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Executive Summary 

T h i s  r epor t  on ' known and p o t e n t i a l  geothermal resources  of the eas t e rn  
United S t a t e s  was prepared fo r  the Department of Energy's Divis ion of Geo- 
thermal Energy as p a r t  of a multi- task e f f o r t  under the Div i s ion ' s  program 
of geothermal resource development. The resources  considered a re  exclu- 
s i v e l y  hydrothermal, and the  study was confined to  the  35 s t a t e s  eas t  of 
t h e  Rocky Mountains, excluding the  Dakotas. Resource d e f i n i t i o n  i n  these 
a reas  i s  based e n t i r e l y  on d a t a  found i n  the  l i t e r a t u r e  and i n  the f i l e s  of 
a number of s t a t e  geological  o f f i c e s .  

The genera l  geology of the  eas t e rn  United S t  es is  out l ined  i n  the  f irst  
s e c t i o n  of t he  repor t .  Since the  presence of geothermal resources  i n  an 
a r e a  i s  governed by the  area's geology, an attempt to  de f ine  useful  geo- 
thermal resources  i s  f a c i l i t a t e d  by an understanding of t he  geology of the 
a r e a  being s tudied .  Six r e l a t i v e l y  homogeneous eas t e rn  geologic regions 
a r e  discussed.  

The usefu lness  of geothermal resources  i s  constrained by both technological  
and economic f ac to r s .  The access ib l e  geothermal resource base is l imited 
by d r i l l i n g  technology t o  the upper 10 kilometers  '(33,000 f e e t )  of the  
e a r t h ' s  c r u s t .  However, only the  hea t  i n  the  upper 4 .5  kilometers  (15,000 
f e e t )  i s  c u r r e n t l y  considered t o  be usefu l .  Geothermal waters a t  tempera- 
t u r e s  lower than about 40°C (104°F) a re  not l i k e l y  to  be economically 
e x p l o i t a b l e  ?except under the  most favorable  circumstances,  and then only if 
found a t  depths  of 1 kilometer  (3,300 f e e t )  o r  less' 

Geothermal I n d i c a t o r s  

Useful  geothermal resources  are normally associated with a reas  of above- 
average temperature g rad ien t  o r  above-average flow of hea t  t o  the  e a r t h ' s  
su r f ace .  Hence, hea t  flow s t u d i e s  a re  ca r r i ed  out  i n  the  i n i t i a l  phases of 
many geothermal exp lo ra t ion  programs. Heat ' f low ' i n  the  e a s t e r n  United 
States is u s u a l l y  about 1 x cal/cm2 sec  (1 heat  flow u n i t  o r  
HFU) and temperatures change w i t h  depth at a r a t e  of about 18.2*C/km 
(l°F/lOO f t ) .  The maximum values  of heat  flow and temperature grad ien t  
expected i n  t h i s  region under the  most favorable  condi t ions  are about 2;3 
HFU and 57"C/km (3.l0F/l00 f t ) .  

Geochemical s t u d i e s  are e s p e c i a l l y  usefu l  explor ing f o r  'hydrothermal 
energy. The s i l i c a  and sodium-potassium-c um geothermometers are the  
most widely recognized t o o l s  f o r  es t imat ing  r e s e r v o i r  temperatures from 
chemical da t a .  Regio s t u d i e s  of s i l i c a  concent ra t ion  i n  ground water 
provide important c l u  r iden t i fy ing  areas having e leva ted  heat  flow and 
subsurface temperatur n the  e a s t e r n  United S t a t e s  a chalcedony, r a t h e r  
than  qua r t z ,  equi l ibr ium is  usua l ly  assumed fo r  temperature es t imates  based 
on the  ' s i l i c a  geothermometer. 

Since hydrothermal systems are o f t e n  assoc ia ted  with t ec ton ic  a c t i v i t y ,  
a v a i l a b l e  subsurface temperature d a t a  i n  the  eas t e rn  United S t a t e s  tend t o  
show a good c o r r e l a t i o n  with se i smic i ty .  
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Indicated Geothermal Resources 

The known occurrences of geothermal energy in  the eas t e rn  United S t a t e s  
f a l l  i n t o  four categories:  w a r m  spr ing systems, r ad ioac t ive  g r a n i t e  plu- 
tons beneath t h i c k  sediment covers,  abnormally warm a q u i f e r s ,  and deep 
sedimentary basins  with normal temperature g rad ien t s .  

Warm springs with the most p o t e n t i a l  are found i n  the Appalachian and 
Ouachita Mountains and i n  the  Trans-Pecos area of Texas. The Appala- 
chian and Ouachita spr ings are associated with s t eep ly  dipping 
q u a r t z i t e  beds and a l s o  may be r e l a t ed  t o  f a u l t s .  Springs in  the 
Trans-Pecos are r e l a t e d  t o  Basin and Range f a u l t i n g .  

Radioact ive g r a n i t i c  plutons underlying th i ck ,  lowconduct iv i ty  sedi- 
ments are thought t o  occur beneath the A t l a n t i c  Coastal  P l a i n  and are 
c u r r e n t l y  the  focus of a DOE-sponsored geothermal explorat ion pro- 
gram. The f i r s t  deep w e l l  d r i l l e d  as a par t  of t h i s  program encoun- 
t e r ed  an aqu i f e r  with a temperature of 56°C (133°F) a t  1.2 ki lometers  
(4,000 f e e t )  near  C r i s f i e l d ,  Md. 

Abnormally warm aqu i f e r s ,  presumably caused by updip o r  fracture-zone 
movement of water,  a r e  found at  several  places  in  the Gulf Coastal 
P l a i n  i n  Texas and Arkansas. Numerous wells a t  depths of 1 t o  3 
ki lometers  (3,000 t o  10,000 f e e t )  with g rad ien t s  in the 30 t o  
4OoC/km (1.6 t o  2.2 "F/100 f e e t )  range have been d r i l l e d  i n t o  the 
Smackover Formation i n  southern Arkansas. Measured geothermal gradi- 
e n t s  of 25 t o  45"C/km (1.4 t o  2.5'F/100 f e e t )  a r e  reported in  the 
Balcones and Luling-Mexia-Talco f a u l t  zones i n  e a s t e r n  Texas. Warm 
waters  are a l so  thought t o  be present above the geopressured zones of 
t h e  Gulf Coast. An extensive area of thermal waters i s  in fe r r ed  to  
l i e  under the  western t h i r d  of Nebraska. 

Several  deep basins  e x i s t  where temperature g rad ien t s  a r e  no higher 
than normal but where sediments are s u f f i c i e n t l y  t h i c k  t o  provide 
elevated temperatures near basement. However, these resources cannot 
be  u t i l i z e d  unless  d r i l l i n g  c o s t s  f o r  deep wel ls  can be g r e a t l y  re- 
duced. 

Undiscovered Resources 

Undiscovered geothermal resources are most l i k e l y  t o  e x i s t  i n  areas  charac- 
t e r i z e d  by h i s t o r i c a l  seismic a c t i v i t y  o r  by high heat  flow involving ra- 
d i o a c t i v e  g r a n i t e  plutons,  l o w c o n d u c t i v i t y  sediments, deep c i r c u l a t i o n  of 
ground water, o r  combinations of t hese  f a c t o r s .  

Radioactive g r a n i t e  plutons are of importance only i f  covered by 
t h i c k  l a y e r s  of l o w c o n d u c t i v i t y  sediments, and here  t h e  At l an t i c  
Coastal  P l a i n  holds  g r e a t e s t  promise. In gene ra l ,  conduct ivi ty  i n  
inland regions is too high to p e r m i t  t he  generat ion of s u f f i c i e n t l y  
high temperatures at reasonable depths by t h i s  mechanism. 

2 
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Deep c irculat ion of ground wafer, ia possible under geological condi- 
t i ons  similar to those in the folded Appalachians. Conditions in 
some portions of  the Blue Ridge, the Piedmont the Champlain Valley,  
and the Ouachita structural trend are favorable for th i s  kind of 
occurrence. 

. .  .. . 

. .  

. .  

, .  
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In t roduct ion  

I n  June 1978, Gruy Federal ,  Inc. contracted with the Department of Energy's 
Divis ion of Geothermal Energy t o  perform various tasks  associated with the 
Div is ion ' s  program of development and u t i l i z a t i o n  of hydrothermal geother- 
m a l  resources  i n  35 eas t e rn  states. This r epor t ,  prepared i n  fu l f i l lmen t  
of  one of these  t a sks ,  provides an ove ra l l  d e f i n i t i o n  of the  known and 
p o t e n t i a l  hydrothermal geothermal resources  of these states.  It does not 
include d iscuss ion  of geopressured and hot-dry-rock geothermal resources.  

The repor t  includes a b r i e f  in t roduct ion  t o  those geological  fea tures  of 
t h e  eas t e rn  United S t a t e s  p a r t i c u l a r l y  important to  ident i fy ing  geothermal 
resources .  The reader  des i r ing  nore information should consul t  the refer-  
ences c i t e d  i n  the  t e x t .  

A l l  maps are on the  same sca le  and pro jec t ion  as the U.S. Geological Survey 
Base Map of the  United S t a t e s  (1:16,500,000), t o  a id  i n  the comparison of 
d a t a  from map to  map. 

W e  are g r a t e f u l  t o  Chester R. P e l t o ,  senior  geologis t  at Gruy Federal ' s  
Arl ington o f f i c e ,  f o r  h i s  he lp fu l  d i scuss ions  and c r i t i c a l  review of t h i s  
manuscript and t o  D r .  Gerald P.  Brophy, DOE technica l  pro jec t  o f f i c e r ,  for  
h i s  guidance of the  p ro jec t .  The a s s i s t ance  of many s ta te  geological  
surveys and o the r s  i n t e re s t ed  i n  geothermal energy i n  the eas t e rn  United 
S t a t e s  i s  a l s o  appreciated.  

. 
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General Geology of the Eastern United S t a t e s  

Physiographical ly ,  the eas t e rn  United S t a t e s  i s  divided i n t o  the Laurentian 
Upland, the A t l a n t i c  P l a i n ,  the Appalachian Highlands, the I n t e r i o r  P l a i n s ,  
and the I n t e r i o r  Highlands. Each major d iv i s ion  i s  f u r t h e r  divided in to  
provinces (Fenneman, 19461, portrayed in  a general  way i n  Fig. 1 ,  These 
provinces are a rough guide to  the geological character  of the underlying 
rocks.  Since the  correspondence i s  imperfect,  and since geothermal re- 
sources are con t ro l l ed  by geological f ea tu re s ,  the following discussion is 
organized around areas exh ib i t i ng  geologic s i m i l a r i t y .  

On the  b a s i s  of geology and geothermal p o t e n t i a l ,  the eas t e rn  United S t a t e s  
i s  divided he re  i n t o  s i x  regions,  as shown i n  Fig. 2 ,  This p a r t i t i o n i n g  i s  
not unique because geologic areas general ly  do not have sharp boundaries. 
The l a r g e s t  area considered i s  the Central S t ab le  region, roughly bounded 
by mountain systems t h a t  l i e  t o  the west (Rockies),  south (Ouachitas),  and 
east (Appalachians). The Appalachian region includes the Northern, Central  
and Southern Appalachians. The Ouachita region c o n s i s t s  of t he  Ouachita, 

.Arbuckle, Wichita,, and Amarillo Mountains and the deep sedimentary basins  
. a s s o c i a t e d  with them. Although the eas t e rn  coas t a l  p l a i n  of the United 
S t a t e s  extends from Texas t o  Massachusetts, it is  divided i n t o  the A t l a n t i c  
and Gulf Coast regions because of d i f f e r i n g  geologic cha rac t e r  and geo- 
thermal p o t e n t i a l .  A po r t ion  of West Texas--the Trans-Pecos region--is 
w i t h i n  the  Basin and Range province, the bulk of which l i es  to  the west of 
t h e  Rocky Mountains. Although q a l l ,  i t  i s  s u f f i c i e n t l y  d i f f e r e n t  from the  
o t h e r  regions t o  m e r i t  spec i a l  a t t e n t i o n .  

Figure 3 ,  a geologic map of the e a s t e r n  United S t a t e s ,  and Table 1 ,  showing 
t h e  major d i v i s i o n s  of geologic t i m e ' ,  are included fo r  reference i n  the 
d i s c u s s i o n  of t he  s i x  e a s t e r n  regions which follows. 

Cen t ra l  S t a b l e  Region 

Th i s  region includes the  l d e s t  and most s t a b l e  port ion of North America. 
I n  t h e  United S t a t e s  i t  i s  bordered by the Rocky Mountain system to  the  
west, t he  Ouachita Mountains and related s t r u c t u r e s  t o  the  south,  and the  
Appalachians t o  the  east. To t he  north,  the s t a b l e  region extends i n t o  
Canada. 

The region can be divided i n t o  two areas: the  Laurentian Shield and the  
I n t e r i o r  Lowlands. In t h e  United S t a t e s ,  t he  Laurentian Shield comprises 
t h e  exposed Precambrian rocks of northern Minnesota, Wisconsin, Michigan, 
and t h e  Adirondack Mountains of New York. It has been s t a b l e  r e l a t i v e  t o  

' sea level most of the t i m e  s i n c e  t h e  c lose  of the  Precambrian, and l i t t l e  
_ _  o r  no sedimentary cover has been deposited over i t .  The I n t e r i o r  Lowlands 

> 

are the  sediment-mantled extension of the  Laurent ian Shield.  

L i t t l e  is known of Precambrian s t r u c t u r e s  i n  t h e  Central  S t ab le  region ex- 
c e p t  where Precambrian rocks are exposed at the su r face  o r  where they act  
as controls f o r  Paleozoic  s t r u c t u r e s .  One exception i s  the Mid-Continent 
g r a v i t y  high extending from c e n t r a l  Kansas t o  the Lake Superior region. 
Minor earthquakes have been associated with t h i s  geophysical anomaly 
( S t e e p l e s  and o t h e r s ,  1979) 
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MAJOR DIVISIONS OF GEOLOGIC TIKE 

Millions of 
years ago 

ERA PERIOD 0 
I 

Quaternary 3 Cenozoic 

Tertiary 65 

Cretaceous 136 

Mesozoic 

280 

Pennsylvanian 320 

Mississippian 345 

Paleozoic 

4 35 

Ordovician 500 

Precambrian 

I 

Times are based on radiogenic dating 
of years before the present. Adapted from Newman (1978). , ,  

re reported in 

, J  
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The major post-Precambrian s t r u c t u r a l  f ea tu re s  of the area are shown i n  
Fig.  4 .  For the most pa r t  they a r e  gen t l e  domes o r  arches and shallow ba- 
sins. Fault ing appears not t o  have been important i n  the  formation of mst 
s t r u c t u r e s ,  although minor f a u l t s  are associated with many of them. 

Several  areas of the Central  S t ab le  region were s t r u c t u r a l  highs during 
p a r t  o r  a l l  of the Paleozoic E r a .  Among these,  the Nemaha U p l i f t ,  Central  
Kansas U p l i f t ,  Cambridge Arch, and Chadron Arch are associated with some 
recen t  low-level seismic a c t i v i t y  and i n  some places  with elevated tempera- 
t u r e  g rad ien t s .  These t rends may have some p o t e n t i a l  for  l o r t e m p e r a t u r e  
thermal waters. The thickness  of sediments overlying c r y s t a l l i n e  rocks, o r  
basement, i s  con t ro l l ed  by the regional  slope of the Precambrian rocks away 
from the sh i e ld  area and by the  series of arches,  domes, and basins  devel- 
oped on the  basement, pr imari ly  during the Paleozoic Era.  Except for  the 
I l l i n o i s  and Michigan basins  and the major depos i t i ona l  basins  associated 
with the Rocky, Ouachita, and Appalachian Mountain b e l t s ,  sediments are not 
more than 1,500 meters (5,000 f e e t )  t h i c k  within the s t a b l e  region. Figure 
5 i s  a generalized map of sediment thickness.  

The I l l i n o i s  and Michigan basins  are typ ica l  of basins  developed i n  s t a b l e  
areas. During t h e  Paleozoic Era they accumulated up t o  4,600 meters 
(15,000 f e e t )  of sediments ( E l l s  and I v e s ,  1964; Willman and o t h e r s ,  1975). 
The Michigan bas in  is the simpler of the two. Roughly symmetrical, i t  
e x h i b i t s  only minor folding and f a u l t i n g .  Sedimentation was almost cont in- 
uous i n  the  bas in  during the Paleozoic so t h a t  rocks from each period are 
represented i n  the s t r a t i g r a p h i c  column. I n  the  s t r u c t u r a l l y  more complex 
I l l i n o i s  bas in  the major s t r u c t u r a l  element is the LaSalle a n t i c l i n a l  b e l t  
extending from north c e n t r a l  t o  east c e n t r a l  I l l i n o i s .  

The most complexly f au l t ed  area of the c e n t r a l  United S t a t e s  is  an east-  
west trending zone along the  38th p a r a l l e l  from c e n t r a l  Missouri to V i r -  
g i n i a .  The trend of f a u l t s ,  igneous i n t r u s i o n s ,  and mineral depos i t s  has 
been termed the 38th p a r a l l e l  lineament by Zartman and o t h e r s  (1966). Heyl 
(1972) extends the  lineament westward to  the Rocky Mountains. Associated 
with i t  are the  Irvine-Paint  Creek, West Hickman Creek, Kentucky River,  and 
Rough Creek f a u l t  zones i n  Kentucky; t h e  Rough Creek-Shawneetown and Cot- 
t age  Grove f a u l t  zones i n  I l l i n o i s ;  and the  S t .  Lawrence and N e w  Madrid 
f a u l t  zones i n  I l l i n o i s  and Missouri. 

The lineament probably o v e r l i e s  a major f a u l t  i n  the buried Precambrian 
rocks,  and it  may be the con t inen ta l  equivalent of such major oceanic f a u l t  
t r e n d s  as the Mendocino and Kelvin zones o f f  the U.S. c o a s t s  i n  the P a c i f i c  

. and A t l a n t i c  Oceans, r e spec t ive ly  (Heyl,  1972). Seismic a c t i v i t y  continues 
along some s e c t  ions of the lineament. 

Appalachian Region 

Basic t o  an apprec i a t ion  of geothermal p o t e n t i a l  i n  t he  Appalachians i s  an 
understanding of t h e i r  general  geologic s e t t i n g .  Several  summaries of 
Appalachian geology have been published i n  the past  11 yea r s .  The works of 
Rodgers (19701, Zen and o t h e r s  (1968), and F i she r  and o t h e r s  (1970) are 
e s p e c i a l l y  recommended t o  the reader d e s i r i n g  a more complete background i n  
Appalachian geology. 

10 
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Precambrian, Paleoz , and Mesozoic tec tonic  a c t i v i t y  inf luences the loca- 
t i o n  of geothermal prospects  i n  the Appalachian Region, r a t h e r  than Ceno- 
zoic  events  t h a t  gene ra l ly  dominate geothermal mani fes ta t ions  worldwide. 
Because of t he  a s soc ia t ion  with o lder  tec tonic  f ea tu res ,  the geothermal 
resources  of the  eas  r n  United States a r e  expected to be more loca l ized  
and of lower grade. 

In the  broadest  sense, t he  Appalachian region comprises a l l  t h a t  par t  of 
t he  e a s t e r n  United S t a t e s  where the rocks were s i g n i f i c a n t l y  deformed dur- 
ing Paleozoic  time. The Appalachian s t r u c t u r a l  trend genera l ly  p a r a l l e l s  
t h e  A t l a n t i c  c o a s t l i n e .  Extending northeastward from Alabama to  the Cana- 
d i a n  Province of Newfoundland , i t  separa tes  the  f l a t - ly ing  Paleozoic sedi- 
ments of t he  s t a b l e  I n t e r i o r  Lowland from the  gent ly  *dipping undeformed 
Mesozoic and Cenozoic sediments of the At l an t i c  Coastal  P l a i n .  The Appala- 
chians can be divided i n t o  three segments from southwest to northwest. The 
southernmost segment extends from c e n t r a l  Alabama to  near Roanoke, Va. The 
Cent ra l  Appalachians continue from near Roanoke to  New York. The t h i r d  
s e c t i o n ,  t he  Northern Appalachians, extends from New York through the New 
England s t a t e s  t o  the  Gulf of St.  Lawrence i n  Canada. Although a l l  sec- 
t i o n s  d i sp lay  many common c h a r a c t e r i s t i c s ,  each has i t s  own unique tec tonic  
cha rac t e r  . . 
The Southern and Cent ra l  Appalachians a re  s t r u c t u r a l l y  divided from north- 
west to southeas t  i n t o  four provinces: Appalachian Basin, Folded Appala- 
chians o r  Val ley and Ridge, Blue Ridge, and Piedmont. 

Appalachian Basin. I n  the  Appalachian Basin, the  s t r a t a  a re  genera l ly  f l a t  
and maturely d i s sec t ed  by an arborescent  drainage system. I n  West V i r -  
g i n i a ,  Pennsylvania,  and New York, t he  sediments are s l i g h t l y  deformed i n t o  
a series of g e n t l e  folds, '  with minor folding and some fau l t i ng .  The sedi- 
ments have a low reg iona l  slope to  the  e a s t  and may a t t a i n  thicknesses  as 
g r e a t  as 9 k i lometers  (30,000 f e e t )  i n  t he  deepest pa r t  of the  basin along 
V i r g i n i a ' s  western border (King, 1969). The Appalachian Basin r ep resen t s  a 
broad .b rans i t i on  from the f l a t - ly ing  rocks, g e n t l e  arches, and domes of the 
s t a b l e  i n t e r i o r  t o  the  in t ense ly  folded s t ra ta  of the  Folded Appalachians. 

Folded Appalachians. The Paleozoic  rocks i n  the  Folded Appalachians are 
h igh ly  deformed to y i e ld  steep-limbed a n t i c l i n e s  and syncl ines  These 
folded rocks produce the  c l a s s i c  Appalachian landscape of l i n e a r  r idges  and 
v a l l e y s ,  commonly of g rea t  length. The physiography of t he  region i s  al- 
most e n t i r e l y  con t ro l l ed  by the  geologic s t r u c t u r e .  

The c e n t r a l  s e c t i o  f t he  Folded Appalachians has been considered to be 
almost t o t a l l y  dominated by fo ld ing ,  p a r t i c u l a r l y  i n  Pennsylvania.  How 
eve r ,  some major t h r u s t  f a u l t s  a r e . p r e s e n t ,  and Gwinn (1964, p. 863) states 
t h a t  "the t e c t o n i c  t y l e  and mode of deformation of the  ' folded '  Cent ra l  
Appalachians i s  . . p r a c t i c a l l y .  i den t i ca l .  with t h a t  observed i n  the  
' t h rus t - f au l t ed '  Southern Appalachians. The only  important d i f f e rence  be- 
tween the  two regions i s  t h a t  t he  upward-shearing segments, or ' t o e s , '  of 
t h r u s t  shee t s  i n  the  Southern Appalachians have been exposed by eros ion ,  
whereas the  toes of the  major Central  Appalachian t h r u s t  shee ts  are s t i l l  
covered by a m i l e  or more of s t r a t i f i e d  rocks.'' 

13 



I n  t h e  Southern Appalachians, fo lds  and t h r u s t  f a u l t s  dominate. Rich 
(1934) observed t h a t  although the area was broken by f a u l t i n g ,  none of 
t h e  f a u l t s  brought the o ldes t  rocks of the region t o  the surface.  Suff i -  
c i e n t  information w a s  not pub l i c ly  ava i l ab le  t o  document t h i s  mode of 
deformation u n t i l  Gwinn (1964) published a summary of d a t a  from o i l  and gas 
exp lo ra t ion  programs. That summary, together  with regional seismic pro- 
f i l e s  and deep d r i l l i n g  reported by Jacobeen and Kanes (19741, has confirm- 
ed Rich's o r i g i n a l  concept t ha t  deformation is  confined to 'the sedimentary 
rocks overlying o lde r  c r y s t a l l i n e  rocks. 

Th i s  s t y l e  of deformation has been ca l l ed  "thin-skinned" (Rodgers, 1949, p. 
1653-1654). It is character ized by sheets  of sediments sheared along rela-  
t i v e l y  incompetent sha le  and t h r u s t  to  the northwest. In  some areas the 
t h r u s t  has been divided among smaller f a u l t s  near the su r face ,  causing sev- 
e r a l  shee t s  of sediments t o  be t h r u s t  one upon the  o the r .  The Ray Spo- 
naugle well i n  Pendleton County, W.Va.,  d r i l l e d  t o  3,963 meters (13,000 
f e e t )  i n  1960, shows such a repeated sec t ion  (Perry,  1964). Most of the 
fo ld ing  v i s i b l e  a t  t h e  surface appears t o  r e s u l t  from t h r u s t i n g  at  depth. 

Blue Ridge. The t h i r d  province of the Central  and Southern Appalachians, 
t h e  Blue Ridge, extends from northern Georgia t o  southern Pennsylvania. 
Rocks of Blue Ridge type are exposed discont inuously f a r t h e r  t o  the north- 
east i n  the  Reading Prong, t he  N e w  J e r s e y  Highlands, the Berkshire H i l l s ,  
and t h e  Green Mountains. The width of t he  Blue Ridge v a r i e s  i nve r se ly  with 
t h a t  of t he  Val ley and Ridge Province. I n  the  Central  Appalachians i t  con- 
sists of a s i n g l e  mountain r idge  t o  the  southeast  of the broadest s ec t ion  
of the Val ley and Ridge Province. In  the  v i c i n i t y  of Roanoke the  Blue  
Ridge widens a t  t h e  expense of t he  Val ley and Ridge i n t o  i t s  southern cul- 
mination, t he  Great Smoky Mountains. A t  Roanoke, the s t r u c t u r a l  s t y l e  a l s o  
undergoes an abrupt change comparable t o  the  change i n  s t y l e  of the Val ley 
and Ridge Province a t  t h i s  l a t i t u d e .  The Blue Ridge north of Roanoke can 
be cha rac t e r i zed  as a fold b e l t  which i s  i t s e l f  arched upwards and i n  
p l aces  overturned t o  t h e  w e s t .  To the  southwest, t he  s t r u c t u r e  is similar 
t o  t h a t  of t h e  southern Val ley and Ridge Province. Mult iple  t h r u s t  shee t s  
have been mapped i n  the  Smoky Mountains and seve ra l  o t h e r  areas. The warm- 
est spr ings i n  t h e  Appalachians i s sue  from s t e e p l y  incl ined rocks of the 
Blue Ridge at  Hot Springs,  N.C. 

Piedmont. The southeasternmost province of t he  Appalachians is the  Pied- 
mont. It s lopes r a t h e r  g e n t l y  t o  t h e  southeast  from the  Blue Ridge and 
i s  even tua l ly  o v e r l a i n  by t h e  sediments of t he  Coastal  P l a i n .  The Piedmont 
i s  gene ra l ly  covered by a t h i c k  mantle of weathered rock t h a t  makes d e t a i l -  
ed geologic i n v e s t i g a t i o n s  d i f f i c u l t .  The rocks are mostly Paleozoic i n  
age, although Precambrian rocks can be recognized. Studies  of exposed 
igneous i n t r u s i o n s  i n  t h e  Piedmont are being used i n  the search f o r  geo- 
thermal resources  under t h e  Coastal  P l a i n  (Costain and o t h e r s ,  1976). 

Several  major f a u l t  zones have been mapped i n  t h e  Piedmont, and s t r u c t u r e s  
similar t o  those of t he  southern Val ley and Ridge and Blue Ridge provinces 
have been recognized ( H e w e t t  and Crickmay, 1937). Warm Springs,  Ga., is 
loca ted  i n  one of t hese  areas, which Rodgers (1970, p. 194) desc r ibes  as 
resembling "the mountains i n  t h e  Val ley and Ridge provinces mre than any 
i n  t h e  intervening Piedmont (except Talladega Mountain i n  Alabama) ." 
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The Northern Appalachians are not so e a s i l y  divided i n t o  the  c l a s s i c a l  
Appalachian framework as the  Central  and Southern sec t ions .  The Appala- 
chian P l a t e a u  s e t t i n g  is  e s s e n t i a l 1  absent north of the  C a t s k i l l  Mountains 
i n  .New York. Val ley and Ridge rock types a re  present  i n  the  upper Hudson 
and Champlain River Val ley and somewhat t o  the  e a s t .  However, the age and 
perhaps t h e  s t y l e  of deformation is  d i f f e r e n t .  

The geology 'of ' t h i s  area has been the  subject  of heated controversy for 
more than a century. .Zen (1967) has proposed a gene ra l ly  accepted model to 
exp la in  'the complex s t r u c t u r a l  and s t r a t i g r a p h i c  f ea tu res .  I n  i t s  simplest 
form h i s  model has the a rg i l l aceous  rocks of t he  Taconic Mountains t h r u s t  
over  o the r  Cambrian and Ordovician sediments i n  a manner somewhat s imi l a r  
t o  the  thrus ted  seq ces  of t he  Southern Appalachians. 

The Connecticut and Massachusetts and the  Green Moun- 
t a i n s  of Vermont a re  comparable to the  Blue Ridge. The remainder of New 
England tends t o  co la te  with the  Piedmont. 

Triassic basins', p a r a l l e l  t o  the trend of t he  Appalachians , extend from 
southern'~Vermont through -North Carolina.  Basins covered by younger sedi- 
ments are'known as f a r  south as Alabama. They are usua l ly  found i n  the 
Piedmont Province o r  i t s  northern equivalent .  Two of the more prominent 
bas ins  are the  Newark Basin, extending d iscont inuous ly  from near New York 
C i ty  t o  near  C h a r l o t t e s v i l l e ,  Va. ,  and the  Connecticut Val ley Basin o r  

Sanders (1963) suggests  ' t h a t  t h e  Connecticut Val ley contains  as 
much a$ 9 ki lometers  (30,000 f e e t )  of sediments. 'The bounding f a u l t s  of 
t h e  bas ins ,  where exposed i n  pre-Tert iary rocks, are g e n e r a l l y  s i l i c i f i e d  

._ 

f o r  t he  genes is  of the  T r i a s s i c  bas ins  have been pre- 
sented.  The o l d e r  t h e o r i e s  assume r i f t i n g  caused by r e l axa t ion  of the 
f o r c e s  t h a t  gave rise t o  the Appalachians, o r  r i f t i n g  caused by rebound of 
a thickened c r u s t  a f t e r  t he  f i n a l  episodes of Appalachian mountain build- 
ing. More recent1  s i n s  have been s tudied  i n  the  l i g h t  of continen- 
t a l  d r i f t  -theory* iewed as a major cont inen r i f t  system compar- 
a b l e  to  t he  mode 

I .  . . _ .  . 

The reg ion  comprises two p r i n c i p a l  +belts of deformation, t he  Wichita and 
t h e  Ouachi ta  systems (Fig.  4) and ' t he  deep sedimentary bas ins  assoc ia ted  
wi th  them. The Wichita system, extending westward from the  Ouachita Moun- 
* t a i n s ,  is &posed i n  the  Wichita and Arbuckle Mountains of Oklahoma and i n  

. t h e  Amarillo Mountains of t he  Texas Panhandle. Although the  rocks of the  
een i n t e n s e l y  deformed, p a r t i c u l a r l y  in  the  Arbuckle 
t h e  long p a r a l l e l  t h r u s t s  and fo lds  of the  Appalachian 
eformation of t he  Wichita b e l t  preceded the  Ouachita 

The Ouachita s t r u c t u r a l  b e l t  i s  a Pa leozoic  e a t u r e  t h a t  r i m s  t he  Gulf 
Coas ta l  P l a i  extending from Mexico to the  Marathon region of west Texas 

gh Wac0 and across  southern Oklahoma, Arkansas, and Miss i s s ipp i  . Some - g e o l o g i s t s  b e l i e v e  the  b e l t  may s t r e t c h  i n t o  c e n t r a l  
Alabama and even as f a r  east as nor thern  F lo r ida  (Flawn, 1959). Others 
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th ink  i t  may be an extension of the southern Appalachians, s ince  both the  
Val ley and Ridge and the  Ouachita Tectonic Belt were deformed during 
Pennsylvanian time (Thomas, 1977; King, 1969). 

There a r e  only three  exposures of the Ouachita system i n  the United S t a t e s :  
i n  the  S o l i t a r i o  and Marathon U p l i f t s  and in  the Ouachita Mountains. The 
major exposure i s  i n  the  Ouachita Mountains, which a r e  charac te r ized  by 
east-west t rending,  folded and fau l ted  Pa leoz ic  s t r a t a  q u i t e  s imi l a r  to the  
s t r u c t u r e s  of the  Folded Appalachians. To the south and e a s t ,  the Ouachita 
system i s  covered by the  Cretaceous and younger sediments of the Gulf 
Coastal  P l a i n .  

The West Texas Basin lies between the  Wichita and Ouachita systems. To the 
no r th  of t he  Wichita and Ouachita Mountains l i e  the  Arkoma, Ardmore, and 
Anad arko bas i n s .  

The Arkoma Basin is  a northeast-southwest t rending basin bounded on the  
no r th  by the  Ozark U p l i f t  and on the  south by the  Ouachita Mountains. The 
th ickness  of the  sedimentary sec t ion  ranges from 1 ki lometer  (3,300 f e e t )  
on the  nor thern  edge t o  10 ki lometers  (30,000 f e e t )  near t he  Ouachita 
Mountains. Block f a u l t i n g ,  fo lds ,  and northward over thrus t  beds a re  common 
s t r u c t u r a l  f ea tu re s .  

The Ardmore Basin i s  a small ,  deep bas in  bounded on the  nor th  by the  
Arbuckle Mountains u p l i f t ,  on the  southeas t  by the  Ouachita b e l t ,  and on 
the  southwest by the  Wichita Mountains. Sediment th ickness  exceeds 6 
k i lometers  (20,000 f e e t ) .  

The Anadarko Basin i n  c e n t r a l  Oklahoma t rends  northwest-southeast  . Thick- 
ness  of sediments i n  the  basin ranges from 1.3 k i lometers  (4,300 f e e t )  on 
the  edge to  12.3 k i lometers  (37,000 f e e t )  i n  t he  deepest p a r t .  

Gulf Coastal  P l a i n  

Within the  United S t a t e s ,  t he  Gulf Coastal  P l a i n  s t r e t c h e s  from the  south- 
e r n  t i p  of Texas along the  Gulf Coast i n t o  F lo r ida .  It gene ra l ly  extends 
inland from 240 t o  490 k i lometers  (150 t o  300 mi l e s )  and up to  960 k i lo -  
meters (600 mi l e s )  i n  the  Miss i ss ippi  Embayment. Mesozoic and Cenozoic 
sediments form a t h i c k  wedge of gulfward-sloping sediments. The Mesozoic 
rocks are gene ra l ly  fine-grained marine depos i t s .  T e r t i a r y  s t r a t a  cons i s t  
p r imar i ly  of more coarse-grained , land-derived sediments. The lowermost 
s t r a t a  are red beds and evapor i t e s ,  probably of J u r a s s i c  age, Thick 
d e p o s i t s  of rock s a l t  unde r l i e  M i s s i s s i p p i ,  Arkansas, Louis iana,  and Texas. 

The Balcones Faul t  Zone (Fig.  4 )  i s  a s e r i e s  of en echelon normal f a u l t s  
extending from the  Del Rio area i n  southwest Texas around the  southeast  
s i d e  of t he  Llano U p l i f t  and nor th  t o  Waco. The f a u l t s ,  which are down- 
thrown on the  southeas t ,  a r e  developed i n  Cretaceous strata and roughly 
fo l low the  t rend of t he  buried Ouachita system. 

The Luling-Mexia-Talco Faul t  System, to  the  east and nor theas t  of the  Bal- 
cones,  p a r a l l e l s  t he  Balcones Faul t  Zone and then curves t o  the  no r theas t .  
The Luling-Mexia-Talco f a u l t s  are downthrown on the  northwest.  Major mve-  
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ment may have occurred during the  Oligocene (Eardley, 1951). The down- 
thrown a reas  between the Balcones and Luling-Mexia-Talco Faul t  zones form 
grabens.  

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 l a i n  extends eastward from the  Piedmont province 
along the  A t l a n t i c  c o a s t l i n e  from Long I s l and  t o  Georgia and nor theas te rn  
F lor ida .  (Southwestern Georgia and the F lor ida  Panhandle a re  included i n  
t h e  Gulf Coastal  P l a in . )  It is genera l ly  considered t o  be a southeastward 
con t inua t ion  of t he  Piedmont. The F lor ida  peninsula is  a separa te  sec t ion  
of  the  Coastal  P l a i n ,  included here  with the  At l an t i c  Coastal  P l a i n  for  
s impl i c i ty .  

Only l imi ted  information i s  ava i l ab le  concerning the  c r y s t a l l i n e  rocks 
underlying the  Coastal  P l a in .  The sediments of the  Coastal  P l a i n  a re  Meso- 
zo ic  and Cenozoic sandy and clayey rocks. The basement sur face  and the 
sediments s lope gen t ly  toward the  ocean, with the  sedimentary wedge thick- 
ening toward the  sea ,  reaching a maximum th ickness  of about 3 ki lometers  
(10,000 f e e t )  i n  t he  v i c in i ty -  of Cape \Ha t t e ra s ,  N.C. (Brown and o the r s ,  
1972). 

Two models f o r  t he  c o a s t a l  p l a i n  sediments are c u r r e n t l y  appl ied.  The old- 
er  model assumes sedimentary beds gen t ly  s loping and thickening seaward 
wi th  l i t t l e  or no deformation and f au l t i ng .  A newer model proposed by 
Brown and o the r s  (1972) envis ions  the  Coastal  P l a i n  sediments deposited on 
o l d e r  rocks cons i s t ing  of a mosaic of c r u s t a l  blocks,  with the  geometry and 
r e l a t i v e  p o s i t i o n  of each c r u s t a l  block c o n t r o l l i n g  the  depos i t iona l  envir- 
onment of t he  overlying sediments. I f  t he  new model is c o r r e c t ,  aqui fe r  
systems probably would be more v a r i a b l e  and loca l i zed  than i n  the  t r ad i -  
t i o n a l l y  accepted "layer-cake" model. 

Trans-Pecos Region 

The Trans-Pecos region (Fig.  2) of w e s t  Texas i s  p a r t  of t he  Basin and 
Range physiographic province.  It is bounded on the  south by the  Mexican 
f o l d  b e l t ,  on the  no r theas t  by the  West Texas Basin, and on the  west by the  
Chihauhua t e c t o n i c  b e l t  (Henry, 1979). The region i s  charac te r ized  by 
north- and northwest-trending, block-faul ted mountains surrounding f l a t  
d e s e r t  bas ins  or bolsons.  Movement of t he  normal f a u l t s  i n  the  region is  
thought to be cont inuing (Henry, 1979). 

The sediments suppl ied by the  e ros ion  of t he  nearby mountains f i l l e d  the  
bolsons during t h e  Miocene. The Hueco Bolson (Fig.  41, east of E l  Paso, 
has  as much as 2,750 meters (9,000 f e e t )  of sediments. The sediments of 
t h e  P r e s i d i o  Bolson and the  Lab0 Val ley  probably do not exceed 910 t o  1,400 
meters (3,000 to  4,500 feet) i n  thickness .  The Salt Basin, east of t he  
Diablo P la t eau ,  is r e l a t i v e l y  shallow; i t s  maximum sediment th ickness  is 
750 meters (2,500 f e e t ) .  The Rio Grande Trough, extending from south 
c e n t r a l  New Mexico i n t o  west Texas near  E l  Paso has about 300 meters  (980 
f e e t )  of sedimentary f i l l .  
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The Rio Grande Rift  Zone may extend into the Trans-Pecos region. The Hueco 
and Mesilla Bolsons near . E l  Paso are considered to be a part of th is  zone 
(Henry, 1979) .  
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Geothermal Resources 

The most obvious manifestat ions of the e a r t h ' s  thermal energy a re  in  areas 
of recent  volcanism and t ec ton ic  a c t i v i t y .  It is only na tu ra l  t h a t  the 
search f o r  and the u t i l i z a t i o n  of geothermal energy has been concentrated 
i n  these areas of r e a d i l y  v i s i b l e  high-temperature sources possibly s u i t -  
a b l e  fo r  generat ion of e l e c t r i c i t y . .  Recently, however, a t t e n t i o n  has 
s h i f t e d  t o  moderate- (90-150°C, 194-302'F) and l o r t e m p e r a t u r e  ( less  than 
90°C, 194'F) resources  f o r  possible  direct-use app l i ca t ions .  Consequently, 
d e f i n i t i o n  of t he  geothermal p o t e n t i a l  of the geo log ica l ly  s t a b l e  and 
heav i ly  populated e a s t e r n  h a l f  of thc'.United S t a t e s  has begun to  receive 
inc reas ing  emphasis. 

Resource Terminology 

Geothermal energy is 'a r e l a t i v e l y  new ergy resource fo r  which the scien- 
t i f i c  terminology i s  s t i l l  being developed. Similar  terms have o f t e n  been 
used with d i f f e r i n g  i n t e n t  by d i f f e r e n t  authors.  However, any i n t e r n a l l y  
c o n s i s t e n t  set of resource terms developed fo r  geothermal energy should 
a l s o  f i t  i n t o  the framework developed fo r  mineral resources .  Muffler and 
C a t a l d i  (1978) present  such a unif ied terminology for  geothermal resource 
assessment. Their  d e f i n i t i o n s ,  which w i l l  be used in  t h i s  r e p o r t ,  are 
given below, and Fig. 6 i s  a diagram showing the r e l a t i o n s h i p s  among the 
terms , 

Geothermal resource base i n  a spec i f i ed  area i s  a l l  the heat i n  t h a t  
p o r t i o n  of t he  e a r t h ' s  c r u s t  e x i s t i n g  a t  temperatures higher than the 
l o c a l  mean ambient su r f ace  temperature. 

Accessible  resource base i s  t h a t  par t  of t he  resource base access ib l e  
by d r i l l i n g .  

Useful resource base r ep resen t s  heat  t ha t  could reasonably be extract- 
ed at c o s t s  competit ive with o the r  energy sources,  now o r  a t  some 
s p e c i f i e d  f u t u r e  time under improved economics or technology. 

. Economic resource is  t h e  heat  t h a t  can be l e g a l l y  and economical- 
l y  ex t r ac t ed  under today's condi t ions.  

Subeconomic resource is  the  heat  which i s  not c u r r e n t l y  cost- 
\-lly e x t r a c t a b l e ,  but which would be at a 

spec i f i ed - fu tu re  t i m e  under improved economics o r  d i f f e r e n t  l e g a l  
s t a t u s .  

Residual resource base r ep resen t s  access ib l e  heat t h a t  cannot be col- 
l e c t e d  and ut ' i l ized under even t h e  mst o p t i m i s t i c  condi t ions.  

I n a c c e s s i b l e  resource base i s  the heat  energy i n  the c r u s t  t h a t  cannot 
fo re seeab ly  be reached with projected d r i l l i n g  c a p a b i l i t y .  

The above d i scuss ion  d iv ides  t h e  resource base i n t o  an economic/technologic 
h i e ra rchy .  To complete the  d e s c r i p t i v e  c l a s s i f i c a t i o n  of geothermal ener- 
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gy, the  degree of geologic assurance should a l so  be spec i f ied .  The result 
i s  the "McKelvey diagram" (McKelvey, 1972) f o r  geothermal resources shown 
i n  Fig. 6 .  

The term " ident i f ied"  r e f e r s  t o  spec i f i c  concentrat ions of heat known t o  
exis t  e i t h e r  from d r i l l i n g  and t e s t i n g  o r  from geologic,  geochemical, or 
geophysical evidence. * The term "undiscovered" r e f e r s  to unspecified con- 
c e n t r a t i o n s  of heat  thought t o  e x i s t  on the bas i s  of broad geologic know- 
ledge. , 

O u r  experience with geothermal energy is so meager tha t  the physical l i m i t s  
of the  var ious  resource c l a s s e s  are known only in  the  vaguest way. How- 
eve r ,  p rovis iona l  l i m i t s  fo r  depth and temperature can be set .  The access- 
i b l e  resource base can be assumed to  l i e  in  the  upper 10 ki lometers  (30,000 
f e e t )  of t he  e a r t h ' s  crust--the approximate maximum depth a t t a i n a b l e  by 
d r i l l i n g  .technology. It seems probable a t  t h i s  ' t ime tha t  the access ib le  
resource base below about 4.5 ki lometers  ' (15,000 f e e t )  should not be 
considered use fu l  resources .  (Wells deeper than 3 ki lometers  (10,000 f e e t )  
are uncommon i n  geothermal explora t ion ,  even i n  areas  of high-temperature 
resources) .  

Geothermal waters a t  temperatures below 40°C '1104°F) are not l i k e l y  to  be 
used d i r e c t l y  even under t h e  most favorable circhmstances. Publ ic  accept- 
ance of  groundwater heat-pump technology u t i l i z i n g  thermal waters could 
lower the  use fu l  temperature l i m i t  t o  about 13°C (55'F), a value approxi- 
mating the  average g dwater temperature i n  much of the United S t a t e s .  

ates t h a t  "under cur ren t  o r  near-future economic 
cond i t ions ,  low-tempetature waters mr.e than 1 kilometer  deep .are probably 
not  a t t r a c t i v e  targets f o r  explora t ion  or development at  most places  except 
where usable  deep wells have .a l ready  been d r i l l e d  for  o ther  purposes ." 'Low- 
t empera ture ,  waters are those a t  temperatures less t h a i  9O'C (194'F)' but 
greater  than 10°C (18°F) above mean annual a i r  temperatures (Sammel, 1979). 
We are r e l u c t a n t  t o  estimate a maximum depth below which waters a t  'about 
40°C should not be considered as resources ,  but we p rovis iona l ly  accept 1 
kilometeF (3,300 feet) .  as -an approximate l i m i t  Our d iscuss ion  of geo- 
thermal p o t e n t i a l  i n  t h e  eas t e rn  United S t a t e s  p laces  most emphasis on 

j .areas where t h e  subsur face .  increase  i n  temperature is at least 29'C/km 
~ (l.d0F/100 f t )  and a reas 'w i th  warm spr ings  at temperatures lOpC (18°F) or  

t r a t i o n s  o f *  hea t  near  enough t o  t he  sur face  t o  b 
- - pas t  few; years , geothermal explora t ion  has been gu 

t a t i o n s , o f  e leva ted  temperature-warm spr ings ,  geysers ,  and r ecen t ly  a c t i v e  
volcanoes, As t h e  search - f o r  geothetmal re60urCeS has expanded , more so- 

s e t t i n g  of geothermal resources  has been de l inea ted  to some degree,  and 
r eg iona l  assessments,  have been prepared (White and Williams, 1975; Mu.ffler, 
1979). 
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The g r e a t e s t  p o t e d t i a l  for  geothermal energy e x i s t s  i n  a reas  of above- 
average hea t  flow; t h a t  i s ,  areas  of recent  volcanic  a c t i v i t y  o r  ac t ive  
t ec ton ic s .  Because the eas t e rn  United S t a t e s  is t e c t o n i c a l l y  s t a b l e  and 
has  experienced no volcanic  a c t i v i t y  recent  enough to  provide heat from 
c r y s t a l l i z a t i o n ,  t he  search fo r  geothermal resources  i n  the  eas t  must 
consider  o ther  means of heat  generat ion and accumulation. 

Three l i k e l y  sources of e levated subsurface temperatures i n  the eas t e rn  
United S t a t e s  are:  

1. 

2.  

3 .  

Gran i t i c  plutons (igneous in t rus ions )  enriched i n  uranium and 
thorium t h a t  produce elevated heat  flow as the  r e s u l t  of radio- 
a c t i v e  decay. 

Thick sediments of l o w  heat conduct iv i ty  t h a t  cause above-average 
thermal g rad ien t s  by allowing the  accumulation of heat  below them. 
Costain and o the r s  (1977, 1978, 1979) have used t h i s  and the pre- 
ceding concept t o  model p o t e n t i a l  geothermal sites i n  the  At l an t i c  
Coastal  P l a in .  

Movement of deep waters upward along rock l aye r s  o r  through f a u l t s  
and f r a c t u r e s  t o  produce accumulations of warm water i n  r e s e r v o i r s  
r e l a t i v e l y  near t he  sur face  o r  warm spr ings  a t  the surface.  

Temperature g rad ien t s ,  hea t  flow, geochemistry, seismic a c t i v i t y ,  and re- 
g iona l  geology y i e ld  the  p r inc ipa l  c lues  to such thermal accumulations. 

Temperature g r a d i e n t s  and hea t  flow. The temperature grad ien t  ( r )  and heat  
f low.(q)  are r e l a t e d  t o  the  conduct iv i ty  (K) of the  rocks through which the  
h e a t  is  passing by the  r e l a t i o n  4 = Kr. Geophysicis ts  have t r a d i t i o n a l l y  
recorded q i n  hea t  flow u n i t s  (1 HFU = 1 x cal/cm s e c ) ,  with K 
i n  conduct iv i ty  u n i t s  ( 1  CU = 1 x cal/cm see 'C) and temperature 
g rad ien t  i n  'C/km. 

E a r l y  hea t  flow s t u d i e s  i n  the  United S t a t e s  showed t h a t  the  cont inent  
could be divided i n t o  seve ra l  provinces typ i f i ed  by c h a r a c t e r i s t i c  heat  
f lows (Roy and o the r s ,  1968a,b),  and t h a t  the  v a r i a t i o n  of heat  flow wi th in  
a province is caused by d i f f e rences  i n  the  hea t  generated i n  upper c r u s t a l  
rocks (Birch and o t h e r s ,  1968). Birch and coworkers found a l inear rela- 
t i o n s h i p  between hea t  flow and r ad ioac t ive  hea t  genera t ion  ( A )  i n  t he  rocks 
a t  each site: 4 = 4* + DA.  Here, 4 * ,  reduced hea t  flow, is the  hea t  flow 
c h a r a c t e r i s t i c  of a given province,  DA i s  the  component of hea t  flow due t o  
r a d i o a c t i v e  hea t  genera t ion  i n  the  upper c r u s t ,  and D ,  which changes from 
one region t o  another ,  i s  r e l a t e d  t o  the  th ickness  of t he  r ad ioac t ive  
c r u s t .  D i m e v t  and o the r s  (1975) suggest values  of 0.8 HFU and 7.5 k i lo-  
meters f o r  4* and D, r e spec t ive ly ,  i n  t he  e a s t e r n  United S t a t e s .  Cos ta in  
and o the r s  (1979) u s e q *  = 0.65 HFU and D = 8.1 k i lometers  i n  the  Piedmont 
province.  

As f u r t h e r  s t u d i e s  are made, more d e t a i l e d  hea t  flow and reduced heat  flow 
(4*)  d a t a  w i l l  be a v a i l a b l e  i n  add i t ion  t o  those provided by Sass arzd 
o t h e r s  (1976). The d a t a  used by Sass and o t h e r s ,  toge ther  with more recent  
d a t a  are l i s t e d  i n  Table 2 and shown i n  Fig. 7 .  The f i g u r e  and t a b l e  show 
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HEAT. FLOW VALUES IN THE 
EASTERN UNITED STATES 

S ta te  
Locat ion Heat Flow 

Lat.(N) Long.(W) (cal/cm2sec) 

1 Alabama 
2 
3 
4 
5 
6 '  

34'44' 86'30' 
34'44' 86'30'. 
33'56' 84'50' 
33'16' 86'01' 
33' 18' 87'16' 
31'00' 88'15' 

1 Di s t r i c t  of Columbia 39'00' 77'00' 

1 Florida 
2 
3 8  
4 r  
5 I -  

6 '  
7 
8 1  
9 

10 . 
11 

Georgia 

3 1 .  
4 '  
5 .  

8 .  
9 ' ,  

10 . 
11 : ' :  

1 ' I l l i n o i s  
2 : 
3 
4 '  

1 i Indiana 
2 * .  

3 
4 ;  
5 .  

% . I  

30'47' 82'01' 
30'35' 87'07' 

location uncertain 
29'42' 82'53' 
29'38' 81'38' 
28'28' 81'13' 
28'04' 82'47' 

locat ion uncertain 
27'22' 82'16' 
27'21' 82'33' 

location uncertain 

34' 32 ' 84' 52 ' 

33'27' 83'09' 
33'13' 84'15' 
32'43' 83'15' 

41'01' 88'54' 
40'49' 87'54' 
40'46' 87'48' 
40'45' 87'4 

41'23' 86'14' '' 

40'59' 84'52' 1 

40'55' 86'28' 
40'55' 86'27' 
40'53' 86'28' 

0.41 
0.44 
0.24 
0.95 
1 . l l  
0.95 

1.12 

0.5 
1.3 
0.9 
0.1 
0.8 
0.92 
0.7 
0.9 
1.2 
0.8 
0.7 

0.34 
1 .o 
0.64 
1 .o 
0.94 
1.58 
1.53 
0.97 
0.92 
1.24 
0.51 

1.41 
1.42 
1.39 
1.44 

1.28 
0.97 
1.41 
1.39 
1.40 

Reference 
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State 

1 
2 

1 
2 

1 
2 
3 
4 
5 

1 
2 
3 
4 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

1 
2 
3 
4 

1 
2 

Kansas 

Maine 

Mary1 and 

Massachusetts 

Michigan 

Minnesota 

Missouri 

TABLE 2 (cont .) 

HEAT FLOW VALUES IN THE 
EASTERN UNITED STATES 

Locat ion 
Lat.(N) Long.(W) 

37'57' 
38'23' 

44" 24 ' 
44'03' 

38'26' 
38'24' 
38" 24' 
38'21 ' 
38'01' 

42'38' 
42'37' 
42'23' 
41 "45 ' 
47 "49 ' 
47'35' 
47'24' 
47" 17' 
47'11' 
46'45' 
44'12' 
44" 09' 
44'04' 
44'03' 
43'50' 
43'32' 
43'32' 
42'48' 
42'44' 
42'43' 
42'26' 
42'26' 
42'06' 

47'49' 
47'09' 
46'06' 
44'54' 

39'05' 
38 '09 ' 

101'45' 
98'10' 

68'37' 
70'37' 

75'04' 
76'11' 
75'34' 
75'36' 
75'50' 

71'25' 
72'27' 
71'07' 
70'05' 

88'54' 
88' 13' 
88'01 ' 
88'28' 
91'15' 
89' 34' 
85'11' 
85'00' 
85'05' 
85'05' 
85'35' 
85'16' 
85'36' 
82'44' 
86'00' 
85'49' 
83'34' 
83'34' 
83'23' 

91'43' 
95'12' 
93'42' 
93'12' 

94' 10' 
91'15' 

24 

Heat F l o w  
( c a 1 / cm2 sec 

1.55 
1.50 

1.44 
1.80 

1.45 
1.3 
1.2 
1.5 
1.6 

1.63 
1.67 
1.20 
1.16 

0.75 
0.79 
0.99 
0.93 
0.30 
1.05 
1.10 
1.20 
1.30 
1.10 
1.20 
1.20 
1 .oo 
0.80 
0.90 
1.07 
1.39 
1.20 
0.8 

0.82 
0.89 
1.03 
1.15 

1,. 17 
1.24 
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" .  . . . .. 

State 

3 Mi s sour i 
4 

1 :  New Hampshire 
2 <  
3 
4 :  
5 
6 

- 

I 

7 
8 

1 '  New Jersey 
2 *  

. I  

1 N e w  York 
2 
3 
4 .  
5 
6 ,  
7 .  
8 
9 

10 
11 
12 
13 I i 

1 North Carolina 

3 
4 _ ,  

5 1  - A  

6 
7 
8 
9 '  
10 
11 
12 
13 
14 
15 
16 

HEAT FLOW VALUES'IN THE 
EASTERN UNITED STATES 

Locat ion 
Lat .(N) Long.(W) 

37'39' 91'10' 
37'30' 90'40' 

44'06' 
44'04' 
44'02' 
43'56 ' 
43' 16 ' 
43'12' 
43'07' 
42'47' 

72'00' 
71 ' 10' 
71'29' 
71 '32' 
71'59' 
71 '32' 
70'55' 
72'08' 

41'06' 74'35' 
39'50' 74'11' 

44'35' 73'54' 
44'20' 74'16' 
44'16' 75'25' 
44'14' 
44'13' 
43'18' 
43'12' 
43'05' 
42'48' 
42'34' 
42' 27 ' 
42 '27 ' 
42'25' 

36'26' 

36'23' 
36'20' 
36'01 ' 
36'04' 
35'55' 
35'57' 
35'47 ' 
35'45' 
35'44' 
35'41 ' 
35 '40 ' 
35'38' 
35'26' 
35'17' 

36O.26 ' 

73'28' 
73'32' 
73'37' 
78' 28' 
79'00' 
78'51 ' 
76'57' 
78' 38' 

78'54' 
79'02' 
78'58' 
78'50' 
80'25' 
78'08', 
82 '07 ' 
78'25' I 

75'48' 
78'20' 
78'56' 
75 '45 ' 
82' 10' 
83'27' 
80'53' 

78O.20' ' 

Heat Flow 
(cal/cm2sec) Re f erenc e 

1.2 
1.24 

1.34 
1.89 
2.27 
2.15 
1.59 
1.73 
1.08 
1.63 

'0.91 
1.05 

1.22 
0.81 
1.22 
0.79 
0.81 
1.05 
1.18 
1.16 
1.20 
1.55 
1.19 
1 .oo 
1.72 

0.88 
0.97 
0.98 
0.94 
lb44 
0.31 
1.05 
1.02 
lb3O 
1.90 
lb 1 3  
0.64 
1.64 
0.84 
1.05 
0.33 
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TABLE 2 (cont  .) 

17 

1 

1 
2 
3 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

S t a t e  - 
North Carol ina 

Oklahoma 

Pennsylvania 

South Carol ina 

Tennessee 

Texas 

Vermont 

V i r g i n i a  

*Locat ion  approximate. 

Locat ion 
Lat .(N) Long. (W) 

34'07' 78'20' 

36'59' 94'52' 

41'56' 
41'52' 
41'12' 
40'59' 
40'34' 
40'22' 
40'06' 

34'32' 
34'19' 
34'10' 
33'55' 
33'55' 
33'17' 

36 "05 ' 
35'55' 
35'34' 

31'55' 
31'55' 
31'45' 
31'39' 
31'27' 
31'23' 
31' 15' 
31'12' 
31'10' 
29 '48 ' 
29'07' 

77'51' 
78'00' 
78'39' 
80'08' 
75'12' 
75'50' 
77'11' 

80'45' 
81'09' 
81'02' 
82'07' 

81'40' 

83'39' 
84' 19' 
84'29' 

106 ' 00 ' * 
106'00 '* 
106'30'* 
102" 15 ' 
104 ' 53 ' 
101 "48 ' 
101'28' 
101 ' 29 ' 
103'14' 
104' 24 ' 
99'41 ' 

8i ' io '  

43'20' 72"33' 
43'17' 72'49' 
43'15' 72'50' 

37'46' 78'06' 
37'20' 82'00' 
36'52' 77'54' 
36'50' 77'19' 

26 

Heat Flow 
( c a 1 / cm2 sec Re f erence 

1.64 (4) 

1.4 (1) 

1.47 (1) 
1.31 ~ (1) 
1.31 (1) 
1 .2  (1) 
0.89 (1) 
0.70 (1) 
0.57 (1) 

1.05 (2) 
1.47 (2)  
1.09 (4 1 
1.62 (2) 
1.11 (4 1 
1.06 (1) 

0.83 (4 1 
0.82 (1) 
1.01 (4) 

11 .o 
7 .O-8 .O 

2 .o 
1.2  

' 1.0 
1.1 
1.1 
2 .o 
1.1 
1.5 
1.11 

1.20 (1) 
1.22 (1) 
1.23 (1) 

0.97 ( 2 )  
1 .7  (1) 
1.4 (1 1 
1.24 (2)  
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TABLE 2 (concluded) 

HEAT FLOW VALUES I N  THE 
EASTERN UNITED STATES 

Locat ion Heat Flow 
State  Lat .(N) Long.(W) (cal/cm2sec) Reference 

5 Virginia 
6 
7 
8 
9 

10 
11 
12 
13 
14 

36'49' 
37'58' 
37'57' 
37'53' 
37.43' 
37'18' 
37'04' 
36'57' 
36'55' 
36'51 ' 

81'06' 
75'36' 
75' 27 ' 
76'15' 
75'43' 
75'56' 
76'20' 
76' 16' 
76'42' 
76'29' 

1,03 , (1) 
1.8 (2 )  
1.85 ( 2 )  
1.4 (2)  
1.3 (2) 
1.4 (2) 
1.2 (2) 
1.3 (2) 
1.1 (2) 
1.4 ( 2 )  

1, West Virginia 39'40' 79.59' 1.2 (1 )  
2 39'25' 80'05' 1.20 (1 1 

' 3  39'18' 80'14' 1.26 (1) 
4 39'17' 80'46' 1.22 '(1) 

References: (1 )  Sass and others ,  1976; (2) Costain and others,  1979; (3)  Smith 
and others 1978; (4) Smith and others,  1979; ( 5 )  Smith and G r i f f i n ,  
1977; (6) Rob Roy, personnel communication, 1979. 
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Figure 7.-- Heat flow values i n  the eastern United States. 
The numbers r e f e r  t o  Table 2. 

LEGEND 
HEAT FLOW (HFU) 

0 < .75 0 1.25-1.49 

0 . 75 - .99  A 1.5 -1.99 
A 1.0 -1.24 0 2.0  - 2.49 

x 2 2.5 

. 
. 



t h a t  hea t  flow va lues  i n  the  eas t e rn  United S t a t e s  are usua l ly  less than 
about 1.5 HFU. k c e p t i o n s  are areas  of New England, the Piedmont, and the  

Coastal  P l a i n  r e l a t e d  to  rad ioac t ive  plutons; c e r t a i n  small a reas  
c e n t r a l  New York s t a t e ;  and some areas  i n  the  Basin and Range por- 

t i o n  of Texas. I n t e r p r e t a t i o n  of the  s ign i f i cance  of the high heat flow 
va lues  i n  western Texas has not yet  been completed, but upward mvement of 
water and the  consequent upward t r a n s f e r  of hea t  probably plays an impor- 
t a n t  r o l e  (Rob Roy, personal communication, 1979). 

The d a t a  c u r r e n t l y  ava i l ab le  provide a good estimate of t he  regional  char- 
acter of hea t  flow i n  the  eas t e rn  United S t a t e s .  However, some present ly  
unknown regions of high hea t  flow might be detected by inves t iga t ion  of 
pos tu l a t ed  r ad ioac t ive  plutons i n  the  basement. 'Such plutons would most 
l i k e l y  be of Precambrian or Paleozoic  age, but because uranium and thorium 
decay very  slowly, they $could provide s i g n i f i c a n t  thermal energy, given 
s u f f i c i e n t l y  high concentrat ions of rad ioac t ive  elements. 

Inferences  about geothermal resources  can be made by examination of the  
temperature  grad ien t  imposed on an area  by hea t  flow and thermal conductiv- 
i t y .  Numerous subsurface temperature measurements have been made i n  the  
e a s t e r n  h a l f  of t he  country i n  the  course of petroleum expldra t ion .  Re- 
c e n t l y ,  t he  American Associat ion of Petroleum Geologis t s  and the  U.S. Geo- 
l o g i c a l  Survey (1976a,b) have j o i n t l y  published severa l  maps showing re- 
g iona l  v a r i a t i o n s  i n  subsurface 'temperatures. The f i r s t  map, a s impl i f ied  
v e r s i o n  of which i s  shown as Fig. 8 ,  gives  average temperature g rad ien t s  
c a l c u l a t e d  from d r i l l  ho le  information; a second map shows, $ere da t a  a re  
a v a i l a b l e ,  t he  depth to var ious  isothermal sur faces .  These maps,& however, 
have only  l imi ted  usefu lness  f o r  geothermal explora t ion .  The boftomhole 
temperatures  used t o  c a l c u l a t e  g rad ien t s  and the  co r rec t ions  applied t o  
them may in t roduce  e r r o r s .  Moreover, s ince  the  maps were not prepared with 
geothermal exp lo ra t ion  i n  mind, an u s l y  high g rad ien t s  were not taken 
i n t o  account. 

'Review of d a t a  from the  Michigan basin shows 20 wells with uncorrected gra- 
d i e n t s  g r e a t e r  than 36.4'C/km (2'F/100 ft). All but three of these wells 
are less than 900 meters (3,000 f e e t )  deep. Deeper wells i n  Michigan 
provided g r a d i e n t s  c l o s e r  t o  2O*C/km ( l . l0F/100 f t ) .  Thus, well depths 
seem t o  be nega t ive ly  co r re l a t ed  with geothermal g rad ien t s .  A t  Least two 
mechanisms may be respons ib le  fo r  t h i s  observat ion:  Shallow Wells i n  
Michigan may be ' d r i l l e d  through propor t iona te ly  g r e a t e r  th icknesses  of 
poor ly  conductive rocks than deeper wel l s ,  o r  shallow wel l s  may be more 
l i k e l y  t o  y i e l d  e r r o r s  i n  temperature measurement. A c a r e f u l  review of t he  
d a t a  w i l l  be necessary before  d e f i n i t e  conclusions can be reached. 

Comparison of t he  temperature g rad ien t  ma t h  the  ma*p showing approximate 
th i ckness  of sedimentary rocks (Fig. 5 )  i n d i c a t e s  t h a t  t he  h ighes t  gra- 
d i e n t s  are g e n e r a l l y  assoc ia ted  with t h e  "marginal areas of t he  i n t e r i o r  
bas ins  rather than with t h e i r  deeper p a r t s .  An except ion is t he  Gulf Coast 
region;  i n  this  ca6e, upward movement of waters from deep geopressured 
reservoirs, is suspected. Updip movement 'of  f l u i d s  may a l so  be respons ib le  
f o r  t he  a s s o c i a t i o n  of higher  g rad ien t s  with bas in  margins elsewhere. 

Despi te  t hese  problems, t he  d a t a  set from which the  grad ien t  map was gener- 
a ted  is  the  b e s t  c u r r e n t l y  a v a i l a b l e  f o r  s tudy of geothermal phenomena i n  
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t he  e a s t e r n  United S t a t e s .  The Los Alamos S c i e n t i f i c  Laboratory is using 
t h e  grad ien t  da t a  to  t a rge t  hot dry rock explora t ion  i n  the  e a s t .  Prelimi- 
nary  results a r e  encouraging and suggest tha t  some of the  anomalies may be 
more important than the  gradient  map implies (Maxwell, 1979, and personal 
communication). Furthe ies should be made , p a r t i c u l a r l y  comparisons 
o f temperature grad i en  t 

I f  hea t  flow, conduct iv i ty  values ,  and sediment thickness  a r e  known, 
changes of temperature w i t h  depth and estimated temperatures, at the base of 
t h e  sedimentary sec t ion  c a n - b e  ca lcu la ted .  The r e s u l t s  of severa l  such 
c a l c u l a t i o n s  are shown g raph ica l ly  i n  Fig. 9. Heat flows reported by Sass 
and o t h e r s  (1976) i n  the  eas t e rn  United S t a t e s  genera l ly  range from 1 t o  2 
hea t  flow u n i t s .  Diment and o the r s  (1975) propose a conduct ivi ty  (K) of 
6 x cal/cm sec 'C as r ep resen ta t ive  of a th i ck  sequence of c r u s t a l  
rocks.  Under these  condi t ions ,  and with an average sur face  temperature of 
1O'C (50'F), temperatures between 35' .and 60'C (95' and 140'F) can be 
reached at  a depth of & , S O 0  meters (4.,900 f e e t ) .  

Caution must be exercised i n  a l l  cases  where g rad ien t s  a r e  used to  pro jec t  
temperatures below the depth of measurement. Temperature g rad ien t s  ;vary 
wi th  rock type,  and they may be a f fec ted  by v e r t i c a l  movement of f l u i d s .  
I n  genera l ,  c o n d u c t i v i t i e s  increase  with depth, so t h a t  g rad ien t s  decrease 
with depth. Thus, , l i n e a r  p ro jec t ion  of g rad ien t s  below observat ion poin ts  
may p red ic t  temperatures much higher  than those which a c t u a l l y  e x i s t .  

Geochemistry. 
s u r f a c e  water temperatures (White, 1970). 

Chemical a n a l y s i s  of waters from, spr ings  and geothermal wel ls  y i e l d s  d a t a  
from which most p red ic t ions  of subsurface water temperatures a r e  made. 
Temperatures can be ca lcu la ted  from chemical analyses  because the  concen- 
t r a t i o n s  of chemical spec ies  dissolved i n  the  -water vary d i r e c t l y  with ,tem- 
pe ra tu re .  The p r i n c i p a l  methods used are the  - s i l i c a  geothermometer 
(Fourn ier  and Rowe, 1966) and the  sodium-potassium-calcium geothermometer 
(Fourn ier  and Truesde l l ,  1973). 

hole  depths and gross  li'thology ' types.  

The geochemistry of warm spr ings  is ab important key t o  sub- 

I ,  

Severa l  condi t ions  must be met i f  r e s e r v o i r  temperatures are t o  be esti- 
mated f r o  i s t r y  o pr ings .  The mst important requirements,  
d i s c  us sed l e t e l y  ier others (19741, are:  

. perature-dependen u i l i b r a t i o n  occur at  h. 

r y  c o n s t i t u e n t s  f o r  t h e  assumed temperature-dependent 
re a v a i l a b l e  of t h a t  necessa equi 1 ib- . t  

. -  

3. L i t t l e  o r  no r e -equ i l ib ra t ion  occurs  as the  water flows t o  the  
s u r  f ac e. 

4. The waters are not mixed with shallower ground water while coming 
t o  the  sur face .  

Commonly, t hese  r e s t r i c t i o n s  are met  i n  the  high- t o  moderate-temperature 
geothermal systems of t he  west. However , because the  geochemical temper- 
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q=1 K=8 q = l  Kt5.5 q:2 K ~ 5 . 5  
r= 12.5 r= 18.2 r= 36.4 

Figure 9.--Temperature increase with depth. Heat flow and average conductivity 
(K) are as specified. The slope of line (I') is calculated from 
the equation q=Kr. The lines show a reasonable minimum conductive 
gradient (r=12.5OC/km), an average stable continental gradient 
(r=18.2°C/km) a gradient twice the average (r=36.4OC/km) and a reasonable 
maximum gradient (r=57.5'C/km) for the eastern United States. 
Approximate subsurface temperatures can be obtained by adding the appropriate 
mean surface temperature to values obtained from this chart: 
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a t u r e  . s ca l e s  were c h i e f l y  developed from s t u d i e s  of high-temperature 
thermal systems, the  r eac t ions  assumed i n  e s t ab l i sh ing  the geothermometers 
may not reach equi l ibr ium i n  the  lower temperature systems encountered in  
t h e  e a s t e r n  United S t a t e s .  

The s i l i c a  geothermometer is  genera l ly  the more r e l i a b l e  a t  lower temp- 
e r a t u r e s .  However , s ince  the  p r inc ipa l  forms of s i l i ca- -quar tz  and 
chalcedonf-have d i f f e r e n t  s o l u b i l i t i e s ,  the  user  must have some idea of 
which of t he  two poss ib le  e q u i l i b r i a  predominates within the  r e se rvo i r .  I n  
l o r t e m p e r a t u r e  systems, chalcedony i s  usua l ly  se lec ted  (Sammel , 1979) and 
t h e  geochemical temperatures given i n  Table 3 f o r  warm spr ings  i n  the  eas t  a 

a r e  gene ra l ly  based on the  chalcedony equi l ibr ium. 

The o t h e r  .common geothermometer depends on the  r e l a t i v e  proport ions of 
sodium, potassium, and calcium found in  geothermal waters (Fournier  and 
Truesde l l ,  1973). The method was developed by c o r r e l a t i n g  measured temper- 
a t u r e s  of geothermal r e s e r v o i r s  with chemical da ta .  The temperature sca l e  
i s  s e n s i t i v e  to calcium concent ra t ion ,  which i n  turn  is q u i t e  s e n s i t i v e  to  
t h e  concent ra t ion  of dissolved carbon dioxide (COP). Reactions i n  the  
system CaC03-C02-H20 a r e  r a p i d ,  and r e -equ i l ib ra t ion  occurs with 
ease .  Loss of C o p  from so lu t ion ,  with consequent depos i t ion  of c a l c i t e  
(CaC03) and readjustment of the  r e l a t i v e  proport ions of sodium, potas- 
sium, and calcium, makes u t i l i z a t i o n  of the  Na-IC-Ca geothemometer d i f f i -  
c u l t  i n  many systems. I n t e r p r e t a t i o n  is p a r t i c u l a r l y  d i f f i c u l t  i n  a reas  
where CO2 i s  l o s t  at spr ing  o r i f i c e s ,  

Swanberg and Morgan (1978) have developed a c o r r e l a t i o n  between tempera- 
t u r e s  based on the  s i l i c a  content  of groundwater and reg iona l  heat  flow. 
The i r  approach t o  the  s tudy of s i l i c a  i n  groundwater should provide a 
va luab le  reconnaissance t o o l  i n  the  search fo r  geothermal resources  i n  the 
Eas t e rn  United S t a t e s .  

Chemical d a t a  i n  the  U.S.  Geological Survey water q u a l i t y  d a t a  bank 
WATSTORE were used to  c a l c u l a t e  s i l i c a  geotemperatures fo r  groundwaters i n  
t h e  United S t a t e s .  The results were presented as a series of histograms 
showing t h e  d i s t r i b u t i o n  of temperature wi th in  each of severa l  major physi- 
ographic  d i v i s i o n s ,  The mean s i l ica  temperature €or a province was then 
p l o t t e d  aga ins t  t he  hea t  flow ( q )  f o r  t he  province,  where both parameters 
were w e l l  def ined .  Temperatures based on the  s i l i c a  geothermometer a re  
ind ica t ed  h e r e  by the  symbol T(Si02) .  The p l o t  r e su l t ed  i n  the  l i n e a r  
c o r r e l a t i o n  T(Si02) mq + b. It is thought t h a t  t he  slope m mul t ip l i ed  
by thermal conduc t iv i ty  K provides  a c lue  t o  the  mean depth of ground water 
c i r c u l a t i o n .  Depths of 1,4 and 2.0 ki lometers  (4,600 and 6,560 f e e t )  a r e  
implied f o r  sediments and c r y s t a l l i n e  rocks, r e s p e c t i v e l y  (Swanberg and 
Morgan, 1978). It is  i n t e r e s t i n g  t h a t  temperatures f o r  t h e  ground waters 
sampled c o r r e l a t e  well wi th  reg iona l  hea t  flow and do not seem t o  be 
apprec iab ly  a f f ec t ed  by average a i r  temperatures i n  any given province. 
Poss ib ly  t h i s  is t h e  r e s u l t  of t he  r e l a t i v e l y  deep source of f l u i d s  implied 
by the  model. Such a depth should y i e l d  water temperatures about 25' t o  
36'C (45' t o  65'F) above average a i r  temperatures i n  the  conterminous 48 
states. 
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Swanberg and Morgan a l so  averaged the  s i l i c a  geotemperatures over a 1' x 1' 
g r i d  and contoured the  r e s u l t s .  The map shows reg iona l  t rends  i n  tempera- 
t u r e  v a r i a t i o n  q u i t e  similar to  regional  heat flow pa t t e rns .  Presumably a 
f i n e r  g r id  would provide amre d e t a i l  i n  a reas  of p a r t i c u l a r  i n t e r e s t .  

Seismic Act iv i ty .  Major high-temperature convective hydrothermal systems 
a r e  usua l ly  associated with tec tonic  a c t i v i t y .  Most major seismic events 
a l s o  occur i n  a reas  of major tec tonic  a c t i v i t y  (spreading r idges ,  subduc- 
t i o n  zones, and cont inenta l  r i f t  zones, i n  t h e  par lance of cont inenta l  
d r i f t ) .  The e a s t e r n  United S t a t e s  is gene ra l ly  regarded as  t e c t o n i c a l l y  
s t a b l e ;  however, some se i smic i ty  remains. Because of the  c lose  a s soc ia t ion  
worldwide between hydrothermal phenomena and se i smic i ty ,  it is expected 
t h a t  s e i smica l ly  a c t i v e  a reas  i n  the  eas t e rn  United S t a t e s  might have 
above-average p o t e n t i a l  for geothermal resources .  

Hadley and Devine (1974) have published a seismotectonic  map of the eas t e rn  
United S t a t e s  r e l a t i n g  h i s t o r i c a l  seismic a c t i v i t y  (1800-1972) and geologic 
s t r u c t u r e s .  Stover  (1977) has  prepared a se i smic i ty  map for  the  period 
1965-1974. Both maps show general ized t ec ton ic  f ea tu res .  However, 
S tove r ' s  map is  based on seismic records for  such a l imi ted  time period 
t h a t  p red ic t ion  of seismic zones i s  d i f f i c u l t ,  and the  map prepared by Had- 
l e y  and Devine covers only the  a rea  eas t  of the  Miss i ss ippi  River. 

Woollard (1958, 1969) po in t s  out severa l  poss ib le  zones of seismic ac- 
t i v i t y .  The geochemical survey of Swanberg and Morgan (1978) and the  
temperature grad ien t  map of t he  American Associat ion of Petroleum Geolo- 
g i s t s  and U.S. Geological Survey (1975) show some c o r r e l a t i o n  with the 
zones proposed by Woollard. Zones and ep icen te r s  from the  above sources 
a r e  shown i n  Fig. 10. 
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Figure 10.--Historic seismic activity and seismic zones. Modified from'Woo1lard 
(1969), Hadley and Devine (1974), and Docekal (1970). 

(DOCEKAL, 1970) 



Areas of Indicated Geothermal P o t e n t i a l  

A re f ined  and updated assessment of U.S. geothermal resources  has r ecen t ly  
been published (Muffler, 1979). A s  does an e a r l i e r  assessment (White and 
Williams, 19751, t h i s  shows tha t  systems r e l a t ed  to  igneous rocks and 
hydrothermal convection systems with temperatures of 90°C (194°F) or  -re 
a r e  found only i n  the western United S t a t e s .  The 1979 r e p o r t ,  however, in- 
c ludes a comprehensive summary of loca t ions  where l o r t e m p e r a t u r e  thermal 
waters  a r e  known t o  be present  near the  sur face  in  the eas t e rn  United 
S t a t e s .  Also l i s t e d  a re  severa l  a reas  where the ex is tence  of subsurface 
thermal waters has been in fe r r ed .  

The known occurrences of geothermal energy in  the  eas t e rn  s t a t e s  can be 
divided i n t o  four ca tegor ies  : 

1. Warm spr ing  systems, 

2.  Radioact ive,  heat-producing g r a n i t e  plutons beneath a t h i ck  
covering of poorly conducting sediments, 

3. Aquifers containing abnormally warm waters ,  and 

4. Deep sedimentary basins  with normal geothermal grad ien t  s, 

These a re  discussed below. 

Warm Springs 

Thermal spr ings  have been reported i n  the  e a s t e r n  United States s ince  co- 
l o n i a l  times. Nearly a l l  e a r l y  desc r ip t ions  dwelt on t h e i r  therapeut ic  and 
r e c r e a t i o n a l  values  (Crook, 1899; F i t ch ,  1927; Moorman, 1867). A l l  e a r l y  
d a t a  sources  conta in  inaccurac ies  due t o  changes i n  spr ing  cha rac t e r  
through time, uncer ta in  loca t ions ,  and, t o  an unknown ex ten t ,  inaccura te  
temperature da ta .  

Peale (1886) provides the  most comprehensive e a r l y  l i s t i n g  of mineral  
sp r ings  i n  the  United S t a t e s ,  and h i s  compilation i s  s t i l l  a valuable  guide 
t o  warm spr ing  loca t ions .  The most t r u l y  encyclopedic l i s t i n g  and today 's  
b e s t  source of information.on thermal spr ings  of t he  United S t a t e s  w a s  pub- 
l i shed  by Waring i n  1965. The present  d i scuss ion  r e l i e s  on modern r epor t s  
o r  o lde r  accounts t h a t  have been v e r i f i e d  at l e a s t  i n  pa r t .  The p r inc ipa l  
sources  used a r e  Hobba and o the r s  (19761, Sammel (19791, Waring (19651, and 
Berry (personal  communication, 1979). 

Thermal spr ings  are defined i n  var ious  ways. Waring (1965, p. 4 )  l a b e l s  as 
"thermal" those spr ings  with temperatures "at least 15°F [8"C1 above the  
mean annual temperature a t  t h e i r  l o c a l i t i e s , "  with some adjustment fo r  
areas of low and high mean annual temperature. Sammel (1979, p. 87)  op t s  
f o r  temperatures g r e a t e r  than 1 0 ° C  (18°F) above mean ambient temperature as  
a c u t o f f ,  i n  s u b s t a n t i a l  agreement with Waring. 

I n  genera l ,  t h i s  r epor t  adopts Samuel's d e f i n i t i o n .  The loca t ions  and 
o t h e r  s i t e - s p e c i f i c  information on e a s t e r n  spr ings a re  l i s t e d  i n  Table 3. 

36 



Locations a r e  a l so  shown in Fig. 11. 

No comprehensive r epor t s  on the  geochemistry and geothermometry of eas t e rn  
warm sp r ings  e x i s t  Chemical analyses ,  however, are ava i l ab le  for most of 
t h e  important s p r i  s. Hobba and o the r s  (1976) analyzed the more important 
sp r ings  i n  the  Appalachians. Their  da t a  provide the most r e l i a b l e  measure- 
ments fo r  geothermometry ava i l ab le  in  the  region. A d i scuss ion  of the re- 
s u l t s  .of t h e i r  study i s  c u r r e n t l y  i n  p ress  (Hobba and o the r s ,  1978). 

Bedinger and o the r s  -(1979) d i scuss  the  geology and geochemistry of Hot 
Springs Nat ional  Park, Ark. 

Table 3 a l s o  l i s ts  a n a l y t i c a l  da t a  from published r epor t s  and equi l ibr ium 
temperatures  ca lcu la ted  for  t h i s  r e p o r t ,  together  with minimum equi l ibra-  
t i o n  temperatures proposed by Sammel (1979). I n  some ins tances  the reser- 
v o i r  temperatures derived from geochemistry a r e  lower than the  sur face  
temperatures  of t he  spr ings .  I n  these cases  i t  i s  l i k e l y  t h a t  in te rpre ta -  
t i o n  of t he  geochemical d a t a  i s  i n  e r r o r  due to  mixing of thermal water 
wi th  cool water o r  e q u i l i b r a t i o n  w i t h  minerals o ther  than those assumed i n  

e geochemical model. Much of t he  s c a t t e r  i n  the  Na-K-Ca derived 
p e r a t u r e  estimates may be due to  depos i t ion  of c a l c i t e  near the  spr ing 

o u t l e t  o r  t o  the  inf luence  of s a l i n e  formation waters. 

Geochemical cons idera t ions  suggest t h a t  r e se rvo i r  temperatures a r e  not 
s u b s t a n t i a l l y  higher  than measured sur face  temperatures a t  most ea s t e rn  

ermal sp r ings ,  a reasonable  inference i n  view of the gene ra l ly  average 
c o n t i n e n t a l  hea t  flow i n  the  area.  These estimated temperatures correspond 
t o  maximum c i r c u l a t i o n  depths s l i g h t l y  g r e a t e r  than 3 ki lometers  (10,000 
f e e t )  i n  a reas  of average geothermal grad ien t .  Although not a l l  of t h e  
warm sp r ings  f a l l  i n t o  the  provis iona l  c l a s s i f i c a t i o n  of l o r t e m p e r a t u r e  
resources--subsurface temperatures of 40°C (104°F) o r  more within 1 k i lo-  
meter (3,300 f e e t )  of the  surface--they are gene ra l ly  s u i t a b l e  for  small- 
s c a l e ,  d i r ec t -use  app l i ca t ions  such as swimming pool o r  space hea t ing .  

Appalachian thermal sp r ing  model. The warm spr ings  of the eas t e rn  s t a t e s ,  
except  f o r  those i n  Alabama, F lo r ida  and western Texas, a r e  found either i n  
' the Appalachians o r  i n  the  geo log ica l ly  s i m i l a r  Ouachita Mountains. 

Much has  been w r i t t e n  about the  s t r u c t u r a l  con t ro l  of warm spr ings  i n  the  
Appalachians. Few major changes, however, have been made t o  the  model of 
deep c i r c u l a t i o n  i n  folded and fau l ted  rocks o r i g i n a l l y  proposed by Rogers 
(1884). 

Modern work on the  o r i g i n  of "Appalachian" type warm spr ings  i s  c u r r e n t l y  
under way i n  V i r g i n i a  (Costain,  1979) and Arkansas (Maxwell, 1979). The 
geologic  s e t t i n g s  of both areas are similar. Review of add i t iona l  publica- 
t i o n s  on these  areas (Bedinger and o t h e r s ,  1979; Purdue and Miser, 1923; 
Rogers, 1884; Reeves, 1932; Rodgers, 1970; Geiser ,  1976; Dennison and John- 
son, 1971) and of t he  geology of o the r  Appalachian warm spr ings  (Massachu- 
setts  and New York: 1 Zen, 1967; Pennsylvania: Dyson, 1967; North Carolina: 
Oriel, 1950, Stose  and S tose ,  1947; Georgia: H e w e t t  and Crickman, 1937) 
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TABLE 3 

TEERMAL SPRINGS OF TBE EASTFXN UNITED STATES 

Estimated Reservoir 
Temperature. 'C* 

! 

Location 
Spr I& lat (N). long (W) 

Surface Chemical analysis 
temper- Ppm 
ature, 'C SiO, Ca Na IC 

ARKANSAS 

1 Warm Springs 36'28.8' 91'03.0' 
2 Big Chalybeate 

Spring 34'32.4' 93'01.2' 
3 Hot Springs 34'30.6 ' 93'03.2 ' 
4 Spring on Little 

Missouri River 34'24.4' 93'54.5' 
' 5  Caddo Gap 

Springs 
6 Spring on 

Redland Mt. 

34'23.0' 93'36.4' 

34'19.3' 93'44.3' 

FulRIDA 

1 Warm Minera 

2 Little Salt 
Springs 27'03.6' 82'15.7' 

Spring 27'04.4' 82'14.0' 

1 Warm Springs 
2 Parlcman Spring 
3 Tom Brown Spring 
4 Thundering 

Spring 
5 Barker Spring 
6 Lifsey Spring 
7 Taylor Spring 

GEORGIA 

32'53.6' 84'41.4' 
32'51.7 ' 84'39.0' 
32'52.6' 84'32.8' 

32'57.8' 84'29.9' 
32'55.2' 84'26.3' 
33'02.2' 84'22.4' 
33'01.1' 84'19.6' 

MASSACHUSETTS 

1 Sand Spring 42'44.1' 78'12.0' 

m PORK 

1 Lebanon Spring 42'28.8' 73'22.2' 

28 

26 
64 

23 

35 

25 

30 

27 

31 
25 
20 

24 
23 
26 
24 

24 

22 

(a 1 
42 45 4 1.5 94 62* 177 4 64 (b) 

- - - -  - - -  - -  

16 500 5200 150 56 21* 148 184 30 (i) 

19 180 750 23 62 27* 130 101 - (i) 

12 25 2.0 0.9 46* 11 180 -3 (e I 

12 35 6.9 1.2 46* 11 150 7 51 (d) 

*Best geochemical estimate of reservoir temperature shown by asterisk; minimum equilibrium temperatures 
are taken from Sammel (1979). 
due to errors in interpretation of geochemical data; see p. 37. 

Discrepancies between surface and reservoir temperatures are probably 

**See end of table. 
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TAB= 3 (cont.) 

THERMAL SPRINGS OF THE EASTERN UNITED STATES 

Location 
Spring l a t  (N). long (W) 

NORTH CAROLINA 

1 Bot Springs 35'53.8' 82'49.6' 

PENNSYLVANIA 

1 Perry County 
Warm Springs 

TEXAS - 
1 Red Bull Spring 30'51.7' 105'20.4' 
2 Indian Hot Sprge. 30'49.4' 105'18.9' 
3 Capote Warm Sprg. ~30'12.6' 10i033.7't 
4 Nixon Springs 30'08.0' 104'36.1' 
5 Ruidosa Hot 

Springs I 30'02.3' 104'35.9' 
29'48.3' 102'22.6' 

6 Las Cienegas 29'47.2' 104'27.7' 
7 Hot Springs 29'10.9' 102'59.5' 
8 Rio Grande 

Village Spring 29'10.7' 102'57.2' 

VIRGINIA 

1 Bragg Spring 38'14.3' 79'39.0' 
2 Bolar Spring 38'13.1' 79'40.4' 
3 Warm Springs 38'03.3' 79'46.8' 
4 Hot Springs 37'59.8' 79'49.8' 
5 Healing Springs 37'57.8' 79'51.7' 
6 Bockbridge Baths 37'53.9' 79'27.7' 
7 Layton Springs 37'51.6' 79'59.3' 
8 Fall ing Spring 37'52.2' 79'56.0' 
9 Sweet Chaly- 

beate Spring 37'38.7' 80'14.3' 
10 New River White 

Sulphur Springs 37'17.4' 80'37.1' 
11 Alum Springs 37'09.6' 80'48.4' 

42 31 135 10 10 81 48* 245 

18 9 38 1.6 0.5 37* 1 154 

37 36 15.5 312 11 88 54* 14  
47 40 150 2185134 92 59* 182 
37 37 1.6 1200.6 89 56* 70 
32 43 20.5 1605.5 95 63* 128 

45 35 27.5 14814.5 86 53* 174 
32 
30 39 27 228 6 91 58* 120 
41 22 133 108 5.8 68* 33 328 

36 21 125 98 5.4 66 31 0.29 

24 
23 
35 
41 
30 
22 
22 
25 

24 

- - - -  - - - 
11 58 1.6 2.3 43* 8 238 
21 112 3.7 7.4 66* 31 274 
21 132 7.0 13 66 31 283 
24 118 6.5 2.4 71 37* 176 - - - -  - - - 
- - - -  - - - 
18 158 3.8 16 60 25 336 

- 228 17.9 24.5 - - 274 

37 50 

-20 36 

125 56 
207 60 
64 57 
84 60 

111 55 

84 60 
157 41 

43" 36 

- 
3 30 

25 41 
42* 41 
4 43 - - 
- - 
39* 40 

53* - 
- - 

*Best geochemical estimate of reservoir temperature shown by aster isk;  minimum equ i l ib r fm temperatures 
are taken from Sammel (1979). 
due t o  e r ro r s  i n  interpretat ion of geochemical data;  see p. 37. 

Discrepancies between surface and reservoir temperatures are probably 

** See end of table.  



Spring 

TABLE 3 (cont.) 

TBERMAI. SPRINGS OF TEE EASTERN UNITED STATES 

Estimated Reservoir 
Temperature, 'C * 

I 1 1  I I 1 I 
I 

Surface Chemical Analysis 

lat (N), long (W) ature. 'C Sios Ca Na K 
Location tanper- ppm 

WEST VIRGINIA 

1 Berkeley Springs 39'37.1' 78'13.8' 22 9.5 45 4.1 1.0 38* 3 156 -4 38 (d) 
- (b 1 2 Swan Pond Spring 39'28.3' 77'52.6' 22 
- (b) 3 Thorn Spring 38'36.3' 79'21.2' 22 

4 Minnehaha Springs 38'09.8' 79'58.5' 21 14 61 4.2 0.4 51* 16 113 -24 34 (d) 
( 9 )  5 Old Sweet Spring 37-37.8' 80'14.4' 23 18 - - -  

- -  - -  - - - -  
- -  - -  - - - -  

- - - -  - 

*Best geochemical estimate of reservoir temperature shown by asterisk; minimum equilibrium temperatures 
are taken from Same1 (1979). 
due to errors in interpretation of geochdcal data; see p.'37. 

(d) Hobba and others, 1976; (e) Hansen and others, 1974; (f) Henry, 1977; (9) Price, 1936; (h) Reeves, 
1932; (i) Rosenau and others, 1977. 

Discrepancies betveen surface and reservoir temperatures are probably 

**(a) Berry, personal communication, 1979; (b) Bedinger and others, 1979; (c) Helz and Sinex, 1974; 
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Figure 11.-- Areas of  indicated geothermal resources. 



suggests  t ha t  a l l  warm spr ings  in  the  Appalachian and Ouachita regions have 
imi l a r  o r i g i n s ,  d e s p i t e  the s u b s t a n t i a l  d i s t ances  separa t ing  them. 

o s t a i n  (1979) notes  the  coincidence of water gaps, warm spr ings ,  and 
s t e e p l y  dipping q u a r t z i t e  beds in  Vi rg in i a  and pos tu l a t e s  tha t  groundwater 
e n t e r s  S i l u r i a n  q u a r t z i t e s  o r  carbonates , descends to depths s u f f i c i e n t  t o  
be heated,  and then r i s e s  r ap id ly  along east-west f r a c t u r e  zones c u t t i n g  
t h e  -Warm Springs a n t i c l i n e .  Steeply dipping s i l i c e o u s  rocks a re  a l so  
present  a t  Hot Springs,  N.C., Warm Springs,  Ga., and Hot Springs,  Ark. A l -  
though t r ansve r se  f r a c t u r e s  a re  not known t o  be associated with the spr ings 
i n  these a reas ,  t he  alignment of the  French River near Hot Springs,  N.C., 
suggests  t he  presence of a f a u l t .  

No de ta i l ed  geologic s t u d i e s  of Sand Springs sachuset t s o r  Lebanon 
Springs i n  New York a re  ava i l ab le .  Their  proximity to the Taconic s t ruc-  
t u r e s  descr ibed i n  Zen (1967) suggests  t h a t  the  rocks from which these 
sp r ings  discharge ( p a r t i c u l a r l y  Lebanon Springs)  may be s t r u c t u r a l l y  s i m i -  
l a r  t o  those of t he  Folded Appalachians, although the  r e l a t i o n s h i p s  a r e  
unclear  because of the  Taconic and succeeding per iods of orogeny. 

The importance of f a u l t  con t ro l  t o  Appalachian warm spr ings  is  not c l e a r .  
Fau l t ing  is present  i n  all of the  hot spr ing a reas  of the  Appalachian and 
Ouachita mountains but no spr ings  a re  known to discharge i n  f a u l t  zones, 
except those in fe r r ed  by s t u d i e s  of l i n e a r s .  

Warm sp r ings  and f a u l t s .  Warm springs i n  the  Basin and Range province a r e  
commonly found i n  o r  near f a u l t  zones. Many f a u l t  zones, however, a r e  
s i l i c i f i e d  and f i l l e d  with gouge; t h e  o lder  a f a u l t  system, the  m r e  l i k e l y  
sea l ing  has occurred. F a u l t s  i n  the  Basin and Range province associated 
with thermal spr ings  a re  r e l a t i v e l y  young on a geologic time sca l e .  In  
f a c t ,  t he re  is some evidence t h a t  recur ren t  seismic a c t i v i t y  i s  necessary 
t o  maintain thermal spr ings .  Swanberg and Morgan (1978) note  t h a t  ground 
waters  i n  the  eas t e rn  United S t a t e s  a re  charac te r ized  by low s i l i c a  temper- 
a t u r e s  , except i n  t e c t o n i c a l l y  a c t i v e  a reas  l i k e  New Madrid , Mo. , southern 
New York, and South Carol ina.  

Many c u r r e n t l y  i n a c t i v e  f a u l t  systems i n  the  e a s t ,  such as  the  Rough Creek 
zone i n  I l l i n o i s  and Kentucky and the  border f a u l t s  of the  T r i a s s i c  bas ins ,  
are not assoc ia ted  with obvious thermal anomalies. Rodgers (1970) notes  
t h a t  s i l i f i c a t i o n  is  common i n  the  T r i a s s i c  border f a u l t s ,  suggesting t h a t  
movement of s i l i c a - r i c h  thermal so lu t ions  may have been important i n  the  
p a s t  . 
F a u l t s  as old as those of t he  Appalachians and Ouachitas have had ample 
t ime f o r  any o r i g i n a l  permeabi l i ty  to be closed o f f .  Recent f a u l t i n g  i n  
r e l a t i v e l y  b r i t t l e ,  c lean-fractur ing q u a r t z i t e s  may allow permeabi l i ty  to  
be maintained, however. Poss ib ly  t h i s  i s  important i n  the  Warm Springs,  
Va., area through which the  38th p a r a l l e l  lineament is  thought t o  extend 
and perhaps t o  be s t i l l  a c t i v e  (Dennison and Johnson, 1971). Quar t z i t e  
beds are a l s o  present  there .  

Absence of thermal anomalies where old f a u l t  systems occur may be due to 
o t h e r  hydrologic condi t ions .  S teeply  inc l ined  beds forming recharge zones 
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and topographic lows to  loca l i ze  discharge may be necessary for the devel- 
opment of thermal convect ion systems. 

Other e a s t e r n  thermal spr ings.  The spr ings i n  the Trans-Pecos region of 
Texas have higher indicated geochemical temperatures than any other  thermal 
sp r ings  i n  the eas t  except those a t  Hot Springs,  Ark. They appear to  be 
a s soc ia t ed  with Basin and Range s t y l e  f a u l t i n g  and with the Rio Grande r i f t  
(Henry, 1977 and 1979). Henry (1977) l i s t s  several  wells i n  the area t h a t  
have produced abnormally warm waters a t  shallow depths.  The Brisco well  i n  
t he  P r e s i d i o  Bolson encountered a temperature of about 51°C (124°F) a t  27 
meters (90 f e e t ) .  In a Gulf O i l  Company well north of P res id io  Bolson, 
82°C (180'F) water was reported a t  874 meters (2,870 f e e t ) .  Near 
Te r l ingua ,  two occurrences of water a t  about 4 5 ° C  (113°F) a r e  recorded a t  
270 meters (880 f e e t ) .  

Thermal sp r ings  i n  F lo r ida  appear to  be caused by the  Local upwelling of 
thermal waters o r i g i n a t i n g  i n  the F lo r id i an  aqu i f e r .  Kohout and o the r s  
(1977) b e l i e v e  the spr ings t o  be the r e s u l t  of convection c e l l s  involving 
hea t ing  of sea water as it moves inland along the F lo r id i an  P la t eau ,  This 
model i s  questioned, but not e n t i r e l y  ruled o u t ,  by Sproul (1977). In any 
even t ,  t he  waters are not much .warmer than the average a i r  temperature i n  
F l o r i d  a. 

Radioactive,  Heat-Producing G r a n i t i c  Plutons . 

Radioact ive,  heat-producing g r a n i t i c  plutons buried beneath t h i c k  blankets  
of  minimally conductive sediments may provide the best  source of geothermal 
energy along the A t l a n t i c  Coast of t he  United S t a t e s .  Costain and o t h e r s  
(1976) are continuing t o  study t h i s  p o t e n t i a l  resource.  Their r e p o r t s  give 
a d e t a i l e d  account of the t h e o r e t i c a l  model and the v a l i d a t i o n  procedures 
used. Only a b r i e f  summary of t h e i r  approach and major r e s u l t s  i s  given 
here .  

Numerous g r a n i t i c  plutons,  somewhat r i c h e r  i n  uranium and thorium than the 
surrounding rocks,  have been observed in t he  Piedmont. S i m i l a r  plutons are 
thought t o  exist beneath much of the  A t l a n t i c  Coastal  P l a i n .  Although the 
concen t r a t ions  of uranium and thorium are not .high--10 ppm of uranium 
(Glover,  1979) and th ree  to  four times as much thorium (Costain,  1979)-- 
enough of t hese  elements is present i n  many plutons of t he  Piedmont fo r  
e l eva ted  h e a t  flows t o  be observable above buried plutons.  Temperature 
g r a d i e n t s  as high as 48"C/km (2.6'F/100 f t )  have been recorded i n  a series 
o f  shallow (300-m, 1,000-ft)  ho le s  d r i l l e d  i n  the A t l a n t i c  Coastal  P l a i n  
above p o s s i b l e  plutons in fe r r ed  from g r a v i t y  an g n e t i c  d a t a  (Costain,  

e sedimentary cover Over a uton,  the higher t he  temperature 
expected at  the  base of t h e  sedimentary sequence. The i n t e r r e l a t i o n s h i p s  
o f  temperature,  depth,  thickness  of sediments, and heat  flow are shown i n  
Fig. 9 .  

A 1,500-meter (5,000-foot) w e l l  d r i l l e d  near C r i s f i e l d ,  Md., has p a r t i a l l y  
confirmed t h e  Costain model. The 56°C (133°F) water produced from t h e  w e l l  
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at 1.2 ki lometers  (4,000 f e e t )  depth is subeconomic a t  p resent ,  but has a 
s t rong  p o t e n t i a l  t o  be economic i n  the  not-too-distant fu ture .  The 
loca t ions  of temperature and g rav i ty  anomalies on the  At l an t i c  Coastal 
P l a i n  poss ib ly  associated with s imi l a r  o r  higher-grade geothermal resources  
a r e  shown i n  Figs. 8 and 11. The a v a i l a b i l i t y  i n  these areas  of thermal 
waters i n  s u f f i c i e n t  quant i ty  for  production is not yet confirmed. 

Buried g r a n i t i c  plutons may provide heat  not only for  hydrothermal systems 
i n  the  overlying sediments but a l so  for  hot dry rock systems within the  
plutons.  Los Alamos S c i e n t i f i c  Laboratory i s  c u r r e n t l y  inves t iga t ing  t h i s  
p o s s i b i l i t y  . 
Abnormally Warm Aquifers 

Abnormally warm aqu i fe r  water is  known o r  in fe r r ed  to e x i s t  i n  severa l  
a r eas  of t he  eas t e rn  United S t a t e s .  The l a r g e s t  region with t h i s  po ten t i a l  
l i e s  i n  Texas and Arkansas i n  the  Ouachita s t r u c t u r a l  b e l t  and i n  the  Bal- 
cones and Luling-Mexia-Talco f a u l t  zones. Numerous warm-water wel ls  have 
been d r i l l e d  here ,  and measured geothermal g rad ien t s  range from 25 t o  
45'C/km (1.4 t o  2.5"F/100 f t )  w i th in  1 ki lometer  (3,300 f e e t )  of the  
su r face  (Sammel, 1979). S tudies  a re  underway to  assess  more f u l l y  the  
p o t e n t i a l  of t he  a rea  and to  acce le ra t e  development. These and o ther  
s t u d i e s  have focused on Cretaceous aqui fe rs  within the f a u l t  zones o r  over- 
l y ing  the  buried Ouachita s t r u c t u r a l  b e l t  (Woodruff, 1978). The warm 
waters  are probably r e l a t e d  to  upward migrat ion along f a u l t  zones o r  updip 
wi th in  the  Cretaceous sediments. 

Complicating the  p i c t u r e  i n  the  northern Gulf of Mexico Basin i s  the  pres- 
ence of geopressured-geothermal r e s e r v o i r s  i n  almost a1 1 Cenozoic forma- 
t i o n s  and some deep Mesozoic rocks (Wallace and o t h e r s ,  1979). Although 
these  r e s e r v o i r s  a r e  not a subjec t  of t h i s  r e p o r t ,  Sammel (1979) suggests  
t h a t  they may be respons ib le  fo r  e levated temperatures i n  a broad zone of 
shallow aqu i fe r s  poss ib ly  extending from South Texas to  Alabama. These 
a q u i f e r s ,  g e n e r a l l y  T e r t i a r y  i n  age, l i e  east of t he  major f a u l t  zones and 
t h e  Ouachita s t r u c t u r a l  b e l t  with which the  thermal waters i n  the  Creta- 
ceous rocks of e a s t e r n  Texas are assoc ia ted .  

The t h i r d  known occurrence of thermal waters i n  the  e a s t e r n  United S t a t e s  
i s  an extens ive  thermal b r ine  f i e l d  i n  southern Arkansas. Numerous wells 
i n  the  Smackover Formation e x h i b i t  g rad ien t s  i n  the  30 t o  4O"C/km (1.6 t o  
2.2'F/100 f e e t )  range at  depths  of 1 t o  3 k i lometers  (3,300 t o  10,000 f e e t )  
( C o l l i n s ,  1974). According t o  Sammel (1979) the  maximum temperatures 
measured i n  the  deepest  wells are about 140°C (284°F). 

The ex i s t ence  of an ex tens ive  area of thermal waters, an extension of t he  
thermal f i e l d  of western South Dakota, i s  in fe r r ed  under the  western t h i r d  
of  Nebraska (W. D. Gosnold, personal communication 1979). The Nebraska 
Conservation and Survey Div is ion  is beginning work i n  t h i s  area.  

The thermal p o t e n t i a l  of abnormally warm aqu i f e r s  i s  not widely exploi ted 
a t  present .  The Department of Energy, however, i s  c u r r e n t l y  funding two 
demonstrat ion p r o j e c t s  i n  these  e a s t e r n  systems. The f i r s t  w i l l  use geo- 
thermal water from the  Balcones f a u l t  zone t o  provide hea t ing  fo r  t he  
Torbett-Hutchings-Smith Memorial Hospi ta l  at  Marlin,  Tex. Warm water of 
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about 60'C (140°F) i s  expected a t  1.2 ki lometers  (3,900 f e e t ) .  

A second p ro jec t  w i l l  use the hot br ines  from the thermal br ine f i e l d  i n  
southern Arkansas t o  generate  e l e c t r i c i t y .  Arkansas Power and Light 
Company w i l l  use 99°C (210°F) br ine  in  a binary-cycle generator to  provide 
100 k i lowa t t s  of e l e c t r i c a l  power. 

Deep Sedimentary Basins with Normal Gradients 

The geothermal energy of warm spr ings ,  shallow thermal aqu i f e r s ,  and radio- 
genic  plutons can be c l a s s i f i e d  as indicated resources  and, to  a l e s s e r  ex- 
t e n t ,  as reserves .  The geothermal energy associated with deep sedimentary 
bas ins  cannot , however , be c l a s s i f i e d  as a resource.  

Many deep sedimentary basins  have been de l inea ted  through petroleum explo- 
r a t i o n  (Fig.  5 ) .  Except for  the Appalachian, I l l i n o i s ,  and Michigan 
Basins ,  sediments th icker  than 1.5 ki lometers  (5,000 f e e t )  occur only i n  
t h e  i n t e r i o r  bas ins  associated with the Ouachita, Wichita, and Marathon 
s t r u c t u r a l  b e l t s  of Texas and Oklahoma. 

The i n t e r i o r  bas ins  a re  es tab l i shed  on cont inenta l  c r u s t  where the basement 
has  been depressed e i t h e r  by gen t l e  downwarping, as i n  I l l i n o i s  and Michi- 
gan, o r  by major downwarping associated with mountain bui lding a c t i v i t y ,  as 
i n  the  Appalachian, Anadarko, Arkoma, and Ardmore basins .  The th i ck  sedi- 
mentary sequences i n  these bas ins  o f f e r  t a r g e t s  for  f l u i d  production and 
--because of t h e i r  g rea t  depths--relat ively high temperatures. The produc- 
t i o n  c a p a b i l i t i e s  of many of these  deep r e se rvo i r s  and t h e i r  temperatures 
are known from petroleum operat ions.  Much of the d a t a  remain i n  company 
f i l e s ,  but some are ava i l ab le  i n  sca t t e red  published r epor t s .  

Review of Figs.  5 ,  7 ,  and 8 shows t h a t  most of the deep sedimentary basins  
i n  the  i n t e r i o r  have r e l a t i v e l y  normal heat  flow and temperature grad ien ts .  
Heat flow i n  most cases  should be about 1 t o  at most 1.5 HFU. Temperature 
g r a d i e n t s  are gene ra l ly  18.2 to 29"C/km (1 t o  1.6"F/100 f e e t ) ,  although i n  
some cases they reach 36'C/km (Z°F/lOO f e e t ) .  

Severa l  of t he  i n t e r i o r  bas ins  are thought t o  hold f l u i d s  a t  a hydros t a t i c  
p re s su re  g r e a t e r  than normal for  a given depth. A genera l  desc r ip t ion  of 
t hese  geopressured bas ins  is  given by Wallace and o the r s  (1979). 'Deep '  
w e l l s  d r i l l e d  f o r  petroleum production i n  geopressured regions may provide 
economic geothermal resources  i f  the  d r i l l i n g  c o s t s  can be wr i t t en  o f f  to  
o i l  and gas explora t ion .  Pumping the  geothermal f l u i d  from geopressured 
r e s e r v o i r s  would be less cos t ly .  
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Undiscovered Resources 

On the  bas i s  of the foregoing d iscuss ion  some broad inferences can be drawn 
about the  p o t e n t i a l  fo r  undiscovered geothermal resources  in  the eas t e rn  
United S t a t e s .  

The geothermal resource base is genera l ly  considered to  be the  heat in  the 
e a r t h ' s  c r u s t  beneath a spec i f i c  area where subsurface temperatures a re  
h igher  than the loca l  mean annual temperature (Muffler and Ca ta ld i ,  1978). 
By t h i s  d e f i n i t i o n ,  po ten t i a l  geothermal resources  under l ie  a l l  p a r t s  of 
t he  country. A t  the present  t i m e ,  however, only waters with temperatures 
above the  average for  t h e i r  source a rea  a re  being used for  t h e i r  heat  
conten t .  

Most of the  following d iscuss ion  cen te r s  around the poss ib le  causes and lo- 
c a t i o n s  of geothermal occurrences.  In  the eas t e rn  United S t a t e s  these seem 
t o  be l imi ted  t o  cases  governed by elevated heat flow from radioac t ive  
p lu tons ,  i n su la t ing  l aye r s  of low-conductivity sediments, deep c i r c u l a t i o n  
and r i s e  of ground water ,  o r  a combination of these mechanisms. It is  not 
l i k e l y  t h a t  cool ing igneous bodies a r e  near enough to  the  sur face  to  
provide l o c a l l y  e levated heat  flow. 

Diment and o the r s  (1975) suggest tha t  maximum heat  flow above plutons i n  
t h e  e a s t e r n  s t a t e s  i s  about 2.3 HFU. For comparison, Costain and o the r s  
(1977, 1978, 1979) r epor t  maximum observed hea t  flow values  of 1.9 HFU i n  
t h e  A t l a n t i c  Coastal  P l a i n  and 1.53 HFU above plutons i n  the  Piedmont. The 
h ighes t  hea t  production i n  the  basement i s  from l a rge  g r a n i t i c  bodies r i ch  
i n  uranium and thorium. Such g r a n i t e s  a r e  commonly associated with high- 
grade metamorphic complexes t h a t  have not undergone f u r t h e r  metamorphism 
a f t e r  t he  emplacement of t he  g r a n i t e .  When poss ib le  values  of heat  flow 
a r e  considered , toge ther  with rock conduc t iv i t i e s  and des i red  temperatures 
(F ig .  91,  it becomes apparent t h a t  t h i ck  sequences of poorly conducting 
sediments must o v e r l i e  such r ad ioac t ive  g r a n i t e s  i f  e levated temperatures 
a r e  to develop. 

Data ava i l ab le  from published basement geologic maps, d r i l l  ho les ,  and geo- 
phys ica l  s t u d i e s  , coupled with geologic i n t e r p r e t a t i o n  of reg iona l  t r ends ,  
should y i e ld  important c lues  t o  the  loca t ion  of l a rge  plutons meeting t h i s  
requirement.  Figure 12 shows , among o the r  f e a t u r e s ,  poss ib le  loca t ions  of 
f e l s i c  b a t h o l i t h i c  rocks tha t  could exist a t  r e l a t i v e l y  high temperatures,  
given s u f f i c i e n t  sedimentary cover. 

I n  t h e  e a s t e r n  U.S. sediments of lowest conduct iv i ty  a r e  found i n  the  
Coastal  P l a i n s .  The Gulf Coastal  P l a i n  i s  known t o  have many areas  of geo- 
thermal p o t e n t i a l .  The p o t e n t i a l  i n  t he  At l an t i c  Coastal  P l a i n ,  however, 
is less w e l l  known. Heat flows between 1 and 2.3 HFU and conduc t iv i t i e s  
between 3 and 5 CU a r e  apparent l i m i t s  f o r  t he  A t l a n t i c  Coastal  P l a i n .  
Sediment th icknesses  are less than 1.5 k i lometers  (5,000 f e e t )  except i n  
t h e  Delmarva Peninsula  and extreme eas t e rn  North Carol ina (F ig .  5). Deep 
ho le s  W i l l  probably have average conduc t iv i t i e s  near 4 CU. Hence, maximum 
temperature  g rad ien t s  of about 57.5"C/km (3.2'F/100 f t )  are poss ib le .  
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Although prel iminary r e s u l t s  from the DOE At l an t i c  Coastal  P l a i n  d r i l l i n g  
program suggest t ha t  temperature g rad ien t s  no g r e a t e r  than 37.5"C/km 
(2.lDF/100 f t )  can be expected i n  deep wel ls  above mst rad ioac t ive  plutons 
i n  the  region,  the  prospects  a r e  good for f inding plutons with heat flows 
of about 2 HFU o v e r l a i n  by sediments with average conduct ivi ty  of 4 CU. 
Hence, temperature g rad ien t s  of 50"C/km (2.75'F/100 f t )  a r e  l i k e l y  to be 
found with f u r t h e r  explorat ion.  Sediment thicknesses  necessary to a t t a i n  
usable  temperatures can be estimated from Fig.  8 .  

Temperature g rad ien t s  away from the  coast  a re  not expected to be qu i t e  as 
high except i n  areas  of very th i ck  shale  sequences, such as the Devonian 
sha le s  i n  the  Appalachian region (F ig .  13).  Therefore ,  evaluat ion of 
conduction-dominated geothermal resources  should begin where sediments a re  
th i cke r  than about 1.5 ki lometers  (5,000 f e e t )  and temperature grad ien ts  
a r e  e levated.  Figure 14 po in t s  up areas  where sediments a re  th icker  than 
t h i s  and where temperature g rad ien t s  a r e  g r e a t e r  than about 29"C/km 
(1.6"F/100 f t ) .  The geology of the  basement i s  not well enough known to 
p red ic t  which areas might a l so  be underlain by r ad ioac t ive  plutons.  

Movement of water through s t eep ly  dipping sediments or  f r a c t u r e  zones i s  
the  o the r  mode of hea t  t r anspor t  i n  t he  eas t e rn  s t a t e s .  A s  discussed 
e a r l i e r ,  the  warm spr ings  of t he  east seem to o r i g i n a t e  from deep c i rcu la-  
t i o n  i n  areas  of normal cont inenta l  heat  flow. Since a l l  warm spr ings  in 
t he  eas t  a r e  found i n  similar geologic s e t t  ings--steeply inc l ined  sedimen- 
t a r y  beds with q u a r t z i t e s  and poss ib ly  a l so  t ransverse  f a u l t s  present-- 
s i m i l a r  environments elsewhere should be reviewed. The foremost examples 
a r e  i n  the  Folded Appalachians and in  the Ouachita s t r u c t u r a l  t rend ,  where 
t h e  beds a re  found exposed as w e l l  a s  extending beneath younger rocks. 
Several  a reas  of the  Blue Ridge and Piedmont, p a r t i c u l a r l y  i n  the southern 
s e c t i o n s ,  can be included here .  

An extension of t he  Val ley and Ridge s t y l e  of folding under l ies  t he  
Champlain River va l l ey ;  t h i s  may provide another t a r g e t  for  f u r t h e r  inves- 
t i g a t i o n .  Water temperatures i n  t h i s  geologic s e t t i n g  a r e  unl ike ly  to  ex- 
ceed about 60'C (140'F). Areas where these  geologic condi t ions a re  possi- 
b l e  a r e  shown i n  Fig. 14. The absence of warm spr ings  i n  non-mountainous 
a reas  of t i g h t l y  folded rocks may imply  t h a t  topographica l ly  cont ro l led  
hydraul ic  g rad ien t s  a r e  a l so  necessary fo r  development of warm spr ings .  

The major zones of f a u l t i n g  i n  the  eas t e rn  United S t a t e s  a re  shown i n  Fig. 
3 ,  along with o the r  s t r u c t u r a l  f ea tu re s .  Except i n  the  Balcones and Gulf 
Coast s ec t ions  of Texas, Arkansas, and poss ib ly  o ther  states of the  Gulf 
Coastal  P l a i n ,  abnormally warm waters a re  not known t o  exist i n  f a u l t  zones 
o f  t he  e a s t ,  although warm spr ings  are almost i nva r i ab ly  assoc ia ted  with 
f a u l t s  i n  the  Basin and Range province. 

The T r i a s s i c  basins  have assoc ia ted  f a u l t  zones along which major v e r t i c a l  
movements must have occurred,  yet no thermal anomalies a r e  known to  be 
a s soc ia t ed  with these  basins .  Rodgers (1970) mentions t h a t  s i l i c i f i c a t i o n  
i s  common i n  the  f a u l t s  bounding T r i a s s i c  bas ins ;  perhaps f a u l t s  of t h i s  
age have been thoroughly sealed through a l t e r a t  ion and cementat ion. Deep, 
waters with high temperatures and g r e a t e r  chemical a c t i v i t y  may have 
sea led  the  deeper por t ions  of f a u l t  zones over tens  of mi l l i ons  of years ,  
even i f  t he  upper por t ions  are r e l a t i v e l y  open to  passage of water. 
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Figure 14.-- Areas of geothermal potent ia l  i n  the eastern United States. 
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The survey by Swanberg and Morgan (1978) of s i l i c a  geotemperatures i n  
ground water shows r e l a t i v e  highs i n  several  areas of recent  seismic act iv-  
i t y ,  such as New Madrid, Mo., northern New York, and South Carolina.  This 
suggests  t h a t  e f f o r t s  t o  seek out deep f l u i d  c i r c u l a t i o n  systems should be 
concentrated i n  areas of recent  seismic a c t i v i t y .  More de t a i l ed  geochem- 
i ca l  modeling i n  such areas may be the most cos t - e f f ec t ive  means of geo- 
thermal reconnaissance i n  the east. Maps l i k e  those of Stover (19771, 
Hadley and Devine (19741, and Woollard (1958, 19691, portraying h i s t o r i c  
seismic a c t i v i t y  and t ec ton ic  f ea tu res ,  may be useful  fo r  t h i s  purpose. 

Study of the temperature gradient  map (Fig.  71 ,  the  major s t r u c t u r a l  fea- 
t u r e s  map (Fig.  3 1 ,  and seismic d a t a ,  p a r t i c u l a r l y  the  seismic zones sug- 
gested by Woollard (1958, 19691, points  up t rends t h a t  may be geothermally 
s i g n i f i c a n t .  Among these a r e  the Chadron-Cambridge Arch-Central Kansas 
U p l i f t  t rend;  t h e  Nemaha Uplift-Mid-Continent Gravity High trend from 
Oklahoma t o  Nebraska and perhaps to  Michigan; and the less well defined 
t rend from N e w  Madrid, Mo., northeastward through southern I l l i n o i s  and 
Indiana,  w e s t  c e n t r a l  Ohio, western Pennsylvania, and New York i n t o  the S t .  
Lawrence River V a l  ley.  Areas where temperature g rad ien t s  g r e a t e r  than 
29OC/km (1.6'F/100 f e e t ) ,  s t r u c t u r a l  f e a t u r e s ,  and seismic a c t i v i t y  
co inc ide  are shown i n  Fig. 14,  

, 
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