crateral activity, hydrothermal
action is limited to fumarolic activity at Ketetahi
on the northern slopes of Tongariro.

Between Tongariro and Lake Taupo is an~ther

volcanic pile, consisting of the extinct and successively
younger andesitic cones of Kakaramea and Tihia ~nd

basaltic cone of Pihanga. From the first two radiate
extensive andesitic flows through which the fumaroles
of Waihi and the boiling springs of Tokaanu emerge
along north-east fractures. The fumaroles are located
at high altitude, but the boiling springs rise near
lake level in alluvium beneath which andesite was
proved by drilling. Three-quarters of a mile south
east from Tokaanu is the youthful dacitic cone of
Maunganamu, flanked on the north-west and west
by warm ground and hot springs.

Western Bay, which forms part of Lake Taupo,
is a caldera that presumably marks an eruptive
centre, though no thermal activity is known from
that locality. The north-eastern side of the lake
and its environs include the foci for recent explosive
pumice eruptions, but there are no hot springs
except near Taupo itself. The Rotokawa hot springs,
7 miles north-east from Taupo, occupy in part
craters formed by hydrothermal explosions about
4 000 years ago.

Maroa Volcanic Centre consists of a rhyolite
extrusive complex 8 to 10 miles in diameter. No
hot springs occur within it but there is an outer
ring s~ructure marked by a curving line of rhyolite
extrusions, and on it lie the thermal areas of Mokal
and Orakeikorako, while Wairakei is on the southern
flank.

Okataina Volcanic Centre which includes the
volcanic complexes of Har~haro and Tarawera,
has the Rotomahana hot springs on the margin
and those of Waiotapu on its southern flank. The
hot springs of Whakarewarewa and Tikitere are
located on marginal fractures of Rotorua Caldera,
a subsidiary structure on the west of the volcanic
centre.
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Although hot springs occur at widely scattered
localities in New Zealand (figure 1), the most exten
sive hydrothermal areas and all the boiling springs
and fumaroles are confined to the Taupo Volcanic
Zone. During late Pliocene and Quaternary tiI?e,
nearly 4000 cubic miles of ~ava and pyro~lastIcs,

ranging from basalt to rhyohte but predomm~nt~y

of acid composition, have been erupted from within
and adjacent to the zone, so there is ~t~ong e.viden~e

for associating the hydrothermal activity WIth acid
volcanism. Large-scale fusion of the crust has un
doubtedly produced granitic magma comparatively
close to the surface, and shallow reservoirs are
suggested as the sources of the heat dissipated
from the larger thermal areas at least.

Use of the heat dates back to pre-European times,
when the Maori inhabitants made free use of the hot
springs for cooking, washing and medicinal purposes.
By 1940, a few wells had been drilled to tap hot
water in Rotorua, but the discovery about then
that gushers of boiling water and steam could
be drilled over a large area of the town ushered
in a wave of drilling and there are now over 300 wells
in use for domestic and industrial purposes.

At Tokaanu two wells were drilled in 1940, and
others subsequently. In 1949, a well drilled near
the lower end of Waiora Valley at Wairakei to tap
hot water for the Wairakei Hotel encountered high
pressure steam. Shortly after this the area was
selected for prospection of steam for geothermal
power which is now being generated there.

In other parts of New Zealand, wells for hot water
have been drilled at Ngawha, Helensville, Waiwera,
Hamilton, The Aroha, Tauranga, Mt. Maunganui,
Okauia, Lyttelton and Hanmer, but the temperatures
are below boiling point and waters are used mainly
for mineral baths.
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Fi~ure 1. Locations of New ~ealand hot springs

Between Maroa and Okataina extend a series
of north-east trending blocks in the form of an
anticline faulted along the crest to form Ngakuru
Graben. This structure and the Maroa and Okataina
volcanic centres appear to" be associated with an
intrusive belt along which hot springs are located

.on the south-eastern flank, notably on the Paeroa
Fault.

North-east of the Okataina Volcanic Centre the
only hot springs of importance are those of Onepu,
at Kawerau. They are located within the Wakatane
Graben where rhyolite extrusions appear to be asso-
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ciated with north-east faulting. At sea are Whale
Island, which is the remains of a small an desite
volcano with a few hot springs, and White Island,
an active fumarolic volcano also of andesitic composi
tion.

In general the locations of the hot springs are

determined by faults. In some cases these are clearly
of major significance; for example, along the impor
tant Paeroa Fault lie the thermal areas of Waikite,
Te Kopia and Orakeikorako.

At Wairakei, on the other hand, the field is
traversed by numerous fault traces along which some
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Figure 2. Map showing hot springs and rhyolite extrusives of the Taupo Volcanic Zone
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of the hydrothermal activity is located. In particular
the Wairakei and Waiora faults are believed to
channel hot water to the surface from a depth of at
least 2000 ft, but these faults produce little dislocation
in the top few hundred feet of strata and their
significance at depth is not fully known. Possibly
the channels that feed the Wairakei system occupy
a fissured zone of which the two faults above are
relatively superficial members. (For details of geo
logical structure of the Wairakei field, see the paper
by G. W. Grindley.)

The ignimbrite and other eruptions of the Taupo
Volcanic Zone were accompanied ,by large-scale
subsidence and the formation of extensive lakes
in which were laid down siltstones and sandstones
interbedded with pumiceous pyroclastics and ignim
brites. These stratified deposits are of importance
in geothermal problems, as the pyroclastics constitute
aquifers and the fine-grained sediments impermeable
strata and cap rocks.

Hydrothermal activity

The natural heat flow at Wairakei was originally
estimated to be 130000 kg-caljsec (Healy, 1956),
but refinements in the method of measuring heat
loss from steaming ground by Bensemann (1959 a, b)
have shown that this was probably too low. If it
be taken as 160 000 kg-cal/sec (see paper by Thompson
and others) and Wairakei is regarded as discharging
one-sixth of the regional heat loss from hot sprir:gs,
then this amounts to 960 000 kg-cal/sec. The eruption
of 4000 cubic miles of lava over a period extending
from the Pliocene to the present dissipated approxi
mately 16 X 1018 kg-cals of heat, which is. equi
valent to the hot springs'. discharges for a penod of
530 000 years.

The present heat discharge of h.ot springs c<;mld
thus appear to be important in relation to volcamsm,
but its true significance cannot be estimated because
nothing is known of the extent of hy?rothermal
activity throughout the Pleistocene. A coolmg mag~a
losing 5 per cent of its weight as steam would dis
charge one-sixth only of its heat in that form (Healy,
1956). The remainder of the heat l<?ss ~ould be .by
conduction which could only mamtam extensive
and vigora'us hydrothermal activity if th~ mag~a
lay at shallow depth to permit easy circulation
of ground water to carry away the hea~. If the
activity was to be maintained for a long time, con
vection within the magma might be necessary. .

White (1957) favours magmatic steam contn~u
tions from shallow convecting magma reserv.oIrs
as the' heat sources for the American. hot spnn.gs
of volcanic association. The present wnter (loc. cit)
favoured magmatic steam as the ?eat source at
Wairakei for which the evidence IS strengthened
if the heat flow is greater than previously thou~ht.
More recently Ellis and Wilson (1960) quote c~em.lcal
evidence in favour of a magmatic steam contnl;>utIOn.
In any case conductive heat loss would b~ ,:n Im1?or
tant factor in the early stages of magmatic intrusion.

The role of hydrothermal activity in volcanism
is of fundamental importance to geothermal problems,
because if there is evidence for the presence of
convecting magma reservoirs at shallow depth the
potential heat supply can be large. At Wairakei,
the presence of hydrothermal breccias beneath
volcanic ash erupted 10000 or more years ago
shows that the area was hot then. Similar breccias,
interbedded with the sediments underlying the area,
indicate much older activity, so there is evidence
of activity at various times over a long period but
none to show whether it has been continuous.
At Waiotapu, hydrothermal eruptions are known
to have occurred about 900 years ago (Lloyd, 1959).

The hot springs discharge mostly ground water,
and its occurrence and circulation are related to the
geology. The basement rocks of the region are'
Paleozoic and Mesozoic greywackes and argillites,
which form the ranges east and west of the volcanic
region and underlie it except where replaced by
intrusive granite or magma. These rocks have low
permeability except possibly in fissure zones, from
which good steam yields have been obtained at the
Geysers in California. In New Zealand and Fiji,
however, discharges from hot springs in greywackes
are small.

Thick accumulations of ignimbrites, pumice brecc
ias and tuffs, rhyolites and associated detrital
sediments fill the depressions of the Taupo Volcanic
Zone and adjoining areas. Permeability in these
beds varies but is generally appreciable, and the
supply of groundwater is comparatively plentiful.

Most discharging hot springs and drilled wells
produce chloride water. Sulphate springs are formed
superficially only by oxidation of H 2S, and bicarbon
ate springs where underground structure causes steam
to separate and be channelled directly to the surface
into non-saline groundwater. Steam boiled off from
the hot water escapes from numerous vents and
fumaroles.

The character of hot springs is an indication of
conditions underground. Copious springs with tempe!
atures below boiling point, such as those at Okauia
and elsewhere on the Hauraki Plains, indicate low
thermal gradient immediately underground, and
little increase in temperature can be expected by
drilling. If on the other hand the discharge is s~~ll,

as at Ngawha, this may indicate poor permeability
and steeper thermal gradient, in which case higher
temperatures would be encountered by drilling.

The association of boiling springs and steaming
ground, with or without geysers, indicates the
presence of boiling point temperatures underground.
At Wairakei, where the highest temperature measured
in the wells was 266°C, the area might be regarded
as fed by water at this temperature, boiling as it
approaches the surface and thus producing both
hot springs and steam jets. The ratio of heat dis
charged in steam to that in water at Waiotapu
was appreciably higher than at Wairakei, and tem
peratures up to 295°C were measured in the wells.
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Where hot springs and steaming ground are
scattered over a large area, the presence of a shallow
caprock and aquifer may be inferred. Hydrothermal
activity occurs sporadically at Wairakei over an
area of 7 square miles, within which hot water and
steam are obtained in pumice breccias underlying
mudstone and sandstone at a depth of 500 ft and
more. At Waiotapu, most of the hydrothermal
activity is scattered over an area covered at shallow
depth by a thin mudstone. At Orakeikorako, where
there is a large area of boiling springs and steaming
ground, one could infer the presence of a caprock
and temperatures at depths similar to those at
Wairakei. In all cases the shallow confining strata
are cut by numerous faults through which the steam
and hot water escape.
. At Larderello, the covering strata appear to be
tight and underbroken because, although steam is
found in permeable zones over a large area, the
original hot springs were few, though vigorous.
These conditions do not apply in the Taupo Zone,
but at Ngawha in Northland small patches of hydro
thermal activity occur in an area of thick, imper
meable Cretaceous shales. Deep drilling here might
produce steam.

Geology and geothermal prospection

Although the quantity and chemical character
of the available hot water determine the ultimate
geothermal resources of a field, the primary require
ments for a producing well are heat, as indicated
by temperature, and permeability in a suitable
aquifer.

In the Taupo Zone, the strata essentially form
layered sequences, so a knowledge of stratigraphy
is important in siting wells. However, as the relief
and dip of the beds are low and there is a widespread
mantle of volcanic ash, most of the details must be
obtained by drilling. The first aim of the geologist
is to relate the hydrothermal activity to geological
structure and indicate the likely stratigraphic succes
sion,and on this basis to select early drilling sites
to yield the maximum geological and other informa
tion so that future production drilling can be planned.
Geophysical data may be of use at this stage, but
are more useful once drilling has produced definite
information from depth.

The first investigational hole in any area should
if possible be sited to give the stratigraphic succession,
temperature at depth and its relationship to strati
graphy and inferred structure, the nature and
extent of hydrothermal alteration, formation charac
teristics for drilling purposes and, if the well produces
steam, discharge characteristics and samples for
chemical analysis.

Some time is necessary for the preparation of
sites for drilling, so it is necessary to plan these in
advance. As it is desirable to make use of the infor
mation gained by drilling, however, site preparation
should not be kept unduly far ahead. During recent
investigational drilling at Wairakei it has been found

profitable to change ~JOth t~e sites and ?rder of
drilling of some holes III the light of fresh discovery.

At Wairakei, a line of holes was first drilled in 1950
and 1951 across the suspected hot area at right
angles to the known structural features. The holes
were drilled to an arbitrary depth of 600 ft though
two went to 1 000 ft, the limit of the machines
available. It was proved that beneath a widespread
mudstone (Huka) at depths of about 500 ft, produc
tion could be obtained from permeable pumice
breccias. The drilling of production wells to depths
ranging from 500 ft to 1 500 ft to provide steam
for a 20 MW power station was commenced.

At Waiotapu, the drilling of 600-ft holes would
have proved abortive, because there the superficial
mudstone is too thin and broken to retain pressure
beneath it.

However, with the arrival of larger drilling
machines in 1953, investigation to greater depth
changed ideas on the scheme of drilling. Hole 20,
the first of the deep wells, struck at 2 025 ft a fissure
in the top of hard ignimbrite underlying the pumice
breccias and set the pattern for future drilling
in the western half of the production area. Farther
east Hole 37, drilled to 3 700 ft, failed to encounter
the ignimbrite, proving that it dips sharply in that
direction beneath a much greater thickness of the
pumice breccias.

Within the present production area, therefore,
two programmes of drilling have emerged. In the
western half, wells are drilled to depths over 2000 ft
to intersect fissured zones in the top of the ignimbrite
or in andesite, which in places overlies it.

In the eastern half, wells are drilled more or less
on a grid pattern to intersect suitable producing
horizons in the pumice breccias. The depths vary
from about 1 100 ft in "the circle" area, where
there is believed to be a direct hot water feed from
depth, to over 2 000 ft west of it.

Although production can be obtained at about
600 ft immediately beneath the Huka mudstones,
the higher temperatures and pressures encountered
at. grea~er.depths have been found preferable, and
this principle has guided later investigations. At
Wairakei recent exploratory wells have been drilled
to 3 000 ft, though one in the production area went
to 4, 026 ft, and at Waiotapu the deepest exploratory
well reached 3643 ft. Production wells at Kawerau
reach a maximum depth of 3 250 ft.

Exploration of the remaining part of the Wairakei
field west and south of the production area is now
far a~yance~, .and. it. has been found that geological
conditions divide It into two parts. In the southern
half, up to 1 500 ft of buried rhyolite lavas lie beneath
600 ft to 1 200 ft of pumice breccias and sandstones
and are underlain by breccias and ignimbrites.
Temperatures are higher in the upper part of the
rhyolite than in the lower half.

In. the northern area, impermeable sandstone
breccias and interbedded tuffs extend down to 2 000ft
and are underlain by pumice and rhyolite breccias
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with interbedded sandstones. The highest tem
peratures are found in the breccias below 2500 ft.

At Waiotapu, holes drilled in an area two miles
100:g penetra.ted a stratigraphic succession of ignim
bntes and interbedded pumice breccias which is
the same throughout the field, except for andesite
present at the lowest levels at the south end.

Exploratory holes drilled at Kawerau revealed the
presence of rhyolite between 200 ft and 300 ft
from the surface, extending down to 1258 ft in
Hole 1, which produced a fair discharge from the
lower part of the rhyolite and from pumice breccia .
ben~ath it. The thermal gradient showed temperature
to increase through sandstones extending to the
bottom at 1 475 ft, so six production wells were
later drilled to about 2000 ft and they produced
successfully from pumice breccias interbedded with
sandstones. The later deepening of four of these
showed 500 ft of andesite to be present, and further
production has been obtained from this.

East geothermal field has proved to possess its own
geological and other problems which require to be
solved by drilling before production drilling can be
planned. However, all the areas drilled have one
feature in common - good production has not yet
been obtained in any well drilled more than half
a mile from the limits of visible hydrothermal
activity.

The relative abundance of ground water promotes
the dissipation of heat by convective circulation,
especially where superficial impermeable strata are
punctured by fissures or explosion vents. Such
conditions do not favour the development of extensive
hot water or steam reservoirs of which there are
no signs at the surface. Certainly the upper Wairakei
aquifers are spread by the overlying mudstones
to cover an area of 7 square miles, but the presence
of hot water is indicated by scattered thermal
activity.

To depths of 4000 ft it has not proved possi~le
so far to drill successful wells more than half a mile
from visible activity, and possibly this is a ~eneral
rule in areas of young, permeable. volcamcs. At
greater depths conditions may be different.

Problems of production

The two chief problems of production are firstly
size and continuity of the supply of hot wate~ ~md
steam, and secondly effects of mineral depOSItIon.
In the original report on t?e proposed 20-m~gawatt
power scheme for Wairakei the wnter stated III 1952
that, although the natural heat flow could be drawn
continuously from wells in a hydrothermal area,
heat already stored in the country could also. be
drawn at a rate not then known. The same VIew
was later conservatively stated by: Grange (1955,
p. 14), and discussion on this tOPIC IS elaborated
in the paper by C. J. Banwell. 1

1 The rating of the power station was subsequently increased
as a result of the success of deeper wells.

It was considered at the time that the factors
controlling heat flow into the Wairakei system were
conditions at depth, which would be little affected
by shallow wells. After some years of continued
production, water level has fallen in the aquifer
and there has' been some reduction of pressure
in the fissures feeding the main wells, as explained
by Mr. C. J. Banwell, who considers that the flow
of hot water upwards through the ignimbrite has
increased. Ellis and Wilson (1960) consider the entire
area to be fed by a uniform body of hot water, so
the presence of a large reservoir of hot water, prob
ably beneath the ignimbrite, is inferred. Presumably
this reservoir is being drawn upon. As its extent
is not known, the ultimate resources of the Wairakei
geothermal field cannot as yet be estimated.

After three years of production from the six
2 OOO-ft wells in the Kawerau field, it was found
necessary to drill out deposits of mineral, but after
this was done discharges and temperatures remained
lower than they originally were. Colder water ap
peared to have encroached from the south-east
into the stratified rocks so, as thermal gradients in
the wells indicated higher temperatures to exist at
lower levels, four were taken to depths ranging
from 2 750 ft to 3 250 ft. Temperatures up to 277°C
have been measured, and wells penetrated andesite
which in the upper part is fissured and hydrothermally
altered like andesite, rhyolite and ignimbrite at
Wairakei. Increased production has been obtained,
and it now remains to be seen whether further
production will cause colder water to encroach
again or hotter water to flow from deeper down.

Deposition of silica or calcite, or both, which has
occurred in all the areas, is the second important
problem. Experiments at Wairakei have shown that
deposition occurs at and above the levels at which
flashing or boiling commences. At Rotorua, where
well temperatures rarely exceed 160°C, and at
Wairakei, where they are often less than 250°C,
boiling and consequently mineral deposition tend to
occur in the cased portions of the wells, where the
encrusting material may be drilled out when blockage
becomes effective.

At Kawerau, where temperatures up to 277°C
have been measured, boiling could be expected to
occur at a depth of about 2400 ft, which is below
the level to which casing extends. Whereas Hole 8
produced a large discharge and Hole 12 considerably
less, cores of andesite from the latter well at a depth
of 2 450 ft contain numerous calcite veins, the deposi
tion of which may account for a reduction in perme
ability and the lower discharge.

In this field, the boiling induced by lowering of
pressure in the country when the wells are discharged
could induce deposition of calcite in fissures and
pores until permeability is permanently reduced.
Possibly reduction of permeability in the hottest
zone by this process may have been a factor in
inducing the encroachment of colder water into
the 2000-ft wells.

At Waiotapu, where temperatures up to 295°C
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were measured and calcite deposition has occurred
in wells, this problem could also prove to be impor
tant.

Geothermal fields in which wells tap hot water
are therefore of two types so far as mineral deposition
is concerned - those in which boiling occurs within
the cased parts of the wells, and those in which it
occurs at lower levels and in the country itself.
It is perhaps fortuitous that Rotorua and Wairakei,
the first areas to be drilled to any extent, seem to
have fallen within the first category, but over-produc
tion from such an area can lower water levels to such
an extent that it becomes one of the second type.

Although the problems of supply and mineral
deposition have been described separately, they are

possibly connect~d. ~n eminently permeable co.untrr,
where the dissipation of heat by convection IS

promoted, temperatures in the water phase will be
lower, resources greater and mineral deposition will
tend to be shallow. Where the rocks have less perme
ability and convective circulation is restricted
temperatures will be higher, groundwater resources
lower, and mineral deposition deeper.

However, where there are extensive and thick
impermeable beds capping permeable beds, these
may be filled with steam rather than hot water,
and in that case mineral deposition would not be
a problem unless the steam temperature was high.
These last conditions have not been found in New
Zealand so far.
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Surnrnary

Hot springs are scattered widely throughout New
Zealand, but the hottest and most extensive are
confined to the Taupo Volcanic Zone, from which
nearly 4000 cubic miles of lava and pyrodastics
were erupted during late Pliocene and Quaternary
time. The hot springs of the zone are of volcanic
association and are believed to derive their heat
from shallow magma.

The Taupo Volcanic Zone extends across the
North Island for 190 miles in a north-east direction,
forming a narrow belt of complicated topographic
relief of structural and volcanic origin, flanked by
flat-lying ignimbrite plateaux. Crustal fusion has
produced dominantly rhyolitic lavas, the youngest
of which are notably concentrated in the Maroa
and Okataina volcanic centres, lying athwart the
Taupo Zone.

The hot springs generally are located on faults
that lie along the south-east flank of the intrusive
belt and the volcanic centres, though the Rotorua
springs lie west of it in the Rotorua caldera. The
zone is marked by subsidence which accompanied
the volcanism, and the permeable volcanics which
fill the basins provide a relatively abundant supply
of ground water for the springs.

On account of the permeability of the- strata
generally, no Widespread reservoirs of hot water or

steam are believed to exist unsuspected within
4000 ft of the surface. Extensive areas of scattered
hot springs, such as that at Wairakei which spreads
over 7 square miles, indicate the presence of an
aquifer beneath a shallow caprock, but so far no wells
drilled more than half a mile from the limits of
visible hydrothermal activity have produced steam.
Conditions below 4 000 ft are not yet known.

The rocks generally form layered sequences, in
which pumice breccias, tuffs, jointed andesite, rhyo
lite and ignimbrite form permeable aquifers, and
sandstones and mudstones impermeable strata.
Surface geological information is in most cases sparse,
so t?e dri~ling of exploratory holes, sited to give
maximum information on stratigraphy and structure
and t?e relationship of temperature to them, is
essential III each field before production drilling
can be planned.

The wells tap chloride waters at depths ranging
fro~ 500 ft to over 3 000 ft and at temperatures
which reach 266°C at Wairakei 277°C at Kawerau
and 295°C at Waiotapu. In Rdtorua, temperatures
are rarely above 1600 e, but there no deep wells
have been sunk in the hottest areas.

At W~irakei only is steam used for the generation
?f electric power. At Kawerau high pressure steam
IS used at the Tasman pulp mill for process purposes,
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and at Waiotapu the exploratory stage has not been
passed.

Although it was found that production could be
obtained from an aquifer beneath 500 ft from the
surfac~ at Wairakei, later deep drilling showed that
the higher temperatures, pressures and discharges
from .2 000. ft ,:re preferable, and this has governed
later investigations. Most production wells at Waira
kei are deeper than 2000 ft, though one large one
ic; 1 140 ft. Production wells at Kawcrau range
from 2 000 ft to 3 250 ft, and at Waiotapu the deepest
exploration hole is 3 643 ft deep.

In the western half of the Wairakei production
area, wells are drilled to more than 2 000 ft to inter
sect fissures in the upper part of hard ignimbrite
or, in a few places, andesite. Farther east the wells
are generally shallower, and tap the pumice
breccia aquifer which overlies the ignimbrite to
greater depth there.

At Kawerau, six wells drilled to 2000 ft tapped
hot water in stratified pumice breccias and sandstones,
but following the encroachment of colder water
after three years of production, four of them have
been deepened to an average of 3000 ft. They cut
500 ft of andesite and now produce greater discharges
from fissures within it.

At Waiotapu, there is a thick sequence of ignim
brites, pumice breccias and occasional interbedded
sandstones.

The chief problems are continuity of supply and
chemical deposition. Stored heat can be estimated
to depths for which there is information, but at
Wairakei, for example, there appears to be evidence
that many wells are now drawing on a reservoir
somewhere below 4000 ft, and its character and
extent are not known.

The first production wells at Kawerau appeared
to draw heavily on aquifers which they intersected,
but it is not yet known whether the deepened wells
will do likewise or draw on deeper resources.

Deposition of calcite or silica, or both, occurs in
many wells, above the point at which boiling occurs.
The problem is a minimum where the temperatures
are such that this occurs within the cased portions
of the wells, but in hotter areas the boiling can occur
at lower levels in the country and so cause deposition
of mineral in pores and fissures with loss of perme
ability.

The problems of hot water resources and loss
of permeability by mineral deposition may be
connected, because high permeability induces more
rapid circulation and lower temperatures.

CONSIDERATIONS GEOLOGIQUES ET ENERGIE GEOTHERMIQUE
DANS LA REGION VOLCANIQUE DE TAUPO

(NOUVELLE-ZELANDE)

Resum.e

On trouve des sources chaudes un peu partout
en Nouvelle-Zelande, mais les plus chaudes et les
plus importantes d'entre elles sont limitees a la zone
volcanique de Taupo dont pres de 4 000 miles cubes
(16 700 km'') de laves et de produits pyroc1astiques
firent eruption vers la fin du pliocene et pendant
le quaternaire. Les sources chaudes de la region ont
un caractere volcanique et l'on croit que la chaleur
leur est fournie par une masse de magma peu pro
fondement situee.

La region volcanique de Taupo coupe l'ile du
Nord sur 190 miles (300 km environ) dans une
direction nord-est,· formant une zone etroite au
relief topographique complique, d'origine structu
relle et vo1canique, flanquee de plateaux d'ignimbrite
horizontaux. La fusion de la crofrte a produit des
laves qui, dans l'ensemble, sont rhyolitiques et dont
les plus jeunes sont visiblement concentrees ~ans

les centres volcaniques de Maroa et Okataina,
lesquels, a leur tour, coupent la zone de Taupo.

Les sources chaudes sont generalement trouvees
sur des failles disposees le long du flanc .sud-est .de
la zone d'intrusion et des centres volcamques, bien
que les sources de Rotorua soient a l'ouest de ce
systeme, dans la caldera du merne nom. La zon~
est marquee par un affaissement qm a accompagne

le volcanisme, et les produits volcaniques perrneables
qui remplissent les bassins fournissent des reserves
relativement abondantes d'eaux souterraines qui
alimentent les sources.

Compte tenu de la perrneabilite generale des
couches rencontrees, on ne pense pas qu'il existe de
reservoirs importants d'eau chaude ou de vapeur
sans qu'on le sache a moins de 4000 pieds (I 200
metres a peu pres) de la surface. Des regions impor
tantes de sources chaudes diffuses, telles que celle
de Wairakei, qui s'etend sur 7 miles carres (18 km"],
indiquent la presence d'une masse aquifere sous un
terrain de recouvrement peu epais, mais, jusqu'a
present, aucun des puits qui ont ete fences a plus
de 1/2 mile (0,8 km) des limites de I'activite hydro
thermique visible n'a donne de vapeur. On ne
connait pas encore les conditions au-dessous de
4000 pieds (I 200 m).

Les roches constituent generalement des structures
Iitees, dans lesquelles des breches de pierre ponce
et des tufs, avec I'andesite, la rhyolite et l'ignimbrite
fissurees forment des masses aquiferes permeables,
les gres et les schistes argileux des couches imper
meables, Les renseignements geologiques en surface
sont peu abondants dans la majeure partie des cas,
si bien que le foncage de puits d'exploration en des

10'
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points choisis pour renseigner le plus possible sur
la stratigraphie, la structure et les rapports que
presente la temperature avec eux, est indispensable
pour chaque champ avant que l'on puisse organiser
le forage de production.

Les puits degagent des eaux chlorurees a des
profondeurs qui s'echelonnent entre 500 pieds
(150 m) et plus de 3 000 pieds (900 m) et a des
temperatures qui atteignent 266°C a Wairakei,
277 °C a Kawerau et 295°C a Waiotapu. A Rotorua,
les temperatures depassent rarement 160°C mais,
dans cette region, on n'a pas Ionce de puits profonds
dans les regions les plus chaudes.

Ce n'est qu'a Wairakei que l'on se sert de la
vapeur a la production d'energie electrique. A
Kawerau, on fait usage de vapeur sous haute pres
sion al'usine apulpe de Tasman dans divers procedes
de preparation et Waiotapu n'a pas encore depasse
le stade exploratoire.

Bien que l'on ait decouvert qu'il est possible
d'obtenir une production d'une masse aquifere
trouvee a moins de 500 pieds (150 m) de la surface
a Wairakei, les puits profonds qui ont ete fences
par la suite ont dernontre que les temperatures, les
pressions et les debits plus eleves qui sont rencontres
a 2000 pieds (600 m) sont preferables et cette
constatation a donne le ton aux recherches ulte
rieures. La plupart des puits en production aWairakei
sont a une profondeur qui depasse 2 000 pieds
(600 m) bien qu'il en existe un gros de 1 140 pieds
(347 m). Les puits en production a Kawerau s'eche
lonnent entre 2 000 et 3 250 pieds (600 et 991 m)
et a Waiotapu, le puits d'exploration le plus profond
va jusqu'a 3643 pieds (1 110 m).

Dans la moitie occidentale de la zone en produc
tion aWairakei, les puits sont fences a plus de
2000 pieds (600 m) pour realiser l'intersection avec
des fissures qui se trouvent dans la partie superieure
de l'ignimbrite dure ou, en quelques lieux, de I'ande
site. Plus a l'est, les puits sont generalement moins
profonds et tributaires de la masse aquifere en
breche de pierre ponce qui recouvre l'ignimbrite en
ce lieu sur une plus grande epaisseur.

A Kawerau, six puits fences a 2 000 pieds (600 rn)
ont rencontre de l'eau chaude dans des breches
stratifiees en pierre ponce et des gres mais, etant
donne des penetrations d'eau plus froide apres trois
ans de production, quatre d'entre eux ont ete appro
fondis jusqu'a une moyenne de 3000 pieds (900 rn).
Ils traversent 500 pieds d'andesite et debitent
maintenant davantage de fissures trouvees au sein
de cette andesite.

A Waiotapu, on trouve une serie epaisse d'ignirn
brites, de breches de pierre ponce avec, a l'occasion,
des gres interstratifies,

Les principaux problernes sont la continuite de
la fourniture et les depots chimiques. La chaleur
en reserve peut etre evaluee jusqu'aux profondeurs
pour lesquelles on dispose de donnees mais, a Wairakei
par exemple, on semble disposer d'indications
suivant lesquelles nombre de puits seraient alimentes
par un reservoir situe quelque part au-dessous du
niveau de 4000 pieds (1 200 m) et on ne connait
ni son caractere, ni son etendue.

Les premiers puits en production a Kawerau
semblaient s'alimenter largement des masses aqui
feres qu'ils rencontraient, mais on ne sait pas encore
si les puits approfondis feront de meme ou seront
alimentes par des ressources plus profondernent
situees.

Des depots de calcite ou de silice, voire des deux,
se produisent dans nombre de puits, au-dessus du
point duquel I'ebullition intervient. Le probleme
ri'est pas trop grave lorsque les temperatures sont
telles que cela se produit dans les parties tubees
des puits, mais, dans les regions plus chaudes.I'ebul
lition peut se produire plus bas dans la roche encais
sante et provoquer de la sorte des depots de mineraux
dans les pores et les fissures, reduisant ainsi la
permeabilite du milieu.

Les problernes relatifs aux ressources en eau
chaude et aux pertes de perrneabilite a la suite du
depot de mineraux sont peut-etre apparentes, car
ulle. permeabilira marquee cause une circulation plus
rapide et des temperatures plus basses.
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Hydrothermal isotope work at the New Zealand
Institute of Nuclear Sciences has concentrated on
two main lines of work: the studies of natural
variations of the stable isotopes of carbon and
sulphur, which have led to the investigation of the
use of isotopic equilibria established underground
to determine temperatures at depth, and the use of
the natural radioactive isotopes carbon-l4 and more
recently tritium as tracers for the estimation of
ground-water turnover times. Both these lines of
work have led to the use of the mass spectrometer
to analyse the residual gases (i.e., those not absorbed
by sodium hydroxide) for nitrogen, argon, methane
and hydrogen in order to obtain information on
the state of equilibrium of the carbon dioxide
methane reaction, as well as on the 04/Argon ratios.

The study of the natural hydrogen/deuterium
ratios together with the oxygen 18/oxygen 16 ratio
appears useful (1) as an indication of the source
of the recirculated water and of the magmatic/
recirculated water ratio. As a first step in this, a
deuterium mass spectrometer has been built and
a number of preliminary samples analysed.
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ISOTOPE GEOLOGY IN THE HYDROTHERMAL AREAS OF NEW ZEALAND

J. R. Hulston *

While a survey of 03/U2 ratios in some of the
hydrothermal areas of New Zealand was being
undertaken (3), it was felt that further investigation
of this method would be useful particularly on

. samples from the Wairakei drillholes for which
temperature and depth charts are available from
geothermograph records. With this in view, samples
from five drill holes in the Wairakei area were
collected together with a number of other samples
from fumaroles and hot springs in several N.Z.
hydrothermal areas and a few methane samples
from other colder areas.

The sampling procedures used depended largely
on the methane concentration in the discharge. In
the majority of cases the samples were condensed
into evacuated flasks about fa filled with concen
trated sodium hydroxide solution. The carbon
dioxide and hydrogen sulphide were absorbed in
the solution which became diluted by the condensed
steam while the gases not absorbed (here called
residual gases and including the methane) collected
in the evacuated space above. In some cases, namely,
the Wairakei drill holes and Karapiti fumarole,
it was necessary to condense and separate off most

Measurement of underground temperatures of the water phase prior to the collection flask
by isotopic equilibria (see reference (3) for further details).

ibili f' Back in the laboratory, a portion of the residual
Craig (2) has suggested the pOSSI ~ rty ~ USIll~ gases was removed and analysed. The mass spectro-

the temperature dependence of the ISOtOPIC equi- meter was used for this as it has the advantage of
librium constants for an underground exchange
between methane and carbon dioxide as a means being able to measure argon-to-nitrogen ratios

Th easily. Using this analysis, sufficient of the remaining
of estimating underground temperatures. e neces- residual gases containing about 10 cc. at NTP of
sary condition for this to be useful is that the rate methane was introduced into a Cu-CuO furnace and
of exchange must be sufficiently fast f<;>r a stat~ of converted to carbon dioxide which was frozen in a
isotopic equilibrium to be attained dunng the time trap cooled by liquid air. (Water was removed in
the two components exist underground at a reason- a dry-ice trap.) A considerable number of passes
ably constant temperature but not so fa.st that t~e through the furnace were required to obtain satisfac
state of isotopic equilibrium can be disturbed III tory conversion for the samples which had a high
the time taken for these two components to reach nitrogen concentration.the surface. Craig made some measurements on
methane and carbon dioxide samples from Yellow- The C13/U2 ratios were measured on a 60° Nier
stone Park, but did not have a means of checking type mass spectrometer (4) and are recorded as
the temperatures obtained. a 0 3 values in parts per mil (0/00) where

aU3 (0/ ) _ (03/U2) sample - (03/CI2) standard X 1000
00 - (03/02) standard

The results given in the tables have been referred table 1, columns 3 and 4. The equilibrium tempera-
to the PDB standard used by Craig (5). tur~s. c3:lcul~ted from th~ Table of Isot?pe Exchan~e

Th 0 3/02 ratios of a few samples (3) are shown in equilibria gI,:en b~ Craig (2) and .abndged h~re III
e table 2, are listed III column 5, while the maximum

drill hole temperature (or surface temperature where
indicated) is recorded in column 6.

259
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Table 1

Location Sample No.

Total
CO2-OC''

1°100)
wrl. PDB

Methane
-OC"
1°100)

wrt. PDB

Isotopic temp. M casured temp.
10C) loe) Kx

Chemical
equilibrium
temp. 1°C)

Wairakei drillholes

Bore 11 .
18 .
30 .

While Island fumaroles

Big Donald ..
Seven Dwarfs . . .

R 400
R 402
R 403

R 507/2
R 507/6

-3.5
-3.7
-3.5

- 3.1
-4.5

-26.0 260 203 3 x 1021

- 27.0 250 235 3 x 1020

-27.3 245 260 5 x 102t

- 16.1 440 41i3* x 1012

- 23.3 250 x 1022

240
260
200

365
235

Karapiti Fumarole, Wai
rakei

712 .

North Island hot springs

Awakeri Springs (54°C)
Champagne Pool (99°)
Waiotapu .

Warm and cold springs

Helensville, North Is..
Beauley Tinui, Waira

para (15°C) . . . .

R 433/1

R 470/6

R 407/2

R 464/4

R 608/2

-3.9

-9.(}

-6.5

+ 17.0

-28.5 235 I x 1021 250

-39.0 130 4 x 1028 140

-27.9 280 280t ~2 x 1022 ~ 230

-58.0

- 38.4

* Surface temperature.

t Temperature of nearby drillhole.

(2)

(1)

(4)

Ellis (6) has given values of the equilibriu,?
constant (K p ) at various temperatures for this
reaction, and these are given in table 3.

K p is defined by the equation

K = PCH•. PH202
p PH .4 . p co•

where P z is the partial gas pressure of z. The figures
which are available directly are not the maximum
gas pressure at depth, when the gases are dissolved
in a single phase, but the molar concentrations (xz)
in the whole discharge at the surface.

The partial pressures, for a system in the liquid
phase, are obtained by the relationship

P» = P . xz/Doz
where X z is the molar concentration of z.

DO z is the distribution coefficient (7)

DO _ mole fraction in the liquid phase
If this reaction is responsible for the isotopic z - mole fraction in the gas phase

equilibrium and if isotopic equilibrium exists, then
chemical equilibrium should also exist. The residual and P is the total pressure.
gas analyses were therefore converted to concentra- Insertion of equation (2) into equation (1) yields
tions relative to the original discharge. the relationship

K = (DOH.)4 . DOco. 1 [CH4J [H 20J2 (3)
P DOCH.: (DOH20)2 . p2' [H 2J4 . [C02J

By assuming that the total pressure P is equal approximation) and that DOH 0 = 1, it is possible
to the saturated water vapour pressure at that to split equation (3) so that 2 all the temperatute
temperature (this has been found to be a reasonable dependent terms are on one side of the equation, VIZ.

K DOCH. 'p2 [CH4J [H20l2
P = (DO

H 2
)4 DO

c D
• • = [H2J4 . [C0 2J = K",

It will be seen from table 1 (columns 5 and 6)
that there is a reasonable correlation between
calculated and measured temperatures.

The samples of methane and carbon dioxide from
the cooler pools were collected in order to check
the possibility that the methane a U 3 values from
all regions were in the -25 to -30 0 / 0 0 ranges
and that the satisfactory temperatures obtained
were only coincidental. The values of -58 0 / 0 0 ,

- 38.4 0/00 obtained from Helensville and Beauley
are an excellent rebuff to this suggestion.

In order to give further weight to the use of
methane isotopic temperatures it was decided to
look for a further means of checking that isotopic
equilibrium existed. The mechanism by which the
isotopic exchange takes place was suggested by
Craig (2) to be the reaction
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Table 2. Isotopic exchange equilibrium between CO 2 and CH (after Craig (2»

o

o

273.1

0.935

298.1

0.943

400

0.963

500 600

0.975 0.981

Values of K x have been evaluated for the range
100-374°C (table 3) from the extrapolated K p values
of Ellis (6) and the solubility figures of Ellis and
Fyfe (7). As methane solubility figures above 100°C
were not available, the figures for oxygen, which
are very similar to methane below 100°C, were used.

The temperature values corresponding to values
of K x derived by solving equations of type (4) are
listed in table 1 and indicate very strongly the
existence of chemical equilibrium. This supports the
existence of isotopic equilibrium through this reac
tion. From this it was thus concluded that the
estimation of underground temperature from the
isotopic equilibrium between carbon dioxide and
methane is feasible at least under the conditions
existing in the hotter hydrothermal areas of New
Zealand.

Sulphur isotopes

Work on sulphur isotopic measurements in N.Z.
hydrothermal areas has been reported by Rafter,
Wilson and Shilton (8), (9) and by Rafter, Kaplan
and Hulston (10).

The isotopic ratios of the sulphate in solution
and the H 2S in the gas phase have been found to
differ by 17 ± 4 0 / 0 0 in the Wairakei drill holes.
Assuming the existence of an isotopic equilibrium
between H 2S and S04=' calculations were made of
the isotopic equilibrium constant for this exchange
at a number of temperatures in the range 0-500°C
and an equilibrium temperature of 370 ± 70°C was
calculated for the Wairakei drill holes. It is necessary
to consider the evidence for the existence of isotopic
equilibrium in any measurement of this type and
particularly in this case where the temperature
obtained does not agree with either the measured

temperatures in the drillholes or the isotopic tem
peratures obtained from the methane-carbon dioxide
exchange.

Several possibilities exist which warrant brief
consideration. First, isotopic equilibrium may not
exist and either the H 25 and 504= have different
origins or the 504~ has been formed from H 25 in
an unidirectional reaction and a state of isotopic
equilibrium is being approached. Secondly, isotopic
equilibrium may exist and either the information
from which the isotopic equilibrium constant was
calculated is in error or else the temperature derived
refers to a part of the hydrothermal system prior
to the bulk of water at 240-260°C which feeds the
drillholes. If this is so, it would imply that the
isotopic exchange rate between H 25 and 504~ is
very much slower than that between CH4 and CO2 ,

A calculation of the state of chemical equilibrium
of a reaction likely to represent the over-all exchange
between H 25 and 50 4= would probably assist the
elucidation of this problem, although the apparent
variable loss of gas suggested by Rafter, Wilson
and Shilton (8) would have to be taken into account.

Groundwater circulation times

Recirculated groundwater is considered to be a
major contributor to the hydrothermal discharge
in most New Zealand areas and information on the
circulation time is desirable for the estimation of
the heat stored in the water. The evidence for this
large groundwater contribution compared with the
magmatic water contribution is largely that of the
chloride content of the water, together with oxygen
and hydrogen isotopic data. On the basis that the
water in the oceans was originally derived from

Table 3. Variation with temperature of Kp and Kx for equation (4)

100.
127.
160 .
200.
220.
227.
240.
260.
280.
300.
327 .
360.
374.
427.

Temperature
·c

. K p

{after Ellis (6))

2.75 X 1012

8.73 X 107

4.21 X 102

8 X 1031

2 X 1027

2 X 1024

9.5 X 1022

5.0 X 1021

2.4 X 1020

1.6 X 1019

1.6 X 1018

9.0 X 1012

3.0 X 108
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magmatic water, it is usually considered that magma
tic water has a chloride content similar to that of
seawater, i.e., approximately 2 per cent. The water
in the Wairakei area has a chloride content of
0.15 per cent (ll), indicating the magmatic contribu
tion in the order of 8 per cent.

The isotopic evidence is based on the work of
Craig, Boato and White (I), who found that the
0 16/018 and H/D ratios of hydrothermal samples in
a number at' areas of the world including New
Zealand fell, when plotted on a graph of D/H v.
0 18/016 , in lines of slope about 3, originating at a
point close to the value of the D /Hand 0 18/016 ratios
of the local groundwater. If there had been a signifi
cant contribution of juvenile or magmatic water,
then the D/H and 0 18/016 ratios would have tended
towards a point corresponding to the value for
juvenile or magmatic water. As this did not occur
it was concluded that the magmatic contribution
is of the order of 10 per cent or less. Preliminary
D/H measurements made by the present author on
N.Z. hydrothermal samples tend to confirm this
conclusion, although the D/H values extend only
over a range of 5 per cent.!

One of the most useful isotopes for the study of
the underground circulation time is tritium (12.5 years
half-life) as this is an isotope existing in the water
itself rather than something which is only associated
with the water. The estimation of the circulation
time requires a knowledge of the tritium content of
the feedwater to the circulation system as well as
that of the discharge output. It is thus necessary
to make measurements on surface waters in the
surrounding area. In interpreting the results
obtained, the possibility of leakage of young ground-

lOne interesting sidelight of these DIH measurements is
that the hydrothermal water samples are not enriched in deute
rium to any extent of economic importance for heavy water
production.

water into the circulation system in a region close
to the discharge point must be considered. This
would have the effect of decreasing the apparent
age of the discharge to an extent which depended
on both the dilution factor and the circulation time
of the bulk of the discharge.

Natural tritium de terminations in the Wairakei
area, reported by O'Brien and Bainbridge (12),
show recent drillhole tritium activities of the order
of 0.5 TU compared with between 2 and 3 TU for
the average of a number of samples from Lake
Taupo and Lake Wairakei, thus indicating an age
considerably greater than one half-life of tritium.

The use of the carbon-I4 isotope (5 760 years
half-life) has been studied by Fergusson and
Knox (13), who obtain ca activities in the range
0.4 to 1.8 per cent of normal groundwater. The low
activities obtained for this carbon dioxide gas are
due to the addition of old carbon dioxide to the
system from either the magmatic gases or from the
decomposition of carbonate layers at depth. The
problem thus becomes one of finding a method of
estimating this dilution. Fergusson (14) has made
some initial investigations into the use of the atmos
pheric argon to carbon-I4 ratio as a means of
estimating this dilution and found reasonable agree
ment in this ratio between groundwater and hydro
thermal samples. This method is based on the
assumption that the carbon-La/dissolved atmospheric
argon ratio of groundwater is reasonably constant
and that any processes operating underground do
not alter this ratio.

Because of the large CO2 dilution at Wairakei,
this method may only be useful if the turnover
time is of the order of half the half-life, i.e., 3000
years, but would be of considerably greater use
III an area in which the dilution by old CO2 was
much lower and hence the carbon-I4 activity
considerably greater than that found in the New
Zealand areas.
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Summary

Isotope work in New Zealand has concentrated
largely on the radioactive carbon-14 isotope and on
the stable isotopes of carbon and sulphur. More
recently, measurements of natural tritium and
deuterium have been made.

The most promising application of the stable
carbon-I3 isotope has been in the estimation of
underground temperatures from the isotopic equili
brium between the carbon atoms of carbon dioxide
and methane. Temperatures calculated by this
method have been found in good agreement with
the bottom of the bore temperatures (,-..., 250°) at
Wairakei and with the vent temperature (450°C) of
a fumarole measured on White Island. The isotopic
exchange is thought to proceed via the reaction
with hydrogen and water, i.e.,

CO2 + 4H2~ CH4 + 2 H 20

Analyses of bore gases indicate that this reaction
is close to chemical equilibrium.

Measurements of 9 2/534 sulphur isotopic ratios
were made for steam and water phases of bore
discharges.

Studies of water circulation times, which are
important as an indication of the water storage,
have been undertaken using natural tritium and
carbon-l4. The tritium activity obtained indicates
an age of less than fifty years if there is a single
circulation path. It is possible, however, that there
are several circulation paths and the tritium activity
may be due to dilution by shallower groundwater
of much younger age.

The carbon-l4 isotope (5 760 years half life) is
useful for much longer circulation times, but the
results are complicated by the addition of old carbon
dioxide to the system underground. Production
bores sampled at Wairakei had (14 activities of t
to 1 per cent of atmospheric. Measurements of
argon concentration have been made as a possible
means of estimating this dilution.

Natural deuterium measurements have been made
as the first step in obtaining H/D v 0 16/018 graphs.
The variation of H/D has been found to be rather
small (,-..., 5 per cent).

GEOLOGIE ISOTOPIQUE DANS LES REGIONS HYDROTHERMIQUES DE LA
NOUVELLE-ZELANDE

Resume

Les travaux effectues avec les isotopes en Nouvelle
Zelande se sont concentres principalement sur le .
carbone 14, lequel est radioactif, ainsi que sur les
isotopes stables du carbone et du soufre. Plus recem
ment, on a precede a. des mesures sur le tritium
et le deuterium naturels,

Le carbone 13, isotope stable, a trouve son appli
cation la plus fructueuse dans I'evaluation des
temperatures souterraines d'apres l'equil~bre iso~o
pique entre les atomes de carbone de I anhydnde
carbonique et ceux du methane. Les temperatures
calculees par cette methode ont Me en. bon ac~ord
avec les lectures faites en fond de puits (environ
250°) a. Wairakei et avec les temperatures lues dans
I'event d'une fumerolle (450°C) a. Whit.e IsI~nd.
L'echange isotopique, a. ce que l'on pense, mterv;ent
sous forme d'une reaction avec I'hydrogene et 1 eau
de la forme suivante: CO2 + 4 H 2~ CH4 ± 2 Hp.

Les analyses faites sur les gaz que l'on trouve
dans les puits indiquent que cette reaction est tres
voisine de l'equilibre chimique.

Des mesures ont ete faites sur les rapports
isotopiques entre les soufres 534 et 9 2 pour les
phases vapeur et eau des produits s'echappant des
puits.

Des deterrninations des temps de circulation de
I'eau, qui sont importantes en tant qu'indications
de l'emmagasinage de ce fluide, ont ete entreprises
en se servant de tritium naturel et de carbone 14.
L'activite obtenue pour le tritium indique un age
de moins de 50 ans s'il y a une seule voie de circu
lation. Il est possible, toutefois, qu'il y ait plusieurs
passages qui se preterit a. la circulation et que l'acti
vite du tritium soit due a. la dilution de l'eau par
une nappe souterraine moins profondement situee
et de formation beaucoup plus recente.
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L'isotope carbone 14 (periode 5 760 ans) rend des
services quand il s'agit de durees de circulation
beaucoup plus longues, mais les resultats sont
compliques par l'addition d'anhydride carbonique
ancien au systeme souterrain. Les puits de produc
tion qui ont donne lieu a des echantillonnages a
Wairakei avaient des activites, en C14, qui s'ele-

vaient de 1/2 alp. 100 de l'activite atmospherique,
On a fait des mesures de la concentration en argon
en tant que moyen possible devaluer cette dilution.

On a fait des mesures sur le deuterium naturel
comme premiere etape dans l'etablissement de
graphiques H/D 0 16/018 • Les variations du rap
port H/D ont ete assez faibles (environ 5 p. 100).
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ALTERNATIVE METHODS OF DETERMINING ENTHALPY AND MASS FLOW

Russell J ames *

(1) Beta-ray method

~ nozzle was attached at the end of a pipe through
WhICh varying quantities of steam/water mixtures
were passed at constant values of enthalpy (total
heat). A beta-ray source was positioned on the throat
of . the nozzle and diametrically opposite was a
G~Iger tube probe. The density of the steam/water
mixture could be measured in a small column
with the throat diameter as axis, by estimating
the ab~orption of the beta-rays. A single density
determmation was shown to be sufficient to estimate
~he dryness fraction. Using the upstream pressure
It was also shown that the mass flow could be
determined using an empirical equation similar in
form to that derived from Bernoulli's , principle.
Estimations made of the limits of accuracy inherent
to the system were ± 10 per cent for both mass
flow and dryness fraction.

As the enthalpy at points (1) and (2) is approxi
mately equal, then

hI + qlLI = h2 + q2L2'

I t can be shown that

is nearly correct.
The values of hand L are obtained from the steam

tables for the pressures at (1) and (2) and the values
of m are obtained as above. The remaining unknowns
ql and q2 are solved using the two equations, and
by this means the common value of enthalpy is
obtained.

Although this method alone gives no information
on mass flows, it can be used in conjunction with
method 4 to obtain these values.

* Dominion Laboratory, Department of Scientific and In
dustrial Research, Wellington, New Zealand.

Wairakei steam/water mixtures contain a number
of non-condensable gases in the steam phase, the
major constituent being carbon dioxide. The amount
of these gases present in the water phase is negligible.

t3) Magnesium sulphate injection

In an attempt to measure the flow of the liquid
phase in a pipe carrying a water/steam mixture
under pressure, a near-saturated solution of magne
sium sulphate was injected at a steady rate into
an upstream location and then sampled at a position
downstream. It was considered that the amount
of dilution of the solution would enable the water
flow to be determined. The injection apparatus
consisted of a 6 cu ft, 2000 lb/sq inch nitrogen
cylinder with a pressure reduction valve and gauges
as used on cylinders of oxygen for welding purposes,
a 1 cu ft steel pressure vessel to contain the injection
solution (this vessel had a sight glass so that the
liquid level could be observed) and two lengths of
flexible high pressure hose: one to connect the two
containers and the other to connect the bottom
of the liquid container to an inlet valve on the pipe
line.

It was possible to inject the solution at a steady
rate into the pipeline for about 20 minutes, and this
was ample time to take 12 to 15 samples at the
downstream position. The concentration of samples
at the downstream position was of the order of
10 parts per million of magnesium ions.

Calculations of the water flow-rates were found
to be surprisingly poor and gave answers which were

dioxide an average of 50 per cent too high. Numerous tests
showed that good mixing was occurring due to the
high turbulence in the line, which left the possibility
of chemical adsorption of some of the magnesium
ions within the pipeline, due to the presence of other

265

------7

(2) Gas method

I 1)(1 I
'm @

To determine the enthalpy in the line drawn
above, the throttle valve is closed down until a
pressure difference of at least 50 psi, and preferably
over 100 psig, is obtained between points (1)
and (2). A small cyclone is attached at each point
and a sample of steam/water is extracted and then
separated. The water is rejected and the dry steam
is condensed in a flask which also collects the non
condensable gases, mainly carbon dioxide. By intro
ducing sodium hydroxide into the flask and agitating,
the carbon dioxide is taken into solution and the
percentage mole fraction of the gas in the steam
can be determined. Let suffixes 1 and 2 denote the
sampling points.

h sensible heat of water. Btu/lb
L latent heat of 'steam. Btu/lb
q dryness fraction
m per cent mole fraction of carbon

in steam.
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(4) Critical lip pressure

It has been found that if a fairly large flow of
steam or steam/water mixture is expanded along
a pipe to the atmosphere, then there is at the extreme
end of the pipe a positive pressure above atmospheric
which is proportional to the mass flowing and en
thalpy, as in the following formula:

chemicals (such as silica) in the liquid phase. Simul
taneous with these tests, a series had been conducted
in which larger quantities of the solution had been
added to open flumes carrying near-boiling water.
The downstream sample concentrations were of
the order of 100 parts per million. The water flow
results in this case were high by about 10 per cent.
It would appear, therefore, that the higher the con
centration at the downstream sampling point the
greater the accuracy. Before a new series of tests
was initiated using a variety of chemicals other
than magnesium sulphate, a more direct physical
method (4) was discovered which could be used
to measure the flow of steam/water mixtures passing
into the atmosphere if the enthalpy is known.

where G mass-velocity lb/sq it (sec)
E = enthalpy Btu/Ib
P L = critical lip pressure lbjsq in absolute.

The results of work completed so far show this
formula to be accurate to ±3 per cent in estimating
flow-rates.

To obtain the lip pressure tapping, the following
must be accomplished. A small hole, equal to, or
smaller than, 1/25 of the pipe diameter, is drilled
as near to the pipe outlet (the "lip") as is possible;
a steel socket is now welded externally to the pipe
at this position to take a pressure gauge. It is prefer
able to use a glycerine-damped gauge with a needle
valve to eliminate the pulsations which are natural
to two-phased flashing flow.

Using this system it is now possible to measure
the flow of cyclone separated water flashing to
the atmosphere along pipes. Also, the measurement
of dry steam bores is easily accomplished using
only a pressure gauge (the enthalpy of dry steam
is approximately 1 200 Btu/lb).

EXAMPLE 2

11400

11400
G 12001.102

28.2°·96

If the atmospheric pressure is 14.7 lbjsq in, then
the lip pressure is 25 + 14.7 = 39.7 lbjsq in
absolute. At a cyclone pressure of 220 lb/sq in
gauge, the enthalpy of water from the steam tables
is 370.3 Btu/lb.

From the formula,

G 370.31.102

39.7°·96

7t (6)2112.6 4: 12 3600 = 79500 lb/hour. .

MEASUREMENT OF HEAT FLOW FROM A BOREHOLE

. Therefore G = 112.6.

Flow through a 6-inch diameter pipe is

Therefore G = 572.

. h di .. G 7t ( d )2Flow through 8-mc iameter pipe IS 4: 12

. 8 )2
3 600 lbjhr = 572 ~ (- 3600 = 720000 lbjhr at

4 12
370.3 Btu/lb. At 220 lb/sq in gauge, the enthalpy
of steam is 1 201.5 Btu/lb. Borehole enthalpy =
(60 000 X 1201.5) + (720000 X 370.3) = 434 Btu/lb.

60000 + 720000

A dry steam geothermal borehole blows vertically
through a 6-inch internal diameter pipe. A pressure
gauge at -the extreme end of the pipe indicates
13.5 lb/sq in gauge. What is the flow?

Lip pressure = 13.5 + 14.7 = 28.2 lbjsq in
absolute.

Enthalpy 1 200 Btu/lb.

The product of the factors G and E gives units
of Btu/fsq ft) (sec) which are units of the rate of
heat flow, or heat flux.

To see the effect of the factors involved, the original
formula can be adjusted as follows, where H = heat
flux Btu/fsq ft) (sec) = G X E

11400
G El.102
P ·96

L

EXAMPLE 1
G E1.102

pO.96

H EO.102

11400 = P
L

O.96

The flow from a geothermal borehole is passed
into a cyclone at 220 lbjsq in gauge where the steam
is separated from the water and passed along an
8-inch pipe to be measured by means of an orifice
before entering a power house. The high temperature
water is allowed to flash from a throttle valve along
an 8-inch pipe to the atmosphere. The lip pressure
reads 25 lb/sq in gauge. What is the water flow
and the enthalpy of the bore, if the steam flow was
60000 lbjhour? .

Therefore
11 400 PLo.96

H = ----==-=-0=--
EO.102

If the enthalpy of a borehole is not known but
is between, say, 300 and 1 200 Btujlb then the
value of H will be obtained accurate to ± io per cent.
At Wairakei, most of the boreholes have an enthalpy
between 350 and 600, and in this case the heat flux
can be obtained accurate to ± 3 per cent.
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EXAMPLE 3

A borehole whose enthalpy is unknown blows a
stean:/wat~r mixtur~ to the atmosphere through
a?' 8-mch mternal diameter pipe. A pressure gauge
situated ~t the extr~me end of this pipe reads
23 lb/sq m gauge. Find the heat flow in lb/hour.

Take the possible enthalpy range as 300 to 1 200.
The average enthalpy value to take will be
.J300 X 1 200 = 600.

Lip pressure = 23 + 14.7 = 37.7 lbjsq inch
absolute

H t fl H
11400 PLo.96 11400 X 37.7°·96

ea ux = = ~~~.~-=-~-, EO.102 6000.102

H = 1.92 X 105 Btu/(sq it) (sec)

Heat flow through pipe per hour

= 1.92 X 105 ~ (1
82)

2 3 600

= 2.42 X 108 Btu/hr ± 10 per cent

EXAMPLE 4

If the enthalpy for example 3 is known to be
within the range 350 to 600, find the heat flow in
lb/hour.
Average value of enthalpy to be used will be
.J350 X 600 = 458

Heat flux,

11400 X 37.7°·96
H = 4580.102 = 1.98 X 105 Btu/(sq ft) (sec)

Heat flow through pipe per hour

= 1.98 X 105 ~ (:2) 2 3600

= 2.48 X 108 Btu/hr ± 3 per cent

References

1. Belin, R. E. and Bainbridge, A. E., Estimation of Dryness
Fraction and Discharge of Geothermal Bores. Proc. I. Meek.
E. 171: 36. 967-82, 1957.

2. Mahon, W. A. J., this series of papers (G/46).

Surnrnary

Many methods have been suggested for measuring
the quantities of steam and water issuing from geo
thermal boreholes and the more obvious ones have
been used. These, however, usually suffered from
a requirement of heavy and bulky equipment.
The measurement of the fluid quantities over a
range of well-head pressures form the characteristic
output curves of a borehole which may vary with
time for a given hole. It is of importance, therefore,
to have available some easily transportable apparatus
which can be used to determine these mass flows
at a given well-head pressure. It is preferable to
have the equipment manoeuvrable by, at the most,
two men, and the method simple enough for a
technician to be able to make the determinations.
Because of the high erosive action of water-steam
mixtures, it is best to avoid inserting anything
mechanical into the pipe cross-section for any length
of time, particularly near the pipe outlet where
the velocity of flow is greatest.

Four methods have been employed in New Zealimd
and these are described:

Beta Ray Method, where a beta ray source is
mounted on one side of a nozzle and a Geiger counter
diametrically opposite.

Gas Method, where samples of two phase mixtures
are taken either side of a throttling valve and the
gas content of the steam phase is analysed in each
sample and the enthalpy calculated.

Magnesium Sulphate Injection, where a known
concentration is injected at a steady rate into two
phase mixture and sampled after adequate mixing,
and the magnesium content of the water phase
analysed and the flow calculated.

Critical Lip Pressure, which measures the pressure
at a predetermined point near the discharge of a
bore under pressure to atmosphere. An empirical
relationship has been found of mass flow, enthalpy
and critical lip pressure.

VARIANTES DES TECHNIQUES DE DETERMINATION DE L'ENTHALPIE
ET DU DEBIT EN POIDS

Resume

On a mis en avant nombre de methodes pour mesu
rer les quantites de vapeur et d'eau qui jaillissent
des puits geothermiques et on a fait appe~ a celles
qui etaient les plus evidentes. Neanmoins, elles
presentaient I'inconvenient d'exiger un materiel Iourd
et encombrant. La mesure de quantites de fluide

sur une ample gamme de pressions en bouche de
puits donne des courbes caracteristiques de debit
qui peuvent varier en fonction du temps pour chaque
puits. Il est done important de disposer d'un materiel
facile a transporter, dont on peut se servir pour
determiner simplement ces debits en poids a une
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pression donnee de bouche de puits. 11 est preferable
que le materiel puisse etre manoeuvre par deux
hommes au plus et que la methode soit d'une simpli
cite telle qu'un technicien puisse proceder aux deter
minations voulues. Compte tenu de la puissante
action erosive des melanges vapeur-eau, il est indique
d'eviter d'introduire une piece mecanique quelconque
dans le tube pendant un temps appreciable, particu
Iierernent pres de son orifice OU la vitesse de l' ecou
lement est la plus elevee, On a fait usage, en Nouvelle
Zelande, de quatre methodes dont la description
est donnee ci-dessous :

M ethode des rayons beta, par laquelle une source
de rayons beta est montee d'un cote d'une buse
et un compteur de Geiger-Muller en une position
diarnetralement opposee.

M ethode du gaz, par laquelle des echantillons des
melanges biphasiques sont preleves de chaque cote
d'une vanne d'etranglement, apres quoi on analyse
la teneur en gaz de la phase vapeur pour chaque
echantillon et on calcule l'enthalpie.

Methode de l'injection du sulfote de magnesium,
avec laquelle on injecte, a un regime continu, une
concentration connue du compose dans le melange bi
phasique et on prend des echantillons apres un bras
sage suffisant, a la suite de quoi la teneur de la phase
eau en magnesium est deterrninee et le debit calcule,

La pression en un point critique, qui mesure la
pression en un point predetermine situe pres de la
sortie a l'air d'un puits sous pression. Un rapport
empirique a ete etabli entre le debit en poids, l'en
thalpie et la pression critique en bord de tube.
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SAMPLING OF GEOTHERMAL DRILLHOLE DISCHARGES
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COMPLETE DISCHARGE

to apply a correction assuming that the cooling is
due to evaporation in the air. The concentrations of
constituents determined this way can be in error
by several per cent due to steam condensation
within the bucket and the silencer, and imperfect
evaporation corrections, but ratios between ions
are satisfactory.

When twin-tower cyclone silencers are fitted to
the by-pass pipes, excellent water samples can be
collected at 98-99°C (local atmospheric boiling point)
from the weir boxes. The samples are representative
of the water in the discharges for the separation
of steam at atmospheric pressure. Corrections for
cooling by evaporation are almost negligible, as the
water can be bottled near to 98°.

If the steam-to-water ratio, or the enthalpy,
of the discharge from the drillhole is known, the
chemical results obtained from separate steam and
water phases can be combined to give concentrations
in terms of the total discharge.

At Wairakei, the pressures at the end of a by-pass
are usually not greater than 30-40 psig, and are
sometimes as low as 10 psig. At these low pressures,
samples may be taken from a point near the end
of the by-pass through a small sampling valve,
and separate steam and water phases obtained by
use of a simple separator operating at atmospheric
pressure (figure 1).

The separator, calorimeter, and piping must be
heavily lagged to prevent heat losses; otherwise
diluted water samples and concentrated steam
samples will result. Before taking samples, the sepa
rator is allowed to warm up for 15 minutes.

The samples of steam and water obtained by this
method are of correct composition only if the enthalpy
of the sample entering the separator is the same
as that of the discharge in the by-pass.

At sampling pressures of a few tens of pounds,
the errors due to steam and water being sampled
in incorrect proportions are often small, but the
proportions of steam and water entering the separator
should be checked by a simple water calorimeter
(figure 1) and corrections to concentrations made
(Ellis and Wilson, 1960). A discharge of almost
pure steam or water is sometimes obtained from
low-pressure sample points (see later) in which case
extreme dilution of the small quantity of water
by condensed steam will occur, or of the steam by
flashing of the excess water.
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Low-pressure sampling

* Dominion Laboratory, Department of Scientific and In
dustrial Research, Wellington, New Zealand,

At Wairakei, most of the deep drillholes discharge
a mixture of steam and water of enthalpy between
400-500 Btu/lb. This means that at atmospheric
pressure the steam makes up about 30 per cent
by weight of the total discharge. The mass outputs
of most of these drillholes lie within the range
200-1 000 klb/hr.

Before the production stage is reached, a typical
well-head set-up consists of a horizontal by-pass
pipe making a T-join with the vertical pipe. There
are gate valves above and below the T-join, and on
the by-pass close to the join. The discharge is either
passed directly into the atmosphere from the end
of the steel by-pass pipe or through a concrete
silencer, which consists of a series of expanding
concrete pipes (Smith, 1958).

Later, the drillholes are fitted with vertical twin
tower cyclone silencers at the end of an approximately
50-foot by-pass as described by Smith. In these
silencers the separated steam emerges from the top
of the towers, while water passes through a weir box,
into drainage channels. In most cases a throttle
valve or back-pressure plate is inserted in the by-pass
so as to maintain the well-head pressure at the
production value. At Wairakei, "high-pressure" holes
run at about 200 psig, and "intermediate" pressure
holes at 80-100 psig.

When the drillholes are supplying steam to the
power station, steam and water are separated at
the well-head by inverted V-bend and cyclone
separators, operating at either 210-220 or 75-85 psig.

From the time the drillhole is opened until the
time its discharge is usefully employed, various
sampling methods will be necessary. Examples of
the methods used at Wairakei are given, together
with information on the general flow patterns which
may exist in horizontal by-pass pipes.

WATER ALONE

To obtain the approximate chemical composition
of the thermal water, an insulated double-walled
bucket can be used to collect water from the end
of the pipe, or from the side of ~he silencer. This
water, which separates from the mlx~d steam/water
discharge at about 99°C, is found m many cases
when collected to be as cool as 70°C, and it is necessary
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The errors caused by sampling even slightly
incorrect proportions of steam and water through
an atmospheric pressure separator become large at
high pressures. A separator working at the high
sampling pressures is necessary.

Sampling at higher pressures

FLOW PATTERN IN PIPES

From experiments on sampling steam and water
at various positions on the discharge pipes of drill
holes, it is possible to find the best conditions for
taking representative samples with the correct
concentrations.

In taking high-pressure samples at Wairakei,
small 2-in ID stainless steel Webre separators
(Pollak and Work, 1942) are used, capable of operat
ing at several hundred pounds steam pressure.
The pressure drop through these separators is very
small and samples are obtained of high-pressure
steam, and of water cooled under pressure by passing
through a cold-water jacketed pipe. Again, the sep
arators are well lagged.

Although small variations in the steam/water
ratio of samples entering the high-pressure separators
do not affect the results, an inflow containing a
large excess of steam results in the :vater samples
being diluted through the condensation caused by
slight heat losses. Entry of a large excess of water
causes the steam samples to be diluted.

The results from two sets of experiments using
different arrangements on by-pass pipes are given
below; The pipes were of 8" diameter, and the
enthalpy of the discharges varied between 400-500
Btu/lb.

RESULTS FROM COLLECTION WITH OPEN BY-PASS

The arrangement of sample points for t~is experi
ment was as shown in figure 2, but without ~he

constriction (S) in the by-pass pipe. The sampling
points 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 consisted of l-in
sockets welded to the by-pass. The discharge through

holes drilled in the pipe at these points was controlled
by l-m gate valves fitted to the sockets. With an
open by-pass, the well-head pressure was over 50 psig.

Steam and water samples were taken at sampling
points 1, 2, 3, 4, 8, 9 and 10 through high-pressure
Webre cyclones, and water samples were taken
from the weir box marked 11. The chloride content
of the water samples and the carbon dioxide content
of the steam samples were determined. Calorimeter
measurements were made on the discharge emerging
from each sample point.

From a knowledge of the enthalpy of the discharge
from the hole, the chloride concentrations, as de
termined on the waters collected at high pressures,
were corrected to the concentrations that would
exist in water separated from the discharge at
atmospheric pressure. This is the simplest basis for
comparison purposes (Ellis and Wilson, 1960). The
carbon dioxide results were recalculated to express
the concentrations of this gas in the complete dis
charge.

The enthalpies of the steam/water mixtures from
points 1, 2, 3 and 4 were of similar order to the known
enthalpy of the discharge in the 8-inch by-pass
(see table 1). Water samples representative of the
water in the by-pass were separated from discharges
by these points. The enthalpies of the discharges
issuing from points 8, 9 and 10 were found to be
very much higher than the true enthalpy of the
discharge in the by-pass, with point 8 giving the
least excess steam and the best chloride results.
The low chloride results from the other two points
reflect the high steam content of the mixtures.
Consistent chloride results were obtained for the
water samples from the weir box. These were in
approximate agreement with chloride values from
the high pressure sample points. The carbon dioxide
results for the total discharge were similar for steam
samples taken at all points along the by-pass.

RESULTS WITH CONSTRICTION IN BY-PASS

The arrangement used for this set of experiments
was as in figure 2, with a constriction (S) in the
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Table 1. A selection of results obtained from drillhole 48 under open by-pass conditions

CO 2 in steam at SP CO2 in total discharge
Measured E 01

Sampling SP Cl in water discharge trom poiHt
point ( psig.)

at 0 psig (millimolesl ( millimolesl using calorimeter
No. (ppm) 100 moles H,O) 100 moles H,O) (Btu/lb)

1 90 2234 65.1 7.2 460

1 90 2234 65.0 7.2 445

2 60 2250 55.2 7.5 520

2 60 2219 55.0 7.5 540

2 60 2226 55.4 7.5

3 60 2250 55.4 7.5 465

3 60 2250 55.6 7.6 520

4 60 2250 55.4 7.5 440

4 60 221)0 56.7 7.7 480

8 33 2177 48.0 7.9 780

8 33 2221 48.2 7.9 670

9 33 1959 44.8 7.4 990

9 33 1968 46.2 7.6 890
10 33 2134 45.2 7.5 955
10 33 2150 46.8 7.5 790
11 weir box 2269
11 weir box 2269

WHP of drillhole was 108-110 psig.
Enthalpy of drillhole discharge was 400 Btu/lb.
SP = sampling pressure.
E = enthalpy.

form of a back-pressure plate placed in the by-pass 12
feet downstream from points 2, 3 and 4.

The pressures obtained in the by-pass of any
drillhole with the above set-up depend on the mass
output from the hole, the diameter of the by-pass,
and the size of the throttling orifice. In the experi
ments the pressure upstream of the constriction
was 200 psig, whilst at points 8, 9 and 10 the pressure
was 25-30 psig.

The enthalpies of discharges from points 1, 2, 3
and 4 were again similar to the true enthalpy of
the drillhole discharge (table 2). Reasonably con
sistent chloride results, agreeing with those from the
weir box, were obtained for water samples taken
at these four points.

At point 5, after the orifice constriction, a very
low enthalpy discharge was obtained. It was impos
sible to take a steam sample as the separator became
flooded. The chloride result tended to be low. Point 6
gave a reasonable steam sample, but again a rather
low chloride and enthalpy result was obtained.
The bottom point, 7, in contrast, gave almost all
steam which resulted in a very low chloride concentra
tion in the water sample. The gas concentration
in the steam was not correct.

The lowest pressure points, 8, 9 and 10, gave
discharges with enthalpies very much higher than
the true enthalpy in the S-in pipe, with almost dry
steam being given from points 8 and 9. In agreement
with this, the chloride content of the water samples
taken from these two points was found to be diluted
with steam condensate. The chloride content of
water separated from point 10 was still low, but
of the right order.

With the exception of samples from points 5 and 7,
the carbon dioxide results were consistent.

INTERPRETATION OF SAMPLING EXPERIMENTS

The general flow pattern of the discharges in S-.in
by-pass pipes for the above conditions can be dIS
cussed in the light of the experimental results.
Other similar experiments with the back-pressure
plate and sampling points at different positions along
the by-pass are taken into account.

The results with an open by-pass (table 1) are
examined first. The hot water (250-260°C) fr?m
depth, as it rises up the vertical drillpipe, begms
to boil when the pressure is sufficiently low. At the
well-head a considerable amount of steam is present,
the exact amount depending on the initial tem
perature of the water and the well-head pressure. The
wellhead T causes a slight throttling effect on the
discharge.

At 4 to 6 ft downstream from the bend, the steam
and water were in an agitated condition which
allowed representative samples of both phases to be
collected at all positions around the pipe. The en
thalpy of the discharge from a point located 12 it
downstream of the well-head T on the top of the
by-pass was higher than for point 2, showing that
at the 12-ft distance water had a tendency to flow
at the bottom of the pipe.

The velocity of the discharge increases considerably
as it p~sses down. the by-pass to atmosphere. From
the evidence available the greater portion of the
water flows along the bottom of the by-pass pipe,
with the steam above. However, water was stil!
available for sampling at point 8 as water samples
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with reasonable chloride concentrations were obtained
here. The discharge from point 8 had a relatively
low enthalpy compared with that for points 9 and 10.

The dryness and poor water samples obtained
fr~m point 10 are rather surprising when other
ev~dence suggests that water was flowing over this
point. One possible explanation is that the water
trying to enter the sampling socket was drawn
back into the by-pass in a vortex due to the momen
tum of the discharge above.

At any point on the pipe under open by-pass con
ditions, equilibrium appeared to have been attained
in the steam phases, i.e., there was good mixing
between old steam and new flashed steam. Inside
the twin-tower silencer there is little steam condensa
tion and the water passing into the weir-box is not
appreciably diluted.

With a constriction in the by-pass, for a distance
of at least 12 it upstream from the plate an agitated
condition existed in the steam and water phases.
Representative samples were obtained from points
at positions around the by-pass 4 to 6 ft downstream
of the well-head T.

The velocity of the discharge in the by-pass was
considerably smaller upstream and considerably
greater downstream of the constriction, compared
with the velocities that existed under open by-pass·
conditions. After passing through the constriction,
a proportion of the water in the discharge was
thrown to the top of the by-pass and impinged
of the pipe 8 to 10 ft from the orifice. Point 5 gave
an enthalpy value which corresponded approximately
with that of the water in the pipe at 180 psig before
it passed through the constriction. When the constric
tion was a partly closed gate valve, similar results

were obtained. The phases are not at equilibrium
at this short distance after a constriction and poor
sampling conditions exist.

The distance that water travels along the top
of the pipe is not known, but 30 ft downstream
of the constriction there was little water left on the
top of the pipe (see high enthalpy and low chloride
results for point 8, table 2). Thirty feet downstream
the phases were in equilibrium again and represen
tative steam samples were collected from points 8,
9 and 10.

The minimum distance downstream of the con
striction at which the steam phase is at equilibrium
is not known, but at Wairakei it is greater than 12 ft.

Recommended sampling positions

Summarising the results from Wairakei, the follow
ing positions are recommended for representative
steam and water sampling.

Water and steam samples can be collected under
pressure (60-200 psig) from sampling points 4 to 6 ft
downstream of the well-head T. The points can be
located on the top, bottom or side of the by-pass
and the sampling is not greatly influenced by a
constriction in the pipe 12 to 20 ft downstream from
the points.

Water and steam samples can be collected under
pressure (60-200 psig) from a sampling point 4 ft
upstream of the well-head T on the vertical well-head
pIpe.

Steam samples can be collected under pressure
(10-50 psig) at a distance 30 ft downstream of a
constriction, or at any position on the by-pass under

Table 2. A selection of results obtained from drillhole 48 under constricted by-pass conditions

Sampling
point
No.

SP
(psi g)

Cl in water
at 0 psig

(ppm)

CO 2 in steam
at SP

(millimoles/
100 moles H,O)

CO2 in total
discharge

(millimoles/
100 moles H,O)

Measured E of
discharge from point

using calorimeter
(Btu/lb)

1
1
2
2
3
3
4
4
5
6
7
8
8
9
9
10
10
11
11

198
198
180
180
180
180
180
180

40
40
40
28
28
28
28
28
28

weir box
weir box

2287
2287
2249
2249
2289
2289
2266
2266
2231
2228
1639
1008

549
1052
1067
2010
2056
2284
2284

65.2 6.1
65.4 6.1
62.9 6.5
61.9 6.4
62.0 6.4
62.8 6.5
62.9 6.5
62.9 6.5

Separator flooded
30.4 6.8
16.0 3.2
29.2 6.3
28.6 6.2
29.2 6.3
29.0 6.3
28.7 6.2
29.4 6.4

460
490
490
470
460
460
465
480
360
420
925

1045
1020
1020
1040

925
945

WHP of drillhole was 190·205 psig.
Enthalpy of drillhole discharge was 440 Btu/lb.
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open by-pass conditions. In both cases the sampling
point can be on the top, bottom or side of the by-pass.

When the complete discharge of a drillhole is
being separated for utilization purposes, good water
samples can be taken under pressure from the, hot
water main through the cold-water jacketed cooling
assembly attached to the Webre sampling separators.
Steam samples may be taken from the high-pressure
steam main as shown in figure 3, with the omission
of the Webre separator.

Water samples can be collected at atmospheric
boiling point from the weir box of twin-tower
silencers.

In all methods of sampling under pressure it is
essential that there be only a very small pressure
drop through the separators and that heat losses
be negligible. A concentrated steam sample or diluted
water sample will otherwise be obtained.

It should be noted that although representative
steam samples can be taken at high pressures, it is
not possible to calculate the gas content of the total"
discharge with any precision unless the enthalpy
of the drillhole discharge is known accurately. For
example, the percentage of steam at 200 psig
is 16.5 per cent if the enthalpy is 500 Btu/lb. but
only 10.6 per cent for an enthalpy of 450. Single
steam samples will give a more accurate measure

of the gas content of the discharge if they are taken
at low pressures.

Technique of collection

At Wairakei, steam samples are collected and
condensed in thin-walled pyrex flasks of 2~, 5 or
12 litres capacity held for protection in padded
wooden stands. (Figure 3, also Wilson, 1955.) Lengths
of high-pressure butyl rubber tubing are attached
to each end of the flask, together with a clip to
close the, flask to atmosphere. Before starting a
collection, the flask is evacuated with a vacuum
pump and purged by allowing a jet of steam from
the separators to pass through the flasks for five
to ten minutes. Alternatively, the flasks may be
filled with water which is then blown out by steam,
and purged as before. With the steam still passing
through the flask, any condensate which has been
collected in the purging operation is removed. The
flask is then closed to the atmosphere by screwing
do~n the clip on the butyl rubber, and the steam
which enters from the separators is condensed by
playing water on to the surface of the flask. The
non-condensable gases associated with the steam
are collected in the flask above the condensate.
After collecting the required amount of condensate
the flask is closed to the separator. A pressure of
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non-condensable gases of about one atmosphere
should be aimed at in the collection. For a gas
content of 0.02 moles/LOu moles of water, this
requires the flask to be about quarter filled with
condensate.

The flask is taken to the laboratory where hydrogen
sulphide and carbon dioxide are absorbed into the
condensate by the addition of alkali, and the residual
gases are pumped-off for conventional gas analysis,
or gas chromatography.

The following procedure was worked out by
S. H. Wilson, then at the Dominion Laboratory
(unpublished work). Insert the narrow end of the
glass tube (figure 4) into one of the butyl rubber
tubes on the flask, and provide the wide end with
a short length of wide-diameter tubing and a screw

clip. Add 8-10 ml of 50 per cent sodium hydroxide
solution for each litre capacity of the flask, fill with

, water to displace air and close off from the atmos
phere. Open the lower clip and shake the alkali
down into the flask, then shake again to extract
the acid gases into solution. Invert the flask to
refill the tube, close off, and remove the tube.
Weigh the flask to obtain the quantity of condensate.

The flask is placed in a felt-lined box and one tube
is connected to a vacuum system with manometer,
McLeod gauge, and rotary oil pump. After half
an hour, the temperature in the box is read, and the
flask connection is opened to allow the gas pressure
to be read on the mercury manometer. The residual
gas is pumped over into a sample tube (figure 5),
using water from the same drillhole, with salt added,
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to fill the collection flask and compress the gas
into the sample tube. A 10 per cent solution is
convenient, with a dye added so that any mixing
of the condensate rand salt solution can be seen.
The water from the drillhole has the advantage
of containing no oxygen and little other dissolved gas.

After the gas transfer the salt solution is taken
back into the bottle, the mixed layer and the bottom
two-thirds of the condensate are rejected. Aliquots
of the remaining condensate are taken immediately
for sulphide and carbon dioxide analysis. If the sam
ples are to be kept for a few days before analysis,
the condensate is put in bottles capped with wide-

diameter butyl rubber tubing. The bottles are filled
to overflowing and the rubber clamped to exclude
air.

Carbon dioxide and hydrogen sulphide, which
make up approximately 97 per cent of the gas~S

present in the drillhole discharges at Wairakel,
are analysed in the alkaline condensate by acid
and iodine titration. (Ritchie, this series of papers,
GJ29.)

Separate steam condensate samples are colleet~d
from the drillhole discharge for ammonia, bone
acid, fluoride, and chloride determinations. As chlo
ride and sodium ions exist only in the water phase,



Drillhole discharge sampling Gj46 Mahon 277

a determination of either ion in the condensate
samples allows the amount of water associated with
the steam to be estimated.
Wat~r s~mples on which gas analyses or pH

determinations are to be carried out are collected
in glass bottles of 500 cc capacity with a piece of
butyl tubing fitted to the top as for alkaline conden
sate storage. The outlet of the separator is lowered
to the bottom of the collection bottle and at least
I 000 cc passed through the bottle to ensure that
the 500 cc collected is not contaminated by air. The

bottle is sealed, air-free, by means of a clip on the
butyl rubber lead.

Water samples which are to be used for the de
termination of major constituents are collected in
500 cc glass medicine bottles. One 500 ml sample
for determination of arsenic and antimony is filtered
through a fine sintered glass frit. This prevents
the adsorption of these metals on suspended rock
particles. For other trace metals, IO-litre water
samples are collected in acid-cleaned pyrex glass
bottles.
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Summary

Representative sampling of steam and water
discharging from a drillhole is not simple, as the
pipe contains a rapidly flowing mixture in which
the volume ratio, steam/water, may be several
hundred to one. Separate steam and water samples
are necessary, and analyses are combined to give
results for the complete discharge from a knowledge
of its dryness fraction.

Sampling methods depend on the arrangement
of the wellhead and by-pass of a drillhole, as changes
occur between the time the hole is first opened to
the time it reaches the production stage. Various
sampling methods are described, with comments on
the possible errors which may arise out of their use.

The requirements of adequate sampling are
examined in the light of the flow patterns which
have been found to exist in the horizontal discharge
pipes at Wairakei. Errors may occur when steam
and water are not sampled in the same proportion
that exists in the pipe at the sampling pressure.

Steam samples are condensed in water-cooled
glass flasks of several litres capacity, and are analysed
for their gas contents, as well as for the dissolved
constituents, ammonia, boric acid, fluoride and
chloride. Several water samples are collected for
specific estimations such as major ionic constituents,
trace metals, isotope ratios, and pH and dissolved
gas determinations.

ECHANTILLONNAGE DES PRODUITS DES PUITS GEOTHERMIQUES

Resume

On se heurte a des difficultes quand on cherche
a se procurer des echantillons types de la vapeur
et de l'eau qui sortent d'un puits, car le tube utilise
contient un melange en ecoulement rapide, dans
lequel la proportion vapeur/eau peu~ atteindre des
centaines contre I'unite, On doit avorr recours a des
echantillons separes de vapeur et d'eau et combiner
les analyses pour obtenir des resultats valables pour
la totalite des produits quand on en connait le degre
de secheresse,

Les techniques dechantillonnage sont condition
nees par la disposition de la bouche du puits et la
derivation, car il y a des changements entre son
ouverture initiale et le moment de son entree en
production. On decrit diverses methodes d' echan
tillonnage et on formule quelques commentaires sur
les erreurs auxquelles peut mener leur emploi.

On examine les exigences applicables a I'echan
tillonnage satisfaisant a la lueur des regimes d'ecou
lement etablis pour les tuyaux de sortie horizontaux
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en service a Wairakei. On peut aboutir ades erreurs
quand on n'echantillorme pas la vapeur et I'eau
dans les memes proportions que celles qui regnent
dans le tuyau a la pression d'echantillonnage.

On condense les echantillons de vapeur dans des
flacons en verre a refroidissement par l'eau et on
procede a l'analyse de leur teneur en gaz et en

elements constitutifs dissous tels que l'ammoniac,
l'acide borique, les fluorures et les chlorures. On
recueille plusieurs echantillons d'eau en vue de
proceder, sur eux, a des evaluations specifiques
portant, notamment, sur les principaux ions qu'elle
contient, les metaux rares, les proportions d'isotopes,
le pH et la teneur en gaz dissous.
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PHOTOGEOLOGY APPLIED TO NATURAL STEAM EXPLORATION

Professor Enrico Marchesini *

The photogeological phase of a survey carried out
in the Tolfa area for natural steam exploration is
discussed here as an example of the possibilities
offered by photogeological techniques in this par
ticular field.

The area of the survey covers approximately
900 Km2 in the neighbourhood of Civitavecchia,
80 km NW of Rome.

Two major features of the area have attracted
the attention of the explorers for steam:

The occurrence of neogenic vulcanites connected
with surface indications of high thermality, such as

* GEOMAP, Florence, Italy.

• "'EAANO

fTREX2".E.

G3:'''a
flO""".

mineralized hot springs, sulphides, and travertine
deposits.

Stratigraphic conditions rather similar to those
of the two producing areas of Larderello and Mt.
Amiata.

The following specialists. have contributed to the
survey and related studies: F. Battini, R. Burgassi
(steam-technicians for the Larderello Co.), A. Celan
droni, G. C. Facca, E. Marchesini, A. Pistolesi
(GEOMAP's geologists), K. Hormann and G. Tacchi
(paleontologists), A. Rittmann (volcanologist).

The related gravity-meter and magnetometer sur
veys have been carried out by the Compagnie
generale de Geophysique.

f'ESCAAA

AQU1LA

BARI

Fig. 1. Location map: 0 = area of survey

279
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Figure 2. Exposure of Cretaceus Flysch at Mt. Ferrara (Tolfa)

Figure 3. The occurrence of H 2S at La Caldara, 15 km east of Tolfa
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The Larderello Co. is now drilling a few km WSW
of Tolfa.

Stratlgraphic outline

The stratigraphic sequence exposed in the Tolfa
area is as follows (from top to bottom):

QUATERNARY

Alluvial and litoral deposits; river and beach
conglomerates with volcanic elements from the Tolfa
ignimbrites; volcanic tufas, as thick as 70 m,
originated by the Bracciano explosive crater.

MIOCENE

No definite beds have been referred to the Miocene
for lack of typical fauna. However, it is admitted
that some beds near the bottom of the preceding
group could pertain to the Miocene.

OLIGOCENE-EOCENE

Grey shale, thinly bedded argillaceous limestone,
marls and variegated shales containing Oligocene
to Eocene fauna, reach a thickness of 400 m. The
lithological similarity of this group with the cretaceous
sediments makes separation in the field sometimes
difficult.

LOWER QUATERNARY TO UPPER PLIOCENE

Ignimbrites and lavas from the Tolfa volcano,
reaching a maximum observed thickness near to
300 m.

PLIOCENE

Marine shales and gypsiferous shales; conglomer
ates with elements from the local Mesozoic to lower
Tertiary formations and without volcanic elements.
The maximum thickness observed reaches 200 m.

PALEOCENE-CRETACEOUS

To this age group is referred the major bulk
of the sediments outcropping in the area. These
sediments consist of fine and medium clastics (shale
to sandstone) including less than 20 per cent inter
calations of marly limestones and calcarenites. The
total thickness is not less than 1 500 m.

These sediments, together with those of the
lower tertiary, represent the filling of a large basin

Figure 4. Hot spring with CO2 at Bagnt di Sfiglfano, 10 km east of Tolfa

11
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folding which dominates the plastic filling. Two
major tectonic trends are observed which affect
both the distribution of the major outcrops and
the general morphology of the area: one principal
trend (Appenninic), oriented to the NW, and one
cross-trend oriented to the NE.

The photogeological interpretation has proved a
valuable tool both in helping detect major fracture
lines and in mapping the highly complex forms
of the plastic cover. As it usually occurs in the vicinity
of volcanic areas, the fracture net appears rather
dense and complex. A remarkable help for its analysis
has also been offered by the photo interpretations.
The photogeological phase has been solidly attached
to the surface work, both phases having been carried
out by the same geologists. The photographs, which
have been obtained from the Italian Air Force,
are of good quality at the approx. scale of 1/35 000.
The surface data have been accurately annotated
on the photos as guidance and check for further
interpretation work.

The great amount of information covering strike
and dip of beds, faults and joints obtained from
the photos allows the use of interpolation techniques
similar to those applied to the interpretation of
seismic profiles by "phantoms". Where definite key-

beds are lacking, such a procedure can lead at least
to a qualitative delineation of important structures
by form-lines.

Figure 6, condensing the major faults and struc
tural features, shows several individual disharmonic
structures affecting the Flysch beds, cut through
by faults and slip-lines. The positive structures
are indicated with letter A, and the negative struc
tures are indicated with letter B. Structures A I
and A 2 appear similar to faulted brachianticlines,
while A 3 approaches the type of a faulted monoclyne.
In the vicinity of these positive structures are
observed hot springs and mineralizations.

The gravity survey also indicates positive ano
malies in coincidence particularly strict with A I and
A 2 (figure 7). Also, on a regional basis, the gravity
picture appears to fit the general structural pattern.

The observed consistency between positive struc
tures of the plastic cover and positive gravity ano
malies justifies the hypothesis that in such areas
the calcareous bottom is also raised. This condition
is of obvious interest for exploration because it
affords better chances to reach the reservoir at
shallower depths, although is not necessarily related
to better productivity. The first exploration well
of the area has been located on A 1.

Summary

Photogeology is proving an effective tool in natural steam exploration.
The present paper is a short account of a geological survey carried out

by GEOMAP for natural steam exploration in Italy, sponsored by the Larde
rello Company.

The surface survey met with remarkable difficulties in mapping the highly
comple::, structure of the plastic cover which overlies the calcareous possible
reservoir,

For.m ~ines a~d faults, ob.tained by photointerpretation, led to a picture
that coincides fairly well WIth gravimetric and magnetometric evidence.
The picture compares favourably with two producing areas at Larderello and
Mt. Amiata in Tuscany.

The Larderello Company is now drilling on the project.

APPLICATION DE LA PHOTOGEOLOGIE A LA PROSPECTION
DES GITES DE VAPEUR NATURELLE

Resume

La photogeologie s'est averee efficace, entre autres, dans les travaux
de prospection a la recherche de gites de vapeur naturelle.

On trouvera, dans le mernoire, une breve description des travaux d'explo
ration geologique executes par la GEOMAP ala recherche de vapeur naturelle
en Italie, sous les auspices de la compagnie Larderello.

Les examens pratiques en surface se sont heurtes ades difficultes notables
quand il s'est agi de faire des rel eves cartographiques de la structure eminem-
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ment complexe de la roche de couverture sous laquelle se trouve un reservoir
possible constitue par des formations calcaires.

Les contours et les failles revelees par I'interpretation des photographies
ont permis d'aboutir aune image qui correspondait raisonnablement bien aux
donnees gravimetriques et magnetometriques, Cela peut etre compare favo
rablement avec les constatations faites sur les sites des deux champs en pro~

duction a Larderello et Monte Amiata, en Toscane.
La compagnie Larderello fonce actuellement des puits dans ces regions.
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LES ANOMALIES THERMIQUES ET LES CHAMPS GEOTHERMIQUES
DANS LE CADRE DES INTRUSIONS RECENTES EN TOSCANE

G. Marinelli *

Parmi les champs gecthermiques connus dans le
monde entier, les champs de la Toscane sont actue1
lement ceux qui fournissent la plus grande production
d'energie geothermique et merne depuis longtemps
les plus exploites. Un bref expose de toutes les
donnees qui permettent d'etablir assez vraisembla
blement les modes de gisement des champs geo
thermiques de la Toscane peut fournir, outre qu'un
indice de recherche pour les zones limitrophes de
la Toscane elle-meme et du Latium septentrional,
un exemple pour commencer des recherches dans
d'autres zones de la surface terrestre qui presen
teraient des conditions geologiques analogues a. celles
decrites dans ce rapport.

Dans I'evolution geologique de I'orogenese des
Apennins, les phenomenes magmatiques sont lies
a. la phase finale du cycle, c'est-a-dire a. la subsidence
de tout le versant occidental de cette chaine menta
gneuse. De tels phenomenes magmatiques sont
representes par un volcanisme qui a eu ses debuts
a. la fin du pliocene et qui est encore actif en partie,
et par un ensemble de phenornenes intrusifs qui ont
porte a. la mise en place et ensuite denude un certain
nombre de petites coupoles acides. De telles intrusions
affieurent en partie dans les iles de I'Archipe1 toscan
et en partie sur la cote toscane.

D'apres 1'observation des recents leves de la
morphologie sous-marine, il est tres probable qu'il
existe sur la plate-forme cotiere de la mer Tyrrhe
nienne, en face de la cote toscane et du Latium,
d'autres petits stocks engloutis par le phenornene
accentue de subsidence de ladite zone. Si I'on ajoute
ces coupoles sous-marines aux six autres qui se
montrent a. la surface en Toscane et dans les iles
de l'Archipel toscan, nous atteignons le nombre de
11 coupoles intrusives pour une superficie d'environ
13500 km-, c'est-a-dire une coupole pour chaque
1 200 km". Cette densite pIu tot elevee n'est certaine
ment pas caracteristique de la seule cote toscane
mais e1le est typique pour certaines zones de subsi
dence successive a. la periode paroxistique de tous
les cycles orogenetiques,

Les six coupoles formees de roches tres acides
(granodiorites a. granites) se sont introduites dans les
sediments du geosynclinal apenninien de la periode
comprise entre le trias et I'oligocene tout en provo
quant de vastes phenomenes de metamorphisme
thermique et de mineralisation. En outre, les sedi-

* Istituto di Mineralogia, Universita di Pisa, Pisc

ments sont recoupes par des filons granitiques,
aplitiques et microgranitiques et, dans le cas de la
coupole de Campiglia, certaines fractures filoniennes
sont arrivees a la surface en dormant ainsi naissance
a. une vaste couverture ignimbritiquc.

Il y a de nombrcuses donnees gcologiques qui
permettent d'etablir que la mise en place de ces
coupoles est d'autant plus ancienne qu'elles sont
plus occidentales. On rapportera ici les donnees
principales.

1) Le soulevement de la chaine des Apennins
se poursuit d'ouest en est, et les phenomenes d'ultra
metamorphisme et de granitisation sont done plus
anciens dans la partie plus occidentale de la chaine
montagneuse.

2) La denudation des coupoles intrusives est plus
accentuee dans la partie occidentale (Monte Capanne
a l'ile d'Elbe et ile de Montecristo) que dans les
parties plus orientales (Campiglia et Gavorrano).

3) La coupole plus occidentale, c'est-a-di~e celle
du Monte Capanne, etait evidemment en partie
denudee pendant le messinien, puisqu'on trouve
en abondance dans les conglornerats fossiliferes
messiniens sur la cote toscane des galets provenant
du magmatisme de 1'ile d'Elbe. Le merne conglornerat
est au contraire recoups par des filons hydrotherrnaux
a. sphalerit et galene dans la zone au nord de Campi
glia,. c.'est-a-dire que la mise en place de la coupole
gramtIque de Campiglia etait encore en cours au
debut du pliocene.

.4) La determination chronologique relative des
dl:,erses coupoles intrusives de la Toscane, qui a ete
fmte. a,:,ec la methode des halos pleochroiques dans
la ~lOt~te, ,a per!Ilis d'etablir avec precision l'age
moms e1eve des mtrusions plus orientales.

Les donnees mentionnees ci-dessus, ainsi que
d'autres arguments geologiques que pour abreger
nous ne rapportons pas, portent a. considerer desor
ma~s comm~ c~rtain. I'age toujours plus jeune des
petits massifs mtrusIfs au fur et a. mesure qu'ou
s'approche de la partie actuellement soulevee de
la chaine des Apennins.

Voy~:ms a. present les connaissances que nous avons
au sUJet de la chronologie absolue. Les donnees
geologiques nous fournissent uniquement des infor
mations limitees et precisement nous disent que la
:oupo~~ du Monte CaJ?anne a. 1'ile d'Elbe (et peut
etre I'Ile de Montecnsto, apparue du merne age

(Italic). par la methode des halos pleochroiqnes) est du
288
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premessinien, et qu'au contraire toutes les autres
coupoles sont du postmessinien. Vne datation tres
precise a ete possible pour le Monte Capanne et
pour I'ile de Montecristo avec la methode Rb/Sr
a cause de la grande quantite de Rb de la biotite
de Montecristo, et de la lepidolite et de la pollucite
de l'ile d'Elbe. Cet age est compris entre 6 et 7 millions
d'annees,

On sait que d'apres les tables chronologiques de
Holmes (1947) et de Kulp (1960) les donnees de
I'age des divers niveaux du neogene sont tres peu
precises: cela a peu d'importance quant aux buts
de cette communication, tandis qu'il est tres interes
sant de constater que les plus anciennes des coupoles
intrusives qui affieurent en Toscane se sont mises
en place a une epoque bien plus recente qu'on ne
croyait auparavant.

Ces donnees nous portent logiquernent a supposer
que dans les zones plus orientales par rapport aux
petits massifs intrusifs affieurants, il y en a d'autres
qui ne sont pas encore denudes par I'erosion et
quelques-uns encore en cours de refroidissement.
rei merne par la suite nous essaierons de fournir
toutes les donnees existantes en faveur de cette
hypothese.

Considerons toute la partie de la Toscane et du
Latium occidental limitee au nord par la vallee
de l'Arno, au sud par la vallee du Tibre et a l'est
par la ligne Empoli-Sienne-lac Trasimene-vallee de
la Paglia. Toute cette zone est justement interessee
par une tectonique disjonctive due a la subsidence
postorogenetique. Ici s' est developpe, a partir de
la fin du pliocene, une notable activite volcanique,
qui a atteint son maximum pendant la glaciation
rissienne. Nous pouvons nettement diviser cette
activite dans les deux categories suivantes.

1) Volcanisme acide tres peu differencie d' origine
anatectique directement lie a la remontee des masses
granitisees, Ce volcanisme a donne origine a des
couvertures ignimbritiques plus ou moins etendu~s
et, en moindre partie, a des coulees de lave (Campi
glia Roccastrada Monte Amiata en Toscane, et
La Tolfa Manzian'a Monte Cimino dans le Latium)., ,

2) Volcanisme hybride provenant probableme~t

des zones profondes granitisees du Sial et en partie
aussi du Sima. Ce volcanisme, typique a chambres
superficielles et avec un cycle de differenciation
tres accentue, a engendre de nom.b~eux appare:ls
volcaniques avec de grandes quarrtites d~ pro~Ults
pyroclastiques et coulees de lave. (Radl,:of.am en
Toscane, Monti Sabatini et Mont! Vulsini dans
le Latium).

Bien qu'il soit evident qu'une partie seulement
des intrusions superficielles ont engendre un pheno
mene volcanique, la presence d'une couverture
ignimbritique dans une zone ou est conn,:e une r~m~n
tee de stocks nous donnera routefois un indice
important de la presence d'une intrusion superficielle
qui n'affleure pas.

Mais il y a beaucoup d'autres arguments au regard
de cette zone, outre la presence des couvertures

ignimbritiques, pour supposer qu'il y a des intrusions
superficielles encore en cours de refroidissement.
Enumerons id les principaux:'

1) Soulevement des assises plioceniques. La cou
verture pliocenique dans la zone examinee se trouve
a une altitude variable entre 100 et 300 metres;
dans certains endroits elle monte a une bien plus
grande altitude. En particulier clans la zone de
Larderello et du Monte Cimino, elle arrive a environ
600 m et dans la zone du Monte Amiata elle depasse
900 m.

2) En correspondance exacte avec ces souleve
ments post-plioceniques tres localises, il y a de fortes
anomalies negatives de gravite. Dans ce cas aussi,
c'est dans la zone du Monte Amiata qu'on remarque
davantage ce phenomene. .

3) Les axes de la tectonique regionale sont bien
troubles dans les zones dont parlent les points 1 et 2.

4) Dans toutes les zones 1, 2 et 3 on note de
nombreuses mineralisations de divers types. Dans
les zones ou l'on suppose que les coupoles ont atteint
une distance moindre de la surface, on a retrouve
par suite de travaux miniers des roches certainement
thermometamorphiques.

5) Une methode isotopique basee sur la mesure
des rapports 0 16/018 et (12/CI3 dans les calcaires,
et dont la validite a ete controlee sur des roches
provenant des bordures des coupoles granitiques
affieurantes, a fourni une preuve de la presence
de coupoles enfermees dans la zone consideree
et elle en a localise d'autres pas encore prevues,
Une telle methode apportera certainement une aide
importante pour la recherche des petits massifs
intrusifs non affieurants, surtout dans les zones
ou les connaissances geologiques regionales sont
insuffisantes.

Les donnees ci-dessus mentionnees semblent suffi
santes pour accepter I'hypothese de la presence
des coupoles en cours de refroidissement soit dans
la zone de Larderello, ou manquent les manifestations
volcaniques, soit dans celle du Monte Amiata,
couverte par les ignimbrites.

Mais il est evident que toutes les coupoles ensevelies
dans la zone ne sont pas a un meme stade de
refroidissement, et elles ne seront pas toutes capables
de donner une forte anomalie thermique localisee ;
en outre, la presence de l'anomalie thermique ne
sera certainement pas une condition suffisante pour
le formation d'un champ geothermique.

Dans le but d' eclaircir ce que doivent etre les
conditions de gisement d'une coupole intrusive pour
qu'il y ait possibilite de formation d'un champ
geothermique, nous resumerons id brievernent les
donnees sur la serie sedimentaire et sur les niveaux
de cette serie atteints par les diverses coupoles
intrusives connues en Toscane.

La serie sedimentaire de la fosse geosynclinale
des Apennins commence en Toscane avec l'ingression
triasique sur les sediments continentaux ou sau
matres du permocarbonifere, Ce trias, au debut
forme de quartzites conglorneratiques et quartzites

11·
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schisteuses, passe ensuite a une serie evaporitique
avec une forte epaisseur d'anhydrites suivies de
dolomies et de calcaires qui, dans le cas frequent
de transformation partielle ou totale en gypse et
dissolution de l'anhydrite, se sont transforrnes en
cargneules tres poreuses. Cette formation .triasiq~e

est suivie d'une serie mesozoique calcaire, puis
d'une serie marneuse du cretace-eocene et enfin
de gres oligoceniques. Quelquefois, pour des causes
de nature tectonique, on trouve directement sur le
trias une serie flyschoide d'epoque qui varie entre
le jurassique superieur et l'oligocene constamment
riche en argile.

La sedimentation du geosyndinal s'arrete vers
la fin de I'oligocene ou vers le miocene inferieur
avec la phase du soulevernent. On trouve ensuite
de facon discontinue sur ces sediments de fosse
une serie nettement transgressive messinienne et
pliocenique, qui ne revet aucun interet dans le but
de la presente communication.

En resumant done, la OU l'erosion et la denudation
tectonique ri'ont pas decouvert les terrains plus vieux,
la serie toscane est formee d'un trias poreux (quar
tzites fractures et anhydrites) ou merne tres poreux
(cargneules vacuolaires), recouverte d'une serie gene
riquement impermeable ou tout au mains assez peu
permeable par rapport au trias qui se trouve au
dessous.

La remontee des stocks peut atteindre les niveaux
les plus divers de cette serie, en provocant des pheno
menes varies par rapport a la parasite de la serie
meme. Sur la connaissance des coupales qui se
montrent a la surface ou presque, nous pouvons
distinguer trois types stirs de phenomenes et en
arguer un quatrieme. Ces quatre types sont id
meme reportes avec la suite des phenomenes pro
voques par l'intrusion.

1) La remontee de la coupole est arrivee a faire
intrusion parmi les assises de la couverture flyschoide
impermeable (Monte Capanne a I'Ile d'Elbe et ne
de Montecristo). On constate de vastes phenornenes
d'autometamorphisme dans les roches magmatiques
(en particulier dans les microgranites) et l'absence
presque totale de mineralisation dans la couverture
rejointe par les roches intrusives. Probablement
les intenses phenomenes de metamorphisme thermique
ant aussi elimine la parasite de la serie triasique
qui se trouve au-dessous.

2) La remontee de la coupale intrusive a traverse
la serie poreuse triasique et est arrivee jusqu'aux
premiers niveaux de la serie calcaire mesozoique
(Campiglia). La serie poreuse a ete partiellement
impermeabilisee par le metamorphisme thermique-.
Des mineralisations, nombreuses mais peu impor
tantes, de haute et moyenne temperature (cassite
rite, skarn avec sulfures de Cu, Pb, Zn) se trouvent
dans les calcaires mesozoiques avec suites de plus
basse temperature a plus grande distance de la
coupale granitique.

3) La remontee de la coupale intrusive a atteint
le permocarbonifere ou la seule partie inferieure

de la serie triasique (quartzites) [Elbe 'orientale,
ne de Giglio, Gavorrano, Prata pres de Massa Maritti
ma]. La partie tres poreuse ,a ete peu o? pas du ~out

interessee par les phenornenes .de metamorphisms
thermique; elle a ete par consequent le siege des
grandes mineralisations pyrometasomatiques ou
hypothermales avec s~arn, magl}etite, pyrrhotine,
ologiste et surt~ut pynte. De meme la ,c?uvertu:e
impermeable qui se trouve au-dessus a ete interessee
par des phenornenes de mineralisation de type
filonien, mais toujours de haute ou moyenne tempe
rature.

4) La remontee de la coupole intrusive s'est
arretee a des niveaux plus bas par rapport aux
couches poreuses triasiques (Larderello, Monte
Amiata, La Tolfa, Monte Cimino, etc.). Les minera
lisations de haute et moyenne temperature ne sont
pas connues; elles se sont peut-etre ~eveloppees

a des niveaux inconnus au-dessous du tnas poreux.
Dans les series triasiques et plus recentes, il est
uniquement arrive quelquefois une mineralisation
de . type epithermal avec des phenomenes etendus
de silicisation, melnikovite, marcasite, cinabre et
stibine. La forte anomalie thermique a active des
courants de convection dans les eaux d'origine
superficielle qui impregnent la serie poreuse. Dans
le cas OU la serie poreuse est couverte d'une epaisseur
convenable de sediments imperrneables, ces courants
de convection porteront a la formation de champs
geothermiques. .

Tandis qu'il est evident que les types 1, 2, 3 s~nt

directement et clairement visibles soit sur le terrain,
soit dans le sous-sol, etant donne la grande activite
miniere en Toscane, le type 4 est hypothetique
11 faut pourtant considerer qu'en acceptant l'hypo
these qu'il y a une coupole intrusive en cours de
refroidissement dans les zones de Larderello et du
Monte Amiata, il est certain que cette coupole doit
se trouver a une grande profondeur au-dessous dela
serie poreuse triasique. En effet, dans les nombreus
forages qui ant ete faits pour la recherche et l'exploi
tation des champs geothermiques soit dans la ~one

de Larderello, soit dans celle du Monte Amiata.
on n'a jamais trouve dans la serie triasique m
mineralisations de moyenne et haute temperature,
ni phenomenes de metamorphisme thermique, men:e
pas dans la partie basale de cette serie, parfois
atteinte par les forages.

Conclusions

A cause des connaissances actuelles sur la geologie
des champs geothermiques, il est fort probable
que de tels champs puissent s'engendrer de fa<;ons
~iv~rses, et en, particulier que l'anomalie thermi9ue
indispensable a la formation de ces champs pUlsse
avoir des origines differentes, quoique toujours dans
le milieu des phenomenes magmatiques.

Toutes les donnees existantes pour etablir l'origine
plus probable des champs geothermiques de la Tos
cane, ainsi que les modalites geologiques generales
pour retrouver de semblables conditions en d'autres
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zones de la s~rfa~e terrestre, ont ete exposees dans
cette communication. En bref, les conditions a cher
cher devraient etre les suivantes.

1) Zone de subsidence postorogenetique de l'epoque
la plus recente possible (neogenej ;

2) Recente grande activite magmatique avec pre
sence .de coupoles intrusives acides de type circonscrit
et qui se montrent a la surface en petites etendues
(stocks) ; . .

3) Presence de couvertures ignimbritiques tres
recentes forrnees de magmas d'anatexie (et pas de
differenciations acides simatiques);

4) Presence de petits massifs intrusifs ne se
montrant pas a la surface, mais facile a reconnaitre

avec des methodes geclogiques, geophysiques et
probablement surtout avec des methodes geochi
miques;

5) Presence d'une serie sedimentaire poreuse avec
une couverture impermeable;

6) Absence de mineralisations de haute et moyenne
thermalite dans la zone de la supposee coupole;

7) Presence d'une anomalie thermique (manifes
tations thermales, chaleur anormale en surface et
en profondeur, etc.). Le developpement de ce dernier
point n'est pas dans les buts de cette communication.
D'autre part, il sera commun a la recherche de
tous les champs geothermiques, quelle que soit
leur genese,

ResuJne

L'auteur resume et coordonne les connaissances
actuelles sur les intrusions acides recentes en Toscane,
par rapport aux evenements geotectoniques de la
region. La subsidence postorogenetique duversant
occidental de la chaine des Apennins a porte en temps
successifs a la mise en place d'une serie de petites
coupoles toujours plus recentes en progressant de
l'ouest vers 1'est. Les deux intrusions les plus occi
dentales, et done les plus anciennes (granite de l'ile
de Montecristo et granodiorite du Monte Capanne,
ile d'Elbe), remontent seulement a 6 millions d'annees
environ; encore plus jeunes sont celles affleurant pres
de la cote toscane. Il semble done logique de supposer .
la presence d'intrusions plus orientales pas encore
denudees par l'erosion et encore en phase de refroidis
sement. L'auteur rapporte toutes les donnees actuel-

lement connues sur les anomalies des soulevernents
postplioceniques, sur les anomalies gravimetriques
et d'autres encore qui justifient l'hypothese de l'exis
tence de coupoles profondes en cours de refroidis
sement, soit dans les deux zones vaporiferes de la
Toscane, soit en d'autres zones de la meme region
et du nord du Latium. Quelques observations et
considerations sur les terrains de la serie sedimentaire
traverses de stocks ont permis de formuler certaines
hypotheses cap ables d'expliquer les raisons pour
lesquelles dans les assises autour des coupoles,
il y a dans certains cas d'importantes mineralisations,
dans d'autres des champs geothermiques et enfin
dans d'autres encore ces types de manifestations
manquent completernerrt ou bien sont extremement
reduites,

THERMAL ANOMALIES .AND GEOTHERMAL FIELDS RELATED TO RECENT
PLUTONISM IN TUSCANY

The author summarizes the present knowledge
of recent acid intrusions in Tuscany (Italy) and relates
it to the geo-tectonic events of this region. The post
orogenic subsidence of the western slope of the
Apennine chain caused the formation of a series
of relatively small stocks, more and more recent
from west to east. An age of only six million years
has been established for both the most westerly,
and therefore the oldest intrusions (granite of the
Montecristo island and granodiorite of the Monte
Capanne, Elba island); those intrusions occurring
along the Tuscany coast appear to be of more recent
formation. Therefore, the presence of more easterly
intrusions which have not yet been uncovered by
erosion and which are still cooling may be assumed.

The author gives all the presently known data
concerning the anomalies of post-pliocenic mountain
raising, the gravimetric anomalies and other ano
malies which confirm the validity of the assumption
of the presence of cooling stocks occurring deep
in both the geothermal fields of Tuscany and in
other zones of the same region, and also of the
northern Latium.

Some remarks and observations on rocks of the
sedimentary series which are crossed by the stocks
allow the author to formulate some hypotheses
in order to explain the reasons for which, in the zones
of emplacement of stocks, sometimes important
ore deposits, sometimes geothermal fields occur,
and sometimes neither of these phenomena.
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GEOLOGY OF THE GEYSERS THERMAL AREA, CALIFORNIA

lames R. McNitt*

volcanic rocks; and fresh-water gravels and silts
of Plio-Pleistocene age.

2. Geosynclinal deposition ceased in early Tertiary
time when the Mesozoic rocks were uplifted and
gently folded. General stability of the region dur!ng
late Tertiary time is indicated by an extensive
Pliocene erosion surface which truncated the folded
Mesozoic rocks. This erosion surface was then
coated with continental silts and gravels of Plio-

Figure 1. Index map

The first commercial use of geothermal power
in the United States began in June 1960, when
the 12500 kw Geysers power plant was put on steam.
Although the power output at The Geysers represents
only a small fraction of the total electrical power
produced in California by conventional means, the
success of the Geysers project may stimulate the
development of this source of energy elsewhere
in the United States. The efficiency and success of
future development, however, will greatly depend
on knowledge of the geologic factors controlling
the generation of natural steam. This report presents,
and attempts to interpret, geologic data concerning
The Geyser thermal area which may be of value
in determining the future power potential of similar
thermal areas.

The Geysers thermal area is located in the coast
ranges of California, approximately 130 km. north
of San Francisco (figure 1). Steam wells were first
drilled for the purpose of generating electric power
at The Geysers in 1921, and by 1925 eight wells
were completed. Although sufficient steam was
produced at that time to establish the feasibility
of the project, there was as yet no market for the
steam, and the project was abandoned. Since 1955,
Magma Power Co. and its partner Thermal Power
Co. have drilled 12 more wells, ranging from 800 to
1 000 feet in depth. The steam from these wells
is now being used to operate the Geysers power plant
which was completed by the Pacific Gas and Electric
Co. in 1960.

The regional geologic map above (figure 2) is a
compilation of mapping done by Anderson (1936),
Brice (1953), and the present writer. The geology
of The Geysers thermal area (figure 3) was mapped
by the writer on a topographic base of 1 : 12000
during the summer of 1958. .

Gratitude is expressed for the helpful co-operation
given by the personnel of the Thermal Power Co.
and the Pacific Gas and Electric Co., whose efforts
are responsible for much of the data presented in
this report.

Regional geology

GEOLOGIC HISTORY

1. There are four kinds of rocks in the Clear Lake
region (figure 2): marine geosynclinal rocks of
J urassic and Cretaceous age; serpentine, which
intrudes the Jurassic rocks; Pleistocene and Recent

* California Division of Mines, San Francisco.
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GEOLOGIC MAP OF CLEAR LAKE AREA
After Anderson, Brief, McNitt

Figure 2

EXPLANATION
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Hol Springs

Pleistocene age which grade upwards into tuffaceous
sediments interbedded with thin layers of olivine
basalt. Pleistocene and Recent volcanic rocks erupted
onto this series of sediments and olivine basalt.

3. A period of normal faulting, beginning no
earlier than Pliocene time, was followed by right
lateral faulting which is probably continuing to
the present day. The thermal areas shown in figure 2
are located on, or close to, the surface trace of these
faults.

MESOZOIC ROCKS

1. The Mesozoic rocks of the Clear Lake area
are divided into the Franciscan formation, which
in this area is of probable Upper Jurassic age' the
Knoxville formation of uppermost Jurassic'age'
and undifferentiated Cretaceous rocks. The Fran~
ciscan formation, which is at least 28 000 feet thick
consists of interbedded graywacke and spilitic basalt
plus minor amounts of shale, conglomerate and chert.
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The Knoxville formation has a probable maximum
thickness of 5 000 feet, but not all of this is exposed
in the Clear Lake area. The Knoxville formation
is a thin-bedded sequence of graywacke and shale,
which occur in the ratio of 1:4.

2. Serpentine sills, which intrude both the Fran
ciscan and Knoxville formations, range from 500
to 1 000 feet in thickness and are from 2 000 feet
to more than 4 miles in length. Amphibole schists,
including glaucophane schists, occur in narrow zones
along the margin of the serpentine bodies and are
considered to be the product of contact metamor
p.hism of spilitic basalt by the ultra-basic intru
srves.

3. Approximately 5 000 to 10 000 feet of un
differentiated Cretaceous rocks overlie the Knoxville
formation. This sequence consists of massive yellow
brown sandstones and gray shales, interbedded in
about equal proportions.

PLEISTOCENE AND RECENT VOLCANIC ROCKS

1. Rhyolitic flows and tuffs, obsidian, basaltic
lavas, and lavas of dacitic and andesitic composition,
are represented in the Clear Lake area (Brice, 1953).
The age relationship of these flows is difficult to
determine because several of the flows are isolated
from the main volcanic mass, located in the south-west
shore of Clear Lake (figure 2), and because contact
relationships are obscured by landslides and faults.
The association of olivine basalt with the gravels
that underlie a major portion of the volcanic rocks,
however, indicates that the first flows were of
basaltic composition.

2. The major vent in the volcanic field is Mt.
Konocti, a composite cone standing 2000 to 2500
feet above the surrounding terrain and located on
the west side of Clear Lake (Anderson, 1936). In
addition to this vent, three Recent cinder cones
are located on the east and one on the south side

Landslide

Metamorphic rocks

rn. 0 •••·.ols.... ...-.
~~
le:},SP'~;;1

a-~
~

Serpentine

Basalt

Cher!

Groywocke
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James R. McNilt
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of Clea~ Lake. The rhyolite flow which caps Cobb
M.ountam, 3 km north-east of The Geysers, is under
lam by 200 feet of rhyolite tuff, suggesting the pre
sence of a local explosion vent in that area. The
scarcity of volcanic vents that might represent
~arge feeders, the fact that many of the flows are
Isolated from the vent at Mt. Konocti, and the
general north-west trend of the flows, suggest that
"lavas were apparently extruded from a system
of north-west-trending fissures, the different flows
no doubt rising along separate fissures" (Brice, 1953).

STRUCTURE

1. Gentle folding of the Mesozoic rocks has pro
duced a regional north-west strike and dips which
y rarelexceed 50°. Although the average width of
the folds is probably several miles, a more accurate
estimate of width is not possible because the folds
have been displaced by several fault zones which
also trend north-west (figure 2). The volcanic rocks
are only rarely displaced by the faults, indicating
there has been no significant post-eruptive fault
movement. These faults not only act as conduits
for present-day thermal fluids, as indicated by the
location of hot springs (figure 2), but have also
controlled the location of numerous mercury mines
and prospects in the Clear Lake area.

2. Both vertical and horizontal displacements
have been demonstrated on the faults in this region.
The Big Sulphur Creek fault zone, on which The
Geysers is located, is a strike-slip fault zone with
a right-lateral sense of movement. A set of minor
north-east-striking faults, with apparent left-lateral
displacement, are associated with the major north
west-striking faults of the Big Sulphur Creek fault
zone (see figure 2). Blocks between north-west and
north-east faults are rotated clockwise about a vertical
axis, indicating that although the dominant move
ment was right-lateral on the north-west set, a minor
amount of left-lateral movement must have taken
place on the north-east set. Right-lateral movement
on the Big Sulphur Creek fault zone is also indicated
by the geometric relationship between fault deflec
tions and the occurrences of mercury ore at their
deflections, i.e., right-lateral movement was necessary
to produce "open" structures at these points. It can
be demonstrated from structural evidence that the
Big Sulphur Creek fault zone is no. older than Pliocene
time, and it is probable that major fault movement
was contemporaneous with Pleistocene and Recent
volcanism.

Geothermal activity at The Geysers

STRUCTURAL CONTROL

1. The only fault in the Big Sulphur Creek fault
zone that conducts thermal fluid to the surface
is the Geyser fault (figure 3). This fault strikes
N 70° Wand dips 70° to 80° north-east, and, li~e
the other north-west-striking members of the BIg
Sulphur Creek fault zone, is believed to be right
lateral.

2. The most active thermal area on the Geyser
fault is at The Geysers itself. The surface geology
of The Geysers is obscured by sliding and extensive
alteration, but faults and bedding attitudes can be
extrapolated into the thermal region from the sur
rounding area. The Geysers area is located on a
steeply plunging shear zone caused by the intersection
of a left-lateral fault, which strikes N 8° W, with
the Geyser fault. Two of the steam wells are located
immediately north of the trace of the Geyser fault
on the small wedge of basalt which extends into
the thermal area from the north-west. These wells
passed from basalt into greywacke at approximately
300 feet, thus confirming the 70° NE dip of the Geyser
fault.

3. Three less active areas are located along the
Geyser fault to the north-west: one at approximately
1 500 feet, another at 4 000 feet and a third at 5 500
feet from the west end of The Geysers area (figure 3).
These areas may be located on cross faults similar
to the cross fault at The Geysers, but surface ex
posures are too poor to verify this assumption.

SURFACE EXPRESSION

1. The Geysers thermal area, as defined by the
effects of hydrothermal rock alteration at the
surface, is about 1 300 feet long and 600 feet wide.
The longer dimension approximately parallels the
north-west-striking Geyser fault.

2. Most of the natural thermal activity is confined
to Geyser Creek, which occupies a narrow canyon
crossing the western part of the area from north
to south. Although this canyon contains numerous
hot springs, whose temperatures range between
50°C and the boiling point, there are only two rather
feeble fumaroles. A third fumarole, also quite small,
plus a few hot springs, occurs in the area east of the
canyon.

3. AlIen and Day (1927) measured the discharge
from hot springs in Geyser Creek and found the
flow to range between 2770 gal/hr. in the wet
season and 1 775 gal/hr. in the dry season. Because
these authors estimate this discharge to be "at least
half if not considerably more" than the total hot
spring discharge from The Geysers area, an average
year-round flow could be estimated at 3000 gal/hr.
AlIen and Day concluded that their measurements
clearly show that a body of ground water, varying
in volume with the season, is constantly reaching
the surface along Geyser Creek, and that therefore
part of the water from these springs is of surface
origin.

4. No significant chloride content has been found
in the hot spring waters, and the springs have been
classified as the sodium-bicarbonate type by White
(1957).

ALTERATION

1. Surface alteration of greywacke, which. is the
only altered rock type exposed at The Geysers,
has resulted from intense acid leaching. Original



296 II.A.l Geothermal prospection

'''' eoc

WELL TZ

'10 .

I

.....,

:J." l...,
-

'-M" •.•
k11-170·C
'-Slohe f,••"*,,.

'oo'00

WELL TI

,7() "0 090

-,

"I.".
801'0(;

p-n4pt.•.o.
Sol. T.-170"'C
1-$IOlic lor18I1_1

'00'00

WELL 1)5

7(),
"0 ,'"

r--
1'-,

I)

8

P-IOlp.;o.
Soll,-165·C
t-SIOI,C 10' 4doy.

'00'00

WEL.L M'

TEMPERATURE ..c
rro

0

<r\
0

c

0

0

I)
0

I'J:
o I." ~0

0
~aondc P-139,s i.o

Sol. T.-179·C
l-"'several dOJI~

0

0

'0

'0

'0

'0

90

.0

000

W[LL "0

eo

-,
r-

e

P-124p.do
Stl.T.-rf3·C
I-SIalic for''''

1-'

zoo'00lOO

WELt. T9

"0070 .-....•

c

r
JJ

• .
P-I09pli.0.
Sol.T.-I68·C
1- SIalic for I $lIoun

•P-1l2pI.i.o.

Sol. T.-169·C
,- Static for 11hourl

'00'00rsc

WEll. T7

070

1
<-

c

r--
,"-,
-,

12:..

?
r

1'-1..... "0 SSol. T,-180·C
1- 51ol,e lor 21\'101'111>.

1-8 »

'00'00

WE'LL TS

TEMPERATURE ·C

"" reoc

0

0

0

0

0
<,

Per. ....f~
0

0

BondC

0
P-124pslo
Sal, T.-17S·C

1- $lol'C for I "our

0

Ic

'0

'0

ec

90

eo

.0

:
~ 40

o

" '"

8-BOTTOM OF WELL
C-80TTOM Of' CASING

Per - PERFORATION ZONE
P-STATIC WELL HEAD PRESSURE

SOl.T - SATuRATION TEMPERATURE AT P.
I-motE ELAPSED BETwEEN CL(lStNG

OF WELL AND MEASUREMENT OF
TEMPERATURE

TEMPERATURE - DEPTIi CURVES FOR THE
GEYSERS STEAM WELLS

Figure 4

rock textures are completely destroyed and the
remaining porous mass consists essentially of al,:mi~e,

opal, and residual quartz. A small amount of dickite
was also found in a few localities. Eleven sulfate
minerals, in addition to alunite, have been identified
from The Geysers (Vonsen, 1946, p. 288). The preci
pitation of sulfates is due to the oxidation and hydra
tion of H2S to sulfuric acid in the steam condensate
and surface water.

2. All the wells at The Geysers were drilled into
Franciscan greywacke, except for two which pene
trated approximately 200 feet of diabase at a depth

of about 100 to 300 feet. The greywacke has been
altered by the formation of pyrite, sericite, carbona.te,
and quartz. The pyrite occurs as irregular grams
2 or 3 mm in diameter disseminated throughout
the altered rock. Sericite has replaced the albite
fel~spar as well as a considerable part of the fine
gramed groundmass. Unlike the disseminated occur
rence of pyrite, sericitization is restricted to narrow
zones which are controlled by small fractures. In I

zones of poor core recovery, however, the greywacke
is completely disintegrated to a mass of quartz and
sericite. The carbonate and quartz are predominantly ,
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vein-filling minerals in the altered greywacke but
some carbon3;te replaces the greywacke ground~ass.
!he predominant carbonate, by far, is calcite;
m a. cor~ taken from 750 feet, however, small veins
of siderite were also present.

3. The altered diabase penetrated by two of the
we!ls. represents a diabasic facies of the large north
stnkmg basalt body which crops out north-west of
the well area. The original diabase texture is well
preserved in the altered rock, but the mineralogy
has .been drastically changed. The centres of the
plagioclase !a~hs have be~~ extensively sericitized,
but the ongmal composition can be determined
as labr,:d.o~ite. Bands of clear K-feldspar surround
the sericitized labradorite. Pyrite is disseminated
~hroughout the altered rock; titaniferous magnetite
IS replaced by leucoxene; and chlorite replaces augite.
As. m the altered greywacke, calcite and quartz
vems are common, and quartz is considerably less
abundant t~an calcite. Numerous apatite crystals
are present m the K-feldspar and are believed to be
secondary in origin. Although the occurrence of
~he calci~m zeolite, wairakite, has been reported
m matenal thrown from a blowing steam well at
The Geysers (Steiner, 1958), this mineral has not
been identified in the present investigation.

STEAM RESERVOIR

1. On 21 and 22 April 1960, temperature logs were
run by the Thermal Power Co. on eight steam wells.
These temperatures were taken with an iron-constan
tan thermocouple after the wells had been shut off
for periods ranging between one hour and two
months. The resulting temperature-depth plots for
these wells are shown in figure 4. The static wellhead
pressure recorded during the time of temperature
measurement and the elapsed time between well
shut-down and temperature measurement are in
dicated for each. well.

2. A striking characteristic of these logs is the
interval of constant temperature encountered in
the upper part of the wells. In only one of the wells,
T7, does this constant temperature interval represent
saturation conditions at the measured pressure.
In all the other wells, the constant temperature
shows various degrees of superheat, ranging from 8°C
to 19°C, indicating that a liquid phase does not
exist over the interval measured. There is a distinct
temperature increase at the bottom of the constant
temperature zone in six of the wells (figure 4). The
maximum temperature below this temperature
"break" is 207.5°C, which was recorded in well
No. T7.

3. The surface representing the bottom of this
constant temperature zone is shown by contours
in figure 5A. Because geologic mapping indicates
that steam is conducted to the surface through
a steeply plunging fracture system, it is not probable
that the surface shown in figure 5A, which dips
only 25°, corresponds to one of these steam-conduct
ing fissures.

4. It is known that a body of groundwater overlies
the superheated steam zone. Therefore, it is suggested
that the base of the constant temperature zone
corresponds to a steam-water interface at the bottom
of the body of ground water. Immediately after
closing a flowing well, a film of condensed water
should form on the wall of the well where superheated
gas comes in contact with ground water or with
the well casing, which is in contact with ground
water. As heat is absorbed by the surrounding
g~oundwater, the temperature of the gas in the well
WIll decrease until saturation conditions for the
pressure in the well are obtained. At any time
between the shut-down of the well and the final
~ttainment of saturation conditions, the temperature
m that part of the well which is in contact with
ground water should not vary with depth. This is
due to the fact that the temperature at which steam
will condense on the wall of the well is dependent
on the steam pressure, which, under static conditions,
w01!I~ be e~sentially constant with depth. The
validity of this proposed explanation for the constant
temperature zone is supported by the fact that the
only well in which saturation conditions exist in the
constant temperature interval is well No. T7. This
well had been closed for the longest period of time
before the temperatures were measured, suggesting
that all the wells would eventually reach saturation
conditions within the depth interval of constant
temperature.

5. If the steam reservoir is essentially static, i.e.,
there is no driving pressure from beneath the reservoir
forcing the steam to the surface (other than the
expansive force of the steam itself), then the static
wellhead pressure should be equal to the hydrostatic
pressure of the overlying body of ground water.
Therefore, the height of the overlying water body
at the point at which the well is drilled may be
computed from pressure data. This hypothesis has
been tested by calculating the height of a column
of water which would produce the static wellhead
pressure given in figure 4, and adding this height
to the elevation of the temperature "break" at the
bottom of the constant temperature interval. The
surface thus defined, contoured in figure 5B, should
represent the top of the groundwater body which
overlies the steam. Two features of the surface
defined in this manner support the static reservoir
hypothesis: (a) there is a general similarity in con
figuration between the topography of The Geysers
area (figure 5C) and the configuration of the upper
boundary of the proposed ground water body
(figure 5B), thus indicating a relationship which
would be expected between the two surfaces; (b) the
elevation of the surface shown in figure 5B ranges
between 1 500 and 1 600 feet, which corresponds
to the range in elevation of the principal natural
springs in Geyser canyon (Waring, 1915).

6. Figure 5D is a cross-section through The Geysers
area illustrating the spacial relationship between
the ground surface, the top of the ground-water
body, and the steam-water interface, as defined by
the method described above.



298 II.A.l Geothermal prospection

Figure 5C. Surface contours of The Geysers thermal area
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Figure 5A. Contours drawn on bottom of constant
temperature zone

Figure 5B. Contours drawn on top of ground water zone
as defined by calculations described in text

7. If the steam reservoir pressure is lowered by
releasing the steam through drill holes, the steam
water interface does not sink, but rather it rises
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because of water boiling off the interface as a result
of the lowering of (he saturation pressure. This effect
is demonstrated in well No. T9 where two consecutive
temperature logs were run, the first It hours and
the second 17 hours after shut-down of the well
(figure 4). Instead of moving upwards with time
because of increasing steam pressure, the steam-water
interface actually moved downwards 70 feet in I5l
hours due to condensation at the steam-water inter-
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4. An estimated limit for the maximum rate of
heat flow through the steam wells at The Geysers
is shown in figure 6, which is a steam flow - wellhead
pressure curve computed for all the producting wells.
Water loss from natural spring flow (approximately
25000 lbjhr), from evaporation, and from an

Fi~ure 6

STEAM FLOW FROM WELLS
AT THE GEYSERS

Aller A.W. BRUC~
P. G. a E. ce, March 2, 1961
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If x is the percentage of condensed steam in the
natural spring flow, then the following equation
expresses the above conditions:

670x + 20 (I-x) = 100

and x = 12 per cent.

3. Therefore, under natural conditions, approxi
mately one pound of steam is condensed in one
second. At the average enthalpy of 667 cal/gm, this
estimated steam flow gives an estimated natural heat
flow from The Geysers thermal area of 3 X 105 caljsec.
This figure, however, does not include heat loss
by evaporation from the ground water body.

1. Although the static pressure of the steam is
dependent upon the hydrostatic head above the
steam, the height of this water column is principally
determined by the rate of heat flow into and out
of the overlying water body. This water body is
a mixture of meteoric water, originating in the
immediate vicinity of The Geysers, and condensed
steam from below. Under natural conditions, heat
is released from this ground-water body by flow
of hot water from the springs in. Geyser Canyon,
and the rate of this water-flow is determined by
the porosity of the fracture zone. Evaporation of
water must also be an important cause of heat loss
because water in the ground water body is at, or
very near, its boiling point throughout its pressure
range. The rate of heat loss from the ground water
body must be equal to the rate at which heat is
supplied at the steam-water interface. If the rate
of heat flow into the water body were greater than
the rate of heat loss, the water would "boil away"
and superheated steam would escape directly to
the surface. If the rate of flow of cold meteoric
water into the ground water body increased, the
rate of heat flow into the water body by steam
condensation would also increase because of the
necessity of raising a greater volume of water to its
boiling point. Eventually, the rate of heat flow
into the area would be limited by the physical
dimensions of the feeding fractures and, on continued
inflow of cold meteoric water, the system would be
" quenched" as described in paragraphs 7 and 8.

2. The natural heat flow from The Geysers thermal
springs can be estimated in the following manner.
The natural thermal spring water, which is derived
from the ground water body, is a mixture of meteoric
water and steam condensate. The enthalpy of the
meteoric water is approximately 20 caljgrn and the
enthalpy of the steam is 667 cal/gm. Mixing of these
two waters results in a water body having an enthalpy
of approximately 100 caljgrn. Water is released
from this body at the approximate rate of 3 000 galjhr.

HEAT FLOW

~ace. In this regard it is important to note that
If the pressure of the hydrostatic head became
greater than saturation pressure at the maximum
steam temperature (207.5°q, the steam-water inter
face would move downwards indefinitely, and only
saturated steam and hot water could be produced.
A hydrostatic head equivalent to approximately
730 feet of boiling water would be necessary to
produce this condition at The Geysers. The present
ground water zone has a maximum thickness of
approximately 300 feet.

8. A "quenching" of this nature could occur,
however, only if the steam enthalpy is less than
670 caljgm. At a constant enthalpy greater than
670 caljgm,· an increasing water-head could not
produce a condensed phase in the steam, but would
cause a supercritical gas phase to form when the
hydrostatic head reached a depth of about 10 000 feet.
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Table 1. Enthalpies of ther-mal fluid

uncontrolled "blowout" were not included in the
computation of this curv~. If ~hese other f~ctors

are considered, a conservative estimate for maximum
total steam flow from the area would be about
800 000 lb/hr. At an avera&"e enthalp:y of 667 ~al/gm,

this estimated steam flow gIves a maximum estimated
heat flow of 7 X 107 cal/sec. Comparing this figure
with the calculated natural heat flow shows that
drilling the wells makes it possible to increase t~e

rate of heat flow from the thermal area by approxi
mately 230 times the rate of natural heat flow.

Origin of the thermal fluid

The steam from The Geysers may be derived
from either of two sources: (a) deep circulating
ground water which becomes heated ~t depth by
conduction from hot rocks, or (b) pnmary water
which is released at depth and which arrives at the
surface mixed, to a greater or less degree, wi~h

meteoric water. Primary water may be metamorphic,
connate, or magmatic in origin.

The fact that The Geysers thermal area can
produce, essentially instantaneously, a rate of heat
flow 230 times the natural rate, indicates that a heat
reservoir exists at depth and from which heat is
released by convective flow, rather than by the
much slower process of conductive flow through
rock. It is conceivable that this heat reservoir
consists of a body of meteoric water existing at its
boiling point somewhere at depth below the present
steam water interface. If this body of water were
fed directly from the surface through open channels,
a reservoir pressure would be obtained equivalent
to the hydrostatic head existing between the surface
and the deep heat reservoir. At a depth of only
1 km the static pressure in the heat reservoir, if
open to the surface, should be approximately
1 400 psi.

Such a pressure, however, is 10 times the maximum
static reservoir pressure measured at The. Geysers.
It is improbable, therefore, that an open convective
system exists in which meteoric water is fed directly
to the heat reservoir, raised to its boiling point,
and then returned to the surface as steam.

The steam enthalpy is another factor which
suggests that the thermal discharge is not in equili-

Table 2. Enthalpies of pr-Imary fluid with corresponding
percentage of prfrnar-y fluid in thermal discharge

63 per cent
71 per cent
81 per cent
94 per cent

Per cent of primary
fluid in discharge

Enthalpy of primary
fluid in call gm

1000
900
800
700

brium with meteoric water. These enthalpies, com
puted from the wellhead pressures and maximum
temperature recorded in the wells, are shown in
table 1.

Although the average steam enthalpy measured
at the turbine is only 667 cal/gm, the ste~m. enthal
pies computed in the above manner ~re s.Igmficantly
higher. There are two reasons for this discrepancy:
(a) the rate at which heat. will be absorbed from
flowing steam by evaporation at the water-steam
interface is much greater than the rate ~f heat
absorption by the same process under static co.n
ditions; (b) a small amount of heat loss occurs while
the steam is being transported from the bottom
of the well to the turbine.

Superheated steam with an enthalpy greater
than 670 cal/gm cannot be in equilibrium with a
liquid phase. The fact that the steam enthalpy
in six of the wells is greater than 670 cal/grn t?ere
fore supports the hypothesis that the steam IS of
primary rather than meteoric origin. If the ste~m

is of meteoric origin, then a mechanism must exist
whereby the meteoric water is first heated to the
boiling point, then separated from the source of
meteoric water, and finally heated again to produce
a fluid with an enthalpy greater than 670 caljgm.
It is possible that a restricted flow of meteonc
water could enter the system below a zone of hot
rock, and then become superheated on its passage
upwards through the hot rock to the surface, thus
accounting for both the low reservoir pressure and
the superheat. The existence of such a natural
system, however, would be quite fortuitous.

If the heating of meteoric water by primary water
is the dominating mechanism responsible for the
thermal activity, then it is possible to calculate
the approximate ratio of primary to meteoric water
in the steam well discharge by making the following
assumptions. A reasonable geothermal gradient III

this area, discounting the presence of a near-surface
heat source, would be approximately 30°C/km
(Birch, 1954). Therefore, if groundwater succeeded
in penetrating down the Geyser fault to a depth
of slightly over 3 km, it would have an enthalpy
of approximately 100 cal/gm due to a normal
geothermal gradient. If water having an enthalpy
of 100 cal/gm is heated by primary water to produ~e
a fluid having an enthalpy of 667 cal/grn, which IS
the average enthalpy of The Geyser's steam measured

669
669
673
673
674
676
678
681

Enthalpy in cat/gmWell No.

Tt.
TtO .
T2
T5
T9
Ml
05
T7
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at the turbine, the ratio of primary to primary +
meteoric water may be found by evaluating the
following equation:

ax + 100(1 - x) = 667

where a is the enthalpy of the primary water and
x is the ratio of primary to primary + meteoric
water. White (1957) states that steam at any likely

volcanic temperature cannot have an enthalpy of
more than 1000 cal/grn. Table 2 gives the evaluation
of x in the above equation for enthalpies of primary
steam from 1 000 cal/gm to 700 cal/gm.

Provided that the assumptions stated above are
valid, these calculations suggest that at least 60 per
cent of the fluid now issuing from the steam wells
is of primary origin.
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Summary

Natural steam is being utilized to generate
12500 kw of electric power at The Geysers thermal
area, which is located 130 km north of San Francisco
in the coast ranges of California.

This region is underlain by a eugeosynclinal
sequence of greywacke and spilitic basalt of Jurassic
age, and sandstone and shale of Cretaceous age.
The J urassic rocks have been intruded by numerous
serpentine sills. Geosynclinal deposition ceased in
early Tertiary time when the Mesozoic rocks were
uplifted and gently folded. A Pliocene erosion
surface truncates the folded Mesozoic rocks. Pleis
tocene volcanic rocks, including rhyolitic flows
and tufts, obsidian, basaltic lavas, and lavas of
dacitic and andesitic composition were erupted onto
this surface. The volcanic field is approximately
24 km long and 9 km wide.

A north-west-trending, right-lateral fault zone
crosses the Jurassic rocks 3 km south-west of the
volcanic field. This fault zone, which has been
mapped for a length of 40 km, is no older than
Pliocene time, and movement has probably continued
into Recent time. Several thermal areas, of which
The Geysers appears to be the most active, plus a
considerable number of mercury mines and prospects,
are located on the fault zone.

The Geysers thermal area, which is ab.out 0.2 km
in diameter, is located on a steeply plunging fracture
zone caused by the intersection of a major me~ber
of the north-west-trending fault zone with a minor
north-trending fault. Natural thermal activity con
sists of numerous hot springs whose temperature
ranges between 50°C and the boiling point plus
three small, feeble fumaroles. Although the volume
of flow from these springs varies with the season,

an average year-round flow is estimated at 3000
gal/hr. These springs are of the sodium-bicarbonate
type and have no significant chloride content.

Surface hydrothermal alteration, consisting of
intense leaching of the J urassic greywacke by
sulfuric acid, has resulted in a porous mass of alunite,
opal, and residual quartz. Sulfuric acid is formed
by the oxidation and hydration of H 2S in the steam
condensate and surface water. Below this zone of
oxidation, as disclosed by the steam well cores, the
greywacke has been hydrothermally altered, result
ing in the formation of disseminated pyrite and
sericite and of vein calcite and quartz. K-feldspar,
rimming sericitized labradorite, was found in cores
from a diabase body which was penetrated by two
of the wells. The augite of the diabase is replaced
by chlorite.

The steam wells range from approximately 160
to 300 metres in depth. Under static conditions,
-individual wellhead pressures range from 101 to
144 psia, and maximum temperatures in the wells,
measured with an iron-constantan thermocouple,
range between 182°C and 208°C. These data indicate
that The Geysers steam is superheated and has an
enthalpy ranging from 669 caljgm to 681 cal/gm.

The depth-temperature curves are characterized
by a constant temperature zone which extends from
approximately 30 metres to 115 metres in depth.
Interpretation of these depth-temperature curves
strongly suggests that the base of the constant
temperature zone corresponds to the base of a
ground water body which is overlying the superheated
steam reservoir. If it is assumed that the static
wellhead pressures are equivalent to' the hydrostatic
pressure of the overlying water body, then the
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thickness, as well as the elevation of the upper
boundary, of the ground water body may be cal
culated. This assumption is supported by the fact
that the range in elevation of the upper boundary
of the ground water body, thus calculated, corre
sponds to the range in elevation of the principal
thermal springs in the area. It can be concluded,
therefore, that the static steam reservoir pressure
is due to the overlying hydrostatic head, rather
than to a reservoir "drive" pressure originating at
depth.

The position of the steam-water interface is
determined by the fact that the rate of heat flow
into the overlying ground water zone must be equal
to the rate of heat loss from this zone under equili
brium conditions. If the rate of heat flow into the
water body became greater than the rate of heat
loss, less steam would be condensed, the interface
would move upwards, and the reservoir pressure
would decrease.

If the rate of flow of cold meteoric water into

the ground water body increased, more steam
would be condensed, the interface would move down
wards, and the reservoir pressure would increase.
If the hydrostatic head became great enough to
condense the steam at the highest steam temperature,
the steam-water interface would move downwards
indefinitely, and a completely saturated system
would result.

The natural rate of heat flow from The Geysers
area due to condensation of the superheated steam
is approximately 3 X 105 caljsec. The maximum
rate of heat flow from the area through the wells
can be estimated at 7 X 107 calJsec. Drilling the
steam wells, therefore, makes it possible to increase
the rate of heat flow by 230 times the natural rate.

Considerations concerning the physics of this
natural hot spring system suggest that 60 per cent
to 80 per cent of the steam is from primary water
and that the remainder is of meteoric origin. This
primary water could be metamorphic, connate or
magmatic.

CONSIDERATIONS GEOLOGIQVES AV SVJET DE LA REGION THERMIQVE DITE
« THE GEYSERS » EN CALIFORNIE

Resum.e

On fait usage de vapeur naturelle pour laproduc
tion de 12500 kW d'energie electrique dans la zone
dite The Geysers, situee a 130 km au nord de San
Francisco, dans la chaine cotiere de Californie.

La masse sous-jacente se caracterise, dans cette
zone, par des grauwackes et des basaltes spilitiques
d'age jurassique en serie geosynclinale, avec des
gres et des ardoises du cretace. On trouve nombre
de nappes d'intrusion dans les roches jurassiques,
constituees par de la serpentine. Les depots geo
synclinaux ont cesse au debut du tertiaire, epoque
a laquelle les roches mesozoiques furent soulevess
et legerement repliees. Une surface d'erosion appar
tenant au pliocene tronque les couches mesozotquss
ainsi plissees, Des roches volcaniques du pleistocene,
notamment des ecoulements et des tufs de rhyolite,
de l'obsidienne, des laves basaltiques et des laves
d'une composition dacitique et andesique ont fait
eruption sur cette surface. Le champ volcanique a
quelque 24 km de long et 9 km de large.

Une zone de failles a cotes droits et a orientation
generale vers le nord-ouest traverse les roches
jurassiques a 3 km au sud-ouest de la region volca
nique. Cette region de failles, dont on a fait un
releve cartographique sur une longueur de 40 km,
ne remonte pas a une epoque anterieure au pliocene
et certains mouvements s'y sont probablement
poursuivis jusqu'a I'epoque actuelle. Plusieurs zones
thermiques, dont celle de The Geysers semble etre
la plus active, plus un grand nombre de mines de
mercure en exploitation ou a I'etat de possibilite
se trouvent dans la zone des failles.

Le champ thermique de The Geysers, dont le
diametre est de l'ordre de 0,2 km, est situe dans
une zone de fractures a plongee rapide, dont la
presence s'explique par l'intersection d'un membre
important de la zone des failles aorientation generale
nord-ouest avec une faille mineure orientee vers le
nord. L'activite thermique naturelle est constituee
par nombre de sources chaudes, dont la temperature
s'echelonne entre 50 QC et le point d'ebullition.
plus trois petites fumerolles peu actives. Bien que
le debit de ces sources varie avec les saisons, on
evalue sa moyenne horaire annuelle a 3 000 gallons.
Ces sources sont du type a bicarbonate de sodium,
sans teneur appreciable en chlorures.

Les alterations hydrothermiques superficielles,
constituees par un intense lessivage de la grauwacke
du jurassique par I'acide sulfurique, ont donne lieu
a la formation d'une masse poreuse d'alunite, d'opale
et de quartz residuel, L'acide sulfurique est forme
par l'oxydation et l'hydratation du SH2 present
dans les produits de condensation de la vapeur et
dans l'eau de surface. Au-dessous de cette zone
d'oxydation, ainsi que l'indiquent les echantillons
pr.eleves .dans les puits de vapeur, la grauwacke a
fait I'objet d'une alteration hydrothermique abou
ti.ssapt. a la formation de pyrites et de sericites
disseminees, avec vemes de calcite et de quartz. Un
feldspath potassique situe en bordure d'une labra
dorite transforrnee en sericite a ete trouve dans les
carottes prelevees. sur un corps de diabase penetre
par deux des puits. L'augite de la diabase y est
remplacee par de la chlorite.
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La profondeur des puits debitant de la vapeur
s'echelonne entre 160 et 300 m. Dans des conditions
statiques, les pressions individuellement relevees a la
bouche des puits vont de 101 a 144 livres par pouce
carre et les temperatures maximums, prises dans
ces puits avec un thermocouple fer-constantan, vont
de 182 a 208°C. Ces donnees indiquent que la
vapeur trouvee a The Geysers est surchauffee et
que son enthalpie s'echelonne entre 669 cal/g et
681 cal/grn.

Les courbes profondeur-temperature se caracte
risent par un plateau a temperature constante qui
s'etend, en profondeur, de 30 a 115 m environ.
L'interpretation de ces courbes donne fortement a
penser que la base de la plage atemperature constante
correspond a celle d'une nappe d'eau souterraine
situee au-dessus du reservoir de vapeur surchauffee.
Si on admet que les pressions statiques a la bouche
des puits sont equivalentes a la pression hydro
statique de la masse d' eau situee au-dessus de ce
reservoir, on peut calculer l'epaisseur de cette masse
d'eau en meme temps que la cote de son niveau
superieur, Cette bypcthese est appuyee par le fait
que les variations de la cote ainsi calculee corres
pondent a la gamme des hauteurs des principales
sources chaudes de la region. On peut done en
conclure que la pression statique du reservoir de
vapeur est due a la pression hydrostatique situee
au-dessus d'elle, plutot qu'a une pression « motrice »
emanant du reservoir merne et trouvant son origine
en profondeur.

La position de 'la face de separation vapeur-eau
est deterrninee par le fait que le debit de la fourniture
de chaleur a la zone d'eau souterraine sous-jacente

doit etre egal au taux des pertes de chaleur dans
cette meme zone quand I'equilibre regne. Si le regime
de fourniture de chaleur a la masse d'eau est plus
eleve que celui des pertes, la condensation de vapeur
diminue, la surface de separation se deplace vers le
haut et la pression qui regne dans le reservoir
diminue.

Si le taux d' ecoulement de l'eau meteorique
froide vers la masse d'eau souterraine augmente, il
se condense plus de vapeur, la surface de separation
se deplace vers le bas et la pression augmente dans
le reservoir. Si la pression hydrostatique devenait
suffisante pour condenser la vapeur a la plus haute
temperature possible pour celle-ci, la surface de
separation vapeur-eau se deplacerait indefiniment
vers le bas et on aboutirait a un systeme complete
ment sature.

Le debit naturel de chaleur donne par The Geysers
en raison de la condensation de la vapeur surchauffee
est de l'ordre de 300 000 calories par seconde. Le
debit maximum de cette chaleur, dans le meme
champ, tel qu'il s'etablit avec des puits, peut etre
evalue a 7 millions de calories par seconde. En
foncant des puits pour recueillir la vapeur, par
consequent, on multiplie le debit natureI de chaleur
par un faeteur de 230.

Les considerations physiques ayant trait a ce
systeme de sources chaudes naturelles donnent a
penser que la proportion de la vapeur en provenance,
de 1'eau primitive varie entre 60 et 80 p. 100, le
reste et ant d'origine atmospherique. Cette eau
primitive peut etre d'origine metamorphique, fossile
ou magmatique.
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Toutesles etudes geochimiques concernant la
definition des caracteres d'un evenement ou d'un
phenomene superficiel ou souterrain donne exigent
la fixation en qualite et en quantite des composants
chimiques des roches, des mineralisations, des eaux,
des gaz et des matieres vegetales que 1'on retrouve
dans la zone sous examen.

Les differences qualitatives et quantitatives resul
tant des enquetes de laboratoire, qu'elles soient
chimiques ou physico-chimiques, contribuent adefinir
les caracteres de diagnostic d'une zone determinee.
Elles offrent au geologue un moyen extremement
utile de completer ses connaissances des etudes
geologiques, geophysiques, mineralogiques, petro
graphiques, etc. Dans le cas qui nous occupe, I'appli
cation de la recherche geo-chimique aux composants
du fluide endogene n'est pas seulement utile a
l'ingenieur geologue, mais egalement a I'ingenieur
chimiste; en effet, celui-ci a interet a recuperer les
composants chimiques prises comme 1'acide borique,
1'ammoniaque, l'hydrogene sulfure. Et encore sert-elle
a l'ingenieur thermotechnicien, puisque c'est du
contenu des incondensables du fluide endogene que
depend le cycle thermique de l'exploitation energe
tique de celui-ci.

En particulier, rapport en connaissance venant
d'une etude de ce genre aide a definir les multiples
aspects d'un phenomene endogene pendant son
cycle d'evolution, ainsi que les problemes lies a
1'allure meme de ce phenomene.

Dans le champ geothermique de Larderello, le
fluide endogene se presente comme un melange
intime de vapeur non saturee surchauffee et de gaz
divers, ayant la composition moyenne en poids
indiquee au tableau 1.

Tableau 1. Composition moyenne en poids du fluide
endogene

Etant donne que 1'emploi de n'importe quel fluide
endogene, soit au stade de 1'exploitation energetique,
soit au stade de l'exploitation chimique, est lie
directement et indirectement au partage partiel ou
total des gaz du fluide endogene a disposition,
lorsque nous parlons de gaz endogene nous voulons
pratiquement nous rapporter a ce qui reste apres
condensation totale de la phase vapeur. Naturel
lement de petites fractions gazeuses peuvent se
trouver dissoutes dans la vapeur condensee: dans
ce cas les analyses separees du gaz et du contenu
gazeux des vapeurs condensees donneront la compo
sition totale du melange gazeux.

Ainsi qu'il est indique au tableau 1, le melange
gazeux est constitue d'anhydride carbonique, qui
est son constituant principal du point de vue quan
tite, de H 2S, de H 2 , de CH 4 , de Na2, de Ar, de He.

Les autres constituants chimiques, comme l'acide
borique et 1'ammoniaque contenus egalement dans
le fluide des souffiards, demeurerit presque entiere
ment dissous dans l'eau du condense.

Prelevement des echantillons de fluide total

L'echantillonnage d u fluide total pour les analyses
demande que ran preleve, de rnaniere separee ou
combinee, les deux phases composant le systeme.
vapeur condensee et gaz, operation qui devra etre
effectuee toujours en meme temps.

Les deux systernes de prelevement peuvent etre
employes suivant les besoins de la recherche. Et
precisernent le premier (echantillonnage separe) est
employe lorsque ran veut effectuer des recherches
sur des quantites abondantes de vapeur condensee
pour les analyses de detail dans les phases vapeur.
La deuxierne methods est employee pour la routine

.normale de laboratoire.

PRELl'WEMENT SEPARE DES PHASES :

VAPEUR CONDENSEE ET GAZ

La figure 1 presents le dispositif employe. Il se
compose d'un condensateur A d'un separateur B,
d'un refrigerant C, d'un echa'ntillonneur a gaz D
et d'un echantillonneur a vapeur E.

Le systeme est raccorde, moyennant un tuyau
en caoutchouc, a une prise munie d'un robinet R,
pl~ce dans la conduite de decharge de la tete du
PUltS ou du vapeur-duc, normalement employe pour
le relevement de la pression dynamique du fluide-
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p. 100

955,62
0,30
0,30

42,65
0,88
0,19
0,16
1 cc

1000,00

Hp
HaBOa
NHa
CO2

H 2S

CH 4 + H 2
N2

H+A

* Larderello, S.p.A., Pise (Italic),

Vapeur d'eau . . . . .
Acide borique
Ammoniaque
Anhydride carbonique .
Hydrogene sulfure
Gaz combustib1es .
Azote ..
Gaz rares ....
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Figure 1. Dispositif pour l'echantillonnage du fluide total
en phases separees .

Naturellement, tout le systeme, jusqu'au robinet R,
do it se trouver sous vide, de maniere a eviter toutes
contaminations d'atmosphere. .L'operation de dernar
rage do it se faire en tenant Iegerement ouvert le
robinet R. Lorsque des situations particulieres
rendraient impossible l'emploi de pompes a vide, il
faudra chasser tout l'air pouvant se trouver a
l'interieur du systeme, en faisant passer des quan
tites abondantes d'eau et de gaz a travers les deux
echantillonneurs.

PRELE:VEMENT COMBINE DES DEUX PHASES

Le dispositif pour ce type d' echantillonnage se
reduit, comme il est indique a la figure 2, a un
condenseur A, un refrigerant B et un echantillon
neur C. Dans ce cas egalement, tout le systeme
doit etre place sous vide afin d'eviter toutes conta
minations de l'atrnosphere.

Prelevement d'echanttllons de gaz residuaire

Ainsi qu'il a Me mis en evidence dans les pages
qui precedent (tableau 1), le melange gazeux presents
des concentrations de constituants principaux, comme
CO2 et H 2S, de telle nature que le dosage quantitatif
des autres gaz n'en devient que plus difficile. De
plus, il est tout aussi difficile de recouvrer separement
ces gaz, aux fins des recherches ulterieures concer
nant la fixation de leur composition isotopique.

Nous avons deja dit que dans les differents champs
de production, on a des ecarts dans les valeurs du
rapport gaz/vapeur et dans le pourcentage des
melanges gazeux. On peut tirer generalement d'un
souffiard de 10 a 30 litres de gaz (a 0 QC a 760 mm Hg)
par kilo de vapeur condensee, De l'ensemble de ce
volume gazeux, environ 88-95 p. 100 se composent
d'anhydride carbonique, de 2 a 3 p. 100 dhydrogene
sulfure, et la fraction restant, de 2 a 9 p. 100, est
constituee des autres gaz (azote, hydrogene, methane
et gaz rares qui sont indiques sous la denomination
conventionnelle « gaz residuaire »).

Sur la base de ces donnees, il faudra eliminer
pendant le prelevement de l'echantillon de 900 a
950 litres de CO2 et de 20 a 30 litres de H 2S (en
tout 1 m" environ), pour obtenir le volume d'a peu
pres 50 litres necessaire pour travailler quelques
centimetres cubes de gaz nobles.

Il est evident que l'elimination de ces gaz doit
se faire de maniere a ne pas permettre l'absorption
des divers constituants gazeux de ce melange resi
duaire.

A cette fin, nous avons elimine des absorptions
liquides, telles que des solutions a 10 p. 100 de KOH
ou de NaOH, et des soli des tels que NaOH et KOH
en morceaux et chaux soudee, car ils etaient apparus
peu economiques et demandaient des recipients
encombrants et d'un transport difficile.

Le systeme que nous employons se compose d'une
serie d'adsorbeurs a cribles moleculaires Linde
type 5A, suivant le schema porte a la figure 3.

Ce systeme se compose d'un condenseur A, d'un
separateur B pour la vapeur condensee, d'un refri
gerant C, de deux adsorbeurs a cribles moleculaires D,
d'un echantillonneur E et d'une bouteille a niveau F.
Le liquide employe pour le remplissage des parties E
et F est une solution tres alcaline pour NaOH, de
pyrogallol, surmontee d'un voile d'huile de vaseline
afin d'empecher des solutions eventuelles de gaz
dans le liquide de transport. Le manometre G sert
a suivre le remplissage regulier de l'echantillonnenr E.
Au moment du prelevement, l'echantillonneur E
do it etre place sous vide ou etre plein du liquide
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Figure 2. Dispositif pour I'echanttllonnage du fluide total en phases cornblnees

Figure 3. Dispositif pour I'echantiltonnage du gaz' restduet
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de deplacement. Tout le systerne sera d'ailleurs
place sous vide jusqu'au robinet R.

REGENERATION DES CRIBLES MOLECULAIRES

Le systeme a cribles moleculaires pour l'adsorption
de CO2 et de H 2S n'est pas seulement d'un emploi
facile en raison de l'encombrement moindre des
equipements a transporter, mais il est aussi extreme
ment economique, puisqu'il peut etre regenere
convenablement moyennant des operations succes
sives. La regeneration s'effectue moyennant souffiage
d'air chaud (300 QC), en sens inverse au chemin
parcouru par le gaz en phase d'absorption de CO2 +
H 2S. L'operation de desorption devra etre prolongee
pendant plus d'une heure.

Analyse des gaz

Comme suite a ce que nous venons de dire, les
echantillons de gaz qui se presentent aux analyses
de laboratoire sont de trois types:

1) Des echantillons de gaz totaux;
2) Des echantillons de gaz residuaires:
3) Des echantillons de gaz dissous dans la vapeur

condensee.
Nous allons done exposer les methodes d'analyse

suivies pour I'etude des divers types d'echantillons.

ANALYSE SUR ECHANTILLONS DE GAZ TOTAUX

L'echantillonneur contenant les gaz preleves comme
il est dit plus haut est etudie a l'aide d'un gaz
chromatographe Fractovap C.-ERBA-mod. B (fig. 5
et 6).

Dans ce dispositif, les gaz constituant les echan
tillons A sont places en tres petites quantites a la

+

base d'une colonne chromatographique et transportes
le long de cette colonne, a l'etat de vapeur, moyen
nant un courant de gaz neutre B. Les divers compo
sants de ce melange gazeux (fig. 6) traversent ainsi
une colonne chromatographique constituee d'huile
de vaseline sur celite gardee en chambre thermo
statique D.

Pour les diverses affinites que presentent les
divers composants gazeux aux substances de rem
plissage de la colonne chromatographique, ces
composants emergeront de la colonne, en des temps
successifs, ce phenornene etant fonction de la vitesse
avec laqueIle les composants parcourront la colonne,
vitesse qui a son tour est fonction du coefficient de
partage.

A la sortie de la colonne chromatographique, les
fractions separees et differentes de gaz traversent
un revelateur forme de deux cellules (F et G) a
I'interieur de l'une desquelles passe le gaz de refe
rence, tandis que dans l' autre (G) passe le melange
gazeux du gaz partage avec le gaz de transport.

Chacune de ces cellules contient des elements
thermiques a coefficient de temperature eleve,
chauffes a courant continu. Chaque gaz, en passant
a travers le revelateur, absorbe une certaine quantite
de chaleur, qui est fonction de sa conductibilite
thermique. Il s'ensuit un refroidissement des elements
thermiques qui se manifeste par une variation de
la resistance de ces elements.

Le pont de Wheatstone (H) se rapportant aux
deux cellules supporte des lors un des equilibre,
d'autant plus important que la difference entre la
conductibilite thermique du gaz de transport et
celle du gaz sous examen est elle-meme plus grande.
Le signal du pont, convenablement amplifie, est
recu par un enregistreur (I) et marque par un fie
chissement de la plume.

A
~A- Compresseur

8 - Chauffage

C- Adsorbeur

Figure 4. Dispositif pour la regeneration des adsorbeurs a cribles moleculaires



308 B.A.r Prospection geothermique

Figure 5. Appareil gaz-chromatographo C. Erba, modele B

A la fin des analyses, on a une serie de pointes
comme celles portees it la figure 7. On en calcule
alors la surface.

Moyennant des courb.es d'etalonnage convenabl~s

de l'appareil pour les divers gaz, on pourra obtemr
une lecture correcte des pourcentages .s'y referant.

11 est connu que les colonnes chromatographiques
de partage permettent de fixer rapidement les
composants plus lourds. Par consequent, ces colonnes
ne permettent pas de separer les gaz permanents
(02, H 2, CO et hydrocarbures jusqu'a 5 atomes de
carbonium). En effet ces gaz sont peu solubles dans
n'importe quel liquide de par~age. L'analyse de ~e

gaz est effectuee au moye1.1 dune colonne remplie
de matiere chromatographique de type adsorbant
(charbon-cribles moleculaires) et les hydrocarbures
y sont retenus irreversiblement ou elimines apre~

une longue periode de temps. 11 re~sort de ce qm
precede que l'analyse chrornatographique de n.os gaz
doit encore se faire sur deux temps successifs, en
employant deux colonnes dont les caracteristi9ues
sont differentes, Les difficultes se rapportant a la
substitution des colonnes sont resolues grace it un
dispositif special donnant la possibilite d'a~enager

la colonne it cribles moleculaires it I'exterieur de
l'appareil, mais pouvant etre incluse ou exclu.e
moyennant un robinet sans rien changer aux condi
tions operationnelles de la chambre thermosta
tique.

ANALYSES DES GAZ NOBLES

Grace it l'appareil dont nous alIons faire la descrip
tion au paragraphe suivant, it partir de volu~es de
gaz residuaire connus, on elimine les constituants
combustibles (CH 4 , H 2) . On obtient ainsi it la fin
un melange de N 2 et de gaz nobles dans des concen
trations telles qu'il devient facile de fixer les contenus
en Ar et He au moyen d'un gaz-chromatographe.

En vue de cette determination, on emploie une
colonne chromatographique de 5 metres de long,
avec remplissage it cribles moleculaires Linde 5A,
plongee dans un bain frigorifere a - 15 DC. Le gaz
de transport employe est I'hydrogene.

Si l'on calcule le facteur d'enrichissement du N2
dans l'echantillon des gaz nobles, on peut remonter
a la concentration reelle de ceux-ci sur gaz naturel-

L'utilite de cette methode d'analyse consiste
d'une part dans sa precision et dans sa vitesse, et
d'autre part dans le fait qu'elle permet d'effect.uer
un controle fort utile des determinations quant1t~

tives pouvant etre obtenues merne avec l'apparel!
dont il sera parle au paragraphe suivant.

ECHANTILLONNAGE SEPARE DES CONSTITUANTS

DU MELANGE GAZEUX

Les etudes concernant la genese des divers &az
contenus dans un fiuide endogene rendent necessalre



Echarrtitlonnage et analyse des gaz Gj76 Nencetti 309

Figure 6. Representation scherrratfque du cycle du gaz
chrornatographe

SEPARATION ET ECHANTILLONNAGE DES GAZ NOBLES

Une fois le gaz collecte dans le piston P4' l'on
precede a separer I'helium et l'argon par la methode
Dewar. A cette fin, le dispositif employe est celui
indique de maniere schematique a la figure 9. Natu
rellement, cet appareil fait corps avec tout le systeme
de separation des gaz; nous le presentons a part
pour les besoins de l' expose.

Comme le montre la figure 9, le dispositif prevoit
l'emploi de deux tuyaux acharbon aetif pour I'adsorp
tion des gaz nobles. 11 faut souligner qu'avant toute
operation d'adsorption les deux tuyaux a charbon
actif doivent etre chauffes sous vide pendant quelques
heures, de maniere a desorber des traces eventuelles
d'air ou d'autres gaz adsorbes precedemment, pour
etre bien sur d'avoir obtenu le vide le plus parfait.

En tenant ferme le robinet R place en aval desdits
tuyaux, le gaz est envoye lentement a travers le
charbon aetif. On plonge ensuite ces tuyaux dans
de l'air liquide. De la sorte, seulement l'argon et

reduisant le sel de cuivre dormant lieu ala formation
d'eau, celle-ci etant, a son tour, retenue dans le
tube W I contenant une substance deshydratante
(P205 ou drierite).

En travaillant avec les pistons PI et P 2' le gaz
est soumis a des passages avant et arriere a travers
le four F I jusqu'a ce qu'il n'y ait plus de lectures
constantes pour le volume de gaz sortant de ce four,
ce qui indiquera la combustion totale de .l'hydrogene.

A partir de ce piston P 2' le gaz residuaire est
deplace vers le four F 2 (contenant du rhodanate de
potassium K 2Cr04 en grains et therrnostate preala
blement a la temperature de 700 "C), ou l'on obtient
l'oxydation du metal CH4 en anhydride carbo
nique CO2. Celui-ci, apres avoir absorbe l'eau de
reaction avec le tube P 205 (W2) peut etre preleve
grace a l'echantillonneur C, pour des examens
spectrometriques ulterieurs, ou bien etre bloque
dans la trappe T3 des immersions dans un bain
frigorifere d'air liquide. Des passages successifs
effectues avec des pistons P 2 et P 3 assureront I'oxy
dation complete du methane.

Une fois l'hydrogene et le methane elimines du
melange, le volume gazeux restant contient de
l'azote et des gaz nobles. L'azote est ensuite fixe
dans le four F 3 , contenant des copeaux de calcium
metallique avec de petites quantites de sodium
metallique comme catalyseur, therrnostate a 700 QC.
La circulation du gaz a travers le four, effectuee
grace a des pistons P 3 et P 4 , est continuee jusqu'au
fixage complet de l'azote par le calcium ernbrase.

Avant de passer au traitement des gaz nobles
restants, il est bon de s'assurer si les autres gaz
(H 2, N2 et CH 4) ont ete completement absorbes, A
cette fin, il convient de porter les fours F I , F 2 , F 3a une temperature d'environ 700 QC et de faire
circuler encore une fois le gaz restant; celui-ci sera
finalement recueilli dans le piston P 4' en manceuvrant
convenablement ses robinets jusqu'a atteindre en F v
F 2 , F 3 le vide le plus pousse possible.

c
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la determination de la composition isotopique de
chaque constituant gazeux. Les gaz rares comme Ar
et He ont un interet tout particulier.

Tandis que la separation des constituants prin
cipaux ne pose pas de probleme particulier, car il
est facile de les fixer selectivernent par absorption
avec des solutions de Ba (OH)2 et de (CH3 COO)2 Pb,
pour ce qui est des gaz combustibles et rares, il
faut par contre disposer d'un equipement capable
d'effectuer la combustion fractionnee des premiers
et une iseparation selective des autres.

Pour ce faire, nous avons construit dans nos
laboratoires de recherche un appareil a vide eleve
suivant le schema des figures 8 et 9. Avant toute
operation avec pompe a huile et pompe a diffusion,
on effectue un vide extremement pousse dans toutes
ses parties.

L'echantillon de gaz residuaire contenu dans le
gazometre G est deplace au moyen du niveau L,
dans un depurateur a chaux soudee D, pour l'elimi
nation de traces eventuelles de CO2. A partir de
celui-ci, moyennant la trappe T 2 (plongee dans un
melange frigorifere de neige carbonique et d'acetone,
pour fixer des traces eventuelles d'humidite), grace
au piston P 1> on aspire un certain volume de ce
gaz residuaire. Ce volume de gaz est ensuite deplace
a I'interieur du four F 1 (prealablement thermostate
a 300 QC et contenant de l'oxyde de cuivre et un
peu de bioxyde de cerium) ou l'hydrogene agit en
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Figure 7. Chrornarogr-aphe typique du gaz residuel

les traces eventuelles d'azote seront adsorbes, tandis
que I'helium demeure libre.

Apres un certain temps, en ouvrant le robinet R,
on met ces tuyaux en communication avec la Geissler
51 ou I'helium viendra se placer. Dans cette Geissler,
on peut voir, grace a des observations spectra
scopiques, s'il reste des impuretes d'argon. Dans
cette hypothese, on repetera l'operation d'adsorption
en prolongeant le temps d'immersion dans l'air
liquide. Apres avoir chasse les traces eventuelles
d'argon, l'helium pourra etre recueilli dans l'echan
tillonneur Ca pour des analyses ulterieures, ou etre
elimine a travers l'appareil a vide.

Si nous enlevons a present les tuyaux a charbon
actif du bain d'air liquide, il nous faudra attendre
un certain temps avant que le charbon actif acquiere
la temperature ambiante, desorbant ainsi I'argon
et l'azote adsorbes,

Nous devons souligner que, malgre tous les trai
tements soignes de l'argon et de l'helium, avec
calcium ardent dans le four Fa' il reste toujours
dans le melange des gaz nobles une petite trace
d'azote, et cela meme apres adsorption sur charbon
actif.

Il est done necessaire, avant de prelever l'echan-

tillon d'argon, de travailler au four F 4 (toujours it
calcium metallique ardent) en obtenant un fixage
ulterieur de ce gaz dans le four, comme il a ete
fait pour I'helium, par passages repetes. On en
controls la purete par observation spectroscopique
dans la Geissler 52; finalement on preleve l'echan
tillon dans I'echantillonneur C4•

REMARQUES

Le dispositif que nous avons presente aux figures 8
et 9 tel qu'il a Me concu, permet egalement de
mesurer quantitativement les volumes gazeux au
fur et a mesure qu'ils ont ete separes ; c'est ce qu'on
obtient par difference entre le volume du gaz, au
debut de tout traitement, et le volume restant apres
traitement; les mesures de pression sont relevees
par la lecture des manometres installes,

Nous devons souligner egalement qu'en dalite
l'appareil est bien moins complique qu'il ne parai!
aux schemas ; en effet, dans les figures nous avons du
repeter beaucoup de dispositifs, dans le but ?e
rendr~ notre explication autant que possible clalre
et faire comprendre le fonctionnement de tout
l'ensemble d'analyse.
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M: Manometres

W: Dessdnateur-D:

G: Gazometres pour gaz residuaires P: Pistons gradues

c: Echantillonneur'F: Four de combustion

Fd: Fompe de diffusion a Hg

T: Trappes

al vu-oeo

~0]~=========jr========5i""===i==~=;r============--

Figure 8. Representation schematlque de l'appareil a haut vide pour la separation et la recuperation selective
des constituants du gaz residuel

C'est pour ces memes raisons de recherche de
simplicite que nous avons laisse de cote le systeme
de pompes necessaires pour assurer le vide le plus
pousse possible, et que la pompe a chute de mercure
entre le piston P4 et la partie demeurant n'a pas ete
presentee, bien qu'elle soit necessaire pour prelever
completement le gaz restant apres elimination de
l'hydrogene, du methane et de 1'azote.

Au cas OU 1'on voudrait employer un dispositif
analogue a celui presente rien que pour obtenir l~

separation des gaz nobles des autres gaz, cet appareil
serait beaucoup plus simple. En effet, les differentes
operations d'elimination de l'hydrogene, du methane
et de I'azote peuvent etre effectuees dans un four
unique contenant les reactifs necessaires et chauffe
a la temperature de 700 QC.

Pour l'analyse des concentrations en gaz nobles,

il suffira donc de mesurer le volume initial du gaz
envoye dans le four et de soustraire de ce volume
de gaz initial le volume restant apres traitement.

La separation de 1'argon a partir de l'helium doit
etre faite d'apres le schema de la figure 9.

En ce qui concerne l'etablissernent des dimensions
des diverses parties du dispositif, il faudra evidem
ment se baser sur les concentrations en gaz nobles
du gaz residuaire a traiter et sur le volume des gaz
nobles separes que 1'on se propose d'obtenir a la
fin des differentes operations.

En ce qui concerne les concentrations en gaz
nobles presents dans les gaz du fluide endogene du
champ vaporifere de Larderello, il faut prelever en
moyenne 40 litres de gaz residuaire, ainsi qu'il est
dit a la page 305 si 1'on veut obtenir un volume
de gaz rares d'environ 20 a30 cc.

Vers le vide-
Figure 9. Vacuornerre vers le vide
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Enregistrement des resultats

Les resultats des analyses peuvent etre enregistres
sous forme de concentrations en volume de gaz
naturel, ou de concentrations par kilo de fluide
total.

L'enregistrernent des resultats, effectue d'une
maniere plutOt que de l'autre, aura comme conse
quence la variation des rapports de composition.
En effet, les quantites de gaz naturel melangees a
un kilo de vapeur varient d'un puits a. l'autre et
d'un champ a l'autre. C'est ainsi que tandis que le
premier type d'enregistrement met en evidence
exclusivement les caracteristiques de la phase gaz
et les rapports d'abondance s'y rattachant, le
deuxieme type d'enregistrement nous represente la
composition reelle du fluide endogene debite au
sondage. 11appartiendra done a. l'analyseur d'adopter
un enregistrement plutot que l'autre, suivant le
type de recherche qu'il voudra accomplir et suivant
les buts que cette recherche visera.

A titre d'exemple, nous presentons au tableau 2
deux types d'enregistrement des donnees pouvant
etre adoptes : les valeurs indiquees se rapportent
au fluide debite par le meme sondage.

Ainsi qu'on peut le remarquer, dans nos tableaux
nous avons indique aussi les quantites d'acide
borique et d'ammoniaque qui, presents dans le
fluide des souffiards, demeurent presque totalement
dissous dans l'eau de la vapeur condensee, avec de
petites quantites d'anhydride carbonique, d'hydro
gene sulfure et des traces d'autres constituants
gazeux. Les quantites de gaz dissous varient suivant
les conditions de temperature et de vitesse de conden
sation relevees au .cours du prelevernent de l'echan
tillon. Dans des conditions normales, pour 100 cc
d'eau de vapeur condensee, on a environ 50 cc de
CO2 et 3,5 cc de H 2S (rapportes a. 0 °C, 760 mm Hg).
Si l'on considere que, selon les differents puits de
vapeur, pour 100 cc d'eau de vapeur condensee on
obtient de 1 500 a. 3 000 cc de gaz separe (c'est-a-dire
de 1400 a. 2700 cc de CO 2 et de 30 a. 75 cc de H 2S),
on peut en tirer la conclusion que la quantite de
gaz dissous est tres petite (de 3 a. 18,5 p. 100 pour
CO2 et de 1,66 a. 4,66 p. 100 pour H 2S).

Naturellement, il faudra tenir compte de ces
petites quantites dissoutes lorsque I'on considerera
la composition complete du fluide. Par contre, elles
pourront etre negligees lorsque l'on s'occupe du gaz
separe de la vapeur. Aux fins de l'analyse du contenu
en gaz dissous dans les eaux, en general, nous ren
voyons au memoire Gin du meme auteur.

Quelques remarques a caractere economlque

L'equipemant pour le prelevement des echan
tillons de gaz ne demande qu'une depense relative
ment modeste. I1 se compose en effet de conden,
sateurs a. eaux, de separateurs de vapeur condensee
d'echantillormeurs en verre a. etancheite parfaite
sous vide. Exception faite de ces derniers appareils

fragiles, l'autre materiel necessaire peut etre entiere
ment en metal. Il convient que les serpentins du
condensateur et le separateur de vapeur condensee
soient faits avec des matieres capables d'eviter les
inconvenients decoulant de l'attaque chimique par
les constituants acides.

L'equipement est transporte sur car muni d'un
reservoir d'eau pour alimenter les condensateurs.
Les operations dechantillonnage pour les gaz soit
totaux, soit residuaires, doivent etre effectuees
lentement, de maniere a permettre une condensation
excellente de la phase vapeur et une separation plus
exacte des gaz de la vapeur condensee.

En general, les temps employes pour echantillonner
1 000 cc de gaz sont de 10 minutes pour le gaz
naturel et de 50 minutes pour le gaz residuaire. Ces
temps ne tiennent pas compte du montage (5 minutes
environ) du dispositif condensateur-separateur corn
mun aux deux types d'echantillonnage et du temps
de charge en CO 2 et H 2S de l'adsorbeur a cribles
moleculaires (45 a 60 minutes environ). Les opera
tions doivent etre effectuees par au moins deux
ouvriers, le nombre des prelevernents faits dans la
journee etant fonction de la distance entre les
differentes manifestations naturelles aechantillouner.

Analyses isotopiques

La chaine pour le recouvrement par selection des
differentes fractions gazeuses a permis d'obtenir un
ensemble interessant de connaissances portant sur
la genese des gaz naturels endogenes, grace it l~

fixation de la composition isotopique de ceux-ci.
En effet, on examine ainsi la distribution des isotopes
stables d'un certain element, dans les divers composes
naturels contenant cet element.

La composition isotopique mesuree est rapportee
generc:lement a. un standard approprie que l'on
ernploie comme echantillon de reference et qUl
s'exprime par la quantite :

I) p. 1 000 = R echantillon - R standard X 1 000,
R standard

ou R est le rapport en atomes entre l'isotope le plus
lourd et l'isotope le plus leger.

Dans quelques cas particuliers, il suffira d'exprimer
la valeur du rapport isotopique absolu. C'est ce que
donne la f I. _ R echantillon.ormu e . Cl. - -yc;-~-,----,~

R standard
Dans cette hypothese Cl. est appele « faeteur

d'enrichissement », '

Hydrogene et deuterium

P1!isque les isotopes stables de I'hydrogene. d~
p~otlUm et d~ deuterium ont une importance cons)
~erab~e en geoch1mle, car ils sont separes et frac
tionnes moyennanr des processus geologiques et
cosm~~oglques en des quantites plus importantes
que n imports quel couple d'isotopes stables, Boata,
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Careri et Volpi 1 ont effectue des recherches sur les
rapports HDjH2 des gaz de Larderello.

L'analyse de I'hydrogene des divers echantillons
a mis en evidence des con tenus en D plutot bas et
tellement rapproches les uns des autres qu'il etait
possible d'allouer une valeur commune de 0,79 ±
0,05 a l'hydrogene des differents puits.

Ce fait peut ctre attribue a une separation du
gaz par diffusion dans le sous-sol ou a la reaction
d'echanges entre l'hydrogene et l'eau lourde suivant
la formule : H 20 + HD = HDO + H 2, cette reaction
pouvant etre catalysee en profondeur avant que la
vapeur ri'arrive a la surface.

Par voie de consequence, il devrait y avoir une
concentration en deuterium dans la phase eau et
un appauvrissement de celui-ci dans le gaz. En
effet, le facteur d'enrichissement en deuterium dans
l'eau des vapeurs condensees n'est 'pas si different
de celui de l'eau ordinaire et a une valeur egale
a 1 ± 0,1.

Harter et Suess (1949), dans leurs recherches sur
le contenu en deuterium de I'hydrogene de l'atmo
sphere, ont decouvert que celui-ci etait superieur a
celui de l'eau de surface (prise comme standard),
en raison de phenomenes de fuite du protium dans
les couches superieures de l'atmosphere, Ils en ont
conclu que dans les eaux juveniles, il faudrait done
trouver un contenu en deuterium inferieur a celui
des eaux de surface.

La valeur obtenue pour les vapeurs condensees,
egale a la valeur de l'eau de surface, doit done etre
consideree comme une consequence de la dilution
des eaux du sous-sol profond avec des eaux de
surface qui y ont penetre.

Methane et anhydride carbonique (c)

Les mesures effectuees sur le carbone du methane
ont donne des valeurs de ac approchant une valeur
moyenne de - 35. Cette valeur indique une deri
vation organique pour ce constituant gazeux et,
par voie de consequence, une contamination due a
des roches sedimentaires, Les mesures relevees pour
le carbone de l'anhydride carbonique ont donne
des valeurs de ac pres de la valeur rnoyenrie - 7.

On suppose que cette valeur est attribuable, en
partie au moins, a CO2 provenant de la decompo
sition thermique des roches carbonatiques pro
fondes.

Argon

L'argon est un produit de desintegration naturelle
du K40 et le rapport Ar4°jAr36 dans I'atmosphere
est de 296 ± 1 (Nier).

Les dosages effectues sur argon contenu dans les
gaz naturels du champ geothermique de Larderello
mettent en evidence qu'il y a un enrichissement
remarquable en Ar4°.

1 Isotopi dell'idrogeno del vapore del sottosuolo, Nuovo Cimento,
IX, 6, 1er juin 1952.

Les valeurs obtenues pour 1'1., suivant la formule:

Ar4°jAr36gaz nat.
1'1. = Ar40jAr36 atmosphere

sont compris dans l'ecart 1,174 + 1,580 (d).
Cela signifie que dans quelques cas I'enrichisse

ment en Ar40 pe ut etre meme remarquable. Cet
enrichissement est, de toute evidence, attribuable it
la temperature elevee a laquelle sont soumises les
roches interessees par l'eau remontant vers la surface
a I'etat de vapeur.

En effet, une source thermale d'eaux boriques
(Satumia), situee a quelque distance seulement du
champ geothermiquc de Lardercllo, contient de
l'argon ayant la merne composition isotopique que
l'argon de I'atmosphere.

Il faut done en tirer la conclusion que les eaux
interessees a ce phenomena representent le moyen
de transport d'une certaine quantite d'argon de
l'atmosphere, et qu'une temperature assez elevee
est necessaire pour produire une perte de quantites
importantes d'Ar4° dans les roches potassiques.

Les causes pouvant declencher un phenomene
d'enrichissement plus ou moins pousse d' Ar4° pour
raient done se resumer comme suit :

a) Le volume des roches potassiques interesse par
la circulation profonde des eaux meteoriques:

b) La temperature alaquelle ces roches potassiques
sont soumises, declenchant des pertes plus ou moins
grandes d'Ar40 pour autant que ces valeurs seront
plus ou moins importantes;

c) La quantite d'eau, et partant d'argon atmo
spherique, les variations de cette quantite pouvant
donner lieu a differents types de dilution d'Ar"
produit par les roches potassiques.

En theorie, il est a prevoir qu'entre le debit du
sondage et la dilution d'Ar4° le rapport est direct.

Bien que les donnees que nous possedons sernblent
confi~m:r cette attente, il est peu probable qU'ell~
saurait etre confirrnee dans tous les cas, etantdonne I

la variete des raisons de trouble tectonique en place
pouvant se manifester dans le sous-sol en creant
des situations differentes d'un puits a l'autre.
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L'auteur expose dans ce mernoire les methodes
d'ec~antillonnageet d'analyse employees aux Labo
ratOl:-es de .recherche de la societe Larderello, S.p.A.
L,es e~hanhllons de gaz .et .de vapeur sont preleves
s,epare~ent ou en combinaison, suivant les buts de
I enquete que l'on veut poursuivre. Le prelevement
des g~~ r~si~uaires est d'un i~teret tout particulier
lorsqu 11 s agit de fixer du pomt de vue quantitatif
les contenus en gaz rares Ar, He.

Les gaz residuaires formes de CH 4 , H 2, N et les
t ' "-' 'd 2gaz rares son recuperes apres a sorption prealable

des constituants gazeux principaux comme CO. et
~2S..L'adsorption est effectuee au moyen de colo~nes
a cnbles moleculaires amenagees a la suite du
condensateur.

Le gaz naturel total est analyse au moyen d'un
appareil de chromatographie de partage en phase
vapeur, sur deux phases successives. En premier
lieu on determine les contenus en CO2 et H 2S en
employant des colonnes chromatographiques rem
plies d'huile de vaseline sur support inerte maintenues
dans une chambre thermostatique a la temperature
de - 5°C.

Le gaz de transport est He. Les contenus en CH4 ,

N2, He sont determines sur une seconde portion de
l'echantillon gazeux en employant une colonne
auxiliaire exterieure remplie de cribles moleculaires
type Linde 5A. Dans ce cas encore le gaz de transport
est He.

Description est faite ensuite du cycle de travail
d'un equipement a vide eleve pour l'enrichissement
des contenus en gaz rares. Cet enrichissement est

effectue . au moyen d'un precede de combustion
fractionnee du CH4 et H 2•

Le melange gazeux restant, forme a present
seuleme!1t de N2, Ar et He, est analyse par chroma
tographie de partage en phase vapeur, par emploi
d'une autre colonne exterieure a cribles moleculaires
(d'une longueur de 5 m), plongee dans un bain
frigorifere.

L'equipement a vide eleve, dans sa partie finale'
est muni d'un four electrique rempli de copeaux
de Ca et Na metalliques. A la temperature de 700°C
on a la consommation du contenu en N2' Ce traite
ment rend possible la recuperation des fractions
p;rres de Ar et de He, soit en melange soit sepa
rement.

Sont ensuite rapportes quelques resultats obtenus
lors des analyses isotopiques des divers constituants
gazeux recuperes separement pendant le cycle de
travail dans l'appareil a vide eleve.

Pour les divers puits, les donnees les plus courantes
sont les suivantes :

a) Les gaz endogenes revelent un enrichissement
en .Ar~o par rapport a l'argon atrnospherique ; cet
enrichissement varie de 1,174 a 1,580.

b) Le rapport HDJH 2 assume la meme valeur
(0,79 ± 0,05).
. c~ La compo?i~ion isotol?ique du CH4 (3 c = - 30)
indique une ongme orgamque de ce gaz;
. d) La compositi~m isotopique du CO2 (3 c = - 7)
indique une certame contamination de CO2 decou
lant de la decomposition thermique des calcaires.

SAMPLING AND ANALYSIS OF GASES IN NATURAL-STEAM WELLS

Summary

This paper reviews the methods of gas sampling
and analysis used by the research laboratories of
Larderello, S.p.A. The gas and steam samples are
collected after the geothermal fluid has been cooled
in water coolers.

The gas and liquid phases can be collected together
or separately, according to the object of the analysis.
The collection of the residual gases for the quantita
tive determination of noble gases (Ar, He) is of
special interest. The residual gases, consisting of
CH

4
, N2' H 2, and noble gases, are recovered by

adsorption of the main gaseous constituents, CO2

and H2S.

This adsorption is accomplished by molecular
sieves in columns, connected to the cooler outlet.
The natural gas is analysed by gas-chromatographic
methods in two separate stages. CO2 and H 2S ,:re
first determined in graphic columns filled WIth

vaseline oil in an inert packing in a thermostat
maintaining the working temperature of +5°C.
Helium is the carrier gas. CH4 , H2 and N2 are then
determined in a second gas portion, using an external
auxiliary column filled with molecular sieves, Linde
5A. Helium is the carrier gas. The author also
describes the working cycle of a high-vacuum
gas-line for the enrichment in noble gases. This is
accomplished by separate combustion of CH4 and H 2·

The residual gas mixture, now consisting only of
N2' Ar and Helium is analysed with the gas-chroma
tograph, using another external column (containing
molecular sieves Linde 5A), 5 m long, immersed in
a cooling bath.

The high-vacuum gas-line, in its last part, has
an electric furnace filled with shavings of metallic
Ca and Mg. At the working temperature of 700°C
the nitrogen is absorbed. '
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This makes it possible to recover the pure Ar
and He fractions, either mixed or separated.

The author also presents some results obtained
from isotopic analyses of the various constituents,
separately recovered during the working cycle of
the high-vacuum gas-line.

For various wells, the present data indicate
that:

(a) The Ar40jAr36 ratio is higher in the well gases

than in the atmosphere by a factor of 1.174 to
1.580.

(b) The HDjH2 ratio for hydrogen is almost the
same value (0.79 ± 0.05).

(c) The isotopic composition of CH4 (0 C = -30)
indicates the organic origin of this gas.

(d) The isotopic composition of CO2 (0 C = -7)
indicates a certain contamination by CO2 from
limestone (thermal decomposition).
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ECHANTILLONNAGE ET ANALYSE DES EAUX DE SOURCES THERMALES
OU PROVENANT DE MANIFESTATIONS VAPORIFERES

Renzo N encetti*

Figure 1. PreIevem.ent d'eau de source

Types et modalites dans le prelevement des
echantillons

Il ressort de ce qui precede que l'enquete hydro
geochimique se base sur deux types de prelevements
d' echantillons : en surface et en profondeur. Dans les
prelevements de surface sont compris aussi les
echantillons de vapeur condensee provenant de

moment ou elles prennent une part active a 1'un
ou a 1'autre des facteurs susindiques.

Il apparait des lors evident que I' etude des eaux
ne saurait se borner a celles qui se trouvent a la
surface, mais qu'elle doit se poursuivre a l'egard des
eaux souterraines, lorsque les situations particulieres
des forages en donnent la possibilite.

Enfin, l'analyse des eaux ou des vapeurs condensees
acquiert un caractere d'un interet technologique
lorsqu'on veut recuperer les contenus prises pouvant
etre exploites sur echelle industrielle.

C'est ce qui arrive en effet dans la zone g~o

thermique de Larderello, ou les contenus en acide
borique et ammoniaque sont recuperes aux fins
d'un emploi successif dans la production de sous
produits chimiques, comme 1'acide borique, le borax,
les bore-derives inorganiques et organiques et le
carbonate d'ammoniaque.

manifestations naturelles, de sondages, etc. Le prele
vement des echantillons de surface ne presente pas
de difficultes particulieres ; les methodes et les reci
pients employes ne doivent pas donner lieu a des
pertes de gaz dissous ou a des souillures venant
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Un des aspects les plus caracteristiques d'une zone
interessee de quelque facon que ce soit par des phe
nornenes endogenes lies a des activites du type
volcanique ou plutonique, est l'aspect touchant a
la presence de manifestations hydrothermales et
gazeuses ou vaporiferes apparaissant en surfa~e

suivant des sources distinctes ou associees, En parti
culier, ce sont : la composition chimique de ces
manifestations, la caracteristique saillante d'un ion
determine, l'enrichissement relatif de celui-ci par
rapports aux autres, la temperature, le pH, e.tc.,
qui sont autant d'elements d'enquete neces~~1f~s

si 1'on veut mettre en vedette les facteurs preeml
nents des eaux distribuees par les sources ou si
l' on veut classer ces eaux en fonction de leurs carac
teristiques chimico-physiques plus saillantes et avan
cer des hypotheses quant a leur genese probable.

Un autre aspect interessant d'une prospection
hydrogeochimique concerne la distribution topogra
phique des temperatures de deversement et des
constituants chimiques. Cette distribution peut etre
exprimee sur carte topographique au moyen ~e

contours reunissant toutes les sources ayant soit
la meme concentration par rapport aun ion comm~m,

soit le meme rapport d'abondance entre un IOn
preeminent et les ions secondaires. Bien sur, cette
preparation des donnees doit se faire a 1'aide d'une
etude geologique de la zone sous examen. En ~ffet,

les differences de composition dependent aUSSI des
differentes methodes de melange entre les eaux
d'horizons divers, mais elles dependent aussi de
divers facteurs de milieu du sous-sol, tels que :

a) Le type ou systerne de circulation des eaux
dans le sous-sol;

b) Les temps de circulation;
c) La situation tectonique et les co~di~ions, de

permeabilite et de porosite des roches mteressees;
d) La nature et le type des roches;
e) Le degre d'alteration chimique des roches par

1'effet des phenomenes d'hydratation, d'hydrol~se,

d'oxydation et de reduction, ainsi que de l'action
d'acides aussi bien organiques qu'inorganiques, etc.;

f) La dilution par les eaux meteo~iques, marines,
fossiles, magmatiques et metamorphlques.

Ces facteurs agissent a leur tour. ~ifferem~ent
et aun degre variable suivant les conditions de I etat
physique et les equilibres chimiques des eaux au
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de l'air. Les figures 1, 2, 3, 4 et 5 montrent divers
dispositifs que nous employons pour la prise de
sources et de manifestations vaporiferes naturelles,
ainsi que pour les prelevements en bassins et pour
les sondages. Nous tenons asouligner que la fermeture
des echantillonneurs est effectuee, au cas de la figure 1,

Figure 2. Dispositif pour le prelevernent d'eau a tempe
rature elevee en bassins

quelques heures apres le debit de la source et dans
le cas des figures 3 et 4, apres quelques jours.

Le dispositif de la figure 2 est employe pour des
prelevernents dans des eaux thermales a temperature
elevee ; dans le cas d'eaux a temperature normale,
la fermeture de l'echantillonneur est effectuee a
la main, mais toujours dans des conditionsd'immer
sion complete de celui-ci.

Le prelevernent d'echantillons, a partir des eaux
de profondeur, ou de sondages, est effectue au moyen
d'un dispositif explique par le schema de la figure 5.
II se compose d'un cylindre A en acier inoxydable
ou en resine therrnoresistante, muni de deux robinets
Ri> R 2 qui en assurent l'etancheite parfaite, meme
sous vide. Le cylindre. est relie au cable d'une grue
par un dispositif de blocage excentrique. Vne fois
atteinte la profondeur a laquelle on veut prelever
l'echantillon, on ferme les robinets en laissant
tomber le poids p, le long du cable de soutien de
l'echantillonneur. Ce poids, en heurtant contre le
dispositif d'arret des petits cables en nylon (qui
tiennent en position d'ouverture les deux robinets)
fait coulisser vers le bas la tige B, en degageant
les anneaux terminaux des petits cables. Les ressorts
M 1 et M 2 assurent la fermeture des robinets.

Le dispositif d'arret excentrique permet d'accrocher
au cable de transport autant d'echantillons que l'on
veut aux distances fixees au programme.

La fermeture des echantillonneurs disposes en
serie a lieu successivement, c'est-a-dire apres celle
de I'echantillonneur le plus proche de la surface.
A la figure 5, il est possible de remarquer que le
dispositif de butee, qui retient les anneaux auxquels

aboutissent les fils de nylon des robinets, tient un
troisieme anneau relie a un autre poids PIt lui aussi
mis en place sur le cable de la grue. .

Cependant, lorsque le premier poids fait stopper
les anneaux, le deuxieme est libre de tomber it son
tour pour debloquer le dispositif d'arret des anneaux
de l' echantillonneur suivant ; et ainsi de suite jusqu'au
dernier echantillonneur.

I1 suffira des lors de retirer lentement le cable
pour recuperer les echantillons d'eau,

Precedes analytiques

La methodologie analytique que nous avons
appliquee pour la fixation des constituants chimiques
dissous et gazeux est la methode classique, adoptee
par tous les laboratoires de recherche et prevse :
pour la spectrophotometric de fiamme, la spectra- ,
photometric d'adsorption, la polarographie et la
chromatographie en phase vapeur.

Au moment du prelcvement, 1'0n effectue quelques
deterrninations telles que pH, H 2S, alcalinite, qui
sont influencees par des pertes eventuelles de gaz
dissous.

Aussi bien le pH que l'alcalinite sont mesurs
au moyen de potentiornetres, la seconde en solution
titree de H'Cl et en observant les virages aux valeurs
de pH pour phenolphtaleine et pour methylorange. ~

Le H 2S est determine par precipitation avec.
acetate de cadmium et titrage iodometrique du
precipite, en milieu acide pour l'acide acetique.

Figure 3. Dispositif pour le p releverncnt de manifestations I

vaporiferes naturelles en fond mou

Au cas de concentrations basses cette determination
est effectuee par spectrophotom'etrie suivant Sands,
avec la methode au bleu de methylene (745 rn~)·

En particulier, les determinations en laboratoire

suivent Yor~re et les methodologies que nous resu'
mons ci-apres.
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Une portion de l'echantillon est traite avec du
rhodanate de potassium pour la reconnaissance des
qualitatifs. Lorsque le resultat est positif, on procede
au dosage spectrophotometrique, avec orthophenan
troline et hydroquinone tamponnees a pH 4,5,
en mesurant I'intensite d'absorption a 510 mu.

GAZ DISSOUS

Ils sont doses au moyen de l'appareil indique
a la figure 6 ou, avant de commencer, on a fait
le vide grace aune pompe ahuile Poet aune pompe
a diffusion Pd.

L'eau sous examen, contenue dans un recipient Cl
de 200 cc et echantillonnee separernent, est envoyee
egoutter dans un ballon de degazage A. Les gaz
qui se sont separes, melanges a de la vapeur d'eau,
passent ensuite dans la trappe T, plongee dans un
melange frigorifere forme de neige carbonique et
d'acetone. C'est dans cette trappe que les vapeurs
d'eau sont bloquees, tandis que les gaz, aspires par
le piston PI sont collectes et mesures dans le piston P 2'

En manipulant bien les robinets de ces pistons,
on parvient a transferer du piston PI au piston P 2

toutes les portions de gaz qui se sont degagees meme
apres avoir agite l'eau du ballon A et decongele la
trappe T 1•

L'operation prend fin lorsque l'eau de I'echantillon
neur Cl etant epuisee, on ne remarque pas de varia-

Figure 4. Dispositif pour le prelevement de manifestations
vaporfferes naturelles en fond dur

tions dans le niveau de la colonne de mercure du
piston P2' Le gaz recupere est ensuite transfere a
l'echantillonneur C2, dont le volume est connu;
on mesure a present la pression (en mm H!5) du gaz
qu'il contient aux fins de report successif de son
volume a 0 °C et 760 mm Hg.

Le gaz echantillonne est examine au chromato
graphe en phase de vapeur, suivant le systeme
explique par l'auteur dans son memoire GJ76 concer-

Figure 5. Dispositif pour I'echantlllonnage des eaux
profondes

nant l'analyse des gaz endogenes, De cette maniere,
on obtient egalement la mesure du CO2 dissous.

CARBONATES ET BICARBONATES

Ce merne ballon A, contenant l'eau degazee a
laquelle sont ajoutees a present quelques gouttes
de methylorange, est place dans l'appareil de la
figure 7. Cet appareil est done forme:

a) Du ballon A ou se trouvent la decharge de la
burette C et le tube devolution 51;

b) D'une fiole B dans laquelle sont places un
tube d'evolution 52 et la decharge de la burette D;

c) D'une Drechsel E contenant de l'hydroxyde
de baryum, montee en derivation sur le systeme,

Avant d'agir, on met en mouvement la pompe P,
et l'air, oblige de circuler a circuit ferrne, passe a
travers la Drechsel a l'hydroxyde de baryum pour
bloquer le CO2 atmospherique, Apres quelques mi
nutes de circulation, on exclut la Drechsel E, et
l'air contenu dans l'appareil continuera a circuler
a cycle ferrne dans le systeme forme par la pompe,
le ballon et la fiole.
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Figure 6. Appareil de laboratoire pour la recuperation des gaz dissous

A ce moment, on fait tomber de la burette D
dans la fiole B un volume connu de Ba(OH)2' N/50,
et de la burette C dans le ballon A de petites doses
successives de H2S04 , N/IO. L'adjonction de l'acide
est poursuivie jusqu'a virage du methylorange et
jusqu'a exces de 20 cc.

Le CO2 est oblige de barboter dans l'hydroxyde
de baryum contenu dans la fiole B (C02 se degage
par l'action de l'acide sur les carbonates et les
bicarbonates). L'operation prend fin lorsqu'on a
soumis I'eau a une breve periode d'agitation et de
rechauffage.

Apres un temps de circulation convenable, qui est
necessaire pour l'absorption complete de CO2 par
la solution d'hydroxyde de baryum, on arrete la
pompe et on titre cet exces, au moyen d'une solution
N/50 de HCI jusqu'a virage de la phenolphtaleine.

Si nous indiquons par V le volume en cc d'acide
correspondant au volume de la solution d'hydroxyde
de baryum employe, et par v le volume en cc de
l'acide chlorhydrique N/50 utilise pour le titrage,
on a :

(V-v) X 3,5

(V-v) X 3

CO2 total en ppm, comme HCOa
CO2 total en ppm, comme COa

SILlCE

Elle est fixee gravimetriquement par insolubili
sation, a l'etat partiellement deshydrate, en prese~~e
d'acide chlorhydrique et au moyen d'une insolubili
sation complete par calcination. Au cas de basses
concentrations, la determination est effectuee par
spectrophotometria, en mesurant l'absorption, a
430 mu, de l'ensemble silico-rnolybdique a pH 1,6
pour l'acide sulfurique.

OXYDES

Dans ce groupe, on comprend les oxydes de Fe,
AI, Mn, fixes d'apres les methodes classiques decrites
plus haut, Des controles successifs effectues par
polarographie pour Fe et Mn permettent d'obtenir
AI par difference. Mais pour Mn, on effectue un
controle supplementairr- spectrophotometrique it
525 mu,

CALCIUM

Le calcium est fixe par le moyen complessometrique
avec EDTA.

MAGNESIUM

Le magnesium est fixe dans une solution d'aroma
niaque avec un indicateur EIiochrome T.
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SODIUM, MAGNESIUM, LITHIUM, STRONTIUM ET CESIUM

La determination de ces metaux alcalins est effec
tuee au moyen d'un spectrophotometre a la flamme,
aux longueurs d'onde respectives de 589 mu, 766 mu,
670,8 mu, 460,7 mfL et 452,1 mu, en executant,
pour chaque determination, I'etalonnage de l'instru
ment avec des solutions standard. En outre, on fait
des dilutions successives sur les echantillons sous
examen, aux fins d'obtenir une lecture des valeurs
comprises dans l'intervalle de l'etalonnage de l'ins
trument.

AMMONIAQUE

Elle est fixee au moyen de l'appareil de Kjeldahl
par deplacernent avec NaOH et distillation successive
et recueil sur solution titree de HCI.

SULFATES

La determination est effectuee par la methods
gravimetrique par precipitation du sulfate de baryum
en un milieu Iegerement acide, ou encore par spectro
photometric, par la methode au chloroanilate de
baryum, en mesurant l'absorption a 53 mfL.

o

PHOSPHATES

Ils sont determines par spectrophotometrie en
mesurant l'absorption du complexe bleu de molyb
dene a 725 mu. Cette determination doit et re effectuee
apres elimination au prealable de la silice, en raison
de son interference.

IODURES

Ils sont determines grace au potentiornetre, en
effectuant, directement sur l'eau, le titrage avec
AgN03 , par emploi d'une electrode Ag/AgCI et
d'une electrode de verre.

CHLORURES

Ils sont determines par la merne methode que
ci-dessus. De la quantite de AgN03 , consomrnee
par le virage il faut enlever les cc de AgN03 exiges
par la precipitation des iodures (premier virage)
et des bromures eventuels (2e virage).

FLUORURES

Ils sont determines par le chloro-anylate de tho
rium dissous dans du methyl-Cellosolve (glyco mono-

c

11

f

Figure 7. Appareil de laboratoire pour la determination des carbonates et des bicarbonates

12*
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HCO-
3

802"
Figure 8. Reticule pour la representation graphlque des resultats de l'analyse chimlque des eaux

(representation graphique d'apres Stiff)

methyl-ether) tamponne a pH 4,5, en mesurant
l'absorption a 540 mu,

AClDE BORIQUE

La determination est effectuee par potentiometric
en employant une electrode de verre. Le pH de
l'eau sous examen, stabilise a 7,2 et successivement
baisse par l'adjonction de marmite pour la formation
d'acide mannito-borique, est reporte a sa valeur
de depart, avec solution titree de NaOH. Cette me
thode d'une part est tres rapide et soignee, et d'autre
part n'est pas affectee par des interferences, pourvu
que soient elimines au prealable les composants
pouvant faire changer le pH de l'eau.

Representation geogrnphique

Pour detecter et mettre en evidence les caracte
ristiques de toute eau le plus rapidement et le plus
clairement possible, differentes methodes de repre
sentation graphique ont ete examinees. Nous avons
consideree comme etant la plus convenable la methode
suggeree par Stiff. Cette representation n'est den
plus que l'enregistrement en diagramme des valeurs
de reaction obtenues au moyen de I'equation :

N b d
,. . , valence

om re e reaction e- quantite en ppm 'd t .
pOl sa omique

Le rapport valencejpoids atomique est, pour chaque
element, une constante facile a calculer. Il est I'in
verse, comme valeur mathematique, de I'equivalent
chimique. Pour la representation graphique nous nous
servons d'un reticule (figure 8) ou sont reportees
en abscisse, les valeurs de reaction de chaque ion,
a partir du centre du reticule, marquee par la droite
du zero, et en aIlant vers l'extremite avec des valeurs
de plus en plus grandes.

Sur I'ordonnee, on enregistre a droite du zero
les symboles des anions, et agauche ceux des cations.

En reunissant tous ces points, representant les
valeurs du nombre de reaction pour les differents
ions, on obtient des formes polyedriques donnant
la «silhouette» de l'eau sous examen.

L'echelle des valeurs peut etre variee afin de
mettre en evidence n'importe quel constituant

retenu fondamental aux fins de la detection du type
d'eau; il suffit tout simplement de changer le deno
minateur de la fraction d'ions, normalement suivant
des multiples decimaux,

Nous avons ajoute au diagramme type les para
metres NH 4+ et BOz- , carce sont eux qui caracte
risent les eaux de la zone vaporifere de LardereIlo.

Les systernes suggeres par Palmer et Tickell,
tout aussi interessants, n'ont cependant pas ete
retenus chez nous en raison de certains desavantages
qu'ils presentent.

En effet, dans la representation graphique de
Palmer, la concentration des ions est ehangee en
valeur de reaction en pourcentage. Elle est done
inadequate aux fins d'une detection rapide du type
d'eau sous examen.

En second lieu, les valeurs de reaction en pour
centage peuvent amener a considerer comme etant
identiques des eaux qui ont le meme caractere
chimique,. mais une concentration ionique differente.

La methode de Tickell, fondee sur un diagramme
etoile a six axes, avec des concentrations exprimees
en valeurs de reaction en pourcentage, presente les
inconvenients releves pour le systerne de Palmer,
etant donne qu'on ne tient pas compte de la concen
tration reelle des ions.

Apres avoir obtenu de cette Iacon les «silhouettes)
des eaux, il devient tres facile et d'une vitesse imme
diate, d'une part, d'etablir la subdivision des eauX
memes sous forl?e graphique, d'autre part, d'exprimer
les rapports reclproques eventuels devant etre appro
fo?dis par.suite al'aide des connaissances geologiquee.
mineralogiques, petrographiques, etc.

Constituants chimiques des eaux de vapeur
condensee

Les eaux provenant de vapeurs condensees sont
caracte,risees, ~n general, par une preeminence
marquee des amons HCOa- et BOz- et du cation NH/
Le rapport HCOa-jB02 varie de 02 a environ 5.
Les concentrations du NH4+ varient de 130 a 1600
ppm. Le fiuore est totalement absent. Les anions
Cl- e~ SO.4-, s'ils sont presents, ne le sont qu'e?
de tres faibles concentrations, ne depassant jamalS
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1 ppm. Ce n'est qu'en quelques cas que le Cl
attemt une valeur maximum de 30 ppm.

Les metaux alcalins et alcalino-terreux en general
sont presents en de tres faibles concentrations ne
depassant jamais 1 ppm; ce ri'est que le cal;ium
qui. fait exception, et les eaux, lorsqu'elles le
contiennent, revelent des concentrations comprises
entre 9-90 ppm.

Le pH de ces vapeurs condensees est toujours
compris dans l'intervalle 6-7, 5. Ce n'est que dans
quelques cas que le pH a des valeurs inferieures,
mais jamais au-dessous de 5,1. La conductibilite
electrolytique est comprise dans l'intervalle (1-10).
10-3 ohm-1/cm-1.

Sur la base des caracteristiques chimiques, ces
eaux peuvent Hre considerees du type «bicarbonate
borique ».

Constituants chimiques des eaux de sources
thermominerales

Le developpement du plan d'exploitation des bas
sins vaporiferes de la zone geothermique de la societe
Larderello, S.p.A., a eu comme consequence d'epuiser
beaucoup de manifestations naturelles de vapeur,
de gaz et d'eaux therrnominerales jadis tres diffusees,

Malgre cela, quelques sources d'eau ont continue
leur activite meme avec des debits tres limites,

Les constituants chimiques caracteristiques de
ces eaux sont dans ce cas egalement les anions
RC03- , B02- auxquels s'ajoutent Cl- et SO 4--'
en des concentrations sensibles.

Pour ces eaux, le rapport B/Cl est compris dans
l'ecart 0,2-0,9; celui RC03/Cl dans I'ecart 0,8-80;
celui S04/Cl dans l'ecart 0,4-5; celui S04/RCOa
dans l'ecart 0,1-6.

Les concentrations des alcalins sont variables
avec une preeminence du sodium; le rappor~ ~/Na
varie a I'interieur de l'ecart 0,02-0,2 et celui Li/Na
a I'interieur de l'ecart 0,02-0,2.

Parmi les alcalino-terreux, le calcium prime le
magnesium avec un rapport CajMg compris a I'inte
rieur de l'ecart 2-20. Le rapport Ca + MgjG + Na
varie dans les limites de 2 et 90.

Aucune de ces eaux n'a un caractere decidernent
acide, le pR variant dans un intervalle allant de
6,5 a 8.

Pour ce qui est de la classification genetigu~ des
eaux en fonction de leur composItIon chimique,
nous nous bornons a un renvoi aux ouvrages de
Clarke, White,et autres (voir la bibliographic
figurant a la fin du present memoire).

Recherches isotopiques

Les recherches isotopiques (Professeur Tongiorgi)
menees sur des calcaires et des vapeurs condensees,

.et preleves dans la zone geothermique de Larderello,

ont mis en evidence les valeurs des rapports 0 18/016

au point qu'il etait fonde de supposer que la vapeur
debitee des bassins de Larderello etait constituee
dans sa presque totalite d'eau meteorique, interessee
dans un phenomene de circulation profonde.

Cette circulation trouverait un accroissement a la
puissance dynamique de son mouvement de
convexion, suite aux remarquables quantites de
chaleur cedees aux masses d'eau circulante par les
roches directement interessees par le plutone rechauf
fant, roches avec lesquelles ces masses d'eau viennent
en contact.

Ces masses d'eau finiraient done par acquerir
une energie suffisante pour vaincre la resistance de
la pression statique ambiante et trouveraient dans
les roches juxtaposees les voies pour remonter vers
la surface. Cette phase de retour serait d'autre part
facilitee du fait de la capacite d'agression chimique
accrue des eaux sur les roches environnantes, suite
aux enrichissements en materiaux acides volatiles
(C02 et H 2S) de provenance soit magmatique, soit
metamorphique. Pendant cette rernontee, les valeurs
de la pression statique ambiante etant moins grandes,
ces eaux se gazifieraient pour finalement emerger
en surface a I'etat de vapeur surchauffee,

11 faudrait fixer a present en combien de temps
le cycle complet est boucle.

A cette fin, les etudes seront poussees a l'avenir,
et porteront sur le contenu en tritium des vapeurs
endogenes condensees, afin de confirmer la valeur
obtenue par Libby (1953) pour le rapport T'[H
dans nos vapeurs condensees,

Libby a trouve que ce rapport prenait la valeur
T'[H = 0,4 X 10-18 atomes.

Sur la base de la serni-periode de cet isotope
instable, le temps de circulation des eaux serait
superieur a 40 annees.

Par rapport au contenu en D de l'eau de la vapeur
condensee des differents puits (c, d, e), il est apparu
que ce contenu ne s'eloignait pas beaucoup du
contenu normal de I'eau de surface. Le facteur
d'enrichissement defini comme

D/ll echantillon
(1..=

D/ll eau commune

est apparu egal a 1 ± 0,1.
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Resume

Dans le present expose, 1'auteur illustre dans quelle
mesure les etudes hydro-geochimiques ont contribue
a la prospection d'une nouvelle zone geothermique.

Maintes sources thermales et manifestations natu
relles de vapeur, associees ades emanations gazeuses,
caracterisent les zones touchees par des phenornenes
geothermiques lies a l'activite volcanique ou pluto
nique.

La composition chimique de ces manifestations,
1'abondance d'un certain element, 1'enrichissement
relatif de celui-ci par rapport aux autres, etc., sont
autant de donnees extremement utiles pour posseder
les elements de diagnostic permettant d'etablir une
distinction entre les differents types d'eaux, Les
analyses chimiques ont aussi un interet technologique
pour la recuperation industrielle des constituants
chimiques prises; les installations chimiques de la
societe Larderello, S.p.A., utilisent en effet les conte
nus en H3B0 3 , H 2S et NH3 du fluide endogene aux fins
d'une vaste production de sous-produits chimiques.

L'auteur passe en revue les methodes employees
pour l'echantillonnage des eaux des sources thermales
et des vapeurs condensees, soit des «soufflards ))
soit des manifestations naturelles de surface. Dans
le prelevernent de ces echantillons, on recommande
la plus grande attention pour eviter toute contami
nation de I'atmosphere qui provoquerait une evalua
tion inexacte du contenu en gaz dissous et quelques
alterations dues a des processus d'oxydation.

En outre, description est faite d'un appareil
employe pour le recouvrement des gaz dissous.
Ceux-ci sont analyses par une methode de chromato
graphie de partage en phase vapeur.

Apres avoir rapidement decrit les methodes analy
tiques employees, illustration est donnee de quelques
elements tires des analyses chimiques des vapeurs
condensees, L'auteur conclut par l'expose de quelques
resultats fournis par les deterrninations isoto
piques.

Celles-ci donnent un contenu en deuterium tres
voisin de celui des eaux de surface et un contenu
en tritium inferieur a 0,4 x 10-18 atomes. D'apres
les analyses isotopiques des calcaires et des eaux de
condensation des vapeurs, il apparait raisonnable
d'accepter I'hypothese d'une origine meteorique des
masses de vapeur de LarderelIo. Les valeurs du
rapport 0 18/016 peuvent s'expliquer du fait d'un
vaste systerne de circulation des eaux dans le sous
sol, ou a lieu un echange isotopique intense entre
les eaux negatives de surface et les calcaires du sous
sol profond.

Ce systerne de circulation comporte un contact
des eaux circulantes avec les zones profondes direc
tement chauffees par 1'intrusion magmatique et
un retour a la surface de ces memes eaux sous forme
de vapeur surchauffee. Des valeurs du rapport T/H
il est possible de deduire le temps de circulation,
superieur certainement a 40 ans.

WATER COLLECTION AND ANALYSIS FROM THERMAL SOURCES
AND VAPOUR MANIFESTATIONS

Summary

In this paper, the author illustrates the contribu
tions of hydro-chemical studies to the prospecting
works of a new geothermal area.
, Many thermal springs, low or high in temperature,
or natural steam manifestations with associated
gas flows, occur in areas interested by endogenous
phenomena, connected with volcanic or plutonic
activity.

. The chemical composition of these thermal mani
festations, the abundance of certain elements, their
relative enrichment in respect to others, etc., are
very useful in order to have some diagnostic terms
for distinguishing different types of waters.

Chemical analyses have also a technological
interest f~r industrial recovery of valued constituents;
the chemical plants of Larderello S.p.A. are utilizing
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the H3B03 , NH3 , and H 2S contents for a wide produc
tion of chemical by-products. The author reviews
the different methods used for collecting waters
from thermal springs and condensed steam, either
from boraciferous steam jets or from natural mani
festations.

Particular care is recommended in order to avoid
any possible atmospheric contamination which may
produce unreliable valuations of dissolved gas
contents and some alterations due to the oxidation
processes. The laboratory apparatus for the recovery
of dissolved gas, which is subsequently examined
by a gas-chromatographic apparatus, is also described.
After a brief exposition of the analytical methods
used, some data obtained from chemical analyses
of condensed steam are also given. -

The author concludes by showing some results

of the isotopic determinations. These indicate a
Deuterium content very close to the surface waters
and a Tritium content as low as 0.4 X 10-18 atoms.
From isotopic analyses of limestones and condensed
waters, it seems reasonable to assume a meteoric
origin for the Larderello steam masses.

The 0 18/016 ratio values may be explained by a
very wide water circulation system underground,
whereby an intense isotopic exchange between
negative surface waters and limestones takes place.

This circulation system involves a contact of
circulating waters with the deep zones directly
heated by magmatic intrusion, and a return of the
same to the surface as superheated steam.

As we may deduce from the T/H ratio value,
the circulation time would be in excess of forty
years.
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METHODES ET DISPOSITIFS DE MESURE EN TETE DES PUITS
EMPLOYES AV CHAMP GEOTHERMIQUE .DE LARDERELLO
APRES ERUPTION D'UN SONDAGE

Renzo N encetti *

MANrimE DE PROCEDER

robinet de dechargement R et d'un tuyau de sortie
des gaz U;

c) Un gazometre G, muni d'un manometre it
eau M, d'une gaine de thermometre T, d'un niveau L,
d'un tuyau d'amenee des gaz E, et d'un robinet
d'ecoulement RI' Ce gazometre aura ete prealable
ment etalonne avec precision, de maniere amarquer
la valeur du volume en litres pour les differentes
hauteurs correspondantes du liquide au niveau Lv
pour la zone occupee par le gaz provenant du sepa
rateur C.

Apres avoir amenage le dispositif comme il est
indique a la figure 1, on ouvre le robinet a la We
du puits R2, de rnaniere a ce que l'eau de la vapeur
condensee sortant du separateur C soit suffisamment
froide. On ferme alors le robinet R du separateur C.
On assure le raccord, avec un tuyau en caoutchouc,
entre le tuyau de sortie des gaz U sortant du sepa
rateur et le tuyau darnenee au gazometre E. En
merne temps, on ouvre le robinet de dechargement RI
du gazometre, de maniere a ce que dans les deux
portions du manometre M il n'y ait pas de diffe
rence de niveau (p = 0). Lorsque le liquide deplace
par le gaz a atteint, dans 1'indicateur de niveau,
la hauteur correspondant au volume Vg (par exemple,
20 litres), on ferme en merne temps tous les robinets.
On mesure alors le volume Vc de 1'eau de vapeur
condensee obtenue. On prend note de la temperature
existante dans le gazometre et de la pression atmos
pherique.

Le volume total de fluide traite sera done donne
suivant la formule :

Vg + Vc = V (volume total du fluide traite)

Si nous supposons une densite d = 1, pour l'eau
de vapeur condensee collectee, on peut calculer le .
volume a t °C de gaz correspondant a 1 000 g de
vapeur condenses

Ce volume s'exprime suivant la formule

(Vg - V c) : Vc = Vt : 1 000;

Vt = Vg - Vc X 1 000
Vc

En. appliquant I'equation caracteristique des gaz
parfaits et compte tenu de la tension de vapeur
d'eau pour la temperature enregistree, nous aurons
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Mesure du rapport gazjvapeur

* Larderello, S.p.A., Pise (Italie).

L'exploitation tant chimique qu'energetique des
masses de fluide endogene detectees ainsi que l'essor
des etudes portant sur le potentiel de production
d'une zone vaporifere donnee appeIlent 1'emploi de
methodes et d'equipements speciaux de mesure du
debit de chaque composant et aussi (mais voudrions
nous dire, surtout) de determination, pour les
differentes valeurs de pression.

a) Des variations du debit de chaque composant
et de leurs caracteristiques physiques;

b) Des variations de l'etat physique probable des
constituants et de leurs proportions.

Ces deux problemes sont egalement lies 1'un a
1'autre; en effet, d'une part, I'etat chimique des
composants determine le melange, d'autre part, les
conditions d'equilibre de ces composants sont remar
quablement influencees par les conditions physiques
du fluide.

Les pages qui suivent se proposent de faire rapi
dement le point des systemes et des methodes de
mesure mis en oeuvre au champ geothermique de
la societe LardereIlo, S.p.A., aux fins du relevement
des caracteristiques dont il a ete parle ci-dessus.

La nature particuliere du fluide endogene debite
par les soufflards exige une mesure precise des
quantites des phases, condensable et incondensable,
qui le composent.

Etant donne que les mesures absolues des deux
quantites ne permettraient pas d'etablir des compa
raisons et des correlations, nous exprimons le rapport
entre le gaz et la vapeur condensee au moyen d'une
unite pratique. Cette unite est Nljkg et represents
les litres de gaz (a 0 °C et 760 mm Hg) par kilo
gramme de vapeur condensee obtenue.

L'appareil employe pour la fixation du rapport
gaz-vapeur est presente a la figure 1. II se compose
de :

a) Un condensateur a serpentin A, alimentable
en eau froide moyennant le recipient B;

b) Un separateur de vapeur condensee C, muni
d'une gaine a thermometre T, d'un niveau L, d'un
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Fi~ure 1. Appareil pour la determination du rapport ~az/vapeur

le volume de gaz rapporte a 0° et 760 mm Hg.,
suivant la formule :

Vc = (PI - h) X Vt X T
Po X (T = t1)

OU Vo = volume du gaz a O°C et 760 mm Hg;
PI = pression atmospherique en mm Hg;
h = tension de vapeur d'eau pour la tempera

ture enregistree en mm Hg;
t1 = temperature experimentale en °C

Par consequent, Vo sera le volume de gaz en NI
par kilo de vapeur condensee, 11 y a lieu d'ajouter
a ce volume celui des gaz qui sont restes dissous
dans la vapeur condensee, rapporte a 0° et 760 mm Hg.
Pour les dosages des gaz dissous, nous renvoyons
au memoire du meme auteur portant sur l'analyse
des eaux (G/73). .

Mesures de debit

Nous presenterons maintenant les methodes
employees a la societe Larderello, S.p.A., J?our le
relevement du debit, c'est-a-dire des quantites en
poids passant a travers la section d'un dispositif

d'etranglement dans le temps unitaire. La valeur
du debit est exprimee en kg/h.

Les equipements employes sont de deux especes :
le cone etalonne ; le diaphragme circulaire.

Le premier dispositif est employe en general pour
mesurer les quantites de fluide debitees par un
sondage, quelques jours apres son eruption en
surface. Les differentes mesures, obtenues en variant
les diametres de sortie, ne servent qu'a donner des
indications generales sur le potentiel de production
du nouveau sondage.

Le dispositif a diaphragme circulaire est par contre
employe pour avoir les valeurs definitives et pour
tracer la courbe representative du sondage; ou
encore la valeur du regime d'ecoulement du sondage,
en fonction des variables pressionjdebit, auxquelles
il faut ajouter encore les deterrninations corres
pondantes de temperature et du rapport gaz/
vapeur.

Nous faisons remarquer que les mesures avec le
cone etalonne sont executees sur le dispositif place
en tete du puits a basse pression, employe norma
lement au cours du forage, et relie a la bride de la
conduite, au moyen de la vanne VI a haute pression
(PN 40 «1> 350).
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Les vannes V 2 et Va sont du type abasse pression,
la vanne V 4 est le blow-out preventer (fig. 2).

DISPOSITIF DU CONE ETALONNE

Ce dispositif se compose (voir fig. 2) d'un troncon
de tuyau A muni de raccords pour I'etablissement
des pressions statique et dynamique, d'une gaine
pour thermometre T et d'un cone etalonne B. Ce
cone a un orifice de sortie de diametre connu et
inferieur acelui du tuyau A, et cela aux fins d'obtenir
la reduction du diametre necessaire pour I'etrangle
ment du courant du fluide sortant. Les vannes V 2'

Va sont a basse pression et servent aux manceuvres
de distribution dufluide necessaires pour assurer la
substitution des divers cones de mesure employes,

Cette mesure est effectuee en maintenant entiere
ment ouverte la vanne de tete du puits VI' de
maniere a diriger toute la quantite de fluide vers
le dispositif detranglement.

En ouvrant le robinet de raccord pour la pression
dynamique, on mesure le niveau h dans les deux
troncons du manornetre a colonne de mercure et
l'on prend note de la temperature.

Etant donne que la pression et la temperature,
apres amenee du fluide vers le dispositif de mesure,
tendent l'une et l'autre a un accroissement sensible,

il faudra attendre un temps suffisant pour que les
oscillations du liquide manometrique cessent.

Pour le calcul du debit en kg/h, on applique la
formule ci-apres de Bendermann :

G = 71,64 X SI X ,JPI X ,Jyni~

oil G = debit du fluide en kgjh;
5 = surface (en cm-) de l'orifice d'ecoulement

dont le diametre est connu;
PI = pression absolue en ata, obtenue a partir

de ~3tt oil Hest le denivellement

manornetrique et h est la pression baro
metrique en mm de Hg;

ym = poids specifique du melange fluide en
fonction de la pression, de la temperature
et du rapport gaz/vapeur.

DISPOSITIF DU DlAPHRAGME ETALONNE

La mesure du debit, avec manometre differentiel,
est fixee d'apres les normes dictees par le Consiglio
Nazionale delle Ricerche pour les mesures de debit
des fluides au moyen de diaphragmes, portees aux
Ta belle dell'Ente N azionale per l' Unificazione
dell'Industria (V.N.I. 1559-1605, a).

Monome'tre d Hg

Figure 2. Dispositif a cone pour la mesure du debit
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Enparticulier, le dispositif que nous employons
prevoit l'emploi d'un diaphragme en acier Inox du
type 10/C/13, resistant a l'attaque chimique et ayant
des rapports detranglement compris dans l'ecart
0,5 - 0,7, afin de ne pas rendre les pertes de pression
propres au diaphragme trop importantes.

Pour le calcul du debit en poids (kg/h, en employant
du mercure comme liquide manometrique) des fluides
compressibles, en particulier de la vapeur surchauffee,
on applique la formule suivante :

G = 0,04436 ~ d2 E .jym ..j1S:h
ou o: = coefficient experimental d'ecoulement, fonc

tion du rapport detranglement m 6

E = coefficient de cornpressibilite, fonction de
fj. h (en mm Hg), P (ata) et m.

Dispositif pour relever les dormees d'etablis-
Ltk sement de la courbe debitjpression

~~-+ Le dispositif de mesure est celui a diaphragme
etalonne (comme ci-dessus) avec l'adjonction d'une
vanne de contre-pression V 4 placee dans la partie
finale de la conduite de dechargement.

Figure 3. Dispositif a dlaphragme circulaire pour la mesure L' ensemble de ce dispositif a basse pression est
du debit accouple (fig. 4, 5 et 6) a une tete de puits a haute

Figure 4. Dispositif a haute pression a la tete du puits pour les mesures du regime de production d'un sondage
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Figure 5. Representation schernattque du dispositif de mesure avec indicateurs automatiques et enregtstreur electrique

Figure 6. Dispositif de mesure avec indicateurs automatiques



MHhodes de mesure en tete de puits G/75 Nencetti 331

pression constittiee de deux vannes a haute pression
Vi et V 3 et d'une corniere en acier munie d'une
vanne a haute pression V 2 qui sert a l'introduction
d'un thermometre electrique de 4,5 m.

Cette longueur est necessaire parce qu'elle permet
de relever les valeurs des temperatures reelles du
fluide. En effet, etant donne> que les resistances
terminales de celui-ci se trouvent a l'interieur du

sondage et au-dessous du plan du sol pour environ
3 m, on ne ressent pas les oscillations dues aux
differents types de dispersion de la chaleur qui se
manifestent, par contre, sur les dispositifs amenages
le long de la conduite en surface.

L'appareil que nous venons de presenter permet
de relever des mesures pour lesdifferentes valeurs
de pression mesuree a la tete du puits.

11t----+---+--+-+---+-__-+_
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Figure 7, Diagramme multiple obtenu par I'enregtstreur automatique
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Figure 8. Indicateur autom.atique a balance differentielle

Il est evident q1.j.e les manceuvres necessaires
d'etranglement servant a accroitre la pression a la
tete du puits seront faites a l'aide de la vanne V 3 ,

etant donne que la vanne VI sera constamment
ouverte en raison de la presence du thermometre
a I'interieur du puits. Le relevement des valeurs de
la pression effectue a I'interieur du puits pour les
differentes conditions d'ouverture de la vanne V 3
est fait au moyen d'un manometre amenage un peu
avant la vanne VI' .

La vanne de contre-pression V 4 amenagee, comme
nous venons de le dire, apres le diaphragme etalonne,
sert a assurer le maintien de valeurs constantes de
la pression a I'interieur de la conduite a basse pres
sion du dispositif de mesure, dans le but de rester
autant que possible pres des valeurs d'etalonnage
des appareils de mesure. A toute variation de la
pression a la tete du puits correspond une variation
du debit du courant du fluide.

Le releve des donnees se fait au moyen d'appa
reils automatiques fournissant une indication visuelle
et au moyen de transmetteurs electriques speciaux
qui assurent un enregistrement continu des valeurs
de mesure (fig. 6).

Ces equipements permettent done de suivre a
tout instant l'allure du debit du sondage sous examen.

En effet, ils fournissent le diagramme multiple (fig. 7)
et continu des courbes respectivement de : temps,
debit, temperature et pression. Ces dernieres sont
donnees soit pour le dispositif de mesure soit pour
la tete du puits.

L'indicateur de debit base sur leprincipe de la
balance differentiellc (fig. 8) a ete etudie en gene~al
pour des mesures Sur vapeur surchauffee d'un pOlds
specifique donne.

Puisque le fluide endogene contient aussi upe
quantite sensible de gaz naturel, il est necessal~e

que les valeurs de debit soient corrigees d'un certain

facteur C donne par C = ..jy m
..j:YV

. ou Y m = poids specifique du melange gazjvapeur;
y v = poids specifique de la vapeur surchauffee

pour des valeurs donnees de p et de t.

Finalement, on mesure le rapport gazjvapeur
pour chaque valeur de la pression a la tete du
puits.

Les donnees collectees sont ensuite portees au
diagramme, comme il est indique a la figure 9. On
fait le relevement des valeurs, en fonction de la
pression a la tete du puits (P) en ata, du debit (G)
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Figure 10. Courbes de fermeture pour trois sondages
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en tonnes/h. de la temperature (t) en °C, du rapport
gazjvapeur (R) en Nl/kg. La courbe representative
rencontrera l'abscisse (P) avec la valeur de la pres
sion de fermeture (G = 0).

La determination de la valeur de la pression de
fermeture est done l'operation finale du programme
des mesures. Ce relevernent se fait en des temps
successifs, a partir de l'instant qui suit immediate
ment la fermeture complete de la vanne Va. En
effet, les donnees interessantes que l'on peut tirer
sont les suivantes :

a) Valeur limite stabilisee par la pression de
fermeture;

b) Temps employe pour atteindre cette valeur
stabilisee,

Il apparait des lors evident (fig. 10) que les valeurs
limites de la pression de fermeture stabilisee peuvent
etre atteintes en des temps tres differents. Mais les
deux valeurs - temps de stabilisation et pression
de fermeture stabilisee - acquierent leur interet
important d'evaluation, car elles permettent de
faire ressortir une caracteristique donnee d'un
bassin productif donne, la pression de fermeture,
ainsi qu'un caractere distinctif - le temps de stabi
Iisation - entre les differents sondages d'un bassin
vaporifere ayant une certaine valeur de la pression
de fermeture.

Temps de stabilisation pour mesures de debit

Le relevement des valeurs des parametres neces
saires pour etablir la courbe debit-pression peut
amener a des courbes absolument erronees pour une
allure particuliere du phenornene endogene,

En effet, au moment OU, par variation de la sur
face d'efflux de la vanne d'etranglement, on varie
la pression a la tete du puits, c'est le debit qui
supporte des variations bien plus grandes que ceIles
qui correspondent a l'accroissement de pression.

En un premier temps, on a meine de fortes oscilla
tions du debit (pouvant amener des erreurs Iorsqu'on
etudie ce phenomene), etant donne que l'axe zero
de ces oscillations ne coincide nullement avec le
point etabli apres un temps de stabilisation conve
nable.

Plus precisernent, une fois la premiere periode
d'oscillations terminee, le debit et la pression (den
n'etant change quant a la surface de la vanne regu
latrice) continuent leur variation pour une periode
tres longue allant, sauf exception, d'un minimum
de 48 heures a un maximum pouvant atteindre
quelques centaines d'heures.

On ne connait pas bien la cause de ce phenomene,
de meme qu'on ne connait pas bien soit la genese,
soit les conditions de montee du fluide endogere

Figure 11. Cyclone vertical avec dispositif de rnesure
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Figure 12. Cyclone axial avec dispositif de mesure

intimement lie a cette cause. En tout cas, il est
interessant pour nous de relever qu'en fixant les
couples G et P, apres un temps suffisamment long
a partir du moment ou la stabilisation est atteinte,
on obtient un diagramme debit-pression absolument
errone, .

Par ailleurs, il est impossible que I'operateur
parvienne a s'apercevoir de I'erreur, car la variation
de ces deux grandeurs - avant d'atteindre un
couple de valeurs parfaitement stabilisees . - est
extremernent lente, presque insensible, alors que sa
derivee est, par contre, constante et peut agir,
comme nous venons de le dire, sur plusieurs semaines.

Par consequent, avant de proceder a la lecture
du couple G-P, et done avant de passer a une nou-

Taermome/r« e/eclrique

/

velle variation de la surface d'efflux de la vanne
de regulation, il faut s'assurer qu'au moins 48 heures
plus tard les deux valeurs de G et de P sont restees
exactement les mernes.

Mesures sur melanges eau-vapeur

Ces mesures sont faites avec les memes methodes
et les mernes appareils que ceux que nous avons
deja indiques. 11 faudra cependant placer en amont
du dispositif de mesure, un separateur eau-vapeur
(fig. 11 et 12). 11 faudra ajouter aux formules etablies
par les normes D.N.I. des facteurs de correction,
fixes par voie d'experimentation pour condensation
totale. Sans entrer dans les details de construction

tJiaphragme ela/onl7~

f}ec/;(7rqe de / eatl

Figure 13. Representation schematlque du dispositif de separation eau-vapeur et de mesure du debit
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de ces separateurs, nous dirons que ceux que nous
avons employes sont du type a cyclone vertical
et axial a pouvoir de separation eleve, merne pour
les brouillards, et sont faciles a transporter. Pour
des debits d'eau importants, ils sont places en serie,
en aval de la vanne de fermeture (fig. 13). Le premier
separateur, du type vertical, sert a ecouler de I'ele
ment aeriforrne la plupart des abondantes quantites
d'eau debitee par le soufflard (60 a 250 tonnes/h).
Par contre, 1'autre type, axial (modele Larderello,
brevet principal 341054, Confederation suisse) sert
a obtenir une separation poussee du residu d'humi
dite apartir merne de composants axiaux des vitesses
de la masse glob ale du fluide, de 1'ordre de 25 a
30 m/sec.

Cette caracteristique est indispensable pour nous,
a moins que nous ne recourrions a des dimensions
qui seraient trop grandes pour nous permettre le

transport de 1'equipement. En effet, les debits du
fluide a traiter a basse pression peuvent atteindre
des valeurs de 200-250 tonnes/h.

L'humidite en aval du separateur axial ne depasse
pas, en general, 0,4-0,6 p. 100.

L'ensemble de cet appareil de separation ne
depasse pas le poids de 2,5 tonnes, cette condition
etant necessaire et indispensable pour permettre le
transport et la mise en place aisee et simple de
I'equipement lui-rnerne.
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Resume

L' evaluation des caracteristiques fondamentales
d'une nouvelle source de fluide endogene, ainsi que
le developpernent des recherches necessaires aux fins
de l' exploitation tant energetique que chimique de
celui-ci, appellent une serie de deterrninations
chimiques et physiques portant sur les masses du
fluide debitees.

Ces determinations sont effectuees apres un certain
temps de I'eruption du sondage, de maniere a
permettre une auto-epuration du dechargernent, a
partir du fluide de forage, des dechets, etc. Ces deter
minations sont toujours realisees conformement a
un programme de travail qui demarre avec une
mesure generale, ayant caractere de simple indication,
du debit total du fluide detecte.

Le dispositif employe pour effectuer cette mesure
est appele {( cone etalonne » (figure 2). Il se compose
d'un troncon de tube A muni de raccords pour le
relevernent des pressions statique et dynamique,
d'une gaine pour therrnometre T, d'un cone B.
Ce dernier a un orifice d' ecoulement de diametre
donne, inferieur a celui du tube A, afin d'obtenir
une reduction du diametre necessaire pour l'etran
glement du courant du fluide. La vanne Vest la vanne
d'arret a haute pression.

Apres drainage du fluide vers le dispositif de
mesure, il faut attendre un temps suffisant de sta
bilisation des valeurs de pression et de temperature,
car celles-ci tendent, au debut, a subir des accrois
sements significatifs. Pour le calcul du debit, on
applique la formule indiquee par le ,memoire.

Pour le relevement de la valeur du rapport gaz/
vapeur, on emploie le dispositif de la figure 1, au
moyen duquel on peut proceder separement a la
determination quantitative des phases condensable
et incondensable constituant le fluide naturel.

La valeur de ce rapport, calculee suivant des
equations donnees, est exprimee en Nljkg, litres

de gaz (a 0 QC et 760 mm Hg) par kilo de vapeur
condensee,

Il y a lieu d'ajouter a la mesure du volume
separe celle des gaz dissous dans la vapeur condensee,
fixee au laboratoire tout de suite apres prelevernent
de I'echantillon, avec les contenus en H3B0 3 et NH3

a peu pres completernent dissous dans la vapeur
condensee.

Le programme des mesures definitives est execute
apres remplacement de la tete de puits a basse
pression par une autre du type a haute pression
- comme a la figure 5. Deux autres vannes
(V 2 et V 3) Y sont installees, en plus de la van ne V1·

La vanne V 2 sert a 1'introduction d'un thermo
metre electrique, V 3 aux manoeuvres necessaires
pour I'etranglement du courant fluide, aux fins
d'avoir des valeurs differentes de pression a la We
du puits.

Le therrnometre a resistance est long de 4,5 m
et permet de relever les valeurs reelles de temperature
que le fluide acquiert pour les differentes valeurs
de la pression a la tete du puits.

Le dispositif de mesure pour relever les vale~rs

definitives est un diaphragme etalonne (en aCler
INOX-1O/C/13) ayant un rapport d'etranglemen!
compris a I'jrrterieirr de I'ecart 0,5-0,7, pour ne pas
rendre sensibles les pertes de pression propres du
diaphragme.

Le debit est calcule suivant ce qui est dit aux
N orme del Consiglio N azionale delle Ricerche, portees
a~x Tabelle dell'Ente Nazionale Unijicazione Indus
tria, D.N.I., 1559-1605.

Dans la partie finale du tuyau de dechargement
du dispositif, on place une autre vanne a basse
pression V 4' servant a assurer le maintien des valeurs
constantes de pression, a 1'interieur de la conduite
'a basse pression du dispositif de mesure. Cela dans
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le but d'approcher autant que possible les valeurs
cl'etalonnage des appareils de mesure.

Pour les variations successives de la surface
d' ecoulement de la vanne V 3 et partant de pression
de la tete du puits, on releve les donnees necessaires
pour construire le diagramme debit/pression et les
autres du rapport gaz/vapeur.

Tandis que pour les valeurs du rapport gaz/vapeur
l' on suit les methodes et les calculs indiques, les
valeurs concernant, par contre, le diagramme debit/
pression sont relevees directement d'apres les indi
cations automatiques ou a partir d'un diagramme
multiple continu, trace par un enregistreur. Celui-ci
doit recevoir et marquer, a des intervalles reguliers,
les donnees envoyees par des transmetteurs electriques
relies a des instruments a lecture directe.

La derniere valeur arelever, dans l'ordre du temps,
est celle concernant la pression de fermeture. Les
donnees obtenues sont portees au diagramme, comme
il est indique a la figure 9. A partir de celui-ci,
en fonction de P en ata, on obtient les valeurs de G,
t et R.

Concernant les valeurs des parametres necessaires
pour l'accomplissement de la courbe caracteristique,
l'auteur fait remarquer que celles-oi devront etre
relevees seulement apres que se sera ecoule un temps
de stabilisation suffisamment prolongs.

En effet, au moment ou l'on fait une variation
de la pression a la tete du puits, le debit subit des

ecarts de beaucoup superieurs a ceux correspondant
a l'accroissement de la pression s'y rapportant.

D'habitude, en une premiere phase, les valeurs
de debit et de pression subissent des oscillations
considerables, suivies de variations continues, parfois
extremernent faibles, pour un temps allant, sauf
exception, d'un minimum de 48 heures aun maximum
de centaines d'heures. II est cependant opportun,
avant de passer a des variations ulterieures des
conditions de debit, de verifier que les valeurs
obtenues pour G et pour P sont restees exactement
les mernes, au moins pendant 48 heures, et cela
dans le but dobtenir une courbe pour autant que
possible representative.

En ce qui concerne les mesures a effectuer sur
des fluides composes de melanges eau/vapour,
I'auteur decrit un equipement type, employe a
ce but aux champs d'exploitation de la societe
Larderello, S.p.A., lorsque les conditions s'y preterit.
Sur le dispositif normal a diaphragme etalonne,
on monte l'appareil separateur qui peut etre fait
d'un seul appareil (fig. 11 et 12) ou de deux separa
teurs mentes en serie (fig. 13), suivant le debit du
sondage. Les separateurs sont de deux types: l'un
du type vertical, servant a exporter du fluide la
plupart de la quantite d'eau debitee, tandis .que
le second, du type axial, sert a effectuer une separa
tion poussee du residu d'humidite qui est maintenu
dans l'intervalle 0,4 a 0,6 p. 100.

METHODS AND APPARATUS USED FOR WELLMOUTH MEASUREMENTS
IN THE LARDERELLO GEOTHERMAL ZONE WHEN A NEW WELL COMES IN

Summary

The fundamental characteristics required for assess
ing a new steam well, and the studies and develop
ment necessary for its chemical and energetic utiliza
tion demand a series of technical determinations
on the fluid discharged.

These determinations are made after the lapse
of a certain time from initial gush, so that the dis
charge can naturally purify itself from drill cuttings,
mud, water, etc.

The measuring programme is initiated by approxi
mate measurement of steam flow, based on the rela
tionship between the discharge pressure and the
exit-orifice area. The apparatus used is the calibrated
nozzle (or cone), shown in figure 2, installed on the
drilling well-head.

The gas-steam ratio, or the gas volume correspond
ing to a given weight of condensed steam, is measured
with the apparatus shown in figure 1. The value
is expressed in NI/kg (litres of gas at O°C and 760 mm
Hg per kg of condensed steam).

The volume of gas separated must be added to
the condensed gas content of the condensed steam;
this value is determined by laboratory apparatus,

at the same time as the NH3 and H 3B 0 3 , nearly
all of which is dissolved in the condensate.

The definitive measurement programme is under
taken after the drilling wellhead is replaced by an
other of high-pressure type (figure 5) provided with
three H.P. valves. Valve 1 is the shut-in valve;
valve 2 is a valve through which a resistance thermo
meter is passed and lowered to well-bottom; valve 3
is the regulating pressure valve.

The measuring apparatus consists of a thin-plate
orifice, with a throat ratio ranging from 0.5 to 0.7,
to hold the pressure drop to minimum values.

The flow is calculated in accordance with Norme
del Consiglio Nazionale delle Ricerche (Standards
of National Research Council) in Tabelle dell'Ente
Nazionale Unificazione Industria, U.N.I. 1559-1605.

A back-pressure valve is installed in the last part
of the discharge line; this serves to hold the pressure
in the measuring line constant and as close as
possible to the calibration data of the measuring
instrument.

The flow surface of the valve 3, and therefore
the well-head pressure, is progressively decreased
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to obtain data for plotting flow (in tons/h) against
wellhead pressures (in atm), as shown in figure 9.

The graph also shows the gas-steam ratio and
temperature corresponding to each well-head dis
charge pressure.

All the data, except the gas-steam ratio, are directly
obtained by reading either the automatic indicators
or a multiple continuous record (figure 7), traced
at constant time intervals, by a 6-curve electric
recorder, connected to the above indicators by elec
trical transmitters.

The last reading is the shut-in pressure. In regard
to .the parameters required for plotting the flow
curve, the author notes that these should be recorded
only after a sufficiently long stabilization period.
In fact, after a well-head pressure change, the flow
fluctuates very widely up to the values corresponding
to the pressure increase. Usually, at first, flow and
pressure changes are followed by other continuous
variations, sometimes very small, for a time which,
except in special cases, runs from 48 hours to several
hundred hours.

Therefore, before modifying the discharge condi-

tions, it appears to be necessary to make sure
that the obtained values found for G and P have
remained constant for almost 48 hours.

In regard to determination of the shut-in pressure,
it is useful to note the pressure at regular time
intervals, in order to have another interesting indica
tor of well conditions, represented by the slope of
the shut-in pressure curve.

In order to have the most accurate means of
measurements for a producing well giving a water
steam mixture, the steam must be separated from
the water and each must be separately measured.

In reference to this problem, the typical separating
and measuring equipment in use at the Larderello
geothermal area is shown in figures 11 and 12.
Depending on the well flow, the cyclone and axial
separators may be installed in series or separately.
The two-separator system shown in figure 13 is used
for producing wells. The former is a cyclone separator
which removes most of the water; the latter is an
axial cyclone which extracts the residual water
from the initial separation, leaving a residual humi
dity of 0.4 to 0.6 per cent.
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THE HYPERTHERMAL WATERS OF PAUZHETSK, KAMCHATKA,
AS A SOURCE OF GEOTHERMAL ENERGY

B. 1. Piip*, V. V. Ioanoo" and V. V. Averiev;

The thermal waters of active volcanic areas
inclu~e a number. <;>f characteristic types of varying
ch.e~Ical composition :(gas and salt content) and
ongm.

One of the most characteristic types of these
waters, found in many such areas and of very great
v~lue for power production, are the hyperthermal,
hIgh-I?ressure .a?yssal waters formed under highly
reducmg conditions and under the abnormally high
temperatures and pressures due to contemporary
magmatic chambers.

Their chemical composition differs from that of
other thermal waters, their flow is greater, and their
heat content is highest of all. Characteristic re
presentatives of this type are the waters of Wairakei,
New Zealand; Krisuvik, Iceland; and a number of
large groups of springs in the Kurile-Kamchatka
volcanic region: the springs of Geyser Valley,
the Pauzhetsk waters, and the springs of Goryachy
Plyazh.

They are' all of almost the same composition,
containing nitrogen, carbon dioxide, chlorides, and
sodium, with relatively low total mineral content
(under 5 g/l), and high silica (as much as 600 mgll
of H 2Si03 ) . Boron is often present, and total gas
content is low - usually under 200 mljl (table 1).
Their temperature ranges from 200 to 300°C in a
number of known fields.

In spite of their very high temperature, these
waters are as a rule in the liquid state at depths
as shallow as a few hundred metres, owing to the

* Academy of Sciences of the USSR.
t Institute of Balneology, Ministry of Health, Moscow.
t Volcanological Laboratory, Academy of Sciences, Moscow.

hydrostatic pressure there, and their motion in all
respects obeys the usual hydrogeological laws that
govern the. behavi~ur of high-pressure underground
water. It IS only m areas of natural discharge of
the waters, or where they gush from wells, that
a yapour phase is formed, resulting in a steam-water
mixture and giving the specific dynamics of water
outflow. The most rapid circulation and discharge
of these waters occur primarily in zones of young
tectonic comminution.

Th.e.data on the chemical composition, geological
conditions of occurrence, and hydrogeological features
of these thermal waters allow us to consider them
to be, for the most part, of atmospheric origin,
formed by infiltration, and owing their composition
~o comple~ processes of leaching of igneous and
Igneous-sed:mentary rocks, impregnation with gases
of mag~atIc and thermometamorphic origin, and
to certam other processes. The occurrence of these
wa~ers is probable in the deep horizons of many
active volcanic areas, and, in particular, in the
eastern volcanic region of Kamchatka and the
Kurile Islands.

-r:heir h~gh heat content, great yield, and often
their considerable head make precisely this type
of thermal water the most promising as major
sou~ces of heat and power; and geothermal power
stations based on them exist or are being planned
in a number of countries.

During the last few years in the Union of Soviet
Socialist Republics, the Academy of Sciences and
the Ministry of Geology and Subsurface Resources
have been doing work of this kind in south Kam
chatka, at the Pauzhetsk hot springs, which are
a very characteristic example of a field with the
waters we have just described (figure 1).

Table 1. Chemical composition of abyssal hyperthermal waters of active volcanic areas
(typical examples)

Total mineral Formula tor H,SiO,
Region Deposits content 0/ waters ionic composition pH

(gll) (equiv. per cent) (gll)

Kamchatka, USSR . Pauzhetsk 3.3 CI95!(Na+ K)92 0.216 8.1

Geyser 2.4 CIs3!(Na+K)94 0.332 8.7

Kunashir Island, USSR . Goryachy Plyazh 4.6 CI96!(Na+ K)93 0.309 8.1

New Zealand. Wairakei 3.9 C197!(Na+ K)95 0.502 8.6

Iceland Krisuvik 2.2 CIs7!(Na+ K)94 0.648 9.1
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Figure 1. Map showing location of Pauzhetsk Springs on
Kamchatka Peninsula

The geological structure and hydrogeological
conditions of the Pauzhetsk deposit

The discharge area of the Pauzhetsk thermal
waters, located at the southern end of Kamchatka
is a very promising site for harnessing high-grade
hydrothermal resources. This area of about 400 sq km
displays intense and varied hydrothermal activity,
manifested by various hot springs and great jets of
gas and steam. The greatest natural discharge for
thermal waters in this area takes place at Pauzhetsk.

In geological structure, the area is located in an
ancient (early Quaternary) trough, with a maximum
width of 25 km and an amplitude of downwarping
of the order of 1 000 m.During the Quaternary
period, the central part of this depression underwent
considerable upheaval, forming a great anticlinal
structure, the Kambalny mountain range, with
elevations over 1 000 m, complicated by a series
of tectonic faults. This range shows considerable
Quaternary volcanism, together with contemporary
hydrothermal activity in the form of numerous
gas-steam jets.

The south-west part of the trough has the great
Quaternary massif of the Koshelev volcano, which
also exhibits jets of gas and steam.

The plateaux surrounding the trough have surfaces
of ancient Quaternary volcanic rocks, underlain
by volcanogenous-sedimentary Tertiary deposits
(aleurolites and tufaceous sandstones), which are
650 m below the surface at the Pauzhetsk hot springs
and are covered by a thick layer of Quaternary
volcanic rocks.

The discharge centre of the Pauzhetsk hot springs
consists of a small thermal field (800 X 400 m)
at the NW foot of the Kambalny range, in the valley
of the Pauzhetka River, at about 100 m elevation.
The total discharge of the natural outlets of the
Pauzhetsk hot springs, including several large boiling
springs and two small geysers, was 35 IJsec up to
the commencement of exploration, and the total
discharge of thermal waters into the Pauzhetka
River through the alluvial deposits was estimated
at 100 IJsec.

A detailed temperature survey showed the thermal
field to have three main zones of heat liberation,
striking NE, and associated with tectonic dislocations
pitching SE. The principal Pauzhetsk springs are
250 m from the central zone, which is the largest
and is distinctly defined. This zone, to which those
springs correspond, coincides with a belt of thermo
metamorphic rocks detected magnetometrically at
the E slope of the Pauzhetka valley. The E zone
of heat liberation manifests itself on the slope of
the valley in intense hydrothermal alterations of
the rocks, and in steam jets (figure 2).

Exploratory drilling was commenced at the Pauz
hetsk thermal field in 1958 with a deep rotary well
(800 m), and was continued in 1959-1960 with shallow
er (300-500 m) core-wells (15 in all). Most of it was
done in the above main heat-liberation zone and SE
of it.

The exploratory drilling disclosed the following
geological section (enumerated from top to bottom) :

1. From 0 to 50-70 m. Grey ash rock and tuffites
?f dacitic. composition, with a large number of fine
intercalations of aleuritic material as thin as 1 cm.

2..From 50-70 to 270-300 m. Agglomerate litho
clastic tufts of andesitic-dacitic composition, of low
porosity, c~nsisting of f~agments of lavas, pumice
and volcamc glasses, WIth ash cement. A group
of strong tuft breccias runs through the tufts at
depth 170-200 m, and consists of fragments of dacites,
hornb.lende andesites and pyroxene andesites and
andesito-basalts, These tuft breccias form a marker
horizon within the deposit.

3. From 270-300 to 390 m. Andesitic tuft breccias,
dense a~~ dark coloured, consisting of fragments
of andesitic and basaltic lavas, with ash cement.

4. From 390 to 570 m. Crystalloclastic dacitic
tufts, very dense and consisting of crystals of quartz,
plagioclase, hornblende, and fragments of volcanic
glass.

5. From 570 to 650 m. Andesitic basaltic tuft
breccia in large blocks.

All the above groups of rocks are arbitrarily
classified as Quaternary deposits.
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6. From 650 to 800 m. Tufaceous sandstones,
greenish grey in colour, intercalated with aleurolites.
These rocks belong to the Tertiary deposits, which
are several thousand metres thick in this area.

As will be clear from the geological section (figure 3),
the rocks in the above thermal field are almost
horizontal, but are dissected into individual blocks
by a system of pitching faults, mainly NE in strike.
The major fissures are evidently associated with
these faults, which are the routes for the most
active circulation of the thermal waters.

The tufaceous facies holding the thermal waters
were subjected to hydrothermal metamorphism of
character and intensity varying with depth. Mineral
ization was most intense in the lithoclastic tuffs.
The section of the rocks encountered by a deep
rotary borehole shows the following zonal distribution
of the hydrothermal alterations:

Depth 0-5 m. Kaolinization. The red clays near
the surface give way to grey clays at depth.

Depth 30-250 m. Zeolitization and feldspathization.
Adular is prevalent in the upper part of the zone,
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Figure 2. Outline map of Pauzhetsk Thermal Field
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Figure 3. Schematic geologi,cal section of Pauzhetsk Thermal Field (along line A-B)

zeolite of the Lomonite group in the lower. Calcite,
chlorite, pyrite and apatite are present in smaller
quantities.

Depth 250-800 m. Propylitization. Recent forma
tions of chlorite, carbonate, pyrite are disseminated
with local concentrations of hydromica, anhydrite,
zeolite, quartz, adular, and epidote.

By 1961, drilling had furnished the following
principal hydrogeological data:

1. The high-pressure hyperthermal waters (tem
perature over 130-150°C) circulate throughout the
complex of Quaternary and Tertiary rocks traversed
by the wells, although the formations relatively
richest in water are the agglomerate tufts of the
Pauzhetsk suite, overlain by almost water-imperme
able ash rock.

2. The greatest inflow of water, up to 20-40 kg/sec,
was in the wells traversing large fissures in the
agglomerate tufts. In areas where the r~ck fissures
are minor, the discharge from the wells IS not over
6-8 kg/sec, since the filtering power of the tufts
themselves is very poor (of the order of 0.01 m/day).

3. The hydrostatic head of the water in the wells

located in the main zone of heat liberation is 10-20 ID

above the surface of the ground and increases
regularly in the SE direction.

4. In the main zone of heat liberation and SE ofit,
the water temperature in the boreholes increases
with depth to 170-195°C. However, in the central
part of the thermal field tapped by the deep rot~ry

well (W of the main heat-liberation zone), a rIse
of temperature to 180-185°C is noted only down
to depth 400 m. Still farther down, the temperature
declines to 130-140°C.

This is apparently to be explained by the fact
that the main zone of heat liberation dips SE and,
consequently, the deep borehole is further from the
highly heated zone.

.5. All the wells on gushing eject a steam-wat~r
mIxture and operate by vapour-lift. Discharge IS
constant, pulsating, or of geyser type, dependin.g
on the abundance of water in the wells and on theIr
diameter. The high-discharge wells gush at a constant
rate throughout the possible pressure range to the
well mouth. Pulsating of geyser flow is characteristic
only of wells with a small discharge.
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Studies of steam-water wells

The ~otary method was used in drilling all wells.
~ continuous core was removed, using the conven
tional clay drilling fluid and continuous flushing
so as to cool the bore and avoid sudden ejection of
the steam-water mixture.

In developing sampling and testing methods for
the Pauzhetsk steam-water wells, account was taken
of the successful experience of Italian research on
hyperthermal waters, and also, especially, that in
the Wairakei area of New Zealand, where the geo
logical and hydrogeological conditions very closely
resemble those at Pauzhetsk.

The research programme on the Pauzhetsk wells
included the following principal subjects, data on
which were essential to any satisfactory hydro
geological and energy appraisal of the Pauzhetsk
deposit of thermal water.

Thermophysical data

(a) Temperatures in wells with steady heat condi
tions;

(b) Heat content of steam-water mixture leaving
the wells;

(c) Steam pressure at well mouth.

Hydrodynamic data

(a) Hydrostatic head of the thermal waters;
(b) Discharge of steam-water mixture at vanous

pressures at well mouth;
(c) Depth of steam formation in wells.

Chemical data

(a) Ionic and salt composition of thermal waters;
(b) Gas composition of vapour phase and gas

content of waters;
(c) Changes in the chemical composition of the

waters in gushing from the wells.
The temperatures in the wells - including the

temperatures during gushing - were measured
with bimetallic thermometers provided with a clock
work mechanism, and by special maximum mercury
thermometers with a scale to 250°C (slow-recording
where necessary). The latter gave entirely successful
results.

The heat content and the discharge of the steam
water mixture of the exploration wells were. both
determined calorimetrically. It proved techmcally
inadvisable to use a large stationary separator
for sampling such wells. The samples ~f water a.nd
steam for chemical analysis were taken instead wI.th
a miniature cyclone separator connected by a ~peClal
pipe to the pipe discharging the steam-water mixture.

Recording manometers were used to register the
steam pressure and water pressure at well mouth.
The data so obtained on the head of the thermal
water in the wells furnished a very important

indicator of its direction of motion, and, in conjunc
tion with the geothermal data, also served as a
basis for further guidance of the exploratory drilling.

The depth of steam formation was determined
in a number of gushing wells by measuring the
temperatures at various depths. (The water tempera
ture falls when steam is formed, thus changing
the slope of the temperature curve). These data are
important for assessing the efficiency of well operation
and the hydrogeological conditions in the individual
sections of the field.

During the drilling of the deep rotary well, the
geological section encountered was sampled at regular
intervals by the method of test discharge of the steam
water mixture. During this operation, the separate
depth intervals of the well were covered by the
casing, and the space around the casing was cemented.
This method of sampling was so complicated and
time-consuming, however, that it subsequently had
to be adandoned in favour of sampling all the core
wells only on completion of drilling, taking only
the total flow from the entire well section not covered
by the casing. The data so obtained were interpreted,
in particular the ranges of depth at which water and
inflow was intense by comparing the results of the
sampling with those of the electric logging and tem
perature survey, and also with the observations dur
ing drilling (absorption of drilling fluid, percentage of
core yielded, drilling quality of the rock strata).

Chemical composition, heat content,
and reserves of the Pauzhetsk thermal field

The chemical studies showed that all the thermal
waters of the Pauzhetsk field belonged to the same
type. They are nitrogen-carbon dioxide, sodium
chloride, siliceous and boron-containing thermal
waters, with a total mineral content of 3.3 g/l on
discharge, an alkaline reaction (pH 8.1), and a very
low total gas content (less than 100 ml/l).

Deep in the ground, however, before the beginning
of steam liberation (and of degassing) , which leads
to a certain concentration of the water, their total
mineral content is lower (by 12-15 per cent), and
they are poorer in. certain components (table 2).
Their reaction is probably weakly acid. The gas
composition of the vapour phase (per kg of steam) is :
CO2 : up to 500 mg; H 2S: up to 25.mg; NHa : up to
15 mg.

A more detailed study of the chemical composition
. of the well water shows that the Pauzhetsk field

has two sub-types of thermal water, which differ
in certain respects.

The principal high-discharge, high-pressure waters,
coming from great depths through' tectonic fissures
which feed the principal Pauzhetsk springs and the
most productive wells, differ in having a higher'
total mineral content, a lower sulphate content,
and, accordingly, a higher Cl/SO4 ratio.

The less heated waters, circulating in the Quater
nary volcanic tuffs, especially in the underlying
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'Table 2. Brief characterization of the chemical composition of the thermal waters of certain Pauzhetsk wells

Cl/SO,

At depth, before
beginning of steam

liberation
(calculated), gll

On discharge at
surface, sttSamplingr:: Date of analysis _Spring or

well No.

Total
minerals Cl so, Total

minerals Cl so,

Principal deep high-temperature waters

Spring No. I 25 Oct. 58 3.27 1.667 0.077 2.87 1.462 0.067 21.7

Well No. 2 . 49.0-271.0 4 May 60 3.27 1.606 0.080 2.82 1.384 0.069 20.2

Well No. 12. 30.0-305.0 9 Oct. 60 3.38 1.633 0.079 2.93 1.420 0.069 20.6

Deep high-temperature waters with admixture of waters of Quaternary iufaceous suite

Well No. 4. 21.5-275.9 4 May 60 2.72 1.322 0.070 2.45 I.l19 0.063 18.8
Well No. 8. 23.0-351.2 6 Oct. 60 3.08 1.480 0.1I3 2.77 1.347 0.105 13.1
Well No. 10. 70.0-357.0 2 Nov. 60 3.06 1.558 0.1I0 2.73 1.391 0.098 14.4

Waters from Upper Tertiary deposits

Well R-l . 300.0-800.0 2 Nov. 60 2.55 1.038 0.354 2.9

Tertiary deposits, have a somewhat lower mineral
content, a higher sulfate content, and a lower Cl/SO 4

ratio (table 2). For this reason, during the gushing
of a number of Pauzhetsk wells, which operate by
vapour-lift, with the formation of deep depression
funnels, waters of the second sub-type are drawn
into the principal deep waters, thus somewhat
modifying their composition and lowering their heat
content.

It is also important to note that, as the abyssal
hyperthermal waters rise to the surface through
the fissures in the rocks, the gas content of these
waters is decreased by steam formation and degas
sing, while gas and steam are liberated at the surface.
The presence there of free gas and steam is thus
an indicator of the existence of hyperthermal waters
at great depths. A detailed study of the composition
of the gas-steam emissions in the eastern part of
the Pauzhetsk thermal field showed them to be
the gas-vapour phase of the abyssal Pauzhetsk
thermal waters.

Our present hydrogeological and hydrochemical
data allow us to consider the Pauzhetsk thermal
waters to be formed by infiltrating atmospheric
waters which acquire their chemical composition
primarily by leaching the igneous and igneous-

sedimentary rocks and by becoming impregnated
at depth with gases of thermometamorphic and, III

part, of magmatic origin.
The data obtained up to now on the thermal

conditions in the wells, the heat content of the
steam-water mixture, the steam pressure, and ~he

discharge of the wells (table 3), permit the conclusion
that the high-pressure abyssal thermal waters amve
from the SE at the centre of their natural discharge,
through a system of tectonic fissures, and co~e

from deep-seated Tertiary sediments on the SIde
of the Kambalny range, deep under which the
geothermal values are abnormally high, owing to
phenomena of contemporary volcanism.

In this connexion the Pauzhetsk thermal field
must be considered the marginal NW part of an
extensive Pauzhetsk deposit of thermal waters,
which has, as yet, been prospected by drilling only
to an insignificant extent.

The reserves of thermal waters thus far disclosed
by boreholes as a result of the first stage of prospect
ing the edge of the Pauzhetsk field, with a total
discharge of about 150-200 kg/sec and a heat content
of 160-188 kcal/kg are thus merely a small part of
the thermal waters that can be discovered in the
deeper eastern part of the Pauzhetsk field.

Table 3. Temperature, heat content, pressure and discharge of certain exploration wells of the Pauzhetsk field

Well depth,
Maximum Heat content Maximum steam Discharge at well, kg/sec, at various pressures at well mouth

Well No. temperature of steam-water pressure at
m in well, °C mixture, kcal]kg well mouth, atm llatm 21atm 31atm 6lat1/l41atm 51atm

2 271 187 177 4.6 6.0 3.9 2.8 2.1

4 276 174 160 5.4 40.0 33.0 27.0 20.0 14.0

7 220 180 177 5.4 4.7 3.0 2.6 2.4 1.9

8 351 168 159 4.1 8.6 6.8 5.6 3.5

10 358 179 164 5.2 23.5 20.2 16.8 12.7 8.4

12 306 175 5.5 7.3 6.0 4.6 3.1 1.5

14 342 195 188 6.7 20.5 16.5 14.5 12.5 10.3 8.5-
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For power production, the hyperthermal, high
pressure, abyssal waters found in active volcanic
areas are the most valuable known type of thermal
waters. Their heat content is very high (running
up to 200-300 kcal/kg), the yield of the wells is
high, and their chemical composition varies little,
so that they can in fact be used to generate power.
Characteristic examples are the thermal waters at
Wairakei, New Zealand, Krisuvik, Iceland, and,
in the Kurile-Kamchatka volcanic zone, at the
Pauzhetsk Geyser, and several other fields.

Since 1958 the USSR Academy of Sciences and
the Ministry of Geology and Subsurface Resources
of the USSR have been conducting combined
prospecting and exploration at this Pauzhetsk field,
in southern Kamchatka, USSR, to locate steam
supplies sufficient to operate a pilot geothermal
power station. During this period they have run
geological surveys, conducted geophysical explora
tion (by electrical prospecting and magnetometry),
made temperature and hydrochemical surveys of
the thermal field, drilled fifteen exploration wells
200 to 800 m deep, conducted geothermal measure
ments in the wells with maximum mercury and
bimetallic thermometers, and studied the ionic, salt
and gas composition of the waters.

The Pauzhetsk thermal field is located in an
active volcanic region, and is associated with the NW
end of the Kambalny mountain range, a great
anticlinal structure formed in an early Quaternary
trough filled with a thick layer of Quaternary

volcanic rocks (tuffs and tuff breccias) and underlying
volcanogeno-sedimentary Tertiary deposits (aleuro
lites and tuffaceous sandstones). The natural dis
charges of thermal waters and gas-steam jets that
form the Pauzhetsk thermal field are in the valley
of the Pauzhetka river and are associated with a
zone of tectonic dislocations of NE strike, pitching
SE.

Hydrogeological, geothermal and hydrochemical
data indicate that the thermal waters arrive from
the SE at the centre of their natural discharge,
coming from deep horizons of the Tertiary deposits
of the Kambalny range, where the geothermal
values are abnormally high in consequence of
contemporary volcanism.

The drilling at this stage has tapped water at
temperatures up to 195°C, with a heat content
ranging from 160 to 188 kcal/kg, and yielding steam
pressures up to 6.7 atm at well mouth. The wells
gush a mixture of steam and water. The flow is
constant when the discharge is substantial; otherwise
the flow is pulsating or geyser-like. The steam is
low in CO2 and H 2S. The total discharge of thermal
waters and steam by all the wells is estimated at
150 kg/sec, which would be enough to operate a
small geothermal power station.

The. exploration up to now has revealed only the
marginal (NW) part of the vast Pauzhetsk thermal
field. Considerably larger reserves of thermal waters,
with higher parameters, can be found in the eastern,
deeper part of this field.

LES EAUX HYPERTHERMIQUES DE PAOUJETSK, DANS LA PRESQU'ILE DU
KAMTCHATKA, SOURCES D'ENERGIE GEOTHERMIQUE

Resume

De tous les types de ressources hydrothermales
presentant une certaine importance en tant que
source d'energie, ce sont les eaux a haute tempe
rature et a haute pression, forrnees en profondeur
dans les regions caracterisees par leur activite
volcanique, que l'on retiendra. Elles se distinguent
tres nettement des autres par leur riehesse calorifique
(qui atteint 200 a 300 kilocalories par kg), leur
gros debit et leur composition chimiqu~. netteme~t

definie, toutes caracteristiques permettant leur exploi
tation comme sources de force motrice. On citera,
comme exemples types de ces eaux thermales,. cell~s
de Wairakei en Nouvelle-Zelande, celles de Krizuvik
en Islande et, dans la region volcanique des Kouriles
et du Kamtchatka, en URSS, celles des champs
de Paoujetsk, de Geyser et de plusieurs autres.

Depuis 1958, un ensemble de projets de prospec
tion et d'exploration est en voie de realisation pour
les gites d'eaux thermales de Paoujetsk, dans le

Kamtchatka meridional, sous les auspices de I'Aca
dernie des sciences de 1'URSS et du Ministere de
la geologie et de la conservation des ressources du
sous-sol, dans le but de trouver des ressources de
vapeur suffisantes pour la realisation d'une centrale
electrique geothermique experimentale. On pro cede,
depuis cette date, a des releves geologiques, des
recherches geophysiques (par des methodes relevant
de l'electricite et de la magnetometrie), des sondages
therrnometriques et hydrochimiques des champs,
des forages d'essai (15 puits dont les profondeurs
s'echelonnent entre 200 et 800 m), des mesures
geothermiques dans les puits (au moyen de thermo
metres a maximum des types a colonne de mercure
et a element bimetallique) et a une etude de la
composition des eaux (ions, gaz, sels).

Le gite de Paoujetsk se trouve dans .une region
de volcanisme actif. 11 est associe a l'extremite
nord-ouest de la chaine de Kambalny, puissante

13
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structure anticlinale formee dans une depression
remontant au debut du quaternaire et remplie
d'une couche epaisse de formations volcaniques
quaternaires (tufs, breches) et de roches sous
jacentes appartenant au tertiaire, du type sedimento
volcanique (aleurolithes et tufs arenaces).· Les
jaillissements naturels d'eaux thermales et les
ecoulements de gaz et de vapeur qui constituent
le gite geothermique de Paoujetsk se trouvent dans
la vallee de la riviere du meme nom et sont lies a
la zone des accidents tectoniques orientee vers le
nord-est et s'abaissant vers le sud-est.

Les donnees hydro-geologiques, hydrothermiques
et hydrochimiques recueillies jusqu'a present
temoignent du foyer d'origine de ces eaux au sud
est du champ, en de profonds horizons des forma
tions tertiaires de la chaine de Kambalny, caracte
risee par son regime geothermique anormalement
in!ense, manifestation d'un volcanisme contempo
raIn.

Les sondages executes jusqu'a present indiquent
que les eaux ont des temperatures allant jusqu's
195°C, avec une valeur thermique de 160 a 188
grandes calories par kg et une pression de vapeur
qui peut atteindre 6,7 atmospheres a la bouche des
puits. Ces derniers debitent un melange d'eau et de
vapeur. Leur regime d'ecoulement est stable pour
les principatix, mais intermittent ou pulse pour les
plus petits, qui prennent le caractere de geysers.
La vapeur se caracterise par sa faible teneur en CO2
et en H 2S. Le debit global des puits, mesure en eau
et en vapeur, est evalue a 150 kg/s, ce qui suffirait
a alimenter une petite centrale electrique geothe
mique.

Les travaux de recherches menes jusqu'a present
ont ete limites aux con fins nord-ouest de la region
en cause. Il existe dans la partie est et plus profonde
de ce champ des ressources hyperthermiques beau
coup plus importantes, avec des parametres plus
eleves,
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RESULTS AND POWER GENERATION IMPLICATIONS FROM
DRILLING INTO THE KILAUEA IKI LAVA LAKE, HAWAII

Donald E. Rawson * and Walter P. Bennett'

In November 1959, the volcanic eruption in the
Kilauea Iki crater produced a lava lake containing
about 100 million metric tons of molten lava. Prior
to this eruption the Kilauea Iki crater was about
a mile long and 700 feet deep. The outbreak of the

* Lawrence Radiation Laboratory, University of California,
Livermore, California. .

t Lawrence Radiation Laboratory, University of California,
Mercury, Nevada.

eruption was along a fissure on the south-west wall
of the crater, roughly halfway between the floor
and the rim (figures 1 and 2). During the many
eruption phases lava flowed into the crater, filling
it to above the vent elevation. In the interim periods
of the eruption cycles, lava flowed back into the
feeding conduit. .

The resulting lake of molten rock covered by a
crust of solidified lava offered a unique opportunity
to attempt a drilling experiment through rock at
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Figure 1. The Hawaiian Islands:
arrow marks the location of the Kilauea Iki drilling experiment (reproduced from Science, vol. 132, No. 3243)
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Contour interval 100 feet

Figure 2. Kilauea Iki Lava Lake:
X marks the drill location (map provided by G. A. Macdonald)

temperatures exceeding 1 OOO°C into molten lava
(figure 3). The experiment was conducted to obtain
knowledge of the problems encountered when
drilling into a melt and to obtain as much volcano
logical data as possible. This paper covers primarily
what was learned from the drilling experience.

Drilling equipment

Part of the experiment was to test the temperature
limitations of standard drilling equipment. A Concore
type E5 portable core-drilling rig was used because
of its flexibility in the field (figure 4). The rig has
a manual control screw-fed feature so that the
operator can feel possible difficulties developing
during drilling; this feature proved quite valuable.
An air compressor located on the crater rim was
used to supply air circulation. About 1400 feet of
air line connected the compressor to the drill. A
cable and winch was used to transport equipment
to and from the crater floor. Table 1 lists the drill
bits used during the operation.

Drilling operation

The hole was started with NX core bits drilling
a 3-inch-diameter hole, using compressed air to cool
the drill tools and remove the cuttings. Several

types of bits were tried to determine their effec
tiveness. At 8 feet the bit size was reduced to AX
size, drilling a 1~-inch-diameter hole. This was done
to reduce drilling vibration and increase the efficie~cy

of the air coolant. The hole was cored AX SIze,
and then reamed NX size, to 14 feet, to accommod~te

installation of a 2-inch-diameter casing. The casing
was installed to reduce air communication with the
hole through cracks in the crust, so that gas samples
taken when melt was tapped would not be badly
diluted. AX coring bits were used to drill from
14 feet to the final depth of 20 feet.

Air was selected as the coolant medium for two
major reasons: (1) to determine the feasibility of
using air as a coolant where temperatures exceeded
800°C, and (2) to avoid water contamination of gas
samples obtained upon reaching the melt. Drilling
with air progressed satisfactorily to a depth of
12 fe~t (850°C), and with difficulty to 16.8. f~et
(1 025 C). At that depth, owing to slow dnllIng
progress and excessive damage to the bits, it was
decided to use water to cool the hole. (It should
be n~ted .t~at the bit~ w~re not specifically deslgned
for air drilling, that arr circulation was not optImum
since the compressor was located 1 400 feet from
the drill rig, and that the fresh basalt rock was
extremely hard - about 6 on Mohs' scale - and
not friable.) With the drill tools out of the hole,
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No.

1,

2.
3.
4.
5.
6.
7.
8,9,10,11
12 ...
13, 14
15, 16, 17
18

19 .

Size

NXa
NX
NX
NX
NX
BXa
NX
Axa
AX
AX
AX
AX

AX

Table 1. Drill bits used

Description

Homemade Kennametal b core bit
Sawtooth Kennametal core bit
Carboloy core bit
Used diamond core bit
Diamond core bit
Rock cutter bit
Hawthome finger bits
Homemade Kennametal core bits (figures 6 and 7)
Diamond core bit
Used diamond core bits
Hawthorne finger bits
Homemade Kennametal bit, teeth mounted with a Nicoro c

weld
Special Kennametal bit using a Nicoro weld to mount teeth

in a bit blank of 4140 steel (figure 7)

• Outside diameter is 215/16 in. for NX bits, 25/16 in. for BX bits, and 127/32 in. for AX bits.
b The Kennametal used for the teeth is an alloy of tungsten, titanium, and carbon with a cobalt binder.
C Nicoro is an alloy of 35 per cent gold, 62 per cent copper, and 3 per cent nickel, that was used to vacuum-braze

the teeth to the bit blank.

,1

Figure 3. Kilauea Iki Lava Lake:
white dot in centre marks the drill location



350 II.A.! Geothermal prospectlon

• Figure 4. Drill crew and rig on the crater floor

about 5 gallons of water were slowly poured into
the hole to cool the rock. The tools were then lowered
for drilling, and water was periodically injected
into the compressed-air line (figure 5). After 6 ~r

8 inches of drilling, the cycle was repeated. This
air-water vapor coolant worked quite well, and the
drilling rate increased from 1.5 feet in 8 hours to
one foot per hour. Core recovery was poor, but
there was little damage to the drill bit.

The crust-melt boundary was encountered at
about 19 feet, and the melt was quite fluid at 20 f~et.

At 19.1 feet the drilling operator reported a draggI~g
or sticking action at the drill bit, suggesting It
was not cutting firm rock. At a depth of 19.5 feet
the tools slowly dropped into the hole of their own
weight. Apparently the coolant quenched a protective
crust around the bit, and as the tools were lowere,d
fresh melt would be exposed and quenched; th15
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formed a protective sheath around the drill tools.
The first core of melt was obtained by cutting off
coolant circulation, allowing the silver solder around
the teeth on the bit to melt so that the teeth could
close inward. Circulation of coolant was then restored
to quench the melt while pulling the tools. A 2-inch
long core of melt was trapped in the bit and a slight
coating of sulfur was deposited on its surface by
the outgassing melt (figure 6). Later it was found
that samples of melt could be obtained by attaching
a "shoe", a tapered cylinder, to the drill rods and
driving it into the melt by hand. The core of melt
recovered could then be tapped out of the shoe.
At 20.4 feet, further removal of melt did not deepen
the hole because of the increased fluidity at that
depth. Within 48 hours, melt had risen in the hole
from a depth of 20.4 feet to a depth of 18.7 feet;
a capped stainless steel pipe was therefore installed
to receive a thermocouple package to study the
cooling history of the crust.

Table 2 is a log of the daily drilling progress.
The major drilling problems encountered were
excessive chipping and rapid wearing of the Kenna
metal and Carboloy teeth and shattering of diamond
teeth (figure 7). Chipping was partly due to vibration
of the small drilling rig when using air circulation

for cooling. Much of the damage was due to inadequate
removal of heat from the hole by the compressed
air coolant, since bit wear greatly decreased, and
the drilling rate significantly increased, when water
was used to cool the drill string and the hole. Occasion
ally, circulation ports would clog with core and rock
chips; then, from lack of cooling, the diamond
teeth would shatter and the .silver solder weld for
the Kennametal would melt. Progress was also
hindered at a depth of 15 feet because threads on
the core barrel and drill bits" froze" owing to thermal
expansion of the metal. This problem was eliminated
by lubricating the threads with powdered graphite.

As was previously noted, this drilling was conducted
as an experiment to learn the difficulties in drilling
very hot rock. With improved selection of drilling
equipment it is probable that air drilling would
work satisfactorily to 1 OOO°C with standard drilling
equipment. The drill rig should be larger than the
one used, the air compressor should be close to the
rig, and bits specially designed for optimum air
circulation should be used. Water could be used as
a drilling fluid (in place of the air-water vapour
system) if the rig were equipped with a packer on
the exhaust to divert the steam or hot water produced
and to trap the drill cuttings.

Figure 5. Steam produced by drilling with air-water vapour as the coolant
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Figure 6. A sample of molten lava trapped and quenched in drill bit No. 11
(note the lack of wear or chipping of the teeth remaining in the bit)

Power generation implications

The Kilauea Iki lava lake is a significant energy
source, containing about 2 X 109 kilowat!-hours of
recoverable power, according to the estlmat.es of
Kennedy and Griggs.! This drilling expenment
demonstrates that conventional equipment can drill

1 Kennedy, G. C. and Griggs, D. T., Power Recovery from
the Kilauea lid Lava Pool, Rand Report No. RM-2696-AEC,
dated 12 December 1960, Rand Corporation, Santa Monica,
California. See appendix for a condensation of. this paper.

into molten rock, enabling possible testing of poweJ
recovery schemes. As indicated by Kennedy an
Griggs, some of the properties of the melt that
should be known to evaluate power recovery schemes
are: (a) the gas content and composition, (b) the
viscosity of the melt at different temperatures and
degrees of solidification, (c) the thermal profile d~ep
into the melt, and (d) the heat released as a functIOn
of viscosity and the degree of solidification of the
melt. It is the opinion of the authors that prop~r1y
designed experimental pipes could be pushed into
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the molten ~av<l; and later recovered, making possible
the determination of many of the above properties
of the lava. Difficulties would be encountered in
the selection of materials to withstand temperatures
up to 1250°C with the associated corrosion problems,
~md in the possibility of equipment becoming bound
ID the melt by strong convection currents or an
excessive build-up of lava on the pipes. Certainly
a thermocouple package could be pushed deep into
the lake, and melt samples could be obtained from
various depths. Schemes for obtaining viscosity
measurements and undiluted gas samples are being
designed with the hope that they can be tested
at some future date.

While the filling of a natural depression with lava
is an occurrence that would rarely be expected
throughout the world, it is not beyond conception
that specially engineered craters could be constructed
to trap the outflow of lava along known rift zones
in active volcanic areas. The lava basins could be
located around a central generation station and, in
a sufficiently active region, could supply continuous
power. Kennedy and Griggs estimate the natural
cooling time of the Kilauea Iki pool to be in excess
of 75 years.

Thermal measurements

Figure 8, showing the thermal profile in the hole,
is a plot of the most reliable temperature measure
ments. The peak temperature of 1064°C, obtained

with an optical pyrometer, is probably a little low
because of gases emanating from the melt. Before
melt was encountered, there was close agreement
between the optical pyrometer and thermocouple
measurements. The melt-crust contact in figure 8
is where the rock became noticeably fluid. Micro
scopic examination of core from a depth of 19.7 feet
shows that the "melt" was 60 per cent crystalline.
The remaining 40 per cent was glass formed by
quenching the liquid portion of the lava.

Obtaining reliable temperature readings from a
drill hole at temperatures in excess of 1 OOO°C proved
more difficult than had been anticipated. At first,
20-gauge Chromel-Alumel thermocouples with a high
temperature silica fabric insulation were tried but
were found unsatisfactory once heated. Ceramic
insulators were then used with 40-gauge Chromel
Alumel wires, but again the wires broke or shorted
owing to twisting and differential expansion between
the wires and the insulators. Platinum-platinum
90 per cent, rhodium 10 per cent thermocouples
were obtained and installed in ceramic insulators,
and similar problems occurred with the long lengths.
Several readings were obtained that showed no
indication of failure, and these are used to define
the thermal profile through the crust. The final
thermocouple package installed in the hole to follow
the cooling history of the crust consists of platinum
platinum 90 per cent, rhodium 10 per cent thermo
couples with ceramic insulators. The thermocouple
measuring the bottom hole temperature was installed
in a i-inch stainless steel tube closed at the bottom.

Table 2. Daily log of drilling activity

21 Hole reamed 11.9-13.9 oplus chips 6,2
ft and NX drilled to

14 ft

22 . 14-15.5 ft ,..,5 plus chips 18,5,10

23 . 15-16.8 ft ,..,10 plus chips 15,19,14,16

Date Core recovery
(July Footage drilled (per cent) Bits used a

1960)

19 0-8 ft ,..,30 1,2,3,4

20 8-13.9 ft hole reamed ,..,2 plus chips 1,2,3,4,
8.5-11.9 ft 5,7,8,9,13

25 .. 16.8-20 ft o plus chips 11,12

Remarks

Several bits were tried, to see if core
recovery would improve. Bits suf
fered some chipping

Several bits were again tried to obtain
core. AX bits were used to drill,
and the hole was reamed with NX
bits. Bits were thermally damaged
when circulation was impaired

A 2-inch casing was installed to depth,
grouted with a refractory cement
near the bottom and ordinary ce
ment at the top

The Nicoro weld withstood the heat
but silver solder melted, losing the
teeth to the hole

Hawthorne finger bits were tried with
no success. The mal-expansion of
tools and severe chipping of teeth
caused considerable delay

Air-water vapour circulation was used,
drilled into melt and sampled.
Bit No. 12 was tried only to attempt
retrieving some core

• See table 1.

13"
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Table 3. Preliminary gas analyses a

N 2 • •

H 20.

H 2 •
Ar..

°2' .
CO2

5°2 .

Sample No. 3 b

73.3
17.7
5.3
1.0

[ 0.16
I 1.0
trace

Sample No. 4 b

61.9
30.9

5.4
0.8

[ 0.7
0.3

trace

Local air C

77.82
0.86
0.04
0.86

20.31
O.ll

a Analysts: R. W. Crawford and C. J. Dooley, Lawrence Radiation Laboratory, Livermore, California.
b Results given in volume or mole per cent; water was determined by weight; other gases were determined by volume

and pressure measurements and by mass spectroscopy.
C Local air collected at the drilling location and analysed by mass spectroscopy.

The space between the insulated wires and the
tubing was filled with powdered aluminium oxide.
Two shorter thermocouples were attached to the
outside of this tube, and the whole package was
lowered into the stainless steel receiving pipe already
installed in the hole. Commercially available Chromel
Alumel or platinum-platinum/rhodium thermocouples.
in ceramic insulation surrounded by Inconel shea
thing would probably work satisfactorily.

Gas analyses

After the drill penetrated the melt, a series of
gas samples was taken into 34-litre stainless steel
tanks. The tanks were connected to a stainless steel
pipe extending to the bottom of the hole. The hole
was sealed to the sampling pipe with Duxseal, an
asbestos-base plastic sealing compound, to prevent
air leakage into the system. A vacuum pump pulled

Lc::::...:._~ .~.:.. cA
Figure 7. AX Kennametal core bits showing varying degrees of damage. In order from rear to front and from left to right:

bits Nos. 8, 9, 19 and 10
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Figure 8. Temperature profile through the crust of the Kilauea Iki Lava Lake
(the parallel dash lines indicate the spread of the data)

Table 4. Chemical analyses of crust and melt samples
from drill hole in Kilauea Iki crater»

(per cent)

2 3 4 6

Si02• 46.77 46.99 44.58 47.24 48.25 48.43

Ti02 • 2.28 2.24 1.73 2.20 2.52 2.98

A120 a 12.04 12.14 9.25 11.14 12.90 13.00

Fe20 a 1.72 2.55 1.27 1.41 1.78 1.32

FeO. 9.95 9.19 10.76 10.22 9.88 11.25

MnO. 0.18 0.18 0.18 0.16 0.18 0.18

MgO. 14.85 14.33 23.46 15.66 11.39 9.39

CaO. 9.89 9.90 7.18 9.56 10.38 10.03

Na20 1.53 1.51 1.10 1.53 1.75 2.10

K 2O.
0.38 0.40 0.29 0.39 0.45 0.60

H 2O+
0.04 0.06 0.04 0.14 0.07 0.25

H 2O-
0.19 0.28 0.10 0.23 0.35 0.04

P20S' 0.24 0.25 0.19 0.15 0.28 0.32

TOTAL (per cent) 100.06 100.02 100.13 100.03 100.18 99.89

NOTES:
'l-Depth 0 feet. A 2-cm surface crust (not core). Olivine-rich basalt.
2-Depth 4 feet. Core. Olivine-rich basalt. .
3-Depth 7.5 feet. Core. Picrite-basalt (oceamte).
4-Depth 13.9 feet. Core. Olivine-rich basalt.
5-Depth 16.2-16.8 feet. Core. Olivine basalt: . . .
6-Depth 20 feet. Melt core. Glassy basalt WIth a Iittle olivlne.
• Analyst: Takashi Katsura; results furnished by G. A. Macdonald.
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Table 5. Corrosion rates of test specimens immersed
in molten lava and exposed to air at 1 3000C a

Test specimens

Stainless steel (type 304) .
Stainless steel (type 316) .
Hot rolled steel .
Cold rolled steel
Inconel.....
Hastelloy R-235.

Corrosion in lava
(inches per year)

2.6
1.7

10.0
22.0
3.0
2.6

Corrosion in air
(inches per year)

18
18

> 60
> 100

5.4
S.4

a Studies performed by R. L. Olson, Lawrence Radiation Laboratory, Liver-more, California.

on the system for about 30 seconds to flush out
air in the hole and raise the gas concentration for
sampling. Results of two samples taken in sequence
are shown in table 3. No corrections have been
made for contamination.

An analysis of the rare gas fraction 2 indicates
that the nitrogen and argon are primarily due to
recent air contamination. This argon is distinctly
not radiogenic. Air contamination probably occurred
when the melt contacted air during eruption or
possibly as the melt was en route to the surface.
Much of the air's oxygen was taken up by the
oxygen-deficient melt. The relatively low oxygen
content with respect to nitrogen and argon and
the constant nitrog~n-~rgon ratio with varying
amounts of oxygen indicate that most of the air
contamination did not occur during sampling or
analysing. The water content in these samples is
low b~cause of condensation in the pipe before
entry mto the tank. The hydrogen content is higher
than previously reported in volcanic gas analyses
and it is not certain whether or not some hydroge~
was released by water reacting with the stainless
steel sampling equipment.

The. rather. high hydrogen content in the gas and
the high ratio of FeO to FeZ0 3 in the melt make
for rather strong reducing conditions with respect
to oxygen or water (table 4). This might retard
corrosion by oxide formation. Analyses for various
sulfur and halogen compounds are not complete;
therefore comments about corrosion by these gases
cannot be made.

Corrosion studies

A few simple corrosion experiments were performed
as part of the design of equipment for measuring
viscosity and temperature in the melt.

2 Wasserburg, G. J., private communication.

Corrosion effects were observed on several metal
strips partly immersed in molten lava for 90 minutes
at 1 300°C (dry Kilauea Iki basalt becomes completely
molten at about 1 230°C). The upper portion of the
metal strips was left exposed to air. The corrosion
rates were estimated by comparing both the immersed
and the air-exposed samples for weight loss and
appearance with corroded specimens of the same
metals having previously determined corrosion rates
(table 5). Type 316 stainless steel, type 304 stainless
steel, Hastelloy R-235, and Inconel have maximum
corrosion rates of 1.5 to 3 inches per year where
the metal is immersed in molten lava. It is notable
that in every case air attack at 1 300°C was signifi
cantly greater than melt attack. Considering the
expected reducing conditions of both the melt and
the gas at field operation temperatures of less than
1 200°C, the corrosion rates determined in the labora
tory are probably higher than would be met in the
field.

The most serious corrosion would probably be
c',tused by the action of high temperature steam on
pipes ; however, steam corrosion is not expected to
be so severe as to prohibit testing of power recovery
schemes. The injection of small amounts of a reducing
agent,. such as hydrogen gas, could further reduce
corrosion,
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Appendix

CONDENSATION OF REPORT 3

"POWER RECOVERY FROM THE KILAUEA IKI LAVA POOL"

by George C. Kennedy and David T. Griggs, University
. of California, Los Angeles, California

The lava pool created by the eruption of Kilauea Iki in 1959
contains nearly 100 million tons of molten lava. This presents
a unique opportunity to learn how to make industrial use of
sub-surface pools of molten rock such as those that might be
formed by deep underground nuclear explosions or from under
ground magma reservoirs that might exist in active volcanic
regions. This report proposes scientific probing of the Kilauea
Iki lava pool and suggests some potential methods of electric
power production.

The Kilauea Iki pool is estimated to contain 3 X 1016 calories.
To melt such a quantity of rock with a nuclear explosion would
require about 100 megatons yield. If only the latent heat of
fusion were recovered (0.75 X 1016 call and converted to electri
city at a thermal efficiency of 25 per cent, this would yield
2 X 109 kilowatt hours. At 5 mills per kWh, this would have
a value of $10 million. It is thus clear that the Kilauea Iki lava
pool and similar sized molten rock bodies represent significant
natural resources.

In order to assess fully the feasibility of the various possible
schemes of power recovery, it is necessary to know some properties
of the lava pool. The gas content and composition must be
known so that its corrosive effect may be properly assessed.
The present degree of solidification of the lava must be ascertained;
and the heat released, as solidification proceeds, should be
determined as a function of degree of solidification and viscosity
of the mix.

Three general methods of power recovery are considered.
The first is drilling a lattice of cased holes which are used as
counter-current-flow heat exchangers to heat fluids pumped
in through a central coaxial pipe and collected from the exterior
region of the same pipe. The second is bubbling water from the
lower end of a pipe inserted to the-bottom of the lava pool and
tapping steam which will collect nearby under the crust. The
third is the formation of a thin horizontal bubble over the whole
top of the pool under the crust, with central injection of water
and peripheral collection of steam.

Each method is considered as though it were used to recover
heat from the whole lava pool. It is assumed in each case that
the volume of an elliptical cylinder 800 X 500 X 100 m can be
processed (3.1 X 107 m 3, or 8 X 107 metric tons). Since the
time for natural solidification is 75 years, the time to process
this volume must be much less than 75 years. It will be arbi
trarily assumed that all the available heat is recovered in 10 years,
at a constant power level.

The total heat in 8 X 107 tons at 1l00°C is about 3 X 1016 cal'
1.3 X 101 7 joules, 4 X 1010 kWh, or 4 X 106 kilowatt years.
The latent heat to freezing is 1/4 of this (100 cal/gm) or 106 kWy,
from which electrical power at 25 per cent efficiency could be
produced at an average rate of 25000 kW for 10 years. If the
heat could be removed from all this lava in such a way as to
cool it down to an average temperature of 700°C (giving final

3 Condensed from Rand Research Corporation report No.
R1\1-2696-AEC, with the above title, Kennedy and Griggs, 12
Dec. 1960. This condensation was written by the D. E. Rawson
and G. H. Higgins of the Lawrence Radiation Laboratory to
emphasize the points of interest in the paper and does not neces
sarily represent the opinions or emphasis of Kennedy and Griggs.

working fluid temperatures of about 500°C), then one could
recover about 200 cal/grn, or twice the above power. The installed
power capacity of a power-station is usually about four times
the average power, so that this lava pool would operate a 100000
kW plant for 10-20 years at the normal duty cycle. This is
sufficient power for 200 000 people at the Los Angeles rate of
consumption.

THE WATER-TUBE BOILER

In this method of power recovery, gas-tight tubes would be
inserted vertically through the crust to the bottom of the lava
pool. Water would be pumped in through a small internal pipe,
would be heated by conduction through the wall of the tube,
and the steam would be piped from the top of the tube to the
turbine. As heat is removed, lava is solidified around the outside
of the tube so that further heat must be transmitted by thermal
conduction through this solid concentric shell. The poor thermal
conductivity of solid basalt is the major limiting factor in this
method. It would be necessary to install a lattice of such tubes.
A reasonable compromise of ideal heat recovery with the installa
tion expense requires that tubes be spaced every 10.7 m (67 ft
centre-to-centre spacing). The cost of the tubes alone is estimated
to be several million dollars. In addition, there would be large
costs in surface piping, valving, manifolding, etc. This scheme
is therefore considered to be uneconomical.

Despite this apparent drawback, this scheme is subject to less
uncertainties than either of the other two presented, and lends
itself to easy testing and more certain cost-analysis. It is perhaps
worthwhile to make a more thorough engineering study of feasi
bility and cost.

THE BUBBLER

In this method of power recovery, it is proposed to sink a
pipe at the centre of the lake to a point near the bottom. Liquid
water is pumped down the pipe and bubbles up through the molten
lava, collecting in a large bubble under the crust which is then
tapped for highly superheated process steam. It is hoped that
this bubbling process will stir and promote convection in the
whole lake and thus extract from one input and one output
hole the latent heat of freezing of the whole lava pool.

The pressure of the output steam will be that due to the crust
- approximately 1. 75 bars. The temperature will be somewhat
lower than that of the molten lava - approximately 1000°C.
The pressure of the input water will be slightly greater than the
hydrostatic head of the lava - 20 bars at a depth of 75 m.

The process of bubble formation will be a complex combination
of the effects of heat flow into the water, surface tension, buoyancy,
and hydrodynamic instability. We have as yet been unable
to make a meaningful analysis of this process.

We believe that the easiest way to test this is to install a bubble
tube and pump water at the full design rate (100 kg/sec) for a
substantial period to observe its behaviour. It would be desirable
to form a collecting chamber first, by injection of air below
the crust, and to install full-size vent lines with appropriate
valves to handle the steam which will collect in this chamber
as water is pumped down the long central pipe. Monitoring
of the steam pressure fluctuations and temperature will give
considerable evidence as to what is happening. Pulses of water
injection will show time of rise and degree of vapourization and
superheat as a function of the quantity of water injected at
each pulse.

Other difficulties which have not been anticipated may occur
in the actual bubbler, but it looks promising to us - sufficient
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to warrant experimental tests up to the full rate of flow for a
short period, like a week.

THE PANCAKE

In the pancake method, it is proposed to inject water or gaseous
working fluid through a central pipe just below the crust. This
will form a thin horizontal bubble at the pressure of the over
burden (1.75 bars), which will expand as more water is injected
until it covers the whole surface of the molten lava pool. Peri
pheral pipes will be emplaced to tap this bubble and remove
the hot gas.

It is clear immediately that the pancake is a permutation
of the bubbler configuration, for if steam is not rapidly with
drawn from the bubbler, a pancake of steam underneath the
lava crust should form. Partial crystallization will thus take
place at the top of the lava pool underneath the steam bubble
and underneath the crust. As a result of the 10 per cent difference
in density upon freezing the lava, we suspect that the cooled
and partially frozen melt underneath the pancake will founder
and sink to the bottom of the pool, presenting a continuous
new surface of hot melt from which energy can be extracted.

Care must be taken in the initial generation of the bubble
underneath the lava crust. Slow initial injection of air would
develop a bubble under the viscous layer next to the solid crust.
This viscous layer will seal any fractures that might develop
in the crust and, if the gas flow continues, will freeze to form
a strong container. Surface surveys to measure doming of the
crust would show the thickness of the bubble at every point
at any time. Questions of this sort could readily be answered
by a small-scale experiment.

SCIENTIFIC IMPLICATIONS

Not only would the testing of power recovery schemes at Kilauea
Iki lava pool be of immediate engineering importance but a
large number of important scientific results could be obtained
from an experiment. Volcanology is a very primitive science;
it has made few advances over the last few decades. We do not
have sufficient knowledge about such facts as the viscosity of
lava in a pool, the precise temperatures of lava, the primordial
gas content, and we know little about the temperature interval
over which crystallization in a lava pool takes place. Knowledge
of the viscosity of basaltic melt would allow us to evaluate
certain petrogenetic theories.

Volatile-free lava, of composition similar to that of the Kilauea
Iki lava pool, melts in the laboratory at approximately 12000C.

The lava pool at Kilauea Iki is probably somewhat under this
temperature owing to the effect of volatiles on depressing the

freezing point of the lava. Knowledge of the true temperature
of this lava pool would allow us to estimate the volatile content
of the melt.

Basaltic lavas of this composition are believed to be de nOl'O

samples of material from the deep interior of the earth, coming
from depths of about 200-400 kilometres. The gases they contain
might either be primitive gases evolved for the first time to
the surface of the earth, as new additions to our atmosphere
and hydrosphere, or they may be gases acquired by the lava
and distilled into the column of melt during its journey to the
surface of the earth. Careful collection and analysis of the gases
associated with this lava would go far towards answering some
of the problems connected with the origin of the atmosphere
and hydrosphere as well as the bulk composition of the earth,
Extremely pertinent information could be obtained on the matter
of chemical differentiation of rock melts by observing the tem
perature interval over which the lava pool freezes and the sequence
of solid phases that appear as crystallization continues. Precise
knowledge of thermal gradients and thermal history might
afford clues as to the effect of radiative transfer of heat to the
melt. Insight into the heat conduction mechanism could be
obtained.

GEOTHERMAL POWER IMPLICATIONS

Assuming that power from molten lava could be proven
to be economically converted to electrical power at Kilauea lki,
what are the long-range power implications? Kilauea volcano
erupts every few years and its mean annual production is around
lOO million cubic yards of melt. These eruptions are localized
along the three main fractures that radiate out from the central
part of the volcanic edifice. It seems extremely likely that reser
voirs of molten rock are present between eruptions high in the
volcanic edifice. A drilling programme to locate and explore the
dimensions of these reservoirs of molten rock and the conduits
leading to the main fracture zones would be of extreme pertinence.
It seems within the realms of possibility that when these chambers
or fingers of melt, standing high in the volcanic edifice, are located,
the appropriate outlet and inlet tubes could be placed and power
produced from the melt in the main volcano itself. One hundred
million cubic yards of melt that flow out on an average yearly
basis represent the excess energy escaping to the surface in this
spot. It seems likely that if we could extract energy equivalent
to this amount of molten rock on an annual basis, we might
extensively lengthen or even stop the pattern of regular eruptions
at Kilanea. These eruptions cause on an average many millions
of dollars of damage per year owing to the fact that the ash and
lava flood human habitations and destroy agricultural land. If
such an objective could be achieved, we would have converted one
of the hazards of mankind into a valuable natural resource,
Similar reasoning may apply to other active volcanic regions.

Summary

The November 1959 eruption at Kilauea Iki,
Hawaii, produced a lava lake over 300 feet deep
in the volcanic crater; it contained about 100 million
metric tons of molten lava. This near-surface occur
rence of naturally produced molten rock offers a
unique opportunity for studying very hot under
ground energy sources. The Lawrence Radiation
Laboratory participating in the Plowshare programme
(the peaceful uses of atomic energy) conducted this
drilling experiment into molten rock," The knowledge

4 This work was under the auspices of the United States
Atomic Energy Commission.

gained is valuable to the engineering of equipment
to study and to recover power from molten rock
that might be formed by deep underground nuclear
explosions or surface lava flows that might be
trapped in man-made craters. The objectives of
th~ .experiment were to obtain knowledge of .the
dnlhng problems encountered while probing into
hot and even molten lava; and, if drilling w~s
successfully completed into the melt, to obtalD
samples and to study the thermal environment of
inte~est to volcanology and to power recovery
studies,

After drilling only nineteen feet, the crust of the
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lake was pierced; it was then possible to make
temperature measurements in the melt and to
collect samples of the molten lava and gases.

Completion of the experiment· clearly demon
strated the feasibility of drilling into hard rock
formations at temperatures up to 850°C, using
standard core-drilling equipment and compressed
air to cool the drilling tools and remove the cuttings.
Using a mixture of water and air as the coolant,
it is possible to drill with standard equipment into
rock at temperatures exceeding 1050°C. The major
drilling problems encountered were: (1) excessive
chipping and wearing of the bits resulting from the
hardness of the material, high temperatures .encoun
tered in the hole, and vibration of the small drill
rig due to use of air as the coolant; (2) inadequate
compressed air circulation to remove heat properly
when temperatures exceeded 850°C; and (3) binding
of threads on the drill string owing to thermal
expansion and contraction of the couplings. Binding
of the threads on the drill string was overcome by
use of powdered graphite as a lubricant for the

couplings. Selection of more suitable drilling equip
ment (drill rig, bits, and air supply) would help
overcome the vibration and heat problems.

The Kilauea Iki lava lake is a significant energy
source, estimated to contain about 2 X 109 kilowatt
hours of recoverable energy. The drilling experience
indicates that pipes could be pushed deep into the
fluid melt, making it possible to field test power
generation schemes and to measure many of the
melt properties. Difficulties would be encountered
in the selection of materials to withstand corrosion
at temperatures up to 1 250°C and in the possibility
of equipment becoming bound in the melt owing
to strong convection currents or excessive build-up
of viscous lava on the pipes. A few simple corrosion
experiments were performed to aid the design of
equipment for measuring various properties of
molten lava and equipment for testing power recovery
schemes. On the various metals tested, air attack
was more severe than melt attack. The most serious
problems would apparently be from the attack of
steam on pipes at such high temperatures.

RESULTATS DES FORAGES EXECUTES AU LAC DE LAVE DE KILAUEA IKI DANS
VETAT D'HAWAIl

POSSIBILITES DE PRODUCTION D'ENERGIE RESSORTANT DE CES TRAVAUX

Resume

L'eruption de 1959 a Kilauea Iki (Etat d'Hawaii)
[Etats-Unis] a forme, dans le cratere du volcan,
un lac de lave ayant plus de 300 pieds (91 m) de
profondeur et constitue par une centaine de millions
de tonnes metriques de lave fondue. Cette formation
naturelle de roche fondue a peu de distance de la
surface terrestre offre une occasion unique d'etudier
une source d'energie souterraine a tres haute tempe
rature. Le Lawrence Radiation Laboratory a execute
cette experience de forage dans la roche en fusion
au titre du programme « Plowshare J) (utilisation
de l'energie atomique a des fins pacifiques) 4. Les
enseignements tires de cette experience seront utiles
aux ingenieurs qui mettent au point le materiel
destine a l'etude et a la recuperation de I'energie
contenue dans la roche en fusion qui pourrait etre
creee par des explosions nucleaires souterraines a
grande profondeur ou dans des flux de lave en sur~

face qui pourraient etre captes da!?'s des cr~teres

artificiels. L'objet de cette experience etait de
recueillir des donnees sur les problemes de forage
rencontres dans les sondages des masses de lave
chaude, voire en fusion, et, si le forage pouvait etre
mene a bonne fin - c'est-a-dire jusqu'a la masse
en fusion - de prelever des echantillons et d'etudier
le milieu thermique qui presente de l'interet pour

4 Ce projet a ete execute. sous les. auspices de la Commission
de I'energie atomique des Etats-Ums.

la volcanologie et les etudes sur la recuperation de
I'energie,

On traversa la crofite du lac en moins de 6 metres
(19 pieds). On se trouva alors en mesure de deter
miner la temperature de la masse en fusion et .de
prelever des echantillons de lave fondue et de gaz.

En menant cette experience abien, on a demontre
de Iacon probante que l'on peut foncer des puits
dans des formations de roche dure a des tempera
tures allant jusqu'a 850°C, en se servant de materiel
de forage a carottage ordinaire et d'air cornprime
pour refroidir les forets et chasser les debris. En
employant un melange d'eau et d'air pour le refroi
dissement, on peut forer avec du materiel standard
dans des roches dont la temperature depasse 1 050 "C.
Les principaux problemes auxquels on se heur.ta
furent les suivants : 1) ebrechages et usure excessifs
des forets en raison de la durete du materiau traverse,
des temperatures elevees trouvees dans le trou de
sonde et des vibrations de la petite installation
employee, causees par l'emploi de l'air comme fluide
de refroidissement; 2) insuffisance du courant d'air
comprime pour eliminer convenablement la chaleur
aux temperatures depassant 850°C; 3) coincement
des filetages de la ligne de forage en raison des
phenomenes de dilatation et de contraction des
raccords causes par les variations de temperature.
On surmonta ce probleme en se servant de graphite
en poudre comme lubrifiant pour les raccords.
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Le choix d'un materiel .de forage plus approprie
(installation, forets et source d'air) aiderait aresoudre
les problemes tels que la vibration et I'echauffement.

Le lac de lave de Kilauea Iki represente une
importante source d'energie, evaluee a quelque
2 milliards de kWh recuperables. Les travaux de
sondage qui viennent d'etre decrits indiquent qu'il
serait possible de foncer des tuyaux dans la profon
deur de la masse fondue liquide, permettant de
soumettre certains projets de production d'energie
a des essais sur place et de mesurer nombre des
proprietes de cette masse en fusion. On se heurterait
a des difficultes tenant au choix de materiaux
capables de resister a la corrosion a des temperatures
allant jusqu'a 1 250 QC et a la possibilite d'un coin-

cement du materiel dans la masse fondue en raison
de l'existence de forts courants de convection ou
d'une accumulation exageree de lave visqueuse sur
les tuyaux. Certaines experiences simples de corrosion
ont ete executees pour aider a la mise au point
de materiel devant servir a mesurer diverses pro
prietes de la lave en fusion et a evaluer quelques
unes des caracteristiques du materiel d'essai destine
a des programmes de recuperation d'energie. Pour
les divers metaux soumis a l'essai, l'attaque par
l'air a ete plus grave que celle provoquee par la
masse en fusion. Les plus graves des problemes
sembleraient avoir trait a I'attaque des tuyaux
par la vapeur a ces temperatures exceptionnellement
elevees,
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CHEMICAL ANALYSIS AND LABORATORY REQUIREMENTS:
EXPERIENCE IN NEW ZEALAND'S HYDROTHERMAL AREAS

J. A. Ritchie*

Though the most valuable property of a geothermal
energy resource, the heat, cannot be assayed by the
chemist, its chemical concomitants are of considerable
interest. Discovery of their amount and relationships
in naturally occurring thermal fluids can give valuable
information about the origin and movement of
those fluids and the heat they carry. Thus, the chemist
has a valuable contribution to make in prospection,
assessment and development of such a power resource.

Thermal waters are usually classified in terms
of the ions which preponderate in them (1), but
classification, involving determination of pH, c?lor
ide, sulphate, bicarbonate, sodium and calcium,
is not enough - unless it be to reject certain types
as not worth analysing further for . t?e prese~t

purpose. Owing to the secondary on~m of aCId
sulphate waters, for example, the relations of the
ions in them give no useful information about !he
source of the heat. In fact, only waters carrying
chloride ions are considered to merit fuller analysis.
In addition to the ions already mentioned, potassium,
lithium, ammonium, magnesium, fluoride, boric a~id,

silica and arsenic are of value in the prospecting
stage. Others which have proved of in~erest in ~ew
Zealand include bromide, iodide, rubidium, caesium
antimony and polythionates.

Fumarole exhalations, and gases from springs,
are also of interest. Samples of these are analysed
for carbon dioxide, hydrogen s,ulphide.' hy?rogen,
methane and nitrogen; ammoma, boric acid and
fluoride are determined in the condensates.

The sampling of springs and fumaroles and of
drill-holes is dealt with in other papers (2, 3). Here
it is stressed that taking a sample for analysis may
properly be regarded as t?e fir~t step, and perhaps
a crucial one, in the analysIs.· It IS the~efore a concern
of the chemist and should be under hIS control.

The main desiderata looked for in the choice. ~f
methods of analysis for this work have been sensiti
vity, so as to use small samples and cut ?own. ~he
volume to be collected in the field, and simplicity
in operation so that the number of separa.te. steps
and the manipulation are kept to a. mmI~um.
Only a brief summary of the methods wI~1 be gIVen
here' unless modification is mentioned, It may be
taken that the procedure given· in the reference
is followed exactly.

* Dominion Laboratory, Department of Scientific and Indus
tria! Research, 'Wellington, New Zealand.

Methods of analysis

GAS AND CONDENSATE FOR GASES

Acid gases, in the steam collection flasks, are
extracted into the aqueous condensate phase with
alkali, and the residual gases are pumped off for
conventional gas analysis as described by Mahon (3).
Carbon dioxide and hydrogen sulphide are titrated
in the alkaline solution, which is unstable in air
and should be analysed without delay.

TITRATION OF HYDROGEN SULPHIDE

Run 20 ml of the alkaline solution slowly and with
thorough mixing into 200 ml of solution containing
20 ml 2N sulphuric acid and 10.0 ml 0.01 N iodine;
titrate the excess iodine with 0.01 N thiosulphate
and starch indicator. Do a blank determination pn
the alkali used for the extraction.

TITRATION OF CARBON DIOXIDE

To 50 ml of the solution add 1 ml N silver nitrate
and adjust to pH 8.25 with 2 Nand 0.1 N hydro
chloric acid, using a pH meter and magnetic stirrer;
finish slowly, with gentle stirring. Most of the carbon
dioxide is now present as bicarbonate; titrate to
pH 3.8 with 0.1 N hydrochloric acid (4). Do a blank
on the alkali used for the extraction. The silver
nitrate overcomes interference by sulphide.

RESIDUAL GASES

These are analysed by the constant volume method
using the apparatus of Bone and Wheeler ((5), and
references therein) which, briefly, depends on meas
urement of the pressure of the residual gas, occupying
a constant, fixed volume, after each constituent
has been selectively removed by, or reacted with,
a suitable reagent.

In case some carbon dioxide escaped extraction,
test for it with potassium hydroxide and determine
any present; then determine oxygen using chromous
chloride, hydrogen by low temperature (250°C)
reaction with copper oxide, saturated hydrocarbons
by high temperature (600°C) reaction with Arneil
reagent and nitrogen as residual gas.

GAS SAMPLES FROM BUBBLING POOLS

These are best dealt with differently. In the field,
20 ml 5 per cent silver nitrate solution is added

361



362 II.A.! Geothermal prospection

to the 600 ml bottle to fix hydrogen sulphide.
In the laboratory the temperature and pressure
of the gas are measured, the silv~r s.ulp~ide is wa~hed
out and weighed, and carbon dlOxI~e IS determmed
by the change in pressure after addmg 20 ml 20 per
cent sodium hydroxide. Residual gas is then pumped
off for analysis.

DISCUSSION OF GAS ANALYSES

Gas mixtures of known composition have not been
put through the over-all procedure, but in~er~al

evidence from a large number of carbon dioxide
and hydrogen sulphide determinations on steam
samples shows that the extraction and ti~rations

provide a good determination of these gases. DIfficulty
has been experienced with air contamination, detec
ted by the presence of oxygen in the residual gases,
occurring in the sampling and/or in the transfer
of the residual gas. Air contamination in sampling
will lead to oxidation of sulphide, especially during
the extraction with alkali, and the hydrogen sulphide
results will be in error: a correction can be made
by determining sulphate in the extract, provided
a blank is done on the alkali. In high temperature
fumaroles both sulphur dioxide and hydrogen sul
phide may be present and sulphur gases have to be
determined by other techniques.

Wilson and Wilson (6) have published a summary
of results of a co-operative analysis, by the constant
volume method, of a gas sample; this suggests that
the accuracy of the residual gas analyses should be
more than adequate.

CONDENSATE FOR OTHER VOLATILE CONSTITUENTS

Absence of interfering ions simplifies the deter
minations made on these samples. A ready check
for absence of spray contamination of steam samples
is obtained by testing for sodium by flame photo
metry or for chloride by differential potentiometry.

AMMONIA

I t is determined in the range 0.4-8 ppm by the phe
nate method of Crowther and Large (7): to a 10 ml
aliquot add phenate and hypochlorite solutions,
dilute to 25 ml and read the absorbance at 625 mu
after 20 minutes; do a blank determination onTu ml
distilled water.·

FLUORIDE

Fluoride 0-2 ppm; method of Milton et al. (8),
modified by use of a 0.02 per cent solution of chrome
azurol S as indicator (9): titrate a 50 ml aliquot
of sample, buffered with chloroacetate and with
1 ml indicator added, with 0.004 N thorium nitrate.
Match the end-point to a blank containing 0.10 ml
thorium nitrate. Titrate standard amounts of fluoride
and draw a calibration graph of ml thorium nitrate
v "( fluoride. In careful work, matching is facilitated
if two blanks, with 0.08 and 0.10 ml thorium nitrate,

are used. Clean the Nessler glasses frequently with
chromic acid, as a blue coating otherwise accumu
lates.

BORIC ACID

Boric acid, 0.2-20 ppm; after (10): acidify a
250 ml aliquot of sample to bromothym~l blue,
add 1 ml N sulphuric acid excess and blow air freed
of carbon dioxide through it for 30 minutes. Use
a pH meter and magnetic stirrer. A?just carefu.uY
to pH 7.30 using carb.onate-fre~ sodium hydroxids
solution; add 5 g manmtol and titrate back caref?lly
to pH 7.30, with 0.025 N carbonate-free sodium
hydroxide held in a burette assembly pr?tec!ed
by soda lime tubes. Do a blan~ determma!lOD
on distilled water and standardize the sodium
hydroxide against boric acid at two or three levels
in the range of interest.

WATERS

The analysis of waters is complicated. by.the fact
of higher mineralization and greater Iikelihood of
interference. In hot spring waters, also, the range
of composition may be very wide and the analyst
must be prepared to find that a sample falls ou!s,de
the limitations of the method in use. Sometimes
use of a smaller aliquot will overcome the difficu!ty;
otherwise special procedures have to be apphed.
In the development stage of a power project ~here
will probably be many samples of fairly umform
composition from the field: greater accuracy.can
then be achieved, without more expenditure of time,
by having standards covering a narrower range
of concentration and closely approximating the
composition of the samples.

The volatile constituents, hydrogen sUlP~idd
bicarbonate and ammonia should be determme
as soon as possible after sampling. For those deter
minations in which sulphide would interfere-e.g.,
chloride, sulphate-a sample, conveniently t~e
remainder in the bottle used for the volatile const~
tuents, is acidified to pH below 3 with a measu:~

volume of 2 N nitric acid, and hydrogen s~lphl e
is removed by bubbling nitrogen through It. Th~
nitrogen is freed of oxygen by scrubbing with vanadYd
chloride (11). The total volume is measured a~
determinations are corrected for dilution by the aCId
added.

TOTAL HYDROGEN SULPHIDE

Total hydrogen sulphide, up to 7 ppm : run 250 ~~
sample into 10 ml 0.01 N iodine acidified w~t
20 ml 2 N sulphuric acid and titrate the excess iodme
with 0.01 N thiosulphate using starch indicator.

BICARBONATE, CARBONATE AND CARBON DIOXIDE

Take the temperature and measure the pH .of a
100 ml aliquot of the sample. Add 1 ml 0.1 N s!l~er
nitrate and adjust the pH carefully to 8.25. ACldl~
to a pH below 3.8 with a measured volume of 0.02
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hydrochloric acid, bubble air freed of carbon dioxide
through it for 15 minutes, then titrate back to
pH 8.25 with 0.02 N carbonate-free sodium hydrox
ide. For a blank, acidify 100 ml distilled water,
bubble to remove carbon dioxide, adjust to pH 8.25
and continue as with the sample. Estimate the con
centrations of carbonate, bicarbonate and carbon
dioxide from graphs relating the proportions of
these species to pH at the temperature and ionic
strength of the samples. The graph should refer
to a temperature close to that at which the samples
are analysed. This titration procedure gives more
accurate results than does that of Tinsley et al. (4)
in the presence of weakly ionised acids like silicic
and boric.

AMMONIA

Ammonia, 0-10 ppm; method of Kruse and Mellon
(12). Treat 15 ml of sample with 2 drops 25 per cent
acetic acid, 3 ml buffer and 0.3 ml chloramine T
solution; after 90 seconds add 9 ml pyridine-pyrazo
lone solution, leave 60 seconds then shake with
25 ml carbon tetrachloride. Measure the absorbance
of the extract at 450 mfL. Sulphide does not interfere,
but iron and aluminium, in acid waters, should be
filtered off before adding the reagent. The reagent
has to be prepared immediately before use, so
batches of about ten samples are done together
with one or two standards and a blank.

CHLORIDE

Chloride is usually determined by Mohr titration
of 25 ml of sample with 0.1 N silver nitrate. The
potentiometric method of Kolthoff and Kuroda (13),
in which the end-point is marked by attainment
of a predetermined potential between a silver-silver
chloride electrode and a reference electrode, is also
satisfactory and has been used a lot. For chloride
concentrations of over about 100 ppm both methods
are equally accurate. Very low concentrations,
0.1-10 ppm, e.g., in condensate and surface water
samples, are determined by the differential potentio
metric method of Blaedel et al. (14) in which the
potential between identical electrodes in unknown
and standard solutions is compared.

SULPHATE

Sulphate, 10-100 ppm, and more by dilution;
photometric chromate method of Iwasaki et al. (15)
modified: just neutralize a 5 ml aliquot of the
sulphide-free sample to bromothymol blue; treat
with acid barium chromate suspension, make ammo
niacal and add alcohol. Heat under a cold thimble
for 3 minutes on the steam bath, cool, filter and
determine the absorbance at 400 mp; Sulphide and
bicarbonate must be absent. In the presence of other
foreign ions the sulphate results tend to be high;
with Wairakei bore water the error does not exceed
±10 per cent.

Other methods for sulphate were tried: in the
micro titration with barium perchlorate using thorin

indicator, following removal of cations by ion
exchange (16), the end-point was indistinct. The
method of Fritz, Yamamura and Richard (17), in
which two ion exchange columns are used to isolate
the sulphate ions, is cumbersome for routine use.
The nephelometric method of Steinbergs (18) gave
good results in some hands but other workers had
little success with it.

BORIC ACID

Boric acid is determined by the same titration
as is used for condensates, but a 50 ml sample is
taken and diluted to 250 ml. Iron and aluminium
in acid waters must be separated by double precipita
tion with sodium carbonate (10) or by ion exchange
(19).

FLUORIDE

Fluoride is determined by the same titration as
is used for condensates, but for accurate results
the fluorine must first be separated by distillation
as hydrofluosilicic acid (20): evaporate a 100 ml
sample, made alkaline with sodium hydroxide, to
about 20 ml in a platinum basin, transfer to the dis
tilling flask, treat with silver perchlorate and per
chloric acid and steam distil; collect 200 to 250 ml
distillate and use a 10-50 ml aliquot for the titration.

Ion exchange separation of the fluoride from
thermal waters has not been successful. Direct
titrations are affected mainly by sulphate and,
to a lesser extent, by chloride. Distillation can be
avoided, if sulphate is not too high, by applying
corrections determined by titrating standard amounts
of fluoride in presence of increasing amounts of
sulphate and chloride. With bore waters of uniform
composition, as occur at Wairakei, this technique
can give quite accurate results. Interference by iron
and aluminium in acid waters can only be overcome
by distillation.

SILICA

Silica, up to 500 ppm; standard method of the
American Public Health Association (20), modified:
heat a 5 ml sample with 0.5 ml N sodium hydroxide
for 10 minutes in a platinum crucible on the steam
bath; cool, add 0.5 ml N hydrochloric acid, transfer
to a beaker and dilute to 50 ml. Treat with ammonium
molybdate, hydrochloric acid and oxalic acid and
measure the absorbance at 410 mu.The silica in
thermal waters is mostly polymerized by the time
samples are analysed and will not react with molyb
date in the cold; the treatment with alkali converts
it all to the ionic state.

ARSENIC

Arsenic, standard method of the American Public
Health Association (20) : use 5-25 ml sample, taking
not more than about 50 y arsenic; evolve arsenic
as arsine, absorb in hypobromite solution and deter
mine as the reduced arsenomolybdate. Measure the
absorbance at 625 or 840 mu according to the
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concentration. Arsenic should be determined on a
sample which was filtered before bottling :a~, on
standing, arsenic is carried down by ~ny precIpIt~t~.

If the sample used for analysis contams. any precrpi
tate it should be well shaken and the ahquot treated
to g~t insoluble matter into solution before proceeding
with the determination.

SODIUM, POTASSIUM, LITHIUM

This is a flame photometric method: use the
flame photometer in accordance with the ma:r:u
facturer's instructions; compare the samples with
standards which contain the alkali metals in propor
tions similar. to those in the samples.

At the relative concentrations of the alkali metal
and other ions in thermal waters, sodium has a
considerable enhancing effect on the potassium
emission and both sodium and potassium very
slightly enhance the lithium emission; there
are no other interferences (21). These effects are
compensated for by making sets of standard solutions
with various NajK ratios covering the range in the
samples; the set with ratio closest to that in the
samples under examination is used; a correction can
then be applied to the potassium result, if necessary,
by interpolation. Lithium can be incorporated In

the same standards. Samples with a total salt
concentration exceeding about 7 500 ppm should
be diluted rather than make more concentrated
standards.

The accuracy obtained is a direct function of the
amount of care put into the preparation of standards
and matching them to the samples; in routine
analysis of Wairakei bore waters the accuracy is
estimated to be about ±2 per cent (22).

CALCIUM, MAGNESIUM

Calcium, magnesium, E.D.T.A. titration, method
of Patton and Reeder (23), modified. For calcium,
treat a 50 ml sample with sodium hydroxide, potas
sium cyanide and hydroxylamine hydrochloride and
titrate using Cal Red (1 per cent Patton and Reeder's
dye in sodium sulphate) as indicator.. For calci~m

and magnesium treat a 50 ml sample WIth ammoma
ammonium chloride buffer, potassium cyanide and
hydroxylamine hydrochloride and titrate usin~ solo
chrome black as indicator; if little magnesium is
present, add 1 ml 0.1 M magnesium -.E.D.T.A.
before the titration to improve the end-point. Some
workers prefer a green end-point which can be got
by screening the indicators with methyl red.

Iron and aluminium in the sample do not interfere
in the calcium titration if triethanolamine is added
before the sodium hydroxide; they should be separ
ated for the calcium + magnesium titration.

OTHER IONS

A number of other constituents, usually present
in small amounts, are also of interest. Bromide and
iodide have been successfully determined by the

A.S.T.M. method D 1246-55 (24); rubidium and
caesium by record~ng flame spect:ophotometry with
adjustment of sodium and potassmm to a predete
mined level in samples and standards (21); antimony
by extraction and photometric determination (25),

Equipment

No more can be done here than to mention the
types of instrument and equipment which have been
used and found satisfactory.

pH lI1ETER

A mains operated, direct defle~tion.meter, cali
brated 0-14 in 0.1 pH unit and WIth ~Ither manual
or automatic temperature compe~satlOn, has been
found entirely adequate. Such an instrument, com
bined with a magnetic stirrer, makes a very use!ul
titration assembly. It can also be ~s.e~ for. potentio
metric titrations where high sensitivity IS not re
quired. The A.S.T.M. method E70-52T (24) sets out
requirements which the pH meter should meet.

PHOTOll1ETER

A mains operated, direct reading filter photometer
with glass colour filters, such as the Col~ma? model
9, is entirely satisfactory for deterrninations by
established procedures; the accuracy of the results
obtained is quite adequate. The limitations inherent
in using broad band illumination must be borne
in mind. Quartz prism and grating spectr?photo
meters - Beckman DU Unicam SP500; Optika CF4
- are also in use and an instrument of this type
is indispensable if ;esearch is to be undertaken.

FLAME PHOTOll1ETER

A direct deflection filter instrument, with narrow
band interference filters the Eel, has been used
a great deal for sodiu~, potassium an~ lithium
determinations, and has proved very satIsfactory.
The flame attachment for the Beckman DU spectro
photometer is very useful and makes it possible
to assay the alkalis just mentioned as well as the
less common alkali and alkaline earth ions. In
choosing a spectrophotometer with flame attach
ment, the ease with which the changeover can be
made should be looked into.

GAS ANALYSIS APPARATUS, VACUUlI1 PUMP

The constant volume gas analysis apparatus of
Bone and Wheeler is available commercially as a
unit. An assembly incorporating a U-tube mercury
manometer, a Topler pump and a McLeod ~auge

is used for measurement and transfer of reSIdual
gases. A good rotary oil pump is also required.
Gas handling techniques are specialized and some
practice is needed: it will probably be found more
convenient to undertake residual gas analysis only
at a later stage.
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SAMPLING EQUIPMENT

. In the prospecting stage the main requirement
IS a large supply of bottles; these should be cleaned,
for example, by steaming. When drill-holes are to be
sampled, small stainless steel Webre cyclones, pressure
gauges and pipe fittings are needed (3). Specially
ma?e pyr~x glass flasks of 2-10 litres capacity having
2 diametrically opposed 10 mm o.d. tubular openings
are used for the collection of gas + condensate
samples.

General

When the Wairakei geothermal power project
was started, a new section was set up within the
Dominion Laboratory in Wellington; sampling expe
ditions were made to the field and the analytical
work was done in Wellington. Later, when drilling
for production was under way, a field laboratory
was set up at Wairakei and equipped for the analysis
of the main constituents of the bore discharges;
only residual gases are still sent to Wellington for
analysis. Latterly the Wairakei laboratory, which
is operated by, and as a branch of, the Dominion
Laboratory, has been the centre for sampling and
analysis in other parts of the thermal region. Special
projects requiring major facilities are done in Welling
ton, using the Wairakei laboratory as headquarters
for sampling trip.

It is desired to bring out the fact that in New
Zealand experience the geothermal chemical labora
tory has not been isolated but has been able to draw

on a wide range of resources which were not provided
as part of the power project. Such conditions may
not obtain if a similar project is undertaken else
where.

The chemist may find himself cut off, and be help
less for lack of a reagent, apparatus or literature.
A laboratory set up for this type of investigation,
if it is to do more than purely repetitive analysis,
must be well equipped, especially if far from well
found resources.

It may seem that a mobile laboratory would be
useful in the prospecting stage. Such laboratories
have been described and all the techniques required
for the present analyses have been, or could be,
used in them. However, when all the factors such as
cost, laboratory work plan, likely accessibility of
surface thermal manifestations etc. are considered,
the sampling expedition from a permanent central
laboratory is seen to offer greater flexibility and is
more adaptable to a wide variety of conditions.
This approach does not preclude, say, on-the-spot
determination in the field of an unstable constituent
like hydrogen sulphide.

Some 500 sq ft of floor space would provide ade
quate room for a laboratory; to equip it with chemical
facilities would cost about £1 500 and it should be
staffed by a well qualified chemist with at least one
assistant. These estimates are necessarily approxi
mate; they presuppose a programme of chemical
investigation comparable in scope with that under
taken in New Zealand and that further resources,
as discussed above, are accessible to the chemist.
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Surnrnary

The methods of analysis which have been success
fully applied to hydrothermal fluids are detailed.
In samples' of condensate and gas, from fumaroles
or separated steam, hydrogen sulphide and carbon
dioxide are determined in an alkaline extract, the
first by titration with iodine and thiosulphate,
the second by titration with acid. Oxygen, hydrogen,
hydrocarbons and nitrogen are determined by a
constant-volume gas analysis method. In a second
sample, fluoride is titrated directly with thorium;
boric acid is titrated with alkali, using mannitol; and
ammonia is determined photometricallywith phenate.

For water samples the methods are: hydrogen
sulphide, by iodine titration, bicarbonate, carbonate
and carbon dioxide, by pH and acidimetric titration;
ammonia, colorimetric with pyridine-pyrazolone;
chloride, by titration with silver nitrate; sulphate,
colorimetric with barium chromate; boric acid, by

titration with alkali using mannitol; fluoride, volu
metric with thorium, with or without distillation;
silica, colorimetric as silicomolybdate; arsenic, colori
metric by molybdenum blue; alkali metals, by flame
photometry, with standards of similar composition;
calcium and magnesium, by titration with E.D.T.A.
at pH > 13 and at pH 10.

The equipment used includes: direct deflection
pH meter; mains operated photometer of direct
deflection type using coloured glass filters; direct
deflection flame photometer with narrow band
interference filters; gas transfer apparatus, vacuum
pump and gas analysis apparatus; sampling equip
ment.

In the prospecting stage field sampling trips were
made from Wellington; later a field laboratory was
set up at Wairakei. About 500 sq ft floor space
and £1,500 worth of chemical equipment are required.

ANALYSES CHIMIQUES ET EXIGENCES QUANT AUX LABORATOIRES:
EXPERIENCE ACQUISE DANS LES REGIONS HYDROTHERMIQUES DE LA

NOUVELLE-ZELANDE

Resume

On donne le detail des methodes d'analyse qui
ont ete employees avec succes pour les fluides des
champs hydrothermiques. Sur les echantillons de
produits de condensation et de gaz, en provenance
de fumerolles ou de vapeur separee, on determine
la teneur en hydrogene sulfure et en anhydride car
bonique en extrait alcalin : la premiere par titration
avec de node et du thiosulfate, la deuxierne par la
titration a l'acide. On determine les teneurs en oxy
gene, en hydrogene, en hydrocarbures et azote par
une methode d'analyse des gaz a volume constant.
Sur un deuxieme echantillon, on fait un titrage
direct des fluorures au thorium, celui de l'acide
borique avec une base en se servant de mannitol et,
finalement, on determine photometriquement la
teneur en ammoniaque au moyen d'un phenate.

Pour les echantillons d'eau les techniques sont les
suivantes : hydrogene sulfure par titration a I'iode,
bicarbonates, carbonates et anhydride carbonique
par la determination du pH et la titration acidi
metrique ; ammoniaque, methode colorimetrique avec
la pyridinepyrazolone; chlorures par titration au
nitrate d'argent, sulfates par une methode colori
metrique avec du chromate de baryum; acide borique

par titration avec une base en se servant de mannitol;
fluorures, methode volumetrique au thorium, avec
ou sans distillation; silice, essai colorimetrique du
silico-molybdate; arsenic, methods colorimetrique
par le bleu de molybdene : metaux alcalins, photo
metric a flamme avec etalons de composition ana
logue : calcium et magnesium par titration it
l'E.D. T.A. a un pH> 13 et .au pH 10.

Le materiel utilise comporte un indicateur de pH
a deviation directe, un photometre alimente par I~
courant du secteur du type a deviation directe qUI

fait usage de filtres en verre de couleur; un photo
metre a flamme a deviation directe avec des filtres
dinterference a bande etroite ; un dispositif de
transmission du gaz, une pompe a vide et du materie1
d'analyse des gaz, ainsi enfin qu'un materiel d'echan
tillonnage.
, ~~ndan~ la phase de prospection, on a procede
a .1 echantIp~mnage. des chanps geothermiques it. la
suite de vls:tes faltes de Wellington; par la SUIte,
on a organise un laboratoire a Wairakei. Il Iaut
environ !lOO pieds carres (46 m-) de surface pour les
laboratoires et du material chimique estime a 1 500
livres.
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KNOWN GEOTHERMAL FIELDS IN JAPAN

Masatsugu Saito *

Difficulties in Japanese geothermal prospecting

A large number of hot springs and fumaroles
are known in Japan; they are mostly related to
Quaternary volcanic activity (figure 1). Among the
thermal areas of Japan, some are thought to be
quite powerful.

* Geology Department, Geological Survey of Japan, Hawasaki,

For many centuries, however, the hot springs
of Japan have been used for bathing purposes.
The Beppu area, for instance, displays strong surface
phenomena, such as discharges of steam, geysers,
hot water pools and boiling mud pools, which are
possibly comparable to those to be seen at Geyser
Valley in the Wairakei area of New Zealand. Beppu
is now a large tourist city, however, with a population
of more than 100000, whose living depends directly

•

QuctteYna.Y~ volcanlc LOne.

Fumltl'o\e or active volcano

Ditto, pn)$ pe cred,

Hot spril'\qs

Ditro, pY'o5pectecl

o

1. Beppu
2. Noya
3. Otake
4. Takenoyu
5. Unzen

6.0bama
7. Ebino
8. Yunono
9. Tearai

10. 1busuki

11. Kusatsu
12. Yamanouchi
13. Hakone
14. Oshima
15. Atagawa

16. Narugo
17. Onikobe
18. Matsukawa
19. Takinoue
20. Showa-shinzan

Figure 1. Hot springs and fumaroles, with the areas geothermally prospected in Japan (after H. Nakamura)
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or indirectly on the existence of hot springs; numerous
wells, which supply a tremendous amount of hot
water to the baths, have been drilled by hotel
owners and others. Another. example is the hot
springs at Obama. About eighty wells which have
been drilled in the area produce steam and hot
water with a temperature of 130°C; the total output
is reported to amount to 4200 tons per hour, which
would correspond to 70000 kW if utilized for power
generation. These sources, however, are being utilized
for salt production (by evaporation of sea water)
as well as for baths. Many other notable thermal
areas known to exist are, almost without exception,
already developed as hot spring resorts; usually,
the larger the area, the larger the resort. In such areas,
the exploitation of geothermal power is practically
out of the question, since any exploitation likely
to affect the surface phenomena which attract
visitors, or the output of wells belonging to private
concerns, has to be avoided. Consequently, geother
mal explorations in Japan, unlike those in other
countries, are handicapped by the fact that they
cannot be carried on in the visibly promising areas;
it may be possible, however, to discover new resources
left untapped because of the scarcity of surface
phenomena. These special circumstances have pre
vented the rapid development of geothermal fields
in Japan.

History of prospecting

The first prospecting well for geothermal power
was drilled as early as forty years ago. It was not,
however, until the post-war power supply crisis
of 1947 that the possibilities of geothermal energy
were seriously considered. Since then, government
organizations, such as the Agency of Industrial
Science and Technology (AIST) which includes
the Geological Survey, electrical companies, and
other private concerns have co-operated in exploring
a number of the geothermal areas shown in figure I
and listed in table 1. Among them, Beppu, Otake
and Matsukawa are the areas where discharges from
steam wells have been carefully measured.

In most areas the steam wells are still small in
number, and, with a few exceptions, are less than
200 metres deep. All the steam from the wells is
not superheated but, rather, saturated-that is,
mixed with hot water. The steam is not satisfactory
in amount, although it has the advantage of being
only slightly corrosive, owing to small gas content.

In short, geothermal prospecting in Japan is
still in the preliminary stage.

Methods of prospecting

In the early days of post-war development,
bore holes were simply drilled in places near natural
fumaroles in steaming ground. Many such wells
produced steam jets rather easily, but were not
satisfactory for further exploration. Conventional
geological mapping, chemical analysis of hot springs,

surface temperature surveys, detection of gases and
radioactivity contained in the soil, and horizontal
electric prospecting were the most common research
methods employed before drilling, but these methods
dealt only with the superficial feature of the terrain
and told little of the underground characteristics. The
importance of studying geological structure in depth
was, however, soon realized. Since then, geological
mapping has been devoted to clarifying detailed
structural features, including stratigraphic succes
sions, folds, faults, joints, rock features such as
density, porosity and permeability, and hydrothermal
alteration. Seismic, gravity and vertical electric
prospecting to suit the geothermal areas has been
devised and applied according to the characteristics
of the fields. During the well drilling, not only core
and temperature logging, but also electric logging
was used to determine rock characteristics. The
physical and chemical characteristics of steam dis
charged from the wells have also been measured
at most places.

Examples of the geological structure
of geothermal areas

In order to illustrate recent progress in geothermal
prospecting in Japan, the geological structure of
the Showa-shinzan, Onikobe and Matsukawa areas,
which have been studied most thoroughly by the
Geological Survey, are reviewed here.

SHOWA-SHINZAN

Showa-shinzan is a volcanic dome newly formed
about sixteen years ago as a parasitic dome of the
Usu volcano. It is composed of dacitic rock, originally
1000°C and still more than 800°C in temperature.
Geophysical prospecting has discovered the fact
that the underground part of the dome mass inclines
gently to the south and possibly extends at least
as far as one kilometre away, where it becomes
concealed at a depth of about 400 metres below
the surface.

Surface manifestations of underground heat, such
as fumaroles and hot springs, are poor in this are~,
except on the dome itself and the roof mountalll
near the dome. The drilling necessary to verify the
above-mentioned underground structure and high
temperature have not yet been undertaken. The
country rocks rnto which the Showa-shinzan masses
are intruded are Pliocene, Pleistocene and Holocene
de~o~its consisfinj- of lavas, volcanic ash, sand,
lapilli, purmce, and other loose clastic sediments.
Conditions likely to prevail at the point where the
groun~waters contained in the porous country rocks
come into contact with the hot underground masses
represent a problem to be solved in order to knoW
whether or not geothermal fluids are present in this
area.

ONIKOBE

Geothermal areas strong enough and large enough
to be developed industrially should have adequate
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Table 1. List of geotherrnat prospections in Japan

Test boring Product b

Area Geology Method of survey
Nwmber Depth

(m)
Temp.
t-c)

Temp.
(0C)

Press.
kg/cm'

Output d

(metric tons/hr)
and well dia.

Prospecting
organization

Takenoyu. Volcanic Geologic, surf. temp.

Noya. Volcanic Geologic, surf. temp., radio-
active, chemical, elect.
prosp., seismic, elect. log.

Otake Volcanic Geologic, surf. temp., radio-
active, elect. prosp., che
mical

Beppu a . Volcanic Geologic, surf. temp., elect.
prosp., temp. log., corro
sion test. 3

4

HO

200

900

145

100

185

140*

144*

145*

3.6*

6.5*

5.0*

S + W2.4
(75 mm)

W

S 1.0, W 1.5
(65 mm)

S 6.0, W 3.0
(150 mm)

AIST, Geol. Surv.,
Electro. Technical
Lab., Mechanical
Lab.

Geol. Surv., Kyushu
Elect. Co.

Kyushu Elect. Co.,
Geol. Surv,

Kumamoto Pref.
Govern., Yawata
Iron Stell Co.

Geol. Surv.

Geol. Surv.

Geol. Surv,

Geol. Surv.

Geol. Surv.

Tokyo & Chubu
Elect. Co.

Tokyo & Chubu
Elect. Co.

Dowa Mining Co,

Dowa Mining Co.
Geol. Surv.

Tone Boring Co.

Tone Boring Co.

Miyazaki Pref. Gov
ern., Geol. Surv.

Geol. Surv.

Geol. Surv,

Azuma-kako Co.,
Geol. Surv.

S+W

S + W

W

S + W

S + W

W

W 12
(125 mm)

S

S + W 4 700
in total

S + W 0.3
(45 mm)

S + W

S+Wl---6
(45 mm)

S +W

130

129

100

154 c 5.1 c

100___ 2.6--
175 c 8.0 c

110

70

120

108

156

100

185

175

189

75

84

30

255

200

213

450

3

3

2

3

22

10

about
80

3Surf. temp., chemical, elect.
prosp., magnetic

Geologic, surf. temp., che
mical, elect. prosp., mag
netic

Surf. temp., chemical

Geologic, chemical

Surf. temp.

Geologic, elect. prosp.

Volcano

Volcano

Volcano

Volcano

Volcano

Volcanic

Volcanic

Volcano

Volcanic

Volcanic

Volcanic

Volcanic,
Tertiary

Tertiary

Volcanic,
Tertiary

Unzen a

Ebino

Obama a

Yunono

Tearai .

Ibusuki a

Kusatsu s .

Yamanouchi e ,

Hakone a •

Oshima ,

Atagawa e

Narugo s

Onikobe

Matsukawa.

Geologic, elect. log.

Geologic, elect. prosp.,
seismic, elect. log.,
corrosion test

Takinoue Tertiary Geologic

Showa-shinzan Volcano Geologic, surf. temp., che
mical, gravity, seismic,
elect. prosp., radioactive

a. Developed as large hot spring resort.
b Products from the wells of steady dicharge are selected.

C When well closed.
d S, steam; W, water.

geological supporting conditions, as In the case
of the Larderello area in Italy. Many Japanese
fumarole areas are on volcanoes; in such places
it is usually difficult to determine the deeper struc
tures because of the thick covering of lava and vol
canic eject. This is the reason that the Onikobe area,
consisting of Tertiary rocks, has been opened as a
field of geothermal prospection.

Topographically, the Onikobe area is an elliptical
basin, 10 km and 8 km across the axes as determined
by the river system of the area, shown in figure 2.
Geologically, this basin is the result of crustal
subsidence, probably late Miocene in age. The areas
outside of and, in part, within the subsidence are
made up of exposed pre-Neogene granite and a
thick series of Miocene rocks, which are mostly



Figure 2. Onikobe geothermal area (after H. Nakarnur-a j

volcanic and partly sedimentary. The remaining
major part of the subsided area is covered with a
formation deposited in a lake which once filled the
basin from the Pliocene to Pleistocene epoch. This
lacustrine formation is in loose deposits, and consists
of the following: conglomerate, andesitic tuff-breccia
and tuff, pumiceous tuff of dacitic character, and
mudstone from the base upwards, though lateral
changes of rock facies are remarkable. The total
thickness of the formation is approximately 300
metres. At several places, the formation is penetrated
by contemporaneous dacite domes.

Though the area is in a Quaternary volcanic zone,
there is no recent volcano. However, hot springs,
geysers, fumaroles, solfataras and native sulphur
deposits occur sparsely in the subsided basin, and
suggest the presence of deep-seated magma. Being
at some distance from railways, the area has not
been developed as a hot springs resort.

According to the topographic survey and regional
geological mapping made in 1955, the alignment
of thermal outcrops and hydrothermal alterations
is probably controlled by the supposed fault-system
in the Miocene and granite basement buried under
the lacustrine formation. Three bore holes were
drilled within the lacustrine formation to depths
of 255, 250 and 192 metres (figure 3), each at a point
a little away from the natural thermal outcrops.

So far as the explored depths are concerned, the
geothermal character of the Onikobe area does not
seem to be like that of Larderello in Italy, as had
been expected, but is rather similar to that of
Wairakei in New Zealand. That is to say, the faults
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in the basement of hard rocks act as feeders for the
hot fluids ascending from the depths into the over·
lying lacustrine formation, in which the heating of
ground water contained in the rock-pores as well
as the cracks sets up a convective geothermal
system.

The bore holes hitherto drilled are shallow. The
lacustrine formation is much less thick than the
reservoir rocks in the Wairakei area. In Onikobe,
compact rocks of the Miocene series or granite maysoon
occur at greater depths, and the geothermal features
may well be different from those of the shallow
layers already explored.

MATSUKAWA

Matsukawa is a small valley in the midst of a
volcanic district where three active volcanoes and
many other dormant volcanoes cluster, and a large
number of hot springs, fumaroles, and some sulphur
deposits are present. However, only one emergence
of hot springs nearly at boiling temperature
and some seepage of mineral waters a little
higher than atmospheric temperature were originally
known along the Matsukawa River. Here, the local
people hoped to construct a new lodging house
with hot baths; they have drilled seven wells at
various points in the valley since 1953. Four of
the wells produced steam instead of hot water at
depths from 160 to 300 metres. Since then, the valley
has been regarded as a noteworthy geothermal area,
probably with an impervious cover.

The geologic mapping in 1957 determined the fact
that. t?is area is a dissected composite volcano
consisting of somma and a central cone in a caldera
(figure 4). The Matsukawa valley along which the
thermal outcrops and steam wells are situated
coincides with the southern margin of caldera collapse.
The rocks occurring on the surface are only andesites :
one constitutes the volcano and the other underlines

. the volcano and stretches' along the bottom of the
valley and farther west to another Quaternary
volcano.

The drill-cores preserved by the local people
were remspected. The upper columns of the co.res
are mostly of the above-mentioned lower andeslte,
which consists of lavas intercalated with pyroclastics.
The lavas are v~ry compact, and some reach as much
as 50 metres m individual thickness. The lower
col~mns b.elo',¥ about 150 metres are composed of
dacite, wh~c~ IS an accumulation of lavas and poroys
!uff containing fragments of pumice. Such daclte
IS common. in ~he uppermost part of the Neogene
system, which I~ exposed in neighbouring districts,
such as the Takmoue thermal area seven kilometres
to the south of Matsukawa.

Figure 5 represents the temperature-depth relations
o.f steam wells. Three curves clearly show the sudden
rise of temperature at depths from 140 to 180 metres.
These depths correspond to the unconformity be
twe~n the Quaternary andesite and the Pliocene
dacite,
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Figure 3. Well loggings in Onikobe area

Note: Bore No. 1 unexpectedly encountered a large outflow of cold ground water from the cracks traversing the mudstone and
tuff breccia beds in the depths. Bore No. 2 and Bore No. 3 encountered high temperatures. The bottom temperatures of Bore No. 2
during the course of drilling (usually measured every morning after the nightly break in operation) show a rapid rise from 900C to
130°C between the depths of HO and 125 metres (T1) . This depth corresponds to the intercalation of compact andesite in the tuff-breccia
bed as shown in the column of rock-cores. The resistivity curve obtained by electric logging shows steep peaks at this depth, indicating
the presence of an impermeable rock. The compact andesite seems to play a role as a local cover against the geothermal fluids contained
in the underlying porous pumiceous tuft. This rise in temperature was obliterated by convection in the well a few days after the com
pletion of drilling (T2) . The temperature curves of Bore No. 3, measured intermittently over a few months (T3, T4 • Ts), show typical
convection curves. All lie below the theoretical boiling point depth curve. After artificial raising of the upper part of the w.ater column,
this well started to discharge steam mixed with hot water.

Seismic prospecting was undertaken in order to
investigate the underground structure in the belt
along the southern margin of the caldera. Although
a complete assessment is not yet available, the
data obtained harmonize with the physical character
istics of rocks lithologically determined, and moreover
suggest latent rock formations much more than
1 000 metres thick which more or less correspond
to the full successions of the Neogene system charac
teristic of the region. Some fractures were also de
tected, on a line close to the wall of the caldera.

On the basis of the geological, geophysical, and
thermal data enumerated above, the geothermal
condition of the Matsukawa area is believed to be
as follows: the steep fractures related with the
caldera conduct the magmatic heat from the depths.
The porous dacite and cracks therein hold the geo
thermal fluids, which are supposed to be mainly
of heated ground water. The compact andesite
overlying the dacite prevents the geothermal fluids
from flowing freely to the surface.

Hydrothermal alteration is observable along

o,

"'1,000 1,000'"

Figure 4. Schematic profile of Matsukawa (after K. Sumi)
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Depth--

Figure 5. Temperature measurement of steam wells
in Matsukawa (reported by Azumakako Co. Ltd.)

the Matsukawa River. It extends along the south
bank, but is not clear on the north bank because
of the thick cover of an desite boulders which are
derived from the central cone of the volcano, probably

as a result of land-slides. The results of electric
prospecting on the n~rthern bank sug~est the e~

tension of altered terram beneath a covenng appron.
mately twenty metres thick. A new test bore drilled
to a depth of 214 metres proves the actual presence
of alteration, but demonstrates the fact that altera
tions do not always indicate the existence of geo
thermal fluids.

The discharges from one of the wells have been
measured since 1957. They are of saturated steam,
and contain gases less than 0.3 per cent in volume.
In 1960 two new wells, 210 millimetres in diameter,
were drilled to depths of 325 and 450 metres in the
steam layers brought to light by the olde~ wells.
Electric loggings were employed at the time. of
drillings. The discharges are still under observation
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Summary

Many geothermal areas are known in Japan.
Some are regarded as potentially powerful sources
of power generation if developed, but they are now
hot spring resorts unsuitable for intensive exploita
tion. The development of geothermal fields in
Japan is handicapped at present because it is neces
sary to exclude known promising areas, and difficult
to find important new sources where there are few
surface indications.

A number of areas have been prospected since
1947 by government research institutions, such as
the Geological Survey, and private concerns, such
as electric companies, in combination. Test bores
have been drilled, but they are few in number at
most places and, except for a few wells, relatively
shallow, The underground temperatures measured
do not exceed 200°C. The quantity of steam produced
is insufficient and it is mixed with hot water, although
the chemical composition is favourable. Geothermal
prospecting in Japan is still in the preliminary
stage.

Geothermal prospecting during recent years, for
instance in the Showa-shinzan, Onikobe, and Matsu
kawa areas, has paid special attention to the study
of underground structures; the survey methods
applied to these studies include detailed geological
mapping, various kinds of geophysical prospecting,

such as seismic, gravimetric, electric and magnetic
prospecting, and electric logging, as well as rock-core
inspections and thermal loggings conducted at the
time of drilling.

Showa-shinzan is a new volcanic dome which
appeared sixteen years ago. Physical prospecting
has discovered that the underground temperature of
the magmatic masses is still at 800°C. The geothermal
features occutring at the point of contact betwe~n

this hot mass and the ground water contained In
the country rocks represent a problem still tobe
solved for practical purposes.

In the Onikobe area, the faults in the l\Iiocene
and granite basement conduct high temperature
fluids from the depths into the overlying Pliocene
beds of porous rocks, in which the ground water
shows a convective geothermal system similar to
that of the Wairakei area in New Zealand.

The Matsukawa area is a Quaternary compos!te
volcano with caldera. The volcano rests on andesJte
lava of another volcano, which in turn is situated
on a Tertiary basement. The fractures related to
the caldera act as feeders for the heat from the
deep-seated magma. The geothermal fluids are held
in the porous beds of the uppermost Tertiary. ~nd
are covered by Quaternary andesite conslstlllg
mostly of thick and compact lavas.
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LES CHAMPS GEOTHERMIQUES ACTUELLEMENT CONNUS AU JAPON

ResUJne

On .connait, au Japon, nombre de regions geo
therrniques. D'aucunes sont jugees comme capables
de representer de puissantes sources denergie si
on les met en ceuvre, mais sont actuellement des
stations thermales qui se preterit mal a I'exploi
tation intense de l'energie thermique. Le probleme
auquel on se heurte actuellement au J apon dans ce
domaine est constitue par la difficulte qu'il y a a
exclure les regions dont on sait des a present qu'elles
promettent d'etre utilisables et a decouvrir de
nouvelles ressources importantes dont il y a peu
d'indications en surface.

Diverses institutions gouvernementales, telles que
le Service geologique, et diverses entreprises privees,
telles que les compagnies d'electricite, ont combine
leurs efforts et ont execute des prospections depuis
1947. Des sondages ont ete faits, mais, dans la plupart
des regions, ils restent peu nombreux et relativement
superficiels, avec quelques exceptions. Les tempe
ratures souterraines qui ont ete mesurees ne depassent
pas 200°C. La vapeur recueillie ri'est pas satis
faisante quant au volume et elle est melangee d'eau
chaude, bien que sa composition soit favorable. La
prospection geothermique au Japon en est encore
au stade preliminaire.

Les prospections geothermiques realisees au cours
de ces dernieres annees, par exemple celles des
regions de Showa-shinzan, Onikobe et Matsukawa,
se sont tout particulierernent at.tachees a l' etude
des structures souterraines; les methodes appliquees
aux fins de ces travaux comportaient des releves
geologiques detailles, divers types de prospection
geophysique (mesures sismogr~phiques, gravime-

triques, electriques et magnetiques) et, a l'occasion
des sondages, des profils electriques en plus de
l'examen des carottes et de l'inscription des tempe
ratures.

Showa-shinzan est un dome volcanique qui n'a
fait son apparition qu'il y a 16 ans. La prospection
p.hysique y a revele l'existence de masses magma
tiques dont la temperature souterraine atteint
encore 800°C. La caracteristique geothermique au
contact de cette masse chaude et de l'eau souter
raine contenue dans la roche encaissante est encore
a. determiner pour les besoins d'applications pra-
tiques, .

Dans la region d'Onikobe, les failles de la base
de miocene et de granite conduisent les fluides a
haute temperature des profondeurs aux couches
superieures de pliocene, constituees par des roches
poreuses, dans lesquelles l'eau souterraine fait
apparaitre un systeme geothermique par convection
comparable a celui de la region de Wairakei, en
Nouvelle-Zelande.

La zone de Matsukawa est constituee par un
volcan complexe du quaternaire avec caldeira. Il
repose sur la lave d'un autre volcan, constituee par
de l'andesite, lequel couvre lui-meme une base
appartenant au tertiaire. Les fractures associees a
la caldeira servent de conduits d'alimentation a la
chaleur en provenance du magma profondement
situe, Les fluides geothermiques sont conserves dans
les couches poreuses du tertiaire le plus superficiel
et recouverts d'andesite du quaternaire, constituee
essentiellement par des laves compactes et epaisses.
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METHODS USED IN EXPLORING GEOTHERMAL FIELDS IN JAPAN,
WITH PARTICULAR REFERENCE TO GEOPHYSICAL METHODS,
THEIR ROLE AND RESULTS

Dr. Konosuke Sato*

On the other hand, the volcanic structure has
been explored from the standpoint of geothermaJ
structure of some active volcanoes.

Showa-shinzan is a volcanic dome formed in the
period from the end of 1943 to September 1945.
During these years, as a result of magmatic intrusion
at a shallow depth, part of some cultivated hilly
land which lies at the north-eastern foot of the Usu
volcano was subjected to gradual uplift. The final
size of the dome is nearly 150 metres higher than
the general elevation of the mountain roof and
about 300 metres across the base. This particular
volcano gav:e us a good field for the study ofthe
nature of underground magmatic masses. From this
viewpoint, the volcano has been under study since
1952 by the combined means of geological, geophysical
(gravity, seismic, magnetic, electric, radioactive and
geothermal) and geochemical methods. Besides the
interesting results on basic science and research
techniques, some underground structural indications
that the dome-mass (with a high temperature of
more than 800°C) continues downwards inside the
roof mountain and extends to the south have been
discovered by geophysical methods. But the geo
thermal condition at the contact of this high tempera
ture mass and the ground water contained in the
country rocks is the problem to be solved for practical
purposes. Further explorations of the geothermal
state are now expected.·

Other prospecting was carried out at Oshima
volcano, .on a solitary island south of Tokyo. Oshima
volcano IS a composite active volcano with caldera.
Mt. Mihara, the central cone, is within the caldera.
Th~re have been many volcanic activities of ~he
main craters and this island has been covered With
pyroclastic sediments.

Some. geophysical research using the gravity and
magnetic methods has been conducted in thiS
volcano. From these investigations the situation of
the magma reservoir is estimated to be at a depth
of about two or three kilometres below the crater.
Bu~ this volcano is covered by thick pyroclas!ic
sediments and there is little water in the superfiCial
layers, so that surface indications of underground
~eat, . such as fumaroles and hot springs, are poor
m this area, except m the crater itself.

The geothermal co~dition at the point of contact
of the underground high temperature mass and the
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* Geological Survey of Japan.

In Japan, the volcanic zone extends along and
across the islands of the country. There are many
act~ve and dormant volcanoes, fumaroles and hot
spnngs.

In 1947, the preliminary prospecting of geothermal
fields was started by the staff of the Geological
Survey Institute of Japan. In the early days, it
was carried out at places near to natural fumaroles
mainly by means of geological, geochemical and
surface temperature surveys, but also in some areas
by means of geophysical prospectings and investi
gation drillings in a shallow zone under the ground
surface. Geophysical surveys of the shallow zone
were conducted by the electric and magnetic methods
and some indications regarding shallow geothermal
alterations of rocks were observed. In these areas
some investigation drillings showed thermal indica~
tions. But these methods could prospect only the
superficial features of the ground, not the deeper
geothermal structures. Consequently when a few
deeper wells were drilled in such areas, we could
n?t get steam jets from the deeper levels, but only
high temperature water from a relatively shallow
level beneath the surface.

Thus the prospection of the deeper structures in
geothermal areas became a serious problem to be
explored. To solve this problem, it was necessary
to make geological mappings to clarify the detailed
structural features, some geophysical surveys for
the deeper structures, and investigation drillings
and well-Ioggings in the bore holes.

Recently at the Matsukawa geothermal field,
detailed geological mappings, geophysical prospect
ings by means of seismic and electric resistivity
methods and geophysical well-Ioggings were carried
out to clarify the underground structure of this
geothermal area. From these probes, we were able
to obtain some information concerning the strati
graphic successions, faults in the nature of the rocks
and hydrothermal alterations. Last year, two new
wells were drilled to depths of 325 and 450 metres.
Electric loggings were conducted at the time of the
drillings and after the end of the drillings. The
temperatures in the bore holes are now under
observation.
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underground water is the problem to be solved in
obtaining geothermal fluids. In order to clarify the
presence of underground water in the pyroclastic
sediments and the underground structures of the
~olca!I0' the electric resistivity method was employed
III this area. From results of these explorations, the
underground water within the caldera was discovered
to be at a depth of more than 250 metres below
the surface and the structures related with the
caldera were clarified. Investigation drillings for
underground water showed some thermal indications.
This time we were able to get some hot springs
from the investigation bore holes. Further progress
of the investigations will clear up the geothermal
condition in this volcano.

As described above, certain exploration surveys
have been carried on in the geothermal areas of
Japan. But these are still in a preliminary stage
from the viewpoint of exploitation of geothermal
energy. Further progress in the prospections is
desirable.

Exploration methods

In order to develop geothermal energy in Japan,
the most important problem at present is to explore
the underground geothermal conditions. Such a
problem can be solved only by complex studies of
various factors regarding the geothermal conditions.
These factors are (a) temperature distribution,
(b) hydrothermal alteration, (c) geological structure
and rock features, (d)underground water, (e) magmatic
intrusion or magma reservoirs, (I) the flow of fluids
obtained by drillings and, (g) the chemical character
of these fluids. To clarify these factors, exploration
methods should be carried out systematically in
accordance with

1. Surveys of shallow geothermal indications,
2. Geological mappings,
3. Geophysical methods and
4. Investigation drillings and well-Ioggings.
Surveys of shallow geothermal indications are the

preliminary stage of prospection of geothermal
fields. In these surveys, surface temperature, geo
chemical and simple geological survey are the most
common methods. Sometimes simple geophysical
surveys and shallow drillings are used to add more
information. But results of these surveys reveal
only the superficial features of the geothermal fields.
In the early days of geothermal prospection of
Japan, prospection was limited to surveys of shallow
geothermal indications but not followed through
with further systematic surveys.

To clarify underground geothermal structure,
geological mappings in the geothermal fields and
surrounding areas are an important method. Geo
logical mappings are useful in elucidating structural
features such as stratigraphic successions, folds,
faults, joints and rock characteristics. Geological
sheet maps (scale 1:50000) have been used ~s
geological data in exploring geothermal fields III

Japan but, in some areas, detailed geological map
pings (scale 1:10000) were carried out especially for
the purpose of geothermal prospection.

Geophysical methods will play an important role
in the prospection of underground geothermal
conditions. Geophysical methods have been used
not only for the prospection of the underground
structure, but also to discover geothermal indications
and water.

Geophysical methods are useful in clarifying
underground structures. These methods are very
familiar in the oil fields, but there are some diffi
culties in the case of the geothermal fields as compared
with the oil fields. Ordinarily in Japan, geothermal
fields are situated in volcanic regions, so the topo
graphy and surface irregularities have restricted
the efficiency and the results of these surveys. But
if we could use suitable survey methods for the
volcanic areas and make minute Observations, these
handicaps could be overcome.

We have been able to carry out explorations for
hydrothermal alterations and magmatic masses as
a possible geothermal source by various geophysical
methods, and also prospect the distribution of
underground water in volcanic areas by the electric
resistivity method. Ordinary geophysical surveys are
conducted on the surface, except for airborne
magnetic survey. The distribution of the observed
values has been analysed. But in the case of active
volcanoes, variations in the geophysical values may
reveal information concerning magma reservoirs.

But we have not been able to explore the under
ground geothermal conditions adequately by surface
surveys alone. It is necessary to drill some investi
gation wells in the surveyed areas. The temperature
measurements in the well, electric and other well
loggings and core sample analysis will give us some
information concerning the underground geothermal
conditions. If we could also obtain data regarding
changes in the well conditions, more information
would be available.

The results of surface and well surveys will reveal
some of the underground geothermal features and
will be used together with observation of the fluids
obtained from drillings to aid the investigation in
the evaluation of resources of geothermal energy.

Geophysical methods

In the exploration of geothermal fields, geophysical
methods are now expected to play a major role
together with geophysical well-Ioggings. Up to now,
geophysical methods have not been applied on a
large scale, but only on an experimental scale.
Some results obtained by geophysical methods have
been effective for the exploration of geothermal
fields, but on the other hand, there may be some
difficulties in the survey techniques. These difficulties
will be overcome in the course of. technical improve
ments.
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Next, the results obtained by geophysical methods
and their role in the exploration of possible sources
of geothermal energy will be explained.

ELECTRIC RESISTIVITY METHOD

The electric resistivity method has been applied
in exploring the distribution of hydrothermal altera
tion of rocks, underground water and underground
structures.

Some hydrothermal alterations of rocks show
lower resistivity values when compared with other
rocks. At places near natural fumaroles in the
Kyushu district and Matsukawa geothermal area,
we have measured the apparent resistivity to be
less than 10 ohms-m by the resistivity method.
The low resistivity zones have been estimated to
be equivalent to argilized rocks saturated with hot
spring water.

At Showa-shinzan, we have not been able to find
such a high-grade rock alteration area, but the
resistivity value on the roof-mountain formed by
magmatic intrusion shows about 10 ohms-m,
namely, a very low resistivity, while the resistivity
value at other places indicates rather high resistivity.
This effect may be explained by the temperature
and other factors.

In a geothermal area, it is important to elucidate
the distribution of underground water. But it is not
easy to trace underground water directly. Usually,
we prospect the underground structures using the
resistivity method, and from these results, presume
the distribution of underground water. In an active
volcanic area, covered with thick pyroclastic sedi
ments, such as Oshima, it is possible to prospect
for underground water directly by means of the
resistivity method. The pyroclastic sediments show
a very high resistivity value, but a relatively low
value when they contain the water. Up to now, the
resistivity method has been applied to explore the
structure of several hundred metres underground in
this volcanic area.

The resistivity method plays the principal role
among the exploration methods for geothermal
fields. Sometimes the hydrothermal alterations
explored by this method correspond to geothermal
indications, but this does not always indicate the
existence of geothermal fluids. It is necessary to
study these features together with other factors
related to geothermal conditions.

SEISMIC METHOD

The seismic method has been applied in prospecting
the underground structure, especially the distribution
of underground magmatic masses.

The seismic method applied in the Matsukawa
geothermal area is the reflection method using a
magnetic tape-recording instrument. We were able
to get reflection waves in the recorders from sue
cessions of a Neogene series and from the basement

rock. But in the fractured zone, close to the
caldera, no reflection waves were recorded. Thus,
it may be possible to detect the fractured zone in
such a volcanic area but, as the surface is covered
with volcanic debris and the topography is steep,
surveys of such a volcanic region are not so easy
as in ordinary cases.

To study the nature and distribution of the
underground magmatic mass, the seismic method
was applied in the southern part of the dome of
Showa-shinzan and the surrounding area. From
these results, the velocities at the inner part of the
dome were calculated as being nearly 4 km/sec. On
the other hand, the velocity of longitudinal wave
transmitting in a specimen of the new lava has
been determined from the transmission times of
ultrasonic impulses sent through them at the ordinary
temperature and pressure. From this experiment, a
velocity value of 2.5 km/sec. was obtained. We
noted this large difference in velocity between the
field and experimental data at the dome. From
results of laboratory experiments, the value of
Young's modulus for this rock at high temperature
(about 800-900°C) is about twice that of the value
at room temperature. Therefore, the velocity at
high temperature becomes 1.4-1.5 times as great
compared with room temperature conditions, if the
density keeps its value during these stages. In
other words, the velocity changes from 2.4 km/sec.
(room temperature) to 4 km/sec. (800-900°C). There
fore, the field results may well be explained by
supposing that the intruded magma in the dome
is still very hot. This supposition is also supported
by geothermal and geomagnetic surveys made there
at the same time. Working on this assumption, It
was discovered by the refraction and reflection
methods that this high temperature mass continues
downwards and extends to the south.

From these two examples, great hopes have
arisen for exploring geothermal structures by the
seismic method. But at present there are some
difficulties in this method. The complicated featur~s

in the volcanic area create some difficulties III

observation and interpretation. So it will be necessary
to use suitable survey techniques for volcanic areas
and to make minute observations.

. There ar~ ?eyeraI interesting phenomena concern
mg the activities of the magma in active volcanoes.
Seismological investigations of volcanic earthquak~S
have been carried out at some active volcanoes III

Japan.. The distribution of the epicentres of shal~o\:
volcanic earthquakes has presented some interestIno

problems concerning their geothermal struet~re.

These res:alts are not yet widely used in practIce,
but the seIsmological observations of active volcanoes
will become valuable as a method of exploring
geothermal energy resources in future.

GRAVITY METHOD

The gravity method has been used for variouS
purposes in exploring underground structures. But
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~his met.h?d is ~p~ to be affected by topographic
irregularities, so It IS not easy to apply in mountain
regio?s. Ord~narily, the geothermal fields of Japan
a.re situated m mountainous districts, so the applica
tions of the gravity method to the geothermal
fields have been restricted. But in the case of active
volcanoes, such as Showa-shinzan and Oshima, the
gravity method was applied to obtain data concern
ing the volcanic structure, and effective results
were obtained once these difficulties had been
overcome.

In the case of the gravity survey at Showa
shinzan, it was necessary to ascertain the density
distribution for topographic correction and the
vertical gradient of gravity for free-air reduction.
By careful attention to these two points, we were
able to obtain a reasonable evaluation of Bouguer
anomalies in this area. From these results, the
gravity anomaly at the dome of Showa-shinzan is
shown to be the largest one and a clear high gravity
zone at the southern part of the roof-mountain
has been ascertained. These anomalies were supported .
by seismic surveys made there at the same time.
Another survey, by means of the gravity method,
was conducted during the recent activity of the
Oshima volcano at four different times between
September 1950 and April 1951. Gravity measure
ments were taken at more than 50 widely distributed
stations. Consideration was given to the vertical
displacement effected by the eruptions, and levelling
surveys using a Wild universal theodolite were
conducted three times. These elevation changes,
corresponding to 0.07 milligales in gravity effect,
are negligible in relation to the observed changes
in gravity. Changes in gravity values were observed
during the activity of this volcano, and these were
correlated with changes in the subterranean mass
distribution. Maximum changes in gravity values
were about 0.3 mgal within the caldera. The situation
of these mass changes was estimated to be at a
depth about two kilometres beneath the surface.

MAGNETIC METHOD

The magnetic method is possible if there exists
a distinct magnetic contrast between various rocks.
Actual attempts to learn about the depth of the
base of a volcano or to distinguish hidden dykes
or craters from other surrounding sediments have
been made. The intensity of magnetization in
volcanic rocks is not very strong, but it is stronger
than that of other kinds of rocks. So, sometimes,
these surveys are disturbed by the irregular su~face

distribution of volcanic rocks, but these handicaps
could be overcome by airborne magnetic survey.
Some experimental airborne surveys have been
carried out in Japan using a flux-gate magnetometer
and a proton magnetometer.

The magnetization of volcanic rocks was fo~nd
to result mainly from the thermo-remna?t magnetism
and partly from the induced magnetism of ferro
magnetic minerals contained in the rock themselves.

This magnetization decreases with heating and
disappears when the temperature exceeds the Curie
point (Ca 600°C). These factors may be used to de
termine the underground structure of high tempera-

_ture masses. The possibility that anomalous change
in the earth's crust at the time of volcanic eruption
might be accompanied by some anomalous change
in the geomagnetic field has been considered. Reliable
data wete obtained at the Oshima volcano on the
occasion of its eruptive activity beginning in 1950.
Magnetic dip-surveys were carried out repeatedly
over the volcano at various stages of the eruption.
In comparing these results, it is assumed that the
magnetic change corresponds to the demagnetization
of the spherical volume of 2 km radius which is
situated 5 km beneath the caldera of the volcano.

A magnetic survey was also carried out at Showa
shinzan, which is thought to be a hot mass with
a high temperature of more than 800°C. The value
of the vertical magnetic component at the dome of
Showa-shinzan is rather small compared with that
of the adjacent area, and dip observation also
shows a very weak value there. On the contrary,
at the Ousu dome which is already cold, we obtained
a strong dip value. Judging from these data, we
may presume that the northern part of the dome
is not magnetized, because it may have a high
temperature condition beyond Curie point. This
assumption does not contradict the results obtained
by gravity and seismic survey. But it is rather
difficult to calculate the underground structure in
these volcanic regions clearly by surface magnetic
survey alone, because of the topographic effect.

Volcanic rocks may be altered by hydrothermal
action. In some geothermal fields in Japan, there
is some distribution of hydrothermally altered
rocks. The magnetization of these rocks decreases
with the diminution of the ferromagnetic minerals
in the rocks as a result of hydrothermal alterations.
When we surveyed at the geothermal fields in
Kyushu, the value of the vertical magnetic component
was observed to be rather small at the hydro
thermally altered area compared with the adjacent
area.

Conclusion

In Japan, there are many volcanoes, fumaroles
and hot springs, but we have not yet succeeded
in developing the valuable geothermal energy for
power generation. It will be not easy to estimate
the underground geothermal condition from the
super-ficial geothermal features alone. Therefore,
exploration of underground geothermal features will
be the most important problem in any geothermal
investigation.

It is my opinion that geophysical methods of
exploration play the principal role in dealing with
this problem, .together with the surveys made
through investigation drillings. In this report, I
have shown some of the possibilities for the prospec-

14
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tion of geothermal fields by geophysical methods,
although there may be some difficulties. If we
could develop our knowledge regarding underground
geothermal features of the thermal state in the
upper part of the crust and of techniques of explora
tion in geothermal fields, it would be possible to
obtain more information concerning underground
geothermal conditions and then develop the valuable
resources of geothermal energy in Japan.
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Su rnrnary

In Japan, there are many volcanoes, fumaroles,
and hot springs. Some prospecting has already been
carried out in the geothermal fields, but we have
not yet succeeded in developing the valuable geo
thermal energy for power generation. So the search
for underground geothermal structures is one of the
most important problems in Japan. Such a problem
can only be solved by complex studies of various
factors related to geothermal conditions. To clarify
these factors, exploration should be carried out
systematically in accordance with surveys indicating
superficial geothermal features, geological mappings,
geophysical methods and investigation drillings and
well-Ioggings.

Among these methods, geophysical methods are
expected to play the principal role, together with
geophysical well-leggings. These results will· be
useful to our investigation to evaluate geothermal
energy, together with observation of the fluids
obtained from drillings.

Until now, geophysical methods have been con
ducted on an experimental scale in Japan, but
some results have proved useful for the exploration
of geothermal fields. The electric resistivity method
has been applied to explore the distribution of
hydrothermal alternating rock, underground water
and other structures and plays the principal role
among the methods of exploring geothermal fields
in Japan. The seismic method has been applied to

prospect underground structures, notably, !he dis
tribution of the high temperature magmatic mass
in Showa-Shinzan. There were great hopes for
exploring geothermal structures by the seismic
method, but now there appear to be some diffic?lties
in the method. So it will be necessary to use SUitable
survey techniques and to make minute observations.

. The gravity method is apt to be affected by topo
graphic irregularities, so the applications of the
gravity method to geothermal fields have been
restricted.

But in the case of active volcanoes, the gravity
method was applied to obtain data concerning. the
volcanic structures and effective results were obtamed
after overcoming some difficulties. The magnetic
method is restricted by the surface irregularities of
volcanic rocks in the geothermal fields, but these
handicaps may be overcome by an airborne survey.
The magnetic method has been used to explore
underground structures, particularly in the case of
underground high temperature masses and hydro
thermal alteration of rocks. I have indicated some
of the possibilities in prospecting geothermal fields,
although there may be some difficulties. If we
could develop our knowledge of geothermal struc
tures, research into thermal conditions and tec~
niques of exploration, it would be possible to obtam
more information and thus develop the valuable
geothermal energy in Japan.

ROLE DES ME THODES DE PROSPECTION, PARTICULIEREMENT D'ORDRE GEOPHY·
SIQUE, ET RESULTATS OBTENUS DANS LES CHAMPS GEOTHERMIQUES JAPONAIS

Resume

On trouve, au japon,' beaucoup de volcans, de
fumerolles et de sources chaudes. On a procede a.
quelques explorations dans les champs geothermiques
mais on n'a pas reussi, jusqu'a present, a. mettre
en ceuvre I' energie geothermique si precieuse pour
la production de force motrice. C'est-a-dire que les
recherches vis ant a. trouver les formations geother
miques souterraines representent l'un des problemes
les plus importants qui se posent au Japon. Ce
probleme ne peut etreresclu que par l'etude complexe

~es ~ivers elements qui interviennent dans. le:
situations ou se manifeste une activite geother~l1que

Pour rendre plus clairs ces elements, on doit pro
cede~ a.. de~ prospections systematiques conf~rm~s
aux indications fourmes par des enquetes sur I actl
vite geothermique superficielle les cartes geolo
giques, les techniques geophysiq~es, les sondages et
les carottages.
~ans ce cadre, <:e sont les methodes geophysiqueS

qUI semblent devoir jouer le role principal, avec les



Exploration methods used in Japan G/23 Sato 379

carottages geophysiques, Leg resultats en seront
exploites dans nos etudes en vue d'evaluer I'energie
geothermique en liaison avec les constatations faites
sur les fluides preleves au cours des sondages.

jusqu'a present, les travaux geophysiques ont ete
menes, au Japon, a I'echelle experimentale, mais

. certains de leurs resultats presentent de la valeur
pour la prospection des champs geothermiques. La
methode de la resistivite electrique a ete appliques
pour etudier la repartition des roches alterees par
l'activite hydrothermique, les eaux souterraines et
autres formations; elle joue le role principal dans
les techniques de prospection utilisees pour les
champs geothermiques du Japon. La methode
seismologique a ete appliquee a l'exploration des
structures souterraines dans un cas special, celui
de la repartition de la masse magmatique a haute
temperature de Showa-Shinzan. On compte beau
coup sur les resultats de ces travaux pour l'etude
des structures gecthermiques, mais on reconnait
maintenant que I'emploi de cette methode se heurte
a quelques difficultes, Il sera done necessaire d'avoir
recours a des methodes de prospection convenables
et de faire des observations tres detaillees. La

determination des variations de la pesanteur est
sensible aux irregularites du relief, si bien que son
application aux champs geothermiques est Iimitee,

On y fait appel toutefois, pour les volcans en
activite, pour se procurer des donnees ayant trait
aux structures volcaniques et on a pu obtenir des
resultats satisfaisants apres avoir surrnonte certaines
difficultes, La methode magnetique est limitee par
les irregularites superficielles de roches volcaniques
dans les champs geothermiques, mais ces inconve
nients peuvent etre surmontes a l'aide d'un leve
aerien. La methode magnetique a ete utilisee pour
l'exploration des structures souterraines, dans un
cas special, celui des masses souterraines de roches
ahaute temperature avec alteration hydrothermique.
L'auteur indique certaines des possibilites de pros
pection des champs geothermiques. sans perdre de
vue les difficultes, Si l'on reussit a developper les
connaissances actuelles sur les formations geother
miques, la recherche sur les etats thermiques et la
technique de la prospection, il deviendra possible
de recueillir des renseignements plus complets et
de mettre en ceuvre la precieuse energie geother
mique disponible au J apon.
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is one reason why electrical methods which, h,ave
been used in Iceland and Italy have had limited
value in New Zealand.

It is expected that exploitation may ulti~ately

destroy the shielding to some extent at Wairakei,
and the later state of the field might permit deeper
penetration. This would help in the loca.tion of feed
zones, but by that time these zones ~vI11 probably
have been found by hydrological studies,

Some examples will be given of successful, as well
as unsuccessful, applications in New Zealand. Temper
ature and heat flow surveys are omitted, however.
They are the most frequently used studies, and are
described by Thompson and others.. All ~h.e, work
has been carried out by the Geophysics DlVISlOn of
the New Zealand Department of Scientific and
Industrial Research. Field parties of up to 20 men
have been based on Rotorua, Taupo and Te.Te~o,
At present, a party of 6 is based at Wairakei, with
laboratory, workshop and office facilities on the
project. This party is engaged on heat ~ow,. hydro
logy and related problems. Other investigations are
made by field parties sent out from headquarters
in Wellington.

Structural setting

Gravity and aeromagnetic regional surveys have
contributed to the geological background of the
hydrothermal fields. The basement rocks are dense
but practically non-magnetic, while most of the
overlying volcanic rocks have low density a~d tho~e
that are dense have high magnetic polarisation- T e
two surveys are thus complementary.

Gravity surveys have been made with North
American and Worden gravity meters. ElevatlO,ns
were usually measured by altimeter and anoma~les
computed to the nearest milligal; station spaclll~

was ! to 2 miles. Bouguer anomalies are correet,e
for regional anomaly, in order to remove all varIa
tions of gravity originating below the basement.
The correction is computed from observations made
on basement rocks in the surrounding country. The
initial interpretation is generally made with cl
two-layer model, assuming a dense basement an
light volcanic cover. This is then examined ~o~
consistency with the aero-magnetic map, whic
indicates areas where dense volcanics should be
int:oduced into the cover. Aeromagnetic instr~men
tation has been described by Gerard and Lawne (1),
Total force contour maps were drawn from flights
at 5 000 ft above sea level, 3 000 to 4 000 ft above
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Geophysical prospecting has met with varyill:g
success in New Zealand's hydrothermal fields. This
is to be expected, considering the varied character
of the fields and the wide variety of problems to
which geophysics may be .applied. The fields range
in character from the highly superheated steam
vents of White Island to the slightly superheated
steam vents of Ketetahi and Karapiti, the boiling
water systems of Wairakei and Kawerau, and the
warm waters of Helensville and Awakeri. Prospect
ing may be employed in searching for heat, for
steam and gas, for hot and mineralized water, for
hydrothermal alteration, for magmatic i!1trusions,
for suitable aquifers and structures, or simply for
geological background.

No methods used in this country have yet
discovered useful resources far beyond the limits
of the visibly active hydrothermal fields. The value
of geophysics lies in its contribution to the know
ledge and understanding of the known fields and
its help in formulating drilling and management
policies, but only to a minor extent in ~oc~ting

unseen extensions of the known fields. ThIS IS no
reflection on the ability of the methods to locate
such resources. It is a consequence of permeability
of the host rocks, which permits the hot fluids to
rise along near-vertical paths, so that adequate deep
resources are found beneath the surface exposures.

The great thickness of more or less permeable
rocks through which the hot fluids pass hinders the
effective penetration of geophysical prospecting, for
it enables these fluids to spread out and displace
cold ground water at any slightly impeding layer,
and especially' at the water table. This interposes
a layer of hot water, which in many ~ays acts as
a shield, limiting the power of geophysics to probe
deeper in the search for aquifers or. fee.d zones
carrying high-enthalpy res0':lrces. ThIS IS m?st
obvious in electrical prospecting, where hot saline
water actually does constitute a shield, but it also
affects magnetic prospecting through hydroth~rmal

alteration, gravity prospecting through mineral
deposition, and seismic prospecting .t~rou!?h the
associated high noise level and energy dISSIpatIOn.

In fields where hot water emerges through well
defined passages in massive rocks, or w?ere t.he
fluid is superheated steam, some of these difficulties
would probably not apply, but in New Zealand
such fields are of small economic importance. This
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ground level. A general description of the regional
work and its interpretation in the central part of
the volcanic belt is given in Modriniak and Studt (2).

A few of the hydrothermal fields are obviously
located on important faults, and the geophysical
work suggests that many others are so located.
This is a more fundamental association than the
commonly observed alignment of hot springs and
steaming ground along recent minor fault traces,
and it might be used as a guide if it is ever necessary
to prospect for hot water outside the known fields.
At present this does not appear advisable, because
almost all measurements in holes drilled for various
purposes outside the hydrothermal fields have
shown zero thermal gradient. This implies that
within the structural basins there is widespread
downward percolation of ground water, which
returns to the surface in the hot springs. The regional
gravity survey gives the depth to the basement,
which is probably the depth of such convective
circulation. It is usually so great as to make prospect
ing unattractive at the present stage.

Formation mapping

Anomalies up to. 60 mgal and 1 000 gamma were
encountered in the regional surveys described above,
and these can be usefully mapped without great
precision. Such surveys are not suitable for detailed
interpretation, however, and where detail was
required more precise methods have been employed.

Seismic refraction and reflection profiles with
24-channel equipment were used to map rhyolite
sheets at Wairakei and Kawerau, and ignimbrite
in the Reporoa Valley. Good velocity contrast often
exists between such rocks and the pumice breccia,
but the efficiency of shots fired in the breccia is
not great. It has been found that exceptionally
high noise levels accompany hydrothermal activity.
It is also found that geophones placed in active
areas often fail to record refracted and reflected
seismic waves. This is thought to be due to the
damping or dispersive effect of steam or gas bubbles
at the water table.

Gravity surveys have been made with the same
instruments as the regional survey, but with closely
spaced and accurately leve~led stat~o~s. Such wc:rk
has occasionally shown mmor positive anomalies,
so closely coinciding with the known hot area that
the two are probably genetically related. It is ~ot

at present certain, howeve~, whet.her these anoma~les
are due to buried magmatic bodies, or to the filling
of pore spaces in the rocks by minerals carried in
solution in the hot water.

Hydrothermal alteration

Low magnetic field intensity is usually recorded
in the New Zealand hydrothermal fields, and for
this reason vertical force magnetic balances have
been widely used. These are adjusted to a sensitivity

of about 30 gamma per scale division. Stations are
spaced t to i mile apart, and repeat observations
are made at selected points, in order to adjust for
diurnal variation and drift. The surveys are tied to
absolute magnetic bases, in order that they may be
compared with one another and with aeromagnetic
work. Terrain corrections are only applied if the
rocks exposed at the surface are highly polarised.

Figure 1 shows a magnetic survey of the Tikitere
field, in which hot water rises through pumice
sands overlying vesicular rhyolite with a polarisation
of 2000 X 10-6 cgs units. It will be seen that
practically all the hot springs are confined to a
belt of low magnetic intensity, the anomaly in this
instance being about -200 gamma. The Tikitere
rhyolite is probably not very thick, and much
larger anomalies are recorded in some of the other
fields. It has been established that such anomalies
are due to the conversion of magnetite (Fea0 4) to
pyrite (FeS2) in place in the rocks, due to the concen
tration of H 2S carried in solution in the hot water
(Foster (3), Studt (4)). Since this gas is not found
outside the hydrothermal fields, the magnetic
anomaly may be used to indicate the extent of the
field. It must, of course, be remembered that low
magnetic intensity may be due to absence of magne
tite as well as to its conversion to pyrite, also,
that the pyrite may be a relic of an old hydrothermal
system no longer in operation.

The Wairakei magnetic survey was abnormal
because low intensities were recorded in the western
half of the field but not in the east. It was therefore
predicted that a highly magnetic rock (ignimbrite)
was present in the east, below the hot aquifer.
This in turn implied that the H 2S concentration
and probably also the temperature would be rather
lower in the ignimbrite than in the aquifer above.
Drilling has confirmed this, and it has therefore
been argued that the source of most of the hot
water in the aquifer lies to the west of the present
production area, where the magnetic intensity is
low. According to this theory, the drillholes tap
hot water which percolates eastward through the
aquifer from this western source.

Hydrothermal alteration has, on the othe: h,:n~,
prevented the use of magnetic methods to discrirni
nate between alternative interpretations of small
gravity anomalies in some fields. The replacement
of magnetite frequently approac~e~ 100 per. cen~,

so that andesites discovered by drilling at Wairakei,
Waiotapu and Kawerau have little magnetic polari
sation, and are indistinguishable geophysical1y from
heavily silicified breccias.

Steam

Although little work has been done on highly
superheated steam or gas fumaroles in this country,
there are slightly superheated steam vents and
underground steam zones in some of the explored
fields. Resistivity tests near the Karapiti fumarole
showed that there was water at shallow depth



382 II.A.l Geothermal prospection

despite the superheat in the discharge. Probably all
such steam results from the boiling of hot water
as it encounters progressively lower pressures on
its way toward the surface. There are varying
proportions of steam in the different fields, and that
at Wairakei is gradually increasing as hydrostatic
pressures are reduced by exploitation (5). The
steam travels upwards, and tends to accumulate
beneath relatively impermeable layers, or in pockets
within these. By drilling to tap the formation
immediately beneath such a layer, dry steam or a
high enthalpy steam-water mixture is often obtained.
The geophysical location of such layers may therefore
be valuable.

The presence of an extensive steam reservoir
beneath rhyolite sheets in the southern extension
of the Wairakei field was postulated as a result of
early reflection seismic studies. Interval velocity
profiles, computed from the reflection data, consis-
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tently showed very low velocities at a depth of
about 2 500 ft. The velocities were even smaller
than the lowest values recorded in uncompacted
water-saturated sediments, despite the depth; there
fore it was argued that the rocks were not water
saturated, but contained steam. This type of com
putation is subject to great inaccuracies, but the con
sistency of the results suggested a steam reservoir.
Early drilling gave disappointing results, although
temperatures as high as 244°C were recorded, and
the hydrothermal alteration found in the drill cores
was intense. A more recent hole in this vicinity
has tapped a voluminous flow of dry steam from
an open fracture in the rhyolite.

Hot and mineral water

Of all the conventional geophysical tools, resisti
vity surveying appears the most appropriate for

Figure 1. Tikitere: vertical magnetic intensity



Figure 2. Electrical logs of a Wairakei drillhole

Conclusion

Enough has probably been said to stress the
axiom that no two hydrothermal fields are alike,
and that a geophysical survey which has proved of
value at one may be useless at the next. Each
problem must be considered on its merits and any
survey which promises to contribute to the under
standing of the hydrothermal system should be
used. If these serve only to eliminate a small pro
portion of unproductive drilling, they will have
paid their way.
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paths through the rocks) none has yet been found
which is satisfactory for geothermal work. It is, of
course, possible to make certain measurements
immediately after pumping cold water, while the
hole is still cool. But since many holes return to
200°C and above within an hour or so, the time
available is very limited. At present the best indica
tion of feed zones comes from bathythermograph
data, but the lack of a cable suitable for electric
well logging in hydrothermal fields is un undoubted
handicap.

Geophysical prospecting in New Zealand

Electric well Iogging

Resistivity and natural potential logs were run
in one or two drillholes at Wairakei with experimental
equipment. Comparison of potential logs made with
the hole shut-in and partially discharging showed
important differences at certain horizons, probably
related to the points of entry of water into the hole
(figure 2).

Despite its early promise, this work was later
abandoned because the rubber insulated cables were
unable to withstand the physical and chemical
conditions in the hotter drillholes. The insulation
deteriorated rapidly at high temperature; moreover
gas, absorbed while in the hole, caused whole lengths
of cable to burst on withdrawal. With the exception
of the metal sheathed type of cable (which is useless
for electric logging since it short-circuits the current

hyd~o.thermal work, since formation resistivity is
sensitive to the temperature and salinity of the
interstitial water. Many of New Zealand's hot
wa~ers contain chlorides, but some carry sulphides,
",:hIch also reduce the resistivity, and others carry
bicarbonates, which do not.

.The Wenner system has usually been adopted,
~Ith a commutated DC supply and equally spaced
Iron electrodes driven a few inches into the ground.
Contact. resistance in the pumice soils is frequently
very high, and for electrode separations greater
than 200 or 300 ft, high applied volt ages have been
used, with sheet iron electrodes, wetted down with
salt solution. Such attempts at deep penetration,
however, have yielded little information. The tech
nique has usually been to use expanding spreads
only to indicate the electrode spacing which offers
the greatest contrast in apparent resistivity between
known hot and cold country. The field is then
traversed with this fixed spread. This method
simply maps hot and saline conditions at the water
table. Its only advantage compared with the soil
temperature survey is that of speed in easy terrain;
the interpretation is less straightforward.

The mapping of an extension to the Kawerau
field, which has since been exploited for industrial
purposes, has been described (6). Similar results
have been obtained at Rotorua and Ohaki, but at
Wairakei this method had little success on account
of variations in geology, porosity and salinity, all
of which complicate the interpretation. At Kawerau,
with 100 ft electrode spacing, there was a mean
contrast of 10: 1 in apparent resistivity of hot and
cold country (60 and 600 ohm-metres). The transition
from one to the other was gradual, reflecting the
gradual drop in temperature and salinity on the
margins of the field. For purposes of exploitation,
150 ohm-metres was selected as an arbitrary boun
dary to the field, but in any other field this would
depend on the local salinity and porosity conditions,
as well as temperature.
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Summary

Hydrothermal fields differ so greatly in character
and environment that geophysical methods meet
with varying success in prospecting for steam or
hot water. In some cases there is difficulty in apply
ing geophysical techniques and in others there is
difficulty in interpretation.

Owing to the permeability of the rocks, most
New Zealand fields yield wet steam and little work
has been done on dry steam fields. The permeability
of the rocks also results in usable hot water being
often found by drilling close to the hot springs
or fumaroles, so that much small-scale exploitation
has been possible without the help of prospecting.
Geophysics has been employed in mapping the limits
of such fields, but its main uses have been in the
study of the geological background, or in the attempt
to penetrate beneath the shallow reservoir to locate
deeper aquifers or feed channels.

Gravity surveys are primarily used to' indicate
the basement structure and are not very detailed,
but minor positive anomalies have been found,
coinciding with some fields, which probably indicate
intrusive rocks genetically associated with the hot
water.

The basement rocks are only weakly magnetised,
and magnetic surveys therefore indicate the distri-

bution of magnetic rocks within the. overburden,
Detailed surveys are of value, since hydrothermal
alteration converts the magnetite in the rocks to
pyrite, thus weakening the magnetic field. This has
enabled useful deductions to be made about the
source of the Wairakei hot water.

Resistivity surveys, designed to map the distribu
tion of hot water at the water table, have been
successful in uniform geological conditions, but ~he
interpretation is liable to be complicated by porosity
and salinity variations. Deep penetration is hampered
by the shielding effect of hot water near the surface.

Seismic refraction surveys have located cap rocks
in some fields. Reflection work at Wairakei showed
very low seismic velocities, suggesting steam. in
the rocks in place of water, and dry steam has since
been tapped in this area. Seismic work in hydro
thermal fields is handicapped by very high natural
noise levels and energy dissipation.

Early attempts at well-logging showed promise
of locating producing horizons by comparing natural
potential logs run under standing and flowlllg
conditions. Similar work on deeper and hotter holes
is prevented by the inability of insulated ~a?les
to withstand the physical and chemical condItIOns
in geothermal drillholes.

PROSPECTION G EOPHYSIQUE DANS LES CHAMPS HYDROTHERMIQUES DE LA
NOUVELLE-ZELANDE

Resume

Les champs hydrothermiques presentent de telles
differences de caractere et de milieu que le succes
des methodes geophysiques est assez variable en
ce qui concerne la prospection de champs hydro
thermiques (vapeur ou eau chaude). Dans certains
cas, les techniques geophysiques sont difficiles a
appliquer, dans d'autres, la difficulte reside dans
l'in terpretation.

A cause de la permeabilite des roches, la majorite
des champs de Nouvelle-Zelande donne de la vapeur

humide et il y a eu peu de travail de fait dans ~e:
gites donnant de la vapeur seche. La permeabihte
des roches donne egalement pour resultat que l'eau
chaude utilisable est souvent trouvee en fon<;ant un
puits pres de fumerolles Oll des sources chaudes,
si bien que beaucoup d'exploitations a petite echelle
ont Me possibles sans 1'aide de prospection. On a, eu
recours a la geophysique pour le releve des lim.ltes
de ces champs, mais ses principales applicatIOnS
ont Me l'etude des considerations geologiques de
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base, ou des tentatives vis ant a penetrer plus bas
que le reservoir peu profond, pour trouver des
aquiferes plus profonds ou des canaux d'alimen
tation.

Les etudes sur les variations de la pesanteur sont
utilisees au premier chef pour indiquer la nature
de la structure de base et elles ne sont pas tres detail
lees, mais on a decouvert certaines anomalies posi
tives peu importantes qui coincident avec certains
champs, ce qui probablement indiquerait l'existence
de roches intrusives genetiquement associees avec
l'eau chaude.

Les roches de base ne sont que Iegerement magne
tisees et les recherches d'ordre magnetique indiquent
done la repartition des roches magnetiques a l'inte
rieur de la roche de couverture. Les releves detailles
ont de la valeur, car I'alteration hydrothermique
convertit la magnetite des roches en pyrite, ce qui
affaiblit le champ magnetique. Cela a permis de
realiser des deductions utiles sur la source des eaux
chaudes de Wairakei.

Les programmes d'etude de la resistivite visant
a relever la repartition de l'eau chaude au niveau
de la nappe ont reussi dans des conditions geophy-

siques uniformes, mais l'interpretation en est sujette
a des complications dues a la porosite et aux varia
tions de la salinite, Une penetration profonde est
genee par 1'effet de blindage de l'eau chaude pres de
la surface.

Les etudes de refraction sismique ont determine
la presence de roches de couverture dans certains
champs. Les travaux sur la reflexion a Wairakei
ont indique des vitesses sismiques tres faibles,
suggerant qu'il y avait de la vapeur dans les roches
au lieu et place de 1'eau, et depuis lors, on a reussi
a extraire de la vapeur seche de cette region. Les
travaux sismiques dans les champs geothermiques
sont genes par les bruits naturels tres violents et
la dissipation de l'energie,

Les premieres tentatives en vue d'etablir des
profils de sondage ont permis d'esperer qu'il serait
possible de situer les horizons productifs en compa
rant les profils naturels dans des conditions statiques
d'ecoulement. Les travaux analogues sur des trous
plus profonds et plus chauds ne sont pas possibles
car les cables isoles ne peuvent pas resister aux
conditions physiques et chimiques pre~entes dans
les puits geothermiques.
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PROSPECTING OF HYDROTHERMAL AREAS BY SURFACE THERMAL SURVEYS

G. E. K. Thompson, C. J. Banwell, G. B. Dawson and D. J. Dickinson "

The present paper deals mainly with the methods
of thermal mapping and heat flow measurement that
have been developed in the New Zealand Thermal
Area, and with the results obtained. A discussion
of their interpretation and use for the guidance

* Geophysics Division, Department of Scientific and Industrial
Research, Wairakei, New Zealand.

of drilling programmes will be given by one of the
authors (C. J. Banwell) in another paper in this
series (1).

The general purposes of these surveys are threefold:
1. To provide, rapidly and inexpensively, a map

showing the size and distribution of areas of surface
heat flow associated with the hydrothermal system
under investigation. Maps of this kind have proved
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of value for providing an initial indication of the
effective limits of the system to be explored by
drilling, and ofthe areas to be covered by the more
detailed heat flow surveys. Taken in conjunction
with the results of the heat flow survey, a knowledge
of the area of hot ground also gives a useful prelimi
nary indication ofthe power potential that may be
available.

2. To provide as accurate determinations as
possible of the total natural heat and mass discharge
from the area, if possible before the commencement
of exploitation, and of the variations in these quan
tities during the course of exploitation.

3. To provide a record of variations with time
of surface thermal activity as exploitation for power

production proceeds, by means of surveys repeated
at suitable intervals.

Surface temperature mapping
one-metre probe survey

Temperature observations at shallow depths will
be subject to disturbances which will tend to obscure
the desired pattern, especially near the boundaries
of the hydrothermal system where the temperatures
are little higher than those outside the system.
These disturbances are caused by seasonal and diurnal
climatic variations, rainfall, etc., and they vary
with soil type. Since the amplitude of temperature
disturbances of surface origin diminishes exponen-
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tially with depth, these effects can be reduced to
any desired level by choosing a great enough depth
for the measurements, but with the disadvantage
that the need for deeper holes will reduce the speed
and increase the cost of the survey. In the New
Zealand pumice soils which cover most of the New
Zealand Thermal Area, a depth of one metre for the
measurements represents a satisfactory compromise.
The amplitude of diurnal temperature variations
is negligible, while the amplitude of variations with
periods from a week to a month seldom exceeds
O.3°C at any site. The range of seasonal variation
at one metre may reach 9°C at exposed sites. It is
discussed below.

PLANNING AND CONDUCT OF ONE-METRE SURVEY

Experience from extensive surveys in the Wairakei
and Waiotapu thermal areas shows that the scatter

in temperatures recorded at one metre depth is such
that 1°C above normal is the smallest rise that can
be regarded as significant, and this has been chosen
as defining the area to be mapped. Within this
boundary there may be fumaroles and steaming
ground and there is little advantage in carrying
the one metre survey into the vicinity of these,
where temperatures at one metre are generally close
to the boiling point. Such areas are in any case more
readily mapped in the course of the heat flow survey
to be dealt with below. A convenient common boun
dary for these two surveys is marked by a temperature
of 50°C at one metre, so that the one metre survey
is only required to examine the areas where the
temperature lies between an upper limit of 50°C
and a lower limit of 1°C above ambient. The upper
limit has not been referred to ambient temperature
because it is found that seasonal variations of tern-
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Fi~ure 6. Venturi meter calibration

0720mm Hq. Steam air mixtures.
blcm dio collector. 'b35 dio throat.

have been reached, and there install fixed thermo
couple stations at one metre depth, which are read
at regular intervals throughout the survey and used
to provide any corrections required.

Figure 1 is an example of the detail obtained,
and shows the temperatures existing at Wairakei
in 1958, while figure 2 is the result of a repeat survey
in the same area in 1960 after a period of high
draw-off by drillholes.
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Experience in the larger New Zealand areas
shows that a density of approximately 50 stations/kms
will provide sufficient coverage to allow satisfactory
maps to be drawn, while not involving too much
work. At Wairakei, the total area to be investigated
is about 23 km", and this has been covered with
slightly more than 1000 stations at an average
spacing along survey lines of 60 m. This is only
about 40 per cent of the spacing for a uniform grid
coverage with this number of stations, but it is
found more economical to space stations more
closely along fewer lines. Loss of detail in the maps
is usually not serious, and special traverses are readily
run where they prove to be necessary. For the most
part, the stations have been located along existing
roads and fence-lines, thus avoiding many access
difficulties, line cutting and surveying.

STATION DENSITIES

perature are negligibly small at one metre in the
hotter areas.

SURVEY EQUIPMENT AND PROCEDURE

The measuring probe is a single copper-constantan
thermocouple mounted in a brass tip at the end
of a length of 1.5 cm dia. wooden dowelling. It is
inserted into a hole punched one metre into the
ground by a 1.6 cm dia. pointed rod of high tensile
steel. A hand-operated weight moving between two
collars on the upper part of the rod supplies the motive
power for both the insertion and extraction of the
tool. The reference junction of the thermocouple
is kept in melting ice contained in a vacuum flask,
and after a period of stabilizing which varies from
one to four minutes according to the ground tempera
ture at each location, the thermo-emf is measured
with the aid of a portable potentiometer. Of the
equipment required, only the portable potentiometer
involves any substantial cost; the price of the type
of instrument used is approximately £100.

A field party of three is required. While one m~m

ber is taking the measurement at the first station,
the probe already installed at the second station
is stabilizing, and the remaining two m~mbers.are
locating and installing a probe at the thud statIOn.
Where access is not difficult, a daily average of
forty to fifty stations at 60 metre spacing can be
maintained without difficulty. The latest complete
survey of the Wairakei area was completed in
twenty-eight working days.

The potentiometer readings for each station .are
converted to C" and corrected for seasonal change
if necessary to some selected epoch (e.g., the middle
of the survey period). Isothermal contours are then
drawn at the outer boundary (l°C above local am
bient), and at 20°C and 50°C. To define local ambient
temperature it is desirable to carry a few of the
earlier traverses in different parts of the area far
enough out to ensure that normal temperatures
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Heat and mass flow surveys

The surface heat discharge from a thermal area
may take one or more of the following forms:

1. Conductive flow due to an abnormally high
temperature gradient in the surface layers and not
accompanied by any important convective flows
of water vapour.. Heat flow ranges from less than
1 to about 20 gm cal/m'' sec.

2. Combined conductive and convective flow.
Ranges from 4 to 200 gm cal/m'' sec. In the upper
part of the range, convective flow predominates,
and .there is an appreciable discharge of water
vapour.

3. Convective flow. Ranges from 200 to 2 000 gm
caljm2 sec; the conductive contribution is only
a few per cent of the total. There is an important
discharge of water vapour and towards the top of
the range these areas are characterised by visible
steam, especially at times of high atmospheric
humidity. The greatest flow comes from bare and
thermally altered ground, small fumaroles, and
occasional mud pots.

4. Larger fumaroles with throat diameters ranging
from 15 cm up to a metre or so, often discharging
slightly superheated steam.· Range from about 106

up to 2 X 107 gm cal/cm" sec depending mainly
on steam velocity.

5. Steam discharge from hot pools and mud pots.
Rates range from about 103 to 1.5 X 104 gm caljcm''

sec for still water up to an estimated 1.5 X 106 gJ?
cal/rn'' sec for violently boiling pools. Pools of this
type generally have little or no overflow and the
mass discharge is in the form of water vapour.
They are usually perched and acid and are not
classified as true hot springs.

6. Steam and water discharge from hot springs
and geysers. These features may also be quiescent
or in states of active or intermittent ebullition.
They have a considerable discharge of clear, ne~r

neutral or slightly acid water which may depOSIt
sinter. The water appears to come direct from the
main hydrothermal system, as its mineral conte~t
is very simi.lar to that tapped by bores. In cert~n

areas, the discharge of hot water represents a major
contribution to the total mass flow. Heat floWS
due to evaporation will be of the same order as for 5.

DIRECT MEASUREMENT METHODS

The object of these is to measure the absolute
value of each form of heat and mass flow within the
limits set by instrumental and other factors. Si~ce
the methods are, in general, fairly slow and req?1Te
relatively complex equipment and skilled operatlOn,
the,Y ar~ to be regarded primarily as a means tor
calibrating the quicker indirect methods by which
it becomes possible to sample large areas.

Direct measurement methods used are as followS:
1. Conductive heat flow is measured at a number

of sites by means of a Lee's disc inserted into the
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soil on the end of a wooden probe (figure 3). By
measuring thermal gradient as well as heat flow,
the thermal conductivity of the soil can be calcu
lated, and average values determined for different
parts of the area. Conductivities range from 0.0005
to 0.0025 cgs units as the moisture content rises
to saturation. The average conductivity values,
together with the one-metre probe data, enable
the total conductive heat flow to be computed.

2. In areas of mixed flow, the total heat calori
meter (figure 4) described by Benseman (2) is used.
This instrument operates satisfactorily over a range
of heat flows from 10 to 500 gm caljm2 sec.

3. Flows in the range above 500 gm caljm2 sec
are measured with the collector and venturi arrange
ment shown in figure 5. The main features of the
instrument are a 61 cm diameter collecting funnel
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which discharges through a venturi flowmeter with
a mouth diameter of 2.54 cm and a throat diameter
of 0.635 cm. The collector and venturi meter are
constructed of cast epoxy resin reinforced with fibre
glass. All other parts except the copper tube connec
tions are machined from hard polymerised resin
rod reinforced with asbestos. With the dimensions
given, measurements are possible down to flows
as low as 200 gm caljm2 sec, giving a useful overlap
with the total heat calorimeter. Provided care is
taken with the measurements, agreement between
the two instruments is good. The upper limit to
the range of this model (about 2000 gm cal/m" sec)
is readily increased by increasing the venturi throat
area or reducing the collector diameter. However,
at these higher intensities, the flow is beginning
to take the form of fumaroles of such size that they
are more readily measured individually. Calibration
curves giving the heat flow as a function of venturi
inlet temperature and pressure differential appear
in figure 6. For measuring the lower pressure dif
ferentials it has been found convenient to use an
inclined water manometer.

4. For fumaroles with diameters of 15 cm upwards,
the pitot-static assembly and thermocouple shown
in figure 7 are used to measure the steam velocity
and temperature. Calibration curves are given in
figure 8. The larger fumaroles are measured by
traversing the whole jet area, and heat flow contour
diagrams are then prepared from which the total
heat flow is calculated. Figures 9 and 10 show the
traversing arrangements and an example of a contour
diagram.

5. Evaporative heat loss from quiet hot pools
is determined from the water temperature and pool
area by reference to the graph given in figure 11.
Steam discharge from actively boiling pools is more
difficult to determine, but work by Robson and
Willmore (3) in West Indian soufrieres shows that
the heat discharge from a strongly boiling pool may
be more than ten times the quiet discharge. Meas
urements made at Wairakei with a collecting funnel
and pitot assembly over a small pool with perhaps
15 cm height of fountaining showed a heat discharge
of twice that of the quiet pool.

6. Apart from the heat discharge included under
5 above, the heat output carried by the water from
flowing hot pools can be determined by measuring
the hot water discharge by any of the conventional
methods: V-notch, flumes, floats, etc. At Wairakei,
heat and water discharges in the main streams
flowing .through the area have been measured
regularly by Ministry of Works, and reference should
be made to papers submitted in section II.A.2 for
an account of methods and results.

100 200 400 bOO 1000 2000 3000
Output 9m cal/cm2sec relctive to 15° C.

Figure 8. FUlnarole pitot probe calibration

HEAT AND MASS FLOW SURVEYS.
FIELD METHODS AND PROCEDURE

f The methods of field observations that have been
developed from the direct measurements described
above all aim at maximum simplicity of equipment
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Pigure 10. Survey of a typical fumarole

and speed of operation. Since they involve, in steam
ing ground areas, the measurement of quantities
(e.g., depth and temperature) which can be related
only empirically to heat and mass flow, it must be
recognised that the calibration graphs below refer
to a particular soil type and set of surface conditions.
In new areas it will be advisable to check them
against the absolute methods if these factors appear
likely to be different and, if necessary, compute
new graphs.

EQUIPMENT

Equipment for the field surveys consists of a
dial thermometer or other temperature probe capable
of being inserted into the soil to a depth of 15 cm,
a graduated ruler and a 25-metre measuring tape.
For hot stream and pool discharges a stopwatch,
supply of floats, (e.g., corks), suitably sized metal
~-notch weirs, digging. tools, etc., according to
CIrcumstances, are required, A set of recent aerial
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photographs will also be found of great value for
most surveys. By their use, the size and location
of hot areas to be investigated can be determined,
the areas of larger hot pools and lakes measured,
and information obtained about features where
access is difficult or dangerous. In open country,
the photographs can be used for direct mapping
of traverse lines.

CONDUCTIVE AND FUMAROLE FLOWS

The determination of conductive heat output by
use of the one-metre probe results and measurement
of the larger fumaroles have already been discussed
above. Where fumarole vents are too inaccessible
or too numerous to make direct measurement
practicable, an approximate comparison with meas
ured vents can often be made by measuring the
relative diameters and rates of rise of the steam
columns under similar weather conditions, using

a simple transparent grid which can be held at a
fixed distance from the eye, or by photography.

STEAMING GROUND

In the more active thermal areas of the Wairakei
type, a large fraction of the total heat discharge
is accounted for by steaming ground, which covers
very extensive areas, and which has proved the
most difficult to measure with precision. The field
methods illustrated in the graphs of figures 12, 13
and 14, which relate temperatures in the top 15 cm
of the soil to heat flow, are based on large numbers
of observations of temperature distribution andheat
flow. From these observations, the family of curves
of figure 12 has been. prepared, showing the form
of typical temperature-depth curves at different
heat flow rates. Figure 13 covers the range of heat
flows from 1 to 100 gm calJm2 sec. For measurements
in this range, it is necessary merely to observe
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Figure 11. Heat lost as evaporation from quiet water surfaces
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the soil temperature at a fixed depth of 15 cm by
means of a suitable probe or thermometer. At
higher heat flows, the soil temperature at 15 cm
approaches boiling point and increases only slowly
with increasing heat flow, so the method becomes
too insensitive, and is used instead.

To make measurements in this range (100 to
2000 gm cal/rn'' sec) the thermometer or probe
is pushed gradually into the soil until a temperature
of 97°C is read, when the depth of insertion (D) is
measured. The results of direct heat flow measure
ments by various methods have been plotted on

figures 13 and 14 to show the errors to be expected
from the indirect measurements. It will be seen
that most of the points fall within the ±40 per cent
lines, so that this is about the precision to be expecte~
from single measurements. The errors in tota
heat flows based on a large number of measurements
can be expected to be somewhat smaller than this, pro
vided soil types and conditions are constant oyer
the areas covered. For these surveys, a station spaclllg
along traverse lines of five to ten metres, depend
ing on the type of ground traversed, has been found
suitable. Line spacing may be several times greater.
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VEGETATION ON HOT GROUND

In the New Zealand thermal areas, growth and
type of vegetation are characteristically modified
on ground at different temperatures, and this has
prove.d to be of value for rapid preliminary surveys,
especially since it is possible, with practice, to

Temperature at 15 cm
(degrees C)

Up to 30

30 to 45
45 to 60

60 to 85
85 to 92
Above 92.

Table 1

Type of growth

Pines and large manuka scrub, nearly
normal.

Thin tall growing manuka scrub.
Large bushy manuka shrubs with

trailing and hanging branches.
Stunted, low-lying manuka shrubs.
Low-lying mosses.
Mostly bare, visibly steaming ground,

thermally altered and coloured red
or white.

recognise and classify these modifications from
aerial photographs. Table 1 relates to the Wairakei
area; it may, mutatis mutandis, be of value
elsewhere.

MEASUREMENT OF HOT WATER DISCHARGE
BY CHEMICAL MEANS

The water from hot springs often has a high
mineral content which is characteristic for a given
area and, under favourable circumstances, use may
be made of this for estimating the total water dis
charge from the system by measuring the increase
in mineral content of streams or rivers draining
or passing through the area. This has been done
for Wairakei by Ellis and Wilson (4) and it is possible
to deduce from their results that the total discharge
of chloride water from pools, springs, etc. (but
excluding bores) in the Wairakei system in 1954
was close to 200 kg/sec. This method has the great
merit that it will include water from concealed
sources which may be missed in a survey, or which
it may not be possible to measure directly.

RESULTS FOR WAIRAKEI AREA

Table 2

Heat discharge (exclusive of drillholes) relative to 15'C, for 1958-59.

Mass discharge (exclusive of drillholes) total steam and water.

Type of area

Steaming ground . . . . . .
Hot springs and geysers . . .
Evaporation from hot water surfaces
Seepage to Waikato River .
Conduction . . . . . . . .
Total chloride water to river

• Calculated as steam at lOO'C.
** Included in total chloride water to river.

TOTALS

Table 3

Heat
kg caljsec.

91000
17000
43000

3000
9000

163000

Mass
kg/sec.

146*
-**
69*
-**
14*

200

429

Areas of hot ground. Changes between 1958 and 1960

A = area included between outer boundary (1'C above ambient at 1
metre) and 50'C isotherm at 1 metre.

B = area within 50'C isotherm (i.e., steaming ground and fumarole areas).

A.
B.

(A + B)

April 1958 April 1960 Per cent increase

5.128 km2 7.188 km2 40
1.152 km2 1.332 km" 16

6.280 km2 8.520 km" 36
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Summary

Surface surveys of various kinds represent an
important preliminary step in the development of
a thermal area. The present paper deals with the
temperature and heat flow surveys which have been
carried out in the course of the exploration and
development of certain thermal areas in New Zealand,
with special reference to Wairakei. The results
obtained from these surveys have proved to be of
value for the assessment of power potential, for
the planning of an efficient siting programme for
prospecting bores, and for the study and interpreta
tion of the response of the hydrothermal system
to large-scale exploitation.

Mapping of the form and distribution of surface
hot areas by means of a one-metre thermocouple
probe can be carried out rapidly and inexpensively in
the light pumice soil which covers much of the New
Zealand thermal area. These surveys have shown
that measurably hot areas extend well beyond the
directly observable surface activity, and indicate
further regions from some parts of which steam
may be obtainable. Repeat surveys at intervals, as
bore draw-off has increased, have shown appreciable
changes in the size and intensity of the hot areas
at Wairakei, most of the changes being increases.

Surface temperature maps are given showing these
changes, and a further map of underground tempera
tures derived from borehole measurements is pre
sented in a companion paper for comparison.

Methods for measuring the natural heat flow
from hot springs, geysers, steaming ground and
fumaroles have been improved considerably in recent
years, and the latest measurements in the Wairakei
area give considerably higher values for both the
heat flow and enthalpy than the estimates I?ade
in 1950. The new results lead to an appreciably
different and generally more optimistic conception
of the hydrothermal system than would have been
justified by the original observations. There is some
evidence for a moderate increase in the true surface
heat flow (exclusive of bore draw-off) between the
start of exploitation in 1950 and the present stage
of heavy bore draw-off in 1960.

The paper gives details of the methods used in
the foregoing surveys, and includes an account
of the use of a Pitot tube for the measurement of
the steam output of fumaroles, which now represents
a significant contribution to the total heat flow at
Wairakei.

PROSPECTION DES CHAMPS HYDROTHERMIQUES PAR ETUDE DE L'ACTIVITE
THERMALE EN SURFACE

Resume

Les releves de divers types faits en surface repre
sentent un preliminaire important dans la mise en
ceuvre d'une region geothermique. Dans le present
memoire, on s'interesse a la question des observations
ayant trait a la temperature et au debit de chaleur
executees au cours de l'exploration et de la mise
en ceuvre de certaines regions geothermiques de la
Nouvelle-Zelande, plus particulierement de celle
de Wairakei. Les resultats de ces travaux ont de
montre leur valeur pour l' evaluation des reserves
de force motrice, le planning d'un programme
bien compris de choix des emplacements pour les
puits de prospection et l'etude et l'interpretation
de la maniere dont un gite hydrothermique reagit
a son exploitation sur une grande echelle.

Les traces indiquant la forme et la repartition
des regions chaudes de la surface, au moyen d'u~e
sonde a thermocouple d'un metre, peuvent etre f.alt:
rapidement et a bon marche dans le terrain constltue
par une pierre ponce fine qui couvre une grande
partie de la region thermique de la Nouvelle-Ulande.
Ces travaux ont dernontre que des aires dont la
temperature peut etre mesuree s'etendent bien au
d~la de la zo~e dactivite superficielle observ~ble
directement et irrdiquent l'existence d'autres regI0ps
de certaines parties desquelles on peut extral:e
de la vapeur. Des revisions periodiques de ces trac~s,
au fur et a mesure de la consommation des prodults
des puits~ revelent des changements appreciables
dans les dirnensionj, et I'intensite des regions chaudes
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a Wairakei, la plupart des changements se faisant
dans le sens de l'augmentation. On donne des cartes
indiquant la temperature de la surface. Elles montrent
ces modifications, et on presente une autre carte
des temperatures souterraines prises a l'occasion
des mesures faites dans les puits dans un autre
memoire, aux fins de comparaison.

Les methodes servant a la mesure du debit de
la chaleur naturelle des sources chaudes, des geysers,
des vapeurs sortant des events et des fumerolles,
ont recu des ameliorations considerables au cours
de ces recentes annees et les dernieres mesures faites
dans la region de Wairakei donnent des chiffres
beaucoup plus eleves pour ·le regime d'ecoulement
de la chaleur et l'enthalpie que les evaluations faites
en 1950. Ces nouveaux resultats menent a des points

de vues notablement differents et generalement
plus optimistes quant au systeme hydrothermique
en cause que ne l'auraient justifie les observations
originales. Selon toutes indications, il semble y avoir
eu une augmentation moderee de l'ecoulement reel
de chaleur en surface (exclusion faite de celle des
puits), entre le debut de l'exploitation, en 1950,
et I'etat actuel en 1960, caracterise par les gras
prelevements des puits.

On donne, dans le memoire, les details des me
thodes utilisees pour les recherches mentionnees
ci-dessus, notamment· une description de l'emploi
d'un tube de Pitot pour la mesure du debit de la
vapeur des fumerolles, qui representent maintenant
une fraction importante du regime total d'ecoulement
de la chaleur a Wairakei.
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of about 120 times the normal rate for an area of
5 sq km (White, 1957,. p. 1639, 1642). The yearly
requirement of magma or its heat equivalent to
supply this heat flow is 1/2000 of a cubic kilometre
per year. This quantity may seem small until one
realizes that the system has been active on the order
of 100000 years, requiring a minimum of about
50 cubic kilometres of magma. The same rate of heat
flow from uranium would require 300 million tons
of metal. Many high-intensity areas are not known
to have a geologic history as long as that of Steam
boat's, but the yearly requirement of heat may be
much higher.

In some areas that produce dry steam from heat
reservoirs at depth, insulated by thick impermeable
rocks, the flow of heat at the surface in springs
and fumaroles may be relatively unimpressive, but
the total amount of heat lost in steam conducted
through rocks with abnormally high gradients is
probably at least 50 times that of a normal area.

SOURCES OF WATER

If all of the required heat of a high-intensity area
is supplied by steam from a magmatic source and
none by rock conduction, more than 20 per centoft~e
tota~ water or steam of the system must be magma~lc
(WhIte, 1957, p. 1643). Isotope studies (Cralg,
Boato, and White, 1956), however, have shown
that the quantity of magmatic steam in all therm~l
areas studied to date, including Larderello, Wairakel,
"The Geysers" in California, Yellowstone Park. and
Icelandic thermal areas, is not large enough t.o be
clearly recognizable by isotopes and is unhkely
to exceed more than 5 to 10 per cent of total water
The greatly dominant component is water of meteorJc
origin. Most of the heat at depth must therefore
flow f~om magma by rock conduction, with o~ly
a relatively small proportion of the total heat bemg
transferred in magmatic steam.

IMPORTANCE OF HEAT SUPPLY

RELATIVE TO WATER SUPPLY

The fundamental difference between those few
areas yielding dry steam at depth and the more
numerous areas of hot water that yield some st.e~rn

from water upon release of pressure is the prevaJimg
balance deep in the system between heat supply
~n~ water supply. Isotopic evidence, as mention~d,
indicates that most of the water in all the studIed
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SOURCES OF HEAT

General principles

Localized heat anomalies of low intensity are
produced in many ways, including exothermic
chemical reactions, radioactivity, friction of fault
movement, and migration of waters of different
origin in areas of nearly normal geothermal gradient
in over-all aspect. Heat flows caused by such pheno
mena may be much above normal in restricted areas
or for short periods of time. The high-intensity
areas, however, demand transfer of heat on such
a scale that magmatic temperatures and magma
reservoirs must be present nearby. For example,
Steamboat Springs, Nevada, is a relatively small
area that qualifies as high-intensity, with a heat flow

Much information on the heat potential of a geo
thermal area can be obtained at relatively low cost
by well-planned exploratory surveys. Deep drilling
of large diameter holes for combined exploration
and production purposes in a little-known area
is very expensive. The high overhead costs discour
age the gaining of critical information on distribution
of temperatures and structural control of migrating
fluids.

Thermal areas may be classified by the magnitude
. of their thermal anomalies, or deviations from
the normal. Important aspects are: (1) size of the
thermal area; (2) natural heat flow; and (3) excess
heat above normal that is stored within given depths
of the thermal area. Natural heat flow as used here
after is the quantity of heat flowing from a thermal
area in water and steam and by rock conduction
prior to appreciable disturbance by exploration.
The heat flow from' an area of normal geothermal
gradient and thermal conductivity is about 12 000 cal
per sec per sq km (Birch, 1954, p. 646). This figure
is a useful yardstick for gauging the abnormality
of heat flows of thermal areas.

Most thermal areas are classed as low-temperature
or low-intensity, and relatively few are classed as
high-temperature or high-intensity, with heat flows
at least fifty times greater than normal. The latter
group is naturally of greater interest in the early
development of geothermal resources of a country.
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Figure 1. Data from GS-5 diamond drill hole, 150 feet east
of crest of the Main Terrace, Steamboat Springs, Nevada

boiling can begin. This depth is about 300 ft. at
Steamboat Springs and 1500 ft. at Wairakei.

Other hot water areas may show step-like increases
in temperature with depth, as a result of different
depths of penetration of meteoric water.

Springs of the hot water areas characteristically
contain higher concentrations of chloride than do
surrounding waters. The evidence suggests that
sodium chloride and other alkali chlorides are trans-

. parted continuously from the magma, first in solution
in high-density steam and then in water that has
circulated deeply and condensed the volcanic steam
at high pressure. This theory was supported by
White (1957, p. 1646) and has recently been strength
ened greatly by new evidence from Ellis and Wilson
(1960, p. 611-614). Steam under high pressure is
so dense that it has the solvent properties of water
rather than of low pressure steam (see review by
Morey, 1957, especially pages 233-237).

The practical consequence of this theory, if
correct, is that dry steam cannot be expected
normally in hot water areas at depths of less than
about 10000 ft. Meteoric water must circulate
to such depths in order to maintain a pressure
near or above the critical pressure of pure .water
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systems is m~teoric. Mass rock permeability seems
to be more Important than climate as a factor
in limiting the quantity of water that can migrate
to great depth. In a dry steam area mass permeability
of the rocks is so low, and upward flow of heat
by rock conduction and in magmatic steam is so
high, that a.ll meteoric water penetrating deep into
~he system IS vapourized. Where rock permeability
IS grea~er or total heat flow is correspondingly lower,
meteoric water penetrating the system condenses
the volcanic steam, thereby creating a hot water area.

CHARACTERISTICS OF HOT WATER AREAS

Hot water areas are usually found in permeable
sedimentary or volcanic rocks, or in competent rocks
such as granite that can maintain open channels
along faults or fractures. The hot springs of such
an area are typically slightly acid to alkaline at the
surface and characteristically contain .chlorides, sul
fates, and some bicarbonates. Total discharge from
springs of a typical system is commonly in the order
of hundreds of gallons per minute. However, where
near-surface rocks are permeable and the surrounding
water table is relatively low, much or all of the
circulating hot water escapes from the system below
the surface, and little or none is discharged from
local surface springs. About 90 per cent of the water
at Steamboat Springs escapes in this way. The pro
portion is probably about the same at Bradys
Hot Springs and Beowawe Geysers in Nevada, and is
nearly 100 per cent at Casa . Diablo Hot Springs
in California. Where spring outlets are at or near
the level of surrounding ground and surface waters,
probably most of all hot water of a system is dis
charged from the local springs.

The temperatures of many near-boiling spring
systems increase with depth to a "levelling-off"
temperature that differs for each system, with little
additional increase in temperature above the normal
geothermal increment at greater explored depths.
At Steamboat Springs, Nevada, for example, the
temperatures in six drill holes were near 170°C at
depths of 300 to 350 feet, but deeper drilling found
no higher temperatures even though major channels
were intersected at depths of more than 500 feet.
GS-5 drill hole at Steamboat is an example (figure 1).
Temperatures at Wairakei, New Zealand, rise to
about 250°C near 1500 ft of depth but increase
little if any more at further explored depths (Banwell
et al., 1957, pp. 52-56). In such areas, meteoric water
probably penetrates to considerable. depths along
available permeable channels, and IS he,:ted first
by rock conduction and then by volcanic steam,
attaining a temperature that is hereafter called the
mixing temperature. The water, commonly abov:e
100°C but far below its boiling temperature at this
depth and high pressure, r~ses in the core of ~he
spring system, losing only a little heat by:c~mduct~on
because of its high rate of flow and the insulating
effects of rock walls with low thermal conductivities.
As the hot water rises the hydrostatic pressure
decreases, and eventually a level is attained where
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through the zone of condensation and mixin~.

If pressure is not maintained and. the stea~ IS

permitted to expand before condensatI?n, the ?o~IUm

chloride in solution in the steam WIll precipitate.
The critical pressure of a column of p~re water every
where just at its boiling point is attained at a depth
of about 11 700 feet. Conceivably, volcanic steam
could be contained under high pressure in tight
conduits up to somewhat shallower depths, "jetting"
the steam with its dissolved sodium chloride up
into meteoric water. It is unlikely that uncondensed
vapour at a pressure of more than 200 atmospheres
can occur above 5000 feet of depth where the litho
static pressure may be exceeded.

CHARACTERISTICS OF DRY STEAM AREAS

. Larderello, Italy, and "The Geysers", California,
are the outstanding dry steam areas described in.t~e
literature. The rocks of both areas are characteristi
cally tight and incompetent, and p:e~umablydo n<;>t
permit penetration of large quantities of meteonc
water deep into their systems. Even in these areas,
isotopic compositions of the waters indicate that
most of the water must be meteoric. The total heat
supply is so large in relation to the total water supply
that the meteoric water is vaporized and volcanic
steam is not condensed. Extensive flow of heat
by rock conduction is therefore required.

Surface springs at "The Geysers" are typically
very low in discharge, totalling only a few gallons
per minute. Most of these waters are strongly acid,
with pHs in the order of 2 or 3. Their chloride
contents are very low, similar to that of local rain
water, and none of the chloride is of volcanic origin.
A careful search of Big Sulphur Creek, which flows
through "The Geysers" area, was made on the chance
that volcanic chloride might be escaping somewhere
from nearby springs. However, throughout an area
of at least 30 sq miles surrounding the springs,
chloride content is no higher than that of normal
streams. I have not found chloride contents men
tioned in studies of natural springs of Larderello,
but available physical descriptions of spring activity,
dominated by mud pots and fumaroles, suggest acid
sulfate waters low in cloride (White, 1957, p. 1651
1952).

The apparent absence of chloride waters in the
areas of superheated steam suggests th~t meteoric
water does not penetrate as deeply or m as great
a quantity as in the hot water areas. In the areas
of superheated steam, chloride is presumably retained
in the magma or is precipitated at depth upon
sufficient expansion of the steam.

Methods available for preliminary evaluation
of an area

GEOCHEMICAL SURVEYS

A rapid geochemical survey can tell much at low
cost about the potential 9£ a ~eothermal area.

1. Possibilities for dry steam vs. hot water and
wet steam: Dry steam is unlikely in an area where
springs contain appreciable chloride (over 20 ppm).
An abundance of acid sulfate springs near boiling
in temperature but low in discharge favours the P?S
sibility for dry steam at depth. However, chlonde
waters in the surrounding area are an unfavourable
indication because local acid sulfate springs may
also result from boiling of chloride waters at depth
(White, 1957, p. 1652).

An area containing boiling springs with appreciable
sodium chloride and relatively high ratios of KjNa
and Li/Na is likely to have a !10~able temperature
increase with depth at least within a hundred feet
or so of the surface. 'I am not aware of any chemical
indicators for those areas with extremely high
temperature at depth.

2. Significance of dilute spring waters: Dilute
neutral or alkaline spring waters, even if moder~tely

high in temperature at the surface, are not likely
to have notably higher temperatures at depth,
Springs with chemical compositions similar to ordi
nary meteoric water almost certainly do not have
a volcanic component. Temperatures near those of
magma are highly unlikely in the vicinity, and t~er·

mal gradients cannot then be high for long penods
of time adjacent to conduits carrying such waters.

3. Potential problems of deposition and corrosion:
Some thermal waters precipitate large quantities
of CaC03 when discharged naturally at the surface
(see table 1, anal. 5, and AlIen and Day, 1?35,
pp. 375-378). Other thermal waters precipitate httle
or no CaC03 during natural discharge, but when
erupted rapidly from high temperature and pressure,
much CO2 is selectively lost to the vapour, car~onate
equilibria is shifted and the HC03 dissolved III the
water is converted to C03 , which in turn results
in deposition of CaC03 in the wells. These processes
have been discussed briefly by White, Sandberg,
and Brannock (1953, pp. 496-499), and are illustr.ated
by analyses 1 and 2 of table 1. At Steamboat Spnngs,
continuously erupting wells may fill with CaCOs
within 4 days to 4 months or more. The wells are
then shut down and cleaned by drilling out the
deposits.

Thermal areas characterized by natural carbo~ate
deposits are likely to have particularly senous
problems in erupting wells. An occasional shut-~own
for removal of deposit is not necessarily senouS,
but frequent shut-downs with resultant low average
production cannot be tolerated in many ~r.eas.
Carbonate-depositing waters can probably be utlh~ed
by producing the water under pressure and removlllg
the heat by heat exchangers.

A few thermal spring waters are exceptionallY
high in Si02• Eruption with vaporization of so~e
of the water results in an increase in concentratIOn
of Si02 in the remaining water, as indicated by ana
lyses fro~ ~eowawe, Nevada (3 and 4 of table 1).
!he solubility of amorphous silica in spring waters
IS about 350 ppm at lOO°C (White, Brannock, and
Murata, 1956, p. 30) and is probably about 500 ppill
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Table I, Partial cherrrlcal analyses of thermal waters in parts per million, illustrating relation of composition
to chemical problems. Most significant components underlined

Steamboat Springs, Nevada
Geyser well Geyser well

Occurs when water erupted
None?
None?

65
2.4

184
2.4
o

10
12
o
o

471
7

.6

6
Seeping

discharge

None
None·

Strongly acid

60
272

68
129

69
667

o
501
170

4.3
1630

72
6.6

Yellowstone Park, Wyoming
Spring, Acid spring,

main terrace, Norris Basin
mammoth

5
Flowing

Occurs naturally
None
None?

3 4
Flowing Erupting

444 534
<1 .8
<1 .2
241 232

29 30
148 39
161 224

78 90
44 49

2.2 2.4
1 110 1200

96 96+
9.5 9.7

Beowawe Geysers, Nevada
Spring Well

Slight-little available Ca
Possible

None

245
11

1.4
728

66
143
100
128
986

58
2505

95+
8.7

2
Erupting

245
15

1.0
667

63
340

o
122
885

52
2322

92.1
7.4

1
Non-erupting

Locality ..
Description

Analysis No. . . . . . .
Condition when sampled

5i02 •

Ca
Mg .
Na .
K..
HC03 •

C03

S04' .
Cl .
B .
Evaporated solids, 180°C
Temperature, °C . . .
pH .
Chemical problems:

Carbonate deposition
Silica deposition .
Chemical corrosion .

at 150°C. Waters that are very high in silica when
erupted may precipitate silica in pipes. Such a deposit
would be considerably more difficult to remove by
drilling than is carbonate.

Some thermal spring areas are strongly acid near
the surface (see anal. 6, table 1) and condensates
of gases that are high in free CO2 and H 2S are corro
sive. Problems of external and internal corrosion
of pipes have already been encountered in explored
thermal regions of Italy, New Zealand, and elsewhere,
and apparently have been solved without. great
difficulty.

GEOLOGIC MAPPING

Geologic mapping of rocks exposed at the surface
provides three types of information of practical use
in exploring a thermal area:

1. .The kinds and physical properties of rocks
that may be encountered at depth.

2. The recognition of the st!uctural control of
migrating thermal fluids. In tight rocks such as
granite, impure sandstone and shale, the channels
of migration of thermal water are faults, fractures,
or any relatively more permeable strata.

3. Geologic mapping unravels the history .of an
area and gives some key to the lengt~ of hm~ a
system has been active, as well as some information
on the probable magnitude of the heat source.

GEOPHYSICAL SURVEYS

The first reconnaissance of a thermal area is
commonly a type of geophysical survey, t~e meas
urement of surface temperatures of sprmgs and

fumaroles, and the estimation or measurement of
discharge from hot springs.

More elaborate geophysical surveys, such as
measurement of total heat flow at the surface in
fumaroles and springs and by rock conduction,
and magnetometer, gravity, and resistivity surveys,
are appropriate parts of an intensive study of a
promising area (White, Sandberg, and Brannock,
1953, pp. 495-496). These surveys are best made
after geologic mapping and prior to exploratory
drilling.

EXPLORATORY DRILLING

A common approach to development of a thermal
area is to drill large-diameter holes to considerable
depths without prior exploration, in the immediate
hope of obtaining impressive erupting wells capable
of high rates of production of steam or hot water.
A thermal area can be evaluated at lower cost if
first priority is given to obtaining useful information
with attention focused on temperature distribution.
Holes drilled by large rotary equipment progress
so rapidly, especially if operated twenty-four hours
per day, that the original ground temperatures
are greatly disturbed and little reliable data can be
obtained. Some disturbance of original temperatures
must be expected from any drilling method, but the
best temperature data are obtained from holes
drilled by cable tools in which bottom-hole meas
urements are taken as drilling progresses. In a well
that "makes" its own water, fairly reliable bottom
hole temperatures can be measured at any time,
but the best are obtained after a shut-down of several
hours or more.
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Graphs of data obtained from two wells drilled
by cable tools at Steamboat Springs are shown in
figures 2 and 3. The south Steamboat well was drilled
on the southern extremity of the thermal area,
where all temperatures were considerably below
100°C. Note the close relation between changes
in temperature and structure, with confirming evi
dence from the chloride curve. The low salinity
and low temperature of the bottom water indicate
that this water is entirely meteoric in origin, is
migrating into the spring system, and has already
been considerably heated by rock conduction.

The Rodeo well yielded similarly useful information
in its upper 164 feet drilled by cable tools. The highest

- temperatures and most saline water occurred at
about 145 feet of depth. Flow of cooler, less saline,
water near 160 feet in depth was found in porous
sands lying on the granodiorite bedrock. Deeper
drilling by light rotary equipment also provided
good temperature data in this well because only
a single shift was drilled per day, permitting rather
closely spaced and relatively reliable temperature
measurements.

The GS-5 drill hole (figure 1) and seven other
holes of the same series were drilled by diamond

bits. Core was recovered, and provided very useful
geologic data on rock types and structural control
at depth. Average cost for more than 3000 feet
of hole with average depth of about 400 feet per
hole was a little more than $6 per foot (1950 prices).

Dry steam cannot be expected in a spring system
where temperatures are entirely below the boiling
point curve. Day-to-day plotting of measured tem
peratures relative to the boiling-point curve gives
a continuing evaluation of the possibilities for dry
steam at reasonable depths.

If a characteristic mixing temperature exists in a
spring system, it is probably recognizable from a
few holes drilled primarily to obtain knowledge of
geologic structure and temperature data. If, for exam
ple, several holes show a levelling-off of temperatures,
regardless of the depth of intersection of the principal
structures, a mixing temperature has probably been
defined. Deep drilling of hot water areas probably
will not encounter any major increase in temperature
until the base of circulation of meteoric water is
approached, perhaps at depths as great as 10000feet.
Much costly drilling can then be avoided.

Maximum temperatures obtained in shallowdrilling
can be used to provide a fairly reliable estimate
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of the steady-state flow of heat in a hot water system
prior to its development, if total surface and sub
surface discharges of water can also be determined
directly or by chloride inventory. This method was
first used by Ellis and Wilson (1955, pp. 627-630)
at Wairakei, New Zealand, and was later extended
by White (1957, p. 1642) to some other areas. Steady
state heat flows determined by this method for the.
following spring systems are in millions of calories
per second: Steamboat Springs, 7; Norris Basin,

Yellowstone, 8; Upper Basin, Yellowstone, 90;
Wairakei, New Zealand, 82.

If average temperatures below the surface at
Steamboat Springs are 160°C above normal, the
quantity of excess stored heat in an area of 5 sq km
and 3 km deep is approximately 1.6 X 1018 cal.
This is equivalent to the natural flow of heat at the
present rate for 7000 years. This is a minimum figure
because much excess heat is also stored at greater
depth and below the surface of the surrounding area.
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Surnrnary

High-temperature geothermal areas are caused
by volcanic heat, but chemical and isotopic evidence
indicates that most of the water is meteoric. This
relationship demands extensive transfer of heat by
conduction from magma through rock to deeply
circulating meteoric water.

The prevailing balance of heat supply and water
supply determines whether an area contains dry
steam or hot water and wet steam. Where heat
supply is great but mass rock permeability is low,
dry steam occurs because relatively little meteoric
water penetrates down into the zone of mixing. Such
areas are characterized by fumaroles and acid
sulfate springs, with no significant chloride.

Where permeable channels extend to great depth,
meteoric water migrates in a huge convection system
and is heated, at first by rock conduction and then
by some condensing volcanic steam, resulting in a
hot water system. A mixing temperature characteris
tic for each area may be attained at depth. Little
loss in temperature occurs as the heated water rises,
until pressures decrease sufficiently to permit boiling.
The volcanic hot water-wet steam areas can generally
be recognized at the surface by abundant chlorides.
Evidence suggests that alkali chlorides are transpor
ted continuously from magma. The chlorides were
at first in solution in high-density steam and then
in water that circulated deeply and condensed the
steam at high pressure. The pressure that is neces
sary to provide continuous transport of alkali
chlorides from magma requires a depth on the order
of 10000 feet at the zone of condensing steam.

Exploratory drilling as contrasted to development
drilling should aim for maximum data essential
for evaluation. Results at Steamboat Springs, Nevada,
indicate that cable-tool drilling provides best bottom
hole temperatures, obtained as the hole progresses.
Diamond drilling provides best geologic control,
with satisfactory temperatures. Rotary drilling with
large rigs is so expensive, holes progress so rapidly,
and original .ground temperatures are disturbed
so much that few reliable data can be obtained.

On the other hand where preliminary evaluation
of a thermal area is favourable, deep large-diameter
holes may demand large rotary drills for production
wells.

Important applications of reliable temperature
data during preliminary exploration are:

1. Dry steam cannot be expected wherever bottom
hole temperatures are below the boiling-point curve
for water under hydrostatic pressure; current evalua
tion of outlook is possible.

2. If a characteristic mixing temperature does
exist, it is probably recognizable from a few holes
drilled primarily for geologic structure and good
temperature data. If a tendency for levelling-~ff
in temperature exists at depth, large increases III

temperature probably will not be encountered
until the base of circulation of the meteoric water
is approached, perhaps at depths on the order of
10000 feet; thus much costly drilling can be avoided

3. Total natural heat flow of an area can be esti
mated from the mixing temperature and from
total discharge of saline water, either measured ?r
computed from chloride inventories. Estimates,Ill
106 calJsec are: Steamboat Springs, 7; Norris Basin,
Yellowstone, 8; Upper Basin, Yellowstone, 90,
and Wairakei, New Zealand 82. Stored heat in the
upper 3 km of the Steamboat thermal area is at
least equivalent to present natural heat flow for
7000 years.

Potential chemical problems can be recognized
during reconnaissance studies. In particular, much
is known about deposition of CaC03 , which occurs
most commonly where spring waters range in pH
from 6 to 8 and dissolved calcium exceeds a few
parts per million. Eruption of such water results
in loss of CO2 to the vapour phase; the pH rises,
bicarbonate is converted to carbonate, and CaCOs
is then precipitated. Production of water under
pressu:~ can prevent precipitation of carbonate.
Deposition of silica may be a hazard in waters con
taining more than 350 parts per million of Si02•
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EVALUATION PRELIMINAIRE DES CHAMPS GEOTHERMIQUES PAR LA GEOCHIMIE
ET LA GEOLOGIE, COMPLETEES PAR LE FORAGE DE PUITS PEU PROFONDS

Resume

Les champs geothermiques ou regnent des tempe
ratures elevees doivent leur existence a la chaleur
volcanique, mais les indications chimiques et nu
cleaires (activite de certains isotopes) revelent que
la majeure partie de l'eau en cause est d'origine
atrnospherique. Cette situation impose une trans
mission massive de la chaleur du magma aux roches
avoisinantes par conduction et, de celles-ci, aux eaux
meteoriques qui circulent en profondeur.

Le bilan existant a un moment donne entre la
chaleur et le volume d'eau disponibles determine
si un gite donne recele de la vapeur seche ou encore
de l'eau chaude et de la vapeur humide. La ou les
disponibilites de chaleur sont fortes et la permeabilite
des roches peumarquee, on trouve de la vapeur
seche, parce que la masse d'eau meteorique qui
penetre jusqu'a la zone de melange est relativement
reduite. Ces regions se caracterisent par la presence
de fumerolles et de sources sulfatees acides, tandis
que la teneur des eaux en chlorures y est insignifiante.

En presence de passages permeables s'etendant
jusqu'a une grande profondeur, l'eau meteorique
accede a un gigantesque systeme de convection
et elle est done chauffee, tout d'abord, parla conduc
tion des roches, puis par une partie de la vapeur
volcanique qui se condense, ce qui fait apparaitre
un systeme d'eau chaude. On peut determiner une
temperature de melange caracteristique pour chaque
gite. Les pertes de temperature pendant la montee
de l'eau chaude sont faibles et, une fois que les pres
sions tombent a une valeur suffisamment faible,
l'ebullition devient possible. Les regions ou l'on trouve
de l'eau chaude et de la vapeur humide sont genera
lement identifiables en surface par la presence d'une
abondance de chlorures. Les indications dont on
dispose donnent a penser que des chlorures alcalins
s'echappent constamment du m~gma. Tout ~'~bord
en solution dans une vapeur a forte densite, ces
chlorures passent a l'eau qui a circule a de grandes
profondeurs pour condenser ce.tte vapeur a haute
pression. Celle qui est necessaue ~our assurer un
exode continu des chlorures alcalms du magma
exige une profondeur de l'ordre de 10000 pieds
(3000 m) a la zone de condensation de la vapeur.

Les forages destines aux sondage? e~ aux ~xpe
riences, a l'inverse des puits d'expIOl~atlOn, doivent
viser a l'obtention d'un maximum possible de donnees
aux fins d'evaluation. Les resultats obtenus dans
I'Etat du Nevada a Steamboat Springs, indiquent
que le forage au ~able donne l~s meilleures, lectures
de la temperature en fond de puits au fur et a ?1esure
de son foncage, tandis que le fo~et au dlam.ant
assure le meilleur controle geologlque compahble
avec la recolte de donnees satisfaisantes sur la
temperature. Le forage a ~a perforatrice ,rotative,
avec ses grandes installatlOns, est, SI cou~e~~, le
Ioncage progresse si vite et les temperatures initiales

du sous-sol s'en trouvent tellement modifiees qu'il
est rare de pouvoir s'y remettre pour recueillir des
donnees dignes de foi. La, en revanche, ou I'evaluation
prelirninaire d'un champ geothermique se solde
par des indications favorables, la realisation de puits
profonds et de gros diarnetre peut exiger l'emploi
de forets rotatifs de fort calibre quand on veut passer
a l'exploitation.

Voici d'importantes applications que l'on peut
dormer aux profils de temperature dignes de foi,
tels qu'ils se degagent de l'exploration preliminaire :

1. On ne saurait s'attendre a trouver de la vapeur
seche la ou les temperatures de fond de sondage
sont inferieures a ce qu'indique la courbe des points
d'ebullition pour l' eau soumise a une pression
hydrostatique. On peut toutefois proceder a une
evaluation des perspectives telles qu'elles se presentent
au moment considere.

2. S'il existe une temperature caracteristique de
melange, ce fait sera probablement revere par quelques
puits fores au premier chef dans le but de se renseigner
sur la structure geologique de la region en tause
et de recueillir de bonnes valeurs de la temperature.
Si cette temperature a tendance a se stabiliser a
une profondeur appreciable, elle ne presentera pro
bablement plus d'accroissements marques jusqu'a
ce que la base du systeme de circulation de l'eau
meteorique soit proche, peut-etre a des profondeurs
de l'ordre de 10000 pieds ou 3 000 m, ce qui permet
tra, le cas echeant, d'eviter beaucoup de travaux
de forage dispendieux.

3. Le debit total de chaleur naturelle, dans un
champ donne, peut etre evalue a partir de la tempe
rature de melange et le debit total d'eau salee,
soit mesure directement soit calcule a partir des
reserves de chlorures. Les evaluations, en millions
de calories par seconde, sont les suivantes : Steamboat
Springs, 7; bassin de Norris, Yellowstone, 8; Bassin
superieur, Yellowstone, 90; et Wairakei, Nouvelle
Zelande, 82. Les reserves de chaleur trouvees dans
les 3 km superieurs de la region thermique de Steam
boat sont equivalentes a un minimum de 7 000 annees
de fourniture de chaleur naturelle au debit actuel.

On peut se faire une idee, lors des reconnaissances,
des problernes d'ordre chimique susceptibles de se
presenter. On sait beaucoup, en particulier, sur les
depots de COaCa, tres communs la ou le pH des
eaux de source s'echelonne entre 6 et 8 et ou il Y a
un peu plus de quelques parties de calcium par mil
lion. Les eruptions d'eau de ce genre s'accompagnent
d'une perte de C02 au profit de la phase aqueuse,
le pH monte, le bicarbonate se transforme en car
bonate et le COaCa est precipite. La production
d'eau sous pression peut empecher cette precipitation
du carbonate. Les depots de silice sont un risque
a envisager avec les eaux qui contiennent plus de
350 parties de Si02 par million.
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CHEMICAL PROSPECTING OF HOT SPRING AREAS
FOR UTILIZATION OF GEOTHERMAL STEAM

s. H. Wilson *

2. The methods of sampling gas and steam from
fumaroles differ, depending on whether the gas
content of the steam is high or low. The high content
will be found in volcanic craters where it will be
desirable to sample in order to make comparisons
with hot spring areas. The method used is that de
scribed by Rafter, Wilson, Shilton (la). In hot
spring areas the method used is similar to that illus
trated by a figure given by Wilson (2, p. 30).

For collecting gas from bubbling pools, the method
given by Wilson (3) has been improved in detail,
such as the use of butyl rubber (impervious to
carbon dioxide) for dosing the bottles.

For complete analyses of water samples, four
500 ml bottles should be collected. Two closed with
wide-bore butyl rubber tubing should be used, with
precautions taken against contact with air. One
of these is to be analysed when cool for hydrogen
sulphide, and the other kept for other volatile
constituents. A polythene bottle of filtered water
should be used, and a glass bottle of water acidified
with nitric acid. .

Areas heated by magmatic steam

.1 .. There has been no experience in this country of
drilling for unsaturated steam such as is found at
Larderello, or "The Geysers", California. Such steam
?f deep origin, "plutonic steam", may be steam corn
~ng from a deep magma source. On the other hand,
If the steam is not from juvenile water, it may come
from chloride water at or near the critical tempera
ture, and the occurrence of such steam may be
associated with the high gas content. Steam of high
~as content is found in this country in fumarol~s
m or near volcanic craters, and is mainly magm~t1c
steam. Steam vents are also found in hot spnng
areas, -but in these cases the steam rises from the
hot chloride water below.

2. It. may be of importance to determine wheth~r
st~a!D III a hot spring area can be of magmatic
o~Ig:n. !he gas content of the steam gives the be~t
distinction, The gas content of magmatic steam IS
high,. 2-3 per cent (by volume), whereas steam from
chlonde water is generally of low gas content.
When a small amount of steam separates f:om
water, the gas content of the steam will be hIgh,
whereas if. the amount separating is great, the g~s
content WIll be low. Steam of direct magmatIC
origin will be high and fairly constant in gas content,
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Sampling of hot springs

1. Prior to the drilling at Wairakei from 1950,
there were available some chemical analyses of the
waters and gases of the hot spring activity in the
locality. This activity consisted of the boiling springs
and geysers of clear chloride water at Geyser Valley,
and an area of muddy acid sulphate springs with
one geyser of mixed chloride-sulphate water in
Waiora Valley. Further, there were some fumaroles,
of which the largest was Karapiti Blowhole. For
the locations, reference may be made to figure 5
in the paper by Banwell (1).

2. This earlier chemical work was of little use
in interpreting the results of drilling, as it was not
realised that the hot chloride water of Geyser Valley
was the important type of water, and further, many
constituents later found of importance had not
been determined.

3. The chemical investigation of the discharges
of the drillholes at Wairakei gave a better under
standing of the relation between the water tapped
at the drillholes, and the waters and gases of Geyser
Valley, Waiora, and Karapiti. When it was proposed
in 1956 to drill prospecting holes at Waiotapu,
advice in the drilling programme, from the chemical
aspect, was given on the basis of the knowledge
of Wairakei, and of fairly full analyses from four
springs. Drilling at Waiotapu did not tap the
type of water expected, and has turned up unforeseen
difficulties in comparing the area with Wairakei.

4. Fuller analyses of the waters of all the active
areas of the RotoruajTaupo region are becoming
available, and there is progress to a clearer under
standing of the chemical evidence. In the light of
this work, it is suggested in this paper how chemical
investigation of natural activity could be used to
choose localities for prospecting in other thermal
regions.

* Institute of Nuclear Sciences, Department of Scientific
and Industrial Research, Wellington, New Zealand.

1. Development and improvement of methods
of sampling the outputs of drillholes and natural
hot springs have proceeded together since 1950.
In sampling hot springs, the emphasis should be
on simplicity of the methods, and the robustness
of the apparatus. Fragile glassware must be replaced
as far as possible by the equivalent article in plastic
material.
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but the content in steam from chloride water will
be low and variable. For example, the large Karapiti
Blowhole near Wairakei had a gas content of
0.03 per cent, whereas smaller fumaroles had contents
of 0.2 and 0.4 per cent. Further, the contents of
gases of different solubility will vary according to
the amount of steam lost from chloride water.
This effect has been found at Wairakei in the ratios
CO2/H2S and CO2/NH3 • Gas in steam of magmatic
origin is more likely to be constant in composition.

3. Good flows of hot chloride water coming to
the surface without much dilution lose, with the
steam that comes off, nearly all the gas content
(mainly carbon dioxide and hydrogen sulphide).
Any gas collected is mainly nitrogen. This is probably
from air picked up in solution in the small admixture
of surface water.

Hence, good samples of gas are best obtained
from acid sulphate pools. Ratios of carbon dioxide
to the constituents, H 2S, H 2, CH4 and N 2 can be
determined, but so far have not been useful. Deter
minations of the inert gases, though difficult, could
probably be more useful. The content of carbon
monoxide, in relation to that of hydrogen and carbon
dioxide, should give information as to the temperature
at which these gases are in equilibrium in the under
ground water.

4. Volcanic craters are regarded as undesirable
sites for drilling. In cases where it is no.t pos:,i~le

to distinguish easily areas of ~ecen.t volcamc. activity
from acid hot spring areas, It WIll. be. desirable to
examine the steam for sulphur dIOXIde, and the
waters of acid sulphate springs for their polythionate
content. Otherwise, the analyses of waters of such
springs are useless.

Chloride waters

CONSTITUENT RATIOS

An important discovery at Wairakei was that the
output of the bores comes froII.J- an undergr~~nd
supply of hot chloride water <;>f wI:lch the com.\?oslt1on
is remarkably constant, espeCIally If allowan~e IS made
for small differences in the enthalpy of the dlschar.ges.
In comparing waters from bores and ~ot spn!1gs
with waters from different areas, there IS the. diffi
culty that the former, or shallow bores, are .dl~uted
with varying amounts of surface water. !o eliminate
this effect, it is best to compare .mole ratios, gener~lly
of chloride to anionic constItuents, and sodium
to cationic constituents.

If differences in concentrations of chloride or
sodium are great, it is not to be expe~te~ that t~e
mole ratios will agree well. In orde~ to m.dlca~e th\~,
the author uses what is called the chem!cal index.:
For example, the "chemical index, chlonde to. boric
acid" is a fraction of which the numerator IS t~e
chloride content in moles per mi~lion gra~mes, whl~e
the numerator is the mole ratio, chlonde to ~onc
acid (Cl/B). The fraction expressed as a decimal
is the content of boric acid. In the tables, to aVOId

repetition of figures, both chemical indices and mole
ratios are used. .

COMPARISON OF NATURAL AND DRILLHOLE WATERS

Table 1 presents a comparison of spring and bore
waters at Wairakei. Although the natural waters are
diluted with about 20 per cent of surface water,

.certain of the mole ratios are much the same as
those of the waters of both eastern and western
bores. The ratios which show good agreement are
Cl/B, Cl/F, Cl/As, Cl/Br, Na/Li, Na/Cs.

The ratio Cl/S0 4 is another which in general is
constant but which can be low owing to oxidation
of hydrogen sulphide at the surface.

As steam is lost from natural water before it
reaches the surface, ratios of certain constituents
in the underground water cannot be determined for
natural springs, although they can be obtained
for bore discharges by analyses of both steam and
water. These ratios are Cl/C02, Cl/(total sulphur)
and Cl/(total ammonia). The ratio Cl/NH 4 can be
determined for the water, but the value may not be
the same as for bore waters because the separation
of steam does not occur in the same way as in bore
discharges.

There is another group of ratios in which there
are considerable differences. These are the ratios
Na/K, Na/Rb, Na/Ca, Na/Mg. These differences
are due to the interaction of some of the cations
with the country rock. The effect is particularly

.shown by the ratio NajK, as potassium tends to
replace sodium in the country. Rubidium is similar
to potassium. Lithium may be somewhat absorbed
near the surface, so that Na/Li may be higher in
spring waters.

HOT SPRING AREAS AT WAIRAKEI

Champagne Cauldron has by far the largest outflow
of the springs at Geyser Valley, Wairakei. The ratios
for this spring could be taken as those of the under
ground chloride water. From the high Na/K ratio
it appears that Geyser Valley spring waters have
been for some time in the: permeable breccia and
do not come, like waters of the western bores,
direct from fissures in the ignimbrite. However,
it cannot be decided whether the waters are from
the same fault as that feeding the eastern bores.

The values for springs in Waiora Valley differ
considerably from t~lOse of the Wairakei. bo~es.
The high sulphate WIll be due to surface oXlda~lOn

of hydrogen sulphide in steam. The low chloride/
ammonium ratio is a good indication that the water
has been partly heated by steam. Low. values. of
the ratio Cl/B are probably also associated WIth
transport of boric acid in steam. The figures for
Waiora Valley illustrate the conclusion that ratios
from acid sulphate areas are of little value.

COMPARISON WITH OTHER THERMAL AREAS

Evidence for constant ratios in other thermal
areas was found. For example, at Orakei Korako,
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Table 1. Comparison of waters of springs and bores at Wairakei, New Zealand

lA (ANIONS)

Chemical Mole Id. Id.
Spring name, etc.

Outflow index b ratio Cl/As' As/sb'litre/sec. Cl to B' Cl/F' X 10-'

Geyser Valley

Dragon's Mouth 0-10 51.9/24.2 161 1.02

Haematite Geyser. 0.75 40.0/24.4 141 1.00

Champagne Cauldron 120 49.9/24.5 164 1.01 34

Eagle's Nest. 0-7 39.4/24.3 148 0.92 34

Devil's Inkpot 0 35.8/24.7 140 1.03

Waiora Valley

Heavenly Twins 7 3.2/19.1 high LlO
Devil's Eyeglass ? 18.5/20.7 high 1.40

Bores

Shallow bore (No. 9). 2.7 33.0/22.3 265 0.90

Eastern bores

Weighted mean. 30 60.3/24.2 162 0.96 67

Standard deviation ±0.2/±0.2 ±3 ±0.04 ±4

Western bores

Weighted mean. 64 63.0/24.0 165 1.00 65
Standard deviation ±0.2/±0.2 ±4 ±0.04 ±3

, Cl to P: chloride to boric acid.
Cl/F: chloride/fluoride.
Cl/As: chloride/arsenious acid.
As/Sb: arsenic/antimony.

b For explanation of term, see 4 (a) (ii).

Table 1. (continued)

lE (MAINLY ANIONS)

Mole Mole Id.Spring name, etc. ratio ratio Id. 5iO, •
cue-» Br/I" Cl/50, ' Cl/NH,' p.p.m.

Geyser Valley

Dragon's Mouth 185 1,250
Haematite Geyser 780 10.0 100 3,800
Champagne Cauldron 1,000 9.0 188 1,200 294
Eagle's Nest. 820 150 1,720
Devil's Inkpot 800 9.5 130 3,450 254

Waiora Valley

Heavenly Twins 80 2.5 0.7 15
Devil's Eyeglass 440 4.5 6.9 84 318

Bores

Shallow bore (No. 9) 890 147 31 350

Eastern bores

Weighted mean 870 19 178 4,100 402
Standard deviation. ± 20 ±6 ±5 ± 300 ±18

Western bores

Weighted Mean 905 15 172 4,800 521
Standard deviation. ± 20 ±3 ±7 ± 300 ±ll

• Cl/Br: chloride/bromide.
Br/I: bromide/iodide.
Cl/SO,: chloride/sulphate.
Cl/NH,: chloride/ammonium.
SiO z p.p.m.: silica, parts per million.
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Table 1. (continued)

IC (CATIONS)

G/35 Wilson 413

43.2

29.1 1.85 3.4
±0.6 ±0.1 ±0.2

27.0 1.60 2.9
±0.1 ±0.04 ±0.1

2.3 3.6 79
78 460

3.6 2.5 56 1,400
2.5 2.4 79 320

94 460

SPring name, etc.

Geyser Valley

Dragon's Mouth
Haematite Geyser. .
Champagne Cauldron
Eagle's Nest . .
Devil's Inkpot .

Waiora Valley

Heavenly Twins.
Devil's Eyeglass.

Bores

Shallow Bore (No. 9).

Eastern bores

Weighted mean. .
Standard deviation

Western bores

Weighted mean ..
Standard deviation

Chemical
index>

Na to K a

49.6/22.9
41.2/22.4
46.5/17.8
40.0/29.2
36.6/23.0

4.1/10.8
17.8/15.5

46.9/24.8

55.8/12.7
±0.2/±0.4

57.1/ 9.8
±0.3/±0.2

Mole
ratio

NalLi"

28.6
26.7
29.8
29.6
27.2

36.5
32.4

Id.
NalRb"

X 10-3

4.0
2.0

Id.
NalCs"
X 10-3

20
20

Id. Id.
NalCa" NalMg"

20 102

78 370

117 520
±7 ±20

180 520
±10 ± 25

& Na to K: sodium to potassium.
Na/Li: sodium/lithium.
Na/Rb: sodium/rubidium.
Na/Cs: sodium/caesium.
Na/Ca: sodium/calcium.
Na/Mg: sodium/magnesium.

b For explanation of term, see 4 (a) (ii).

the waters of eight springs with flows from 0.5 to
5 litre/sec had chemical indices, chloride to boric
acid (8-11)/(28.0-29.4), and mole ratios Cl/F: 16-20;
Cl/50 4 : 5-10 ; Cl/NH4:about 400. From this and
further work, it was concluded that each area has
its characteristic constituent ratios, and that many
of these differ considerably from area to area.

In areas such as Geyser Valley, the values for
the characteristic ratios are taken as those of the
largest spring, and at areas such as Orakei Korako,
the averages for springs of good flow. Conditions
are not always so favourable. At Ohaki, for example,
there is only one large pool of good flow, and other
springs are acid sulphate, so that there is no confirma
tory evidence for the value taken.

Initially, the useful characteristic ratios were
Cl/B, Cl/F, Cl/As, Cl/S04 and Na/Li. The ratio
Cl/NH 4 should be included although it is hard to
decide a characteristic ratio for an area. Low values
are a good indication of admixture of steam.

Work by Ritchie (4) and Golding and Speer (5),
have shown that As/Sb and Na/Cs respectively
are useful ratios. Work by Ellis and Anderson (6)
shows that Cl/Br is to be considered and possibly,
but less certainly, Cl/l or Br/I. .

CHARACTERISTIC RATIOS FOR THE THERMAL AREAS
OF THE ROTORUA TAUPO REGION

From the results available, the ratios mostlikely
to be close to those for the underground water are

brought together in Table 4 for most of the thermal
areas in the.thermal region. The location of the springs
referred to III Table 4 and 5 may be found in figure 1.
The values used for the ratios Na/K and Naj Rb
are the lowest so far found in each area for chloride
springs of good flow. Figures for the bicarbonate
content, or the ratio Na/HCOa, could not be included.
Reference to bicarbonate content is made above.

Values for silica content are included, as the maxi
mum silica content is an indication of the minimum
temperature of the water. The solubility of quartz
is 490 ppm at 250°C (Kennedy, 7). However, natural
waters have been concentrated by loss of steam,
and then diluted by surface water.

From the tables it will be seen that there are
large differences in the ratios Cl/B, Cl/F, Cl/504,

Cl/NH 4• The differences in the ratios Cl/As, Cl/Br,
Na/Li, Na/Cs are generally not great. This agreement
points to the similarity of the magma under the
whole region, and values in other magmatic provinces
may be considerably different. The high values
for the ratios Cl/As, Na/Cs for the three Rotorua
areas may be related to the conclusion drawn by
Grindley (8) that this is an old hydrothermal field
established before a general shift of activity to the
east.

ANOMALOUS AREAS

Waiotapu. Care must be taken in rejecting appar
ent!y anomalous values in some springs as due to
accidental surface effects. At Waiotapu, in 1955,
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Figure 1. Hot springs of New Zealand



Chemical prospecting of hot spring areas G/35 Wilson 415

Table 2. Waiotapu thermal area

2A (MAINLY ANIONS)

Spring or bore
Chemical Mole Id. Id.Location index ratio
Cl to B CI/F Cl/As cue-

Champagne Pool. . (C.P.) 53/21 226 720 620
Spring by Lake Nga-

koro. 0.4 miles S. of C.P. 50/22 176 480 670
Postmistress Spring 0.6 miles N.W. of c.r. 19/29 1,260 770
Lady Knox Geyser. 0.7 miles N.E. of C.P. 23/24 84
Waikite Spring 4.0 miles N.W. of C.P. 3/24 24 920 6000

Prospecting bores

Bore 1 2.0 miles N.N.W. of C.P. 8/24 50
Bore 3 1.1 miles N. of C.P. 19/29 65
Bore 4 0.7 miles N. of C.P. 56/31 190 740
Bore 5 . ~ 0.5 miles N.W. of C.P. 27/27 130
Bore 6 0.1 miles W. of C.P. 31/37 87 980 700
Bore 7 0.3 miles S.W. of C.P. 36/26 92 380

the values for the spring of large outflow, Champagne
Pool, were taken as characteristic of the area, and
the values for a hot spring to the north, Postmistress
Spring, were disregarded. When prospecting drilling
was carried out, it was found, as will be seen from
Table 2, that the bores have not yet tapped water
like that of Champagne Pool, but the water of bore 3,
at any rate, is more like that of Postmistress Spring.
It appears now that there may be four types of
water in the area. It is possible that there is no
large uniform body of hot chloride water, but different
water comes up each fault. Possibly there may be
a disturbance in an older hydrothermal system,
due to more recent volcanism.

Rotokawa. Table 3 of the ratios for the Lake
Rotokawa area indicates that evidence from acid
waters of mixed chloride-sulphate type should
receive consideration. Surface oxidation of hydrogen
sulphide to sulphate should give a random distri
bution of Cl/SO4 ratios. The occurrence of tW<;J sets
of these ratios is too clear for this to be hkely.
The sulphate seems to be a constituent of the under-

ground water, of which there are two types asso
ciated with different fault systems. The high sulphate
content is probably the cause of the acidity of the
waters, for the second dissociation constant of
sulphuric acid alters rapidly with temperature.
The underground water is probably nearly neutral,
but as the temperature falls bisulphate ions will
dissociate to H+ and S042- ions, so that the pH
will fall. Corrosion difficulties would be great in
such an area.

A theory of hot springs

It would be useful to have a theory of the origin
of hot springs that would give a fuller understanding
of the varying types of spring and afford a guide
to the information to look for in assessing a thermal
area. Any theory of hot springs must account for
the following findings:

The heat in the chloride water cannot all be due
to magmatic steam, for then the content of juvenile

Table 2. (continued)

2B (MAINLY CATIONS)

Mole Id.
Chemical Mole Id. Id.

Spring or bore ratio Cl/NH.
index ratio Na/Ca Na/Mg

Cl/SO, Na to K Na/Li

Champagne Pool 51 70 50/12 37 67 470

Spring by Lake Ngakoro 82 320 48/54 57 59 620

Postmistress Spring . 26 290 21/36 33 94 740

Lady Knox Geyser 59 19/38 22

Waikite Spring . 3 45 8/33 26 62 74

Prospecting bores

Bore 1 20/29 61

Bore 3 22 23/24 40 930 560

Bore 4 1010 51/9 38

Bore 5 820 34/22 73

Bore 6 36 270 28/10 38 122 250

Bore 7 26/15 38 360 220



416 II.A.1 Geotherma1 prospection

Spring No. or name

9 .
6 .
163-168 .

Lake ..

82 ',' .
On Parariki Stream.
Do. average of four.

Table 3. Rotokawa thermal area

3A· (MAINLY ANIONS)

Outflow
Chemical

index
Htre/sec. Cl to B

0-0.05 43/9.3
7 38/9.6

3-5 5/16.8

20 11/10.5

5 14/8.8
2.5 12/11.8

0-0.05 20/12

Mole
ratio

Cl/SO.

10
7
6.5

2.7

1.1
1.3
2.6

Id.
CI/NH.

405
430
470

216

200
179
240

water would have to be about 35 per cent. From
the chloride content, the author Wilson (2) deduced
a content of 8 per cent, and the evidence from
oxygen isotopes (Craig et al., 9) indicates a content
generally in hot spring waters of possibly 5 per cent.

The conductivity of the crustal rocks is so low
that the heat unaccounted for cannot be supplied
by conduction from a magma, or hot rock (Day, 10
or Banwell, 11).

The high content of lithium and caesium in the
water at Wairakei (Ellis and Wilson, 12) or water
of the thermal areas (Golding and Speer, 5) cannot
be supplied by leaching or carried in magmatic
steam, but must come from the residual aqueous
phase of a crystallising magma (Ellisand Wilson, 12).

The author (work not yet published) surmounts
these difficulties by the simple suggestion that there
is .a long preliminary period of soaking out of heat
from a magmatic intrusion, followed by a much
shorter period of hot spring activity. The equations
given by Jaeger (13) for conduction of heat from
an intrusion have been used by the author to make
some calculations on a possible model for Wairakei.
An intrusion 7 km X 7 km X 1 km is proposed
at a depth of 3 km. The intrusion solidified in a
period of 40 000 years, and in this time ground
water took up the heat by conduction, together with

the chemicals in the separated magmatic fluid'
A reservoir 20 km X 10 km X 1 km was then
formed in strata of 5 per cent porosity under ~ layer
of ignimbrite at a depth of 3 km. The heat I~ ~he
water and rock would supply the natural actlVlt)'
at Wairakei for 4000 years.

2. This theory suggests a reason for the differin! '
chemical characteristics of hot spring waters.. There
will be differences in the ratios of the constituents
at different times in the life of the reservoir. These
may be caused by separations due to di~eren,ces
in volatility or absorption in rock. The real slt~at1on
will be much more complicated than the simple I

model. The time suggested for the cooling of ~ne
intrusion is short compared with the total penod
of volcanism proposed by Grindley (8). Hence there
may be rejuvenation of a cooling reservoir by anot~er
intrusion, and owing to the size of the reservOI!>
there may be mixing of separate reservoirs.

Much more work needs to be done before the eff~et
on chemical characteristics of leaching, absorpt1~.
and time can be understood in the light of It e
theory. From Table 3, it does not seem that 0\1

chloride, low ClIB ratio, or high CIIF ratios ca? ,be,
as expected, simply related to age of the actn:ty:
Nevertheless, there may be progress on these Itn:'
that will lead to more assistance from theory In
prospecting other thermal regions. f

Table 3. (continued)

3B (MAINLY CATIONS)

Chemical Mole
Id.Spring No. or name index ratio Id. Silica

Na to K Na/U Na/Ca Na/Mg p.p.m.

9 42{16 38 81 150 355
6 43/16 38 154 90 340
163-168 12/18 36 77 100 280

,

Lake. 12/15 42 31 100 195 ~

82 . 17/14 48 45 40 330On Parariki Stream 15/14 47 28 35 330Do. average of four 23/15 45 39 87 304
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Table 4. Characteristic ratios for hot spring areas of the Rotorua-Taupo region

4A (MAINLY ANIONS)

Chemical Mole Id. Id. Id. Id.
Area index ratio Cl/As cut» Id. CI/NH

Cl to B CI/F X 10-3 As/Sb
X 10- 3 Cl/SO, X 10- 3

Tokaanu. 87/10 1000 0.74 15 0.8 100 1.0
Taupo Spa. 45/18 220 1.05 0.85 1.7 0.4
Wairakei (western bores). 63/24 165 1.00 65 0.90 172 4.8
Rotokawa. 40/9 high 0.97 1.0 2 0.43
Ohaki 30/10 145 lA 2 0.8 54 0.11
Ngatimariki . 12/23 0.5 0.5 0.22
Onakei Korako. 12/28 25 lA 25 0.75 0.75 0.40
Waiotapu 53/21 230 0.7 7 0.6 44 0.075
Waikite . 3/25 84 0.9 0.9 3 0.024
Waimangu. 27/34 140 lA 21 0.71 3.5 0.070

Rotorua

Whakarewarewa 16/34 57 3 3 0.6 13 0.80
Rotorua town 21/24 54 4 0.9 16 0040
Kuirau 9/16 21 6.5 4.0 11 1.10

Tikitere . 9/5 0.6 12 0.035
Waitangi 10/39 250 2 20 0.50
Kawerau (Onepu). 31/7 250 0.95 0.7 210 0.09

Warm springs

1. Springs of warm water may be due to heat
of tectonic origin-i.e., the energy is released by
crustal movement. It seems improbable that there
will be a great store of geothermal energy of tectonic
origin. It is desirable to have methods to distinguish
such springs from warm springs of volcanic origin.
There may be useful reserves of heat associated
with warm volcanic springs, even if the temperature
is low. There does not seem to be anyone definite
way of distinguishing such springs. One reason
for the similarity may be that the heat is transferred

underground to the water, not by conduction, but
by volatile matter, mainly steam, from heated
rock. The constituents in this steam could be much
the same as those in magmatic steam.

2. Table 5 gives some comparisons of the two
types of spring. The main distinction is that in
"volcanic" springs, the ratio CajMg is about 1 : 4,
whereas the values for "tectonic" springs can be
either very much higher or lower. This is probably
associated with another difference in gas composition.
In areas of tectonic heat, the gas contains large
amounts of methane, whereas at Te Aroha, for
example, the gas is nearly pure carbon dioxide.

Table 4. (continued)

4B (MAINLY CATIONS)

Chemical Mole Id. Id. Id. Id. SiO.
Area index ratio Na/Rb Na/Cs

Na to K Na/Li X 10-3 X 10-3 Na/Ca Ca/Mg p.p.m.

Tokaanu. 79/18 23 5.5 2.4 62 5 300

Taupo Spa. 44/24 27 4.7 2.6 80 1.6 120

Wairakei (western hores). 57/9.8 27 1.6 2.9 180 2.9 520

Rotokawa. 43/16 38 6.0 3.3 150 2.8 400

Ohaki. 39/19 28 7.0 4.8 130 305

Ngatimariki . 18/42 54 50 105 4.7 250

Orakei Korako . 14/19 28 7.0 7.5 280 1.0 430

Waiotapu 50/12 38 2.0 4.1 65 6.6 450

Waikite . 8/33 26 0.5 1.6 62 1.2

Waimangu. 24/26 40 2.1 35 130 1.6 740

Rotorua

Whakarewarewa 20/13 38 3.8 7.9 230 4.2 440

Rotorua town 26/33 60 3.3 1.6 80 1.5 225

Kuirau 15/19 41 4.3 130 3.5 320

Tikitere . 26/40 30 130 2.3 250

Waitangi 13/32 47 8.0 5.0 25 1.2 220

Kawerau (Onepu). 30/11 28 4.9 7.0 70 4.0 330
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Table 5. Some warm springs of New Zealand

5A (MAINLY ANIONS)

Area
Chemical

index
Cl to B

Mole
ratio
Cl/F

Id.
Cl/As
X 10-3

Id.
cue
X 10-'

Id.
Cl/I

X 10-'

Id.
Cl/SO,

Id.
Cl/.VH,

Probably of volcanic
origin

Te Aroha .
Ngawha .
Banks Peninsula

Probably of tectonic
origin

Morere .
Tarawera
Hanmer .
Maruia .

16/1.1 1000 3.1 0.73
26/0.5 280 9.8 0.87

8i110 70 >5 0.86

436/100 22000 10000 0.45
20/2.7 28 50 0.78
14/2.8 55 > 400 0.80

3.8/11 21 > 100 0.32

3
2

>5

2.3
0.9
1.4
2.5

1.6
5

19

1 600
23
18
11

86
0.2

2500

5000
150

58
29

Conclusions

1. THE FIELD FOR CHEMICAL INVESTIGATIONS

In prospecting areas of hot spring activity for the
possibility of developing the power or heat resources,
the first work to be undertaken should be chemical
investigations. Samples are easily taken, and the
analytical work should not be costly. It will be
desirable to sample first the waters of springs of
clear water and good flow, in the areas under con
sideration for drilling. In addition, the main springs
should be sampled in areas in the whole region of
activity, even if, for various practical reasons, many
of the areas are not available for drilling.

The constituents determined should include those
in the following ratios: Cl/HB02, Cl/F, Cl/As, Cl/S04,

Cl/NH 4, Na/K, Na/Li, Na/Ca, Ca/Mg. In addition
the contents of silica and bicarbonate ion should
be determined. For the significance of the bicarbonate
content, particularly in regard to deposits of calcite
in drill holes, reference should be made to the paper
by Ellis (14) in this series. If further work is possible,
the ratios Cl/Br, Br/I, As/Sb, Na/Rb, Na/Cs should
also be determined. From these ratios it should be

possible to determine whether there is one set 01
ratios characteristic of each area.

At the same time, the gas content of the steam
of any fumaroles in the area should be determined,
as well as the ratios CO2/H2S and CO2/NH3 in the g~s.
The value of this information has already been dIS

cussed. A survey of the composition of gases from
bubbling pools may be left till it is required to
amplify the information from the water analyses.

2. THE UTILITY OF CHARACTERISTIC RATIOS

Comparison of the ratios Cl/As, Cl/Br,. N~ILi,
Na/Cs for all the areas in a region may llldrcate
whether any of the activity is of a distinct or older
type.

From the constancy of the ratios Cl/B, C1/F,
Cl/As, Cl/S04, Cl/NH4, Na/Li in the various ~reas,

one can judge where there is likely to be a unrform
body of hot chloride water. By comparison of the
values, and the chloride content with those for areas
where there has been successful drilling such as
Wairakei, it may be possible to select an area fOI
prospecting drill holes.

Table 5. (continued)

5B (CATIONS)

Chemical Mole
Id. Chemical

index ratio index
Na to K Na/Li Na/Ca Ca to Mg

Probably of volcanic origin

Te Aroha 136/67 142 100 0.2/1.3
Ngawha. 30/20 42 34 0.6/1.5
Banks Peninsula . 10/34 44 6.3 0.8/0.7

Probably of tectonic origin

Morere 318/130 330 5.1 7.3/12
Tarawera 22/94 81 75 0.3/71
Hanmer , 16/16 66 96 0.2/18
Maruia 6/38 28 52 0.14/20

SiO,
p.p.m.

120
112

25
42
49
65
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Initially, areas should be avoided where the chemi
cal evid.ence indicates that different types of water
are commg to the surface, or where the underground
water seems to be high in sulphate.

If the thermal area favoured consists of several
centres of activity, the lowest Na/K ratio would
indicate the centre fed most directly from the
underground supply, and this locality should be
chosen for drilling.

Finally, when drilling commences, it will be
necessary to compare the values for the first bores

with those for the hot springs till it is confirmed
by good agreement that prospecting is successful
in locating that body of uniform chloride water
which so far seems to be required for a successful
power development like Wairakei.
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Summary

The first investigation to be made in prospecting
for possible utilization of hydrothermal heat resources
should be chemical analysis of the larger spri~gs
of clear chloride water, in most of the hot spnng
areas of a thermal region.

Sampling of gas from fumaroles and pools ~an also
be useful. Low gas content of the steam m large
fumaroles, and large variations in the gas content,
and in the ratios CO2/H2S and CO2/NHa, are .an
indication that steam is boiling off from underlying
chloride water.

Experience at Wairakei indicates that the values
of the constituent ratios CI/B, Cl/F, Cl/As, Cl/Br,
CI/S0

4
, Na/Li are the same in the spri.ng waters

as in the underground source of c~l~nde water.
From the study of other active areas, It IS concluded
that a thermal area often has characteristic ratios,

constant in that area, but very different from those
of other areas. The values of the ratios Cl/As, Na/Li,
Na/Cs for all the areas of a region are useful in
judging the uniformity of the magma, in detecting
areas belonging to an older period of activity, and
in comparing the region with others in the world.
In choosing anyone area for the first prospecting
by drilling, the most favourable chemical indication
for a large uniform supply of hot water would be
a general similarity to Wairakei in chloride content,
and in the ratios CI/B, Cl/F, CI/S0 4 • Areas with
more than one set of constituent ratios should
initially be avoided, also areas with low CI/S04 ratios.
Low Na/K ratios should be a favourable indication
for locating bores near feeding fissures. Progress
in prospecting drilling is followed at first by compa
rison of the values for the bore waters with those
for the natural waters.
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PROSPECTION CHIMIQUE DES REGIONS DE SOURCES CHAUDES POUR L'UTILISATION
DE LA VAPEUR GEOTHERMIQUE

Resume

La premiere recherche ayant trait ala prospection
en vue de l'utilisation possible de sources de chaleur
hydrothermique doit etre dans la majorite des zones
d'une region thermique, possedant des sources
chaudes, une analyse chimique des sources principales
d'eau claire.

L' echantillonnage des gaz provenant des fumerolles
et des accumulations d'eau peut egalement avoir
sa valeur. La faible teneur en gaz de la vapeur
dans les grosses fumerolles et les variations impor
tantes de la teneur en gaz, ainsi que des rapports
CO2/H25 et CO2/NHa signalent que de la vapeur
s'echappe de l'eau chloruree souterraine.

L'experience acquise a Wairakei indique que les
valeurs dans les proportions des composants Cl/B,
Cl/F, Cl/As, Cl/Br, Cl/504, Na/Li, sont les memes
dans les eaux de sources que dans les sources souter
raines d'eaux chlorurees, A la suite d'une etude
des autres regions actives on en a conclu qu'une
zone thermique presente souvent des rapports carac-

teristiques constants dans cette region mais bien
differents de ceux des autres regions. Les valeurs
des rapports Cl/As, Na/Li, Na/Cs pour toutes les
zones d'une region, servent a juger de I'uniformite
du magma quand il s'agit de trouver les regions
qui appartiennent a une periode d'activite plus
ancienne et par comparaison entre celle-ci et d'autres
dans le monde, Lors d'une premiere prospection
par sondage, dans une region donnee, I'indicaticn
chimique la plus favorable indiquant des ressources
uniformes d'eau chaude, serait une teneur en chlorure
analogue a celle de Warakei, dans les proportions
Cl/B, Cl/F et Cl/504• Au debut, il faut eviter les
zones ou il existe plus d'un jeu de combinaisons
de composants, ainsi que celles OU le rapport Cl/Sal
est faible. Les rapports Na/K faibles devraient etre
une indication favorable pour situer des puits pres
des fissures qui alimentent ce systeme, Le progres,
dans les forages de prospection est suivi tout d'abord
d'une comparaison des valeurs des eaux de forage
avec celles des eaux naturelles.




