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ARSTRACT 

Temperatures i r !  f o u r  geothermal aqu i fe rs  i n  
t h e  W i l l i s t o n  Basin a re  i n  the  range f o r  low and 
moderate temperature g e o t y r m a l  resources w i t h i n  
an area o f  about128,OOO km i n  North Dakotq8 The 
access ib le  resource base i s  13,500 x 10 J., 
which, assuming a recovery fac to r  of 0.001, may 
represent  a g rea te r  q u a n t i t y  o f  recoverable 
energy than i s  present i n  the  bas in  i n  the  form 
o f  petroleum. A syn thes is  o f  heat flow, thermal 
conduc t i v i t y ,  and s t r a t i g r a p h i c  data was found t o  
be s i g n i f i c a n t l y  more accurate i n  determining 
fo rmat ion  temperatures than i s  t he  use of l i n e a r  
temperature grad ien ts  der ived  from bottom ho le  
temperature data. The thermal s t r u c t u r e  o f  t he  
W i l l i s t o n  Basin i s  determined by the  thermal 
c o n d u c t i v i t i e s  o f  f o u r  p r i n c i p a l  l i t h o l c g i e s :  
T e r t i a r y  s i l t s  aR(! sands (1.6 W/m/K), Mesozoic 
shales (1.2 W/m/K), Paleozoic l imestones (3.0 
W/m/K), and Paleozoic dolomites (4.0 W/m/K). The 
s t r a t i g r a p h i c  placement of these 1 i t h o l o g i e s  
leads  t o  a complex, multi-component geothermal 
g rad ien t  which precludes use o f  any s ing le -  
component g rad ien t  f o r  accurate de terminat ion  o f  
subsurface temperatures. 

INTRODUCTION 

Geothermal resources i n  the  W i l l i s t o r i  Basin 
i n  Nor th  Dakota occur as thermal waters i n  a t  
l e a s t  f o u r  reg iona l  aqu i fe rs ,  i.e., t he  Inyan 
Kara (Cretaceous) , Madison (Miss iss ipp ian)  , 
Duperow (Devonian) , and Red R ive r  (Ordovic ian).  
These resources are  c l a s s i f i e d  as e i t h e r  moderate 
temperature resources (150" > T > 90,") o r  low 
temperature resources (T < 90") (Mu f f l e r ,  1979). 
Any assessment o f  these rescurces must e s t a b l i s h  
the  temperature, a rea l  ex ten t  , th ickness  , 
chemical p roper t i es ,  and hydro log ic  p roper t i es  o f  
t he  aqu i fe rs .  Previous work by H a r r i s  e t .  z l . ,  
(1980, 1981, 1983) provides informat ion on area l  
ex ten t ,  th ickness, and water chemistry as w e l l  as 
temperature data recorded i n  shal low we l ls ,  a few 
heat  f l o w  holes, and a l a r g e  amount o f  data 
recorded as bottom ho le  temperatures (BHT) i n  o i l  
and gas exp lo ra t i on  we l ls .  The temperature data 
o f  H a r r i s  e t .  a l . ,  (1983) t h a t  a re  re levan t  t o  
t h e  thermal aqui fers a re  given as l i n e a r  tempera- 
t u r e  g rad ien ts  ca l cu la ted  from the  BHT and mean 
annual sur face  temperatures. Those data were 

used i n  an ana lys i s  of low-temperature geothermal 
resources i n  the  Un i ted  States by t h e  U.S. 
Geological  Survey fSorey e t .  a l . ,  19835); and 
gecthermal rescurces i n  North Dakota were es- 
t imated  f o r  two a q u i f e r  the  Madison a19 the  
Inyan Kara as 7.5 x l0'"J. and 2.3 x 10 J . ,  
respec t ive ly .  

Sorey e t  a l . ' s  (1983a) es t imate  o f  
geothermal resources suggests a major new energy 
resource f o r  Nor th  Dakota. However, t he  BHT data 
used i n  the  resource est imates gave i n c o r r e c t  
p red ic t i ons  of subsurface temperatures and the  
resource was u n d e r e s t i m t e d  by about 50 percent. 
A fundamental problem was t h a t  a two-point  
temperature g rad ien t  c a l c u l a t i o n  i s  i napprop r ia te  
f o r  t he  W i l l i s t o n  Basin because there  a re  l a r g e  
d i f f e rences  i n  thermal conduc t i v i t y  among the  
f o u r  p r i n c i p a l  rock types i n  the  sedimentary 
sec t ion .  These rock types and t h e i r  est imated 
average c o n d u c t i v i t i e s  i n  S. I .  u n i t s  (W/m/K) ? re :  
T e r t i a r y  c lays,  s i l t s ,  and sands, K = l.6; 
Cretaceous shales, K = 1.2; Upper Paleozoic 
l imestones, K = 3.2; and Lower Paleozoic 
dolomites,  K = 4.0. Consequently, a t y p i c a l  
temperature-depth curve f o r  the b ! i l l  i s t o n  Basin 
i s  a multi-component curve w i t h  slopes d i f f e r i n g  
by as much as a f a c t o r  o f  four .  Each o f  t h e  f o u r  
rock  types has a th ickness  on the  order  o f  a 
k i l omete r  i n  pa r t s  of t he  basin. A l i n e a r  
temperature g rad ien t  based on accurate BHT data 
f rom any u n i t  w i t h i n  the  bas in  w i l l  g i v e  an 
inaccura te  p r e d i c t i o n  o f  temperature i n  any o the r  
u n i t  (F igure  1). 

Because the  thermal s t r u c t u r e  o f  t h e  W i l l i s -  
t on  Basin i s  complex and cannot be represented by 
1 i n e a r  temperature g rad ien t  ca l cu la t i ons ,  the  
f i r s t  goal of t h i s  p r o j e c t  has been t o  determine 
accu ra te l y  the  temperatures o f  t he  thermal 
aqu i fe rs  i n  the  basin.  The u l t i m a t e  goal of' t h i s  
p r o j e c t  has been t o  reassess the  resource i n  the  
Inyan Kara and Madison aqu i fe rs  and t o  extend the  
resource ana lys i s  t o  i nc lude  the  Duperow and Red 
R ive r  aqu i fe rs .  

SUBSURFACE TEMPERATURES 

Accurate de terminat ion  of subsurface temper- 
a tu res  should be t h e  f i r s t  o b j e c t i v e  i n  assessing 
geothermal resources i n  sedimentary basins. The 
methods f o r  determining those temperatures have 
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FIGURE 1 - Hypothet ica l  temperature-depth curves 
f o r  t he  k ' i l l i s t m  Basin i n  western North Dakota. 
Curve A was computed from heat f l o w  and 
s t r a t i g r a p h i c  data. Curve B was taken from 
bottom hole temperature data. 

d i f f e r e d  among the  var ious DOE State-Coupled 
Geothermal Resource Assessment Programs , and the 
most commonly used method has been t o  compile and 
analyze t h e  bottom ho le  temperature data from o i l  
and gas we l l s .  Other methods t h a t  have been used 
are d i r e c t  measurement i n  deep we l l s  and predic-  
t i o n  o f  temperatures from heat f l o w  data. 
Because the  basic q u a n t i t y  sought i n  exp lo ra t i on  
f o r  geothermal resources i s  heat, e s t a b l i s h i n g  
the  most accurate method f o r  determining subsur- 
face temperatures i s  c r u c i a l  f o r  geothermal 
research. 

The accuracy o f  bottom hole temperatures as 
p r e d i c t o r s  of subsurface temperatures was ques- 
t i o n e d  i n  the  i n t roduc t i on .  I n  t h a t  d i s c u s s i m  
i t  was assumed t h a t  BHT data accu ra te l y  represent  
the  temperatures o f  t he  format ions i n  which they 
were recorded. Tests o f  t h a t  assumption a r e  
a v a i l a b l e  from studies where o the r  methods as 
w e l l  as ana lys i s  o f  BHT data were used t o  de te r -  
mine subsurface temperatures. For example , 
Gosnold (1982) compared data der ived from t h e  
geothermal gradient  map. o f  Nor th America 
(A.A.P.G. , 1976) and e q u i l i b r i u m  temperature data 
i n  Nebraska. The temperature gradients  d i f f e r  on 
the  order  o f  10"C/km t o  40"C/km and t h e  tempera- 
t u r e s  d i f f e r  by about 20°C over the study area. 
I n  t h i s  case the e q u i l i b r i u m  temperatures a re  
c a t e g o r i c a l l y  h igher  than the  temperatures 
ex t rapo la ted  from the BHT data. 

The d i f f e rences  between the temperature data 
se ts  a re  due t o  the data and t o  the  c o r r e l a t i o n  
app l i ed  t o  the  data. The q u a l i t y  o f  t h e  data i n  
t h e  o i l  f i e l d s  i n  Nebraska i s  no t  good. Analys is  
o f  bottom ho le  temperatures recorded i n  n ine  
d i f f e r e n t  sect ions i n  western Nebraska shows 
t h a t ,  i n  some cases, about 20 percent  o f  t he  
temperatures have t h e  same value regard less o f  
depth o r  t ime i n t e r v a l  between cessat ion o f  mud 
c i r c u l a t i o n  and logging (Gosnold, Eve rso l l  , and 
Carlson, 1982). I n  these cases, i t  i s  suspected 
t h a t  t h e  BHT i s  a guess by the logger  r a t h e r  t h a r  
ar! ac tua l  record.  The t ime o f  l ogg ing  i s  a l s o  
suspect i n  most o f  t he  data. I n  a t o t a l  o f  
14,000 records, there are fewer than 100 
instances i n  which recorded logging t imes a re  n o t  
e x a c t l y  1 o r  2 hours a f t e r  c i r c u l a t i o n  ceased. 
The problem w i t h  the  co r rec t i on  t o  t h e  BHT data 
i s  t h a t  i t  was based on e q u i l i b r i u m  temperatures 
recorded i n  w e l l s  i n  the Texas Gu l f  Coast reg ion.  
The gross l i t h o l c g i e s  and the thermal p r o p e r t i e s  
of t he  sediments the re  are not  t h e  same as thGse 
i n  the  Cretaceous rocks under ly ing Nebraska. 
Consequently, the constants i n  t h e  c o r r e c t i o n  
equat ion (see Wallace e t .  a l . ,  1979) do no t  apply 
t o  t h e  rocks i n  Nebraska. 

Uncorrected bGttom ho le  temperatures are, as 
expected, l ess  c lose  t o  the  e q u i l i b r i u m  
temperature data than the corrected data.  This  
c c n d i t i o n  a l s o  was demonstrated i n  t h e  Nebraska 
p r o j e c t  where one o f  the tasks was t o  produce a 
contour  map o f  temperature gradients  c a l c u l a t e d  
from uncorrected bottom hole temperature data. 
That map (Gosnold, 1982) i s  based on about 14,000 
data and vaguely resembles the  A.A.P.G. 
temperature gradient  map, but i t  shows l i t t l e  
agreement w i t h  the  e q u i l i b r i u m  temperature 
g rad ien t  map. 

The Denver Basin i n  Nebraska has a 
multi-component geothermal gradient  curve s i m i l a r  
t o  t h a t  i n  the W i l l i s t o r ;  Basin. The geothermal 
g rad ien t  i n  the  sha le - r i ch  Cretaceous sec t i on  i s  
about 50 K/km due t o  the low thermal c o n d u c t i v i t y  
of t h e  shales, i .e.  about 1.2 W/m/K (Sass e t .  
a l . ,  1982; B lackwel l  e t .  a l . ,  1981). The 
g rad ien t  i n  the Paleozoic carbonate sec t i on  
ranges from one- th i rd  t o  one-hal f  o f  t h a t  i n  the  
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Mesozoic rocks due t o  the  h igh  conduc t i v i t y  o f  
t he  l imestones and dolomites, i.e., about 3.0 
W/m/K t o  4.5 W/m/K (see Sass e t .  al. ,  1981). 
However, f o r  much of the  Denver Basin the  BHT 
data a re  based on temperatures recorded i n  t h e  
Dakota Group and on ly  one component of t he  
temperature grad ien t  curve in f luences  the  data. 
Th is  observa t ion  i s  most s i g n i f i c a n t .  I n  t h i s  
case, a two-point  temperature .. g rad ien t  curve 
should apply, y e t  l a r g e  d i f f e rences  between 
e q u i l i b r i u m  temperatures and BHT data e x i s t .  
Therefore, BHT data may n o t  accura te ly  represent 
fo rmat ion  temperatures even f o r  t he  case o f  
one-component geothermal g rad ien t  areas, and use 
o f  BHT data i n  cases where multi-component 
g rad ien ts  do in f luence the  data seems who l l y  
inadv isab le .  

An a1 te rna te  method f o r  determining subsur- 
face  temperatures i s  t o  use a synthesis o f  heat  
f low,  thermal conduc t i v i t y ,  and s t r a t i g r a p h i c  
data. Th is  method i s  a d i r e c t  approach t o  
determining subsurface temperatures because i t  
addresses the  fundamental va r iab les  i n  t h e  
thermal s t r u c t u r e  o f  the  c rus t ,  i.e., heat f l o w  
and thermal conduc t i v i t y .  Th is  method was used 
i n  the  geothermal resource assessment o f  Nebraska 
(Gosnold and Everso l l ,  1981; 1982) and i t s  
accuracy proved t o  be exce l l en t .  Subsequent 
measurement o f  temperatures i n  n ine  w e l l s  a t  
depths rang ing  from 1.2 km t o  1.8 km i n  the  
Denver Basin have found ac tua l  temperatures t o  be 
w i t h i n  2 degrees o f  t he  p red ic ted  temperatures. 

used i s  obtained by comparing t h e  p red ic ted  
temperature-depth p l o t  w i t h  t h e  
temperature logs  taken a t  nearby 
(F igure  2). 

ac tua l  
s i t e s  

WILLISTON BASIN 
DEG. C 

A t  l e a s t  f o u r  geothermal aqu i fe rs  l i e  w i t h i n  
t h e  W i l l i s t o n  Basin. Accurate de terminat ion  o f  
t h e i r  temperatures was the  f i r s t  o b j e c t i v e  i n  
assessing the  t o t a l  geothermal resource. Because 
o f  i t s  b e t t e r  accuracy, the  hea t  f l o w - s t r a t i -  
graphy syn thes is  method f o r  determining subsur- 
face  temperatures was used i n  t h i s  ana lys i s  o f  
t h e  W i l l i s t o n  Basin. Consequently, one o f  t h e  
s i g n i f i c a n t  r e s u l t s  o f  t h i s  study i s  t h a t  i t  
provides another comparison between the  BHT and 
heat f low synthesis methods f o r  assessing geo- 
thermal resources. 

The data f o r  t h e  W i l l i s t o n  Basin i nc lude  
heat  f l o w  data from previous s tud ies  (B lackwel l ,  
1969; Combs and Simmons, 1973; Sca t to l  i n i  , 1978) 
and s t r a t i g r a p h i c  data summarized i n  the  previous 
geothermal s tud ies  i n  North Dakota (Har r i s  e t .  
a l . ,  1982). Thermal c o n d u c t i v i t i e s  of rocks a t  
heat f l o w  s i t e s  were used as a bas is  f o r  es t imat -  
i n g  reg iona l  c o n d u c t i v i t i e s  f o r  gross l i t h o l o -  
g ies .  Although thermal c o n d u c t i v i t y  o f  a spec i f -  
i c  u n i t  may d i f f e r  f rom s i t e  t c  s i t e ,  t he  range 
o f  v a r i a t i o n  f o r  one rock type i s  small  compared 
t o  the  d i f f e r e n c e  i n  c o n d u c t i v i t i e s  f o r  d i f f e r e n t  
rock types c h a r a c t e r i s t i c  o f  t h e  W i l l i s t o n  Basin. 
For example, t he  range i n  c o n d u c t i v i t y  f o r  t h e  
Paleozoic shales i n  Kansas i s  about 0.3 W/m/K 
(B lackwel l  e t  a l . ,  1982), t h e  d i f fe rence i n  
c o n d u c t i v i t y  between the  P i e r r e  shale and the  
Madison l imestone i s  about 2.5 W/m/K. A 
c o n s t r a i n t  on the  range of thermal c o n d u c t i v i t i e s  

' FIGURE 2 - Comparison o f  an e q u i l i b r i u m  
temperature-depth l o g  (smal l  do ts )  w i t h  
hypothe t i  c a l  temperatures c a l  cu l  a ted  f rom heat 
f low ( l a r g e  do ts ) .  

I n  the  a p p l i c a t i o n  o f  t h i s  method i n  the  
Nebraska study, s t r a t i g r a p h i c  data were taken 
from e l e c t r i c  logs  f o r  a number of s i t e s  w i t h i n  
the  resource area. However, i n  t h i s  study the  
data were taken from a se r ies  o f  s t r u c t u r e  
contour maps o f  t he  p r i n c i p a l  rock formations i n  
t h e  W i l l i s t o n  Basin ( H a r r i s  e t .  a l .  1982). These 
maps permi t ted  establ ishment o f  a r e g u l a r l y  
spaced g r i d  of po in ts  f o r  subsurface temperature 
computations. 

Se lec t ion  o f  t he  g r i d  spacing was determined 
from the  spacing o f  a v a i l a b l e  heat f l o w  data, 
which i s  t he  q u a n t i t y  most l i k e l y  t o  vary  f rom 
s i t e  t o  s i t e .  The na ture  of t h e  temperature 
f i e l d  a r i s i n g  from a r a d i o a c t i v e  basement source 
i s  e s s e n t i a l l y  t he  same as t h a t  of a g r a v i t a -  
t i o n a l  f i e l d  a r i s i n g  f rom d i f f e r e n t  dens i t y  
d i s t r i b u t i o n s  i n  the  basement (Simmons, 1967). 
The simple ha l f -w id th  r u l e s  and depth r u l e s  t h a t  
app ly  t o  g r a v i t y  data a l s o  apply t o  temperature 
data, and i t  i s  reasonable t o  assume t h a t  l a t e r a l  
v a r i a t i o n  i n  heat f l o w  due t o  d i f fe rences  i n  
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basement r a d i o a c t i v i t y  should have i t s  sho r tes t  
wave lengths on the order  o f  t h e  th ickness of t he  
sedimentary cover. For the  W i l l i s t o n  Basin t h e  
i d e a l  spacing of heat f l o w  data would be on the  
order  o f  4 k i lometers.  The actual  spacing o f  
data f rom prev ious s tud ies (see S c a t t o l i n i  , 1977) 
ranges from 10 t o  g rea te r  than 100 km and i s  
commonly about 40 ki lometers.  To form a g r i d  f o r  
temperature p ro jec t i ons ,  gpeculat ive i n t e r p o l a -  
t i o n  o f  t h e  data i s  necessary. However, 
e x t r a p o l a t i o n  of these widely  spaced data t o  a 
dense g r i d  of 4 k i lometers i s  u n j u s t i f i e d ;  and 
t h e  l e a s t  specu la t i ve  e x t r a p o l a t i o n  seems t o  be a 
g r i d  spacing o f  about 40 k i lometers.  For the  
purpose o f  p o r t r a y a l  on a v a i l a b l e  maps, a spacing 
corresponding t o  4 townships, i.e., 24 mi les 
(38.6 km) was adopted. 

RESOURCE ESTIMATES 

Temperatures on top  o f  each of the aqu i fe rs  
were p ro jec ted  f o r  each p o i n t  i n  the 9x10 g r i d  
us ing the  simple equat ion f o r  one dimensional 
heat f l o w  

where Q i s  heat f low,  K i s  thermal conduc t i v i t y ,  
dT i s  t he  incremental  change i n  temperature f o r  
an incremental  change i n  depth o f  dZ. The 
temperature a t  any p o i n t  Z can be ca l cu la ted  by 

T = To + Z i ( Q / K i )  (Eq. 2) 

where To i s  sur face temperature, Z i  and K i  are 
the th icknesses and thermal c o n d u c t i v i t i e s  o f  t he  
n o v e r l y i n g  l aye rs .  

Estimates o f  t h e  mean accessible resource 
base were obta ined us ing the  method of Sorey e t .  
a l .  (1983b), i.e., 

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

where qR i s  t h e  access ib le  resource base, pc i s  
the vo lumetr ic  s p e c i f i c  heat o f  the rock p lus 
water, a i s  t he  r e s e r v o i r  area, d i s  t he  reser-  
v o i r  th ickness, t i s  the  r e s e r v o i r  temperature, 
and tr i s  15°C. This  method g ives an optoni is t ic  
est imate f o r  t h e  resource base because o f  t he  
l a r g e  temperature drop t h a t  i s  used. However, 
each use o f  geothermal waters may r e q u i r e  d i f f e r -  
en t  amounts o f  heat ex t rac t i on ,  and heat ex- 
changer c h a r a c t e r i s t i c s  vary widely  among d i f f e r -  
en t  types and i n  d i f f e r e n t  app l i ca t i ons .  There- 
fo re ,  i t  may be b e t t e r  t o  spec i f y  a spec i f i c  
re ference temperature f o r  purpose of resource 
es t ima t ion  and l e t  t he  p o t e n t i a l  user  make 
a d d i t i o n a l  est imates based on the data and h i s  
p a r t i c u l a r  needs. 

The recoverable resource can be ca l cu la ted  
from t h e  access ib le  resource base by consider ing 
the  hydro log ic  p roper t i es  o f  t h e  aqu i fe rs .  The 
general approach o f  Sorey e t .  a l .  (1983b) could 
be app l i ed  t o  t h e  d i f f e r e n t  aqui fers  i n  t h e  bas in 
us ing a v a i l a b l e  data on t h e i r  respec t i ve  
hydro log ic  p roper t i es .  However, the general 

conclusion reached by Sorey e t .  a l .  (1983b), 
i.e., t h a t  t h e  recovery f a c t o r  f o r  l a r g e  sedimen- 
t a r y  bas is  approaches 0.001, serves as a conve- 
n i e n t  method f o r  making the resource estimate. 
I n  f a c t ,  apply ing t h i s  recovery f a c t o r  t o  the 
W i l l i s t o n  Basin data gives lower est imates f o r  
the resource than were obtained by Sorey e t .  a l .  
(1983a). 

Apply ing t h i s  recovery f a c t o r  t o  the data 
obtained i n  t h i s  study gives est imates f o r  the 
resource t h a t  exceed the  est imate o f  Sorey e t .  
21. (1983a) by about 107 percent f o r  the Inyan 
Kara and 25 percent f o r  t he  Madison. The d i f f e r -  
ence f o r  t he  Madison i s  due on ly  t o  t h e  tempera- 
t u r e  d i f ferences used ir! the ca l cu la t i ons .  The 
d i f f e r e n c e  f o r  t h e  Inyan Kara i s  due t o  tempera- 
t.ure d i f ferences and t o  the s i z e  o f  the area 
inc luded i n  the  estimate. The e x t e n t  o f  the 
resource area can be ca l cu la ted  by app ly ing  the 
c r i t e r i o n  o f  Reed (1983), i.e., t h a t  a resource 
must have a temperature exceeding T r ;  where 

(See Table 7, pg. 59). 
t 

T r  = T10 + Z(25) (Eq. 4) 

T10 i s  mean annual surface temperature p lus 10°C 
and 2 i s  depth t o  resource. The Inyan Kara 
under l i es  Cretaceous shales t h a t  have a thermal 
c o n d u c t i v i t y  on the  order o f  1.2 W/m/K, assumine 
t h a t  t h e  mean heat f l o w  i n  the bas in i s  55 mW/m 
the minimum depth a t  which the Inyan Kara becomes 
a rescurce can be ca l cu la ted  by s e t t i n g  Equation 
2 equal t o  Equation 4 and s o l v i n g  f o r  Z. For  the 
condi t ions given above, t h i s  depth i s  720 meters. 

CONCLUSIONS 

Met hod0 1 ogy 

The method o f  est imat ing suhsurface tempera- 
tu res  used i n  t h i s  study i s  s i g n i f i c a n t l y  more 
accurate than i s  t he  use o f  BHT data. Appl ica- 
t i o n  o f  the heat f l o w  synthesis method i n  t h i s  
study r e l i e d  on the assumption t h a t  thermal 

’ c o n d u c t i v i t i e s  do no t  vary over the study area. 
This assumption i s  n o t  e n t i r e l y  co r rec t .  
Formation c o n d u c t i v i t i e s  do vary throughout the 
basin, bu t  t he  v a r i a t i o n  i s  s i g n i f i c a n t l y  less 
than the d i f f e rences  i n  c o n d u c t i v i t i e s  between 
format ions. Consequently, e r r o r s  i n  ca l cu la ted  
subsurface temperature due t o  v a r i a t i o n  i n  
format ion c o n d u c t i v i t i e s  are s i g n i f i c a n t l y  l ess  
than e r r o r s  t h a t  r e s u l t  from app ly ing  l i n e a r  
gradients  ext rapolated from BHT data. 

The heat  f l o w  synthesis method would be best 
appl i e d  where ac tua l  c o n d u c t i v i t i e s  a r e  measured 
a t  each g r i d  p o i n t .  I n  most sedimentary basins 
t h i s  cond i t i on  can be met. Most s t a t e  geologica l  
surveys mainta in  d r i l l  core r e p o s i t o r i e s  o r  
l i b r a r i e s  and numerous samples are a v a i l a b l e  f o r  
thermal c o n d u c t i v i t y  analyses. It i s  suggested 
t h a t  a cooperat ive e f f o r t  between the s t a t e  
geologica l  surveys and the  geothermal l abo ra to r -  
i e s  a t  several  u n i v e r s i t i e s  and t h e  U.S.G.S. 
could lead t o  accurate temperature analyses of 
most sedimentary basins. It i s  recommended t h a t  
t h i s  type o f  p r o j e c t  be a major component of any 
f u t u r e  na t i ona l  geothermal program. 
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Resources 

Th is  assessment of geothermal resources'  i n  
the  Inyan Kara, Madison, Duperow, and Red R ive r  
aqu i fe rs  places the  access ib le  resource base i n  
North Dakota a t  13,500 x 10 J (Table 1). 

TASLE 1 

Hcan 
Accessible 

Haximum Hinl!wn Reservoir Reservolr Resourcr 
Mea0 Temp. Temp. Area Thickness 

Temperature O C  O C  

Inyan Kara 51 84 25 128.OOC 0.091 1,100 

Madison 69 117 31 128.COO 0.366 6,600 

Duperow 81 127 34 128.000 O.:OO i.2UO 

Red R i v e r  87 138 35 128,000 0.150 3.600 

Assuming an est imated recovery f a c t o r  o f  0.001 
f o r  geothermal waters andg t h a t  a b a r r e l  o f  
petroleum conta ins  6.07 x 10 J . ,  t he  recoverable 
geothermal resource contained w i t h i n  four  aqui-  
fe rs  i n  North Dakota '4 equ iva len t  t o  the  energy 
contained i n  2.22 x 10 b a r r e l s  of petroleum. A 
s u r p r i s i n g  . r e s u l t  o f  t h i s  study i s  t h a t  t he  
q u a n t i t y  o f  geothermal energy i n  the  W i l l i s t o n  
Basin may exceed t h e  energy t h a t  i s  present i n  
the  form o f  o i l .  The p o t e n t i a l  impact o f  t h i s  
energy resource on t h e  i n d u s t r i a l  c l ima te  o f  
North Dakota should be explored, [tn d e p t a  

Technology f o r  u t i l i z a t i o n  o f  t he  geothermal 
resource d i r e c t l y  as a heat source and f o r  
e l e c t r i c  power generat ion w i t h  b ina ry  systems has 
developed t o  an economical stage. When e x p l o i t e d  
us ing  bo th  p roduc t ion  and r e - i n j e c t i o n  we l ls ,  
t h i s  l a rge  energy resource i s  almost non-deplet- 
ab le  and i s  non-po l lu t ing .  Some poss ib le  uses 
f o r  t he  resource are:  e l e c t r i c  power supply, 
d i r e c t  heat ing  supply, l i g n i t e  d ry ing ,  grair !  
dry ing, e l e c t r i c  r a i l  systems, vegetable crops i n  
geothermal ly heated green houses, and f i s h  
farming . 
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