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INTRODUCTION 

Geothermal energy i s  heat energy which 
Under sui table orginates within the earth. 

geol ogi c ci rcumstances , which we wi 11 examine in 
some detail in t h i s  paper, a small portion of th i s  
energy can be extracted and used by man. So 
active i s  the earth as a thermal engine that  many 
of the geological processes t h a t  have helped t o  
shape the ear th 's  surface are powered by 
transport of internal thermal energy. Such 
seemingly diverse phenomena as motion of the 
earth 's  crustal plates, uplifting of mountain 
ranges, occurrence of earthquakes, eruption of 
volcanos and spouting of geysers a l l  owe their  
origin t o  the redistribution of the ear th 's  
internal heat as i t  flows from inner regions of 
higher temperature t o  outer regions of 1 ower 
temperature . 

Temperature within the earth increases 
steadily with increasing depth. Figure 1 
i l lustrates  th i s  increase of temperature w i t h  depth 
f o r  the f i r s t  few tens of kilometers in the earth. 
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FIGURE 1 

Plastic o r  semi-mol ten rock exists everywhere 
under the continents a t  depths ranging from 20 km 
t o  40 km and  under the oceans a t  shallower depths 
of 10 km. For reference, using present dril l ing 
technology, holes can be dril led t o  depths of 
abou t  10 km (6.2 miles) under good dr i l l ing 
conditions. Temperatures a t  these depths are 
believed to  range between 2OOOC and  5OOoC, and to 
increase substantially with depth so that  a t  the 
ear th 's  center, nearly 4,000 miles deep, the 
temperature may be more than  40OO0C (Figures 1, 2 
and  3). Because the earth i s  h o t  inside, heat 
flows steadily outward to the surface where i t  i s  
permanently lost  by radiation into space a t  the 
prodi ious rate of 35 million million wat t s  (2.4 
x IOz8 calories/year). A t  present only a very 
small portion of th i s  heat can be captured for 
man's benefit. Two ultimate sources for this  
heat appear t o  be most important among a number of 
contributing a1 teratives:  1) heat released 
throughout the ear th 's  4 .5  bil l ion year history by 
radioactive decay of certain i sotopes of urani urn, 
thorium, potassium, and other elements; and  2 )  
heat released during subsequent mass redistribu- 
tion when much of the heavier material sank t o  
form the ear th 's  mantle and core (Figure 2 ) .  

FIGURE 2 
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Geothermal resource areas, or "geothermal 
areas" for short, are those i n  which higher 
temperatures are found a t  shallower depths t h a n  
i s  normal. This condition usually results from 
either 1) 
i n  the earth 's  crust, 2 )  
of heat to surface, often i n  broad areas where 
the earth's crust i s  t h i n ,  3 )  
water due t o  deep circulation, o r  4) anomalous 
heating of a shallow rock body by an unusually 
large content of radioactive elements. We will 
consider each of these aspects i n  more detail 
below. In many geothermal areas heat i s  brought 
to the surface or near surface by convective 
circulation o f  groundwater. I f  temperatures are 
high enough, steam may be produced, and geysers, 
fumaroles, and hot springs are common surface 
manifestations of underlying geothermal 
reservoirs. 
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TEMPERATURES 

Figure 4 shows the principal areas of known 
geothermal occurrences on a world map, Also 
indicated are areas of young volcanic a c t i v i t y  
and a number of currently active fundamental 
geologic structures. I t  i s  readily seen t h a t  
geothermal resource areas correspond t o  areas 
t h a t  now have o r  recently have had volcanic and 
other geological activity. I t  i s  interesting to  
look briefly a t  some o f  the reasons why th i s  i s  
true, 

Outward flow of heat from the deep interior 
causes the earth's mantle t o  form convection 
cel ls  i n  w h i c h  deeper, hotter mantle material 
r ises toward the surface, spreads out  parallel t o  
the surface as i t  cools and, upon cooling, 
descends again.  The crust above these convection 
cel ls  cracks and spreads apart a long linear zones 
thousands o f  k i l o ~ e t e r s  long (Figure 5). 
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FIGURE 3 

GEOLOGIC PROCESSES 

The distribution of geothermal areas on the 
earth 's  surface i s  no t  random b u t  rather i s  
governed by global and local geologic processes. 
This fact  helps t o  lend order t o  exploration for 
geothermal resources once the global and local 
geologic processes are understood. A t  present 
our understanding of these processes is rather 
sketchy, b u t  w i t h  rapidly increasing need for use 
of geothermal resources our learning rate i s  h i g h ,  

The crustal plates on each side of the crack o r  
r i f t  move a p a r t  a t  rates of a few centimeters per 
year. Molten mantle material rises i n  the crack 
and solidifies t o  form new crust. This process 
occurs a t  the mid-oceanic ridges (Figure 4 ) .  As 
the 1 ateral l y  moving oceani c crustal plates col 1 i de 
w i t h  certain of the continental l a n d  masses, they 
are thrust beneath the continental plates. A t  
these subduction zones the oceanic plates descend 
t o  regions of warmer mantle material. 
processes give r ise  t o  the diverse phenomenon t h a t  
geologists call plate tectonics, The cooler, 
descending plate i s  warmed both by surrounding 
warmer material and  by frictional heating as i t  i s  
thrust downward, A t  the upper boundary of the 
descending plate, temperatures become h i g h  enough 
i n  places t o  cause melting. This gives r ise  t o  
mol ten rock bodies (magmas) t h a t  ascend buoyantly 
through the crust (Figure 6), Ascending magmas 
may reach t o  w i t h i n  1.5 t o  5 km (5,000 t o  15,000 
feet)  o f  the surface, and  they may give r ise  to  
volcanos i f  part of the molten material escapes t o  
the surface th rough  faults and fractures i n  the 
upper crust. Referring t o  Figures 4 and 5, these 
processes of subduction and magma generation are 
currently operating along the west coast of Central 
and South America, i n  the Aleutian Islands, Japan 
and elsewhere. Hachure marks show the linear and  

These 
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a rcua te  zones, marked by deep ocean trenches, along 
which subduction o f  oceanic c r u s t  i s  c u r r e n t l y  
t a k i n g  place. 
which r e s u l t  i n  t r a n s p o r t  o f  l a r g e  q u a n t i t i e s  o f  
heat  t o  shal low depths a t  mid-ocean r i d g e s  and i n  
areas above subduction zones, g i ve  r i s e  t o  some 
o f  today 's  "hot  spots" and associated geothermal 
resources. 

The above geologic  processes, 

FIGURE 6 

A second impor tant  geolog ic  process i s  t he  
" p o i n t  source'' o f  heat i n  t h e  mantle (as opposed t o  
t h e  r a t h e r  l a r g e  convect ion c e l l s )  which causes 
sur face vo l can ic  e rup t i ons  as molten rock  i s  
t ranspor ted  t o  the  near surface. As c r u s t a l  p la tes  
move over  l o c a l  mantle ho t  spots, a l i n e a r  o r  
arcuate zone o f  vo l can ic  rocks i s  seen w i t h  young 
vo l can ic  rocks a t  one end and o l d e r  ones a t  t he  
o t h e r  end. The Hawaiian I s l a n d  cha in  i s  an 
excel  l e n t  example o f  t h i s  process. Geol og i  s t s  
speculate t h a t  Yellowstone, Wyoming, which i s  one 
o f  t he  l a r g e s t  geothermal areas i n  the  world, s i t s  
ove r  such a h o t  spot and t h a t  t he  o l d e r  vo l can ic  
rocks  of t h e  eastern and western Snake R ive r  P l a i n  
i n  Idaho a r e  the  sur face t r a c e  o f  t h i s  mant le  ho t  
spot  i n  the  geologic  past. 

Geothermal resources a re  n o t  always due t o  
near-surface i n t r u s i o n  o f  mol t e n  rock  bodies, 
Cer ta in  areas have a higher-than-average r a t e  o f  
increase i n  temperature w i t h  depth 
geothermal g rad ien t )  w i t h o u t  shal low magma being 
present, Much o f  t he  western Un i ted  States i s  
such an area o f  h igh  heat f low. .Here geophysical 
and geologic  data i n d i c a t e  t h a t  t he  e a r t h ' s  c r u s t  
i s  t h i n n e r  than normal, and heat t h e r e f o r e  f l ows  
upward from the  mantle correspondingly  f a s t e r ,  

( h i g h  

Much o f  t h e  western U. S o  i s  g e o l o g i c a l l y  a c t i v e ,  
as mani fested by earthquakes and volcanos. 
quakes a r e  caused by f r a c t u r i n g  and s l i d i n g  of 
rocks w i t h i n  the  crust .  
f r a c t u r e  systems open and a l l o w  c i r c u l a t i o n  of 
groundwater t o  depths o f  two t o  f o u r  mi les.  Here 
the  water i s  heated and r i s e s  buoyant ly  a long 
o the r  f r a c t u r e s  t o  form geothermal resources near 
surface. 
!dest and elsewhere owe t h e i r  o r g i n  t o  such 
processes , 

Earth-  

Such processes keep 

Many o f  t he  h o t  sp r ings  and w e l l s  i n  the  

GEOTHERMAL RESOURCE TYPES 

We have seen t h a t  t he  fundamental cause of 
geothermal resources l i e s  i n  t h e  t r a n s p o r t  o f  ho t  
rock o r  h o t  f l u i d s  near t o  t h e  sur face through a 
number o f  geolog ic  processes. We have a l s o  
considered what the  u l t i m a t e  source o f  t he  heat 
i s ,  Before cons ide r ing  t h e  more d e t a i l e d  
d i s t r i b u t i o n  o f  resources i n  t h e  Uni ted States, 
l e t  us t u r n  t o  an examination o f  t he  va r ious  
geothermal resource types, 

The c l a s s i f i c a t i o n  o f  geothermal resource 
types show i n  Table 1 i s  modeled a f t e r  one g iven 
by White and Wi l l iams (1975) o f  t he  U, S. 
Geological Survey. Each resource type w i l l  be 
desc r ibed  b r i e f l y  w i t h  emphasis on those types 
t h a t  are p r e s e n t l y  nearest  t o  commercial use. 

TABLE 1 

GEOTHERMAL RESOURCE CLASS1 FICATION 
( A f t e r  White and Williams. 1975) 

Temperature 
C harac t e r i  s t i c s Resource Type 

1. H dothermal convection resources (heat c a r r i e d  upward from 
dzpth by convection o f  water o r  steam) 

a ) .  Vapor dominated about 240°C(4640F) 

b) .  Hot-water dominated 

i )  High Temperature 150' t o  35OoC+ 
i i )  Intermediate Temperature 90°C t o  15OoC 
i i i ) Low Temperature l e s s  than 90°C 

2. Hot rock resources. (rock intruded i n  molten form from depth) 

a ) .  P a r t  s t i l l  molten 

b). Not molten 
("hot  dry rock")  

3. Other resources 

a ) .  Sedimentary basins 

b). Geopressured 

c ) .  Radiogenic 

(Hot f l u i d  i n  sedimentary rocks) 

(hot  f l u i d  under high pressure) 

(heat  enerated by radioact ive 
decay7 

higher than 65OoC 

90°C t o  65OoC 

3OoC t o  about 150°C 

15OoC t o  about 200°C 

3OoC t o  about 15OoC 
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Hydrothermal Re sources 

Hydrothermal resources are geothermal 
resources in which the ear th 's  heat i s  carried 
upward by the convective circulation of ho t  water 
o r  i t s  Gaseous phase, steam. Underlying the 
system i s  presumably a body of s t i l l  molten o r  
recently solidified rock t h a t  i s  very hot and  
t h a t  represents a crustal intrusion of molten 
material (Figure 6 ) .  Whether or no t  steam 
actual ly  exists in the geothermal reservoir 
depends c r i t i c a l l y  on temperature and  pressure 
conditions a t  depth. Figure 7 (af ter  White, e t  
a l .  , 1971) shows a hydrothermal system where 
steam i s  present, a so-called va or-dominated 
hydrothermal system (1  a. o f  
convection of deep water brings a large amount of 
heat from depth t o  a region where boiling takes 
place a t  a temperature of abou t  24OoC under the 
prevailing pressure conditions. Boiling 
presumably takes place a t  a deep subsurface water 
table as well as i n  pore spaces within the 
reservoir. Vapor moves upward and i s  probably 
superheated further by the hot surrounding rock. 
A zone of cooler, near-surface rock may induce 
condensation, w i t h  some of the condensed water 
moving downward to  be vaporized agai n . Wi thin 
the ent i re  vapor-filled p a r t  o f  the reservoir, 
temperature i s  nearly uniform due t o  f luid 
convect.ion. Reservoir recharge probably takes 
place mainly by cool ground water moving downward 
and into the convection system from the margins, 
If an open fracture penetrates far  enough, steam 
may vent a t  the surface. A well dri l led into 
such a reservoir would produce superheated steam. 

REG 
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The Geysers geothermal area in California 
( Figure 14)  i s a vapor-domi nated geothermal 
resource. Steam i s  produced from depths of 1.5 
t o  3 km (5,000 t o  10,000 f e e t ) ,  and th i s  steam i s  
fed directly to  turbine generators t h a t  produce 
electr ic i ty .  
The Geysers i s  663 MWe (megawatts of  electrical  

The current generating capacity a t  

power, where 1 megawatt = 1 million wat t s )  and 
about 860 M L k  of additional generating capacity 
i s  scheduled t o  come on l ine by 1983. Other 
vapor-dominated resources occur a t  Lardarello 
and Monte Amiata, I ta ly ,  apd a t  Matsukawa, Japan. 
P a r t  of the resource a t  Ye1 1 owstone , Wyoming 
consists of a dry steam field.  There are few 
known vapor-dominated resources because special 
geologic conditions are required for the i r  
formation. However, they are eagerly sought by 
industry because they are presumably easier and  
less  expensive t o  develop. 

HIGH TEMPERATURE GEOTHERMAL SYSTEM 
FLOW CONTROLLED BY FRACTURES 

HEAT 

FIGURE 8 

Figure 8 schematically i l lus t ra tes  a high 
temperature hot-water-dominated hydrothermal 
system (1 b. ( i )  of Table 1 ). The source of heat 
beneath such a system i s  probably molten rock o r  
rock which has solidified only in  the l a s t  few 
tens of thousands of years, lying a t  a depth of 
perhaps 3 t o  10 km (10,000 t o  35,000 feet) .  
Normal ground water circulates i n open fractures 
and  removes heat from these deep, ho t  rocks by 
convection. Fluid temperatures are uniform over 
1 arge vol umes of the reservoir because convection 
i s  rapid. Recharge of cooler ground water takes 
place.at the margins of the system th rough  
circulation down fractures. Escape of hot fluids 
a t  the surface i s  often minimized by a near- 
surface seal or cap-rock formed by precipitation 
from the geothermal fluids of minerals in 
fractures and pore spaces. 
of  such a geothermal system m i g h t  include hot 
springs , fumarol e<, geysers , spring deposits , 
a1 tered rocks, o r  a1 ternatively, no surface 
manifestation a t  all. If  there are  no surface 
manifestations, discovery i s  muc h more diff icul t .  
A well dril led into a water-dominated geothermal 
system would l ikely encounter t ight ,  ho t  rocks 
with hot  water inflow from the rock into the well 
bore mainly along open fractures. Areas where 
different fracture sets  intersect may be 
especially favorable for  product ion of large 
volumes of hot water. For generation of 
electrical  power a portion of the h o t  water 
produced from the well i s  allowed t o  f lash t o  

Surface manifestations 
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steam within surface equipment as pressure i s  
reduced, and the steam i s  used to drive a turbine 
generator. 

Examples of th i s  type of geothermal resource 
are abundan t  in the western U.S. and  include 
Roosevelt Hot Springs, Utah, and the Valles 
Caldera area, New Mexico. A total of 53 such 
resource areas have been identified (Muffler and 
others, 1978) in the West, with Nevada having a 
disproportionately large share. 

A second type of hot-water system i's shown 
in Figure 9. 
sedimentary rocks that have intergranular 
porosity. Geothermal fluids can sometimes be 
produced from such a reservoir without the need 
t o  intersect open fractures by a d r i l l  hole. 
Examples of th i s  resource type occur in the 
Imperial Valley of California, in such areas as 
East Mesa, Heber, Brawley, the Salton Sea, and a t  
Cerro Prieto, Mexico. 
crustal spreading center, as discussed above, known 
as t h a t  East Pacific Rise. Figure 4 shows t h a t  East 
Pacific Rise goes northward u p  the Gulf of 
California. I t s  location under the continent 
cannot be traced very fa r ,  b u t  i t  i s  believed t o  
occur under and  be responsible for the Imperial 
Valley geothermal resources. The source of the 
heat i s  upwelling, very ho t  molten or plastic 
material from the ear th 's  mantle. This ho t  rock 
heats overlying sedimentary rocks and their  
contained fluids,  The location of specific 
resource areas appears to  be controlled by faul ts  
t h a t  presumably allow deep fluid circulation t o  
carry the heat upward t o  reservoir depths. I n  the 
Imperial Valley, the geothermal fluids are very 
saline in places; often dissolved s a l t  content i s  
more t h a n  30 percent. 

Here the reservoir rocks are 

I n  th i s  region there i s  a 

IMPERIAL VALLEY, CALIFORNIA GEOTHERMAL RESOURCE 

FIGURE 9 

6 

Virtual ly  a1 1 of industry' s geothermal 
exploration effor t  i s  presently directed a t  
locating vapor- or water-dominated hydrothermal 
systems of the types described above having 
temperatures above 200 C (392 F). These 
resources are capable of commercial electrical  
power generation today. Exploration techniques 
are generally conceded t o  be inadequate f o r  
discovery of these resources a t  a fas t  enough 
pace t o  sat isfy the reliance the Nation may 
ultimately p u t  upon them for alternative energy 
sources. Development of better and more 
cost-effective exploration i s  badly needed. 

The fringe areas of high-temperature vapor- 
and water-dominated hydrothermal systems often 
produce water of low and intermediate temperature 
(1 b. ( i i )  and 1 b. ( i i i )  of Table 1). These 
lower temperature fluids are suitable for direct 
heat applications b u t  no t  for electrical  power 
production. I n  addition, low- and intermediate- 
temperature waters can result  from deep water 
circulation in areas where heat conduction and the 
geothermal gradient are merely average, as 
previously discussed, Waters circulated t o  depths 
of two t o  four miles are warmed in the normal 
geothermal gradient and they return t o  the 
surface or near surface along open fractures 
because of their  buoyancy. Warm springs occur 
where these waters reach the surface, b u t  i f  the 
warm waters do not reach the surface, they are 
generally d i f f icu l t  t o  find. 
water resource i s  especially prevalent i n  the 
western U.S. (Figure 14). 

This type of warm 

Sedimentary Basins 

Some basins are f i l l e d  to  depths of 10 km 
(33,000 f e e t )  o r  more with sedimentary rocks t h a t  
have intergranular and open-space porosity. In  
some of these sedimentary units, circulation of 
ground water can be very deep. 
heated in the normal o r  enhanced geothermal 
gradient and may then ei ther  return t o  the near- 
surface environment or remain trapped a t  depth 
( 3  a. of Table 1). 
rock sequence of widespread occurrence in the 
Dakotas, Wyoming and Montana contains warm waters 
t h a t  are currently being tapped by d r i l l  holes 
in a few places for space heating and 
agricultural purposes (Figure 14). Substantial 
benefit i s  being realized in France from use of 
th i s  resource type f o r  space heating by t a p p i n g  
warm waters contained in the Paris basin. Many 
other areas of occurrence of this  resource type 
are known worl dwi de. 

Water may be 

The Madison group carbonate 

Geopressured Resources 

Geopressured resources ( 3  b. of Table 1) 
consist of deePlv buried fluids contained in 
permeable sedimeitary rocks which are warmed in 
the normal earth 's  geothermal gradient by their  
great burial depth. In addition, these fluids 
are t ightly confined by surrounding impermeable 
rock and thus bear pressure t h a t  i s  much greater 
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t h a n  hydrostatic, t h a t  i s ,  the fluid pressure 
supports a portion of the weight of the overlying 
rock column as well as the weight of the water 
column. Figure 10 (from Figure 2 of Papadopulos, 
1975) gives a few typical parameters for 
geopressured reservoirs and i l lus t ra tes  the origin 
of the above-normal fluid pressure. These 
geopressured waters, found mainly i n  the Gulf 
Coast (Figure 14) , generally contain dissolved 
methane. Therefore three sources of energy are 
actually available from such .resources: 1 )  heat, 
2 )  mechanical energy due t o  the great pressure 
with which these waters ex i t  the borehole, and 
3) the available methane. 

0-0 
Mi 

-One 

-TWO 

the sedimentary cover are being developed, and 
d r i l l  testing of the entire geothermal target 
concept (Figure 11) i s  currently being completed 
under DOE funding. 
in the form .of low- t o  intermediate-temperature 
geothermal waters suitable fo r  space heating and 
industrial processing. This could mean a great 
deal t o  the eastern U,S. where energy consumption 
i s  high and where no shallow, high-temperature 
hydrothermal convection systems are known. 
Geophysical and geologic d a t a  indicate t h a t  
radiogenically heated rock bodies Fay be 
reasonably widespread in the East (Figure 14).  

Success would most l ikely come 
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FIGURE 10 

Industry has a great deal of interest  in 
development of geopressured resources, although 
they are no t  yet economic. The Department of 
Energy ( D O E ) ,  Division of Geothermal Energy, i s  
currently sponsoring development of appropriate 
exploitation technology. 

Radiogenic Resources 

Research which could lead to  development of 
radiogenic geothermal resources in the eastern 
U. S o  ( 3 c, of Table 1) i s  currently underway 
following ideas developed a t  Virginia Polytechnic 
Insti tute and  State University, The eastern s ta tes  
coastal plains are blanketed in many places by a 
layer of thermally insulating sediments, In places 
beneath th i s  thermal blanket , rocks having enhanced 
heat production due t o  higher content of radio- 
active elements are believed t o  occur. These rocks 
represent old intrusions of once-mol ten material 
t h a t  have long since cooled and crystallized from 
the mol ten s ta te ,  Geophysical and geological 
methods for locating such radiogenic rocks beneath 
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FIGURE 11 
Hot Rock Resources 

Hot dry rock ( 2  b. of Table 1) i s  defined as 
heat stored i n  rocks within about  10 km of the 
surface from which the energy can not be 
economically extracted by natural hot  water or 
steam. These ho t  rocks have few pore spaces or 
fractures,  therefore contain l i t t l e  water. The 
feas ib i l i ty  and economics o f  extraction o f  heat 
for  electrical  power generation and other uses 
from h o t  dry rocks i s  presently the subject of 
intensive research a t  the U. S. Department of 
Energy's Los Alamos Scientific Laboratory in New 
Mexico. Their work indicates t h a t  i t  i s  
technologically feasible t o  induce an a r t i f ic ia l  
fracture system in hot, t ight rocks a t  depths of 
about 3 km (10,000 f e e t )  th rough  hydraulic 
fracturing from a deep well. 
a borehole under h i g h  pressure and i s  allowed 
access t o  the surrounding rock through a 
packed-off interval near the bottom. When the 
water pressure i s  raised sufficiently,  the rock 
cracks t o  form a fracture system t h a t  usually 
consists of one o r  more vertical ,  planar fractures. 
After the fracture system i s  formed, 
orientation and extent are mapped using geophysical 
techniques. 
dr i l led in such a way t h a t  i t  intersects the 
fracture system. 
down the deeper hole, t h r o u g h  the fracture system 
where i t  i s  heated, and up the shallower hole 
(Figure 12) .  
200OC have been produced in this  way from 
boreholes a t  the Fenton Hill experimental s i te  
near the Valles Caldera, New Mexico. Much 
techno1 ogy development remains t o  be done before 
t h i s  technique wi 11 be economical ly feasible. 

Water i s  pumped into 

i t s  

Then a second borehole i s  si ted and 

Water can then be circulated 

Fluids a t  temperatures of 15OoC t o  
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Experiments are underway a t  the Department of 
Energy's Sandia  Laboratory i n  A1 buquerque, to  learn 
how t o  extract  heat energy directly from molten 
rock (2 a. of Table 1). These experiment- not 
-indicated economic feasibi l i ty  for  this scheme i n  
the near future. 
molten rock and implanting heat exchangers or  
direct  e lectr ical  converters remain to  be 
devel oped, 

Techniques for d r i l l i n g  i n t o  

HYDROTHERMAL FLUIDS 

Geothermal f luids  contain a wide variety and 
concentration of dissolved constituents. Simple 
chemical parameters often quoted to characterize 
geothermal fluids are t o t a l  dissolved solids 
( t d s )  i n  parts per m i l l i o n  (ppm) or  milligrams per 
l i t e r  (mg/ l )  and pH. Values for  tds range from a 
few hundred t o  more t h a n  300,000 mg/l ,  
resources i n  Utah, Nevada, and New Mexico contain 
about 6,000 mg/l tds,  whereas a large por t ion  of 
the Imperial Valley, Cal i forn ia  resources are 
toward the h i g h  end of the range, Typical pH 
Val ues range from moderately a1 kal ine (8.5) to  
moderately acid (5.5). A pH of 7.0 i s  neutral - 
neither acid nor alkaline, The dissolved solids 
are usually composed mainly of Nay Cay SiO2, C 1 ,  
SO4, and HCO3. 
range of elements w i t h  Hg, F, B and a few others 
of environmental concern. D i  ssol ved gases usual l y  
include CO and H2S, the l a t t e r  being a safety 
hazard. Effective means have been and are s t i l l  
being developed t o  handle the equipment and 
environmental problems caused by dissolved 
constituents i n  geothermal fluids. Some of these 
methods will be considered i n  l a t e r  papers a t  th i s  
conference. 

Many 

ttlinor constituents include a wide 

RESOURCES IN THE UNITED STATES 

Figure 14 displays the distribution i n  the 
United States of the var ious  resource types 
discussed above. 
taken mainly from Muffler and others(1979) where 
a much more detailed discussion i s  given. Not 
shown are locations of hot dry rock resources 
because very l i t t l e  i s  known. In a d d i t i o n ,  i t  
should be emphasized t h a t  the present s ta te  of 
knowledge of geothermal resources of a l l  types i s  
poor. Because of  the very recent emergence of 
the geothermal industry, insufficient exploration 
has been done to define properly the resource base. 
Each year br ings  more resource data, so t h a t  
Figure 14 will rapidly become outdated. 

Information for th i s  figure was 

Figure 14 shows t h a t  most of the known 
geothermal resources are i n  the western half  of 
the U. S. All of the presently known s i tes  t h a t  
are capable or believed to be capable of 
geothermal e lectr ic  power generation from 
hydrothermal convection systems are i n  the West. 
I n  a d d i t i o n ,  the preponderance o f  thermal springs 
i s  i n  the West, Large areas underlain by warm 
waters in sedimentary rocks exist  i n  Montana, the 
Dakotas, and  Nyoming (the Madison Group of 
aquifers), b u t  the extent and potential of these 
resources i s  poorly undersood. The geopressured 
resource areas of the G u l f  Coast and surrounding 
s ta tes  are also shown. Resource areas indicated 
i n  the eastern s ta tes  are highly speculative 
because almost no dr i l l ing has been done t o  
actually confirm their  existence, which is  only 
inferred a t  present. 

geothermal resources, low- and intermediate- 
temperature resources are much more plentiful 
than are high-temperature resources, 
many, many thermal springs and wells t h a t  have 

The process causing many of today's h igh-  
temperature geothermal resources consists of 
convection of  aqueous solutions around a cooling 
intrusion. T h i s  same process has operated i n  the 
past t o  form many of today's base metal and 
precious metal ore bodies. The f l u i d s  involved 
i n  geothermal resources are thus quite complex 
chemically and often contain elements that  cause 
scaling and corrosion of equipment and t h a t  can 
be environmentally damaging i f  released, 

Regarding the temperature distribution of 

There are 
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water a t  a temperature only s l ight ly  above the 
mean annual a i r  temperature (which i s  the 
temperature of most non-geothermal ground water). 
Resources havi ng  temperatures above 150oC are 
infrequent, b u t  represent important occurrences 
worth the discovery costs. In U. S. Geological 
Survey Circular 790, Muffler and others (1979) 
show a s ta t i s t ica l  analysis of the temperature 
di s t r i  bution o f  geothermal resources and conclude 
t h a t  the cumulative frequency o f  occurrence 
increases exponenti a1 ly a s  reservoir temperature 
decreases (pg. 31), as i s  the case f o r  many natural 
resources (Figure 13). For geothermal resources 
the relationship i s  based only on the d a t a  for  
known occurrences having temperatures 9OOC o r  
higher. I t  i s  firmly enough established, however, 
t h a t  we can have confidence in the existence of 
a very large low-temperature resource base, most 
of which i s  undiscovered. In fact  Circular 790 
postulates t h a t  there are nearly three times more 
accessible geothermal resources above 90°C in the 
western U.S. t han  the amount discovered to date. 
These figures do not include possible ho t  dry 
rock o r  other more speculative resources. Table 2 
i s  a summary of the current estimate of the 
geothermal resource base as taken from Circular 
790. Table 2 demonstrates our lack of resource 
knowledge th rough  the ranges and relative amounts 
o f  undiscovered resources and t h r o u g h  the many 
mi ssi  ng numbers . 
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TABLE 2 

Geothermal Energy o f  t h e  Uni ted States 
A f t e r  M u f f l e r  and o thers  (1979) Table 20 

ELECTRICITY BENEFICIAL HEAT RESOURCE 
RESOURCE TYPE (MWe f o r  30 y r )  ( 1018joul es) ( 1018joul e s )  

Hydrothermal 

I d e n t i f i e d  

Undi scovered 

23,000 42 400 

2,000 72,000-1 27,000 184 - 310 

Sedimentary Basins ? ? ? 

Geopressured (N. G u l f  o f  Mexico) 

T herma 1 

Met ha n e 

270 - 2800 

160 - 1600 

Radiogenic ? ? ? 

Hot Rock ? ? ? 
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