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I IJTRODIJCT I ON 

The techniques of geothermal explorat ion or ig inated i n  I t a l y  dur ing the f i r s t  h a l f  o f  t h i s  cen- 
t u r y  and were' augmented by New Zealand and Iceland In the 1950's as par t  o f  t h e i r  e f f o r t s  t o  
develop geothermal resources. No strong consideration was given t o  developing t h i s  d i s c i p l  ine 
i n  the United States u n t i l  the l a t e  1960's and ear ly  1970's. 

The l a s t  ten years have witnessed a strong research e f f o r t  in the U.S. and the development o f  a 
technica l  foundation i s  well  under way. Great s t r i d e s  have been made In  the development of  
concepts concerning geothermal reservo i rs  and t h e i r  un'ique character is t ics .  New t o o l s  and 
techniques have resul ted in def in ing an explorat ion strategy which is now beginning t o  provide 
pos I t i ve resu I ts. 

Geothermal pioneers in t h i s  country have had the marked advantage o f  a wealth o f  supporting 
mater ia l  ( tools, techniques and theory under development for  over h a l f  a century by the petro- 
leum and mining indust r ies)  and the a v a i l a b i l i t y  o f  a team of t ra ined and experienced s c i e n t i s t s  
and technicians. I n  a l  I probabi I i t y ,  w i th  t h i s  wealth o f  background data and ever-increasing 
e f f o r t ,  geothermal explorat ion w i  I I come of age fa r  sooner than i f  it had developed on I t s  own 
from t h e  ground up. 

GEOLOGIC CONSIDERATIONS 

Three important questions a t  the beginning of any geothermal energy u t i  I i za t ion  p r o j e c t .  are: 
( 1 )  where should a geothermal well  be sited, (2) how deep must a we1 I be d r i l l e d  to  obtain the 
requi red temperature f o r  the speci f i c  need, and (3) how much heat (thermal energy) can be ex- 
t r a c t e d  per u n i t  t ime a f t e r  d r  i I1 ing a we1 I t o  the required depth? A t  most places on the  sur- 
face o f  the earth, heat i s  t ransferred from deep in  the subsurface t o  the surface by conduction, 
w i t h  temperature increasing regu la r ly  along a geothermal gradient  of about 14"F/1000 f t  
(25"WKm; curve A I n  Figure 1) .  However, i n  some geological provinces, conductive geothermal 
gradients  are as high as 36"F/1000 f t  (65"C/Km; curve B i n  Figure 1).  

Abnormal l y  high temperatures a t  shal low depths are commonly the r e s u l t  of convective flow o f  hot 
water t h a t  picks up heat deep in  the  subsurface and t rans fers  it to  rock near the surface. 
Temperature-depth r e  I a t  ions t h a t  cou I J resu I t from convect i ve t rans fer  o f  heat are depicted in 
curves C and D o f  F igure I. The temperature reversal i n  the upper p a r t  of curve C indicates a 
component o f  hor izonta l  f low o f  hot water. The maximum temperatures t h a t  are l i k e l y  to be main- 
ta ined f o r  long periods o f  t ime i n  a hydrothermal convection system are shown by the b o i l i n g  
p o i n t  curve in  F igure 1 which separates the f i e l d s  of steam and hot water. The r e l a t i v e  posi- 
t i o n  o f  the  b o i l i n g  p o i n t  curve on a temperature-depth p r o f i l e  w i l l  vary according t o  the sa l in-  
i t y  o f  the subsurface f l u i d s  and the depth of  the local water table. 

Presently, thermal energy in the shallow c rus t  o f  the ear th  i s  extracted by br ing ing t o  the sur- 
face the  hot water and steam t h a t  occurs natural l y  in the open spaces in rock. Where rock per- 
meabi I i t y  i s  very low, the r a t e  of thermal energy ex t rac t ion  I s  low. Therefore, i n  addi t ion to 
adequate temperature, a minimum permeabi I i t y  a lso i s  required t o  ex t rac t  thermal energy econom- 
i c a l  ly. I n  order t o  ex t rac t  the heat stored in the sol i d  rock por t ion  o f  the reservo i r ,  there 
must be a slow recharge of  water in to  the system as the i n i t i a l  water is extracted. 

Research i s  under way t o  determine the f e a s i b i l i t y  (both p r a c t i c a l  and economic) o f  creat ing 
a r t i f  i c i a l  permeabl I Tty in hot, r e l a t i v e l y  impermeable rock (ho t  "dry" rock) and ex t rac t ing  heat 
by i n j e c t i n g  cold water in to  the a r t i f i c i a l  reservo i r  through one well  and removing heated water 
through a second we1 I. I t  has been demonstrated t h a t  a r t l f  i c i a l  permeabi I i t y  can be created and 
a water-c i rcu la t ion loop establ ished. The economic feas ib l  I i t y  o f  the system i s  s t i  I I uncer- 
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F IGURE 1. Represefitat i ve depth-iwmperature r e  t a t  tons In the earth s crust. Curve A shows a 
norma I conduct I v*e geotherma I grad I e n t  , Curve €3 shows a h f g h conduct I ve grad 1 ent. 
Curves C and 0 show possible temperature-depth re la t ions resul t ing from convective 
flow of  f luids.  Curve E Is the boi l ing point  of water VS. depth, 
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tain. I n  the remainder o f  t h i s  section, the geothermal explorat ion ta rge t  w i l l  be assumed to be 
a conventional hot-water system, although many of the same explorat ion techniques would be used 
f o r  any type of  geothermal system. 

I n  regions of normal geothermal gradlent, it i s  necessary to d r i l l  deeper than four  kilometers 
i n  order t o  obtain water above 212°F (100°C). The geological environment in  which permeable 
rocks are most I l k e l y  t o  be found a t  a depth of  four k i  lometers o r  greater i s  a deep sedimentary 
basin such as the basins In Hungary and France t h a t  now provide hot water f o r  direct-use geother 
geothml appl icat ions. Highly fau l ted and folded rocks I n  reglons of normal geothermal gradient 
may provide conduits fo r  convective upf low of hot water and local shal low reservo i rs  of water 
s u i t a b l e  for  d i r e c t  u t i l i z a t i o n  may be present i n  these types of ter ra in .  Where conductive geo- 
thermal gradients are very high, economically useful geothermal reservo l rs  are l i k e l y  t o  be 
found a t  r e l a t i v e l y  shallow depths, p a r t i c u l a r l y  where local convection systems are present. 
The types of geologic environments tha t  have high conductive geothermal gradients and local ized 
hydrothermal-convection systems have been discussed in Chapter 1. 

BACKGROUND INFORMATION 

D i f f e r e n t  appl i ca t ions  o f  geothermal energy requ i re  d i f f e r e n t  temperatures. Thus, the f l r s t  
step i n  exploring for the geothermal resource i s  t o  def ine the  physical charac ter is t i cs  required 
f o r  the application. The needed information may vary according t o  appl icat ion,  but general ly 
Include temperature. f low r a t e  and water qual i ty .  Prox imi ty  of the resource t o  areas of  prob- 
ab le  use and the poss ib le  conf I i c t  with present land uses such as metropol l t a n  areas, highways, 
i n d u s t r i a l  or a g r i c u l t u r a l  centers, etc., must a lso be taken i n t o  account. 

Once the  temperature, quant i ty  and locat ion requ irements of  the resource are determined, a 
r a t i o n a l  program of explorat ion can be developed. The f i r s t  step i s  a l i b r a r y  search to deter- 
mine what i s  already known. The l i b r a r y  search can be subdivided I n t o  two categories: land 
s tatus and technical information. A good place t o  s t a r t  an evaluation o f  land s tatus i s  In the 
local o f f  i ce  of  the Bureau o f  Land Management (BLM) where deta i led land-status maps are avai I- 
able. These maps show land ownership divided i n t o  federal ( forest ,  Indian, m i  I i tary ,  recrea- 
t i o n a l  and BLM), s t a t e  and p r i v a t e  lands. More detai led information, such as leasing proce- 
dures, permits required, environmental regulat ions, etc. (see Chapter 6 )  . can general l y  be 
obtained by contact ing the agency contro l  I ing  the  lands o r  the s ta te  land of f  ice. 

Technical information includes both spec i f i c  geothermal data and general geological informatton 
t h a t  may bear i n d l r e c t l y  on the  nature and occurrence o f  geothermal resources. Speci f ic  geo- 
thermal Information w i t h  references, such as locations o f  hot  springs and hot we1 Is,  has been 
published by the U.S. Geological Survey in two c i rcu lars ,  726 and 790 (White and Will iams, 1975; 
Muf f ler ,  1979). A nationwide geothermal gradient  map has been published by the American Asso- 
c i a t i o n  o f  Petroleum Geologists (AAPG-USGS 1976 a, b)  and several researchers have pub1 ished 
nat ional  heat-flow maps (e.g., Sass, e t  al., 1976). In  addit ion, the National Oceanographic and 
Atmospheric Admin is t ra t ion has published a geothermal-resource map of the Western United States 
(See Muff I er, 1979, Map No. 1 ) .  I n add It ion, deta i I ed state-by-state geotherma I-resource maps 
have e i t h e r  been published or are In preparation (Wright, e t  al., 1978). A r a t h e r  complete bib- 
I iography of geothermal pub1 icat lons has been pub1 lshed by the U.S. Energy Research and Develop- 
ment Administration, now the U.S. Department o f  Energy (ERDA, 19761, and i s  updated quarterly. 

There may a lso be a wealth o f  site-speclflc,geologlcal Information ava l lab le  which can be very 
important in design I ng an exp I o r a t i o n  program. Th i s  lype of informat Ion i s  scattered throughout 
t h e  geological l i t e r a t u r e  and may, therefore, be d i f f i c u l t  t o  locate. The most useful sources 
are  repor ts  o f  the U.S. Geological Survey, s t a t e  geologic surveys and the major geological pub- 
l i ca t ions ,  such as those l i s t e d  in  the Bibl iography of Nor th American Geology. The types o f  
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general geological Informatron most useful in  the ea r l y  stages of geothermal explorat ion are the 
locat ion and d i s t r i b u t t o n  of  young volcanics and recent faul ts,  chemical analyses of thermal and 
non-thermal waters upon which the standard techniques of  chemical geothermometry can be applied, 
and the presence o f  deep sed i mentary bas i ns . 
EXPLORAT I ON TECHN I  QUE^ 

A f t e r  a thorough review o f  the per t inent  I l t e r a t u r e  has been completed and access t o  the land 
has been established, a decis ion should be made as to whether or not a given prospect area shows 
s u f f i c i e n t  po ten t i a l  t0 warrant detai led s i t e -spec i f i c  exploration. The various geological, 
geochemical and geophysical tools avai lab le t o  the geothermal exp lo ra t i on i s t  are b r i e f l y  
described In the f o l  lowing sections. These methods are designed to produce speclf i c  informa- 
t ion.  Because each geothermal prospect i s  i n  many ways unique, there i s  no one method or ser ies 
o f  methods which w i l  I work In  a i  I circumstances. The costs o f  various methods must be consid- 
ered in  terms of  the benef i ts  received and the value of the pa r t i cu la r  resource. Nevertheless, 
the f i n a l  v e r i f i c a t i o n  of a geothermal resource must be based on d r i l l i n g .  

Geological explorat ion techniques are concerned w i th  the i d e n t i f i c a t i o n  and in te rp re ta t i on  of  
t he  surface manifestat ions of geothermal a c t i v i t y  and the i d e n t i f i c a t i o n  of s t ructures t h a t  
channel the geothermal f l u i d s  In  the shal low subsurface. The pr inc ipa l  methods o f  data co l  fec- 
t f o n  are geoiogic mapping and air-photo In terpretat ion.  Hot-spring deposits and 'associated 
hydrothermal a l t e r a t i o n  are o f ten  c lea r l y  shown on a i r  photos. In addition, f a u l t s  or intersec- 
t i o n s  o f  f a u i t s  which control  hot springs commonty can be delineated on a i r  photos. The docu- 
mentation o f  t he  or ientat ions of these s t ructures a l  lows predic t ion of  the subsurface geometry 
o f  t he  s t ructures which may contro l  o r  communfcate w i t h  the reservoir .  From t h i s  information, 
coupled wfth other geochemical and geophysical data, d r i l l  s i t e s  can be located to i n te rsec t  
desired s t ructures a t  depth. 

Hot thermal waters a l t e r  the minerals of the rocks w i th  which they come In  contact (Browne, 
1978). in  addi t ion,  these waters commonly form hot-spring deposits consist ing of  calcium car- 
bonate ( t r a v e r t i n e )  or opal ine s i l i c a  ( s i n t e r ) .  Extensive t r a v e r t i n e  deposits usual ly ind icate 
t h a t  the temperature of  the aqui fer  feeding the spr ing is fess than 248-284°F (120-140°C). Sin- 
t e r  depos i t s  are cons I dered pr I me f ac i e ev f dence of geotherma I reservoi r tempe~atures exceed i ng 
356OF (180°C; Renner, e t  al., 1975). These higher temperature systems tend to self seal through 
the p r e c i p i t a t i o n  of s i l i c a  and the a l t e r a t i o n  of wall rocks. This of ten r e s u l t s  in the termi- 
nat ion o f  hot-spring a c t i v i t y .  Thus, even though a c t i v i t y  has ceased a t  the surface, the geo- 
thermal resource may e x i s t  a t  depth. 

Radiometric dat ing of  rocks is a valuable too l  f o r  the i d e n t i f i c a t i o n  of  young volcanic rocks. 
The presence of  r h y o l l t e s  one m l l l i o n  years o ld  or less and basa l t i c  a c t i v i t y  w i th ln  a few thou- 
sand years before present are both excel lent  evidence f o r  the existence of anomalously h igh 
thermal gradients. Although the age dat ing of rocks I s  not a s i t e -spec i f i c  explorat lon tech- 
nique, It does provide i d e n t i f  i c a t i o n  of regians of geothermal explorat ion interest .  

Character izat ion of the geology e i the r  through e x i s t i n g  geologic maps o r  new mapping provides a 
data base for  the model ing and evaf uat lon of many of the geophysical and geochemical technfques 
which w f  I I be dlscussed in  subsequent sections. This Is p a r t i c u l a r l y  t rue  for the model Ing of 
g r a v i t y  and magnetic surveys as we1 I as the i n te rp re ta t i on  of physical-parameter contrast  iden- 
t i f 1 ed us I ng other geophys i ca I t e c h  iques . 
Previously obtained reglonal and slte-specif i c  geological  information i s  avaf fable t o  a I tmi ted 
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extent from pub1 icat ions and personnel of s t a t e  geological surveys, the D iv i s ion  o f  Geothermal 
Energy o f  the Department o f  Energy and the U.S. Geological Survey. Furthermore, ongoing geolog- 
i c a l  and geothermal programs of  the organizat ions continue t o  provide. new as well  as re in te r -  
preted geological data. Professional geological services are aval lab le  from consul t ing geolo- 
g i s t s  who specia l ize in  the evaluation of geothermal prospects. These consultants may be found 
through l i s t i n g s  wi th  s ta te  surveys, r e g i s t r a t i o n  boards or  advertisements In professional jour-  
na I S. 

GEOCHEMICAL EXPLORATION 

Geochemical invest igat ions provide information about subsurface temperatures, locat ions o f  
f a u l t s  which act  as conduits f o r  upward movement of hot  waters and gases, sources of  potent ia l  
sca l i ng  at- corrosion during production and possible waste-disposal problems and environmental 
concerns. Summary information about geochemical-exploration methods pertaining to geothermal 
resources i s  contained in E l l i s  and Mahon (19771, Truesdell  (19761, Fournier (1977; 1979) and 
Brook, e t  a I. (1979). 

The compositions o f  spring and we1 I waters can be used t o  estimate geothermal reservoir  tempera- 
tures provided tha t  various i m p l l c i t  assumptions are val id.  The most important o f  these assump- 
t i o n s  are: ( 1 )  t h a t  chemical (or isotopic)  e q u i l i b r i a  have been establ ished in the reservo i r  
between wal I rock and the geothermal f l u i d  w i th  respect t o  the spec i f i c  ind icator  reaction, (2) 
t ha t  there i s  i ns ign i f i can t  re-equi l ibrat ion a t  lower temperature a f t e r  the water leaves the 
rese rvo i r  and (3) t h a t  e i t he r  there i s  no mixing wi th  d i f f e r e n t  waters during movement move to  
t h e  surface or  est imation of  the resu l t s  of the mixing i s  possible. A t  present, the most com- 
monly used chemical and Isotopic geothermometers are s i l i c a ,  Na/K, Na-K-Ca, Na-K-Ca-Mg, and 
A1'o (H20-HS04-). Each o f  these geothermometers has i t s  I imi ta t ions and each requires 
considerable in terpretat ion i n  i t s  use. Appl icat ion o f  chemical and isotopic geothermometers 
a I so requ i r 8s proper co I I ec t  1 on, preservat i on and chem i ca I ana I yses of  the samp I es . 
The fo l lowing factors should be considered when using the s i l i c a  geothermometer t o  explore f o r  
low-temperature resources. Most groundwaters which have not  at ta ined temperatures greater than 
175-195°F (80-90°C) have s i l i c a  concentrat ions greater than those, predicted by the s o l u b i l i t y  o f  
quartz. Many o f  these waters have equl I ibrated w i th  chalcedony (sometimes up t o  355"F, 18O"C), 
but  some s i  I Ica concentrat ions r e s u l t  from non-equi I ibr ium s i tuat ions in which s i  I ica I s  
released t o  so lut ion during acid at tack upon s i l i c a t e  minerals. The acid may come from decay of  
organic material,  ox idat ion of su l f ides o r  I n f l u x  of  H2S o r  COP from depth. High concentra- 
t i o n s  o f  dissolv.ed s i l i c a  in  cold waters are p a r t i c u l a r l y  common where C02 reacts wi th serpen- 
t i n e  a t '  low temperatures. A t  77°F (25°C) 
the  s o l u b i l i t i e s  of  s i l i c a  minerals are s i g n i f i c a n t l y  increased a t  pH > 9. A t  temperatures 
above 212°F (lOO"C), s i g n i f i c a n t  increases occur a t  pH values as low as 7.5. However, in  most 
geothermal reservoirs rockwater reactions bu f fe r  the pH o f  the water a t  values below 7.5, As 
those waters r i s e  t o  the surface, dissolved C02 escapes from solut ion and the pH increases. 
Whether or not a correct ion should be applied to  adjust  the s i l i c a  content o f  an alkali.ne hot- 
spr ing water fo r  pH e f fec ts  depends upon where and when the so lut ion at ta ined I t s  aqueous s11- 
Ica, I f  a so lut ion at ta lned a high s i l i c a  content because o f  high underground temperature and 
then became a l  ka I ine a f te r  cool lng and loss of C028 no pH correct lon shou Id  be" app I led. 

The pH o f  the spr ing water a lso must be considered. 

be used In evaluating low-temperature resources. The Na-K-Ca method i s  reasonably good a t  
temperatures, but w i l l  g ive temperatures t h a t  are too high I f  CaC03 prec ip i ta ted because 
the  loss o f  C02 a f t e r  the water l e f t  the reservoir .  The Na-K-Ca geothermometer may requ 
co r rec t l on  for  the Mg content of the water fo r  cer ta in  types of waters. 

The Na/K geothermometer has been used f o r  several years, but  has been found t o  be very unrel 1- 
ab le  a t  temperatures below 3029392°F (150-200°C). Therefore, the Na/K geothermometer should not 
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The 180 (H20-HS04-) geothermometer has recent I y been Investigated, but it cannot be 
used In cases where some o f  the su l fa te  in  the water r e s u l t s  from tow-temperature, near surface 
ox ida t ion  o f  H2S o r  s u l f i d e  minerals such as pyr i te .  Mixing of hot and cold waters a lso 
r e s u l t s  In incorrect  A 0 (H20-HS04-) temperatures even if the low-temperature component 
of the  mixture contains no sulfate. 

18 

When us I ng chem 1 ca I cjkothermometers t o  e s t  i mate reservo i r temperatures in  geotherma I systems, 
t h e  hydrologic complexit ies which are commonly present must be examined. Water may move re la -  
t i v e l y  qu ick ly  and d i r e c t l y  to the surface from a deep reservo i r  with l i t t l e  heat loss on the 
way, o r  it may flow through a ser ies of  intermediate reservo i rs  where new water-rock equi I i b r i a  
a r e  at ta ined a t  lower temperatures. In par t i cu la r ,  geothermometers appl ied to water emerging a t  
t h e  surface g ive  information about the temperature of the l a s t  water-rock equl I ib r ia .  Hot water 

ascending t o  the surface from a geothermal reservo i r  may cool by conduction of heat t o  the sur- 
rounding rock, by bo i l ing,  by mixing w i t h  cooler shallow water o r  by a combination of these 
processes, depending on the depth of  the aquifer, the geometric conf igurat ion and path o f  the 
channel way, the  r a t e  of mass flow, the c o e f f i c i e n t  o f  thermal d i f f u s i o n  through the surround- 
i n g  rock, and the  i n i t i a l  temperature o f  the water. The e f f e c t s  of these d i f fe ren t  coo l ing  
mechanisms should be considered when estimating reservo i r  temperatures from hot  spring composi- 
t ions.  However,in those places where emerging thermal waters appear t o  be mixtures of hot  water 
and cold, d i l u t e ,  shallow groundwater, the  composition and temperature of the  hlgh-temperature 
component may be calculated uslng mixing models, provided various favorable condit ions are met. 

Another use o f  geochemistry in  a geothermal-exploration program involves determination of the 
iso top ic  composition of both the thermal and nonthermal groundwater i n  a given region. The iso- 
t o p i c  information i s  useful f o r  determining where the recharge water entered the system and the 
amount o f  water-rock react ion t h a t  occurred a t  high temperature as t h a t  water moved through the 
system. The t r i t i u m  content of emerging hot-sprlng water gives an ind ica t ion  of how long t h a t  
water has been underground. No t r i t i u m  indicates t h a t  the water has been underground f o r  many 
years and probably comes from a deep reservoir.  Increasing amounts o f  t r l t l u m  in hot-spring 
waters i s  a sure sign of  near surface mixing w i t h  cold, meteorlc water. 

Analyses of s o i l  gases f o r  mercury, carbon dioxide and helium and groundwaters f o r  v o l a t i l e  com- 
ponents in  general ( p a r t i c u l a r l y  boron and ammonia) have been found to be useful In some places 
for  detecting where anomalously high temperatures e x i s t  a t  shallow levels. Larger than average 
amounts o f  he1 lum, radon and mercury in soi I gas a1 so have been used to out1 ine the presence of 
otherwise hidden fau l ts .  The above methods are most useful where b o i l i n g  waters e x i s t  a t  depth. 
Unfortunately, they tend t o  out1 ine areas of fossl I geothermal a c t i v i t y  and places where f a u l t s  
a l  low gases to  escape from very deep in the crust. So1 I geochemistry has a lso  been shown to be 
usefu l  in o u t l l n l n g  geothermal resources on the basis o f  anomalous t race  element zoning. Arse- 
n l c  and mercury anomalies seem t o  be p a r t i c u l a r l y  successful In de l ineat ing the upper leve ls  of 
hydrothermal systems. Analysis o f  d r i l l  cu t t ings  f o r  t race  elements shows promise of being able 
t o  p r e d i c t  the approach to hot water en t r ies  in explorat ion holes (Bamford, 1978). 

GEOPHYSICAL EXPLORATION 

A geophyslcal survey consiSts of a set  of measurements made over the surface of the earth, i n  
t h e  a l r  above and p a r a l l e l  to the earth and in boreholes w i th in  the  earth. The measurements are 
o f  the  var ia t ions  in +he physlcal proper t ies of the subsurface rocks Including thermal conduc- 
t i v l t y ,  e l e c t r l c a l  r e s i s t i v i t y ,  propagatlon v e l o c l t y  o f  e l a s t i c  waves, densi ty  and magnetic sus- 
c e p t i b l l i t y .  Geothermal systems commonly g i v e  d i s t i n c t i v e  and f a i r l y  eas i l y  measured discontin- 
u i t i e s  in  the above-mentioned physlcal propert ies, e.g., high heat flow, low e l e c t r l c a l  res ls -  
t i v l t y  and attenuation of high-frequency e l a s t i c  waves. Therefore, the existence of geothermal 
resources can be In fer red from the i n d i r e c t  measurement o f  these various physical parameters a t  
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depth. The most useful geophysical techniques for geothermal explorat ion are temperature or 
g ~ t h e r m a l ~ g r a d i e n t  surveys, heat-f low determinations, e l e c t r  f c a t - r e s l s t i v i t y  surveys, and pas- 
s i ve  seismic surveys, such as microearthquake measurements. These geophysical methods can a i d  
i n  the del ineat ion of geothermal reservoirs and furnish data on subsurface thermal processes. 

The accuracy wi th which geothermat systems can be detected by g ~ p h y s ~ c a l  means depends on the 
degree of contrast  in the physical proper t ies between the rocks comprising the geothermal system 
and the surround ing subsurface. Geotherma I reservoirs usua I I y have i r regu I ar shapes and, occur 
i n  rocks of  complex s t ructure and varying type, i.e., geothermal systems are three dimensional, 
The emphasis In g ~ t h e r m a l  explorat ion Is therefore upon detection of g ~ t h e r m a l  systems and 
t h e i r  l a t e r a l  extents. Geophysical surveys are conducted in  order to provide data for  the loca- 
t i o n  of geothermal systems and to a i d  In locat ing geothermal d r l l l ho les .  

The d i r e c t  appl icat ions o f  geothermal resources requi re lower temperature resources than do 
e l e c t r f c a l  applications; therefore, the extent  of assessment may be s l g n f f i c a n t l y  reduced in  
order t o  obtain a s u f f i c i e n t  level of confidence for  acquir ing a su i tab le  geothermal resource 
f o r  d i r e c t  appl icat ions.  However, because a lower temperature .subsurface environment i s  sought 
I n  most direct-use appl icat ions of geothermal resources, the d i scon t inu i t i es  i n  the physical 
proper t ies o f  the rocks are not as d i s t i n c t i v e  and therefore geophysical techniques t h a t  are 
qu i te  useful f o r  detect ing high-temperature geothermal resources may not provide d e f i n i t i v e  data 
when explor ing fo r  low-temperature geothermal resources. Geophysical techniques o r  surveys can 
be grouped i n t o  four separate categories when considering t h e i r  use for geothermal exploration, 
These four groups include s t ruc tu ra l  methods, electrical and electromagnetic methods, passive 
seismic methods and thermal methods. 

St ructura l  methods 

Act ive seismic methods ( r e f l e c t i o n  and re f rac t i on ) ,  g r a v i t y  surveys and magnetic surveys a l i  
fa1 I under the category o f  s t ruc tu ra l  methods as appl led to geothermal exploration. In contrast  
t o  thermal and e l e c t r i c a l  methods, f o r  example, these s t ructura l  methods do not determine the 
physical propert ies of  the warm and hot geothermal f l u i d s  sought, but  instead invest igate the 
a t t i t u d e  and nature o f  the host rocks. St ructura l  methods may prove j u s t i f i a b l e  f o r  geothermal 
explorat ion in r e f i n i n g  a regional ,or local geological subsurface model, but  they general 1y pro- 
v ide I i t t l e  useful information f o r  def in ing geothermal reservoirs. However, these methods can 
be useful in def in ing f a u l t s  o r  f a u l t  zones which may contro l  the geothermal resource, 

Act ive seismic methods (Dobrin, 1976) invo lve the use o f  man-made explosions or surface vibra- 
t i o n s  t o  generate e l a s t i c  waves. The r e f l e c t i o n  method u t i l i z e s  energy re f l ec ted  back t o  the 
surface from subsurface interfaces between rocks of  d i f f e r e n t  physical properties. The ref rac-  
t i o n  method u t i  I i r e s  seismic waves ref racted hor izontal  i y  along an in ter face and thence back to 
the surface. Both methods are used to determine subsurface s t ructure and the conf igurat ion and 
depth t o  basement rocks. 

Grav i ty  surveys (Dobrin, 19761, which determine density contrasts of  subsurface rocks, have been 
used both to o u t l i n e  major s t ruc tu ra l  features and t o  del ineate local  p o s i t i v e  and negative 
anomal ies t h a t  may be re la ted t o  geothermal systems. Local g rav i t y  anomal les may be caused by 
local  s t ruc tu ra l  highs, buried volcanic rocks, I n t rus i ve  rocks, o r  hydrothermal l y  a l tered rocks, 
However, because these gravf ty  anomalies can be produced by factors  other than ac t i ve  geothermal 
systems, g r a v i t y  surveys in  geothermal explorat ion are open t o  gross mis in terpretat ion unless 
used In  conjunction wi th  other explorat ion techniques. 

I n  general, magnetic surveys, which detect differences i n  magnetic s u s c e p t i b i l i t y  of subsurface 
rocks, a re  the g ~ p h y s i c a l  method least  useful in  def in ing g ~ t h e r m a l  d r i l l i n g  targets. In  some 
areas, negat lve magnetic anomalies appear to  be caused by hydrothermal a l terat ion,  and In other 
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areas, pos i t i ve  magnetic anomalies can be re la ted to very young in t rus ive  and volcanic rocks 
associated w i th  geothermal systems. In most areas, however, so many factors  inf luence the char- 
acter  of a magnetic survey and the r e s u l t i n g  magnetic map, t h a t  the r e s u l t s  are d i f f i c u l t  to  
1 n t e r p r e t  in  terms of geotherma I resources. 

E l e c t r i c a l  and electromagnetic methods 

E l e c t r i c a l  and electromagnetic methods ( K e l l e r  and Frischknecht, 1966) i n  geothermal explorat ion 
measure the e l e c t r i c a l  r e s i s t i v i t y  o f  rocks a t  depth. Temperature, porosity, sal i n l t y  o f  in ter -  
s t l  t i a  I f l u i d s  and/or content of clays and zeol i t e s  tend t o  be higher w i th in  geothermal reser- 
v o i r s  than in the surrounding subsurface. Consequently, the e l e c t r i c a l  r e s l s t l v f t y  i n  geother- 
mal reservo i rs  I s  r e l a t i v e l y  low compared t o  the host rocks. 

Many d i f f e r e n t  e l e c t r i c a l  and electromagnetic methods are used t o  measure e l e c t r i c a l  r e s i s t i v i t y  
a t  depth. The t e l l u r i c ,  audiofrequency magnetote l lur ic  (AMTI and magnetotel lur ic (MTI tech- 
niques depend on measuring var ia t ions i n  the natura l  e l e c t r i c a l  and magnetic f i e l d s  o f  the 
earth. Each of  the several d i f f e r e n t  e l e c t r i c a l  techniques u t i  I ized in geothermal explorat ion 
invo lve the use of  man-made e l e c t r i c a l  generators p u t t i n g  current  in to  the  ground a t  two elec- 
trodes and measuring the resu I t a n t  potent ia  I a t  two other e l  ectrodes. Electromagnetic methods 
invo lve the generation of a magnetic f i e l d  t h a t  var ies wi th  t ime and the detection of e i t h e r  the 
e l e c t r i c a l  or the magnetic f i e l d  a r is ing  from currents induced i n  the earth. 

Pub1 ished data on the appl icat ion of e l e c t r i c a l  techniques in  geothermal areas indlfate t h a t  the 
most useful technique i s  DC-res is t iv i ty  p r o f i  I ing or sounding using l inear  arrays, prlmari l y  the 
Wenner o r  Schlumberger array. DC-res is t iv i ty  methods are preferred to AC methods because of  
sk in  e f f e c t s  present a t  large spacings w i th  the.AC methods. However, w i th  l inear  arrays, the 
e f f e c t i v e  probing depth i s  cont ro l led by electrode spacing so t h a t  i n  order t o  e f f e c t i v e l y  eval- 
uate deeper prospects, it may be necessary t o  lay cables over considerable distances and thus 
rugged topography may r e s u l t  i n  severe l o g i s t i c a l  problems. An e l e c t r i c a l  prospecting technique 
t h a t  has been increasingly ut ' i  I ized in geothermal explorat ion i s  the dipole-dipole array. 
Although the method I s  l o g i s t i c a l l y  simple and i s  essent ia l  i y  insens i t i ve  t o  rugged topography, 
e f f e c t i v e  dipole-dipole investigations requ i re  complicated data analysis and are subject  to 

. ambiguous in terpretat ion.  

Electromagnetic methods have been applied in geothermal explorat ion only during the past few 
years. A I though i ns t r  umentat ion and i n t e r p r e t a t  i on are comp I ex, e l  ectromagnet i c . ( i nduct I vel  
methods have two theoret ica I advantages over e l  e c t r  i ca  I methods: ( 1  I w 1 t h  an inductive method, 
s ignal  s ize Increases wi th  decreasing r e s i s t i v i t y ,  making measurements easier and more accurate 
i n  geothermal areas; and (2 )  Inductive methods are no t  adversely af fected by near surface high- 
r e s i s t i v i t y  zones. 

The major problem associated w i t h  a1 I e l e c t r i c a l  and electromagnetic methods i s  the in terpreta-  
t ion o f  the e l  e c t r  ica I -res i s t  i v I t y  anoma I i es t h a t  a re  measured. Because the e l  e c t r  Ica I res  i s- 
t i v i t y  o f  subsurface rocks I s  a complicated function of temperature, porosity, s a l i n i t y  and con- 
t e n t  of clays and zeol i tes, i f  and when a r e l a t i v e l y  low e l e c t r i c a l - r e s i s t i v i t y  anomaly i s  
observed, the  causal reIat.ionship must be determined by u t i l i z i n g  some other type of  data, e.g., 
d i r e c t  temperature or  geothermal-gradient measurements. More spec i f i ca l l y ,  a low-temperature, 
h igh ly  sal Ine, groundwater in  the subsurface can provide the same low e l e c t r i c a l  r e s i s t i v i t y  
anoma I y t h a t  i s  exh I b i  ted over a high-temperature, moderate sa I I n  i ty, geotherma I system. 

Passive seismic methods 

Geothermal areas are characterized by an enhanced level of microearthquake a c t i v i t y  (Majer and 
McEvI I ly, 1979). The measurement or  detect ion of  these microearthquakes and determination of 
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t h e i r  precise hypocentral locations provide. the data necessary to  locate ac t ive  f a u l t  zones in  a 
geothermal area which may be functioning as subsurface conduits for  the geothermal f lu ids .  I n  
addit ion, the  r e s u l t s  of mlcroearthquake surveys can be used to estimate the subsurface physical 
charac ter is t i cs  of  geothermal systems because the temperature of  the subsurface and the type and 
amount o f  i n t e r s t i t i a l  f l u i d s  s lgn i f  i c a n t l y  a f fec t  the v e l o c i t y  and attenuation of e l a s t i c  waves 
o f  both compressional ( P I  and shear (SI type. For example, the attenuation of  shear waves may 
ind lcate high-temperature zones of low r i g i d i t y .  S l m i  l a r l y ,  low values o f  Poisson's r a t i o  found 
from the  r a t i o  o f  the  v e l o c i t y  o f  compresslonal to shear waves may ind icate rock vo ids t h a t  are 
n o t  saturated w i th  l i q u i d  and could therefore be steam-fi l led. However, passive seismic methods 
a r e  j u s t  beglnnlng to  be used In geothermal explorat ion and are not completely understood. They 
may, however, provide many new and qu i te  useful geothermal explorat ion techniques i n  the 
future. 

Thermal methods 

The temperature w i th in  the reservo i r  I s  the most important phys Ica I character 1 s t  i c  of a geother- 
mal system. The physical and chemical processes w i th in  the  geothermal reservo i r  depend c r i t i -  
cat l y  on t h i s  quanti ty, and the techniques of  heat and f l u i d  ext ract ion have t o  be selected w i th  
regard t o  these temperature conditions. Because the temperature const i tu tes the most important 
physical charac ter is t i c  of a geothermal system, thermal explorat ion methods, such as geothermal- 
gradient  measurements i n  boreholes and heat-flow determinations, are of primary importance. 
Thermal-exploration techniques provide the most d i r e c t  method fo r  making a f i r s t  estimate of the 
s l z e  and po ten t ia l  o f  a geothermal system w i t h  surface geophysical exploration. 

Temperature and gradient  measurements a t  depths on the order o f  3 f t  ( 1  m) a r e  fast  and inexpen- 
sive, and can be used t o  detect anomalously hot areas. These shal low temperature measurements 
a re  s t rongly  l n f  luenced, however, by near-surface ef fects ,  lnc l  uding insolat ion, topography, 
p r e c i p i t a t i o n  and movement of groundwater. The las t  o f  these e f f e c t s  i s  p a r t i c u l a r l y  important, 
for  a r e l a t i v e l y  slow movement of groundwater across even a strong thermal anomaly can carry  
away the conductive heat flow, d isp lac ing surface-temperature patterns and grossly d i s t o r t i n g  
gradlent  measurements. 

Temperatures measured as a function of depth in  boreholes 50-2000 f t  (15-600 m) deep have been 
used as the  primary thermal method in  geothermal explorat ion. A t  these depths most near-surface 
thermal disturbances are  avoided, and gradient measurements can be made wi th  cons'iderable 'pre- 
c i s i o n  and re1 lab1 I i t y .  Nevertheless, the data must always be evaluated f o r  the e f f e c t s  of la t -  
e r a l  and v e r t i c a l  movement of ground water. Over most economically a t t r a c t i v e  geothermal areas, 
t h e  gradients a t  shal low t o  intermediate depths are equal t o  or greater than 36°F per 1000 f t  
(65OC per km), compared to a normal geothermal gradient o f  about 14°F per 1000 f t  (25°C per km). 

Although gradient measurements do define the areal extent  o f  geothermal anomailes, one must be 
very cautious In ext rapolat ion of these gradients t o  depth. Two factors  combine to ensure t h a t  
a l inear  ext rapolat ion w i l l  be in error on the high side. The f i r s t  1s the v a r i a t i o n  In  thermal 
conduct iv i t y  o f  the.subsurface rock wi th  depth. The second factor, thermal convection, w i l l  
have an even greater e f f e c t  in  reducing gradients a t  depth (see Figure 1 ) .  In an area where 
thermal convection o f  water w l th in  the pore space o f  rocks i s  possible, the ext rapolat ion of 
measured high, near-surface gradients i s  c l e a r l y  u n j u s t i f  led and I i k e l y  to suggest erroneously 
h igh temperatures a t  shallow depths. 

When the mean thermal conduct iv i ty  o f  the rocks I s  essent ia l  l y  constant throughout the subsur- 
face through wh ich borehol es are dr i I led, the geothermal grad ients  measured are obv ious I y pro- 
por t iona l  t o  the heat-flow values, because heat flow i s  the  product o f  geothermal gradient  and 
thermal conductivi ty. Geothermal gradient must decrease w i th  depth as the thermal conduct iv i ty  
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o f  the rocks increases. The advantage of heat-f low determinations, as opposed t o  pure ly  geo- 
therma~-gradient measurements, i s  t h a t  heat flow i s  independent of the thermal conduct iv i ty  of 
each rock type. Therefore, i n  nonhomogeneous ter ra ins,  on ly  heat-f low measurements enable one 
t o  obtain accurate data on the potent ia  I I y product ive geotherma I zones1 

Remote sensing ( In f rared)  f_echnigues 

f nfrared techniques have been used f o r  geathermaf exptorat fon wi th  f imited success. Under ideal 
condi t ions ( f l a t  homogeneous t e r r a l n l ,  they can detect  reglons t h a t  are as t i t t l e  as 1°F (0.5'6) 
warmer than the ambient temperature and have dup I icated resu I t s  o f  sha I low therma I grad tent 
surveys measuring heat flows greater than 0.07 heat f low UnftS (3w/4). However, emiss iv i ty  
e f f e c t s  due t o  natural  t e r r a i n  variances can obscure l-10"F (0.5-5"C) temperature differences. 
I n f ra red  scanners normally operate i n  the 3=5 or 8-14 micron (3-5 x 10'6ml or (8-14 x i0-6m) 
transmissfon ranges. To mlnimlre so lar  heating ef fects ,  areas are usual l y  flown between midnigh- 
and one hour before dawn, 

i n f ra red  methods are best sui ted for  mapping surface manifestations, especia! fy large areas of 
remote regions, For t h i s  reason, it has been used successful ly by the United Nations i n  Ethio- 
p i a  and Kenya (McNitt, U,N, proceedings, 1975). In  general, t h i s  method has not  &en used a5 an 
explorat ion tool  i n  the United S 
already been mapped. 

DR 1 LLI NG 

The explorat ion methods previous 
1 ing s i te,  However, d r i  J i i n g  is 

ates since most surface man i f e s t a t  ions (hot  spr ings, etc. ) have 

y descr !bed are extremely important i n  the sef ect ion of, a dr i I -  . 

the only way t o  confirm the presence of  a geothermal resource, 
Explorat ion d r i l l i n g  can be very hefpfut  in assessing the geological and hydrological con t ro l s  
o f  the geothermal system. Therefore, care and consideration should be taken in  the planning of  
t h e  d r i l l i n g  program so t h a t  one obtains a l l  o f  the Information t h a t  w i l l  be useful i n  the l a t e r  
develupment of t h e  resource, i n  add i t i o n  t o  the in  i t i a f  del ineat ion and evaluation of the  
resource, Factors t o  consider in  the d r l l l i n g  plan include basic well design (see Chapter 31, 
sample recovery ( inc lud ing cof l e c t i o n  of c u t t i n g  and cores), geophysical logging and f low test- 
ing ( inc lud ing f l u i d  sampllngf. The proper acquisitZon of th'is data w i l l  al low a reassessment 
o f  the previously acquired geological, geophyslcal and geochemical data. The r e s u l t  w i l l  be a 
be t te r  understandjng of the nature and extent o f  the geothermal resource, 

GEOPHYS ICAL LOGG f NG 

Geophysical logging i s  the appt l c a t l o n  to the borehole environment o f  the physical p r i nc fp les  
used fur surface geophysics. i n  the b r e h o I e  e n v i r ~ n ~ e n f ~  these techniques provide m r e  resufu- 
t i o n  than i s  normally obtained from surface geophys~ics, Geophysical logging has h e n  the p r f -  
mary t o o l  used by the petroleum industry in  asse?ss,ing the propert ies of rocks in  petroleum res- 
ervoirs.  Much of  t h i s  technology i s  d i r e c t l y  t ransferabie t o  the geothermal industry, and' hence 
i s  useful in  evaluating the proper t ies of  rocks In  geothermal reservoirs. However, most o f  the 
rocks encountered in geothermal explorat ion are s i g n i f i c a n t l y  d i f f e r e n t  from the rocks cothonly 
found in  petroleum exploration. Hence, care must be taken not to run the basic petroleum log- 
g ing s u i t e  b l ind ly ,  attempting to  in te rp re t  the data as i f  it were encountered in  a petroleum 
reservo 1 r . 
Parameters extremely valuable fn assessing the po ten t i a l  of a geothermal reservoir  are tempera- 
ture,  flow rate, poros i ty  [which can then empirical l y  r e l a t e  t o  permeabi I i t y ) ,  elastic-wave 
ve loc i ty ,  e l e c t r i c a l  r e s i s t i v i t y ,  densi ty  and natural  rad ioact iv j ty .  Many of these parameters 
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are very useful in def in ing geological un i ts  and rock types for  cor re la t ion  wi th  rocks in nearby 
boreholes. These help also t o  define p o t e n t i a l l y  productive zones t h a t  d ic ta te  how t o  complete 
t h e  we1 I , and r e i n t e r p r e t  explorat ion data fo r  the  s i t i n g  o f  add i t iona l  we1 Is. 

The nature and character of the logging su i te  w i l l  vary w i t h  the type of  geothermal resource. 
The obvious parameters t o  be measured are temperature and flow rate, which are 'obtained w i t h  
temperature logs and flow meters. However, for most d i r e c t  appl i ca t ions  of  geothermal resour- 
ces, the e f f e c t i v e  poros i ty  (permeabi I i t y )  i s  a very important parameter. The e f f e c t i v e  poros- 
i t y  may be e i t h e r  intergranular or fracture-control led (possible f a u l t  related). The poros i ty  
i s  best obtained v ia  the gamma-gamma log (density), the neutron log or the sonic log. Lithology 
information can be gained from many togs, but t h e  fundamental too ls  are SP (spontaneous poten- 
t i a l )  and natura l  gamma. 

The acqu is i t ion  of  a complete s u i t e  of geophysical logs u t i  l i z i n g  major petroleum logging f i rms 
i s  qu i te  expensive. Some o f  these f irms do, however, have equipment capable o f  logging very hot  
holes. However, there are other, less expensive. f i rms t h a t  can run logs, especial l y  in  the 
r e  I a t  i ve I y sha I I ow and moderate I y hot holes dr i I I ed for  d i rect-app I i c a t  ion uses. These f i rms 
include geothermal and mineral explorat ion firms. Some o f  t h i s  equipment i s  extremely portable. 
Thus, adequate logging services are avai lab le a t  a var ie ty  of costs, and hence the acqu is i t ion  
of t h i s  data i s  possible and essential t o  the order ly  development of the resource. 

EXPLORATION COSTS 

The fo l lowing t a b l e  (Table I )  shows many of  the explorat ion methods discussed in the previous 
sections. Approximate tlmes f o r  completion o f  the  surveys and order-of-magnitude costs f o r  the 
methods are a lso indicated. I t  should be stressed t h a t  the costs shown are approximate and w i l  I 
vary as a funct ion of many factors  including survey de ta i l ,  access ib i l i t y ,  t e r r a i n  and weather. 
Geothermal-gradient/heat-flow borehole costs include cost of d r i l l i n g  and completing holes as 
we1 I as logging. The geochemical procedures include sample cot l e c t i o n  as we1 1 as ana ly t i ca l  
costs. The methods are a lso  characterized as being p r i n c i p a l l y  o f  use i n  regional and/or 
de ta i led  evaluations. 
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TABLE I 

Summary of Costs, t ime frames and area covered wi th  various geothermal explorat ion methods 

Method T Ime Expense Area 

Consu I t i ng geol og 1st < month $200-$400/day Reglonal/detai led 

Airphoto in te rpre ta t ion  < month $5/m i2 ( $2/km2) Reg lona I /deta i I ed 

Water ana I yses month $100-$200/samp I e Reg i ona I /deta i I ed 

Surface geochemistry month $30/samp I e Deta i I ed 

V o l a t i l e  geochemistry month $20/sample Deta i I ed 

Temperature grad ient/heat f low > month $10-$100/f t 
boreholes ($30-$300/m) 

E I ectqomagnet I c methods 

R e s i s t i v i t y  

Magnetics - ai rborne 
- ground 

Seismic - r e f r a c t i o n  

- r e f l e c t i o n  

Reg lona I /deta i I ed 

month $200-$1500/line m i  Deta I I ed 
($125-$930/1 [ne km) 

month $200-$1500/line m i  Deta i I bd 
($125-$930/line km) 

Reg iona I 
Deta i I ed 

$25/1ine m i  ($15/km) 
$200/1 ine m i  ($125/km) 

< month 
< month 

< month $5000/1 ine m i  Deta i I ed 

month $5000-$10,000/line m i  Deta I I ed 
($3000/km) 

($3000-$6000/km) 

- m i croearthqua kes 3-6 months $1  ZOO/day Regional/detailed 

Grav i ty  month $30-670 state ion Regional/detailed 

Magnetotel lur ics 

Geophysical logging 

month $1200-$2000/1ine m i  
($750-$1250/km) 

< week $2000-$20,000/hole Deta i I ed 
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