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I n t r o d u c t i o n  
Geothermal resource  assessment i s  t h e  es t ima-  
t i o n  o f  t h e  amount o f  thermal  energy t h a t  m i g h t  
be e x t r a c t e d  f rom t h e  e a r t h  and used a t  c o s t s  
c o m p e t i t i v e  wi th o t h e r  forms o f  energy a t  a 
fo reseeab le  t ime  under reasonable assumptions 
o f  t e c h n o l o g i c a l  improvement. A r eg iona l  o r  
n a t i o n a l  resource  assessment p rov i des  a frame- 
work f o r  long- term energy p o l i c y  and s t r a t e g y  
dec i s i ons  by government and i n d u s t r y .  A r e -  
source assessment i s  n o t  i n t ended  t o  e s t a b l i s h  
s p e c i f i c  r ese rve  f i g u r e s  f o r  sho r t - t e rm  i n v e s t -  
ment and mdrke t i ng  dec is ions ,  b u t  i n s t e a d  t o  
g i v e  an o v e r a l l  pe r spec t i ve  a t  a p a r t i c u l a r  
t ime, u s i n g  u n i f o r m  methodology and data.  

The f i r s t  sys temat ic  e f f o r t  t o  es t ima te  t h e  
geothermal resources  o f  t he  U n i t e d  S t a t e s  was 
pub l i shed  i n  1975 as U.S. Geo log ica l  Survey 
C i r c u l a r  726 (Whi te and Wi l l i ams,  eds., 1975). 
T h i s  assessment and a f o l l owup  assessment pub- 
l i s h e d  i n  1979 as C i r c u l a r  790 ( M u f f l e r ,  ed., 
1979) focused on t he  q u a n t i t i e s  o f  geothermal 
energy a v a i l a b l e  i n  r e g i o n a l  conduc t i ve  e n v i -  
ronments, igneous- re1 a t e d  geothermal systems, 
hydrothermal  convec t i on  systems, and geopres- 
sured-geothermal systems. Es t imates  were g i ven  
of t h e  thermal  energy recove rab le  f rom hydro-  
thermal  convec t i on  systems a t  temperatures 
above 90°C and geopressured systems. I n  add i-  
t i o n ,  t h e  1979 assessment i n c l u d e d  a compi la-  
t i o n  o f  da ta  on t h e  occurrence o f  low- tempera- 
t u r e  geothermal water  l e s s  t han  90°C ( S a m e l ,  
19791, b u t  no a t t emp t  was made t o  es t ima te  t h e  
q u a n t i t i e s  o f  thermal  energy assoc ia ted  w i t h  
such occurrences. 

Low- temperature geothermal resources  occur  i n  
two types  o f  geohydro log ic  environments. 
These i n c l u d e  hydrothermal  convec t i on  systems, 
comnonly i nvol  v i  ng upward f l o w  o f  thermal  water  
a long f a u l t s  i n  areas o f  above-normal hea t  
f l ow ,  and conduct ion- dominated areas such as 
sedimentary bas ins  where a q u i f e r s  o f  l a r g e  
a r e a l  e x t e n t  occur  beneath a t h i c k  i n s u l a t i n g  
b l a n k e t  o f  r ocks  hav ing  low thermal  c o n d u c t i v i -  
ty. As d iscussed by Same1 (19791, low- temper-  
a t u r e  geothermal resources  occu r  th roughout  t he  
U n i t e d  Sta tes ,  w i t h  some a t  r e l a t i v e l y  sha l l ow  
depths, and appear t o  have t h e  p o t e n t i a l  f o r  
s i g n i f i c a n t  u t i l i z a t i o n  i n  space h e a t i n g  and 
a g r i c u l  t u r e  on a 1 oca1 bas is .  

To p r o v i d e  es t ima tes  o f  t he  q u a n t i t i e s  o f  t h e r -  
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mal energy s t o r e d  i n  and recoverab le  f rom low- 
temperature r e s e r v o i r s  i n  t he  Un i t ed  Sta tes ,  
t h e  Geo log ica l  Survey has made a new assess- 
ment based on an updated i n v e n t o r y  o f  low-tem- 
p e r a t u r e  geothermal occurrences and on t h e  de- 
velopment o f  new methodology f o r  e s t i m a t i n g  r e -  
coverab le  energy. We have been a i ded  i n  t h i s  
t a s k  by t h e  da ta  ga thered  under programs o f  
many s t a t e  agencies and severa l  p r i v a t e  con- 
t r a c t o r s  which a r e  supported by t h e  S t a t e  
Coupled Geothermal Program o f  t he  Department o f  
Energy 's  D i v i s i o n  o f  Geothermal Energy. The 
assessment i s  n e a r l y  complete; r e s u l t s  w i l l  be 
pub l i shed  as  a USGS c i r c u l a r  i n  1982. We p re-  
sen t  here  an o u t l i n e  o f  t he  methods used and 
general  d e s c r i p t i o n s  o f  t h e  r e s u l t s  ob ta ined.  

Methods f o r  Assessing Low-temperature 
Eeothermal Re sources 
Assessment o f  geothermal energy resources  in-  
vo l ves  a two- step process  o f  f i r s t  de te rm in i ng  
t h e  l o c a t i o n ,  e x t e n t ,  and geohydro log ic  charac-  
t e r i s t i c s  o f  each resource  area and t hen  e s t i -  
ma t i ng  t h e  amount o f  thermal  energy s t o r e d  i n  
each r e s e r v o i r  ( t h e  resource  base) and t h e  a- 
mount o f  energy which can be produced a t  t h e  
l a n d  su r f ace  ( t h e  resource) .  I d e n t i f i e d  re-  
source areas  i d e a l l y  shou ld  meet t he  c r i t e r S a  
t h a t  a r e s e r v o i r  e x i s t s  w i t h  s u f f i c i e n t  permea- 
b i l i t y  t o  supp ly  long- te rm p roduc t i on  and t h a t  
r e s e r v o i r  temperatures exceed some minimum tem- 
pera tu re- depth  r e l a t i o n .  As d e p i c t e d  i n  f i g u r e  
1, we have used a lower- tempera tu re  l i m i t  wh ich  
i s  10°C above t h e  mean annual a i r  temperature 
a t  t h e  su r f ace  and inc reases  a t  a r a t e  o f  
25'C/km w i t h  depth. T h i s  avo ids  c o n s i d e r a t i o n  
o f  t h e  enormous q u a n t i t y  o f  coo l ,  sha l l ow  
groundwater whi 1 e enabl i ng us t o  i n c l  ude areas  
w i t h  anomalous concen t ra t i ons  o f  hea t  assoc i -  
a ted  w i t h  hydrothermal  convec t i on  systems and 
deep sedimentary bas ins  o r  coas ta l  embayments 
where temperatures i nc rease  re1  a t i  v e l y  r a p i d l y  
wi th depth. 

The resource  base f o r  each low- temperature a rea  
i d e n t i f i e d  i n  t h i s  assessment i s  c a l c u l a t e d  as: 

q = p c . a - d . ( t - t  
R r e f  

( 1 )  

where: 
q = resource  base ( s t o r e d  thermal  energy)  
p!! = v o l u m e t r i c  s p e c i f i c  hea t  o f  r ock  p l u s  

water  (2.6 J/cm3"C) 
a = r e s e r v o i r  a rea  
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d = reservoir thickness 
t = reservoir temperature 

tref = reference temperature (15°C) 

Statistical methods outlined in Circular 790 
were used t o  quantify the uncertainty in these 
calculations and t o  provide probability dis t r i-  
butions for  total resource base, resource, and 
beneficial heat estimates. For each reservoir, 
estimates were made of the m i n i m u m ,  maximum, 
and most likely characteristic values f o r  vari- 
ous parameters; these values were then used t o  
form triangular probability densities from 
which the mean and standard deviation fo r  each 
parameter and for the various energy quanti t i e s  
were calculated. 

The approach used in previous assessments t o  
estimate recoverable energy, or well head ther- 
mal energy, was t o  assume a recovery factor of 
25 percent of the stored thermal energy. This 
value is  based on a process involving injection 
of cold water into the reservoir t o  replace h o t  
water withdrawn during production and t o  sweep 
o u t  the energy stored i n  the rock. In uniform- 
ly-permeable reservoirs, up  t o  50 percent of 
the stored energy can be recovered before cold- 
water breakthrough occurs (Nathenson, 1975); 25 
percent recovery was assumed to account for 
comnonly-encountered non-uni form permeabi 1 i ty 
conditions. 

In the present assessment, wellhead thermal en- 
ergy calculations were made bo th  for a recovery 
factor of 25 percent for small systems and for 
a development plan involving production wells 
discharging for 30 years in the absence of 
cold-water injection for large systems. 
th i s  production model, we1 1 head thermal energy 
i s  given by: 

In 

= ( P C )  .N*Q*(30 years )*( t - t  1 
'WH f ref ( 2 )  

where : 

( p C I f  = volumetri specific heat of fluid 

qWH = energy recovered a t  the wellhead 
over 30 years 

(4.1 J/cm 5 " C )  
N = number of production wells 
Q = average discharge rate of each well 

This approach i s  bel ieved to yield more real is-  
t i c  estimates of recoverable energy for most 
low-temperature areas, where lower energy con- 
tent of the resource f l u i d  and relatively large 
reservoir areas make the economics of injection 
much less  attractive t h a n  for higher-tempera- 
ture geothermal areas. 

Limited hydrologic data precluded determination 
of optimum values for N and Q in equation ( 2 )  
for most of our identified low-temperature res- 
ervoirs. 
pl an i nvol v i  ng evenly-spaced we1 1 s di schargi ng 
a t  0.0315 m3/s (500 gpm) for 30 years w i t h  a 
maximum drawdown of 152 m (500 f t ) .  Then for a 
range of real is t ic  values of reservoir trans- 
missivity and storage coefficient and of con- 

Instead, we selected a production 

fining-bed properties, we developed correspond- 
i n g  curves relating reservoir area t o  well 
area, defined as the square of the well spac- 
ing. An example, calculated using the leaky- 
aquifer solutions of Hantush (1960) w i t h  con- 
fining-bed properties considered typical for 
sedimentary basins, is  presented i n  figure 2. 

The curves i n  figure 2 show several significant 
features of a production model which does n o t  
involve injection. Most notable is  the fact  
t h a t  a s  reservoi r area increases the appropri - 
ate we1 1 spacing increases because of drawdown 
interference between wells. Only for very 
large-area reservoirs, such as the Madison 
limestone and Dakota sandstone in the northern 
Great Plains, does the well spacing become con- 
stant with reservoir area thereby permitting 
the number of wells t o  increase in proportion 
t o  the size of  the reservoir. For smaller res- 
ervoir areas, the number of wells a reservoir 
can support does n o t  increase in proportion t o  
the size of the reservoir. Consequently, under 
th i s  production plan, the energy recoverable 
from a 100 km2 reservoir i s  only about 1.5 
times t h a t  from a 10 km2 reservoir w i t h  the 
same hydraulic characteristics. Equivalent re- 
covery factors w i t h  th is  production stratagy 
vary from about 0.1 percent fo r  the largest- 
area reservoi rs in sedimentary basins t o  25 
percent for the smal lest-area reservoirs asso- 
ciated w i t h  thermal springs. The 25 percent 
figure i s  approached for  small reservoir areas 
where breakthrough of cold, induced recharge 
from surrounding regions rather than drawdown 
interference 1 imits energy recovery. 

Curves such as those in figure 2 can be used t o  
estimate minimum, maximum, and most likely 
values for the well area, a,, which define 
the corresponding triangular probability den- 
si ty  and the mean value %. The assumption 
was made in developing these curves that each 
reservoir area was uniformly transmissive. 
uncertainty associated with th i s  assumption i s  
treated i n  a manner similar t o  that used with 
the recovery factor approach by assigning a 
correction factor k t o  the estimated number of 
production we1 1 s w i t h  m i n i m u m ,  maximum, and 
most likely values of 0, 1, and 0.5, respec- 
tively. The effects o f  th i s  correction factor 
are t o  decrease the estimate of N and t o  i n -  
crease the confidence limits on estimates of 
q i  and beneficial h e a t ,  The mean value for 
N i s  then given by (ka/aw) and the mean 
we1 1 head thermal energy becomes: 

The 

where: 
M = (0.0315 m3/s).(30 years) 

= 3 x 107 m3 
= mean wellhead temperature (E mean 

reservoir temperature). 

For small-area reservoirs, our resource es t i-  
mates based on equation ( 3 )  are close t o  those 
based on a recovery factor of 25 percent, b u t  
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for 1 arge-area reservoirs the we1 1 -spacing cal-  
culation yields a much smaller value. 
ences between these estimates ref lect  the i m-  
portance of time-scale over which production 
continues and the choice of injection versus 
no-injection developments. Maximum recovery 
fractions are obtained w i t h  an eff ic ient  injec- 
tion plan designed t o  give cold-water break- 
through a t  the end of the designed l i f e  of the 
development. I f  cold water i s  not injected, 
h i g h  recovery fractions can s t i l l  be attained 
for small-area reservoirs over a 30-year 
period, b u t  for large-area reservoirs produc- 
tion would have t o  continue for much longer 
times to  obtain h i g h  recovery fractions. De- 
spite low recovery fractions, total energy re- 
covery from sedimentary basins could be large 
because the estimated reservoir areas are so 
1 arge. 

The amount of each resource that can be direct- 
ly applied to  non-electric uses i s  termed bene- 
f icial  heat, qB. Whereas wellhead thermal 
energy, qWHs represents energy above a refer- 
ence state,  beneficial heat represents energy 
that can be applied to  specific processes such 
as heating a i r .  Estimates of beneficial heat 
from geothermal fluid can be compared with 
thermal energy obtainable from other fuels. 
Selection of appropriate uses for  low-tempera- 
ture geothermal water depends partly on the 
reservoir temperature, and different uses i n -  
volve different rejection temperatures for the 
geothermal waste water. We have used the fol- 
lowing equation t o  calculate the mean tempera- 
ture drop, A t ,  a s  a function of mean wellhead 
temperature: 

Differ- 

A t  = 0 . 6 * ( t  -25°C) ( 4 )  WH 

From this ,  mean values for beneficial heat are 
calculated as: 

= ( pc 1 - (ka/a-) -M-0.6- (t -25°C) - 
qB f W WH 

(5) 

Note that  for values of tG < 25°C i n  equa- 
tions 4 and 5 the useful A t  and the beneficial 
heat are zero. This l imit i s  obtained both  
from defining low-temperature resources as 
being a t  least  10°C above the mean annual air 
temperature, which averages 15°C across the 
United States, and from consideration of heat- 
pump applications for which ground-water tem- 
peratures above 25°C significantly improve co- 
efficients of performace. 

Estimates of Resource Base, Resource, and 
Beneficial Heat 
Preliminary results of our assessment o f  low- 
temperature resources i n  the United States i n -  
dicate that the total recoverable thermal ener- 
gy a t  temperatures less than 90°C (based on our 
well-spacing calculations) i s  of similar magni- 
tude to  corresponding estimates from previous 
assessments for identified intermediate-temper- 
ature (90" t o  150°C) and high-temperature 
(above 150°C) hydrothermal convection systems. 

Th e totals  are each on the order of 200 x 

The major portion of the identified low-temper- 
ature resource occurs within the sedimentary 
basins east of the Rocky Mountains. Among 
these are portions of the Powder River and 
Williston Basins in Wyoming, Montana, North 
Dakota, and South  Dakota where regional aqui-  
fers w i t h  resources a t  temperatures of 40" t o  
90°C exis t  in Paleozoic rocks of the Madison 
Group (limestone) and Cretaceous rocks of the 
Dakota Group (sandstone). A1 though the reser- 
voir areas involved i n  these basins are large, 
the methods used in th i s  assessment t o  estimate 
recoverable thermal energy appear t o  yield re- 
a l i s t i c  results. For example, our preliminary 
estimate of recoverable energy for the Madison 
limestone i n  the Powder River and Williston 
Basins i n  Montana i s  20 x 10185. This es t i-  
mate involves 1800 production wells spread over 
an area of about 180,000 km2. An alternative 
cal cul ation , i nvol vi ng small er-scal e develop- 
ments a t  each of about 60 population centers 
w i t h i n  th is  region, yields the same resource 
total fo r  individual well fields w i t h  30 wells 
per town. 

In terms of total numbers of identified low- 
temperature areas, most areas occur in the 
western United States and are associated w i t h  
hydrothermal convection systems of various 
kinds. We have identified approximately 1,900 
individual areas i n  the United States; roughly 
1,850 of these occur west of the Rocky 
Mountains. 
for the existence of a geothermal reservoir 
consists mainly of the presence of a single 
thermal spring or spring group, comnonly along 
one or more active normal faults.  In such 
cases a most likely reservoir volume of 1 km3 
and a thermal energy recovery factor of 25 per- 
cent were assigned. 

10 f 8  J (about 200 Quads). 

In most of these areas, evidence 

The resource estimate for 
such a system,-with a reservoir temperature of 
70"C, i s  4 x 10165. 

There are, however, numerous areas involving 
hydrothermal convection systems where suffi-  
cient information exists t o  delineate a larger 
reservoir size. Most notably, i n  portions of 
Idaho's Snake River Plain, thermal water moves 
upward along marginal faul ts  and leaks la ter-  
ally through permeable s t rata  a t  relatively 
shallow depths towards the center of the Plain. 
Our preliminary estimate of the t o t a l  recover- 
able energy for 24 low-temperature areas w i t h -  
i n  he Snake River Plain i s  approximately 2 x 

Low-temperature areas identified within the 
Eastern United States include the warm spr ing  
areas i n  the Appalachian Mountains of Virginia, 
West Vi rg in ia ,  and North Carolina i n  the south 
and of New York and Massachusetts in the north. 
Other warm spring areas i n  Arkansas and Georgia 
were identi fed as containing resources, and 
portions of the Atlantic Coastal Plain in 
Delaware, Maryland, Virginia, and North 
Carolina were also included as low-temperature 

101 Q 5. 
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areas. The western side of the Allegheny Basin 
i n  Pennsylvania contains a thick section of 
Devonian shale having low thermal conductivity, 
b u t  i t  i s  n o t  known i f  aquifers exis t  below the 
shale to  form a geothermal reservoir. Outside 
these areas, however, the generally low crustal 
heat flow and low thermal gradients appear t o  
res t r ic t  the occurrence of significant low-tem- 
perature resources. 

Limited geohydrologic data requires us t o  t r e a t  
many areas which appear favorable for the ex- 
i stence of 1 ow-temperature reservoirs as con- 
taining undiscovered, rather than identified 
resources. Undiscovered resources were as- 
sumed to be associated w i t h  1) aquifers in sed- 
imentary basins and coastal embayments where 
existing data could no t  support a quantitative 
assessment, 2 )  halos around identified inter-  
mediate and high-temperature systems, and 3) 
thermal energy i n  systems whose locations are 
as yet unknown. Estimates of the total undis- 
covered resource base, resource, and beneficial 
heat for various geologic provinces will be in- 
cluded in the final report along with estimates 
for identified areas. 
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Figure 1. Diagram of temperature-depth c r i te r ia  used t o  identify low- 
temperature geothermal resources. MA = mean annual a i r  tem- 
perature. Maximum temperature limit = 90°C. Minimum temper- 
ature limit given by line with slope of 25"C/km and intercept 
of MA+lO"C. Heavy solid line shows minimum temperature limit 
for example case MA = 10°C. 
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F i g u r e  2. 

10" 

Curves o f  

10 '  

re1 1 
a rea  developed 
w e l l s  d i scha rg  
w i t h  a maximum 

1 oc l o J  10' 1 o3 
RESERVOIR AREA, km2 

r e a  ( w e l l  spac ing  squared) versus  r e s e r v o i r  
f o r  a p r o d u c t i o n  p l a n  i n v o l v i n g  even l y  spaced 

drawdown o f  152 m (500 f t )  . T = r e s e r v o i r  
t r a n s m i s s i v i t y  (m2/s) ,  s = r e s e r v o i r  s to rage c o e f f i c i e n t ,  
K' = h y d r a u l i c  c o n d u c t i v i t y  o f  c o n f i n i n g  beds ( m / s ) ,  and S '  = 
s p e c i f i c  s to rage o f  c o n f i n i n g  beds ( m - 1 ) .  

i n g  f o r  30 y e a r s  a t  0.0315 m3/s (500 gpm) 
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