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ABSTRACT 

F i v e  major factors, i t h e r  alon or  i n  combination, are responsible f o r  geothermal anomal les: 
1 )  d i f fe rences  i n  regional heat flow, 2)  range i n  value o f  thermal conduct iv i ty ,  3)  di f ferences 
i n  concentrat ions o f  rad ioac t ive  elements, 4) young magmatic intrusions, and 5 )  hydrothermal 
c i rcu la t ion .  Geothermal explorat ion involves searching f o r  p o s i t i v e  geothermal an'omal ies, and 
geothermal production involves ex t rac t ion  of thermal water o r  steam from holes d r i  I led i n t o  
these anomal ies. Favorable geothermal reservo i rs  requi re  rocks o f  h igh natura l  transmisslv i t y ,  
but  a r t i f i c i a l  f rac tu r ing  shows some promise o f  a1 lowing energy t o  be produced from hot  rocks of 
low permeabi I i t y .  Important types of geothermal systems include 1) hydrothermal convection sys- 
tems re la ted  t o  young Igneous intruslons, 2 )  fau l t -con t ro l  led systems, 3) radiogenic heat 
sources beneath insu la t ing  sediments o f  low thermal conductivi ty, 4) geopressured-geothermal 
reservoirs, and 5 )  deep regional aquifers. The geologic environments o f  geothermal systems in  
t h e  United States include volcanic belts, extensional environments, the northern Gul f  o f  Mexico 
Basin, and the  A t l a n t i c  Coastal Plain. The accessible resource base and the geothermal resource 
o f  the United States have been estimated in  recent publ icat ions o f  the U.S. Geological Survey. 

GEOTHERMAL GRADIENT, HEAT FLOW, AND GEOTHERMAL ANOMALIES 

I t  i s  well  known from d r i l l i n g ,  observations i n  mines, and various geophysical studies t h a t  te rn  
peratures in  t h e  Ear th increase wi th  depth. This increase o f  temperature ( T I  w i t h  depth (Z) i s  
termed the geothermal gradient  CbT/AZ). A t  depths accessible to d r i l l i n g  ( c u r r e n t l y  less than 6 
m i  les-10 k i  lometers), the  geothermal gradient usual l y  i s  In the range of 5-25°F per 1000 f t  
(9-45°C per km), bu t  i n  many areas o f  the United States it exceeds 25°F per 1000 f t  (45°C per 
km). Dif ferences in  rock type, geologic set t ing,  and hydrologic regime account f o r  the wide 
range in  geothermal gradient. 

I n  response t o  t h i s  geothermal gradient, thermal energy moves toward the Ear th 's  surface, e i ther  
by conduction o f  heat through sol i d  rock, by movement of molten rock (magma), or by movement of 
water, The v e r t i c a l  movement o f  thermal energy by conduction i s  termed heat f low (q )  and i s  
r e l a t e d  t o  the  geothermal gradient by the equation 

where K i s  t h e  thermal conductivi ty. 

A geothermal anomaly i s  an area beneath which, a t  some depth, temperatures are elevated or  
depressed r e l a t i v e  t o  adjacent te r ra in ;  these areas may range in  s i z e  from the environs o f  a 
s i n g l e  hot spr ing  t o  a region o f  thousands o f  square k i  lometers. Because o f  the h igh cost o f  
d r i l l i n g ,  developing, and maintaining we1 I s  t h a t  w i l l  produce warm or  hot  water, geothermal ex- 
p l o r a t i o n  invo lves searching f o r  p o s i t i v e  geothermal anomalies--locations where r e l a t i v e l y  high 
temperatures w i  I I be encountered a t  the sha I lowest possi b l e  depths. Accord ing I y, it i s  impor- 
t a n t  to understand the f i v e  major fac to rs  t h a t  cause geothermal anomal i e s  in  various geologic 
s e t t  i ngs: 

1. D i f ferences i n  reg ional  heat f low: Regional "heat f low provlncestt have been defined (Bi rch 
e t  at,, 1968; Diment, e t  at., 1975) and explained in  terms o f  fundamental d i f ferences i n  
heat flow a t  depths o f  up to  20 mi les  (32 km; the base o f  the cont inenta l  c rus t ) .  For 
example, heat f low near the base of the c r u s t  (commonly termed the "reduced heat flowv1) I s  
very low beneath the S ie r ra  vevada (F igure 11, intermediate in  the eastern United States, 
and h igh i n  the Basin and Range province. 

2. Range i n  value o f  thermal conduct iv i t y :  Conductive heat f low ( i n  the absence of heat 
sources such as radiogenic heat-producing elements) must be the  same a t  any depth in  a 
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s t ra t i g raph ic  section. Hence, according t o  equation 1, t he  geothermal gradient must 
i ncrease i f therma I conduct1 v i t y  decreases. The therma I conduct i v i t y  o f  common rocks 
ranges over a fac to r  of a t  least  6 from unconsol idated c lay  t o  qua r t z i t e  (essent ia l  l y  a1 I 
S102; Clark, 1966). Correspondingly, a t  constant heat flow, geothermal gradients can 
range over a fac to r  o f  a t  least  6 owing t o  d i f f e r e n t  thermal conduc t i v i t i es  alone. Lateral  
changes i n  rock type from high t o  low thermal conduct iv i t y  thus can produce s t r i k i n g  
geotherma I anoma I i es. 

3. Dif ferences i n  concentrat ions of  rad ioac t ive  elements: Within a heat-f low province, 
add i t i ona l  fac to rs  inf luence the  magnktude o f  the geothermal gradient. Radiogenic elements 
a re  concentrated In the  upper c rus t  and tend t o  be concentrated even fu r ther  in g r a n i t i c  
i n t rus i ve  rocks. Such concentrat ions increase the  magnitude o f  heat f low a t  sha I low 
c rus ta l  levels. I t  I s  now known t h a t  up t o  two-thirds o f  the heat f low in some g r a n i t i c  
rocks I s  the r e s u l t  o f  heat con t inua l l y  released from these rocks by the  decay o f  
rad  ioact  i ve isotopes of the el  ements uran i urn, thor  i um, and potass i um (B i r c h  e t  a I., 1968 1 . 
O f  these, uranium and thorium are about equal i n  importance and cont r ibu te  approximately 
80-90 percent of the heat associated w i t h  rad ioac t ive  decay. It i s  worth no t ing  t h a t  only 
modest amounts o f  uranium (5-10 par ts  per m i l l i o n )  and thorium (20-80 pa r t s  per m i l l  ion) i n  
g ran i tes  have a s i g n i f i c a n t  e f f e c t  on the elevat ion o f  subsurface temperatures, i f  the 
volume o f  g ran i te  Is large enough. Thus, w i th in  a given heat f low province, l a t e r a l  
v a r i a t i o n  i n  concentrat ion of radiogenic elements w i l  I r e s u l t  i n  di f ferences Ln the 
geothermal gradient, even in  c r y s t a l l i n e  rocks of  uniform thermal conduct iv i ty.  

4. Young magmatic in t rus ions :  The theory of  p la te  tec ton i cs  (Le Pichon e t  %I-., 1973) has 
successful ly explained, f o r  the most part ,  the geographic Occurrence of centers o f  magmatic 
a c t i v i t y .  Magma generation takes place along spreading ridges, along zones o f  p la te  
convergence, and a t  i n t r a p l a t e  melt ing anomalies (such as Hawai i o r  Ye1 lowstone). Upward 
movement o f  magma t rans fe rs  heat toward the Earth 's surface and can r e s u l t  i n  very high 
geothermal gradients. The p o s i t i v e  geothermal anomal i es  produced i n  t h i s  manner by recent 
i n t rus ion  o f  magma may represent substant ia l  geothermal resources. However, i n t rus i ve  
bodies older than several m i  I I ion years have had the chance to cool t o  ambient temperatures 
and no longer sustain a p o s i t i v e  geothermal anomaly. 

5. Hydrothermal c i rculat ion-:  In  many areas o f  t he  Uni ted States, heat Is transported 
r e l a t i v e l y  r a p i d l y  by f l u i d  flow along permeable sedimentary beds, fau l ts ,  f issures, or 
f rac tu re  zones. This hydrothermal c i r c u l a t i o n  may be dr iven by heat from a young in t rus i ve  
mass or may r e s u l t  merely from deep c i r c u l a t i o n  o f  water in a region devoid o f  young 
igneous rocks. In  e i t he r  case; thermal energy is  t ransported t o  shal low depths i n  the 
crust ,  and major p o s i t i v e  geothermal anomalies can resu l t .  A t  places where the thermal 
waters r i s e  t o  the land surface, ho t . sp r ings  occur. A t  other places, t he  thermal waters 
may be w i t h i n  reach o f  shallow wells. 

PRODUCTION OF GEOTHERMAL ENERGY 

Geothermal energy o f  the Earth 's c rus t  i s  stored predominantly i n  rock and on ly  subordinately in 
water, steam o r  other f l u i d s  t h a t  f i  I I 'pores or  f ractures w i t h i n  the rock. This d i f f use  energy 
must be col lected from large volumes of rock and transported to a discharge po in t  in order t o  
make the energy ava i lab le  fo r  p rac t i ca l  uses. The water contained in  near ly a l l  rocks w l th ln  
t h e  upper few ki lometers of the Earth 's c rus t  provides the  t rans fe r  mechanism by which t h i s  ml- 
l e c t i o n  and discharge i s  accompl ished. 

I n  order t o  permit  the economlc ex t rac t ion  o f  water and i t s  Contained thermal energy, the' rocks 
through which the  water moves must s to re  s i g n i f i c a n t  amounts o f  water and transmlt  It freely. 
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The capaci ty 6f a rock to store water i s  termed the .storage coe f f i c i en t ,  and the abi I i t y  o f  a 
rock  t o  t ransmit  water i s  termed the k d r a u l i c  conduct iv i t y  o r  permeabi I i t y .  Rocks such as 
f rac tu red  q u a r t z i t e  and I imestone, brecciated volcanic rock, or uncemented sand and gravel 
genera l l y  have moderately high storage c o e f f i c i e n t s  and hydrau l i c  conduc t i v i t i es  and may be 
expected t o  produce f a i r l y  large amounts o f  water per u n i t  cross-sectional area. Where these 
rocks have large thicknesses, they are  sa id  to have high t ransmiss i v i t y  ( t he  product of the  
hydrau l i c  conduct iv i t y  and the thickness of the  .cross-sect ion o f  flow). Rocks o f  high 
t r a n s m i s s i v i t y  form the  pr inc ipa l  aqu i fe rs  i n  groundwater systems and cons t i t u te  the most 
p roduc t ive  geothermal reservoirs. 

The long-term p roduc t i v i t y  o f  a geothermal rese rvo i r  is' dependent on many in te r re la ted  factors. 
I n  add i t i on  t o  the  aqu i fe r  t ransmiss iv i ty  and storage coe f f i c i en t ,  these fac to rs  include the 
volume and temperature o f  the  reservoir ,  type of heat source, magnitude of regional heat flow, 
chemical nature of  the geothermal f l u i d ,  and the  presence or  absence o f  recharge and discharge 
boundaries. Re l iab le  evaluat ion of  several of these fac to rs  may no t  be possible pr ior  t o  actual 
product ion of f l u i d  from the geothermal reservoir .  

The p r o d u c t i v i t y  o f  low-permeabi I i t y  rese rvo i r s  theo re t i ca l  l y  can be enhanced by var ious 
f r a c t u r i n g  techniques ( f o r  example, hydrofractur ing,  explosives, o r  chemical treatment). To 
date, such techniques have been used only r a r e l y  i n  geothermal set t ings,  and t h e i r  economics and 
common app I icab i I i t y  rema i n  t o  be demonstrated. 

Ex t rac t i on  of energy from rock o f  very low po ros i t y  and permeabi l i ty  can be accomplIsh?d by the 
establ ishment of a confined c i r c u l a t i o n  loop cons is t ing  of two wel ls  connected by a network of 
f rac tu res  induced by hydraul ic or other means (Smith, 1978). Cold water i s  pumped down one 
wei I, heated by conduction as it flows through t h e  induced fractures, and extracted as hot water 
through the second we1 1. I m p l i c i t  i s  the requirement t h a t  rocks adjacent t o  the  f rac tu red  
volume remain impermeable, so t ha t  the f l u i d  losses from the c i r c u l a t i o n  loop are minimal. This 
procedure, comnonly re fe r red  t o  as Ithot dry rock technology,It i s  present ly in the experimental 
stage. I t s  widespread a p p l i c a b i l i t y  and i t s  economics have yet t o  be demonstrated. H o t  dry 
rock  i s  one end-member of a ser ies of  hydrologic environments t h a t  extend, w i th  increasing per- '  
meabi I i t y ,  t o  conventional reservoirs or aqu i fe rs  (Muff ler ,  1979, p. 160). Indeed, most rock i n  
#the Ear th 's  c rus t  i s  l i k e l y  to  be intermediate i n  t h i s  series; t h a t  i s ,  t oo  permeable t o  support 
a confined c i r c u l a t i o n  loop but not permeable enough to produce contained f l u i d s  a t  economically 
acceptab I e rates. 

TYPES OF GEOTHERMAL SYSTEMS 

Hydrothermal convec t ion  systems re la ted  t o  young igneous intrusions- 

The most spectacular evidence o f  the heat of t he  Ear th  i s  a volcanic eruption. Although the 
lavas t h a t  may be extruded from such an erup t ion  w i l l  cool on the Earth 's surface i n  a re la -  
t i v e l y  shor t  time, the  chamber in * the Ear th 's  c r u s t  from which these lavas came w i t  I contain 
molten or  s t i  I I hot rock f o r  many thousands of years. A t  present it I s  not p rac t i ca l  t o  tap 
these magma chambers d i r e c t l y  by dr i I I ing. However, f rac tu res  and f a u l t s  around the i n t rus ion  
commonly a1 low the development of a hydrothermal convection system--that is, c l r c u l a t l n g  ground 
water t h a t  reaches down t o  or near the cool ing  intrusion, absorbs some of t he  heat, and re tu rns  
t o  o r  near the  Earth 's surface. The densi ty d i f fe rence between hot and co ld  water causes the  
heated water to r ise,  thus concentrat ing thermal energy in a near-surface geothermal reservo i r  
(Figure 2). Geothermal reservo i rs  re la ted  t o  young igneous in t rus ions  can have very high t e r n  
peratures (30O-66O0F, 150-350°C) and have been developed fo r  e l e c t r i c a l  generation and d i r e c t  
uses in  a number of local  i t i e s  throughout the world. 
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FIGURE 2. Schematic model o f  a hydrothermal 
convect ion system dr i ven by an 
underlying young igneous in t rus ion  
(modif ied from White, 1968). 

Faul t -cont ro l led systems 

Most hydrothermal convection systems are not located in  areas where young igneous in t tus ions  
have been ident i f ied .  Instead, these geothermal systems der ive t h e i r  heat from large volumes o f  
rocK by deep c i r c u l a t i o n  of water along permeable zones, which may be e i t h e r  s t r a t i g r a p h i c  beds 
o r  networks o f  f a u l t s  and f ractures (F igure 3). The temperature at ta ined by the water i s  p r i -  
mari l y  dependent upon the magnitude of the reg ional  heat f low and the depth t o  which the water 
c i rcu la tes .  Recharge to the downward-circulating l imb of the hydrothermal convection system may 
occur over both mountain areas and adjacent va l leys,  The types o f  f ractures and f a u l t s  could 
d i f f e r  from those shown in  the generalized model of Figure,3; the only requirement i s  t h a t  the 
f a u l t s  o r  f ractures be permeable enough to t ransmi t  the r i s i n g  hot water. 

Fault Zone w 

HEAT 

FIGURE 3. Schematic model o f  a hydrothermal convection system re la ted  to deep c i r c u l a t i o n  o f  
meteoric water without the l n f  luence o f  young Igneous intrusions. 
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Deep reg iona l  aqu i fe rs  

Down-warped troughs i n  the c rus t  form sedimentary basins t h a t  col l e c t  and transmit  groundwater 
from recharge areas i n  adjacent highlands. This water moves down-dip through the  sedimentary 
deposi ts and i s  heated i n  the Earth's geothermal gradient (F igure  4 ) .  

Geot hemal Thermal Spring 

0 
0 

I' 140° F (6OOC)- - / 
0 Sandstone ..... .... 

Shale 

.m Conglomerate a Basement Crystalline Rock 

--- Isotherm 

t t '  
NORMAL EARTH'S HEAT FLOW 

Mi Km 

FIGURE 4 0  Schematic model o f  a geothermal reservo i r  i n  a deep regional  aquifer. 

A t  places in these basins where hydrau l i c  conduc t i v i t i es  are unusually high or where f rac tu res  
a l low water t o  move v e r t i c a l l y  under a r tes ian  pressure, geothermal water may occur w i t h i n  econo- 
mic reach of d r i l  I holes. I f  a r tes ian  pressures are s u f f i c i e n t l y  great, the thermal water may 
f low a t  land surface. As shown in F igure  4, the  upwarping of isotherms in  sediments of low 
thermal conduct iv i t y  may also a i d  i n  making geothermal water ava i l ab le  a t  f a i r l y  shallow 
depths. 

Deep regional  aqu i fe rs  have been developed extensively for d i r e c t  uses i n  France, Hungary, and 
the  USSR. I n  the Uni ted States, dgep regional aqui fers having geothermal po ten t ia l  are known to  
occur In the  W i l l i s t o n  Basin i n  the northern Great P l a i n s  and may a lso  occur i n  other large 
basins of the  north-central  and western United States. In  the eastern and midwestern Uni ted 
States, areas such as the  Allegheny, Michigan, and I I I l n o i s  Basins (Figure 1 )  appear to  o f f e r  
s imi l a r  oppor tun i t ies  for geothermal explorat ion. 

Geopressured-geothermal reservo i rs  

Geopressured-geothermal reservo i rs  a re  aqui fers whose f l u i d s  are under pressure exceeding the 
pressure o f  a water column (hydros ta t i c  head) and approaching t h a t  caused by the weight of the 
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over l y ing  rocks ( l i t h o s t a t i c  head). Less porous sediments t h a t  l i e  on top of,geopressured-geo- 
thermal reservo i rs  prevent upward leakage of  water t h a t  o rd ina r i  l y  would t ranspor t  and lose the 
heat to  the surface (Figure 5 ) .  Water i n  the geopressured sediments thus contains an anomalous 
amount o f  heat as we l l  as substant ia l  amounts o f  dissolved methane ( the ch ie f  cons t i tuent  of 
natura I gas) . 
The technology f o r  producing geothermal energy from geopressured-geothermal reservoirs,  along 
w i t h  the  dissolved methane, i s  s t i l l  being perfected, bu t  bas i ca l l y  It involves the.use o f  the 
same t o o l s  and techniques required in very deep o i l  d r i l l i n g .  Th is  i s  a c o s t l y  undertaking. 
Therefore the development of these so r t s  of reservo i rs  w i l l  be r e s t r i c t e d  t o  organizat ions w i th  
subs tan t ia l  f i nanc ia l  backing and w i l l  no t  be an endeavor i n t o  which smaller f i rms or ind iv id -  
ua l s  can readi l y  enter. Also, a t  present t he  hot water alone does not seem t o  be an economic- 
a l  l y  j u s t i f i a b l e  target;  bu t  combined w i t h  the associated methane, the development o f  these 
geopressured-geothermal energy rese rvo i r s  may become economic. 

Radiogenic heat sources beneath i nsu la t i ng  sedlmentsof low thermal conduct iv i t y  

G r a n i t i c  p lu ton ic  rocks are r e l a t i v e l y  enriched in uranium and thorium. Radioactive d is in tegra-  
t i o n  of isotopes o f  these elements gives o f f  heat. Thus heat flow in a radiogenic pluton I s  
higher than t h a t  i n  the  adjacent country rock i n to  which it was Intruded. If the g r a n i t i c  rocks 
a r e  blanketed by sediments o f  low thermal conduct iv i ty,  then r e l a t i v e l y  high temperatures can 
occur a t  the base of the sedimentary sect ion over the  radiogenic source (Figure 6.) The areal  
ex ten t  of  the geothermal anomaly depends on the  shape and thickness o f  t he  radiogenic source, 
t h e  concentrat ion o f  uranium and thorium in the radiogenic source, and the thermal conduct iv i t y  
and t h  i ckness of the  over I y i ng sediments. 

FIGURE 6. Schemajic model of a geothermal reservoir  i n  sedimentary rocks o f  low thermal conduc- 
t i v i t y  ove r l y ing  basement p lu ton i c  rocks enriched in uranium and thorium. 

GEOLOG I C  ENV IRONMENTS OF GEOTHERMAL SYSTEMS 

Volcanic b e l t s  

Volcanic be l ts  o f  the  United States are the  l oc i  of  major geothermal anomalies and contain sub- 
s t a n t i a l  geothermal energy (Smith and Shaw, 1979). This energy e x i s t s  in magma, i n  low- 
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permeabi I i t y  igneous and country rock, and in associated hydrothermal convection systems. In  
general, volcanoes less than one m i  I I ion years o l d  have the best chance of  being s i t es  o f  eco- 
nomic geothermal systems. Older volcanic areas are less favorable, bu t  it should be kept in 
mind t h a t  the volcanic rocks a t  the Earth 's surface do no t  necessar i ly  ind ica te  the  age of  rocks 
t h a t  may be cool ing beneath the  surface. That IS, younger in t rus ions  t h a t  have no surface 
expression may occur a t  depth and may support hidden (or VlbI ind") geothermal systems. 

Young volcanic b e l t s  are concentrated in the  western United States (Smith and Shaw, 1979; Maps 1 
and 2). Most voluminous are the  volcanic rocks and associated in t rus ions  o f  the  Aleut ian Vol- 
can ic  Chain and o f  the Cascade Range (Figure 11, both re la ted  to converging margins o f  major 
plates. The Imperial Val ley o f  Southern C a l i f o r n i a  i s  along the  major spreading zone t h a t  
extends northward from the  Gulf  of Ca l i fo rn ia ,  whereas Hawai i, the  eastern Snake River Plain,  
and Ye1 lowstone are re la ted  t o  i n t rap la te  melt ing anomal les. Other young volcanic be l t s  occur 
along t h e  east and west margins of  the northern Basin and Range Province, along the R io  Grande 
R i  f t, and along the southwest margin o f  the Colorado PI ateau. 

Extens i ona I env i ronments - 
Environments where the  c rus t  o f  the Earth i s  under tensional s t ress  are favorable geologic set- 
t i n g s  f o r  the  presence of  hot water. These areas are commonly character ized by a c t i v e  fau l t ing ,  
r e l a t i v e l y  young mountain ranges, basins t h a t  have moderately t h i c k  unconsol idated to ,poorly 
consol idated sedimentary f i  I I, and local  s i t e s  o f  young volcanic a c t i v i t y .  

I n  the  United States, the Basin and Range province in Nevada and western Utah and the  R io  Grande 
R i f t  o f  cen t ra l  New Mexico and southern Colorado are two areas of a c t i v e  extension tha t  contain 
la rge  amounts o f  geothermal water. Heat i n  extensional environments t yp i ca l  l y  comes from ele- 
vated regional  heat flow, which can be an important source o f  heat for a large region, o r  from 
young igneous intrusions, which can be l o c a l l y  important as sources of heat. Hot water in both 
these environments t yp i ca l  l y  c i r c u l a t e s  through f a u l t s  and fractures, bu t  i n  areas where t h i c k  
sequences of basin-f i I I sed iments are present, t he  ho t  water may be encountered i n  the sediments 
themse I ves. 

Northern Gu l f  of Mexico basin 

From thousands of o i l  we l l s  d r i l  led in the northern Gu l f  o f  Mexico basin (Figure 1 )  it has been 
determined t h a t  extensive areas (both onshore and of fshore) conta in  large geopressured geother- 
mal reservoi,rs (Jones, 1970; Papadopulos e t  ai., 1975; Wallace e t  a l a ,  1979). The geological 
circumstances which combined t o  produce these reservo i rs  are complex, bu t  s u f f i c e  it to say t h a t  
heat coming i n t o  the  lower por t ions  of  the t h i c k  deposits of  sediments has been trappped by the 
r a p i d l y  deposi t ing over ly ing  sediments of  low permeabi I i t y  and low thermal conduct iv i ty.  This 
t rapp ing  occurs a t  depths general ly about 10,000 ft (3050 m), and the geopressured reservo i rs  
may extend t o  depths as great as 50,000 f t  (15,250 m). There i s  some possl b l  I I t y  t h a t  there are 
geopressured geothermal energy areas i n  other deep sedimentary basins of the United States (Wal- 
lace e t  a l a ,  1979; Fig. 261, but  t o  date on ly  the  northern Gulf  of Mexico basin has been c l e a r l y  
i den t i  f ied as containing t h i s  s o r t  o f  reservoir .  

A t l a n t i c  Coastal P l a i n  

The A t l a n t i c  Coastal P la in  i s  under la in by a wedge o f  sediments of Cretaceous and younger age 
t h a t  extends from New York t o  Flor ida.  The sedimentary sect ion i s  t h i ckes t  (up t o  10,000 ft-- 
3050 m) along the coast I Ine  and consists of I Imestone, s i  I tstone, sandstone, and conglomerate 
(Brown e t  al., 1972). The several major aqu i fe rs  t h a t  are present beneath the Coastal P la in  
i ncl  ude the Tuscaloosa Formation (a  th i ck  Cretaceous sandstone) and the sandstones o f  the Poto- 
mac Group. Wells producing up t o  3500 gal lons (13,250 l i t e r s )  per minute (220 I/s) have been 
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reported (Siple, 1975). 

G r a n i t i c  rocks crop ou t  over a large area o f  the cent ra l  and southern Appalachian Piedmont and 
presumably extend eastward beneath the  sedimentary cover o f  the A t l a n t i c  Coastal Plain. 

Development of  low-temperature geothermal energy In the  eastern United States i s  most l i k e l y  t o  
occur in the A t l a n t i c  Coastal P la in  where basement g r a n i t i c  rocks t h a t  contain moderate concen- 
t r a t i o n s  of radiogenic heat-producing elements are concealed beneath t h i c k  sedimentary sequences 
o f  low thermal conduct iv i ty.  Geothermal gradients as high as 24°F per 1000 ft (44°C per km) 
have been observed in Coastal P la in  sediments and are presumed to be associated w i th  concealed 
g r a n i t i c  radiogenic rocks (Costain e t  at., 1979). 

GEOTHERMAL RESOURCE ASSESSMENT 

Geotherma I resource assessment i s  the process of est imat ing how much geotherma I energy m i gh t  
become aval table fo r  use a t  a speci f ied time, under some set of  general lzed technologic and eco- 
nomic assumptions (Mu f f l e r  and Cataldi ,  1979). The process i s  analogous t o  the methods o f  e s t i -  
mating mineral and petroleum resources, except t h a t  t h e - r e s u l t s  are given in u n i t s  o f  thermal 
energy ra ther  than in tons o f  o re  or bar re ls  o f  o i  I. Also, geothermal energy f igures  must be 
given r e l a t i v e  t o  a reference temperature, normal l y  taken by convention t o  be mean annual tem- 
perature. 

The terminology f o r  geothermal resource assessment has been adapted from the petroleum and min- 
era I industr les (Muff I er  , 1973; Muff I e r  and Cata I d i , 1979). The term geotherrna I resource base 
Is adapted from Schurr and Netschert (1960) t o  re fe r  t o  a l l  the thermal energy i n  the Ear th 's  
c r u s t  beneath a given area, referenced to  mean annual temperature. The accessible resource base 
i s  defined by Muf f le r  and Cata ld i  (1979) as t h a t  p a r t  o f  the resource base which i s  accessible 
t o  d r i l l i n g ;  the  depth l i m i t  o f  d r i l l i n g  must be spec i f ied  in each si tuat ion.  The accessible 
resource base i s  then div ided i n t o  useful  and res idua l  components, with the  useful  component 
being t h a t  f r a c t i o n  o f  the accessible resource base t h a t  can be extracted and used a t  some 
f u t u r e  ti me under reasonab I e techno I og I c  and econom I c  assumpt ions. The usef u I access i b I e 
resource base I s  termed the resource and i s  fu r ther  div ided i n t o  i d e n t i f i e d  and undiscovered 
components. S t i l l  in  a manner analogous t o  the mineral and petroleum Industr ies,  reserve i s  
def ined as t h a t  par t  o f  the  resource which I s  i den t i  f led and can be produced under present-day 
economics. These terms can be i I lus t ra ted  on a McKelvey diagram (Figure 7). 

I t  must be emphasized t h a t  the geothermal resource cons t i t u tes  on ly  a f rac t i on  o f  the  accessible 
resource base. For favorable hydrothermal convection systems, the  r a t l o  of resource t o  accessl- 
b l e  resource base (1.80, t he  Vecovery fac to r t t )  may be as much as 25 percent (Nathenson, 1975; . 
Nathenson and Muff ler ,  1975). For most geologic environments, however, the recovery fac to r  I s  
I i ke ly  t o  be fa r  less, perhaps only a f r a c t i o n  of  1 percent f o r  large volumes of low-permeabi I- 
i t y  rock i n  regional  conductive environments. 

The regional  d i s t r i b u t i o n  o f  geothermal resources of the United States i s  discussed and depicted 
i n  U.S. Geological Survey C i r cu la r  790 (Muff ler ,  1979). This repo r t  i s  a ref inement and update 
( t o  June, 1978) of U.S. Geological Survey C i r cu la r  726 (White and Williams, 1975). Both the 
1975 and 1978 assessments estimate the  accessible resource base t o  30,000 ft (10 km) for  
regional  conductive environments, approximately 22,500 f t  ( 7  km) f o r  geopressured-geothermal 
energy environments, and 10,000 f t  ( 3  km) f o r  hydrothermal convection systems. Geothermal 
resources are e s t  lmated on I y fo r  geopressured-geotherma I energy o f  the northern Gu I f of Mex ico  
basin and for hydrothermal convection systems > 194°F (90°C). No quan t i t a t i ve  estimates are 
made of the thermal energy In geothermal waters a t  temperatures less than 194°F (9O"C), bu t  
areas favorabl e fo r  d lscovery and devel opment of these low-temperature waters are depicted on 

- 
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Map 1 and In the t e x t  f igures of C i r cu la r  790. 

-IDENTIFIED -~-UNDISCOVERED- 

FIGURE 7. McKelvey diagram for geother- 
ma 1 energy show i ng der i va t  ion 
o f  the terms resource and 
reserve (from M u f f l e r  and 
Cataldi ,  1979). V e r t i c a l  ax i s  
i s  degree of economic feasi-  
b i l i t y ;  hor izon ta l  a x i s  i s  
degree of geologic assurance. 

--- 

RESERVE h\Y R E S O U R C E  

REFERENCES C I TED 

Birch, Francls, Roy, R.F., and Decker, E.R., 1968, Heat f low and thermal h i s t o r y  in New England 
and New York, &Zen, E-An; White, W.S., Hadley, J.B., and Thompson, J.B., Jr., eds., Studies 
of Appalachian geology: northern and maritime: N e w  York, W i  ley Interscience, p. 437-451. 

Brown, P.M., M i  I ler ,  J.A., and Swain, F.M., 1972, S t ruc tu ra l  and s t ra t i g raph ic  framework, and 
spa t ia l  d i s t r i b u t i o n  o f  permeabi l i ty  of the A t l a n t i c  Coastal Plain, North Carol lna to New 
York: U.S. Geol, Survey Prof .  Paper 796, 79 p. 

Clark,  S.P., Jr., 1966, Thermal conduct iv i ty,  i n C l a r k ,  S.P., Jt-., ed., Handbook of physical 
constants ( rev ised ed i t i on ) :  Geol. Soc. America, Mem. 97, p. 436-515. 

Costain, J.K., Glover, L., Ill., and Sinha, A.K., 1979, Evaluation and ta rge t i ng  of geothermal 
energy resources i n  the eastern United States: NTlS Rept. VPI 8 SU-5548-4, 157 p. 

Diment, W.H., Urban, T.C., Sass, J.H., Marshal I, B.V., Munroe, R.J., and Lachenbruch, A.H., 
1975, Temperatures and heat contents based on conductive t ransport  of heat, in White, DOE., 
and WIIIlams, D.L., eds., Assessment of geothermal resources of the Uni ted States - 1975: 
U.S. G e o l .  Survey Clrc. 726, p. 84-103. 



1-14 

Jones, P.H., 1970, Geothermal resources of the  northern Gulf of  Mexico basin: Geothermics, Spec. 
Issue 2, v.2, Pt. 1, p. 14-26. 

Le Pichon, Xavier, Francheteau, Jean, and Bonnin, Jean, 1973, P l a t e  tecton ics:  New York, 
E l sev ie r  Scl. Pub. 300 p. 

Muf f le r ,  L.J.P., 1973, G ~ t h e r m a l  resources, -in- Brobst, D.A., and Pra t t ,  W.P., ebs., United 
States mineral resources: U.S. Geol.  Survey Prof. Paper 820, p. 251-261. 

Muf f le r ,  L.J.P., ed., 1979, Assessment of geothetmal resources of the  United States - 1978: U.S. 
Geol. Survey Cite. 790, 163 p. 

Muff Ier, L.J.P., and Cataldi,  Raffaele, 1979, Methods for regional  assessment of geothermal 
resources: Geothermics, V. 7, no. 2-4 ( i n  press). 

Nathenson, Manuel, 1975, Physical factors  determining the f rac t i on  o f  stored energy recoverable 
from hydrothermal convection systems and c o n d u c t i o n ~ d ~ i n a t e d  areas: U.S. Geol . Survey 
Open-File Rept. 75-525, 35 p. 

Nathenson, Manuel, and Muf f ler ,  L.J.P., 1975, Geothermal resources i n  hydrothermal convection 
systems and conductlon-dom~nated areas, in White, D.E., and W i  I I lams, D.L., eds., Assessment 
of geothermal resources of the United States - 1975: U.S. Geol. Survey Circ. 726, p: 104-121. 

Papadopulos, S.S., Wallace, R.H., Jr., Wesselman, J.B., and Taylor, R.E., 1975, Assessment of 
geopressured-geothermal resources i n  the northern Gu l f  o f  Mexico basin, in White, D.E., and 
W I  I I lams, D.L., eds., 1975, Assessment o f  geothermal resources of the Unlted States - 1975: 
U.S. G-1, Survey Ci rC.  726, p. 125-146, 

Schurr, S.H., and Netschert, B.C., 1960, En4rgy In the American economy, 1850-1975: Baltimore, 
Johns Hopkins Press, 774 p. 

S ip le ,  G.E., 1975, Groundwater resources o f  Orangeburg County, South Carol ina: South Carol ina 
Sta te  Oeve~opment Board, D tv l s lon  of Geology Bul l .  36, 59 p. 

Smith, M.C., 1978, Heat ex t rac t ion  from hot, dry, c rus ta l  rockr Pure and Applied Geophysics, v. 
117, p. 290-296. 

Smith, R.L., and Shaw, H.R., 1979, Igneous-related geothermal systems, in Muff ler ,  L.J.P., ed.8 
Assessment o f  geothermal resources of the United States - 1978: U.S. Geol. Survey Circ. 790, 
p. 12-17, 

Wallace, R.H., Jr., Kraemer, T.F., Taylor, R.E., and Wesselman, J.B., 1979, Assessment of 
geopressured-geotherma I resources i n  the northern Gu I f o f  Mex i c o  bas 1 n Muff l e r  , L.J .Po, 
ed., Assessment of geothormaf resources o f  the  United States - 1978: U.S. Geol . Survey Circ. 
790, p. 132-155. 

Wh 

Wh 

te, DOE., 1968, Hydrology, a c t i v i t y ,  and heat f low of the Steamboat Springs thermal system, 
Washoe County, Nevada: U.S. Geol. Survey Prof. Paper 4584, 109 p. 

te, D.E., and Will lams, D.L., eds., 1975, Assessment o f  geothermal resources of the United 
States - 1975: U.S. Geol. Survey Clrc. 726, 155 p. 



1-15 

SELECTED ADD IT IONAL REFERENCES ' 

E l  I is, A.J., and Mahon, W.A.J., 1977, Chemistry and Geothermal Systems: New York, Academic 
Press, 392 p. 

Proceedings of the  ( F i r s t )  Uni ted Nations Symposium on the Development and U t i l i z a t i o n  o f  
Geothermal Resources (Pisa, I t a l y ,  22 September t o  1 October, 19701, 1974: Geothermics, 
Special Issue 2, 2 volumes ( t h e  second in  2 parts) ,  1725 p. 

Proceedings of the  Second United Nations Symposium on the Development and Use of Geothermal 
Resources (San Francisco, Cal i f o rn ia ,  20-29 May, 19751, 1976: Washington, D.C., U.S. Govt. 
P r i n t i n g  Off ice,  3 volumes, 2466 p. 


