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Introduction

These Proceedings contain 299 papers that resulted from the Second United Nations
Symposium on the Development and Use of Geothermal Resources, which was
held in San Francisco, California, USA, from 20 through 29 May 1975. The Symposium
brought together approximately 1200 specialists and students of geothermal energy
to appraise the status and examine the state of the art of, the exploration for,
and the development and use of, geothermal energy. Participants came from 58
countries in addition to the United States and were primarily associated with national
and local governments, industry, and universities. The expertise of the participants
and the subject matter of these papers cover a wide range which includes the
various geological sciences, drilling and production technology, energy utilization,
environmental engineering, economics, and law.

The first United Nations Geothermal Symposium took place in Pisa, Italy, in
the fall of 1970. The Proceedings of that Symposium appeared in Special Issue
2 of Geothermics, the international journal of geothermal research published by
the International Institute for Geothermal Research, in Pisa. After the Pisa Sympo-
sium, international interest in geothermal energy intensified, exploration efforts were
increased, and new fields came mto production. In 1973, United Nations officials
decided that increased worldwide scientific interest and advances in geothermal
technology warranted a second symposium. In October 1973 the United Nations
formally asked the Government of the United States to host the Second United
Nations Symposium on the Development and Use of Geothermal Resources. The
United States officially accepted this invitation in December of that year.

The United States Department of the Interior was designated lead federal agency
responsible for implementing and hosting the Symposium. Additional federal assis-
tance in hosting the Symposium was provided by the United States National Science
Foundation, the United States Energy Research and Development Administration,
and the Department of State. Other hosts of the Symposium, in addition to the
United Nations, were the State of California through its Resources Agency, and
the University of California. The organization of the Symposium in the United
States and the publication of these Proceedings were under the direction of the
United States Organizing Committee—a group of 21 individuals representing govern-
ment, academic, and industry interest in geothermal development.

Lawrence Berkeley Laboratory of the University of California prepared the
Symposium publications: the Abstracts and this three-volume Proceedings.

Abstracts of 358 papers were published in English, French, and Spanish at the
time of the Symposium. While the supply lasts, the abstract volume is available
for US$10 from the Geothermal Resources Council, P.O. Box 1033, Davis, California
95616, USA. Please specify whether you want the English, French, or Spanish
edition. The authors of 274 of the abstracts submitted full papers which are published
in these Proceedings. In addition, these Proceedings contain 25 papers which were
received too late for inclusion in the Abstracts.

The papers in these Proceedings are divided into 12 sections, each dealing with
a different aspect of geothermal energy. The abstract volume had only 11 sections,
but the abstracts’ Section III has been divided into two sections, III and IV, in
the Proceedings. Section III is now Geochemical Techniques in Exploration, and
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INTRODUCTION

Section IV is Geophysical Tehniques in Exploration. Technical rapporteurs have
summarized the contents of each section, and these 12 summaries are grouped
together just before the beginning of Section I in this volume. Each volume of
the Proceedings has a complete Table of Contents, Author Index, and Subject Index
covering the entire three-volume set. Page numbers run consecutively through the
three volumes.

Manuscripts for the Proceedings were accepted in English (275), French (8), and
Spanish (16) and are printed in the languages submitted. All French or Spanish
papers are followed by English versions of the text. In those cases where authors
did not provide an English translation, the United States Organizing Committee
had the manuscript translated, and these translated versions have been printed without
review by the authors.

In order to hasten publication of these Proceedings, a minimum of editorial changes
and corrections were made, and authors were not given the opportunity to proofread
their manuscripts prior to final publication. Therefore, the responsibility for editorial
or typesetting errors is borne by the United States Organizing Committee.

January 1976 R. O. Fournier
Executive Director
U.S. Organizing Committee, Inc.
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Summary of Section I
Present Status of Resources Development

L. J. PATRICK MUFFLER
U.S. Geological Survey, Menlo Park, California, USA

INTRODUCTION

The first two years after the 1970 United Nations geother-
mal symposium in Pisa, Italy, saw a slow but steady growth
in geothermal development and exploration, mainly based
on decisions made in the late 1960s. This period was
highlighted by the increase of electrical capacity at The
Geysers, California, USA, from 78 megawatts electrical
(MWe) in 1970 to 237 MWe by the end of 1972 (Worthington,
1975). This period also saw the beginning of construction
at Cerro Prieto, Mexico, and the continued development
of space-heating and agricultural systems in Iceland, the
USSR, and Hungary. Geothermal exploration increased
steadily from 1970 to 1972, with substantial efforts in Italy,
Japan, Iceland, USA, Indonesia, the Philippines, and Mexi-
co. In addition, the continuing efforts of the United Nations
supported exploration in Chile, El Salvador, Ethiopia,
Kenya, Nicaragua, and Turkey. Also during these years,
an increasing popular and governmental awareness devel-
oped of the nature and possible importance of geothermal
energy.

The slow, steady increase in geothermal activity acceler-
ated abruptly in 1973 when imported oil became difficult
for many countries to obtain and petroleum prices rose
sharply. This price rise, combined with a belated awakening
to the fact that oil and gas resources are indeed limited,
led private industry and governments to pay much more
attention to alternate energy sources, particularly in those
countries dependent on imported oil. This attention has been
manifested in accelerated exploration, increased drilling, and
marked expansion of geothermal research and development.

The status of geothermal electricity generation in 1975
is shown in Table 1. Geothermal exploration efforts are
not listed in Table 1 but are outlined below. Also, Table
1 does not reflect the continuing growth in the use of
geothermal energy for space-heating and agricultural
purposes.

ITALY

The status of geothermal development in Italy is covered
in admirable detail by Ceron, Di Mario, and Leardini (p.
59). As of March 1975, the total installed geothermal electri-
cal capacity in Italy was 417.6 MWe, of which 380.6 was
in the Larderello region, 15 at Travale, and 22 in the Monte
Amiata region (Fig. 1). Net geothermal power production

in 1974 amounted to 2.29 x 10° kWh, which represents
an average utilization of 64% of total installed capacity.

Although 20 productive new wells were drilled in the
Larderello region between December 1969 and March 1975,
the production of old wells decreased notably, resulting
in a net decrease of 9.1% in steam production. In part
this decrease was offset by replacing atmospheric turbines
with more efficient condensing turbines.

In the Monte Amiata region, steam production from
December 1969 to March 1975 decreased 28%, in part due
to rapid inflow of recharge water into the Bagnore field.

Extensive exploration in the Travale region since 1969
has extended the old field (Cataldi et al., 1970) northeast
where five wells have been drilled and a sixth was in progress
in May 1975 (Burgassi et al., p. 1571). Although all of the
wells encountered high temperatures (up to 270°C), only
three are productive (T22, R4, and probably C1). Dry steam
from well T22 has been used since July 1973 to supply
a 15-MWe power plant (Burgassi et al., p. 1571).

Extensive exploration is being carried out throughout the
pre-Apennine belt by the Ente Nazionale per I'Energia
Elettrica (ENEL) in cooperation with the Consiglio Na-
zionale Ricerche (CNR). In the Monte Sabatini region (Baldi
et al., p. 871), a well drilled at Cesano in January 1975
discovered a geothermal reservoir that produced a brine
of 356 000 ppm total dissolved solids, primarily SO7, Na*,
and K+ (Calamai et al., p. 305). Temperatures at depth
are at least 210°C and may exceed 300°C. At Torre Alfina
in the Monte Volsini region, a hot-water geothermal system
at a production temperature of 120 to 140°C has been
discovered (Ceron, Di Mario, and Leardini, p. 59; Cataldi
and Rendina, 1973); and in the Monte Cimini region a
hot-water system at 60 to 80°C reservoir temperature was
discovered (Ceron, Di Mario, and Leardini, p. 59). Explora-
tion is being carried out in the Naples region (Cameli et
al., p. 315; Baldi, Ferrara, and Panichi, p. 687), near Siena
(Fancelli, Nuti, and Noto, Abstract I1I-23)!, and in the
Roccastrada, Colli Albani, Roccamonfina, and Vulture areas
(Ceron, Di Mario, and Leardini, p. 59). According to Barelli,
Calamai, and Cataldi (Abstract I-3), the electrical energy
potential of the pre-Apennine belt is 130 to 660 MW-cen-
turies.

''The Abstract number refers to the numbering in the abstract
volume for this symposium.
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Table 1. World geothermal generating capacity in megawatts
(electrical), 1975. »

Under
Country Field Operating construction
United States The Geysers 502 216
Italy Larderello 380.6
Travale 15
Monte Amiata 22
New Zealand Wairakei 192
Kawerau 10
Japan Matsukawa 22
Otake 13
Onuma 10
Onikobe 25
Hatchobaru 50
Takinoue 50
Mexico Pathé 3.5
Cerro Prieto 75
El Salvador Ahuachapan 90
Iceland Namafjall 2.5
Krafla 55
Philippines Tiwi 100
Soviet Union Pauzhetsk 5
Paratunka 0.7
Turkey Kizildere 0.5 25
Total 1278.8 563.5
USA

The status of geothermal development in the USA is
summarized by Koenig, Anderson, and Huttrer (p. 139).
Geothermal electrical capacity at The Geysers, California,
has increased rapidly from 78 MWe in 1970 to 502 MWe
in 1975. Additions of approximately 100 MWe per year are
planned through 1980, although it appears that the installation
timetable will be delayed by protracted regulatory and
environmental hearings.

Although no other geothermal areas in the USA are
currently producing electricity, the past five years have seen
greatly accelerated exploration by private industry, in great
part stimulated by the increased costs of fossil fuel. In
addition, the Geothermal Steam Act of 1970 finally was
implemented in 1973, and the vast areas of geothermal
potential on federal government land are gradually being
made available for exploration by private industry. Signifi-
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Figure 1. Map showing geothermal regions of ltaly (after

Ceron, Di Mario, and Leardini, p. 59).

cant geothermal discoveries have been made at the Valles
Caldera, New Mexico; Roosevelt Hot Springs, Utah; Carson
Desert of western Nevada; and the Heber, East Mesa, and
Brawley areas of the Imperial Valley in southern California
(Fig. 2). Step-out drilling has extended both The Geysers
and the Salton Sea geothermal fields, and there has been
continued exploratory drilling at Beowawe, Nevada, and
Surprise Valley, California. Exploratory drilling, however,
met with little success in California at Honey Lake, Sierra
Valley, and Mono Lake; in Oregon at La Grande and
Lakeview; in Nevada at Tipton; in Idaho at Mountain Home;
in Utah at Brigham City; and in Arizona at Casa Grande
and Chandler (Koenig, Anderson, and Huttrer, p. 139). With
the exception of the Casa Grande area (Dellechaie, p. 339),
virtually none of the data from these drilling ventures have
been released by the private companies involved.

The past five years have also seen an upsurge in geothermal
research and development financed by the federal govern-
ment. The Energy Research and Development Administra-
tion (ERDA), created in January 1975 from the old Atomic
Energy Commission, is funding research and development
in all aspects of the geothermal cycle. Major efforts include
the development of technology to extract heat from hot
dry rock (Smith et al., p. 1781), investigation of new
conversion technologies (particularly binary cycles and
impulse turbines), development of new drilling technologies
(for example, Altseimer, p. 1453), and investigation of
representative geothermal areas, including the Raft River
area in Idaho, the area just west of the Valles Caldera in
New Mexico (Smith et al., p. 1781), several sites in western
Nevada (Beyer, Morrison, and Dey, p. 889), and the Coso
Mountains of California. The National Science Foundation
(NSF) also carried out a substantial geothermal program
in 1973 and 1974, including site investigations at Marysville,
Montana (Blackwell and Morgan, p. 895), at Kilauea Vol-
cano, Hawaii (Zablocki et al., 1974; Furumoto, p. 993),
and at Roosevelt Hot Springs, Utah (Ward, Rijo, and Petrick,
Abstract I11-90; Whelan, Nash, and Petersen, Abstract 11-55).
Since 1971 the U.S. Geological Survey (USGS) has had
an extensive program of investigations aimed at the nature
and distribution of geothermal resources, including major
investigations at Long Valley (February 1976, Journal of
Geophysical Research), The Geysers (McLaughlin and Stan-
ley, p. 475; Hearn, Donnelly, and Goff, p. 423; Donnelly
and Hearn, Abstract 1I1-18; Isherwood, p. 1065), the Coso
Mountains, California (Duffield, Abstract 1I-12; Duffield,
1975; Lanphere, Dalrymple, and Smith, 1975}, southeastern
Oregon (MacLeod, Walker, and McKee p. 465), Raft River,
Idaho (Williams et al., p. 1273), and Yellowstone (White
et al., 1975; Eaton et al., 1975; Fournier, White, and
Truesdell, p. 731). In addition, the USGS recently produced
a substantial report evaluating the geothermal resources of
the United States (White and Williams, 1975). The Bureau
of Reclamation has also carried out geothermal research,
primarily aimed at self-desalination of geothermal fluids from
the East Mesa area, southern California (Mathias, p. 1741;
Fernelius, p. 2201; Swanberg, p. 1217).

The geopressured resources of the Gulf Coast are attract-
ing increasing attention (Jones, p. 429; Wilson, Shepherd,
and Kaufman, p. 1865). These deposits have a huge energy
potential (Papadopulos et al., 1975) consisting both of thermal
energy and dissolved methane.

Geothermal heat is being used directly for space heating
on an increasing but still small scale in the United States,
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primarily at Klamath Falls, Oregon (Lund., Culver, and
Svanevik, p. 2147), and at Boise, Idaho (Kunze et al., p.
2141). Geothermal waters are also used for greenhouse
heating at scattered localities in the western United States.

Development of the extensive geothermal resources of
the USA continues to be plagued by institutional problems
(Koenig, Anderson, Huttrer, p. 139; Aidlin, p. 2353: Eisen-
stat, p. 2369; Finn, p. 2295; Schlaugh and Worcester, 1974,
Olson and Dolan, 1975). These problems include ownership
considerations (surface vs subsurface), leasing delays, un-
certainties about tax status (with respect to depletion allow-
ance and intangible drilling deductions), legal definition of
geothermal resources (mineral, gas, water, or sui generis),

Map showing locations of geothermal drilling in the United States and northern Mexico.

overlapping and multiple regulatory bodies, and environ-
mental litigation.

JAPAN

Geothermal exploration and development in Japan experi-
enced rapid acceleration since 1970, primarily in response
to the 1973 energy crisis. The dry-steam system at Matsu-
kawa (Fig. 3) and the hot-water system at Otake continue
to produce electricity at 22 MWe and 13 MWe respectively,
and there are plans to expand Matsukawa to 90 MWe (Mori,
p. 183). A 10-MWe installation has been operating at the
Onuma hot-water system since 1973 (UN, Centre for Natural
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Resources, Energy, & Transport, p. 3), and a 25-MWe
installation has been put into service at the Onikobe caldera
(Yamada, p. 665). Drilling is in progress at Takinoue (7
km southwest of Matsukawa) where a 50-MWe plant is
to be completed by 1977 (Mori, p. 183). A geothermal power
plant of 50-MWe capacity is also under construction at
Hatchobaru (Yamasaki and Hayashi, p. 673; Aikawa and
Soda, p. 1881). Intensive exploration is being carried out
on northern Honshu and on Hokkaido (Mori, p. 183). If
these exploration ventures are successful, the geothermal
electrical capacity of Japan could well exceed 1000 MWe
by 1982.

In addition to the exploration and development efforts
described above, the government of Japan has instigated
an aggressive program of geothermal investigations, aimed
at establishing perhaps 50 000 MWe of geothermal generating
capacity by the year 2000 (Mori, p. 183). This program
is bart of the ‘‘Sunshine Project’’ (Sakakura, p. 2431) and
includes extensive regional evaluation by the Japanese
Geological Survey (for example, Baba, p. 865; Sumi and
Takashima, p. 625).

ICELAND

Geothermal development in Iceland during the past five
years is highlighted by the development of the Krafla field
(Fig. 4). Production wells have been drilled, and a 55-MWe
power station is to be completed in 1976 (Palmason, Ragnars,
and Zoéga, p. 213). In addition, the Svartsengi area (235°C
reservoir temperature) has been drilled to 1.7-km depth and
will be used via a heat exchanger to provide 80 megawatts
thermal (MWt; 1 MWt = 10° joule /sec) for house-heating
in communities on the western part of the Reykjanes
peninsula and at the Keflavik international airport (Arnérs-

son et al., p. 2077). The Krisuvik area has also been explored
(Arnérsson et al., p. 853) and could supply perhaps 500
MWt for 100 years.

Geothermal energy in Iceland continues to be used pri-
marily for space heating, but with some electrical generation
and process use. Warm water from the Reykjavik and Reykir
thermal areas supplies 340 MWt and meets nearly all the
heating requirements of Reykjavik and neighboring towns
(Témasson, Fridleifsson, and Stefansson, p. 643; Arndrsson
et al., p. 853; Thorsteinsson, p. 2173). New district heating
systems using water from which steam has been flashed
were installed at Namafjall 2 MWt in 1971) and Hveragerdi
(8 MWt in 1973; Thoérhallsson et al, p. 1445). These geother-
mal systems are at temperatures of 200 and 215°C respec-
tively, and the district heating systems are consequently
plagued with silica-scaling problems. At Namafjall, the
geothermal steam is used to dry diatomite and to generate
2.5 MWe of electricity. A plant for drying seaweed is being
constructed at Reykhélar (Bjérnsson and Gronvold, Abstract
I1-3; Ludviksson, Abstract IX-7), and studies are being
carried out with a view to producing NaCl and MgCl from
the saline Reykjanes geothermal area (Lindal, p. 2223;
Bjornsson, Arnérsson, and Témasson, 1972).

Owing to its ideal location on the mid-Atlantic Ridge,
Iceland has a very large geothermal potential, both for
electricity generation and for space heating. Bodvarsson
(p. 33) estimates that the high-temperature areas of Iceland
have a production potential of 3200 MWt for 50 years, and
that the heat content of recoverable low-temperature re-
sources may amount to the equivalent of 4 x 10° tons
of petroleum.

MEXICO

Geothermal development in Mexico has been primarily
at Cerro Prieto (Fig. 2) where electricity has been generated
at 75-MWe capacity since November 1973 (Alonso, p. 17).
The 15 wells that supply the power plant produce a water-
steam mixture from depths of 900 to 1500 m (Isita S., Mooser
H., and Soto P., Abstract I-17). Plans are being implemented

. to expand the generating capacity to 150 MWe (Guiza, p.

1973), and the potential of the field is estimated by Tolivia
M. (p. 275) to be between 33 and 235 years at a production
rate of 150 MWe. Alonso (p. 17) estimates a minimum
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Figure 4. Map showing explored and developed geothermal
areas of Iceland. .
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capacity of 450 to 500 MWe, and Mercado G. (p. 487)
estimates a capacity on the order of 1000 MWe for several
decades. Isita S., Mooser H., and Soto P. (Abstract 1-17)
note that a recent well (M-53) achieved a reservoir tempera-
ture of 344°C and produced separated steam at 117 tons
per hour at 11 bars wellhead pressure, and suggest that
there may be important extensions of the Cerro Prieto field
east of the presently exploited area.

Geothermal exploration has taken place at many areas
in Mexico (Alonso, p. 17), and extensive investigations
including exploratory drilling have been carried out at Ixtlan
de las Hervores and Los Negritos (Fig. 5). In addition,
intensive geological surveys have been carried out at Los
Azufres, La Primavera, and San Marcos. Alonso (p. 17)
estimates the geothermal potential of Mexico to be roughly
4000 MWe.

CENTRAL AMERICA AND THE CARIBBEAN

The most noteworthy geothermal advance in Central
America since 1970 has been the development of the
Ahuachapan field in El Salvador (Fig. 5), where 16 produc-
tion wells have been drilled (Romagnoli et al., p. 563). In
1975, 30 MWe were to be installed with 60 MWe additional
by 1977 (Einarsson, p. 2363). A reservoir study carried
out in 1971 estimated the geothermal reserve as at least
50 MWe-centuries (UN, Centre for Natural Resources,
Energy, & Transport, p. 3). Ahuachapan is also notable
for the apparently successful demonstration of reinjection
into the reservoir as a means of effluent disposal (Einarsson,
Vides R., and Cuéllar, p. 1349).

Geothermal development is also proceeding in Nicaragua,
Costa Rica, and Guatemala, and geothermal energy could

allow Central America to become independent of petroleum
imports for power generation by 1980 (Einarsson, p. 2363).
Investigations in Nicaragua from 1969 to 1971 under the
auspices of the United States Agency for International
Development revealed two promising areas, San Jacinto-Ti-
sate and Momotombo, but development efforts were set
back several years by the disastrous Managua earthquake
of 23 December 1972. Temperatures of 209°C were recorded
at 210 m at Momotombo (F. Morlock, oral commun., 1975).
In Costa Rica, reconnaissance geothermal exploration has
been carried out for several years by the Costa Rica Institute
of Electricity. Current attention is focused on Guanacaste
Province where geological and geophysical surveys begin-
ning in July 1976 may lead to the siting of exploration wells
later in the year (J. Kuwada, oral commun., 1976). The
Guatemalan government expects to begin geothermal drilling
at Moyuta in 1976.

Although little geothermal exploration has been carried
out in Panama, Mérida (Abstract 1-26) reports the recent
discovery of a field having ‘‘great possibilities.””

On Guadeloupe in the French West Indies, a drilling
program carried out at Bouillante resulted in one well with
high production of water and steam from a zone at 338
m and a temperature of 242°C (Demians d’Archimbaud and
Munier-Jolain, p. 101). Three other wells, to depths of 800
m, 850 m, and 1200 m, did not achieve significant production.
It appears that an extensive reservoir might exist at greater
depth, and further drilling is proposed (Demians d’Archim-
baud and Munier-Jolain, p. 101).

SOUTH AMERICA

Beginning in 1968, the United Nations Development Pro-
gram and the Government of Chile conducted an intensive
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Figure 5. Map showing geothermal areas being explored or developed in Central America.
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geothermal exploration program at El Tatio in northern Chile
(Fig. 6). Geological, geochemical, and geophysical investiga-
tions, carried out in great part by New Zealand scientists,
led to the drilling of six exploration wells (10-cm diameter)
and in 1973-1974 to the drilling of seven production wells
(20-cm diameter) to a maximum depth of 1.8 km (Lahsen
and Trujillo, p. 157; UN, Centre for Natural Resources,
Energy, & Transport, p. 3). The principal producing zone
is at 800 to 900 m and has a temperature of 265°C (Lahsen
and Trujillo, p. 157). The wells produce a mixture of steam
and water, with the water containing appreciable lithium,
arsenic, and cesium (Cusicanqui, Mahon, and Ellis, p. 703).
Steam equivalent to 18 MWe is obtained from three wells
at El Tatio, and a pilot desalination plant has been installed
on one well.

In addition to the intensive work at El Tatio, geothermal
exploration has been carried out elsewhere along the Andes
Mountains of South America, most notably at Puchuldiza
and Polloquere in northern Chile (UN, Centre for Natural
Resources, Energy, & Transport, p. 3). In addition, the
Andes in southern Peru and western Bolivia are likely to
have similar geothermal potential; Parodi I. (p. 219) empha-
sizes the potential around the Ubinas volcano in Peru, and
Carrasco C. (p. 43) describes areas of geothermal potential
in the Cordillera Occidental and Altiplano of Bolivia.

TURKEY

During the past five years, the Mineral Research and
Exploration Institute of Turkey (MTA) has carried out
extensive geothermal exploration (Kurtman and Samilgil, p.
447), primarily in western Turkey (Fig. 7). Geothermal energy
is likely to supply 10% of the Turkish electrical energy
requirements in the year 2000, and geothermal exploration
and development have a prominent place in the 1975 to
1979 five-year economic plan (Alpan, p. 25).

Development of the Kizildere field (Tezcan, p. 1805) has
proceeded slowly, owing in great part to serious CaCO,
scaling problems. Six out of fourteen existing wells are

L. ). PATRICK MUFFLER

considered productive (Alpan, p. 25), with a maximum
subsurface temperature of 207.4°C. The MTA has built an
0.5-MWe pilot generating plant, and has plans for an 11.4-
MWe facility (Alpan, p. 25). In addition, a pilot greenhouse
is in operation.

Exploration and drilling are being carried out in the
surroundings of Ankara and Afyon, primarily to supply hot
water for space heating. At Afyon a well to 905 m recorded
a bottom-hole temperature of 106°C and produced at 20
1/sec (Tan, p. 1523). Near Ankara, three geothermal areas
are under exploration: the Kizilcahamam graben, the Murtet
graben, and the Cubuk graben (Kurtman and Samilgil, p.
447;the Cubuk graben apparently is the same as the Meliksah
area of Keskin et al., Abstract I1I-51). The Na:K ratio at
Kizilcahamam suggests a reservoir temperature of greater
than 195°C, and accordingly the area is being considered
for the possible production of electricity as well as for space
heating.

Exploration and shallow drilling in the Seferihisar and
Tuzla regions of western Turkey have discovered areas
promising for the production of electricity from hot-water
geothermal systems. The Seferihisar area is characterized
by many Quaternary rhyolite domes, and chemical geother-
mometers suggest a reservoir temperature greater than 200°C
(Kurtman and Samilgil, p. 447); a temperature of 137°C
was measured at 70 m in well G-2 (Egder and Simsek, p.
349). At Tuzla, post-lower Pliocene dacite domes are asso-
ciated with sinter-depositing springs, and Na-K-Ca geo-
thermometry suggests temperatures of approximately 215°C
(Kurtman and Samilgil, p. 447). One shallow drillhole has
produced a water-steam mixture, with a measured bottom-
hole temperature of 145°C (Ongiir, Abstract I11-36).

NEW ZEALAND

Although approximately 8% of the electrical energy used
in New Zealand comes from geothermal sources, Wairakei
and Kawerau (Fig. 8) remain the only two producing areas.
Installed capacity at Wairakei remains constant at 190 MWe,
but modifications of the steam collection system to allow
multiple flash resulted in a gain in electrical output equivalent
to a 20-MWe increase in electrical capacity (Bolton, p. 39).
At Kawerau, geothermal fluids continue to supply approxi-
mately 11% of the total energy required by the Tasman
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Pulp and Paper Company mill (Bolton, p. 37). Geothermal
fluids also are used extensively in Rotorua for heating homes
(Burrows, 1970) and for the air conditioning of a hotel
(Reynolds, 1970).

Geothermal drilling was suspended in New Zealand from
1971 to 1973, largely because of the expectation that sub-
stantial quantities of electricity would be generated from
a large offshore natural gas field. In 1973 a program of
four wells per year was reactivated at Broadlands. and in
1974 the worldwide energy crisis stimulated a similar drilling
program to establish the full potential of the Kawerau field.

Twenty-eight wells have now been drilled in the Broad-
lands field, and seventeen of these wells produce fluid
sufficient to sustain a 165-MWe plant. The New Zealand
Power Planning Committee has recommended a 150-MWe
station to be commissioned in 1981 (Bolton. p. 37).

Bolton (p. 37) estimates that the New Zealand geothermal
fields could produce approximately 1.45 x 10' kWh/yr,
from aninstalled capacity approaching 2000 MWe. Hochstein
(Abstract 1-16) gives a similar estimate for proved and
“semiproved’’ reserves. Bolton (p. 37) notes that only 15%
of the estimated geothermal potential is proven. and accord-
ingly it has been difficult to incorporate geothermal energy
into national energy planning.

EAST AFRICA

Since 1970, the French government has carried out geo-
thermal exploration in the French Territory of Afars and
Issas, primarily in the Asal Rift (Fig. 9). This exploration
has led to the conclusion that optimum sites for geothermal
wells are not in the central part of the rift but on the margins
where any geothermal systems will be sealed (Stieltjes. p.
613). Two wells were drilled in 1975, One of these wells
had a temperature of 253°C at 1050 m and produced a brine
of salinity greater than 190 000 mg/1 (A. C. Gringarten and
L. Stieltjes. data presented at the Workshop on Geothermal
Reservoir Engineering, Standford University. Dec. 15-17,
1975).

Geothermal exploration in Ethiopia has been carried out
since 1970 under the United Nations Technical Assistance
program. and promising areas were identified in the Lakes
District. the Awash Valley, and the northern Danakil De-
pression (Fig. 9: UN, Centre for Natural Resources, Ener-
gy. & Transport. p. 3). There are proposals for further work
in the Lakes District, possibly leading to a 10-MWe power
station.

Of the many hot-spring areas in the Rift Valley of Kenya,
only Olkaria, Eburru, and Lake Hannington have been
explored (Fig. 9). At Olkaria, two wells were drilled to
502 m and 942 m in 1957 to 1958 (Noble and Ojiambo,
p. 189). but no further exploration took place until a joint
program of the United Nations Development Program and
the East African Power and Lighting Company began in
1970. In addition to bringing the deeper Olkaria hole into
intermittent production, the program drilled four additional
holes at Olkaria to depths of 1.3 km (Noble and Ojiambo,
p. 189) and temperatures up to 287°C. Although the Olkaria
field appears to be large, output of the wells drilled to
date is restricted by the great depth to the water table and
by low permeability. Deepening of the existing wells at
Olkaria to 1.7 km is planned, along with further drilling
in the Olkaria area and possibly the Lake Hannington and
Eburru areas. In an area of high-power costs such as Kenya,
even wells of only moderate output such as Olkaria 3 and
4 appear to be economically attractive (Noble and Ojiambo,
p. 189).

Geothermal exploration in the western rift of Uganda
was renewed in 1973 by the Uganda Geological Survey and
Mines Department. with limited resistivity and microearth-
quake surveys conducted at Sempaya, Kitagata, and Lake
Kitagata (Fig. 9). From chemical and resistivity data, Maasha
(p. 1103) estimates a subsurface temperature of at least
160°C at Sempaya. the most promising of the three areas.
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Figure 10. Map showing major geothermal areas under ex-
ploration in Java and Bali, Indonesia.

INDONESIA

Extensive geothermal exploration has been carried out
in Indonesia during the past five years, primarily on the
islands of Java and Bali (Fig. 10). This exploration is
highlighted by the confirmation of the Kawah Kamojang
area as a vapor-dominated geothermal system of large
potential (Hochstein, p. 1049). As of May 1975, four holes
had been drilled to depths of 500 to 800 m, and at least
two of these wells produce dry steam (Hochstein, p. 1049;
Kartokusumo, Mahon, and Seal, p. 757).

The Dieng area of central Java was investigated from
1970 to 1972 by the Indonesian Power Research Institute
with initial assistance from the United States Government
(Truesdell, 1971; Muffler, 1971). Five holes were drilled
in 1972 to depths ranging from 84 to 183 m. Maximum
temperature encountered was 173°C at 139 m (Radja, p.
233, as quoted from Danilchik, 1972). Unlike the Kawah
Kamojang area, the Dieng geochemistry suggests the pres-
ence of a hot-water geothermal system at depth (Truesdell,
1971).

Exploration has also been carried out at Kawah Derajat,
Kawah Cibeureum, Cisolok-Cisukarame, and Tambanan
(Bali) jointly by the Geological Survey of Indonesia and
Geothermal Energy of New Zealand, Ltd. (AKkil, p. 11; Radja,
p. 233). In addition, the North Banten area has been
investigated by Pertamina (the Indonesian oil and natural
gas company) and Kyushu University of Japan (Radja, p.
233). Reconnaissance evaluation of the Indonesian islands
(Radja, p. 233) indicates substantial geothermal potential
throughout the nation.

CANADA

The regional geothermal potential of Canada has been
evaluated in an excellent study by Souther (p. 259). Signifi-
cant geothermal potential in Canada appears to be concen-
trated near young, silicic volcanic centers in British Colum-
bia, most prominently Mt. Edziza and Meager Mountain
(Fig. 11). The latter has been studied in detail by the British
Columbia Hydro and Power Authority, and a 347-m hole
has found 69°C water (Nevin and Stauder, p. 1161). The
chemistry of thermal waters in the area suggests a subjacent
reservoir of over 185°C (Souther, p. 259).

INDIA

Geothermal reconnaissance has been carried out through-
out India during the past five years, with emphasis on tectonic
setting and the interpretation of hot-spring chemistry in terms

of subsurface temperatures (Krishnaswamy, p. 143; Subra-
manian, p. 269; Gupta, Narain, and Gaur, p. 387). The
region of most immediate potential appears to be the Hima-
layan arc in northwestern India (Fig. 12), but the Konkan
area, and the Sanha, Cambay, Narbada-Tapti, and Godavari
grabens may have significant potential.

Exploration efforts through 1975 have concentrated in
the Puga, Chumathang, and Parbati Valley areas of northern
India. In the Puga area, six wells at depths up to 80 m
recorded temperatures up to 135°C and flowing steam and
water; chemical geothermometers suggest a base tempera-
ture of 220 to 270°C (Shanker et al., p. 245). At Chumathang,
20 km north of Puga, a temperature of 109°C was recorded

at 30 m, and geochemistry of fluids suggests a reservoir

temperature of 145 to 184°C (Shanker et al., p. 245). In
the Parbati Valley (which contains the Manikaran area),
geochemistry of fluids suggests reservoir temperatures of
over 200°C (Jangi et al., p. 1085; Gupta, Saxena, and Sukhija,
p. 741; Chaturvedi and Raymahashay, p. 329). In all three
areas, scaling by CaCO, appears to be a significant produc-
tion problem (Subramanian, p. 269; Chaturvedi and Ray-
mahashay, p. 329).

In the Cambay graben, high temperatures and pressures
(up to 170°C and 100 kg/cm?) have been found at depths
of up to 3.4 km (Krishnaswamy, p. 143), suggesting the
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Figure 11. Map showing geothermal areas being explored
in British Columbia, Canada.
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Figure 12. Map showing geothermal areas and regions of
geothermal potential in India.

presence of a geopressured resource similar to that in the
Gulf Coast of the United States.

Geothermal exploration in India is likely to progress
rapidly in the next few years as a new cooperative program
between the Ministry of Energy and the United Nations
Development Program gets under way in the Parbati Valley
and the West Coast (Krishnaswamy, p. 143; Subramanian,
p. 269). In addition, further exploration is planned by the

Geological Survey of India in the Puga, Chumathang, and .

Sohna areas (Krishnaswamy, p. 143).

FRANCE

Geothermal development in France has been highlighted
since 1969 by the utilization of 70°C water from Jurassic
rocks at a depth of 1.8 km in the Paris Basin to heat
apartments at Melun (Maugis, 1971; BRGM, 1975; Fig. 13).
A similar installation is now being constructed at Creil,
50 km north of Paris (P. Coulbois, oral commun., 1975).
Aquifers of temperature greater than 50°C have also been
identified in other sedimentary basins of France, in particular
the Aquitanian Basin and Alsace (BRGM, 1975). Geochemi-
cal exploration for geothermal resources has also been
carried out in the Massif Central (Fouillac et al., p. 721).

GREECE

Since 1970, reconnaissance geochemical exploration has
been carried out in six areas of Greece (Dominco and
Papastamatoki, p. 109): the Sperchis graben, Sousaki, Meth-
ane, Lesbos, Nisiros, and Milos (Fig. 7). The most promising
area of the six appears to be the island of Milos, where
a 70-m hole drilled in 1972 discharged steam and water
and had a bottom-hole temperature of 138°C (Dominco and
Papastamatoki, p. 109). A program of deep test drilling on
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Figure 13. Map showing areas of geothermal development
and exploration in France.

Milos is planned. Greek thermal waters appear to be a
mixture of sea water and meteoric water, with salinities
as great as, and locally exceeding, that of sea water
(Dominco and Papastamatoki, p. 109).

EASTERN EUROPE AND THE USSR

The temperature map given by Cermék, Lubimova, and
Stegena (p. 47, Fig. 6) shows that temperatures greater than
40°C at 1 km exist over much of southeastern Europe. The
Pannonian Basin of Hungary and the basins immediately
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Figure 14. Map showing geothermal areas and regions of
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north and south of the Caucasus have temperatures greater
than 50°C at 1 km, and geothermal resources have been
developed for space-heating and agricultural purposes in
all three areas.

In Hungary, thermal waters are produced from highly
permeable upper Cenozoic sandstones at depths up to 2.5
km and temperatures up to 150°C (Boldizsar and Korim,
p. 297). Most of the geothermal productionis from southeast-
ern Hungary, in a belt extending northeast from Szeged
to Debrecen (Fig. 14), with some utilization in northwestern
Hungary and at Budapest (Boldizsar and Korim, p. 297,
Fig. 1; Balogh, p. 29). At the end of 1974, there were 433
wells in Hungary producing water at greater than 35°C
wellhead temperature. These 433 wells produced 461
m3/min, giving 1010 MWt (Boldizsar and Korim, p. 297).
Balogh (p. 29) estimates that 5 to 30 X 10'° m? of thermal
water can be recovered from depths of 1.5 t0 2.5 km beneath
Hungary. Boldizsar and Korim (p. 297) estimate the water
recoverable from the main reservoir (the iower Pliocene
sandstones) to be 28 x 10 m?3, with a usable heat content
of 5 x 10 J.

Geothermal resources similar to those of Hungary also
occur in the surrounding countries, but there has been little
utilization to date. Figure 1 of Boldizsar and Korim (p.
297) shows clearly that the area of high geothermal gradients
in southeast Hungary extends into Romania (see also C.
Opran quoted in Geothermics, 1974, v. 3, p. 82), and that
the area of high gradients in northwestern Hungary extends
northeast into Czechoslovakia. Figure 6 of Cermak, Lu-
bimova, and Stegena (p. 47) suggests that temperatures of
greater than 50°C at 1 km occur in Austria and Yugoslavia.

Geothermal investigations have been carried out in the
Slovakian Socialist Republic (Franko and Racicky, p. 131)
and are beginning in Bohemia (the Czech Socialist Republic;
T. Paces, oral commun., 1975). In Slovakia, the most
promising region is the central depression of the Danube
Basin, southeast of Bratislava, where water at 138°C has
been found at 2.5 to 3 km (Franko and Racicky, p. 131).

Although heat-flow and geothermal gradients are not as
high in Poland as in the countries to the south, there still
may be opportunities for geothermal utilization in south-
western Poland (Dowgialfo, p. 123). Water up to 60°C has
been produced from drillholes into granite at depths of 660
and 750 m at Cieplice, and water up to 46°C has been
produced in a drillhole into granite at a depth of 700 m
at Ladek. The silica content of the Cieplice water suggests
that temperatures at depth exceed 100°C. Thermal waters
also have been found in drillholes into Mesozoic sediments
beneath Silesia; one well has produced 19.4 1/sec of 59.5°C
water (Dowgiallo, p. 123).

From all indications, the use of geothermal energy in
the USSR continues to expand rapidly, although very few
specific data were presented to the United Nations Sympo-
sium. Kharahashiyan and Khelkvist (Abstract I-18) state
that 28 geothermal fields in the USSR are in industrial
operation, mainly supplying heat to houses, industries, and
agricultural operations, and that 200 000 m of exploratory
geothermal wells have been drilled since 1966. According
to Fomin et al. (p. 129), geothermal resources in the USSR
could supply greater than 10'8J /yr. Mavritsky and Khelkvist
(p. 179) estimate the ‘‘reserves’’ (potential yield?) of thermal
waters with temperatures of 40 to 250°C in the USSR to
be 22 x 10° m? per day. These ‘‘reserves’’ consist of
‘‘steam-water deposits’” (>100°C reservoir temperature?) in

Kamchatka and the Kuril Islands, and ‘‘thermal water
deposits’’ in Kamchatka, the Caucasus, Middle Asia, Ka-
zakhstan, and Siberia. Hydrothermal convection systems
with temperatures up to 257°C in Kamchatka have a natural
heat discharge of 3.8 x 10° J/sec, enough to support an
electrical generating capacity of 350 to 500 MWe (Fedotov
et al., p. 363).

PHILIPPINES AND TAIWAN

Extensive drilling has taken place in the Tiwi area of
southeastern Luzon, the Philippines (Fig. 15), and a 100-
MWe geothermal plant is to be completed by 1977, with
an additional 100 MWe to follow soon thereafter (UN, Centre
for Natural Resources, Energy, & Transport, p. 3). In
addition, drilling indicates that the Los Banos area, also
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Figure 15. Map showing geothermal areas in Taiwan and

the Philippines.
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on Luzon, is of considerable promise. Exploration and some
drilling have also been carried out at Tongonan on Leyte,
and exploration has been proposed for several promising
sites on Negros and Mindanao.

Although no information on Taiwan could be presented
at the United Nations Symposium, two geothermal fields
have been explored (Chen, 1975). The Tatun field (Fig.
15) has reservoir temperatures up to 293°C, but acidity of
the water (pH 2) has precluded development to date. A
well drilled to 240 m in the Tuchang field found temperatures
of 173°C and a sodium bicarbonate fluid of pH 8.5.

AZORES (PORTUGAL)

Geothermal exploration has proceeded in the Azores,
albeit somewhat inadvertently, since 1970. One hole was
drilled to 981 m on the north flank of Agua de Pau volcano
on the island of Sdo Miguel by Dalhousie University (Halifax,
Nova Scotia, Canada) as part of an investigation into the
processes of formation of oceanic islands. Although the
drill hole was not intended for geothermal exploration,
temperatures of over 200°C were found at depths greater
than 550 m (Meucke et al., 1974). Further exploration and
development are planned for the area (V. Forjaz. 1975,
oral presentation at the Workshop on Small Geothermal
Power Plants, Furnas, the Azores, September 8-14, 1975).

CONCLUSION

The acceleration in geothermal development since 1973
has not yet had a major effect on the world’s installed
geothermal capacity (Table 1) owing to the lag of two to
five years between discovery of a field and commercial
utilization. Also, the electrical capacity figures do not reflect
the continuing steady growth of direct utilization of geother-
mal heat. The upsurge in geothermal exploration and
production drilling, the dramatic expansion of geothermal
research and development, the continuing high petroleum
prices, the dwindling supplies of petroleum and natural gas.
and the increased awareness of the need for environmental
protection are combining to bring geothermal energy from
a minor curiosity to a significant source of electricity and
heat throughout the world.
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Summary of Section Il
Geology, Hydrology, and Geothermal Systems

L. J. PATRICK MUFFLER
U.S. Geological Survey, Menlo Park, California, USA

INTRODUCTION

This rapporteur report summarizes the ideas and data
presented at the Second United Nations Symposium on the
Development and Use of Geothermal Resources with respect
to geology and hydrology of geothermal systems. The report
makes no attempt to deal with mathematical models or
reservoir engineering; both are treated by Manuel Nathenson
in the rapporteur report for Section VII (Production Tech-
nology, Reservoir Engineering, and Field Management). The
following discussion of geothermal geology and hydrology
has three goals: (1) to outline generally accepted models,
(2) to highlight areas of agreement, controversy, or uncer-
tainty, and (3) to direct the reader to significant original
references, both papers submitted to the Second UN Geo-
thermal Symposium and recent papers published elsewhere.

GEOLOGIC ENVIRONMENTS

It is widely accepted in the scientific community that
geothermal energy is the natural heat of the earth. This
heat is stored in rock and water within the earth and can
be extracted by drilling wells to tap anomalous concentra-
tions of heat at depths shallow enough to be economically
feasible (usually less than 3 km). Water or steam transfers
heat from rock to a well and thence to the surface. Accord-
ingly, a commercially attractive geothermal system must
have sufficient permeability to allow large quantities of water
or steam to be extracted for a prolonged time.

Regions of Normal Heat Flow

Most of the heat stored in the outer 10 km of the Earth
is in regions of normal heat flow (1.5 x 107% cal /cm? sec
= 1.5 heat flow units = 1.5 hfu) where geothermal gradients
are 20 to 40°C/km (for example, Diment et al., 1975).
Utilization of this energy is limited primarily by the great
depths and consequent high drilling costs necessary to reach
water with temperatures sufficiently high even for space
heating, and secondarily by low porosity and permeabil-
ity of most rocks at such depths. Although possible
breakthroughs in drilling technology (for example, Altseimer
et al., Abstract V-1; Altseimer, p. 1453) and hydrofracturing
(for example, Smith et al., p. 1781) could permit widespread
commercial extraction of heat from normal-gradient areas,
utilization with present technology requires a large, porous,
and permeable aquifer at a location where there is demand

for fluids at less than 100°C for space-heating or agricultural
purposes. These conditions currently are satisfied in the
Paris Basin (Coulbois and Herault, p. 2099; BRGM, 1975;
Maugis, 1971) and in some areas of the USSR (Mavritsky
and Khelkvist, p. 179).

In addition, there are areas of normal heat flow where
large, porous aquifers contain water at pressures well in
excess of hydrostatic. These “‘geopressured’’ reservoirs are
best known in the northern part of the Gulf of Mexico
basin (Jones, 1970; Jones, p. 429) but are also found in
deep, young sedimentary basins elsewhere in the United
States, in the Niger delta of Nigeria (Nwachukwu, p. 205),
in the Cambay graben of India (Krishnaswamy, p. 143) and
in the USSR (Mavritsky and Khelkvist, p. 179). In the
northern Gulf of Mexico basin, geopressured reservoirs are
common at depths of 2.5 to at least 7 km at temperatures
averaging 165°C (Papadopulos et al., 1975) and at pressures
sometimes approaching lithostatic. These geopressured sys-
tems have the potential to supply immense quantities of
both geothermal energy and energy from combustion of
dissolved methane (Papadopulos et al., 1975). Although
production of geopressured fluids appears technologically
feasible, the economics of production have yet to be demon-
strated (Wilson, Shepherd, and Kaufman, p. 1865).

Regions with No Associated Young Volcanic Rocks

Production of geothermal energy for space-heating and
agricultural purposes has been shown to be feasible in a
number of regions where heat flow is significantly greater
than the worldwide normal value of 1.5 hfu. Prominent
among these regions is the belt of high heat flow that extends
along the Alpine orogenic zone in eastern Europe and western
Asia (Cermak, Lubimova, and Stegena, p. 47). Within this
belt, heat flow and thermal gradient maxima occur in the
Pannonian Basin of Hungary and in the areas just north
and south of the Caucasus Mountains in the USSR. Boldizsar
and Korim (p. 297) state that the heat flow in the Pannonian
Basin of Hungary is 2 to 3.4 hfu and that thermal gradients
averaging 56°C/km persist to the base of the Cenozoic
sedimentary section at nearly 6-km depth. It is generally
believed that this high regional heat flow is transmitted into
the sediments from beneath, but Shvetsov (p. 609) suggests
that the heat liberated from compaction and diagenesis of
sediments themselves, in areas of rapid sedimentation (for
example 2.5 km per million years), can augment the heat
flow substantially.
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Regionally high heat flow also is found in the northern
Basin and Range province of Nevada and Idaho, USA (Sass
et al., Abstract II1-80; Diment et al., 1975). Regional,
permeable aquifers like the middle Pliocene Pannonian
formation of Hungary do not exist in the Basin and Range
province of the USA. Instead, many normal faults allow
deep circulation of meteoric water and serve as loci for
numerous thermal springs (Hose and Taylor, 1974).

Regions with Associated Young Volcanic Rocks

It has long been recognized that many geothermal systems
have a close spatial and genetic relation to young volcanic
centers (Healy, p. 415), in particular, to those of silicic
composition. In addition, field studies of intrusive rocks
of all ages have shown that most large magma chambers
in the upper 1C km of the continental crust are silicic (Smith
and Shaw, 1975). Hence, one approach in the search for
geothermal resources is to identify silicic volcanic centers
young enough and of sufficient size that molten or hot
intrusive rocks still exist at depth and can drive overlying
convection systems of meteoric water. This approach has
been used by Smith and Shaw (1975) to rank geothermal
exploration targets and to estimate the magnitude of geo-

thermal resources related to silicic intrusions in the USA.
In Figure 1, the ages and volumes of igneous intrusions,
deduced to underlie young silicic volcanic centers, are plotted
against a family of lines showing solidification times of
hypothetical-source magma chambers as functions of various
boundary conditions. The geothermal potential is greatest
for large, young igneous systems (that is, down and to the
right on Fig. 1). Basic data necessary for this approach
include: (1) geologic mapping and petrology of volcanic rocks
to allow calculation of volumes; (2) precise dating of volcanic
rocks by K-Ar, “C, thermoluminescence, obsidian hydra-
tion, or fission-track methods; and (3) numerical models
for cooling igneous bodies (for example, Smith and Shaw,
1975; Norton and Gerlach, Abstract II-35).

An example of this approach in the exploration for
geothermal resources is given by MacLeod, Walker, and
McKee, p. 465. K-Ar dating and geologic mapping define
two belts of ryholite domes trending northwest across
southeast Oregon, USA, and becoming progressively
younger from 10 million years (m.y.) on the southeast to
less than 1 m.y. near Newberry Volcano. The age-volume
relations suggest that high-temperature hydrothermal con-
vection systems are likely to exist only at the northwest
end of the belt near Newberry Volcano.
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Figure 1. Graph of theoretical cooling times for various magma bodies (from Smith and Shaw, 1975, Figure 4). Points
represent youngest ages and estimated volume for the best known young igneous systems of the United States (see Table
7 of Smith and Shaw, 1975).
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Although the use of Figure 1 is restricted to silicic rocks,
areas of intensive basalt extrusion may also have significant
geothermal potential (Smith and Shaw, 1975, p. 78-83). One
such area is in southern Washington State, USA, where
a major Quaternary basaltic feeder zone is coincident with
a pronounced negative gravity anomaly (Hammond et al.,
p. 397).

Intrusion of magma into the upper crust can generate
one or all of three types of geothermal systems: (1) magma,
(2) hot dry rock, (3) hydrothermal convection.

Magma bodies are known at a number of young volcanoes,
most notably at Kilauea Volcano in Hawaii, where basaltic
lava ponds in pit craters and remains partly molten for
years after extrusion (for example, Peck, Wright, and Moore,
1966). The movement of magma within Kilauea Volcano
is monitored using seismological and deformation tech-
niques, and prominent self-potential anomalies on the flanks
of the volcano are thought to indicate the position of
subsurface magma pockets (Zablocki, p. 1299). Magma has
been tentatively identified by teleseismic P-delay studies
at Yellowstone, Wyoming, and The Geysers. and Long
Valley, California (Steeples and Iyer, p. 1199) and is likely
to exist under many other volcanoes.

The term “‘hot dry rock’ is commonly applied to hot
rock that is of too low porosity or is too impermeable to
allow natural circulation of water at appreciable rates. An
example of hot dry rock is in the Jemez Mountains, New
Mexico, USA, where temperatures of 200°C have been found
at 3-km depth in Precambrian gneiss and amphibolite of
very low permeability (Smith et al., p. 1781 Albright, p.
847; Jiracek, Smith, and Dorn, p. 1095). Experiments are
under way at this site to fracture the rock hydraulically
and set up an artificial convection system. Similar research
efforts are under way at the Avachinsky Volcano, Kamchat-
ka, USSR (Fedotov et al., p. 363; Sviatlovsky, Abstract
VII-24) and are planned for Japan and Italy. Another possible
hot dry rock resource is under study in the Coso Mountains,
California, USA, where Pleistocene rhyolite domes form
adiscontinuous veneer over Mesozoic granite near the center
of a 40-by-20-km area of late Cenozoic ring faulting (Duffield,
Abstract II-12; Duffield, 1975; Lanphere, Dalrymple, and
Smith, 1975). Several drillholes to 1-km depth will be put
down at Coso in 1976.

Igneous intrusions into permeable water-bearing rocks of
the upper crust commonly set up overlying hydrothermal
convection systems. Meteoric water circulates downward
along faults or aquifers, is heated at depth by the intrusion,
and rises buoyantly towards the surface in a column of
relatively restricted cross section (White, 1968). For many
years it was thought that this water had to be heated by
conduction through country rock from the molten intrusion.
However, recent studies of 80 in Tertiary intrusive rocks
have shown that meteoric water can circulate along fractures
in a cooling intrusion (Taylor, 1971) and may even penetrate
into the liquid magma (Friedman et al., 1974). Analytical
studies by Lister (p. 459) suggest that heat output of a
hydrothermal convection system is maintained by penetra-
tion of meteoric water into the solidified margins of an
intrusion along fractures that propagate inward at 0.2 to
20 m/y. Fournier, White, and Truesdell (p. 731) speculate
that heat is transferred from the magma under Yellostone
to the dilute hydrothermal convection systems via a hot,
slowly convecting, highly saline brine.

Data on a number of hydrothermal convection systems

related to silicic intrusive or volcanic activity were presented
at the Second UN Geothermal Symposium. The Geysers,
California, steam field is clearly associated with the Clear
Lake Volcanics of late Pliocene (?) to Holocene age (Hearn,
Donnelly, and Goff, p. 423; Donnelly and Hearn, Abstract
[11-18) and with a major gravity low. Isherwood (p. 1065)
considers that the gravity and magnetic anomalies are caused
by a young intrusive body centered 10 km below the
southwest edge of the Clear Lake Volcanics, and teleseismic
P-delay data suggest that this intrusive body may still be
partly molten (Steeples and Iyer, p. 1199). A gravity ridge
separating the main gravity low from a smaller low at The
Geysers is most likely due to a northeast-dipping dense
caprock that directs hydrothermal fluids from beneath the
volcanic field southwest to The Geysers (Isherwood, p.
1065).

The new geothermal discovery at Cesano, Italy (Calamai
et al., p. 309), is clearly associated with the late Quaternary
Sabatini volcanoes. The Cesano discovery well was drilled
in Boccano caldera, the site of very young phreatic volcan-
ism, and penetrated 700 m of hydrothermally altered diatreme
breccia (Baldi et al., p. 871: Calamai et al., p. 305).

Other areas associated with silicic volcanism include the
Seferihisar area, Turkey (Esder and Simsek. p. 349), and
the Salton Sea geothermal field, California (Robinson,
Elders, and Muffler, 1976). Areas associated with andesite
volcanism include the Cerro Prieto geothermal field, Mexico
(Reed. p. 539). El Tatio, Chile (Lahsen and Trujillo, p.
157. Cusicanqui, Mahon, and Ellis, p. 703; Hochstein,
Abstract 111-39), and the Kawah Kamojang area, Indonesia
(Hochstein, p. 1049: Kartokusumo, Mahon, and Seal, p.
757).

LOCATION OF GEOTHERMAL SYSTEMS

The revolution in earth science that resulted from the
theory of plate tectonics (Cox, 1973) was mentioned only
in passing at the First UN Geothermal Symposium in 1970
in Pisa, Italy. By 1975, however, it was widely accepted
that geothermal fields are localized in areas of young
tectonism and volcanism, primarily along active plate
boundaries (Muffler, p. 499; Healy, p.415).

Spreading Ridges

Spreading ridges are zones where new crust is created
by intensive igneous intrusion and extrusion, and accordingly
they are favorable sites for copious discharge of hydrother-
mal fluids. Williams (Abstract 1-40) notes that 20% of the
Earth’s heat loss occurs along the 5.5 x 104 km of spreading
ridges, which comprise only 1% of the Earth’s surface area.
Lister (p. 459) calculates that the probability of finding a
major hydrothermal convection system at a spreading zone
is a direct function of spreading rate (0.025 per km of rift
length per cm/yr spreading rate). According to Lister’s
analysis, a major hydrothermal convection system might
be expected every 20 km on the mid-Atlantic ridge, every
3 km on the fast-spreading East Pacific rise, and every
100 km on a slow-spreading continental rift zone (for example
the East Africa rift or the Baikal rift).

By far the most thoroughly studied submarine geothermal
area is the Atlantis II deep in the Red Sea. Saline brine
trapped in this and other deeps along the axis of the Red
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Sea has its origin in hydrothermal discharge from the sea
floor. Schoell (p. 583) estimates that the hydrothermal brine
responsible for the Atlantis Il brine pool is discharging at
2.4 x 10*1/m and has a subsurface temperature of 210°C.

The spreading ridge that extends from the Indian Ocean
through the Gulf of Aden to the Red Sea is emergent from
the ocean in the Afar Depression (Tazieff et al., 1972).
The southernmost emergent spreading element of this ridge
is the Asal Rift, characterized by an axial zone 5 km across
where new oceanic crust is forming and very young basalts
have been extruded (Stieltjes, p. 613). Geothermal explora-
tion wells were sited just to the southwest of the axial
valley, which was interpreted by Stieltjes to be too “‘open’”
(permeable ?) to support a good hydrothermal convection
system. One of the wells drilled in 1975 found a reservoir
at 1050 m and 253°C containing a brine of 190 000 mg/1
salinity (Gringarten and Stieltjes, 1975).

In a general sense, Iceland also represents a mid-oceanic
spreading ridge that extends above sea level (Palmason and
Saemundsson, 1974). The neovolcanic zone extending
northwest through Iceland is the locus of extensive Quater-
nary basaltic volcanism, scattered silicic volcanic centers,
and at least 17 major high-temperature hydrothermal con-
vection systems (Palmason, Ragnars, and Zoéga, p. 213;
Bodvarsson, p. 33: Hermance, Thayer, and Bjornsson, p.
1037; Arnérsson et al., p. 853).

The best example of a spreading ridge that extends onto
a continent is the East Pacific Rise as it passes north up
the Gulf of California into the Salton Trough. Spreading
segments separated by transform faults occur throughout
the Gulf of California (Lawver, Abstract 111-54; Williams,
Abstract 1-40), and similar segments are represented on land
by the young volcanoes and geothermal fields at Cerro Prieto
and the Salton Sea (Elders et al., 1972).

Intracontinental rifts are also the loci of young volcanism
and geothermal fields, but their low rates of extension resuit
in a lower probability of finding major geothermal areas
than along fast-spreading oceanic ridges (Lister, p. 459).
The best known example of an intracontinental rift is the
East Africa rift, with associated geothermal areas in Ethiopia
(Demissie and Kahsai, Abstract I-10), Kenya (Noble and
Ojiambo, p. 189), and Uganda (Maasha, p. 1103).

Subduction Zones

Subduction zones are belts along which two plates move
toward each other, resulting in the consumption of litho-
sphere, commonly by the thrusting of one plate beneath the
other. Melting of downthrust crust produces pods of magma
that rise into the upper plate and act as heat sources for
overlying hydrothermal convection systems. Geothermal
fields clearly related to subduction zones include:

1. Kawah Kamojang, Java, Indonesia (Hochstein, p. 1049;
Kartokusumo, Mahon, and Seal, p. 757), related to thrusting
of the India plate under the China plate.

2. Puga, Chumathang, and Parbati Valley of the Himalayas
of northwest India (Gupta, Narain, and Gaur, p. 387;
Subramanian, p. 269; Krishnaswamy, p. 143; Shanker et
al., p. 245; Jangi et al., p. 1085), related to the same
subduction zone as Kawah Kamojang, but in a complex
zone of convergence between continental crust of each plate.
3. El Tatio, Chile (Healy, p. 415; Lahsen and Trujillo,
p. 157; Cusicanqui, Mahon, and Ellis, p. 703), related to

subduction of oceanic crust beneath continental crust along
the west coast of South America.

Intraplate Melting Anomalies

Intraplate melting anomalies are also the loci of recent
volcanism and associated geothermal fields. Examples of
these intraplate melting anomalies are Hawaii (Dalrymple,
Silver, and Jackson, 1973) and Yellowstone (Christiansen
and Blank, 1969; Eaton et al., 1975).

GEOMETRY OF HYDROTHERMAL RESERVOIRS

Regional Aquifer Systems

Many parts of the world are characterized by laterally
extensive thick aquifers of permeable rock that can be tapped
for geothermal resources over wide areas. Prominent among
such aquifers is the upper part of the Pannonian formation
(middle Pliocene) of Hungary, where discontinuous sand-
stones interbedded with siltstone and shale contain approxi-
mately 2800 km? of 80 to 99°C water, of which perhaps
10% is recoverable (Boldizsar and Korim, p. 297). The
Pannonian formation also forms a major geothermal aquifer
in the central depression of the Danubian basin of Czecho-
slovakia (Franko and Mucha, p. 979). Regional sandstone
aquifers are found in Tertiary sediments of the Gulf Coast
of the United States, where growth faults have broken
sandstone formations into discrete, geopressured reservoirs
(Jones, 1970; Jones, p. 429). Many of these reservoirs are
found in the Oligocene Frio Formation of south Texas,
USA (Bebout and Agagu, Abstract II-1; Dorfman and
Sanders, Abstract II-11). In the Salton Trough of California
and Mexico, geothermal resources occur in sandstone lenses
in a thick sandstone-siltstone sequence that comprises the
Colorado River delta (Swanberg, p. 1217; Reed, p. 539).
Major regional aquifers are also found in the Paris Basin,
where geothermal fluids at 70°C are produced from the
Dogger Limestone of Jurassic age (BRGM, 1975; Maugis,
1971).

Large volcano-tectonic depressions are favorable sites for
geothermal reservoirs (Yamasaki and Hayashi, p. 673; Healy,
p. 415). Prominent among these depressions are the Taupo
depression of New Zealand, a depression trending west-
southwest from Beppu to Unzen in northern Kyushu, Japan,
and the Guatemala-Quezaltenango depression of Central
America. Large grabens not necessarily related to young
volcanism contain geothermal resources in Turkey and India
(Kurtman and Samilgil, p. 447; Krishnaswamy, p. 143).

Local Stratigraphic Reservoirs

Young calderas commonly are favorable sites for hydro-
thermal convection systems, both because of the underlying
igneous heat source and because of the probability of
permeable caldera fill. Major calderas described at the
Second UN Geothermal Symposium include Yellowstone
(Fournier; White, and Truesdell, p. 731; Truesdell et al.,
Abstract I11-87; Morgan et al., p. 1155; see also Eaton et
al., 1975), Onikobe, Japan (Yamada, p. 665), and the Valles
Caldera, New Mexico, USA (Jiracek, Smith, and Dorn, p.
1095; see also Smith, Bailey, and Ross, 1970). Geothermal
resources in the Long Valley caldera in California have
also been described recently in a number of papers published
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in volume 80, no. 5 of the Journal of Geophysical Research
(1976).

Basaltic central volcanoes in the Tertiary strata of Iceland
have good reservoir characteristics (Fridleifsson, p. 371).
The highly permeable basaltic hyaloclastites erupted under
glaciers during the Pleistocene also form important aquifers
along the neovolcanic zone of Iceland (Témasson, Fridleifs-
son, and Stefansson, p. 643; Fridleifsson, p. 371).

Fractured Reservoirs

Although many geothermal reservoirs seem to be associat-
ed with porous and permeable sedimentary or volcaniclastic
rocks, perhaps a greater number are related to fractures
in rocks that are otherwise impermeable. Bodvarsson (p.
903) states that ‘‘. . . fractures of various types are the
most important conductors of circulating fluids in practically
all major geothermal systems.’’ Grindley and Browne (p.
377) emphasize that major production from many geothermal
fields is derived not from the most porous stratigraphic
units but from fractures in some of the least porous units.
This phenomenon is clearly illustrated by the Kawerau area,
New Zealand, where major production is from a dense,
fractured andesite (Macdonald and Muffler, 1972).

Traditionally, fractures in geothermal areas have been
interpreted to result from tectonic stress and the resulting
formation of faults, joints, fractures, and breccias. At the
Second UN Geothermal Symposium, however, several
papers proposed other mechanisms for the development of
fractures.

Bodvarsson (p. 903) presents calculations showing the
effect of temperature changes on the width of fractures
and suggests that fractures along dikes can form by thermal
contraction during soldification of the dikes or by inflow
of cold water along the dikes, gradually extending downward
the open space against the country rock. Increasing temper-
ature due to ascending hot fluids will close cracks at in-
termediate depths (a fracture of initial width of 1 mm will
be closed in 0.5 yr by a 10°C increase in fluid temperature)
but will cause fracturing at higher levels due to overall
expansion of the region.

An elegant analysis of fracturing at Broadlands, New
Zealand, is given by Risk (p. 1191), who used detailed
bipole-dipole resistivity studies to define the fracturing
pattern around a buried rhyolite dome. Measuring stations
over the center of the dome show no preferential direction
of conduction of electricity, but stations over the periphery
of the dome show strong preferential conduction of electric-
ity in directions radial to the center of the dome, suggesting
the presence of radial fractures. Borehole data and electrical
soundings indicate that these fractures are beneath the dome
and hence were probably formed during its extrusion.

Grindley and Browne (p. 377) propose that many breccia
zones in geothermal fields are produced by natural hydraulic
fracturing in situations where (by self-sealing, for example)
fluid pressures exceed the least principle stress by an amount
equal to the tensile strength of the rock. According to
Grindley and Browne (p. 377), rapid extension of a fissure
by hydraulic fracturing may sharply reduce fluid pressure
in the fissure and cause adjacent impermeable rocks to fail
explosively. This theory of fracture formation in geothermal
areas is based in great part on papers by Phillips (1972;
1973). Natural hydrofracturing is also referred to by Norton
and Gerlach (Abstract 11-35).

Another method of fracturing is proposed by Vartanyan
(p. 649), who hypothesizes a substantial decrease in specific
volume of rock at depth by degassing during regional
metamorphism, thus producing fractures in overlying rock.

Several examples of geothermal reservoirs in fractured
rock were presented at the Second UN Geothermal Sympo-
sium. Blackwell and Morgan (p. 895) show clearly that flow
of hydrothermal fluids at Marysville, Montana, is controlled
by fractures in a Tertiary intrusion in Precambrian country
rock. In the Larderello and Travale regions of Italy, produc-
tion of steam is from fissures in the Upper Triassic to Jurassic
limestones that in general have low matrix permeability
(Petracco and Squarci, p. 521; Burgassi et al., p. 1571; Celati
et al., 1975). The steam reservoir at The Geysers is in
fractured, indurated Mesozoic graywacke in a complex,
southeast-plunging antiform broken by young, northwest-
trending faults (McLaughlin and Stanley, p. 475). In Japan,
fracture control of geothermal fluid production is emphasized
by Sato and Ide (p. 575), Yamada (p. 665), and Todoki
(p. 635). At Ahuachapan, El Salvador, permeability of the
geothermal reservoir (the Ahuachapan andesite) is predomi-
nantly due to fractures (Romagnoli et al., p. 563).

Artificial fracturing to increase permeability and thus allow
exploitation of hot dry rock has received much recent
attention. In the Jemez Mountains of New Mexico, USA,
a program is underway to hydrofract Precambrian gneiss
and amphibolite found at 3-km depth and 200°C just west
of the Valles Caldera (Smith et al., p. 1781). Similar efforts
have begun in the USSR (Diadkin and Pariisky, p. 1609;
Fedotov, et al., p. 363; Sviatlovsky, Abstract VII-24) and
are being considered in Japan (Hayashida, p. 1997).

HYDROLOGY OF GEOTHERMAL SYSTEMS

Movement of Geothermal Fluids

Vertical upwelling of hot geothermal fluids is suggested
by the geometry of the Broadlands area, New Zealand,
where resistivity studies have shown the field to be nearly
circular with vertical boundaries at least to a depth of 3
km (Risk, Macdonald, and Dawson, 1970). Detailed bipole-
dipole resistivity and I.P. studies by Risk (p. 1185) show
that the south boundary zone of the Broadlands field is
100 to 150 m thick and is probably an impermeable barrier
created by deposition of hydrothermal minerals, particularly
quartz. The broader boundary on the east side of the field
may indicate intrusion of cold water through a leaky bounda-
ry (Risk, p. 1185). as required by Macdonald’s (p. 1113)
model of the field. A tongue of low-resistivity material
extending northwest along the Waikato River suggests sub-
surface outflow of thermal water (Macdonald, p. 1113).

Horizontal movement of geothermal fluids has been
emphasized by Healy and Hochstein (1973) and Healy (p.
415), mainly on the basis of extensive hydrologic data
available from El Tatio, Chile (Cusicanqui, Mahon, and
Ellis, p. 703; Lahsen and Trujillo, p. 157; Healy, p. 415).
Meteoric water originating 15 to 20 km east of El Tatio
flows westward and becomes heated as it passes under the
volcanic crest of the Andean Mountains. This horizontal
flow, primarily through the fractured Puripucar ignimbrite,
is impeded to the west by relatively impermeable rocks
of the Tucle horst. Upward movement of the thermal water
in the Tatio basin occurs on northwest- and northeast-trend-
ing fractures. Cusicanqui, Mahon, and Ellis (p. 703) interpret
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preliminary tritium data to suggest a time of 15 years for
passage of water from the recharge area to the El Tatio
basin. A similar model seems to apply to the Ahuachapan
area in El Salvador (Romagnoli et al., p. 563).

Horizontal movement of thermal water over long distances
has also been deomonstrated in Iceland (Bodvarsson, p.
33). Deuterium isotope data and volcanic structure indicate
that the thermal water of the Reykjavik and Reykir areas
originates as precipitation in the interior highlands of Iceland
and flows over 100 km southwest through buried Quaternary
hyaloclastite ridges (Témasson, Fridleifsson, and Stefans-
son, p. 643).

Predominantly vertical flow of geothermal fluids along
faults is common in many areas, for example, the northern
Basin and Range province in Nevada and Idaho, USA, an
area of regional extension where meteoric water circulates
to many kilometers depth along young normal faults (Hose
and Taylor, 1974; Olmsted et al., 1975). This type of
geothermal circulation is well illustrated by the Raft River
area in Idaho (Williams et al., p. 1273). Geothermal wells
were sited at the west edge of the Raft River basin at the
intersection of the north-trending Bridge fault and the
northeast-trending Narrows structure, which is probably an
old shear zone in the Precambrian basement. Large flows
of 147°C water were found at the predicted depth and at
the reservoir temperature predicted by SiO, and Na-K-Ca
geothermometers (Young and Mitchell, 1973). Igneous rocks
in the area are too old (8 m.y.) to be the source of heat
for the geothermal system. Heat flow in the area is 2.5
hfu (T. C. Urban and W. H. Diment, oral commun., 1976),
approximately the same as the regional heat flow of the
northern part of the Basin and Range province.

Fault control of geothermal fluid movement has also been
demonstrated at the East Mesa area of the Salton Trough,
California, USA (Swanberg, p. 1217), in the Parbati Valley
of northwestern India (Jangi et al., p. 1085), and at the
Sempayaarea in Uganda, where the thermal fluids are clearly
related to the Bwamba fault that bounds the western rift
valley on the east (Maasha, p. 1103).

Movement of geothermal fluids along dikes in basaltic
terrane has been emphasized by Bodvarsson (p. 33 and
p. 903). Thermal water systems in northwestern Iceland
are commonly controlled by flow along dike margins, for
example, at Reykholar (Bjornsson and Gronvold, Abstract
11-3). Flow of thermal fluids along basalt dikes also has
been demonstrated in the Konkan region of India (Gupta,
Narain, and Gaur, p. 387).

Cap Rocks and Self-Sealing

Upward movement of geothermal fluids is commonly
restricted by relatively impermeable rock (a “‘cap rock”),
allowing accumulation of fluids in a geothermal reservoir
directly beneath the cap rock. In some areas the cap rock
has been interpreted as an impermeable stratigraphic unit.
At Larderello, the cap rock is the allochthonous *‘argille
scagliose’” of Cretaceous to Eocene age that overlies the
Triassic reservoir rocks (Petracco and Squarci, p. 521). At
Wairakei the cap rock is the Huka Falls formation, whereas
at Broadlands a cap rock is provided by the Huka Falls
formation and various buried rhyolite domes (Grindley and
Browne, p. 377). In the geothermal fields of the Salton
Trough, a cap rock is formed by relatively impermeable
clays and shales that extend to a depth of 600 to 700 m

(Swanberg, p. 1217; Tolivia M., p. 275; Mercado G., p.
487; Paredes A., p. 515). At Kizildere, Turkey, reservoirs
appear to be in both Miocene limestone and Paleozoic
marbles, each overlain by relatively impermeable cap rocks
(Kurtman and Samilgil, p. 447; Tezcan p. 1805).

In perhaps the majority of hydrothermal convection sys-
tems, however, the cap rock is produced by self-sealing
(Bodvarsson, 1964; Facca and Tonani, 1967), most common-
ly owing to the deposition of silica, but also owing to
hydrothermal formation of clays, zeolites, and other minerals
(forexample, Kristmansdoéttir, p. 441; Grindley and Browne,
p. 377; Sheridan and Maisano, p. 597) or by deposition
of calcite as CO, is lost from a fluid. Examples of a cap
rock being created by self-sealing include the Dunes geo-
thermal system in the Salton Trough, California, USA (Bird
and Elders, p. 285) and the hot-water geothermal systems
of Yellowstone National Park, Wyoming, USA, where
self-sealing has produced vertical hydraulic gradients ex-
ceeding hydrostatic by 11 to 47% (White et al., Abstract
11-56; White et al., 1975).

Fluid Recharge

Recharge to geothermal systems consists both of heat
and water, and the balance between the two is important
in determining whether a geothermal system is hot-water
or vapor-dominated (White, Muffler, and Truesdell, 1971).

Fluid recharge is of critical importance to convective
hydrothermal systems but is poorly understood, owing
primarily to lack of deep drillhole data in the recharge parts
of geothermal systems (Healy, p. 415). However, several
intensively developed geothermal systems do provide some
quantitative data. At Wairakei, Hunt (1970), from an analysis
of subsidence data and gravity changes from 1961 to 1967,
showed that only 20% of the fluid discharged during that
time had been replaced by recharge. Bolton (1970), however,
presented an analysis of the 1968 shutdown of the Wairakei
field which indicated an inflow of water equivalent to
two-thirds of the field discharge and at a temperature equal
to or higher than the maximum measured in the field. At
Larderello, Panichiet al. (1974) have identified steam derived
from recharge from the south by its low and variable '*O
compared to steam from the center of Larderello region.
According to Petracco and Squarci (p. 521), approximately
30 to 40% of the steam produced at Larderello comes from
these aquifers in the south.

Fluid recharge in some systems, however, appears to be
of little importance. According to Boldizsar and Korim (p.
297), the thermal water of the Pannonian aquifer of Hungary
*‘does not participate in the hydrologic cycle.”” The geopres-
sured fluids in the northerm Gulf of Mexico basin have
been clearly demonstrated by Jones (1970) to be derived
from diagenesis of sediments rather than from circulation
of meteoric water. Jones (p. 429) describes in detail a model
for the formation of the geopressured reservoirs, emphasiz-
ing that they result from the compartmenting of sandstone
beds by growth faults and the resultant retardation of fluid
expulsion through the bounding, low-permeability clays.
Fluid pressures will decrease with time as the confined water
gradually escapes. Temperatures also decrease with time,
as shown by comparison of paleotemperatures (determined
by the electron spin resonance of kerogen) with modern
temperatures in Cretaceous rocks at depths of 3 km in
south-central Texas (Pusey, 1973). Inasmuch as the deposi-
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tional axis of the Gulf Coast deposits migrates gulfward
with time, one would expect the locus of the geopressured
deposits also to migrate gulfward with time (Jones, p. 429).

GEOTHERMAL RESOURCE ESTIMATION

Several methods of geothermal resource estimation are
currently in use, with little agreement on which method
is best. Heat stored in water in the geothermal reservoir
is used by Alonso (p. 17) and Tolivia (p. 275) to estimate
the geothermal resources of Cerro Prieto, and by Swanberg
(p. 1217) to estimate the geothermal resources of East Mesa,
California, USA. On the other hand, many authors have
calculated the heat stored in both water and rock and have
calculated (or assumed) an extraction efficiency. Recent
examples of this approach include Bodvarsson (p. 33) in
Iceland; Macdonald and Muffler (1972) at Kawerau, New
Zealand; Macdonald (p. 1113) at Broadlands in New Zealand;
Muffler and Williams (1976) in Long Valley, California,
USA; and Renner, White, and Williams (1975) and Nathen-
son and Muffler (1975) for geothermal systems of the United
States. Healy (p. 415 and 1976), however, considers that
estimates of resources and reservoir life based on stored
heat calculations are unreliable, since no reservoir may in
fact exist. That is, the permeability distribution of rock
in the “‘reservoir™ is such that most of the heat is inaccessi-
ble to circulating fluids and thus cannot be transmitted to
the wells. This possibility is also explicitly recognized by
Muffler and Williams (1976).

A second method of estimating the power potential of
a new hydrothermal convection system is to compare the
area of surface alteration in the new field with the altered
area in a developed field, under the assumption that the
area of surface alteration is proportional to the power
potential. A refinement of this method used in Japan involves
careful determination of the areal extent, type, and age
of surface alteration and correlation with the age of associat-
ed volcanism (Sumi and Takashima, p. 625).

The total natural heat flow can also be used to estimate
the geothermal potential of a hydrothermal convection
system. Healy (p. 415) notes that estimates based on natural
discharge are minima because experience at several geother-
mal fields (particularly Wairakei) has shown that natural
discharge can be increased several times for many years.
Accordingly, one can estimate field production by comparing
natural discharge with that of another field whose capacity
is known, Using this approach, Healy and James (1976)
have estimated that heat discharge from Kawerau might
be increased to four times natural discharge (that is, to
420 megawatts thermal = 420 MWt); this compares to 350
to 600 MWt for 50 years calculated from the 0.55 to 0.95
x 10'® J of extractable heat estimated by Macdonald and
Muffler (1972) for Kawerau.

Dawson and Dickinson (1970) have estimated the natural
heat discharge from Broadlands to be 84 MWt. Using the
same fourfold factor, derived from the Wairakei example
forincrease of production over natural heat discharge (Healy
and James, 1976), the productive capacity of Broadlands
is calculated to be 336 MWt. This compares to 2350 MWt
for 50 years estimated from the stored heat in the Broadlands
system (Macdonald, p. 1113). Clearly, development of the
Broadlands geothermal area will provide an important case
history for evaluating the accuracy of the two contrasting
methods of geothermal resources estimation.
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INTRODUCTION

Considerable advances have been made in the knowledge
of the chemistry of geothermal fluids in the five years
between the first and second United Nations Geothermal
Symposia held in Pisa (1970) and San Francisco (1975).
At the Pisa Symposium, Donald E. White reviewed the
entire field of geothermal geochemistry. He emphasized the
distinction between hot-water and vapor-dominated geother-
mal systems and carefully reviewed the application of
quantitative and qualitative geothermometers to each type
of system. Geothermal chemistry was also recently reviewed
by Sigvaldason (1973), Ellis (1973, 1975), and Mahon (1973).
In reporting on fluid chemistry papers from the San Francisco
Symposium, I shall build on these earlier reports and include
Symposium papers and abstracts with g_eochemical data,
as well as some recent papers not submitted to the Sympo-
sium. The literature in this field is expanding so rapidly
that some worthy papers were probably missed.

Geothermal fluid chemistry finds its widest application
in exploration, and it is this aspect that will be stressed
in this report. Recent exploration activities have resulted
in new chemical data on thermal fluids from springs and
wells in Afars and Issas, Canada, Chile, Columbia, Czecho-
slovakia, El Salvador, Ethiopia, France, Greece, Guade-
loupe, Hungary, Iceland, India, Indonesia, Israel, ltaly,
Japan, Kenya, Mexico, New Britain, New Zealand, the
Philippines, Poland, the Red Sea, Rhodesia, Swaziland,
Switzerland, Taiwan, Turkey, the United States, the USSR,
and Yugoslavia. New methods for estimating subsurface
temperatures have been proposed based on chemical and
isotopic analyses of surface and well discharges. Chemical
indices based on trace constituents of spring fluids and
deposits, altered rocks, soils, and soil gases have been
proposed as aids to geothermal exploration. Chemical models
of interaction of geothermal fluids with reservoir rocks have
been constructed. Studies of alteration in geothermal systems
have aided exploration and exploitation. Finally, studies
of geothermal rare gases suggest that although most are
atmospheric in origin, excess 3He in some systems may
come from the Earth’s mantle.

Although not covered in this report, chemical studies also
assist in the exploitation of geothermal resources. Analyses
of produced fluids indicate subsurface temperatures and
production zones. Problems of scale deposition, corrosion
of piping, and disposition of environmentally harmful chem-
ical substances in geothermal fluids have been studied and

solved in some applications. Plans continue for the recovery
of valuable chemicals from geothermal fluids.

CHEMICAL COMPOSITION OF FLUIDS

Summaries of analytical data on selected thermal spring
and well discharges, indicated geothermometer temperatures,
and references to data sources are presented in Table 1.
Most data are from papers submitted to this Symposium.
The classification of geothermal system type in Table 1
is based on the assumed genesis of their anomalous heat
and follows, in a general way, classifications proposed by
Mahon (p. 755). Arndrsson (1974), Ivanov (1967), Kononov
and Polak (p. 767). and White (1970). Volcanic systems
(where the heat sources are inferred to be recent igneous
intrusions) dominated by hot water or steam are distinguished
from nonvolcanic systems in which the heat source is normal
or elevated regional heat flow and the waters are heated
by deep circulation along faults or by their position in broad
downwarped sedimentary basins. There are many chemical
studies of volcanic geothermal systems because these are
most easily exploited with current technology; fault-related
and sedimentary systems are poorly understood chemically,
although these may yield large quantities of heat for non-
electrical uses. Additional data on nonvolcanic geothermal
systems may be found in the Proceedings of the Symposium
on Water-Rock Interactions held in Prague in 1974 (Cadek,
1976). Because of their distinctive and relatively uniform
chemistry, I have treated seawater systems separately and
discussed them in a special section.

Mahon’s Classification

Mahon (p. 775) characterizes geothermal fluids as origin-
ating from volcanic and subvolcanic geothermal systems,
which may be either water or steam systems, and from
nonvolcanic geothermal systems. Volcanic water systems
are usually characterized at depth by waters of the neutral
sodium chloride type which may be altered during passage
to the surface by addition of acid sulfate, calcium, or
bicarbonate components. The concentration of chloride may
range from tens to tens of thousands of ppm. The origin
of the water itself is dominantly meteoric, and the con-
centrations of readily soluble components such as Cl, B,
Br. Li, Cs, and As are related to their concentrations in
the rock, to the subsurface temperature, and possibly to
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contributions from deep fiuids related to the volcanic heat
source. Other less soluble constituents such as Si0O,, Ca,
Mg. Rb, K, Na, S0O,, HCO,, and CO, are controlled by
subsurface temperature, mineral solubility, mineral equili-
bria, and pH. Gases in these systems normally include CO,,
H,S. H,, CH,, N,, and inert gases, with CO, predominant,
and constitute 0 to 5% by weight of the deep fluid.

The near-surface fluids of volcanic steam (vapor-dominat-
ed) systems are low in chloride (except for fundamentally
unrelated high-temperature volcanic fumaroles with HCI).
They contain only elements soluble in some form in low-
pressure steam (SO, as H,S, HCO, as CO,, B as HBO,,
Hg, NH,). The gases are similar to those in volcanic water
systems. Because of their relative rarity and because vapor
rather than liquid is produced (although liquid may predomi-
nate at depth), the geochemistry of these systems is not
well understood.

Nonvolcanic geothermal systems have a wide range of
water compositions and concentrations, from dilute meteoric
waters to connate waters, metamorphic waters, and oil field
brines. The controls on their compositions are less well
known than those of volcanic waters.

Arnérsson’s Classification

Arndrsson (1974) classifies Icelandic thermal fluids as
related to (1) temperature, (2) rock type, and (3) influx
of seawater. Low-temperature waters (<150°C) are the result
of deep circulation in regions dominated by conductive heat
flow (up to 4 to 5 hfu, which is above average for most
of the world) and are characterized by low dissolved solids
contents (200 to 400 ppm) and gases dominated by nitrogen.
Higher temperature waters (>200°C) result from intrusions
of igneous rocks and are characterized by higher dissolved
solids contents (700 to 1400 ppm) and by gases with large
amounts of CO,, H,S, and H,. Fluids in silicic rocks tend
to be higher in Cl and other dissolved solids than fluids
of the same temperature in basaltic rocks if seawater is
not involved.

Classifications of Ilvanov and Kononov and Polak

Ivanov (1967) proposed a classification of thermal fluids
based on gas contents, which has been expanded by Kononov
and Polak (p. 767). Fluids directly related -to volcanic
processes are characterized either by H,S-CO, gases and
acid sulfate or acid sulfate-chloride waters in the oxidizing
zone, or by N,-CO, gases and alkaline sodium chloride waters
in the reducing zone. Fluids related to thermometamorphic
processes have high CO, gases and carbonated waters, which
may in part be connate. Fluids of deep circulation but outside
of volcanic and thermometamorphic zones have N, gases
and dilute sodium chloride-sulfate waters. Kononov and
Polak further divide volcanic fluids into ‘‘geyseric’’ with
H,-CO, gases and “‘riftogenic”” with H, gases, which occur
in spreading centers and characterize the highest temperature
(>300°C) geothermal systems. It isonly in ‘‘riftogenic’’ fluids
that anomalous contents of *He and H,S with 8*S near
zero are expected. Parts of this classification are applied
in detail to Icelandic thermal fluids by Arnérsson, Kononov,
and Polak (1974).

Although this classification may need modification based
on the chemistry of fluids in drilled systems, it has the
advantage of focusing attention on geothermal gases, which

deserve more study. The occurrence of excess *He in the
hydrothermal fluids of Kamchatka (Gutsalo, p. 745), Lassen,
and Hawaii (Craig, 1976) and of Yellowstone 83*S values
near zero (Schoen and Rye, 1970) suggests these fluids are
“‘riftogenic’’ when, in fact, they are far from present
spreading centers.

Classifications of White

Reviews by D. E. White of mineral and thermal water
chemistry (1957a, b, 1968, 1970, 1974) have greatly influenced
most workers in this field. Space does not allow adequate
description of his water classification schemes, which have
evolved as more chemical and isotopic data became avail-
able. In brief, meteoric waters dominate shallow crustal
circulation and mix with more saline deep waters of all
types. Meteoric waters may also circulate deeply under the
influence of magmatic heat and receive additions of NaCl,
CO,, H,S. and other substances from rock leaching, thermal
metamorphism, and possibly magmatic fluids. These moder-
ately saline sodium chloride deep waters of volcanic associa-
tion undergo near-surface rock reactions and atmospheric
oxidation to form the range of observed surface volcanic
waters. Oceanic water is incorporated in marine sediments
and, by extended low-temperature reactions, becomes
evolved-connate water. Deep burial and higher-temperature
reactions cause expulsion of highly altered metamorphic
waters from rocks undergoing regional metamorphism.
Magmatic water has been dissolved in magma but may have
various ultimate origins. The existence of juvenile water
new to the hydrologic cycle is certain, but its recognition
is doubtful. Recent work by White and his coworkers has
elaborated the chemical distinctions between hot-water and
vapor-dominated systems (White, Truesdell, and Muffler,
1971; Truesdell and White, 1973) and demonstrated the
existence of thermal water of nonmeteoric origin in the
California Coast Ranges (White, Barnes, and O’Neil, 1973).

VOLCANIC HOT-WATER SYSTEMS

Deep Fluids

Hot-water geothermal systems with volcanic heat sources
have been very thoroughly studied. The deep fluids of these
systems are, in general, waters of dominantly meteoric origin
with chloride contents of 50 to 3000 ppm, unless seawater,
connate water, or evaporites are involved. Components of
these fluids, such as Na, K, Ca, Mg, and SiO,, that are
present in major amounts in most volcanic reservoir rocks
almost certainly originate from rock-water reactions. Other
fluid components, such as Cl, F, B, CO,, and H,S, are
present in these rocks only in trace quantities and have
been explained as magmatic contributions (Allen and Day,
1935; White, 1957a). Experimental rock-leaching studies
(Ellis and Mahon, 1964, 1967) have shown, however, that
these soluble components may be extracted from most rocks
at moderate temperatures (200 to 300°C), and isotope studies
(see below) have failed to detect magmatic water in geother-
mal systems. Rock leaching as a sole source of chloride
has been criticized by White (1970) because it appears to
require unreasonable rock volumes or unreasonable original
rock chloride contents to maintain the chloride flux of old
geothermal systems, such as Steamboat Springs, Nevada
(age 1 to 3 m.y.; Silberman and White, 1975), or Wairakei,
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New Zealand (age 500 000 years; Banwell, 1963; Healy,
p. 415, suggests half this figure).

Recent isotope studies of fresh and altered Wairakei rocks
suggest that the apparent water:rock mass ratio of drilled
parts of this system is at least 4.3:1 (Clayton and Steiner,
1975). Since the Cl contents of possible rocks at depth in
this system are less than 1000 ppm (Ellis and Mahon, 1964),
a mechanism other than simple leaching would appear
necessary to produce the 1400-ppm-Cl Wairakei deep water.
More probably, however, the rock leached of chloride was
at much deeper levels as in the deep reservoir hypothesized
by Hochstein (Abstract 1-16) and at those levels the
water:rock ratio was much lower. However, a lower
water:rock ratio requires a larger volume or rock which,
if the predrilling flux of chloride (2.5 x 10' g/year; Ellis
and Wilson, 1955) has been maintained over the life of
the system, requires more than 5 x 10* km? of leached rock;
this is more than ten times the possible volume of the system
estimated by Hochstein (Abstract 1-16). To resolve this
problem, Wilson (1966) and Ellis (1966) suggested that flow
in geothermal systems is intermittent and that present activity
is much greater than that of the past. Elits (1970) suggests
this cycle might have a period of 10° years with the active
part of the cycle complete in 10* years. Experimental and
model studies of nonuniformly heated fluid in porous media
by Horne and O’Sullivan (1974) produced intermittent flow,
which may support this suggestion. However, the numerous
dormant geothermal systems (99% of the total) required
by this model would be easily recognizable by fossil sinter
deposits and have not been found.

The efficacy of rock leaching as a source of dissolved
constituents in geothermal waters must depend on the
availability of freshrock surfaces. Heat transfer and leaching
from established fractures should be rapid. and solute
concentrations and temperatures would be expected to
decrease rapidly. This may not occur because the growth
of thermal stress fractures (Harlow and Pracht, 1972; Smith
et al., 1973;!Lister, Abstract I1-27) would provide fresh
rock surfaces and heat transfer at the same rate so that
the chemical and thermal properties of convecting fluids
would be uniform in time. Studies of fluid inclusions from
Broadlands, New Zealand, suggest that changes of fluid

concentration and temperature may have been small over -

the 105-year life of this system (Browne, Roedder, and
Wodzicki, 1976). Careful chemical and physical modeling
is needed to further test the rock-leaching hypothesis.

The opposite hypothesis, that small quantities of magmatic
fluids of high salinity supply a significant part of geothermal
solutes, has been defended by White (1957a, 1970). Recent
fluid inclusion and isotopic studies (reviewed by White,
1974; see also later issues of Economic Geology) indicate
that two fluids were involved in the generation of many
ore deposits. Initial fluids of porphyry copper, epithermal
base metal, and other ore deposits were probably magmatic
in origin, and later fluids were local meteoric waters.
However, magmatic waters have not yet been positively
identified in epithermal gold-silver deposits, which are most
closely related to active geothermal systems. The presence
of mantle-derived 3He in geothermal fluids (Kononov and
Polak, p. 767; Gutsalo, p. 745; and Craig, 1976) may not
indicate direct contribution of other juvenile or even
magmatic components because of the possibility that helium
may migrate independently of other fluids or may be con-
tained in some volcanic rocks (Lupton and Craig, 1975)

and enter geothermal fluids from rock leaching.

Perhaps the most persuasive evidence for the participation
of at least small amounts of magmatic components in
geothermal fluids is the close temporal and spatial relation
and analogous geochemical behavior of certain volcanic and
geothermal systems. The volcanic zone in Taupo. New
Zealand. with numerous geothermal systems, has the active
volcanoes of White Island at its north end and Ruapehu
and Ngauruhoe at its south end. Chemical studies of White
Island have shown that fumarole discharges alternate be-
tween typical high-temperature (to 800°C) volcanic emana-
tions with high sulfur:carbon ratios when flows of volcanic
gases are not impeded. and nearly typical geothermal steam
at temperatures below 300°C with low sulfur:carbon ratios
when the gases are forced to pass through surface waters
(Giggenbach, 1976). Some fluids of geothermal systems
associated with near-active volcanoes of the Tatun Shan,
Taiwan (Chen and Chern, written commun., 1975) and of
Tamagawa (Iwasaki et al.. 1963) and Hakone (Noguchi et
al., 1970), Japan. may be similar to the drowned volcanic
emanations of White Island. Hydrolysis of sulfur or near-
surface oxidation of H.S cannot produce the HCI acidity
proven at Hakone and Tamagawa and indicated at Tatun

- (analysis Ta I, Table 1, from New Zealand Dept. Sci. Ind.

Res., quoted by Chen and Chern) which must originate
from high-temperature, probably magmatic, processes
(White and Truesdell, 1972; R. O. Fournier and J. M.
Thompson, unpub. data). Magmatic fluid contributions to
these geothermal systems appear probable, but proof is
lacking. More work is needed on this problem, possibly
through more extensive isotopic studies of elements dis-
solved in geothermal waters. However, fractionation during
crystallization and re-solution of trace constituents is
expected to be small, so leached material may be indistin-
guishable from direct magmatic contributions.

Near-surface Alteration of Hot Waters

Near-surface processes producing the varied compositions
of geothermal waters of volcanic systems include steam
separation during adiabatic cooling, mixture with cold shal-
low meteoric waters, and chemical reactions involving rock
minerals, dissolved gases, dissolved constituents of diluting
waters, and atmospheric gases. Many indicators of subsur-
face flow (see below) depend on the effects of these
processes on ascending geothermal fluids. Fluid component
ratios that are not affected by these processes, such as
CI:B, are useful in indicating the homogeneity of subsurface
fluids and thus the continuity and size of geothermal systems
(Stefansson and Arndrsson, p. 1207; Cusicanqui, Mahon,
and Ellis, p. 703).

Subsurface reactions with dissolved gases and rock miner-
als control the contents in the water of most components
present in excess in the rock or in the dissolved gas. Most
of the bicarbonate and part of the sodium and potassium
are produced by reaction of dissolved CO, with the rocks
to produce mica or clay minerals and bicarbonate and alkali
ions (Fournier and Truesdell, 1970),

CO, + H,0 + (Na.K) silicate = HCO;~ + (Na*,K*)
+ H silicate.

The coupled increase in HCO,:Cl and decrease in CO,:other
gases during lateral flow through a near-surface aquifer has
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been demonstrated for Shoshone Geyser Basin, Yellowstone
(analysis US30), where near-surface rocks are glacial sedi-
ments composed of rhyolitic glass (Truesdell, 1976a). Crys-
tallized rhyolite and ash flow tuff are not as reactive as
glassy rocks, so CO, is converted to HCO, less rapidly,
as at Norris Geyser Basin, Yellowstone, where waters
flowing in devitrified ash flow tuff are low in HCO, (analysis
US34).

Mixture of deep hot water with cold meteoric waters
produces variations in the concentrations (but not the ratios)
of Cl, B, and other components not involved in lower-
temperature rock reactions. The resulting temperatures in
subsurface aquifers where mixture takes place (Truesdell
and Fournier, p. 837) affect all temperature-sensitive equili-
bria such as quartz solution and exchange of dissolved
cations with aluminosilicate minerals. With sufficient dilu-
tion, subsurface boiling may be prevented and a high partial
pressure of CO, retained in waters at temperatures well
below 200°C. Under these conditions, the solubility of calcite
is relatively high (Holland, 1967) and calcium can be leached
from volcanic rocks. When these dilute high P.,-high Ca
solutions emerge at the surface, they lose CO, and deposit
travertine as well as silica.

Steam separation produces changes in water chemistry
because most salts are nearly insoluble in low-pressure steam
(Krauskopf, 1964) and remain entirely in the liquid phase,
while gases partition strongly into the vapor (Ellis and
Golding, 1963; Kozintseva, 1964). The result of these pro-
cesses is an increase in nonvolatile salts and a decrease
in dissolved gases (principally CO, and H,S) in the liquid
phase. The loss of gas produces an increase in pH from
about 6 at depth to near 9 at the surface (Ellis, 1967; Truesdell
and Singers, 1971) through the reaction

HCO,~ + H* = CO, + H,0.

The effect of CO, loss is greatest in waters with large contents
of bicarbonate such as those from Shoshone Geyser Basin,
Yellowstone (analysis US30) or Orakeikorako, New Zealand
(analysis NZ7), so these waters become very alkaline
whereas waters with little bicarbonate (for example Norris
waters, analysis US34) remain near neutral.

Sulfate can originate from oxidation of H,S by atmospheric
oxygen dissolved in meteoric water of deep or shallow
circulation. The amount of sulfate ion that can be formed
in this manner is 22 ppm from rain water percolating
underground after equilibrating with air at 0°C (Truesdell,
1976). This is close to the observed sulfate contents in
water not affected by near-surface oxidation of H,S in
volcanic rocks with low sulfate contents, such as those
inthe Yellowstone caldera (analyses US29-34) and the Taupo
volcanic zone (analyses NZI-10). Higher contents of sulfate
in volcanic hot water probably originate from leaching of
sulfate contained in some volcanic rocks. Sulfate in low-
temperature waters in basalts probably has this source
(analyses Ic 1-3). Inhigh-temperature areas the self oxidation
of SO, to H, S and SO, must also be considered. The sulfate
contents of thermal waters in sedimentary aquifers are
usually much higher as a result of solution of sedimentary
sulfate from the rock (for example Kizildere, Turkey,
analyses T1-2).

Acid waters with very high sulfate contents are produced
by direct superficial atmospheric oxidation of H,S to sulfuric
acid in areas of drowned fumaroles or steaming ground

(White, 1957b). The acid-sulfate-chloride waters at Waiman-
gu, New Zealand, and Norris, Yellowstone, probably result
from percolation of this acid sulfate water into near-surface
reservoirs where it mixes with chloride water from below.
The change from deep, slightly acid chloride waters, to
neutral CI-HCO;-SO, waters, to acid sulfate waters with
decreasing depth in the Onikobe caldera has been described
by Yamada (p. 665).

Roots of Volcanic Hot Water Systems

Knowledge of the deepest parts of geothermal systems
must come chiefly from refined geophysical studies and
from fossil geothermal systems exposed by erosion; but
experimental studies of the thermodynamic chemistry of
water and rock minerals provide important constraints for
modeling.

From chemical and isotopic compositions of surface fluids
and the phase chemistry of water and silica, Truesdell et
al. (Abstract II1-87) have proposed that a 3- to 6-km-deep
reservoir of dilute (1000 ppm NaCl) water at 340 to 370°C
underlies much of Yellowstone. This reservoir may corre-
spond to the deep (also 3 to 6 km) reservoir proposed by
Hochstein (Abstract I-16) on geophysical evidence to under-
lie the Taupo volcanic zone, New Zealand. Fournier, White,
and Truesdell (p. 731) proposed that the solubility maximum
of quartz (at 340°C for dilute steam-saturated water; increas-
ing with salinity and. to a lesser extent, pressure) acts as
a thermostatic mechanism for deep waters because circula-
tion to higher temperatures would cause rapid quartz deposi-
tion and permeability decrease. Circulation of fluids through
the zone of quartz solubility maximum should produce
additional porosity by solution.

STEAM (VAPOR-DOMINATED) SYSTEMS

Certain geothermal systems (Larderello and Monte Amia-
ta, Italy; The Geysers, California; Matsukawa, Japan; Mud
Volcano, Yellowstone; and others) are characterized by
production of saturated or slightly superheated steam without
liquid water. Despite intensive search, few examples of this
type of system have been found. Two new discoveries,
the Kawah Kamojang and Salak fields of Indonesia, have
been reported to this Symposium and another likely candi-
date has been identified in Mt. Lassen National Park,
California (Renner, White, and Williams, 1975).

Although known systems have been intensively drilled,
the character of the reservoir fluid, the mechanism of steam
production, and the origin of these systems have been highly
controversial and at least seven major models have been
proposed. The latest of these models (White, Muffler, and
Truesdell, 1971) has utilized the chemistry of superficial fluids
and deep pressure and temperature measurements to con-
clude that both steam and water are present in these
reservoirs. The model was elaborated and the mechanism
of superheated steam production explained in a later paper
(Truesdell and White, 1973).

New data on the Kawah Kamojang, Indonesia, field
(Hochstein, p. 1049; Kartokusumo, Mahon, and Seal, p.
757) indicate that it is vapor dominated. Drillholes to 600
m showed the reservoir temperature below 550 m (390 m
below the water table) to be 238°C, close to that of steam
of maximum enthalpy (236°C), as predicted for these systems
(James, 1968). Production initially was a steam-water mixture
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that changed to saturated steam and finally superheated
steam. Surface drainage and borehold fluids are nearly
chloride-free (<2 ppm in hot waters; 3 to 6 ppm in drainage
waters), as expected in a system with only steam flow from
depth. The resistivity to 500-m depth is 2 to 5 ohm- meters,
indicating a near-surface water-saturated zone above the
reservoir. Deeper resistivity is >10 ohm-meters, probably
indicating the presence of steam. This resistivity structure
is similar to that found in the vapor-dominated Mud Volcano,
Yellowstone, geothermal system (Zohdy, Anderson, and
Muffler, 1973). Deeperdrilling is needed at Kawah Kamojang
to confirm the presence of the predicted low ‘‘vapostatic™
pressure gradient. The Salak, Indonesia, field is also consid-
ered to be vapor dominated, as indicated by surface fluid
chemistry (Kartokusumo and Seal, Abstract 111-49).

Isotope chemistry of Larderello, Italy, steam has shown
that increased production has drawn fluids from recent
inflow at the sides of the reservoir and from deeper levels
inthe center (Celatietal., 1973; Panichietal., 1974). Marginal
inflow was also indicated by a hydrologic balance (Petracco
and Squarci, p. 521). Steam from the central area has been
shown to carry up to 60 ppm chloride associated with
ammonia and boron (F. D’Amore, oral commun., 1975),
which may indicate boiling from a high-chloride brine water
table. Reassessment of original pressures of this system
has indicated that, in general, they conform to the vapor-
dominated model (Celati et al., p. 1583).

NONVOLCANIC HOT-WATER SYSTEMS

Earth temperatures increase generally with depth, and
although most normal thermal gradients average 25°C /km,
there are broad regions where thermal gradients are 40 to
75°C /km or higher (White, 1973). In these regions, hot water
may be exploited by drilling in sedimentary basins or along
fault zones where deep circulation occurs. Chemical data
on these waters are sparse, but thermal water in sedimentary
basins appears similar to nonthermal waters in similar
geologic situations. The fault-controlled waters are similar
to, but more dilute than, volcanic waters. The recent review
of the chemistry of subsurface water by Barnes and Hem
(1973) may be useful.

Examples of thermal systems that are considered nonvol-
canic in Czechoslovakia, France, Iceland, India. Israel,
Japan, Switzerland, Turkey, the United States, and Yu-
goslavia are given in Table |. The waters of the Pannonian
andrelated sedimentary basins of Czechoslovakia, Hungary,
and Yugoslavia appear to be crudely zoned, with bicarbonate
predominating near the top of the aquifer and chloride at
greater depths (for example analysis Cz I; Franko and Mucha,
p. 979; Boldizsar and Korim, p. 297; Petrovié, p. 531). Waters
in carbonate aquifers (analysis HI. Y2?7) have relatively
high contents of bicarbonate, calcium, and magnesium as
might be expected, and gases appear to contain more CO,
than in sandstone aquifers, which have more nitrogen.
Methane is also present. Sedimentary basins in Russia are
reported to yield water at 40 to 105°C with 1 to 10 g/I
salinity at depths of 2500 to 3000 m without further chemical
data (Mavritsky and Khelkvist, p. 179). More studies are
needed on thermal waters of sedimentary basins,

Waters heated by deep circulation along faults may be
very dilute with only atmospheric dissolved gases if their
temperatures are low (analysis US4) and become much more
concentrated with more CO, and H,S as their subsurface

temperatures approach those of volcanic systems (analysis
US26 for example). The water source is meteoric and salts
are probably leached from rock, although evaporites may
be associated with some fault-heated waters. Wollenberg
(p. 1283) suggests that uranium may accumulate at depth
in some of these systems owing to reducing conditions.

SEAWATER GEOTHERMAL SYSTEMS

Many geothermal systems in coastal areas have remark-
ably similar thermal fluids which are mixtures of local
meteoric waters and thermally altered seawater. The effect
on seawater of high temperature reaction with rock is marked
increase in calcium and smaller increase in potassium and
occasionally chloride, with marked decreases in magnesium,
sulfate, and bicarbonate, and often a smaller decrease in
sodium. These changes are apparently due to formation
of montmorillonite, chlorite, and albite from calcic feldspars,
which releases calcium and causes consequent precipitation
of anhydrite and calcite (Mizutani and Hamasuna, 1972;
Bischoff and Dickson, 1975). The salinity is affected by
dilution and subsurface boiling. Chemical and isotopic stud-
ies have shown the presence of altered seawater in coastal
thermal areas of Fiji (Healy, 1960), Greece (analyses G1-7,
Dominco and Papastamatoki, p. 109; Stahl, Aust, and
Dounas, 1974), Guadeloupe (analysis Gul; Demians d’Ar-
chimbaud and Munier-Jolain, p. 101), Iceland (analyses
Ic7-10; Bjornsson, Arnérsson, and Tomasson, 1972; Arnors-
son, 1974; Arndrsson et al., p. 853), Israel (analysis IsI;
Eckstein, p. 713), ltaly (analyses It1-2; Baldi, Ferrara, and
Panichi, p. 687), Japan (analyses J I-2; Mizutani and Hama-
suna, 1972; Matsubaya et al., 1973; Sakai and Matsubaya,
1974), New Britain (analysis NB/; Ferguson and Lambert,
1972), New Zealand (Crafar, 1974; Skinner, 1974), and
Turkey (analyses T3 and T6; Kurtman and Samilgil, p. 447).
The composition of normal seawater is given in Table 1
for comparison (analysis SW ).

The application of chemical and isotopic geothermometers
to seawater thermal fluids has some unusual features. Silica
geothermometers apparently behave normally, but may
reequilibrate more rapidly upon cooling because of the high
salinity, thus indicating lower temperatures (Fournier, 1973).
Cold seawater and partly altered seawater in low-to-
moderate-temperature thermal systems indicate anomalously
high temperatures, near 100°C from Na:K and 170°C from
NaKCa. The sulfate-water isotope geothermometer also
indicates temperatures near 180°C for cold and partially
altered seawater. These high-temperature indications may
be relics of partial equilibration in submarine geothermal
convection systems located along spreading centers (Lister,
p- 459; Williams, Abstract [-40), with the seawaters resisting
reequilibration in moderate-temperature coastal geothermal
systems because of insufficient rock alteration to affect
their high ion contents. Seawater-rock interaction experi-
ments now in progress (Hajash, 1974; Mottl, Corr, and
Holland, 1974; Bischoff and Dickson, 1975) will provide
more data on this problem and may suggest new geother-
mometers for these systems. Where thermal seawaters have
higher chlorinities than local seawaters and there is no
evidence of evaporite contribution, I have calculated the
subsurface temperatures required to produce the observed
concentrations by boiling (analyses G7, Ic7, NB I, and T6).
The indicated subsurface temperature of the Reykjanes,
Iceland, seawater geothermal system agrees with that ob-
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served. Chloride leached from rocks and conductive heating
would tend to increase apparent temperatures and mixing
with dilute waters would tend to lower them.

GEOTHERMOMETERS

Where fluids from geothermal convection systems reach
the surface in springs or wells, the chemical and isotopic
compositions of these fluids may indicate the subsurface
temperature and flow patterns, as well as the recharge
source, type of reservoir rock, and other important parame-
ters of the system. Component concentrations or ratios that
can be related to subsurface temperatures are called geo-
thermometers. Chemical geothermometers may be quantita-
tive, so that specific subsurface temperatures may be calcu-
lated, or qualitative, so that only relative temperatures may
be inferred. Important advances in the application of quan-
titative and qualitative geothermometers have been made
since the first UN Geothermal Symposium in Pisa in 1970.

Quantitative Chemical Geothermometers

The theory of quantitative chemical geothermometers has
been discussed by Fournier, White, and Truesdell (1974).
These thermometers depend on the existence of tempera-
ture-dependent equilibria at depth which are quenched or
frozen during passage to the surface.

At the time of the Pisa Symposium (1970), the quartz-satu-
ration geothermometer (Mahon, 1966; Fournier and Rowe,
1966), which depends on the near-universal equilibrium with
quartz in geothermal fluids above 100 to 150°C, and on
the relative reluctance of quartz to precipitate from super-
saturated solutions, was widely used in exploration and in
monitoring well discharges. Temperatures above 200 to 230°C
are seldom indicated by this geothermometer from spring
analyses because reequilibration above 200°C is relatively
rapid and solutions initially saturated with quartz at higher
temperatures can precipitate amorphous silica during passage
to the surface (Fournier, 1973; Truesdell and Fournier, p.
837). Lower-temperature waters may be saturated with
chalcedony rather than quartz (Fournier and Truesdell,
1970), with some Icelandic waters suggesting chalcedony
saturation at temperatures as high as 180°C and others
suggesting quartz saturation as low as 110°C (Arnérsson,
1970, 1974, 1975). Examples of many thermal waters with
probable quartz or chalcedony saturation are given in Table
1, and equations (data from Fournier, 1973, 1976) for quartz
saturation with conductive and adiabatic (maximum steam
loss) cooling and for chalcedony saturation are given in
Table 2. Adiabatic cooling is probably most common in
high-temperature geothermal systems (M. Nathenson,
unpub. calculations), but loss of silica from reequilibration
during upward flow may make conductive quartz tempera-
tures appear to indicate reservoir temperatures more ac-
curately (White, 1970). Systems with both adiabatic and
conductive cooling have been discussed by Fournier, White,
and Truesdell (p. 731).

The other geothermometer widely used 5 years ago was
the Na:K ratio. The empirical calibration of this geother-
mometer does not agree with experimental studies of feldspar
and mica equilibria, and in 1970 there was wide divergence
between calibration scales. Syntheses of available data
(mostly from the Pisa Symposium) by White and Ellis (quoted
in White, 1970) and by Fournier and Truesdell (1973) have

produced two slightly different scales, which are approxi-
mated by equations given in Tab!~ 2. Since the White-Ellis
curve is more widely used, it has been adopted for calcula-
tions in Table 1.

Because the Na:K geothermometer fails at icmperatures
below 100 to 120°C and yields improbably high temperatures
for solutions with high calcium contents, an empirical NeKCa
geothermometer was proposed by Fournier and Truesdell
(1973). NaKCa temperatures have been found to be closer
to quartz-saturation temperatures for thermal springs of
Nevada by Hebert and Bowman (p. 751), but Na:K tempera-
tures appear to be equally accurate for 200 to 300°C low-cal-
cium well discharges (Table 1), and may correctly indicate
fluid temperatures and movement in drilled systems (Merca-
do, p. 487).

The cation (Na:K and NaKCa) geothermometers are useful
in initial evaluations of the geothermal potential of large
regions because they are less affected by reequilibration
and near-surface dilution than are the silica geothermome-
ters. Cation geothermometers have been used in regional
evaluations in Canada (Souther, p. 259), Iceland (Stefansson
and Arndrsson, p. 1207), India (Krishnaswamy, p. 143;
Gupta, Narain, and Gaur, p. 387), Israel (Eckstein, p. 713),
Italy (Fancelli and Nuti, 1974), the Philippines (Glover,
1974a, b, 1975), and the United States (Young and Mitchell,
1973; Swanberg, 1974, 1975; Mariner et al., 1974a, b; Renner,
White, and Williams, 1975; Reed, 1975).

Cation geothermometers, although empirical, apparently
depend on equilibria between thermal waters and alumino-
silicate minerals original to the host rock or produced by
alteration. If equilibrium is not achieved, or if the mineral
suite is unusual, misleading temperatures may be indicated.
Thus, cation geothermometers must be used with caution
in geothermal systems involving seawater, because in many
of these, equilibrium with rocks probably is not reached
because of the resistance to chemical change of the concen-
trated solution; and apparent temperatures are close to those
indicated by cold seawater (analysis SW [—t, . 100°C and
taakcas 170°C). However, in some high-temperature geother-
mal systems, seawater does appear to have nearly equilibrat-
ed with rock and indicated temperatures are close to those
observed in drillholes (analyses I¢7-9; analyses J1-2). Acid
sulfate springs in which silica and cations are leached from
surface rocks are not suitable for chemical geothermometry,
although acid sulfate chloride waters of deep origin give
reasonable indicated temperatures (analyses J12, Tal-2).
Cation (and silica) geothermometers may also give misleading
results when applied to waters in highly reactive volcanic
rocks (Fournier and Truesdell, 1970; Baldi et al., 1973;
Arnorsson, 1975), especially those rocks with high contents
of potassium (Calamai et al., p. 305), or to warm waters
that emerge in peat-containing soils (Stefansson and Arnérs-
son, p. 1207). Paces (1975) has suggested a correction factor
for the NaKCa geothermometer when applied to high-CO,
waters.

Although many other high-temperature chemical equilibria
exist, most of these equilibria are affected by subsurface
conditions other than temperature, reequilibrate rapidly, or
are affected by other reactions during ascent to the surface.
These equilibria can, however, be used as qualitative geo-
thermometers (see below) and, in specialized circumstances,
as quantitative geothermometers.

The content of magnesium in thermal waters varies in-
versely with temperature, but it is also affected by CO,
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pressure. Experimental calibration by Ellis (1971) allows
magnesium contents to be used as a quantitative geother-
mometer if CO, pressures can be otherwise calculated.

Waters with high calcium and sulfate and low bicarbonate
contents, such as thermally altered seawater (see discussion
above), may be saturated with anhydrite at depth and become
undersaturated during ascent because of the inverse temper-
ature dependence of anhydrite solubility (analyses JI-2;
Sakai and Matsubaya, 1974). The contents of calcium and
fluoride in geothermal waters are in part controlled by
equilibrium with fluorite (Nordstrom and Jenne, Abstract
111-70), but reequilibration apparently is rapid.

The reaction CO, + 4H, = CH, + 2H,0 may occur in
geothermal reservoirs (Craig, 1953; Hulston, 1964; but see
Gunter and Musgrave, 1966, 1971), and the amounts of these
gases in surface discharges may indicate subsurface temper-
atures. Temperatures calculated from Wairakei borehole
gases (analysis NZ/I; Hulston and McCabe, 1962a; Lyon,
1974) are reasonable, but Arndrsson et al. (p. 853) have
applied this method to fumarole discharges with somewhat
ambiguous results.

Mixing Models

Although mixing of thermal waters with cold near-surface
waters limits the direct application of chemical geother-
mometers, the dilution and cooling resulting from mixing
may prevent reequilibration or loss of steam and allow the
calculation of deep temperatures and chemical conditions.
The chloride contents and surface temperatures of springs
were used to calculate minimum subsurface temperatures
in early New Zealand geothermal surveys (Mahon, 1970).
More recently, models have been proposed based on surface
temperature and silica contents of cold and warm springs
(the warm spring mixing models in: Truesdell, 1971; Fournier
and Truesdell, 1974; Truesdell and Fournier, 1976), and on
the temperature, chloride, and silica concentrations of mixed
boiling springs and the chloride concentrations and tempera-
tures of cold springs and nonmixed boiling springs (the boiling
spring mixing model in: Truesdell and Fournier, p. 837,
Fournier, White and Truesdell, p. 731). A mixing model
using chloride-enthalpy relations of cold, warm, and boiling
springs was proposed by Glover (1974a) for Tongonan,
Philippines, geothermal waters (analysis PhI). Related dia-
grams of chloride and enthalpy (or temperature) have been
used to analyze subsurface processes in drilled systems
(Giggenbach, 1971; Mahon and Finlayson, 1972; Cusicanqui,
Mahon, and Ellis, p. 703).

The warm spring mixing model depends on the assumption
of conservation of enthalpy and silica and on the nonlinear
temperature dependence of quartz solubility. The boiling
spring mixing model depends on assumed conservation of
chloride and enthalpy and reequilibration with quartz after
mixing. Proper application of these mixing models depends
therefore on the fulfillment of a number of assumptions,
the validity of which should be considered in each case.
Mixing model temperatures have been calculated for appro-
priate spring and well analyses in Table I. The accuracy
of mixing model calculations depends to a great degree on
measurement or accurate estimation of the chemistry and
temperature of local cold subsurface water. For these
calculations, as well as for isotope hydrology (see below),
collection and analysis of cold waters should be an important
part of a geochemical exploration program. The warm spring

mixing model was applied by Gupta, Saxena, and Sukhija
(p. 741) to the Manikaran, India, geothermal system and by
Young and Whitehead (1975a,b) to Idaho thermal waters.

Components other than silica and chloride may be used
in mixing models. The temperature and salinity of a hypo-
thetical concentrated high-temperature component have
been calculated by Mazor, Kaufman, and Carmi (1973) from
14C contents and by Mizutani and Hamasuna (1972) from
sulfate and water isotopes (analyses Is3 and JI).

Qualitative Geothermometers

Qualitative geothermometers were reviewed at the first
UN Geothermal Symposium by Mahon (1970), Tonani (1970),
and White (1970). These geothermometers may be applied
to spring waters and gases, fumarole gases, altered rock,
soils, and soil gases. Ratios and contents of dissolved
hot-spring constituents and gases resulting from high-
temperature reactions, but not susceptible to quantitative
temperature calculation. are useful for indicating subsurface
flow paths when siting wells (Mahon, p. 775).

Substances carried in steam are important in the study
of systems without hot springs and may indicate subsurface
flow paths more effectively than liquid water discharges,
which are more subject to lateral flow (Healy, p. 415; Healy
and Hochstein, 1973). Gas discharges were used by Glover
(1972) to indicate upflow zones in Kenya geothermal sys-
tems, where hot water discharges were lacking or grossly
contaminated with surface waters. Gas ratios were also
useful at El Tatio, Chile (Cusicanqui, Mahon, and Ellis,
p. 703), where extensive lateral flow of hot water occurs
(see discussion below). Ammonia and boron have been used
as indicators in thermal seawaters which are otherwise
unresponsive to subsurface temperature (Dominco and
Papastamatoki, p. 109).

New studies using sensitive analytical methods have
shown that soil gases in geothermal areas have anomalous
concentrations of mercury (Koga and Noda, p. 761) and
helium (Roberts et al., 1975), and contain CO, with anoma-
lously high 3C:'C ratios (Rightmire and Truesdell, 1974).
Volatile substances dispersed from geothermal fluids may
accumulate in soils and altered rocks, and patterns of soil
mercury (Matlick and Buseck, p. 785) and of mercury,
arsenic, and boron in altered rocks (Koga and Noda, p.
761) may indicate subsurface fluid flow, as may alteration
patterns (Sumi and Takashima, p. 625).

The most important application of qualitative geother-
mometers is in preliminary exploration over large areas.
““Blind’” convection systems may exist or surface fluid flows
may be inconspicuous or difficult to distinguish from non-
thermal sources. In these cases, it may be possible to analyze
surface fluids for distinctive ‘‘geothermal’’ components.
Lithium in surface waters of central Italy has been tested
as a geothermal indicator by Brondi, Dall’Aglio, and Vitrani
(1973); and, in a study of the same area, criteria for
distinguishing river sulfate of geothermal origin (from H,S
oxidation) from sulfate resulting from solution of evaporites
or from oxidation of sulfide minerals have been developed
by Dall’Aglio and Tonani (1973). Much anomalous boron
in surface waters (other than those in closed basins) is
probably of geothermal origin (Morgan, 1976), and Larderello
steam has been shown to contribute large quantities of boron
to surficial waters (Celati, Ferrara, and Panichi, Abstract
ITI-11). Anomalous arsenic from natural and exploited geo-
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thermal systems has been found in the Waikato River, New
Zealand (Rothbaum and Anderton, p. 1417), and in the
Madison River, Montana (Stauffer and Jenne, Abstract
IV-14). Fish in the Waikato River appear to accumulate
mercury of geothermal origin (Weissberg and Zobel, 1973),
but Yellowstone fish do not (L. K. Luoma and E. A. Jenne,
oral commun., 1976).

Geothermal waters of meteoric origin may exchange
oxygen isotopes with rock during deep circulation, and this
‘‘oxygen shift”” has been used as a positive or negative
qualitative geothermometer (Fancelli, Nuti, and Noto, Ab-
stract I11-23; Fouillac et al., p. 721).

Although sampling is difficult, gases and solids can also
be used in regional exploration. In a reconnaissance study
of much of central and southern Italy, Panichi and Tongiorgi
(p. 815) found carbon isotopes in CO,, and travertine
associated with known and prospective geothermal areas,
to be distinctly heavy compared with those from other
sources. The use of other isotopes in regional exploration
(3*S in air gases for instance) should be investigated. Mercury
vapor has been found in the atmosphere of the Beppu,
Japan, geothermal system (Koga and Noda, p. 761) and
might be detectable in a regional survey.

ISOTOPE HYDROLOGY AND THERMOMETRY

Isotope compositions and rare gas contents of geothermal
fluids have been used to indicate sources of recharge, time
of circulation, fluid mixing, and subsurface temperatures.
Geothermal isotope and nuclear studies have been the subject
of symposia at Spoleto, Italy (Tongiorgi, 1963), Dallas, Texas
(Hall, 1974), and Pisa, Italy (Gonfiantini and Tongiorgi,
1976), and were extensively reviewed by White (1970, 1974).
Many papers on nuclear hydrology with application to
geothermal studies were recently presented at Vienna (In-
ternational Atomic Energy Agency, 1974).

Hydrology

A major discovery resulting from early measurements
of the oxygen-18, deuterium, and tritium contents of thermal
fluids was that local meteoric water overwhelmingly domi-
nates recharge of most geothermal systems (Craig, Boato,
and White, 1956; Craig, 1963; Begemann. 1963). More recent
studies (reviewed by White, 1970) agree with the early data
with a few exceptions. New '®0, deuterium and tritium
measurements of cold and thermal fluids of Larderello, Italy,
demonstrate local meteoric recharge with both long and
short circulation times (Celati et al., 1973; Panichi et al.,
1974). Meteoric water dominance has also been demonstrated
for thermal fluids of El Tatio, Chile (Cusicanqui, Mahon,
and Ellis, p. 703), Kawah Kamojang, Indonesia (Kartokusu-
mo, Mahon, and Seal, p. 757), the Massif Central, France
(Fouillac et al., p. 721), Iceland (Arnason, 1976; Témasson,
Fridleifsson, and Stefansson, p. 643), Lake Assal, Afars
and Issas (Bosch et al., 1976), Broadlands, New Zealand
(Giggenbach, 1971), Yellowstone, Wyoming (Truesdell et
al., Abstract [11-87), Long Valley, California (Mariner and
Willey, 1976), and southwestern Idaho (Rightmire, Young,
and Whitehead, 1976). In most of these systems (EI Tatio,
Yellowstone, Iceland, Idaho, and Long Valley), hot-spring
waters are a mixture of a local cold meteoric component
and a hot thermal water component, also of meteoric origin
but from higher elevation and somewhat distant from the
hot-spring area.

Mixing of local cold water with hot seawater has been
demonstrated by 'O and deuterium studies of coastal
geothermal systems of Greece (Stahl, Aust, and Dounas,
1974), Italy (Baldi, Ferrara, and Panichi, p. 687), and Japan
(Mizutani and Hamasuna, 1972; Matsubaya et al., 1973;
Sakai and Matsubaya, 1974). Thermal connate and metamor-
phic waters were shown to mix with meteoric water in the
California Coast Ranges by White, Barnes, and O’Neil
(1973). Meteoric thermal waters are interpreted to mix with
cold saline lake waters at Lake Assal, Afars and Issas,
by Bosch et al. (1976), although the high salinity of borehole
waters from this area (Gringarten and Stieltjes, 1976) sug-
gests a more complicated system.

Tritium measurements have been used to demonstrate
mixing with young near-surface waters. Gupta, Saxena, and
Sukhija (p. 741), using this approach, calculate hot-water
fractions for spring waters of Manikaran, India, that agree
with those calculated from the warm-spring mixing model.

In general, radioactive isotopes have not been successful
in indicating the circulation times of geothermal systems.
This results from the generally long circulation times in-
volved (except for some Larderello steam discussed above),
which are usually beyond the range of tritium dating; from
the large quantities of metamorphically produced old CO,,
which prevent use of '“C measurements; and from the
common admixture of young near-surface waters with old
deep waters in surface thermal discharges. Recent improve-
ments in low-level tritium analysis may improve the situation.
The radioactive *Ar isotope has a half-life of 269 years,
which allows a dating range of 50 to 1000 years, and has
been used successfully to estimate a <70-year age for water
in a Swiss thermal spring (Oeschger et al., 1974). This
analysis, although difficult, should also be possible for drilled
high-temperature geothermal systems.

Geothermometry

Certain isotope geothermometers equilibrate more slowly
than chemical geothermometers and are capable of indicating
temperatures in the deeper parts of geothermal systems.
By considering a number of chemical and isotopic geother-
mometers with various rates of equilibration, it may be
possible to calculate the temperature history of a thermal
water. This calculation would depend on the existence of
considerably more rate data than are now available.

At the time of the first UN Geothermal Symposium, only
the distribution of carbon isotopes between CO, and CH,,
(AC[CO,,CH,]}, had been tested as a geothermometer.
Analyses of well discharges of Larderello (analysis It8;
Ferrara, Ferrara, and Gonfiantini, 1963) and Wairakei (anal-
ysis NZI; Hulston and McCabe, 1962b) indicated tempera-
tures in good agreement with measured reservoir tempera-
tures. These indicated temperatures were based on frac-
tionation factors calculated by Craig (1953) which have been
shown to be somewhat in error by Bottinga (1969). Using
the corrected fractionation factors, indicated temperatures
are increased by 50 to 75°C and the new temperatures are
higher than those found in the reservoir. Experimental work
is needed on this geothermometer to confirm the new
fractionation factors, but the indicated temperatures may
be real and exist in these systems below drilled depths.
CO,-CH, temperatures at Broadlands, New Zealand (analy-
sis NZ3), range from 385 to 425°C (Lyon, 1974) considerably
above the reservoir temperatures (~270°C), although tem-
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peratures in a deep Broadlands drillhole reached 307°C. New
measurements at Larderello (C. Panichi, oral commun., 1975)
indicate subsurface temperatures that vary with, but are
higher than, observed reservoir temperatures. Temperatures
for A C(CO,.CH ,) have also been calculated for geothermal
fluids from Indonesia (analysis Ids 1), Kenya (analyses
K 1-3), and the United States (analyses US5 and US36).

Hydrogen isotope geothermometers, AD(H,,CH,) and
AD(H,,H,0), have been tested in a few systems in Kenya;
New Zealand; the Imperial Valley, California; and Yellow-
stone; but appear to reequilibrate rapidly and in most cases,
indicate temperatures that approximate those of collection
(analyses K2, NZ3, US5 and US36). Recently, Horibe and
Craig (in Craig, 1976) have experimentally calibrated the
H,-CH, geothermometer, which should encourage more
isotopic analyses of these gases.

Although gas isotope geothermometers are the only ones
available for vapor-dominated systems, they leave much
to be desired as practical exploration tools for hot-water
systems. Equilibrium may be achieved only below drillable
depths (CO,CH,) or continue up to the sampling point
(H,-CH,, H,-H,0), and most geothermal gases (especially
from hot springs) are so low in methane that collection
and separation are difficult.

For hot-water systems the most useful proven isotope
geothermometer may be the fractionation of oxygen isotopes
between water and its dissolved sulfate, which appears to
equilibrate in geothermal reservoirs at temperatures as low
as 95°C, and to reequilibrate so slowly during fluid ascent
to the surface that evidence of temperatures above 300°C
is preserved in some hot-spring waters. Experimental equi-
librium and kinetic data have been measured by Lloyd (1968),
Mizutani and Rafter (1969), and Mizutani (1972). Equilibrium
has been demonstrated between dissolved sulfate and
borehole water from Wairakei (analysis NZ I; Mizuntani and
Rafter, -1969; Kusakabe, 1974), Otake, Japan (analysis J6;
Mizutani, 1972), Larderello (analysis It8; Cortecci, 1974),
and Raft River and Bruneau-Grandview, Idaho (analyses
US 15 and US17; Truesdell et al., unpub. data, 1975). The
application of this geothermometer to boiling springs of
Yellowstone, correcting for the effect of steam loss on #0
content of the water, was made by McKenzie and Truesdell
(Abstract I11-65), and unpublished measurements have been
made on several other United States spring systems (analyses
US7, US10, US18, US24, US26-27). Estimates of subsur-
face temperatures in Japanese geothermal systems without
deep drillholes and uncorrected for steam loss appear rea-
sonable (analyses J I-5; Mizutani and Hamasuna, 1972; Sakai
and Matsubaya, 1974).

Two other geothermometers need more testing. The first,
A¥S(S0O,.H,S), which has recently been calibrated experi-
mentally by Robinson (1973), indicated unreasonably high
temperatures for Wairakei bore fluids (analysis NZ2, Kusa-
kabe, 1974) and for Mammoth, Yellowstone, water (analysis
US35;Schoen and Rye, 1970). The second, A*C(CO,,HCO;)
may indicate the temperature of bicarbonate formation at
Steamboat Springs, Nevada, and Yellowstone (analyses
US24, US30,and US32), but experimental data in this system
need reevaluation (O’Neil et al., Abstract I11-71).

In the rather special circumstances where water and steam
phases may be separately analyzed, or steam analyzed and
water isotopes estimated from other samples. the liquid-
vapor fractionation of deuterium or 'O may be used to
estimate temperatures of phase separation. This has been

done at Wairakei (Giggenbach, 1971), Campi Flegrei, Italy
(Baldi, Ferrara, and Panichi, p. 687), Kawah Kamojang,
Indonesia (Kartokusumo, Mahon, and Seal, p. 757), and
White Island, New Zealand (Stewart and Hulston, 1976).

Rare Gas Studies

Rare gases (He, Ne, Ar, Kr, and Xe) have been analyzed
in geothermal fluids and shown to indicate the source of
water recharge and, less certainly, the mechanism of steam
loss (Mazor, p. 793). Ne, % Ar, Kr, and Xe are not produced
in rocks and do not undergo chemical reactions. However,
they are affected by phase changes and their distribution
between liquid and vapor is temperature dependent. For
this reason, their contents in geothermal waters that have
not boiled indicate that recharge waters are meteoric and
allow calculation of temperatures of last equilibration with
the atmosphere. In systems with subsurface boiling, the
water phase is depleted in gases and their concentration
patterns may indicate dilution and boiling mechanisms.

Other rare gases (*“He and “°Ar) are produced from
radioactive decay of rock materials and their concentrations
may indicate rate of water movement through the system
(Mazor, Verhagen, and Negreanv, 1974). High-temperature
thermal waters in young volcanic rocks of Yellowstone and
New Zealand apparently do not contain anomalous “Ar
(Mazor and Fournier, 1973; Hulston and McCabe, 1962b),
although young volcanic rocks that have not lost volatile
elements have high “°Ar contents (for example, Dalrymple
and Moore, 1968). The origin and fate of “°Ar in geothermal
systems needs much closer study.

Several recent studies have been made of excess *He
in ocean water (Craig, Clarke, and Beg, 1975), volcanic
rocks (Lupton and Craig, 1975), and geothermal fluids of
Iceland (Kononov and Polak, p. 767), Kamchatka (Gutsalo,
p. 745). and Imperial Valley, Lassen, and Kilauea in the
United States (Craig, unpub. data, 1975). *He has been
depleted from the atmosphere and crust because it is lost
into space at a greater rate than “He, and its enrichment
in waters and rocks associated with spreading centers
indicates contributions from the mantle. As noted earlier,
mantle contribution of this isotope does not necessarily
indicate that other mantle-derived components are present
in geothermal fluids.

CHEMICAL MODELING AND METHODOLOGY

Modeling

Geothermal systems are chemically very active. Deep
minerals are altered in response to the prevailing pressure,
temperature, and chemical conditions, and ascending fluids
change their physical and chemical properties rapidly over
relatively short distances and effect profound mineralogical
changes in rocks traversed. Mineralogical changes in these
processes were reported by Bird and Elders (p. 285) and
Reed (p. 539). It would appear both challenging and reward-
ing to model these changes, but disappointingly few attempts
have been made.

Pampura. Karpov, and Kazmin (p. 809) report a chemical
model for the changing compositions of ascending fluids
of the Pauzhetsk geothermal system. Many of the changes
described earlier as occurring during the near-surface altera-
tion of volcanic waters are successfully modeled, but the
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absence of potassium in the fluids and of aluminosilicate
minerals is a severe limitation. A relatively simple model
for computing the downhole character of geothermal fluids
(Truesdell and Singers, 1971) has been used to calculate
deep pH values.

Using established models for solution and mineral equi-
libria, mineral alteration has been related to deep fluid
chemistry for Broadlands, New Zealand, by Browne and
Ellis (1970) and for Cerro Prieto, Mexico, by Reed (p. 539).
In both these systems, deep waters are in near equilibrium
with rock minerals and produced their observed metamor-
phism. Mass transfers in the Dunes, Imperial Valley, geo-
thermal system were deduced from mineralogical changes
by Bird and Elders (p. 285).

Methodology and Data

The geochemical investigations described in this report
depend both on the accurate chemical and isotopic analysis
of natural fluids and on laboratory measurements of the
properties of chemical substances over a range of tempera-
ture and pressure. Because analyses of many samples from
a geothermal system allow a more complete reconstruction
of chemical processes and deep conditions, analytical meth-
ods that are rapid and inexpensive or that can be automated
are useful. Bowman et al. (p. 699) and Hebert and Bowman
(p. 751) describe automated instrumental methods of water
analysis that appear to be rapid and accurate and can provide
analyses for trace constituents not normally measured. Some
of these traces may provide geothermometers when their
behavior is better understood.

Geothermometer components are necessarily not in equi-
librium under surface conditions, and special care must be
taken to preserve them for analysis by dilution (SiO,) or
filtration and acidification (Ca). Thompson (1975) and
Presser and Barnes (1974) report methods for collection
and preservation or field analysis of geothermal waters.
Akeno (1973) describes methods for preservation and analy-
sis of geothermal gases. Downhole samplers for geothermal
wells have been described by Fournier and Morganstern
(1971) and Klyen (1973). Collection of geothermal fluids
was the subject of a recent workshop (Gilmore, 1976).

Potter (p. 827) and Potter, Shaw, and Haas (1975) have
compiled and assessed the status of studies on the density
and other volumetric properties of geothermal brine compo-
nents, and, using critically evaluated data, Haas (1971) has
calculated boiling point-to-depth curves for sodium chloride
solutions. Compilations of geochemical data are also being
made by the Lawrence Berkeley Laboratory (Henderson,
Phillips, and Trippe, Abstract 1-15).

It is impossible to review here the many experimental
studies of solution chemistry at high temperatures and
pressures that are directly applicable to geothermal systems.
These studies have been recently reviewed by Ellis (1967,
1970), Franck (1973), Helgeson (1969), Helgeson and Kirk-
ham (1974), and Marshall (1968, 1972). When sophisticated
chemical models are constructed for geothermal systems
in their natural and disturbed states, these experimental
studies will provide vital data.

AN EXAMPLE OF EXPLORATION GEOCHEMISTRY

The role of chemistry in geothermal exploration is well
illustrated by investigations at El Tatio, Chile, reported by

Cusicanqui, Mahon, and Ellis (p. 703), Lahsen and Trujillo
(p. 157), and Armbrust et al. (1974), that were made in
conjunction with geological and geophysical studies (Healy
and Hochstein, 1973; Hochstein, Abstract II1-39; Healy,
p. 415) by New Zealand and Chilean scientists with United
Nations support. El Tatio lies at an altitude of 4250 m in
the high Andes. There are over 200 hot springs, most of
which boil (at 85.5°C at this altitude) and deposit sinter
and halite. Many of these springs were analyzed for major
and minor components and some, along with cold springs
and snow samples, were analyzed for '*Q and deuterium.
Fumaroles were analyzed for gases.

The analyzed spring waters showed narrow ranges of Cl:B
and Na:Li ratios, indicating homogeneous thermal water
at depth. Waters of the northernmost spring group were
rather uniform in composition, with 8000 =200 ppm chloride,
SiO, contents of 260+ ppm, and Na:K weight ratios near
8.2. To the south and west, spring waters have lower SiO,
contents, higher Na:K ratios, and Cl contents of about 4000
to 6000 ppm, indicating mixing with near-surface waters.

Direct application of chemical geothermometers to high-
chloride spring waters indicated minimum subsurface tem-
peratures averaging 160°C from quartz saturation, 167°C
from Na:K ratios, and 205°C from NaKCa relations. Maxi-
mum indicated temperatures were 189°C (quartz saturation),
210°C (Na:K), and 231°C (NaKCa). The boiling-spring mixing
model of Truesdell and Fournier (p. 837), not yet developed
at the time of the original investigations, can be applied
to these spring waters assuming that those to the north
were not diluted and that those to the south and west were
mixtures with cold dilute water (t = 4°C, Cl = 2 ppm).
Average calculated subsurface temperatures are 208°C, but
the maximum indicated temperature of 274°C is considered
to be a better indication of the maximum aquifer temperature.
Some of the high-chloride El Tatio springs issue at tempera-
tures below boiling, and warm-spring mixing calculations,
assuming cold waters of 4°C and 25 ppm SiO,, indicate
an average subsurface temperature of 269°C (standard de-
viation 13°C).

The patterns of Cl contents, SiO, contents, Na:K ratios,
and Na:Ca ratios were interpreted to indicate that cold
near-surface drainage from the east was entering a shallow
aquifer in the western and southern areas, and diluting
high-chloride water rising from greater depths.

Deuterium analyses of the thermal waters agreed with
the general picture of near-surface mixing, but suggested
that the deep recharge was from higher elevation precipi-
tation with lower deuterium values. Cold-water samples from
the higher mountains to the east also tended to have lower
deuterium values than local precipitation and were consid-
ered possible recharge waters. :

Fumarole gas analyses also suggested movement from
east to west, but at shallower depths. Eastern fumaroles
had much higher contents of CO, and H,S than other gases,
and higher ratios of H,S:CO,. Quantitative interpretation
of gas concentrations is difficult because of the effects of
rock reaction and fractional separation into steam. In general,
gases tend to decrease in CO, and H,S content and in
H,S:CO, ratio with lateral flow (Mahon, 1970; Truesdell,
1976a). In retrospect, more weight should have been given
to the fumarole chemistry in siting exploratory wells.

On the basis of resistivity surveys and spring chemistry,
six slim holes were drilled to about 600-m depth. In the
west and northwest, holes 1, 2, and 4 encountered maximum
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temperatures of 212 to 230°C, with temperature inversions
toward the bottoms of the wells. In wells 3 and 6. in the
southwest, temperature inversions were not found and 254°C
was measured in well 3. Seven production wells were located
near No. 3, and the best of these (No. 7) tapped fluids
of 263°C. A shallow (about 170-m) aquifer at 160°C was
encountered in the Trucle dacite, which is probably where
mixing with near-surface water occurs to produce the lower
chloride waters of the western and southern springs. Deeper
aquifers in the Puripicar ignimbrite (500 to 600 m) and the
Penaliri (Salado) tuffs and breccias (700 to 900 m) were
at about 230 and 200 to 260°C. respectively.

Comparison of drillhole and spring analyses indicates that
the most concentrated spring waters are undiluted samples
of the deep thermal fluids. The quartz saturation, Na:K,
and NaKCa geothermometer temperatures are low. indicat-
ing considerable subsurface reequilibration. The mixing
calculation temperatures are, however, surprisingly ac-
curate.

Lateral subsurface flow from east to west, indicated by
water isotopes and fumarole gases, was confirmed by
drillhole measurements. Tritium contents of drillhole fluids
suggested that the subsurface transit time was 15 years
(unusually short for geothermal waters), but small additions
of young near-surface water would also explain the resulits,
The early resistivity survey did not indicate lateral flow,
and a resurvey was made after the exploratory holes were

drilled. This showed a much larger anomaly that could be
interpreted as due to deep lateral flow.

Two chloride inventories were made to estimate the total
heat flow from the heat:chloride ratio of the thermal waters,
which was established from drillhole fluid temperatures and
chloride contents. These were not very accurate because
of salt accumulation at the surface, but indicated a heat
flow of 30 to S0 x 10°¢ cal/sec.

El Tatio is very favorable for the application of geochemi-
cal methods because there are a large number of springs
with rapid flow from the thermal aquifer, and the surface
chemistry indicated subsurface conditions with reasonable
accuracy. Gas and isotope analyses correctly suggested
subsurface flow patterns, and chemical geothermometers
and mixing models predicted temperatures at increasing
depths in the system.
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Table 1. Chemical summaries and geothermometer temperatures for selected thermal fluids. (See end of table for explanatory.notes.)
o Sampling tgi tsio Other Observed Tem
= i02 1 t, t o
Area System %g Temp Analyses v;:ayteer ™S Gases adia con ‘!ng N'Eléca Geothermometers ° References
Type a8 ° P °c °c ° (depth)
Afars and Issas
Af] Lake Assal, Spr 6 W s 83 w,i Na>Ca>>K>>Mg 66000 156 166 174 202 2165 Na-Ca-Si0, 253 (1050 m) Bosch et al. (1976); Gringarten
C1>>S04,>>HC03 272 wsmM TDS = 190000 and Stieltjes (1976)
Canada
British Columbia
cal Tawah Creek (#40) v s 43 w Na>Mg>K>Ca 2400 162 177 210 227 Souther (p. 259); Nevin and
HCO03>>C1>>S0y Stauder (p. 1161)
ca2 Meager Creek (#52) W s 55 w Na>K=Ca>Mg 2000 171 187 197 211 69" (347 m)
C1>HCO3>S0y
cad Hot Springs Isl. (#57) VW s 76 pw Na>Ca>>K 138 145 161 190 205 WSMM
Chile
El Tatio
Chl Spr 181 W s 84.5 w,tr,i Na>>K>Ca>>>Mg 7060 142 149 195 211 229 BSMM Cusicanqui, Mahon and Ellis (p. 703);
C1>>>HCO3>>S0y Lahsen and Trujillo (p. 157); Armbrust
ch2 Spr 226 s 83 w Na>K>Ca 14000 184 199 210 230 et al. (1974)
C1>>50,>HCO3
Ch3 Well 7 w 85.5 w,g Na>>K>>Ca>>>Mg 15600 CO,>>>H;S 257 261 261 262 BSMM 263 (800 m)
C1l>>>HC03280,
che Average of 26 springs s 52-85.5 160 ave 205 ave 208 ave BSMM, 269 ave WSMM 140-170, Truesdell and Fournier (p. 837)
with standard devia- 15 ¢ 200 27¢ s 130 190-235,
tion (g) and maximum 189 max 231 max 274 max , 283 max 236-263
Columbia
Col Ruiz, Spr Al VW s 90 pw,i Na>>K>>Ca>>Mg 1570 CO3,H3S 255 234 Arango et al. (1%70)
C1>>HCO3>S0y
Czechoslovakia
czl Danube lowland NVS w inc depth HCO3-Na <1000 Nj,CHy,*COp 38 1000 m Franko and Mucha (p. 979)
n HCO3-C1l-Na £5C00 gradient
C1-HCO3~Na £10000
cz2 Stranka NVF w oW 36 115 20 Na-K-Ca~-COj 40 (1005 m) Pa¥es and Cermik (p. 803)
73 Chalc
cz3 Karlovy Vary NVF w 72 pw 154 188 44 Na-K-Ca-CO, 72 (6 m)
91 Chalc
czd Jachymov NVF w pw 137 92 21 Na-K-Ca-COp 30 {493 m)
66 Chalc
Central depression
{Danube lowland)
czs Chorvotsk§ Grob NVS w 46 C1-HCO3-Na 1800 46 (970-1210m) Franko and Ra¥ick§ (p. 131)
czé Topolniky NVS w 90 HCO3-Cl-Na 3900 90(2040-2490m)
cz7 Levice block,
Podhijska NVS w 80 Cl-Na 19600 80(1160-1900m)
cz8 Liptov depression,
Besenova NVS w 34 $0,~HC03-Ca~Mg 3200 34 (4204m)
El Salvador
Ahuachapén
ES] Salitre w s 63 w,tr,g,i Na>>Ca>K>>>Mg 1330 COp>>>Np>>>CH, 162 175 230 207 sigvaldason and Cuéllar (1970);
C1>>>80, Glover and Cuéllar (1970);
Cataldi et al. (II-
ES2 Ah-1 w o A96 w Na>>K>Ca>>>Mg 19300 249 259 256 231 (11-43)

Cl1>>>80y




o Sampling tos tes Other Observed Temp
=] S1i0: $10.
Area S¥Stem %‘ é Temp Analyses v;ater D5 Gases adid con tN.,aC/K tNeléCa Geothermometers ° References
ype o °c vpe °c °c °c (depth)
Ethiopia
Bl East of Awasa (Spr 6-4) VW 87 w,tr Na>>K>>Ca>Mg 1640 151 158 196 207 225 WSMM UNDP {1971); Demissie and
HCO 3>>50,>>CL Kahsai (I-10); Gonfiantini, Borsa,
Ferrara and Panichi, 1973, Earth
E2 Aluto Spr 10 VW 96.5 w,tr :ZS>:§;z;§a>Mg 2510 159 168 158 211 and Planetary Sci. Letters, v. 18,
3 L3 p. 13-21.
E3 Tendaho Spr 15 W 100 w,tr Na>>K>Ca>>>Mg 1950 206 224 193 204
C1>>S0,,>>HCO3
E4 Lake Afrera Spr 31 W 57.5 w, tr Na>Ca>>K>>Mg 19100 124 130 150 179 208 WSMM
C1>>>S0,>>>HCO3
France
Massif Central
Fl Chateauneuf, NVF 37 pw Na>>Ca>K 143 155 154 178 50 Na-K-Ca-COp Fouillac et al. (p. 721)
bain tempéré 130 Chalc
F2 Chatelgquyon, NVF 35.5 pw,i Na>Ca>>K 139 150 198 183 50 Na-K-Ca-COp
Alice 124 Chalc
F3 Ste. Marguerite, NVF 29 pw Na>>CazK 137 148 215 203 ~50 Na-K-Ca-COgp
Rive d'Allier 122 Chalc
F4 Royat, Eugénie NVF s 33 pw Na>>Ca>K 126 136 215 195 S0 Na-K-Ca-COp
108 Chalc
Greece
G1 Kamena Vorla, VSw w 47.9 w Na>>Ca>Mg>K 18900 96 99 121 169 67 Chalc Dominco and Papastamatoki (p. 109);
Gamma 9 C1>>S0,>HCO3 Stahl, Aust and Dounas (1974)
G2 Thermopylae, VSw 32.5 w,i Na>>Ca>Mg>K 27800 45 45 119 173 11 Chalc
Psoroniria C1>>S0,,>>HCO3
GZ Edipsos, Damaria vSw 78.5 w Na>>Ca>>K>Mg 33400 110 112 120 174 81 Chalc
C1>>>S0(>HCO3
G4 Lesbos, Arginos VSw 81 w Na>>Ca>K>Mg 11800 135 141 171 191 113 Chalc
C1>>S80,>>HCOy 198 wWsMM
GS Nisiros, VSw 48.5 w Na>>Ca>Mg>K 32000 160 174 114 167
Demotika Loutra Cl>>>50,>>HCO3
G6 Milos, VSw 45 s Na>>Ca=K>>Mg 33800 172 185 232 205 138 (70 m)
Mavros Gremos C1>>>50,2HCO5
G7 Sousaki, borehole VSw w 73 pw Na>>K>Ca>Mg 45100 CO,,H,S 249 265 >120 boiling calc. 73 (145 m}
Cl>>>50y
Guadeloupe
Gul Bouillante 2 vsw %2 pw.tr,g Na>>Ca>K>>>Mg >24600 CO,>>>Hp5 242 232 242 (338 m) Demians d'Archimbaud and Munier-
Jolain (p. 101); Cormy, Demians
Guz Spr G52.4 59 w Na>Ca>>K>>Mg 3020 152 164 199 189 200 WSMM2 d'Archimbaud and Surcin (1970)
C1>>>50,>HCO4
Hungary
Pannonian Basin
HI Triassic dolomite NVS 100? w NaZCa>>Mg>K 1410 103 181 75 1507 (9504m) Boldizs8r and Korim (p. 297)
HCO3>8042C1
H2 U-Plio. sandstone NVS 997 w Na>>>K>>Ca 1560 CHy,COp,Ny 107 119 164 100-150
HCO3>>>50,=C1 (2250%m)




Table 1. Chemical summaries and geothermometer temperatures for selected thermal fluids (continued).
L] Sampling tsi0 tsio Other Observed Temp
Area System 7, g: Temp  Analyses Water DS Gases adid cond ‘Na/x Cusxéca Geothermometers °c References
Type °c Type °c °c ¢ °c (depth)
Iceland
Icl Selfoss NVF [ 79 w,i Na>>Ca>»>K>>>Mg 667 W,>>C0, 122 126 87 120 96 Chalc 91 ArnSrsson (1974); Arnason (1976);
C1>>80,,>C0, Tomasson, Fridleifsson and
. . Stefénsson (p. 643); BjYrnsson,
Ic2 Deildartunga NVF s 99 w,1i Na>>><1:a>l;>>Mq 358 145 150 86 123 124 Chalc ArnSrsson and Témasson (1972) ;
50,>C1>C0, Arndrsson et al. (p. B53)
Ic3 Seltjarnarnes NVF s 83 w,i Na>>Ca>>K>>>Mg 1110 137 143 68 109 115 chalc 19
Cl>>80,>>>C0y
Icd L§suhéll NVF s 40 w,i Na>>Ca>K2Mg 1670 CO,>>>Ny 160 176 162 174 153 Chalc
€02>>>C1>>50y
Ics Torfajokull, A\ s 95 w,i Na>>>K>>>Ca>>Mg 1350 194 209 148 199 193 chalc
Eyrarhver €1>>80,2C0,
Ich Geysir i s 84 w,i Na>>K>>»Ca>>Mg 1130 227 256 200 220
€0,2C1250,
Ic7 Reykjanes VSw s 99 w,tr,g Na>>Ca>K>>>Mg 48300 CO,>>>Ny>H,8 234 262 210 231 262 boiling calc.
C1>>>50,>>>C0, >0,>>CH,,
1c8 Reykjanes Well 8 vSw w 270 w,i Na>>Ca2K>>>Mg 33650 270 234 240 270
Cl>>>C0,>>>S0,
Ic Svartsengi Well 3 VSw w 236 w,i Na>>K>Ca>>>Mg 22460 241 251 245 236
C1>>>C0,>>50y
Icl0 Krisuvik Well 6 VSw? W 258 w Na>>>K>Ca>>>Mg 2600 257 260 234 215-240 K{(CO,+CHy) 258 {500 m)
C1>>>HC0,>S0,
Icll Némafijall Well 4 i w 258 w,q9,i Na>>K>>>Ca>>>Mg 956 H,>CO,>H,S 261 262 237 258
C0,>50,,>C1 >Ny>>CHy,
Icl2 Hveragerdi Well 4 W w 198 w,g,1i Na>>>K>>Ca>>Mg 681 CO,>>>Hy= 200 169 187 182 cChalc 198
C0,>Cl>S0, Hy8>>CHy,
India
Puga, Ladakh (NW
Himalaya subprov. I)
Idal Spr 101 w s 83 w Na>>K>>>Ca=Mg 2850 149 157 258 247 221 wWsMM Shanker et al. (p. 245);
HCO3>C1>>S0y Chaturvedi and Raymahashay (p. 329);
Gupta, Saxena and Sukhija (p. 741);
Ida2 Well GWS W w100 W Na>>K>>Ca>>>Mg 2420 163 171 248 234 231 wsmM 100135 Ei; m; Jangi et al. (p. 1085); K,iihnaswamy
HCO3>C1>>80y max m (p. 143); Gupta, Narain and Gaur
Chumathang, Ladakh (p. 387
{NW Himalaya I)
Ida3 Spr 40 W s 49 w Na>>K2Ca>>Mg 1250 153 166 148 170
HCO03>50,>>C1
Ida4d Well CGW1 W w 85 Na>>>K=Ca>>Mg 1480 161 171 151 171 102 (20 m)
HC05>S0,,>C1 max 109 (30 m)
Manikaran, Himachal
Pd. (NW Him. II)
Ida$ Spr 4 w s 81 w,T Na>>Ca>K>Mg 595 141 148 288 204 209 wWsMM
HCO3>C1>>S0y
1daé Spr 11 s 82 w Ca>Na>Mg>K 550 127 131 268 194 170 wsMM
HC03>>C1>>50,
Ida? Kasol (NW Him. II) W s 42 w Ca>Na>Mg>K 531 105 111 322 195 224 wsMM
HC03>>S0,4=C1
Idad Tatwani W s 57 w Na>>>Ca>K>Mg 611 90 93 117 146 113 wWsMM
{NW Him. III) C1>HCO3>>>S0y
Idag Kopili, Naga-Lushai VW? s 57 w Na>>>Ca>>K>Mg 449 116 122 108 129
HC03=50,,>C1
Idald Tural Ratnigiri, vW? s 61 w Na>Ca>K>>>Mg 922 119 125 279 207 203 WSMM
West Coast C1>>804>HCO3
Idall  Tuwa, Cambay NVS s 63 w Ca>>Na+K>>Mg 3527 119 124 110-151 (2700m)
cL>>50, 170(>3400m)
Idal2 Bakreshwar, W. Bengal vW? s 8l w Na>>>K>Ca=Mg 468 120 124 50 114
{E.I. province) Cl=HCO03>S0y
1da13 Dug well, Sohna NVS? s 42 w Na>Ca>>Mg>K 701 94 97 182 16l 165 wsMM

HCO3>C1>>S04




@ Sampling tgy tgy Other Observed Temp
- i0 $10.
Area System E‘ g: Temp Analyses Water TDS Gases adid cong tN,ac/ K t“ﬁéc“ Geothermometers °c References
Type 28 °c Type °c °c °c (depth)
Indonesia
Idsl Kawah Komojang, vs w 238 w,pi,pg Na>>K>>>Ca 730 COp>>HyS 240 232 217 220-230 "Isotope” 238 (620 m) Kartokusumo, Mahon and Seal (p. 757);
Well 6 $0,>>>C1 260 A”C(COZ,CH“) Ellis (pers. commun., 1975}
1ds2 Dieng, W s S5 w Na2Ca>K2Mg 1340 143 153 436 250 203 WsMM2 173 (139 m) Truesdell (1971); Radja (p. 233) quoted
Pulosari Spr C1>S0,=HCO3 from Danilchik (1973)
Israel
Isl Hamam E1 Farun NVSw? s 72 pw Na>>Ca>>K >12900 93 143 Eckstein {(p. 713
Is2 Rift Valley Spr NVF? s Pg rare gases Mazor (p. 793)
183 Hammat Gader NVF s 524 iuw,i,g, Na>Ca>>Mg>K 1490 Np>0,>CHy, 175 90 68 1% mixing Mazor, Kaufman and Carmi (1973)
4c C1>HCO3>S0y rare gases
Italy
Campi Flegrei
Itl Spr 6D VSw 8 34 w,tr,i Na>>Ca2K>>Mg 3600 116 123 252 217 271 WSMM >300 (1800 m) Baldi, Ferrara and Panichi (p. 687);
Cl>>>S0,>HCOy Cameli et al. (p. 315)
1t2 spr 5 vsw s 88 w,tr, i Na>>>Ca2kK 25500 161 171 97 167 130-190 al80-p
C1>>>S0,>>HCO3 (steam-water)
1t3 Stufe d'Nerone s >300 Meidav and Tonani (p. 1143)
It4 Tuscany, Romana, W s 56 w,tr,g Ca>>Mg>>K=Na 2390 COp>>>Np>>>0, 108 113 760 260 82 Chalc Baldi et al. (1973)
Spr 50 (group C) S0,>HCO3>>>Cl 163 WSMM
Its Cesano Well 1 v w w,tr Na>K>>>Ca>>Mg 356000 148 153 548 521 210 (1400 m) Calamai et al. (p. 305)
$04>>C1>>HCO,
It6 Tuscany Spr 12836 W s 38 w CaZNa>Mg>>K 6400 74 77 190 78 Brondi, Dall’'Aglio and Vitrani
HC03>>80,>C1 {1973)
7 Acqua Borra W s 37 pw, i Na>>>Ca>K >10600 169 198 Fancelli and Nuti (1974)
Larderello
1t8 Wells vs w i,T 220-390 al3c(co,,cHy) 1240 Panichi et al. (1974); Ferrara,
152-329 al80(s0,,H,0) Ferrara and Gonfiantini (1963);
It$ B.S. Michele vs s a7 pw.i Na2Mg>Ca>>K 357 312 84 Cortecel (1974)
C1>HCO3>S0,
Japan
Coastal Waters
J1 Shimogamo 20 vSw w 100 pw, i, Ca2Na>>>K>>>Mg ~18000 154 174 200 4180(50,-H,0) n.a. (179 m) Mizutani and Hamasuna (1972);
1(804) €1>>>804>HCOy 150 Cas0, sat. Sakai and Matsubaya (1974)
221-335 isotope mixing
32 Thusuki 4 VSw s 97 pw,i, Na>>Ca>K>>Mg 219000 167 200 200 A180(S0,~H,0) Sakai and Matsubaya (1974);
1(804) Cl>>>80y, ~200 CasO, sat. Matsubaya et al. (1973
Arima Type
33 Yashio NVS? s 1 pw, i, Na>>K2Ca>>Mg 434000 183 231 170 4180(s0,-H,0)

i(s0y) C1>HCO3>S0,
Greentuff Type

J4 Tottori NVS? s 48 pw,i, Na>>Ca>>K>Mg 24700 76 130 102 4180(s0,-4,0)
i(s04) $0,>C1>HCO3

Volcanic Type

J5 Beppu W s 100 pw,i, Na>>K>Ca>Mg 3800 232 239 193 a180(s0,-H,0)
i(s0y) Cl>>S0,>>>HCO03

J6 otaki B W w w,tr,i, Na>>K»>Ca>>>Mg 3190 227 222 229 220 4180(50,-H,0) 195 (500 m) Mizutani (1972); Koga (1970}
1(504) C1>>S0,>>HCO3

37 Otaki Spr s 97 w Na>>K>>CaZMg 3680 236 210 223 Nakamura (1969)

€1>>>50,>HC03
Matsukawa
J8 Well MR3 vs w 299 w Na>K>Ca>>>Mg 2760 429 273 Sumi and Maeda (1973)

S04>>>HCO3>C1




Table 1. Chemical summaries and geothermometer temperatures for selected thermal fluids (continued).
[} Sampling tsio tsio Other Observed Temp
2
Area sttem éé: Temp Analyses v;;ite: TDS Gases adia cond tN,aC/K "—Negca Geothermometers °c References
ype 3 °c P °c °c °c (depth)
Japan (continued)
Volcanic Type
Matsukawa
J9 RAkagawa s 42 w Na>>K=Ca>>Mg 800 239 358 232 250 (1100 m) Fujii and Akeno (1970); Baba et al.
$0,>5>>C1 (1970)
J10 Matsukawa w c NH |, >>HBO 5 >F >>Hg >>As 20 Koga and Noda (p. 761)
Onikobe
J11 Mitaki v s 54.5 pw Na>>Ca>K>>>Mg 1540 252 208 Yamada (p. 665); Hitosugi and
C1>>HC03>>SOQ Yonetani (1972)
Ji2 Katayama GO-10 W w Pw Na>Ca2K>>Mg 10800 361 270 295 (1300 m}
C1>>>80,>>>HC0
Kenya
K1 Olkaria #2 W w C1>HCO, 240 250 360 al3c(co,,cHy) 286 (1300 m) Noble and Ojiambo (p. 189); recalc.
>300 K(CO,+CHy) from Lyon, Cox and Hulston (1973
K2 Eburru vw? £ 490 al3c(co,,cHy) a,b); Glover (1972, 1973)
A130 AD(H,,CHy)
K3 Hannington vw? s 6000~ 170 47-68 240-500 Al3c(co,,CHy)
14500
Mexico
Cerro Prieto
M1 Well MS W w 99 w,pg Na>>K>Ca>>>Li>>>Mg 27600 CO,>>H,S 278 319 292 288 BSMM 289 (1300 m) Reed (p. 539); Mercado (p. 487)
C1>>>HC03>>50,,
M2 Well M9 VW w 99 w,pg Na>>K>Ca>>>Li>>Mg 17500 CO,>>H,S 228 249 250 292 BSMM 228 (1400 m)
Cl>>>HC03>S0,,
New Britain
NB1 Matupi-Rabalankaia VSw s 85 pw,pg Na>>Mg>Ca>K 34200 CO,>>>Hy8 143 189 >150 boiling calc. Ferguson and Lambert (1972)
C1>>80,,
New Zealand
Wairakei
Nzl Well 44 W w ~99 woisg Na>>K>>>Ca>>>Mg 4600 COp>>>Np>H, 248 255 259 360 A13c(co,,CHy) 248 Mahon (1973); Lyon and Hulston
C1>>>50,>HCO3 >>0,>CHy,>Ar 200 K{COy»CHy) (1970); Lyon (1974)
40ar/38ar=290
NZ2 Well 28 w 99 i 305 4180(s0,,H,0) Kusakabe (1974)
400 A3%s(s0,,,HyS)
Broadlands
NZ3 Well 8 v w 99 w,i,g,tr Na>>K>>>Ca>>>Mg 4120 CO,>>>CHy>Ny 278 311 302 385 Al3c(co,,CHy) 273 (771 m) Mahon and Finlayson (1972);
C1>>>HCO03>>>S0y >>Hp>>>Ar>0y 275 AD(CHy,Hj3) 307 (2160 m) Giggenbach (1971); Seward (1974);
265 AD(Hp,H,0) in research Ritchie (1973); recalc. from Lyon
325 K(CO,+CH ) well (1974); Macdonald (p. 1113)
40ar/36ar=270
Nz springs s 179 ave 183 ave 270 ave BSMM 260,265,272 Truesdell and Fournier (p. 837);
11 o 17 o 23 o Mahon (1973, 1972)
202 max 218 max 306 max
Kawerau
Nz5 well 8 v w ~99 w,g Na>>K>>>Ca>Mg 3070 CO,>>>HpS 263 265 283 260
C1>>HC03>>50y 2HC>Ny>Hp
NZ6 springs s 188 ave 227 ave 225 ave BSMM 185,218,235
70 8 a 24 g 260,265,281
239 max 267 max

199

max




9 Sampling tgi tgi Other Observed Temp
- o W, iop 510,
Area sttzm %ﬂg Temp Analyses Ti(;eer 0§ Gases adia cond tNoaC/K tNE‘éca Geothermometers °c References
P
¥P 8& ° °c c °c (depth)
New Zealand (continued)
Orakeikorako
NZ7 wWell 3 i w ~99 w Na>>K>>>Ca>Mg 1290 234 250 249 237%
C1>>HC03250,,
NZ8 Spr 179 (Area 2) s 98.5 w Na>>K>>>Ca 1230 192 220 245 252 BSMM
HCO 4=C1>>S0,,
Nz9 Springs {Area 2) s 188 ave 232 ave 246 ave BSMM 232-241
6 g 7 0 70
197 max 245 max 252 max
Waiotapu
N210 Well 6 VW w 99 w,g Na>>K>>>Ca>>>Mg 3370 CO,>>HpS>>> 257 269 260 260
C1>>>HC03250y, Hy>Ny>HC
Nz11 Springs s 187 ave 185 ave 293 BSMM 210,260,295
22 ¢ 46 o
210 max 236 max
Nz12 Ngawha Well 1 VW w 99 w Na>>>K>Ca 4700 220 157 193 220-225
C1>B>HC03>>>50,,
Philippines
Phl Tongonan 222 i s 85.6 w,i Na>>K>Ca>>>Hg 3170 154 163 224 216 243 BSMM 196 (305 m) Glover (1974a,b; 1975)
C1>>>HC03>>S0y 246 Cl-E well TGE 4
Ph2 Okoy R. PA6 vu s 94 w,i Na>>K>Ca>>>Mg 5400 171 182 190 207 198 BSMM
C1>>>HC03>S0y
Poland
West Carpathians and
Sudeties
P! Koszuty NVS w 40.5 w Na>>>Ca>>Mg>K 9540 57 18 98 75 WSMM 40.5 (1020 m)}) Dowgiallo (p. 123)
C1>>50,>>HC0,
P Zakopane NVS w 36 pw, 1 328 37-47 AwO(SOu,HZO) 36 {1560 m) Cortecci and Dowgiakfo (1975)
Red Sea Brine
RS1I Atlantis II deep vsw 56 w,tr, i Na>>>Ca>K>Mg 257000 108 62 159 210 heat balance Schoell (p. 583); Brewer and
C1>>>S0, 211 wWsMM Spencer (1969); Longinelli and
261 4180(s0,,H,0) Craig (1967)
Rhodesia
RI Binga Spr 100 P9 rare gases >boiling rare gas Mazor (p. 793)
SWI Sea Water 4-30+ w Na>>Mg>>Ca=K 34500 <25 101 173 180+ 4180(50,-H,0) Hood (1972); Longinelli and
C1>>S0,>>>HCO3 Craig (1967)
Swaziland
swal Mkoba Sprs s 51.5 pw,pg,i Na»>>Ca>>K 190 rare gases 53 54 Mazor, Verhagen and Negreanv (1974)
HCO3>>C1>>S0y
Switzerland
Swil Lavey les Bains NVF? w 63 rare gases Mazor (p. 793)
Taiwan
Tatun Shan
Tal Hsinpeitou W s 98 w Na>K>Ca>>Mg 8180 168 177 405 278 263 WSMM white and Truesdell (1972); Chen and
C1>S0y Chern {written commun., 1975)
TaZ Matsao E205 w 99 W, g Na>>K>Ca=Mg 15000 COp>H3S 251 264 246 240
C15>>804 (293 in E208)
Tad Ilan Tuchung IT-1 VW? w 98 w,g, i Na>>>K 3640 CO0y>>HyS 178 189 45 ~160 187 AIBO(SOMHQO) 164 Fournier, Nehring and MRSO

HCO3>>>804>C1 max 173 (240 m) (unpub. data, 1976)




Table 1. Chemical summaries and geothermometer temperatures for selected thermal fluids (continued).
o Sampling tsio tsio Other Observed Temp
~ Wat 102 t t
Area S¥5tem & Temp Analyses iy e: DS Gases adia ctomcf Noac/ X Ngéca Geothermometers °c References
Ype E °c ¥P °c c °c (depth)
Turkey
Kizildere
T1 Demirtas W 100 w,pg Na>>>K>>>Ca>Mg 3780 CO3>>>H;,S 156 163 177 231 Dominco and §amilgil (1970)
HCO03>>50,>C1
T2 Well KD-16 99 w Na>>>K>>>Ca>Mg 4210 166 175 172 226 225 BSMM 207 (666 m) Alpan (p. 25)
HCO3>S0,>>C1
T3 seferihisar, VSw 82 w Na>>K>Ca>>Mg 19500 175 188 223 238 137 (70 m) Kurtman and §3milgil (p. 447);
Cuma Cl>>>HC03>S0y Egder and §imgek (p. 349); Tan
4 Afyon, v 9%  w Na>>Ca>K>>Mg 5490 147 153 166 187 198 WsMM 106 (905 my (v 1523): Onglr (II-36)
Gecek H. C1>HCO03>S0,
TS Ankara, W 552 w Na>>K>Ca>>Mg 2480 114 120 195 201 176 WSMM
Kizilcahamam HCO3>>C1>S0,
T6 Canakkale, VSw? 102 w Na>>Ca>K>>>Mg 58700 107 107 220 242 285 boiling calc 145 (49 m)
Tuzla Cl>>>S0,>HCO3
T7 Aydin, NVS 87? w,pg Na>>>K>Ca>>>Mg 4930 C0,,H»S,50p 178 189 158 193
Germencik HCO3>C1>>>S0y
United States
Alaska
uUsl Pilgrim NVF? 55 w,i Na>Ca>>K>>>Mg 5550 129 137 110 146 Miller (1973); Miller, Barnes and
C1>>>HCO3>50y, Patton (1975)
us2 Umnak Island W 100 w Na>>>K>Mg>>>Ca 1610 194 209 158 236
C1>>50,
Arizona
us3 Casa Grande NVS? 82 w Na>>Ca>>>K>>>Mg 2600 109 112 39 €6 81 Chalc 102 {2500 m) Dellechaie (p. 339)
C1>>50,>>>HCO3
Arkansas
usé Hot Springs Nat. NVF 61.3  w,i,l% ca>>Mg2Nark 270 Ny>C0>0, 63.5 394 4 Bedinger et al. {1974)
Park, Spr 42 HCO3>>>50,>>C1
California
Imperial Valley
uss IID #2 ‘ol 211 w,i Na>Ca>K>>>Mg 259000 3722 354 308 380 A13C(C02,CHH) 300 (1110 m) White (1968); Craig (1976)
CL>>>50,, 220 AD(H,,H,0) 340 (IID #1)
255 AD(CHy,Hp)
usé Mesa w pw Na>>Ca2K 280002 207+ 230% 200 (2400im) Swanberg (1974)
Long Valley
us7 Magma #5 W 180 w,i Na>>K>>>Ca>>Mg 1700 219 203 238 240 AlBo(so wH0) 180 Mariner and Willey (1976); Sorey and
HCO3>C1>S0,, : Lewis (1976); Truesdell (unpub.
usé Little Hot Creek 79 wig Na>>Ca>K>>>Mg 1660 COp>>>Np>> 153 143 156 171 220 BSMM data, 1975)
Spr HCO3>>C1>S0, 0+Ar>>>CHy,
usg Surprise Valley, NVF? 96.5 w,1i Na>>>K>Ca>>>Mg 1210 170 180 118 160 160 Reed (1975)
Lake City 504,>C1>HCO,
us10 Morgan Springs W 95.4 w Na>>K>>Ca»>>Mg 4590 179 190 227 229 213 a180(s0,,H,0) White, Hem and Waring (1963);
c1>>>sO,,,>HC03 Truesdell, Bowen and Nehring
{unpub. data, 1976)
Clear Lake
usii Wilbur Spr W 55 w,tr,g,i Na>>>K>NH,>>Mg 27200 CO0p>>>CHy, 166 180 126 240 205 WsMM2 Berkstresser (1968); White, Barnes and
C1>HCO3>>>50y O'Neil (1973); Barnes, Hinkle et al.
s . (1973); Barnes, O'Neil et al. (1973);
usl2 Elgin Spr w 68.5 w,i Na>>>K>NH, >>Mg>>Ca 28900 179 194 132 238 Goff, Donnelly and Thompson (unpub.
CL>HCO3>>>80, data, 1976)
usi3 Seigler Spr v 52 w,i,qg Na>Mg>>K>Ca 1130 COp>>>CHy>Np> 160 168 211, 169, 195 WSMM2
HCO3>>CL [+ _ 257 215
usl4 Thermal waters

rare gases

Mazor (p. 793)




< Sampling tsio tas Other Observed Temp
~ @ 102 S10,
Area System % g Temp Bnalyses 1?ter TDS Gases adia ccn& tﬂﬁ!K tNgKCa Geothermometers °c References
Type HG °c ype °c °c c ° (depth)
United States (continued)
Idaho
Raft River
uUsis Crank Well NVF w 20 w,i,g Na>>Ca>>K>>>Mg 3360 N,>>C0,>>0,>>R 131 136 90 139 142 AISO(SOM,HZO) RRGE1 147 Young and Mitchell (1973); Young and
C1>>>S50,>HCO4 (1526 m) Whitehead (1975a,b); Williams et al.
us16 Well 11525E-11 w 60 w Na>>>Ca>K>>Mg 372 107 111 98 131 145 wsmM (p- 1273); Rightmire, Young and
HC03>S0 ,2C1 Whitehead (1976); Truesdell, Nehring
3 w and Thompson (unpub. data, 1975)
us17 Bruneau-Grandview, NVS? W 65 w,g,1 Na>>>K>Ca 324 N,>>0,>CH, 129 136 40 105 115 A180(s0,,H,0)
Well 5S3E-28 HCO3>>C1>80, 108 Chalc
usi8 Weiser, NVF? s 76 w,i Na>>>K>Ca 566 149 157 95 141 228 WSMM
Well 11N6W-10 $0,>HCO3>CL 234 A180(s0,,H,0)
Montana
usig Marysville NVF? w 98 Na>>>K>Ca>>>Mg 690 125 128 124 158 98 Chalc 98 (1000 m) Blackwell and Morgan (p. 895); Morgan
HC03>SO“>>C1 {written commun., 1976}
usao Big Creek ? s EX) w Na>>>K>Ca>>>Mg 975 154 161 143 173 223 wsMM Robertson, Fournier and Strong
HC03>>S0,,>CL (p. 553)
Nevada
us21 Beowane NVF? s 98 w Na>>>K>>>Ca>»>>Mg 1140 198 214 151 194 212 (400 m) Mariner et al. {1974a); Bowman et al.
HCO03>S0,>C1 (p. 699); Wollenberg (p. 1283); White
Us22 Buffalo Valley NVF? s a3 w, tr Na>>Ca>K>Mg 1370 118 125 223 197 215 wsMM él%a“ Truesdell and Nehring (unpub.
HC03>>504>5C1 ata, 1975)
us23 Kyle NVF? s 77 w,tr Na>>Ca>K>Mg 2270 152 161 234 211 257 wWSMM
C1>HCO3>>>S0y,
us24 Steamboat vw? s 9 w Na>>>K>>Ca>>>Mg 2370 188 201 184 207 220% 4180(s0,,H,0) 186 (222 m)
C1>HCO3>>50,, 190t A!8c(co,,HCO4)
New Mexico
us2s Jemez Mtn., W s 75 w Na>>Ca>K>>>Mg 3500 122 125 215 202 165 WSMM Trainer (1974)
Jemez Spr C1>HCO3>>>S0,
Oregon
us2é Alvord NVF? 8 76 w Na>>>K>>Ca>>Mg 3400 140 148 198 217 WSMM Mariner et al. (1974b)}; Lund, Culver
HC03>C1>>50, 209 AIBO(SO“,Hzo) and Svanevik (p. 2147); Truesdell,
us27 Klamath Palls, NF? s 74w Na»>Ca>>K>>>4g 850 130 136 102 130 192 WsMM Sammels ey nex and Nehzing (unpub.
Olene Gap 50,>>CL2HCO4 196 4180(s0,,H,0) ata.
Utah
us28 Roosevelt Hot Spr VW? s 85 w Na>>K>>>Ca 7850 196 202 273 284 260+ Mundorff (1970); Swanberg (1974);
Cl>>>HC03>50y, Beaver County News (1976)
Wyoming
Yellowstone Park
Shoshone Basin
us2g Area I Sprs A s 190 ave 175 ave 267 ave BSMM Truesdell and Fournier (p. 837, o =
10 o 16 ¢ So std. dev.}; McKenzie and Truesdell
203 max 223 max 272 max (I1I-65); Thompson et al. (1975);
Us30 spr 35 s 93 w Na>>>K>>>Ca>Mg 1250 COp>>>R>>>HpS 185 199 10 171 272 BSMM ¥hite et al. (1975); Truesdell
T8 and Fournier (1976b); Truesdell
HC03>C1>>50,, 260 4°50(80,, H0) (unpub. data, 1975
190t al3c(co,,HC03) npus. data, )
Upper Basin
us31? Springs W s 195 ave 186 ave 230 ave BSMM 181 (152 m)
11 o 20 o 18 ¢
210 max 221 max 280 max
Us32 Ear Spr s 95 w Na>>>K>>>Ca>>>Mg 1370 206 224 122 186 314 4!80(s0,,H,0)
C1>>HC03>350,, 201 413c(co,,HCO3)
Norris Basin
us33 Springs W s 210 ave 251 ave 276 ave BSMM 237.5 (332 m)
22 ¢ 32 ¢ 32 ¢
255 max 294 max 374 max
us34 Porcelain Terrace s Na>>K>>>Ca>>>Mg 2000 250 291 289 272 309 al80(s0,,H,0)

C1>>>HC03>S0y,




Table 1.

Chemical summaries and geothermometer temperatures for selected thermal fluids (continued).

[ Sampling tsio to; Other Observed Tem)
Wat i02 S10 P
Area S¥Stzm Eé Temp Analyses Tay:: DS Gases adia cond t“{,ac/K tNggCa Geothermometers ° References
vPe &2 °c °c °c ° (depth)
United States (continued)
Wyoming
Yellowstone Park
Mammoth
Us36 New Highland W s 73.5  w,i,g Ca>Na>K>Mg 2270 CO>>>HS8>>R 103 105 421 96 300 A“S(SO“,HZS) 73 (15-113 m} Schoen and Rye (1970); Robinson (1973}
HCO03>80,,>>C1 74 Chalc
us3é Washburn Spr vs £ 82 w,trg,i COy>>CHy>>Ny> 380 A13c(co,,CHy) Recalc. from Gunter and Musgrave
Hy>>>0, 115 AD(Hp,H;0) (1966, 1971)
70 AD(CHy,Hy)
us37 Research Wells W w rare gases >boiling rare gases Mazor (p. 793)
USSR
Kamchatka
Panzhetka
URI Well 4 W w ? w Na>>K>Ca>>>Mg 3180 1937 209 194 209 219 Vakin et al. (1970); Manukhin (II-29)
C1>>>50,>HCO3
URZ Paryaschy s 99 w Na>>>K>Ca>>Mg 3110 160 168 156 186
C1>>>50,>HCO3
Bolshe Banny
UR3 Well 35 W W ? w Na>>>K2Ca 1330 1772 188 161 177 171
S04 >>C1>HCO3
UR4 Spr 4 s 99 w Na>>>K>Ca 1200 160 168 167 183
S04>>C1>HCO3
Yugoslavia
Y1 Pannonian Basin NVS 80-90 HCO3-Na,Cl-HCO3-Na, <35000 Nj,,CHy Petrovid (p. 531)
Cl-Na
Y2 Middle Serbia NVS HCO3-Na-Ca-Mg CcOo,
Y3 Crystalline and young
tectonic areas NVF? HCO3-50y-Na-Ca-Mg <1000 Nj,0,,%Rn

Note: The following abbreviations are used in Table 1.

System Type
vw volcanic hot water system

Vs volcanic steam (vapor-dominated) system

VSw volcanic system involving seawater

NVSw nonvaolcanic system involving seawater

NVS nonvolcanic sedimentary basin with thermal water

NVF nonvolcanic system with heat from deep circulation along faults
Sample Type

B spring

f fumarole

w well

Sampling Temperature is the surface temperature for a spring or a nonboiling well discharge, the temperature
of steam separation for well discharges above boiling, or the downhole temperature if a downhole sampler
was used or if the analysis was recalculated to downhole conditions.

Analyses
w water analysis with all major ions and SiQ,
pw partial water analysis
Pg partial gas analysis

I5i0, adia is the quartz saturation temperature (°C) assuming maximum steam [oss during cooling (adiabatic cooling)
calculated by the computer program GEOTERM (Truesdell, p. 831), along with tg,, cond, tyuca, WSMM,
and BSMM, which are defined below. No allowance has been made for dissociation of dissolved silica. Some
spring systems have data indicated as ave. (average), max. (maximum), and o (standard deviation).

L5, cond is the quartz saturation temperature assuming no steam loss during cooling (conductive cooling).
tna,x is the temperature calculated from the ratio of Na to K using the White-Ellis curve of Table 2.
thaxca 15 the NaKCa temperature calculated using the equation of Table 2.

Other Geothermometers

Na-K-Ca-CO,: The NaKCa geothermometer with correction applied for high CO, contents (Paces, 1975).

Chalc: The chalcedony saturation geothermometer with conductive cooling (Table 2).

CaSQ,sat.: Temperature calculated for saturation of anhydrite (see text).

WSMM: The warm spring mixing model described in the text with no steam loss before mixing. Where no
other data were available, the cold water component temperature was estimated as equal to the mean
annual temperature and the SiO, content was assumed to be 25 ppm.

WSMM2: The warm spring mixing model, assuming steam separation at 100°C before mixing. Same assumed
cold water component as above.

BSMM: The boiling spring mixing model described in the text. The cold spring temperature was estimated
as above and the Cl contents estimated (in the absence of data) as 2 to 15 ppm according to the distance
from the ocean.




tr
trg
g

i
T,14C

Water Type is calculated on a weight basis. The symbols mean:

A=8
A=B
A>B
A>>B
A>>>B

trace water analysis ABC(CO,,CH,): Temperatures indicated by the fractionation of 3C between CO, and CH,. The notation for

trace gas analysis this and other isotope geothermometers is self-evident (see text).
gas analysis K(CO, = CH,): Temperature calculated from chemical equilibrium constants for the reaction CO, + 4H, = CH,
water (80O,D) or other isotopes + 2H,0.
tritium, carbon-14 Boiling calculation: Temperature calculated from the apparent increase in concentration of seawater due to
boiling.
Na-Ca-SiO,, isotope mixing, *C mixing, “isotope”, heat balance, CI-E: Special methods explained in the original

N . h references.
A approximately equals B in concentration ) ) ) ] »
Ais 1 to 1.2 times the concentration of B Observed Temperature is aquifer temperature rather than maximum temperature where aquifers are identified;
Ais 1.2 to 3 times the concentration of B otherwise, maximum recorded temperature.
A is 3 to 10 times the concentration of B References in many cases are grouped where data for a well, spring, or geothermal system are from more
A is more than 10 times the concentration of B than one source. “recalc. from’” means that temperatures were calculated from a calibration curve other than

that used by the author.

TDS is the sum of the reported constituents of the analysis in ppm (mg/kg).

Gases are in order of molar or volume abundance with the same symbols as for water type.

Table 2. Equations for geothermometers.

Silica Geothermometers (SiO, in ppm)*

1533.5
Quartz, adiabatic cooling & 2°C from 125-275°C) tC= ————u—— 273.15
5.768 — log SiO,
1315
Quartz, conductive cooling & 0.5°C from 125-250°C) t*C= — - 273.15
5.205 - log SiO,
1015.1
Chalcedony, conductive cooling t°'C = —————— — 273.15
4.655 — log SiO,
Na/K Geothermometers (Na, K in ppm)
855.6
White and Ellis (see text) (x 2°C from 100-275°C) t°C = - 273.15
log(Na/K) + 0.8573
777
Fournier and Truesdell (1973) tC= —— X - 273.15

log(Na/K) + 0.70

NaKCa Geothermometer (Na, K, Ca in moles /liter)
1647

Fournier and Truesdell (1973, 1974) t°C =
log (Na/K) + B log (V' Ca /Na) + 2.24

- 273.15

B=4/3forVCa/Na>1andt< 100°C
B=1/3forVCa/NA<Tort,,;> 100°C

*Data from Fournier (written commun., 1973)
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Summary of Section IV
Geophysical Techniques in Exploration

JIM COMBS
Institute for Geosciences, the University of Texas at Dallas, P.O. Box 688, Richardson, Texas 75080, USA

INTRODUCTION

Geophysical exploration involves the study and measure-
ment of physical waves, fields. and emissions of the solid
earth and the interpretation of these observations in terms
of realistic geological models. Geophysics therefore assumes
the role of a science which relates physics to geology. Thus,
when one realizes that each subfield of physics can be related
to each subfield of geology. there is an appreciation for
the potential size and rather complex nature of geophysics.
The role of geophysics in the exploration for geothermal
resources has been examined and discussed in several review
papers (Bodvarsson, 1970; Banwell, 1970, 1973; Combs and
Muffler, 1973; and in this symposium by Nakamura, p.
509; Duprat and Omnes, p. 963; McNitt, p. 1127; Meidav
and Tonani, p. 1143; and Palmason, p. 1175). Geophysics
is a tool which can often provide important information
about the nature of a geological feature (such as a geothermal
system) as effectively and certainly at a lower cost than
can a large number of boreholes. However, some boreholes
for direct information about the subsurface physical proper-
ties are always necessary before a geophysical survey can
be properly interpreted. Nongeophysicists as well as geo-
physicists must be aware of the fact that particular geophysi-
cal techniques and the interpretation of the resulting data
can (or cannot) be expected to provide useful results in
given circumstances.

Geophysics applied to the exploration for, and delineation
of, geothermal resources spans a wide range of subject
areas from the measurement of physical parameters of rocks
(for example: Watts and Adams, p. 1247; Duba, Piwinskii,
and Santor, Abstract I11-19; Goss and Combs, p. 1019) to
development of instrumentation and measurement systems
(for example: Whiteford, p. 1255; Combs and Wilt, p. 917;
Yuhara, Sekioka, and Ijichi, p. 1293) to data acquisition
and digital data processing (for example: Hermance, Thayer,
and Bjornsson, p. 1037; Isherwood, p. 1065; lyer and
Hitchcock, p. 1075) and to the modeling and geological
interpretation of geophysical data (for example: Bodvarsson,
p.903; Risk, p. 1191; Williams, etal., p. 1273). A considerable
volume of geophysical data pertaining to geothermal systems
has been developed since the first United Nations Sympo-
sium on the Development and Utilization of Geothermal
Resources held in Pisa, Italy, in 1970; the proceedings of
which were published in the Special Issue 2 of Geothermics.
In addition to refinements and increases in the effectiveness
of existing geophysical exploration systems, some methods

and techniques not previously used in geothermal exploration
have been adopted from crustal geophysical studies as well
as from the petroleum and mining industries (for example:
teleseismic P-wave delays, Steeples and Iyer, p. 1199;
tellurics, Combs and Wilt, p. 917; self-potential-SP, Corwin,
p. 937; audiomagnetotellurics-AMT, Hoover and Long, p.
1059) and have been given thorough field tests. Several
well-documented geothermal case histories have either been
completed through the exploratory drilling phase or are
presented as progress reports (for example: Noble and
Ojiambo, p. 189; Cameli, et al., p. 315; Arndrsson, et al.,
p. 853: Blackwell and Morgan, p. 895; Jangi, et al., p. 1085;
Nevin and Stauder, p. 1161; Swanberg, p. 1217; Williams,
etal., p. 1273).

Considering the large number of contributions to this
section and the diverse subject matter, I shall attempt here
the onerous task of summarizing the ideas and data presented
at the Second United Nations Symposium on the Develop-
ment and Use of Geothermal Resources with respect to
geophysical exploration for geothermal systems. The intent
of my summary will be to clarify several concepts associated
with geophysical exploration, to emphasize the need for
realistic geological models that can be tested, to summarize
the diversity of geophysical information presented, and to
direct the reader to significant papers published elsewhere.

PHYSICAL PROPERTIES

A geophysical survey consists of a set of measurements
made over the surface of the earth, in the air above and
parallel to it, and in boreholes within the earth. The mea-
surements are of the variations in space or time of one
of several physical fields of force. These fields are deter-
mined, among other things, by the nature and structure
of the subsurface, and because rocks vary widely in their
physical properties, at least one of these properties usually
shows marked discontinuities from place to place. These
physical properties include thermal conductivity, electrical
conductivity, propagation velocity of elastic waves, density,
and magnetic susceptibility.

Geothermal systems often give distinctive and fairly easily
measured discontinuities in physical properties (such as high
heat flow, low electrical resistivity, attenuation of high-
frequency elastic waves). Clearly the ease with which
discontinuities can be detected depends on the degree of
contrast in the physical properties between the rocks com-
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prising the geothermal system and the surrounding subsur-
face. An accurate and unambiguous interpretation of geo-
physical data is only possible where the subsurface structure
is simple and known from drillhole data, and even then
it is by no means always achieved.

Geothermal reservoirs usually have irregular shapes and
occur in rocks of complex structure and varying type. The
emphasis in geophysical exploration is therefore upon detec-
tion of geothermal systems and the determination of their
relative physical properties, rather than on precise quantita-
tive interpretation. Nevertheless some indication of the
quality, size and depth of a geothermal system may often
be obtained. In other words, geophysical surveys are con-
ducted in order to provide data for the location of geother-
mal systems and the estimation of geothermal drillhole
locations.

Considerable volumes of rock at high temperatures are
known to exist below all major geothermal areas (Healy,
p. 415; Muffler, p. 499; Eaton, et al., 1975). Almost any
type of rock, igneous, metamorphic or sedimentary, may
be involved. Although there can be little doubt that some
types of recent igneous intrusions in the shallow crust and
the associated cooling magmas constitute the ultimate heat
sources for all high-temperature geothermal systems, little
is known about the form of the intrusions. When the
permeability due to fractures or pores is sufficient, meteoric
water can circulate downward through the hot rock, extract
and convect some of its heat content, and return to the
surface through springs or boreholes as thermal water or
natural steam (White, 1968; 1973).

The Geysers geothermal field in California represents a
good example of the abovementioned phenomena. The steam
field is undoubtedly associated with the Clear Lake volcanic
field of late Pliocene (?) to Holocene age (Hearn, Donnelly,
and Goff, p. 423; McLaughlin and Stanley, p. 475; Donnelly
and Hearn, Abstract 111-18) and with a major gravity low
which Chapman (1966) suggested was produced by a magma
chamber at depth. From a detailed analysis of the gravity
and magnetic data of The Geysers, Isherwood (p. 1065)
postulated that the gravity and magnetic anomalies are
caused by a young intrusive body centered 10 km below
the southwest edge of the Clear Lake volcanic field. Tele-
seismic P-delay data indicate that the postulated intrusive
body may still be partly molten (Steeples and Iyer, p. 1199).
A gravity high separating the main gravity low from a smaller
gravity low is most likely due to a dense cap rock that
directs hydrothermal fluids from beneath the volcanic field
southwest to The Geysers (Isherwood, p. 1065) through
a fault zone (McLaughlin and Stanley, p. 475) that remains
permeable because of continued microearthquake activity
(Hamilton and Muffler, 1972).

It is evident that geothermal reservoirs and their immediate
surroundings have certain specific physical characteristics
that are susceptible to detection and mapping by geophysical
methods. The temperature within the reservoir, that is, the
base temperature (Bodvarsson, 1964; 1970), is the most
important physical characteristic of a geothermal system.
Simply stated, the base temperature is the highest tempera-
ture observed in the thermally uniform part of a geothermal
reservoir. The physical and chemical processes within the
geothermal reservoir depend critically on this quantity, and
the technique of heat extraction has to be selected with
regard to these temperature conditions.

Additional important characteristics of geothermal reser-

voirs that can be determined to some extent by geophysical
exploration are the probable dimensions of the reservoir,
its depth, and the necessary physical conditions prevailing
within it. From theoretical calculations, Banwell (1963) and
Goguel (1970) indicate that a reservoir with a base tempera-
ture of 250°C would need to have a volume of 2 to 3
km? in order to justify exploitation for electric power
production with present-day economics and technology. This
then is the size of the target to be sought by geophysical
exploration, although some of the larger geothermal systems
already explored have volumes which may be from 5 to
10 times larger.

The geothermal reservoir rock must have an adequate
and suitably distributed permeability. A good geothermal
well should produce at least 20 t/hr of steam; many wells
produce at much higher rates (Budd, 1973; Tolivia, p. 275;
Grindley and Browne, p. 377; Mercado, p. 487; Petracco
and Squarci, p. 521; Barelli, et al., p. 1537; Burgassi, et
al., p. 1571; Fukuda, Aosaki, and Sekoguchi, p. 1643;
Katagiri, Abstract VI-25). The maintenance of high flow
rates implies a high degree of permeability in the reservoir,
with porosity performingonly asecondary part. Permeability
is not a reservoir characteristic that is easy to measure
using geophysical techniques (Risk, p. 1185).

The principal geothermal heat carrier, water, must be
available in adequate quantities. As hot geothermal fluids
are withdrawn from wells or from surface manifestations,
the hydrological balance of the system isrestored, or partially
restored, by the inflow of new or recharge water (White,
Muffler, and Truesdell, 1971). Knowledge of water move-
ments in geothermal systems can be obtained with geophysi-
cal techniques (Hunt, 1970; Bodvarsson, p. 33; Tolivia, p.
275; Gupta, Singh, and Rao, p. 1029; Macdonald, p. 1113;
Risk, p. 1185).

Retention of heat is increased and the upward movement
of fluids from a geothermal reservoir is restricted by a cap
rock which is simply a layer of rock of low permeability
overlying the reservoir. The cap rock may be formed by
a stratigraphic unit (Tolivia, p. 275; Grindley and Browne,
p- 377; Kurtman and Samilgil, p. 447; Petracco and Squarci,
p. 521; Swanberg, p. 1217). A cap rock may also be produced
by self sealing due to the deposition of minerals from
solution, mainly silica, or by hydrothermal alteration of rocks
to clays and/or zeolites (Bodvarsson, 1964, 1970; Facca
and Tonani, 1967; Bird and Elders, p. 285; Grindley and
Browne, p. 377; Kristmansdéttir, p. 441; White, et al.,
Abstract 11-56). Cap rocks provide a recognizable geophysi-
cal exploration target because of the considerable contrast
in physical properties.

The maximum depth at which a geothermal system might
be found and exploited is limited on the one hand by the
probability of decreasing porosity and permeability and on
the other hand by drilling costs. A provisional upper limit
under present economic and technological conditions is
perhaps 2 km depth to the top of the geothermal reservoir.

Since the base temperature constitutes the most important
physical characteristic of a geothermal system, thermal
exploration methods, such as geothermal gradient measure-
ments in boreholes and heat-flow determinations, are of
primary importance. Thermal exploration techniques provide
the most direct method for making a first estimate of the
size and potential of a geothermal system with surface
geophysical exploration. Although geophysical methods
other than thermal methods only provide an indirect deter-
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mination of the base temperature of a geothermal reservoir,
they provide an estimate of depth, lateral extent, permea-
bility, water supply, and cap rock distribution which cannot
be obtained using thermal techniques.

The application of any geophysical method, other than
thermal methods, in geothermal exploration is based on the
fact that the physical property of the rock that is being
measured is affected to some degree by an increase in
temperature (Birch and Clark, 1940; Birch, 1943; Hochstein
and Hunt, 1970; Keller, 1970; Murase and McBirney, 1973;
Spencer and Nur, 1976; Watts and Adams, p. 1247). In
the geophysical exploration for geothermal reservoirs, the
most reliable indicator of abnormal subsurface temperatures
is the direct determination of an anomalous heat flow. Any
alternative geophysical indicator is less reliable since it
provides an indirect determination of temperature.

For example, the application of electrical and electro-
magnetic methods in geothermal exploration is based on
the fact that the electrical conductivity of wet porous rocks
increases rapidly with increasing temperatures. Variations
in electrical conductivity may be due to changes in salinity
or porosity (Keller, 1970; Duba, Piwinskii, and Santor,
Abstract 111-19) rather than the temperature. There is no
unique relationship between temperature and the electrical
conductivity of the subsurface.

MODELS AND GEOPHYSICAL SURVEYS

From the foregoing discussion, it is evident that geothermal
reservoirs and consequently geothermal fields owe their
existence more to deep-seated tectonic processes and physi-
cal conditions than to any particular near-surface geological
environment. However, it must be recognized that the total
surface area thus far sampled by geothermal exploration
is a very small fraction of the surface of the earth and
the selection of exploration sites has been strongly biased
towards areas with obvious surface thermal manifesta-
tions—near hot springs, geysers, fumaroles, and pools of
boiling mud. Surface manifestations may or may not reflect
conditions at depth depending on the extent to which the
thermal system is masked by overlying nonthermal
groundwater horizons.

Moreover, the presence of surface thermal manifestations
implies that a geothermal reservoir has been breached by
fault movement or erosion, and its contents are being
dissipated by this natural leakage. The larger the outflow
and the longer period of time that the discharge has been
continuing, the less are the chances that a commercially
useful geothermal reservoir still remains.

Geothermal exploration, however, is moving beyond this
stage of reservoir detection, and has turned towards the
search for deeper-seated and well-sealed geothermal reser-
voirs which are unmarked by any surface evidence (for
example: Cataldi and Rendina, 1973; Arnoérsson, et al.,
p. 853; Baldi, et al., p. 871; Blackwell and Morgan, p. 895;
Combs and Rotstein, p. 909; Swanberg, p. 1217; Williams,
et al., p. 1273). New geothermal systems are being found
by a process of geological analogy supported by geophysical
measurements. However, the strategy of geothermal explo-
ration is quite often hampered by the variability of the
geological environment, by a lack of understanding of the
geothermal systems, by the lack of reasonable geological
models to be tested by geophysical surveys, and by a
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confusion about what results can be obtained from particular
geophysical surveys.

The known geothermal fields of the world are all associated
with various forms of volcanic activity (Healy, p. 415;
Muffler, p. 499) and with faulting, with graben formation,
and with tilting, uplift, and subsidence of crustal blocks,
all of which are probably the result of processes in the
upper mantle. The rock types present and the character
of the volcanic rocks ejected are no more than a reflection
of the composition of the crust in the immediate vicinity.

This close spatial and genetic relationship of many geo-
thermal systems to young volcanic centers (Healy, p. 415)
has formed the basis for a new rationale for the search
for geothermal resources. This approach, developed by
Smith and Shaw (1975), is to identify large, young, silicic
volcanic centers which may be molten or have hot intrusive
rocks at depth that can function as a heat source for the
overlying convective systems of meteoric water. Although
this approach has been restricted to silicic rocks, areas of
intensive basalt extrusion may also have a significant geo-
thermal potential (Smith and Shaw, 1975). For example,
a major Quaternary basaltic feeder zone in southern Wash-
ington state is indicated by a pronounced negative gravity
anomaly (Hammond, et al., p. 397) which would indicate
that the basaltic feeder zone is partially molten if the gravity
low is interpreted in the same manner as the major gravity
low over The Geysers (Isherwood, p. 1065; Steeples and
Iyer, p. 1199).

Since the intrusion of magma into the upper crust can
produce the necessary heat source for a geothermal system,
we are concerned with the identification and development
of geophysical methods to determine the depth and areal
extent of these large volumes of molten rock within the
crust. Because of their considerable depth of penetration,
electrical, electromagnetic, and seismic techniques are the
types of geophysical surveys which are particularly suited
for locating deep magma chambers.

In the central volcanic region of the North Island of New
Zealand, where the Broadlands, Rotokaua, Tauhara, and
Waiotapu thermal areas are situated, Keller (1970) conducted
a large-scale regional electrical depth sounding using the
time-domain/coil technique. With this electromagnetic sur-
vey, Keller (1970) located an apparent deep heat source
which has been interpreted to be a slab of basalt with a
partially molten interior (Banweli, 1970). From an extensive
magnetotelluric survey of the neovolcanic zone in Iceland,
Hermance, Thayer, and Bjornsson (p. 1037) have found
a systematically lower resistivity than was found in the
older crust and have interpreted the lower resistivity to
be partially caused by a small (several percent) melt fraction
of basalt in the deep crust. Zablocki (p. 1299) has used
the prominent self-potential anomalies found at Kilauea
Volcano in Hawaii to determine the position of magma
pockets on the flanks of the volcano.

Magma chambers and movement of magma within volca-
noes have been recognized using seismological techniques,
such as in the seismic prospecting carried out by Hayakawa
(1970) at Showa-Shinzan in Japan and by Fedotov, et al.
(p. 363) at the Avachinsky Volcano on Kamchatka; the
use of seismic body waves from microearthquakes by
Matumoto (1971) to identify the magma chamber underlying
Mount Katmai Volcano in Alaska; and the use of teleseismic
P-delay studies by Steeples and Iyer (p. 1199) to postulate
magma chambers at Yellowstone National Park, The
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Geysers, and Long Valley, California in the United States.

Since magmas in the crust provide the necessary heat
source for geothermal systems, large-scale exploration for
hidden high-temperature reservoirs can be recommended
in regions of volcanism. However, most, if not all, high-
temperature geothermal areas show a close connection with
eruptive centers that have produced silicic lava. This is
most conspicuous in Iceland where the volcanism is predom-
inantly mafic. Only about 5% of the lava erupted is of
the silicic type; nevertheless, three or four of the largest
high-temperature areas in Iceland are located near volcanic
centers which have had a very recent history of silicic
eruptions (Bodvarsson, 1970).

The general location of geothermal systems is therefore
determined by the location of these deep igneous masses
which are the probable heat source driving the overlying
meteoric convection system (White, 1968). Furthermore,
the detection of such systems, even if completely sealed
against convection to the surface, should not be difficult.
Calculation of the conductive temperature distribution over
a reservoir of moderate temperature and size with its upper
surface at a depth of 2 km indicates that the resulting
temperature anomaly would approximately double the nor-
mal geothermal jgradient over an area of a few square
kilometers. Thu$, surface thermal gradient measurements

and heat-flow d¢terminations in shallow boreholes penetrat- -

ing below the Jevel of the local groundwater disturbance
should suffice/"to locate this type of geothermal reservoir.
There is a larg’e variety of other geophysical methods that
can, in principle, be used to map the subsurface temperature
distribution. ;The problem is to select the most suitable
method from"‘the point of view of field operations, processing
of data, and the interpretation of the results in terms of
realistic ge¢10gical models. .

During the early development of petroleum exploration,
almost equ’ry type of geophysical survey was used; however,
it has beén found that certain ones provide the necessary
informatjbn for detecting petroleum reservoirs. A similar
developfnent is evolving in the application of geophysical
techniq;’les to geothermal exploration. In the past, there
has frequently been some confusion over the precise purpose
for which a given geophysical survey has been undertaken,
and surveys of both conventional and innovative types, often
made at considerable expense, have produced data and maps
whi(;"h now appear to have little bearing on the central
problem of finding and delineating geothermal reservoirs.
Refinements in the geological models (Tolivia, p. 275; Té-
masson, Fridleifsson, and Stefansson, p. 643; Bodvarsson,
p: 903; Macdonald, p. 1113; Morgan, et al., p. 1155) of
the geothermal reservoir which are being sought will be
of value for suggesting geophysical targets, for calibrating
the response of our geophysical instrumentation, for ex-
plaining some of the nonrelevant anomalies in the geophysi-
cal patterns and for constructing significant residual anomaly
maps. In order to interpret the geophysical anomalies ob-
tained, it is essential to convert the geological models and
subsurface geological formations into their equivalent physi-
cal patterns of thermal conductivity, electrical conductivity,
“seismic velocity, density, magnetic susceptibility, porosity
and /or permeability by laboratory measurements on actual
rock samples where available; otherwise by the use of data
for similar geological materials. Finally, if a geophysical
survey of any kind is undertaken, it is very important to
be quite clear as to the precise reasons for doing the survey
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and, more importantly, whether or not the particular geo-
physical survey is likely to make any material contribution
to the detection and delineation of the geothermal system
and whether or not the results of the survey can provide
useful modifications to the proposed geological model of
the geothermal reservoir.

GEOTHERMAL CASE HISTORIES

It is now -apparent that geothermal reservoirs and their
immediate environments have certain specific physical char-
acteristics that are susceptible to detection and mapping
by geophysical methods. This section of my summary will
discuss various geophysical surveys currently used in geo-
thermal exploration which can provide direct information
about geothermal reservoirs. No mention will be made of
the other geophysical techniques which have been used in
past geothermal surveys or have been recommended from
time to time. These include methods such as gravity,
magnetics, active seismics, seismic noise, airborne infrared,
microwave radiometry, and satellite imagery. None of these
techniques will be mentioned because none of them appear
to be required to bring a geophysical investigation to the
point where a deep exploratory geothermal borehole can
be planned and sited. In an actual survey, problems might
arise which some of these techniques could help to resolve,
and some anomalies in the temperature of electrical resistiv-
ity patterns might be accounted for, but the choice of
technique, and the justification for using it at all, must
arise in and be defined by the progress of the original survey.

Thermal-gradient measurements and heat-flow determi-
nations may be useful in large-scale regional surveys, as
well as in specific reservoir studies, since anomalous con-
ductive surface heat flow can be used as an indicator of
hydrothermal activity at depth (for example; Cermak, Lu-
bimova, and Stegena, p. 47; Demians d’Archimbaud and
Munier-Jolain, p. 105; Dowgialto, p. 123; Franko and Rat-
icky, p. 131; Krishnaswamy, p. 143; Shanker, et al., p.
245; Boldizsar and Korim, p. 297; Esder and Simsek, p.
349; Gupta, Narain, and Gaur, p. 387; Kurtman and Samilgil,
p. 447; Mongelli and Loddo, p. 495; Petrovi¢, p. 531; Stieltjes,
p. 613; Baba, p. 865; Sass, et al., Abstract I1I-80; Urban,
et al., p. 1241; Morgan, et al., p. 1155). As geophysical
exploration techniques for guiding the site selction for deep
drilling, shallow thermal surveys are of limited value because
of their rather low effective depth of penetration and the
masking effects of shallow groundwater circulation. The
measurement of temperatures in deep boreholes (Albright,
p. 847) is the only reliable method of providing information
on the base temperature of a given geothermal reservoir.

Although under favorable conditions an electrical resistiv-
ity survey can provide penetration to depths of 1 km or
more, the physical property that it measures is related not
only to temperature but also to porosity and formation-fluid
chemistry, and this makes geological interpretations of
resistivity data difficult. A considerable number of different
electrode configurations (Wenner arrays, constant-spread
Schlumberger arrays, Schlumberger soundings, collinear
arrays, dipole-dipole profiling, roving dipole arrays, bipole-
dipole arrays, rotating dipole arrays) have been used in
direct current resistivity surveys (Keller and Frischknecht,
1966; Beyer, Morrison, and Dey, p. 889; Furgerson, Abstract
I11-29; Garcia, p. 1003; Gupta, Singh, and Rao, p. 1029;
Hochstein, p. 1049; Jiracek, Smith and Dorn, p. 1095;
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Maasha, p. 1103; McNitt, p. 1127; Risk, p. 1185 and p.
1191; Stefansson and Arnérsson, p. 1207; Tezcan, p. 1231).
Electrical resistivity studies have provided data for the
detection and mapping of geothermal systems, for subsurface
geological and structural interpretation, and for monitoring
of groundwater flow patterns. Geophysical surveys, based
only on electrical methods, have been used to determine
the extent of the geothermal reservoir of the El Tatio
geothermal field of Chile (Lahsen and Trujillo, p. 170;
Hochstein, Abstract 111-39). United Nations project experi-
ence (McNitt, p. 1127) indicates that the most suitable
geothermal exploration technique is dipole-dipole resistivity
profiling since this type of electrode array is easy to
maneuver in rugged country and it provides the results that
are simplest to interpret geologically. Risk (p. 1191) has
presented an excellent analysis of fracturing at Broadlands,
New Zealand using detailed bipole-dipole resistivity studies.
In another study, Risk (p. 1185) has shown that the inflow
of cold water to the Broadlands geothermal field can be
determined by regular monitoring of the position of the
reservoir boundary using electrical resistivity surveys.

During the last few years, there has been a serious effort
made to test various electromagnetic methods which are
designed to monitor the naturally occurring electric and
magnetic fields that are observed at the surface of the earth
(Beyer, Morrison, and Dey, p. 889; Combs and Wilt. p.
917; Cormy and Musé, p. 933; Hermance, Thayer, and
Bjornsson, p. 1037; Hoover and Long, p. 1059; Maas and
Combs, Abstract 111-56; Whiteford, p. 1255; Williams. et
al., p. 1273). The development and testing of the telluric
and magnetotelluric methods in geothermal exploration has
been motivated partly in an attempt to find a rapid and
low-cost method for reconnaissance surveys of relatively
large areas and partly in an attempt to increase the depth
of penetration under the conditions of high near-surface
electrical conductivities which usually occur in geothermal
areas.

Geothermal activity may generate significant self-potential
anomalies by thermoelectric coupling or by generation of
streaming potentials caused by the motion of subsurface
fluids. Therefore, self-potential (SP) surveys can be used
to determine the presence of zones of thermal activity and
to identify possible shallow subsurface channels for the
movement of geothermal fluids (Zohdy, Anderson. and
Muffler, 1973; Combs and Wilt, p. 917; Corwin, p. 937;
Jangi, et al., p. 1085; Williams, et al,. p. 1273: Zablocki,
p. 1299).

It has been known for some time that high-temperature
geothermal areas are characterized by a relatively high level
of microearthquake activity (Ward, 1972; Combs and Rot-
stein, p. 909; Maasha, p. 1103). The study of these mi-
croearthquakes, and their precise hypocentral locations
provide the data necessary to determine any active fault
zones in a geothermal area, which may be functioning as
subsurface conduits for the geothermal fluids. In addition,
the results of a microearthquake survey can be used to
speculate on the subsurface physical characteristics of the
geothermal system (Combs and Rotstein, p. 909). Palmason
(p. 1175) has suggested that the main use of microearthquake
surveys, at the present time, may be to try to predict the
depth of water circulation in geothermal systems, something
which cannot easily be accomplished with other geophysical
methods.

Published case histories of geothermal fields are few and

are generally incomplete. However, at least eight excellent
geothermal case histories have been presented at this
symposium, in addition to the four presented by McNitt
(p. 1127). The eight include three from the United States,
the Mesa Geothermal Anomaly in California (Swanberg,
p. 1217). the Marysville Geothermal Area, Montana (Black-
well and Morgan, p. 895), and the Southern Raft River
Valley Geothermal Area, Idaho (Williams, et al., p. 1273);
two from Italy, the Cesano Geothermal Field (Calamai, et
al.. p. 305): one in Iceland, the Krisvik High-Temperature
Area. Reykjanes Peninsula (Arnérsson, et al., p. 853), one
in India. the Parbati Valley Geothermal Field, Kula District,
Himachal Pradesh (Jangi, et al., p. 1085) and one in Kenya,
the Olkaria Geothermal Field (Noble and Ojiambo, p. 189).
[ will not attempt to either highlight or summarize them
here.

The papers covered in Section IV are extremely diverse:
from the evaluation of geophysical exploration methods and
techniques. to the collection of field data, to laboratory
techniques and measurements, and to geothermal case stud-
ies using a myriad of geophysical surveys. Nevertheless,
the unifying theme throughout is the attempt of each of
the investigators to develop a better method of identifying
the geothermal systems that are the target of the search
and of defining potential drilling sites for exploratory geo-
thermal boreholes. Geophysical surveys should not,
however. be discontinued when the discovery well is com-
pleted but should be continued with a change in direction
as pertains to the target being sought. That is, they should
begin to examine water recharge and the nature of the heat
source. to consider the prediction of permeable zones for
future production-well drill sites, and to aid in the ongoing
environmental monitoring.
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‘Summary of Section V
Environmental Factors and Waste Disposal

H. CHRISTOPHER H. ARMSTEAD
Rock House, Ridge Hill, Dartmouth, South Devon, England

INTRODUCTION

Until fairly recently, the general attitude towards geother-
mal pollution has been one of laissez-faire. The reasons
for this are not far to seek. In the first place. geothermal
energy has been widely acclaimed by its enthusiasts as
“‘clean.”” and it cannot be denied that, for a given scale
of heat exploitation, it is generally far less a cause of pollution
than fuel combustion. Secondly, Nature herself is often
a polluter in unexploited thermal areas: so. it is asked. who
are we to compete with Nature? Thirdly, we have tolerated
for generations (and continue to tolerate) the polluting effects
of fuel combustion on a vast and ever-increasing scale.
Hence, one argument is that the influence upon the environ-
ment from the miniscule energy contribution made by
geothermal heat has, on the whole, been slightly beneficial.
so that no trouble arises. This somewhat natural tendency
to sweep a problem beneath the carpet of persuasive excuses
is understandable: but in recent years public awareness of
the hazards of all forms of environmental pollution has
belatedly been aroused. and we can no longer permit
ourselves to look the other way.

Stringent antipollution laws have now been enacted in
certain countries. While such laws are welcome in some
respects, as a step in the right direction, it has sometimes
been argued that their stringency is acting as a serious and
very costly brake upon the tempo of geothermal develop-
ment. It has now been virtually proved that an antidote
of acceptable efficiency can be found for nearly every
possible source of geothermal pollution. The more recently
constructed geothermal power plants in The Geysers field,
California, are models of nonpolluting exploitation in which
the designers may take justifiable pride. Nevertheless. the
antidotes cost money and (more important) take time to
apply. It is this delaying factor, rather than the directly
incurred costs, which has been the subject of some criticism,
for delays are themselves extremely costly. It can be shown
that every kilowatt of base-load geothermal power feeding
a composite integrated power network can save about 2
tons of oil fuel per year. Thus, with oil fuel at a price
of about $75/ton. the cost of delaying the construction
of No. 12 unit—106 MW (net)—at The Geysers would
approach $16 million for one year’s deferment. This sum
would appear as an invisible burden on the national balance
of payments. If the cost of delay were expressed as about
$150/yr/kW and compared with the estimated construction
cost of No. 12 unit, which according to Dan et al. (p. 1949)

is $141.3/kW, it will be seen that one year’s delay would
more than double the true construction cost. Nor is that
the end of the sad story, for during that year, the basic
construction costs will have risen in the present inflationary
climate.

These figures. although specifically applying to No. 12
Geysers unit. illustrate the urgency that applies to all
geothermal power construction programs in oil-importing
countries. The question arises whether strict compliance
with the antipollution laws may not be too high a price
to pay for achieving near-perfection too quickly, and whether
some temporary relaxation of the law would better serve
the national interest. These are not only the views of the
author. Axtmann (p. 1323) has suggested that some regula-
tions under the antipollution laws should be eased, if not
actually repealed, in order to aid the rapid expansion of
geothermal development.

However, this should be a relatively short-term problem.
In future installations it should be possible to synchronize
the provision of the necessary pollution antidotes with the
construction period of the remainder of the plant. Moreover,
as pointed out by Allen and McCluer (p. 1313) and Axtmann
(p. 1323). it is far cheaper to design a plant with built-in
antidotes than to fix the antidotes as an afterthought to
a completed installation, as has been necessary where
antipollution legislation has been enacted after plants have
been in service for some time. In the future, the enforcement
of rigid antipollution laws probably will prove to be entirely
beneficial and not unduly expensive. It may well be true
that certain natural phenomena—for example, the hot
springs at Yellowstone Park—are themselves ‘‘breaking the
law™" by polluting the environment to a greater extent than
is permitted legally. But although we cannot prosecute
Nature, there can be no harm in trying to improve her.

PROBLEMS

The problems of environmental pollution may best be
considered one by one.

Hydrogen Sulfide

The gases accompanying geothermal fluids almost invaria-
bly contain H, S. This noxious gas, in moderate and harmless
concentrations, has a characteristic and rather unpleasant
smell: but when more strongly concentrated, it paralyzes
the olefactory nerves and thus becomes odorless. Therein
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lies its danger. When it is present in lethal quantities, it
gives no warning of its presence. It is also 17.5% heavier
than air at the same temperature and is therefore apt to
collect in low-lying pockets. Fatalities have occurred on
rare occasions in the vicinity of fumaroles, but no incidents
have yet been reported from this hazard in geothermal
exploitation plants. This is probably largely attributable to
the care of designers in providing adequate ventilation in
cellars and basements. H,S also attacks equipment—for
example, electrical contacts and commutators—and it may
have adverse effects on crops and river life.

The gas can escape to the environment by all or any
of the following paths: (1) from the condenser gas ejector
discharge; (2) with warm vapor and air rising from cooling
towers: (3) from wells discharging to waste when undergoing
test or when a plant is unable to absorb all the steam from
the bores connected thereto; (4) from “‘wild’’ bores; (5)
from traps and drains; (6) in solution in the surplus conden-
sate where cooling towers are used; (7) in solution in the
main body of cooling water where river cooling is adopted
for turbine condensers; and (8) in solution in the water
phase in wet fields, when the water is discharged into rivers
or streams (relatively small).

Until fairly recently, the general attitude to H, S pollution
has been that with (1), (2), (3), and (4) the combination
of temperature buoyancy and, in the first two cases, a high
discharge altitude ensures sufficiently wide dispersal to
render the gas harmless; with (5) and (8) the quantities of
gas are negligible; with (6) the fluids usually enter streams
already infected naturally with H,S from hot-spring dis-
charges; and with (7) adequate dilution s likely to be afforded
by large river flows (as at Wairakei). This tolerant attitude
may have been justified in the early days of geothermal
exploitation, but the scale of development has now grown
so rapidly in certain fields that H, S pollution can no longer
be disregarded. Axtmann (p. 1323) has estimated that the
H, S discharged daily from Cerro Prieto (75 MW) is about
55 tons; and if 200 MW were to be developed at Broadlands,
New Zealand, the daily amount would be about 30 tons.
Reed and Campbell (p. 1399) give an estimate of 28 tons /day
for the 500 MW now installed in The Geysers field. Such
quantities cannot be ignored; and California legislation now
insists on the removal of nearly all of this gas to bring
the concentration down to less than the threshold of odor,
so that if the gas can be smelled the law is being broken.

At The Geysers, escape paths (1), (2), (5), and (6) are
being steadily and efficiently tackled by methods described
by Allen and McCluer (p. 1313). The ejector gases contain
sufficient combustibles for them to be burnt so as to convert
the H, S into SO,, which is then scrubbed by the cooling-
tower water. As a result of the ‘*Claus reaction,’’ elemental
sulfur is precipitated. At the same time, a metal catalyst
such as a nickel or iron salt is added to the cooling water,
and this too has the effect of precipitating suifur by oxidizing
the H,S. A certain amount of natural oxidation of this
gas also occurs in the cooling towers. The elemental sulfur
is filtered out as a sludge and the surplus cooling water
is reinjected into the ground. As the sulfur sludge is contami-
nated with catalyst, rock dust, and so on, it is not at present
marketable and is therefore being dumped in a disposal
site pending the outcome of efforts to refine it or find a
useful application for it. Traps and drains are being piped
to the cooling towers where they share the same treatment
as the condensate and cooling water. These methods are
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very effective, though there are certain corrosive side
effects. Further research is being carried out to effect even
greater H, S abatement if possible and to reduce the corrosive
action. Axtmann (p. 1323) proposes hybrid power and
chemical plants based on the Claus reaction which could
render H, S emission control profitable. Allen and McCluer
(p. 1313) suggest it might be possible to remove the H,S
from the steam before it reaches the plant.

There appears to be no answer to (3) beyond insistence
that, when a plant is shut down for more than a short
time, the wells should be throttled back to reduce the
effluent. Nor is there a solution to (4) beyond the avoidance
of “*wild”’ bores by taking great care when drilling. It is
difficult to see a simple solution to escape-path (7), where
river flows are not very copious and are far from the sea,
other than substituting cooling towers in place of direct river
cooling. It is already being claimed that at Wairakei the
fisheries and weed growth may be suffering from H,S
emission into the river. The answer to (8) could be reinjec-
tion,

Mercado (p. 1385) states that at Cerro Prieto, although
reliance is mainly placed on the conventional use of high
ejector stacks for wide dispersal of H, S, additional protec-
tion against accumulation of the gas at ground level (espe-
cially on windless days) is provided by means of extraction
fans and long ducting towards the settling-pond area. H,S
detection and alarms are also installed to protect personnel
against dangerous local concentrations of the gas.

Carbon Dioxide

The greater part of the incondensable gases that ac-
company the bore fluids consists of CO,. This can escape
into the environment by the same eight paths listed above.
The fact that fuel combustion usually produces far greater
quantities of this gas than geothermal exploitation on the
same thermal scale has generally been regarded as an excuse
for inaction, particularly as the gas is not toxic. However,
in certain high-gas-content fields, such as Monte Amiata,
the CO, discharged to the atmosphere may be much greater
than that from fuel-fired plants of comparable size and duty.
Itis believed that the growing CO, content of the atmosphere,
mainly due to fuel combustion, may be having a gradual
adverse effect on the world climate; while high CO, content
in waters discharged into rivers can aggravate weed growth.
It is undesirable that geothermal exploitation should contrib-
ute towards these effects, and suggestions have been made
for the commercial extraction of CO, from geothermal
effluents. The production of dry ice, carbonic acid for
beverages, and methyl alcohol have all been considered
but no commercial propositions have yet been advanced.
Meanwhile the emission of large quantities of CO, from
geothermal installations seems inevitable. The problem is
not yet one of urgency, but if geothermal development grows
dramatically—as it probably will in the near future—it will
soon have to be tackled.

Land Erosion

At The Geysers field, heavy rains and steep slopes of
incompetent rock often cause natural landslides and high
erosion rates. The artificial leveling of ground for the
accommodation of field works, roads, and power plants
has sometimes aggravated erosion by creating steep local
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gradients and removing vegetation. These hazards have been
stressed by Reed and Campbell (p. 1399) who state that
close control, replanting shrubs and trees, more careful site
selection, and improved construction methods are helping
to solve this problem. Close spacing of several wells within
a single leveled area, combined with directional drilling,
can also help in this respect.

Waterborne Poisons

The water phase in wet geothermal fields sometimes
contains poisonous elements—notably boron, arsenic, am-
monia, and mercury—which, if discharged into streams or
rivers, can contaminate downstream waters used for farming,
fisheries, or drinking. This hazard has been emphasized
by Axtmann (p. 1323), Rothbaum and Anderton (p. 1417),
and by Andersen (p. 1317) who quotes actual concentrations
of boron and permissible concentrations for various crops.
Although not strictly ‘‘poisonous,’” high-salinity bore waters
can also be harmful. A few suggested solutions are: reinjec-
tion; disposal into the sea (if not too remote) through ducts
and channels; using evaporator ponds, as in Cerro Prieto
(see Mercado, p. 1385); and storing the water during the
dry season with subsequent release into rivers in spate during
the wet season. Rothbaum and Anderton (p. 1417) propose
to remove the arsenic simultaneously with the silica by
preoxidizing it to the pentavalent state and subsequently
dosing it with slaked lime. They also mention other possible
chemical remedies.

Airborne Poisons

From ejector exhausts, from the upward effluents from
cooling towers, from silencers, drains and traps. from
discharging bores under test, from ‘‘wild"’ bores. and
also from control vent-valves, various harmful elements
sometimes escape into the air at geothermal exploitation
sites. These can include H,S (see above), mercury, and
arsenic compounds and radioactive elements. Certain
quantities of noxious, though not poisonous, emissions such
as rock dust and silica-laden spray (see below) may also
be airborne. Mercado (p. 1385) mentions that during the
initial development and cleaning of bores, the vertical
discharge of fluids can foul the power plant and neighboring
agricultural lands with salt. Horizontal well discharge in
a controlled direction is being considered as a solution to
this problem. Authors in general have not alluded much
to airborne poisons other than H,S, but other toxicants
are seldom of serious proportions. Nevertheless. systematic
monitoring is advisable to keep a careful watch on possible
future dangers.

Noise

The noise of escaping steam at high pressure can be very
distressing to the ears, and workers on new wellhead sites
have to wear ear plugs or muffs lest their hearing be damaged.
Even after exploitation, when the bore steam normally flows
fairly silently through insulated pipes to the plant, there
will often be fluids escaping noisily to waste through any
of the following paths: (1) newly commissioned bores or
other bores undergoing test; (2) “*wild’’ bores—fortunately
rare occurrences; (3) pressurized hot water in wet fields
discharged to waste and flashing in the process: (4) small

quantities of steam vented to waste in order to control
pressures and flows; (5) large quantities of steam vented
to waste when a plant is shut down either inadvertently
or for maintenance.

The last three of these noise sources can be greatly
mitigated by means of effective mufflers which destroy the
kinetic energy of the discharging fluids, reduce the volume
of noise and deflect it skywards, and (more important) lower
the pitch to a frequency level less painful to the ears. At
the Wairakei Hotel, situated only a few hundred meters
from some of the bores and vent valves, the noise—mostly
from (3)—resembles that of a waterfall and has, it is
sometimes claimed, a soporific rather than a distressing
effect. The first two sources of noise are virtually incurable
except by erecting temporary sound barriers, and can be
mitigated only by reducing blowing times to practical minima
and taking all possible precautions against the appearance
of “*wild"" bores. The third source of noise could sometimes
be overcome by reinjection. Drilling operations can also
be noisy. but they do not persist for very long.

Reference to noise and its reduction is made by Mercado
(p. 1394), Reed and Campbell (p. 1399), Swanberg (p. 1435),
Jhaveri (p. 1375). and Andersen (p. 1317). Jhaveri and
Andersen give details of comparative noise levels. Jhaveri
extends his study to include vibrations and Andersen includes
a study of the effects of noise upon animals.

Noise in and near power-plant buildings also occurs from
machinery. This is difficult to control and is generally no
worse than in conventional power plants. Control rooms
and offices can be soundproofed. Legislative action against
harmful noise levels has been taken in the USA and other
countries, and though strict enforcement may sometimes
be difficult, these laws should act as a powerful incentive
to designers to overcome the nuisance.

Heat Pollution

The necessary adoption of moderate temperatures for
geothermal power production results in low generating
efficiencies and the emission of huge quantities of waste
heat. Where cooling towers are used, this waste heat escapes
into the atmosphere and into the surplus condensate; where
direct river cooling is adopted, it is mostly spent in raising
the temperature of the river water. In wet fields, another
enormous source of heat waste can arise from the reinjection
of very hot unwanted bore water into rivers and streams
(as at Wairakei) or into storage ponds and thence into the
atmosphere (as at Cerro Prieto). One possible way of
reducing this heat waste may be the reinjection of the surplus
cooling-tower water and rejected bore water into the ground.
Other possible ways are to generate additional power by
means of binary cycles or to establish dual or multipurpose
plants which usefully extract low-grade heat from the turbine
exhausts or from rejected bore waters. Where none of these
practices are adopted. as at Wairakei, huge quantities of
heat may be dissipated into rivers, with consequent hazards
to fisheries and perhaps with encouragement to the growth
of unwanted water-weeds. At Wairakei, the normal river
flow is fortunately sufficiently high to dilute the hot and
warm wast