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HOT DRY ROCK GEOTHERMAL RESOURCE 

1980 

Edited by 

Grant Heiken, Fraser Goff, and Glenda Cremer 

ABSTRACT 

T h i s  report summarizes the work performed d u r i n g  1980 by the Los Alamos 
National Laboratory and i t s  subcontractors on hot dry rock ( H D R )  geothermal 
resource evaluation, s i t e  characterization, and geophysical exploration tech- 
niques. The work was done by region (Far West, Pacific Northwest, Southwest, 
Rocky Mountain States ,  Midcontinent, and Eastern) and limited t o  the contermi- 
nous U.S.  

I .  INTRODUCTION ( G .  Heiken and Fraser Goff) 

After the hot dry rock ( H D R )  geothermal experiments a t  Fenton Hi l l ,  New 
Mexico, proved t h a t  energy extraction from h o t  rock of the e a r t h ' s  c rus t  was 
technically feasible ,  the Department of Energy ( D O E )  expanded the program t o  
include evaluation of the HDR geothermal resource of the U.S. The Fenton Hill 
project  i s  based on a concept developed a t  Los Alamos National Laboratory, 
which involves a closed, man-made geothermal system. Simply s ta ted:  Two we1 1 

bores, d r i l l ed  into hot rock of very low permeability, are  connected by a 
man-made fracture  system; cool water, pumped down one well bore, i s  heated as 
i t  flows through the fracture  system and returns a s  h o t  water up the other 
well bore t o  the surface. 

I t  has been estimated t h a t  i f  only 1% of the U.S.  HDR resource base t o  a 
7-km depth i n  the e a r t h ' s  c rus t  could be recovered as  heat energy, i t  could 
supply our current nontransportation needs ( H D R  Program Plan 1980). One o f  
the f i r s t  steps necessary to  evaluate the HDR geothermal resource of the U.S. 

i s  to  confirm i t s  s ize ,  d i s t r i b u t i o n ,  and access ib i l i ty ,  and t o  identify and 
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cha a t e r i z e  it. Therefor  , i n  . r a t i o n  w i t h  t h e  Un i ted  Sta tes  Geol i 1 
Survey (USGS) and o the r  research i n s t i t u t i o n s ,  Los A1 amos Nat iona l  Laboratory 
began a program w i t h  a two-pronged o b j e c t i v e :  

ga ther  and analyze e x i s t i n g  geologic  and geophysical data and acqu i re  
new data necessary t o  i d e n t i f y  and cha rac te r i ze  t h e  HDR resource 
base, and 

1. 

2. i d e n t i f y  and cha rac te r i ze  candidates f o r  HDR S i t e  2, i n  o rder  t o  
demonstrate t h a t  HDR technology can be app l i ed  throughout t h e  U.S. 

Th i s  r e p o r t  o f f e r s  a summary o f  our  work f o r  1980. 

An e a r l i e r  eva lua t i on  (Hot  Dry Rock Assessment Panel 1977) concentrated 
main ly  on young vo l can ic  f i e l d s .  Th is  summary covers n o t  on l y  these high-grade 

areas w i t h i n  igneous systems b u t  a l so  those broad reg ions  hav ing e leva ted  

thermal g rad ien ts  b u t  no volcanism o r  hydrothermal a c t i v i t y .  To demonstrate 

t h a t  HDR i s  a v i a b l e  energy resource, we must i d e n t i f y  and cha rac te r i ze  reg ions  

where thermal g rad ien ts  a re  >30"C/km. These grad ien ts  c rea te  temperatures 

t h a t  a re  s u i t a b l e  f o r  d i r e c t  use (heat )  and a r e  broad ly  d i s t r i b u t e d  throughout 
t h e  U.S. The except ions a re  t h e  deep sedimentary basins,  e s p e c i a l l y  i n  t h e  
G u l f  Coastal P l a i n s  where g r e a t  depths t o  rock u n i t s  w i t h  l i m i t e d  pe rmeab i l i t y  

prec lude HDR energy e x t r a c t i o n .  Th is  area i s  n o t  i nc luded  i n  our eva lua t ion .  

Also,  our a c t i v i t i e s  a re  l i m i t e d  t o  t h e  conterminous U.S. 

A. Requirements and C r i t e r i a  

The bas ic  requirement f o r  HDR r e s e r v o i r s  i s  hot, low-permeab i l i t y  rocks 

a t  r e l a t i v e l y  shal low depths (high-grade areas).  For  w e l l s  used t o  generate 
e l e c t r i c i t y ,  our  p resent  technology requ i res  temperatures o f  a t  l e a s t  150°C, 

a t  depths o f  - <6 km i n  any sca le  u n i t s  w i t h  low permeab i l i t y ,  amiable t o  

h y d r a u l i c  f r a c t u r i n g .  For  p r a c t i c a l  purposes, these l i m i t s  a re  r e a l i s t i c a l l y  

- >2OO"C and - <5 km. It i s  a lso  p re fe rab le  t h a t  these rocks  occur i n  masses t h a t  

a re  n o t  severe ly  f r a c t u r e d  o r  f au l ted .  We a n t i c i p a t e ,  however, t h a t  technolo- 

g ies  can be developed f o r  us ing  a v a r i e t y  o f  rocks hav ing l i m i t e d  permeab i l i t y ,  

occu r r i ng  i n  a v a r i e t y  o f  seismic and t e c t o n i c  regimes. 
The major c r i t e r i a  used t o  assess a s i t e ' s  HDR p o t e n t i a l  a re  

1. d i s t r i b u t i o n  and depth t o  appropr ia te  r e s e r v o i r  rocks,  
2. d i s t r i b u t i o n  o f  Quaternary vo l can ic  centers,  
3. d i s t r i b u t i o n  o f  a c t i v e  hydrothermal systems, 
4. e a r t h  c r u s t a l  th ickness,  and 
5. reg iona l  heat f l o w  and thermal gradients .  
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Other fac tors  such as measurements of temperature, gravity,  and  magnetic 
and e lec t r ica l  f i e l d s  are  considered when they are  relevant. 

B. Definitions 
HDR Resource Base: All thermal energy >15"C available i n  regions h a v i n g  

thermal gradients >30"C/km, which a re  not p a r t  of a hydrothermal or geopres- 
sured system. 

Accessible Resource Base: The thermal energy available a t  >9O"C ( f o r  
d i rec t  use) or  >150"C ( f o r  generation of e l e c t r i c i t y )  to  a depth of 6 km,  
which may be extracted us ing  HDR techniques without regard t o  cost .  

Economically Recoverable Resource: T h a t  par t  of the accessible resource 
base tha t  may be extracted economically considering d r i l l  i n g  costs ,  environ- 
ment, and demography. (Defined as the useful accessible resource base, or 
resource i n  USGS Circular 790, Muffler 1979). 

C . ReDOrt Orqani za t i  on 
To f a c i l i t a t e  our evaluation, we divided the work among Los Alamos per- 

sonnel and subcontractors according to  region ( F i g .  1) .  D u r i n g  1980 t h i s  
work consisted mostly of gathering and analyzing data from the l i t e r a t u r e ,  

F i g .  1. Regions established for evaluation of the hot dry rock geothermal 
resource. 
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al though some new hea t - f l ow  measurements were made. Our pr imary goal was t o  
i d e n t i f y  thermal anomalies w i t h i n  each reg ion  and t o  c h a r a c t e r i z e  the geo- 

l o g i c  s e t t i n g  o f  those anomalies. I n  add i t i on ,  s i t e  c h a r a c t e r i z a t i o n  o f  h igh- 

grade prospects i s  discussed because of t h e i r  p o t e n t i a l  candidacy f o r  an HDR 

S i t e  2. 
I n  a d d i t i o n  t o  t h e  reg iona l  evaluat ions,  t h e r e  a re  several on-going 

s tud ies.  Sect ion VI11 r e p o r t s  on these p r o j e c t s ,  which i n c l u d e  magne to te l l u r i c  

surveys i n  New Mexico and Arizona; p repara t i on  o f  a conduct ive geothermal map 
o f  t h e  conterminous U.S.; and examination of a v a r i e t y  o f  igneous sytems. 

The f i n a l  s e c t i o n  o f f e r s  a rev i sed  est imate o f  t h e  HDR Resource Base and 

inc ludes  a t a b l e  e s t i m a t i n g  the HDR resource base by r e g i o n  and a t a b l e  sum- 

mar i z ing  t h e  geophysics and geology o f  t h e  va r ious  reg ions a t  t h e  end o f  1980. 
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11. FAR WEST: REGIONAL AND SITE-SPECIFIC EVALUATIONS FOR CALIFORNIA, 
NEVADA, AND UTAH (Fraser  Gof f  and Andrea Kron) 

Ca l i f o rn ia ,  Nevada, and Utah o f f e r  many o f  t he  bes t  prospects  f o r  HDR 

geothermal energy because o f  t h e  presence o f  several  1 arge Quaternary vo l can ic  
systems and t h e  vas t  reg iona l  thermal anomalies i n  t h e  nor thern  Basin and Range 

province. T h i s  sec t i on  discusses the  HDR p o t e n t i a l  o f  f i v e  major  phys iographic  
t e c t o n i c  prov inces w i t h i n  these s ta tes  (F ig .  2 )  , w i t h  respec t  t o  reg iona l  

geolog ic  and geophysical c h a r a c t e r i s t i c s .  The HDR p o t e n t i a l  o f  f o u r  h igh-  
temperature, magma-hydrothermal systems , where hydrothermal systems are  cur -  

r e n t l y  be ing  explored o r  exp lo i t ed ,  i s  a l s o  reviewed. 

F ig .  2. Physiographic provinces, major  geothermal t a r g e t s  and t h e  San Andreas 
f a u l t  zone o f  t he  Far  West reg ion.  
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As a preliminary assessment of the regional HDR potential of the Far 
West, we compiled d a t a  on the f ive c r i t e r i a  l i s t e d  i n  the Introduction (see 
Figs. 3 and 4 and Table I ) .  We also considered the regional dis t r ibut ion of 
seismic ac t iv i ty  because o f  i t s  possible influence on reservior development, 
and depth to reservoir rocks because of i t s  economic significance. Additional 
geophysical c r i t e r i a  such as gravity and e lec t r ica l  r e s i s t i v i t y  were evaluated 
only a t  high-grade s i t e s ,  even though these d a t a  have been useful a s  regional 
HDR exploration tools  i n  the eastern U.S. and Arizona (see Sec. IV by 
J .  Aldrich and A. W. Laughlin and Sec. VI1 by J .  Maxwell). 

F i g .  3. Heat flow, crustal  thicknes, hydrothermal convection systems, and out- 
crops of plutonic and metamorphic rocks fo r  California,  Nevada, and 
Utah. (Sass e t  a l .  1980; Prodehl 1979; Brook e t  a l .  1979; Jennings 
1977; Stewart and Carlson 1976; and USGS and AAPG 1962). Q 
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F i g .  4. Locat ion  o f  Quaternary vo lcan ic  rocks  i n  C a l i f o r n i a ,  Nevada, and Utah 
(Wi l l den  1964; Roberts e t  a l .  1967; Bonham 1969; Moore 1969; 
Wi l lden  and Speed 1974; Luedke and Smith 1978a; Jennings 1977; Stewar t  
and Car lson 1976; Silberman and McKee 1972, and Vaniman e t  a1 . 1980. 

F. General Geology and Geophysics o f  t h e  Region 

O f  t h e  seven phys iograph ic / tec ton ic  prov inces i n  Cal i f o r n i a ,  Nevada, and 

Utah (F ig .  Z), f i v e  a re  discussed below. The remain ing two, Cascade and Snake 

R ive r  P l a i n  provinces, occur ma in ly  i n  t h e  nor thwest  and are  covered by B. H. 
Arney i n  Sec. 111. 

1. C a l i f o r n i a  Coast Ranges. Complicated s t r u c t u r e ,  a c t i v e  t rans form 

tec ton ics ,  low-to-moderate reg iona l  thermal g rad ien ts ,  and ex tens ive  marine 

sedimentary sequences o f  unknown pe rmeab i l i t y  prec lude most o f  t h e  Coast Ranges 
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TABLE I 

GEOLOGIC AND GEOPHYSICAL DATA USED TO EVALUATE HDR GEOTHERMAL POTENTIAL OF F I V E  PHYSIOGRAPHIC PROVINCES I N  
CALIFORNIA-NEVADA-UTAH 

Coast Ranges 

Central Valley 

Sierra Nevada 

Basin and Range 

Colorado Plateau 

General Geophysical Characterist ics -.- 
Thermal Death t o  Crustal 

Thickness. 
km 

24-28 

28-34 

34-52 

28-36 

>40 

H e a t  
Flow, 

HFU - 
"-2.0 

(1.0 

1-2 

1.5-2.8 

(1.5 

Quaternary Rgma-Hydrothermal Systems 
.._. .. 

G:;di;nt. 200.C. Possible HDR 
Clkm km Tectonics and Seismicity Reservoir Rocks S i te  -- 
25-35 e6 

15 >10 

(30 "-6 

240 1-5 

(25 8 

Sen hdreas transform 1. Jurassic-Eocene R t a -  1. Geysers- 
zone; act ive tectonics sedimnts Clear Lake 
and high seismicity. 2. MeSOZoiC plutonic 

Tectonical ly inactive; None ident i f ied 
low seismicity. 

Tectonical ly and seis- Mesozoic Granite 
mical ly inactive except 
along east and west 
margins. 

2. Salton 
Trough 

1. Sutter Buttes 

1. Long Valley 

2. COS0 
Volcanic 
F ie ld  

3. k n o  DoMs 

Tectonical ly and seis- Plutonic and metamorphic 1. Roosevelt 
mical ly active. rocks of various ages Hot Springs 

Moderate t o  low tec- 
tonic and seismic 
act iv i ty .  

Precambrian plutonic 
and metsarphic rocks 

Volcanism 

S i l i c i c  volcanic f ie ld .  
mostly dacite and basalt; age 
2 - 0.01 Myr. 

Four rhyo l i t e  daws; age 
(0.6 Myr. 

S i l i c i c  volcanic f i e ld  
mostly dacite and andesite; 
age 2-1.5 Myr. 

S i l i c i c  caldera wlth asso- 
ciated rhyo l i t e  dmes; age 
0.7 Wr  t o  450 yr .  

Bimodal basalt-rhyol i te suite; 
age 0.9 - 0.04 Myr. 

A t  least 10 rhyo l i t e  dmes and 
associated pyroclastics; age 
(5000 yrs. 

Biaodal basalt-rhyol i te suite; 
age 0.8 - 0.01 Wr. 

Geothermal Fluids 

Vapor-dominated zone a t  The Geysers, 
T - 240'C. Hot water zones t o  
northeast: T (250.C. 

k n y  large hot water reservoirs, 
T (350'C. 

b n e  known 

T S m a l l  (ls0.C. hot water reservoir, 

Small hot water reservoir, 
T = 165.C. 

None k n m ;  a few hot springs i n  
area. 

Moderate size hot water reservoir, 
T p0 'C .  



area from cons ide ra t i on  f o r  HDR development us ing present  techniques. The 

area does, however, c o n t a i n  th ree  promi s i n g  t a r g e t s  : The Geysers-C1 ear Lake 

r e g  
t h e  
a r e  

and 

s i  s 

on n o r t h  o f  San Francisco, t h e  Sal ton Trough on the  southeast margin of 

province, and t h e  Santa Ana Mountains no r theas t  o f  San Diego. These areas 
discussed i n  d e t a i l  l a t e r  as high-grade HDR t a r g e t s .  

The Coast Ranges, as def ined here, i n c l u d e  t h e  Transverse Ranges, Ventura 
Los Angel es Basi ns , and the  Southern Cal i f o r n i  a bathol  i t h .  Geol ogy con- 

s most ly  o f  Mesozoic t o  T e r t i a r y  marine sedimentary and vo l can ic  rocks. 

Mesozoic p l u t o n i c  and associated metamorphic rocks o f  t he  Sal i n i a n  b lock com- 

p r i s e  a major p o r t i o n  o f  t he  Santa Ana Mountains no r theas t  o f  San Diego and 

occur i n  d iscont inuous faul t -bounded masses west o f  t h e  San Andreas f a u l t  zone 

northward t o  San Francisco. A s e r i e s  o f  Te r t i a ry -Qua te rna ry  vo l can ic  centers,  

which p r o g r e s s i v e l y  decrease i n  age t o  t h e  nor th ,  s t r a d d l e  the  no r th -cen t ra l  

Coast Ranges and document considerable r i g h t - l a t e r a l  , s t r i k e - s l  i p  displacement 

a long f a u l t s  o f  t h e  San Andreas system. 

S t r u c t u r e  w i t h i n  t h e  Coast Ranges i s  among t h e  most complex o f  any prov- 
i n c e  i n  Nor th  America. Two ex tens i ve  format ions, the Franciscan assemblage 

and Great Va l l ey  sequence, comprise the  bu lk  o f  t h e  no r th -cen t ra l  Coast Ranges 

( B a i l e y  e t  a l .  1964). Eugeosyncl inal rocks o f  Franciscan assemblage were 

subducted beneath coeval m i  ogeosyncl i nal  rocks o f  t h e  Great Val 1 ey sequence i n  
e a r l y  T e r t i a r y  t ime along an eastward p lung ing  subduction zone (McLaughl i n  and 

Stanley 1976). A l l  c l a s s i c  i n d i c a t o r s  o f  subduction zones a re  d isp layed i n  

t h i s  area (Hsu 1968): reg iona l  t h r u s t  sheets and i m b r i c a t e  t h r u s t  s labs,  

o p h i o l i t e  sequences, melange b e l t s ,  and b lueschis t -grade metamorphism. Com- 
p l i c a t e d  e a r l y  T e r t i a r y  s t r u c t u r e  caused by subduction i s  o v e r p r i n t e d  by l a t e  

T e r t i a r y  t o  Holocene r i g h t - 1  a t e r a l  , s t r i  ke-s l  i p f a u l  ti ng a1 ong t h e  San Andreas 

t rans fo rm zone. 
The c r u s t  w i t h i n  t h e  western Coast Ranges i s  r e l a t i v e l y  t h i n  because i t  

c o n s i s t s  p r i m a r i l y  o f  complexly deformed sediments o v e r l y i n g  oceanic c r u s t ;  
because o f  subduction and j u x t a p o s i t i o n  o f  t he  Nor th  American p l a t e  a long the  

San Andreas f a u l t  zone, c r u s t a l  th ickness increases eastward (F ig .  3). Heat 

f l o w  averages almost 84 mW/mZ (>2 HFU), e s p e c i a l l y  near t h e  San Andreas 

t rans fo rm zone (Lachenbruch and Sass 1980); y e t  thermal g rad ien ts  on l y  average 

25 t o  30"C/km throughout t h e  Coast Ranges (Kron and Heiken 1980; G u f f a n t i  and 

Nathenson 1980). Extreme seismic and t e c t o n i c  a c t i v i t y  i s  gssociated w i t h  

f a u l t s  o f  t h e  San Andreas system, perhaps t h e  most a c t i v e  system i n  the  wor ld.  
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Thermal anomalies 84 mW/m2 ( > 2  HFU) w i t h i n  this province a re  not s ignif icant  
(Lachenbruch and Sass 1980) except i n  The Geysers-Clear Lake region and i n  the 
Sa l ton  Trough. Although h o t  spring ac t iv i ty  i s  concentrated a t  The Geysers- 
Clear Lake region, i t  i s  widespread throughout the Coast Ranges (Waring 1915 
and Table I). 

Large volumes of re la t ive ly  in t ac t  crystal  1 ine basement, the preferred 
target  fo r  current HDR development, occur only i n  the Southern Ca l i fo rn ia  
batholith northeast of San Diego and i n  downfaulted rocks w i t h i n  the S a l t o n  
Trough. Smaller masses of c rys ta l l ine  basement, which crop out as len t icu lar  
fault-bounded masses west of the San Andreas f a u l t  zone, are probably too 
fractured, too shallowly rooted, or too  small t o  be considered as  possible HDR 
reservoirs a t  t h i s  time. Deep Tertiary sedimentary basins such as the Ventura 
Basin have re la t ive ly  low-to-average thermal gradients for  this region and no 
known low-permeabil i t y  reservoir u n i t  a t  depth. 

Low-permeability zones of h i g h  temperature are known to  e x i s t  w i t h i n  
metasedimentary and metavol cauic rocks of t h e  Franciscan assemblage a t  re1 a- 

t ively shallow depths i n  the Clear Lake region, b u t  i t  i s  not known whether 
equivalent low-permeability beds a re  present i n  the r e s t  of the Coast Ranges. 
Relatively low thermal gradients of 30"C/km or l e s s  (Table I )  wil l  require HDR 
wells d r i l l ed  to depths of a t  l e a s t  6 km for  generation of e l e c t r i c i t y  i f  

indeed such low-permeability reservoir rocks do ex is t .  I f  low-permeability 
horizons a re  eventually found to be widespread and HDR technology can handle 
the depth and complicated s t ructure  of the reservoir rocks, then, because they 
a re  close to  large p o p u l a t i o n  centers,  the Coast Ranges would have great poten- 
t i a l  for  HDR energy development. 

2. Central Valley. The Central Valley i s  a north-trending synclinal 
basin f i l l e d  w i t h  marine and non-marine sedimentary rocks of Mesozoic to  Qua- 
ternary age. This province i s  characterized by extremely low heat flow and 

thermal gradients. Depth to c rys ta l l ine  basement i s  >>6 km. Late Tertiary 
volcanism created the c i rcu lar  Sut ter  Buttes, a small sequence of intermediate 
to  s i l i c i c  domes, flows, and lahars n o r t h  of Sacramento. Because of i t s  age 
(-2 Myr), t h i s  feature  does not overlie a currently active magmatic source. 
( B .  F. Curtis, personal communication, University o f  California,  Berkeley, 
1981). Warm brines (mostly < l O O ° C ) ,  which co-exist w i t h  petroleum deposits i n  
deeply buried sediments of the Central Valley, const i tute  the major geothermal 
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p o t e n t i a l  o f  t h i s  prov ince (White e t  a l .  1973). Present HDR p o t e n t i a l  i s  

nonexis tent .  

3. S i e r r a  Nevada. The S i e r r a  Nevada c o n s t i t u t e s  one o f  t h e  l a r g e s t  
cont inuous exposures o f  g r a n i t i c  c r y s t a l l i n e  rock i n  Nor th  America, b u t  r e l a -  
t i v e l y  low thermal g rad ien ts  and heat  f l o w  w i l l  r e q u i r e  d r i l l i n g  t o  depths 
>6 km t o  achieve 20OoC. Mesozoic p l u t o n s  and associated Paleozoic and 

Mesozoic metamorphic rocks o f  t h e  S i e r r a  Nevada form a nor thwest- t rending b e l t  
more than 60 km wide and 400 km long. The western margin o f  t h i s  prov ince i s  

considered too s t r u c t u r a l l y  complex f o r  HDR development because o f  Paleozoic 

t o  Mesozoic f o l d i n g  and t h r u s t i n g ,  Mesozoic i n t r u s i o n s  and ve in ing,  and T e r t i -  
a r y  t o  Quaternary f a u l t i n g .  The prov ince i s  cha rac te r i zed  by low s e i s m i c i t y  

except a t  t h e  western and eastern margins. Quaternary volcanism and high- 

temperature hydrothermal convect ion systems a r e  uncommon except on the  eastern 
margin. However, i f  HDR technology evolves beyond d r i l l i n g  l i m i t a t i o n s  o f  

6 km, then t h e  S i e r r a  Nevada has i n c r e d i b l y  v a s t  HDR r e s e r v o i r s  r e l a t i v e l y  

c l o s e  t o  p o p u l a t i o n  centers  i n  C a l i f o r n i a .  

A d d i t i o n a l  p o s s i b i l i t i e s  f o r  HDR development occur a t  Quaternary magma- 

hydrothermal systems along t h e  eastern margin o f  t he  province, such as the  

Long Va l l ey  ca ldera,  Cos0 vo l can ic  f i e l d ,  and p o s s i b l y  t h e  Mono vo l can ic  domes. 

(Long V a l l e y  i s  discussed i n  d e t a i l  as a high-grade HDR t a r g e t  l a t e r . )  These 

magmatic systems i n t r u d e  and over1 i e  downfaul t e d  i n t r u s i v e  and metamorphic 

rocks s i m i l a r  t o  those exposed i n  t h e  S i e r r a  Nevada. As a r e s u l t ,  t he  g r a n i t i c  
rocks i n  these areas have h i g h  temperatures a t  r e l a t i v e l y  shal low depths due 

t o  hydrothermal and magmatic convect ion.  A l l  t h ree  magmatic systems occur a t  
t h e  boundary o f  t h e  prov ince w i t h  t h e  no r the rn  Basin and Range t e c t o n i c  prov- 

i nce. 

4. Basin and Range. This  province, compr is ing most o f  Nevada, Utah, 

and southeastern C a l i f o r n i a ,  i s  a v a s t  reg ion  o f  no r th - t rend ing  h o r s t s  and 

grabens caused by pronounced extens ional  t e c t o n i c  movement. It i s  character-  

i z e d  by t h i n  c r u s t  (<35 km everywhere) and h i g h  thermal g rad ien ts  and heat 

f l o w  84 mW/m 
Geology o f  t h e  r e g i o n  i s  cha rac te r i zed  p r i m a r i l y  by Paleozoic t o  Mesozoic 

miogeosyncl i n a l  sedimentary rocks o v e r l y i n g  va r ious  Precambrian u n i t s .  East- 

c e n t r a l  Nevada con ta ins  ex tens i ve  m i d - T e r t i a r y  s i l i c i c  vo l can ic  centers  t h a t  

erupted voluminous ash-f low t u f f s .  S i g n i f i c a n t  Quaternary s i 1  i c i c  volcanism 

occurred on ly  along t h e  west margin of t he  prov ince adjacent  t o  the  S i e r r a  

2 ( > 2  HFU) g i v i n g  i t  e x c e l l e n t  p o t e n t i a l  f o r  HDR development. 
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Nevada escarpment and i n  southwestern Utah a t  Roosevelt Hot Springs. Deep, 
l a t e  T e r t i a r y  grabens, f o r  which t h e  Basin and Range i s  renowned, are p a r t l y  

f i l l e d  w i t h  t h i c k  unconsol idated c l a s t i c  sequences. 
The prov ince i s  s e i s m i c a l l y  a c t i v e ;  two zones o f  unusual ly  h igh  se i s -  

m i c i t y  occur i n  southwestern Nevada near t h e  Las Vegas shear zone and i n  south- 
e r n  and eastern Utah i n  t h e  In termounta in Seismic B e l t .  

Abundant h o t  sp r ings  discharge from range-bounding f a u l t s  o r  f a u l t  i n t e r -  

sect ions.  Hot s p r i n g  a c t i v i t y  i s  concentrated i n  nor thern Nevada w i t h i n  the  

B a t t l e  Mountain heat  f l o w  h i g h  (F igs.  2 and 31, a broad thermal anomaly 

105 mW/m2 (>2.5 HFU) extending i n t o  Idaho t h a t  may be a t r a n s i e n t  e f f e c t  o f  

f a i r l y  recen t  c r u s t a l  i n t r u s i o n  (Sass e t  a l .  1980). Water i n  these small 

hydrothermal systems i s  heated by deep c i r c u l a t i o n  a1 ong range-bounding f a u l t s .  

Major hydrothermal prospects e x i s t  a t  D i x i e  Val l e y ,  Beowawe Hot Springs, and 

t h e  Deser t  Peak area. 

Al though we have n o t  y e t  i d e n t i f i e d  HDR prospects i n  the  no r the rn  Basin 
and Range, the  geologic  s e t t i n g  a t  Roosevelt Hot Spr ings (discussed l a t e r )  i s  

a model t h a t  i s  probably repeated i n  t h i s  province. A t  Roosevelt, t h e  HDR 

t a r g e t  i s  downfaul t e d  T e r t i a r y  g r a n i t e  and Precambrian gneiss under l y ing  l a t e  
T e r t i a r y  sediments o f  M i l  f o r d  Val ley.  The unconsol idated sedimentary cover 

may serve as an i n s u l a t i n g  thermal b lanket .  The shal low 260°C hydrothermal 
convect ion system e a s t  o f  t h e  HDR t a r g e t  area i s  responsib le  f o r  some o f  t he  
shal low heat i n  the  b u r i e d  c r y s t a l l i n e  rocks b u t  t he  reg iona l  thermal g r a d i e n t  

and heat  f l o w  a r e  q u i t e  high. C r y s t a l l i n e  rocks a re  common i n  t h e  Basin and 

Range ( F i g .  31, and those near hydrothermal convect ion systems should be con- 

s idered as candidates f o r  HDR development. 

Reservoi r  t a r g e t s  o the r  than downfaul t e d  c r y s t a l 1  i n e  rocks m igh t  be 

hydrothermal l y  sealed T e r t i a r y  a1 1 uvium such as those found i n  some geothermal 

w e l l s  i n  D i x i e  Val ley,  Nevada. However, t he  technology f o r  c r e a t i n g  HDR rese r -  

v o i r s  i n  l ow-pe rmeab i l i t y  a l l u v i u m  has n o t  been developed and the  volume o f  

1 ow-permeabi 1 i ty a1 1 u v i  um may be smal 1 . 
5. Colorado Plateau. The Colorado Plateau o f  Utah c o n s i s t s  p r i m a r i l y  

of f l a t - l y i n g  Mesozoic and Paleozoic marine and c o n t i n e n t a l  margin s t r a t a  

o v e r l y i n g  Precambrian basement. T e r t i a r y  i n t r u s i o n s  such as the  Henry, La 
Sal, and Abajo Mountains (F ig .  3 )  and T e r t i a r y  p lugs and diatremes i n  south- 

eastern Utah penetrate t h e  o l d e r  u n i t s  b u t  a r e  n o t  associated w i t h  any present  

thermal anomalies a t  depth. Basin and Range t e c t o n i c s  impinge on the  west 
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margin o f  t h e  Colorado Plateau, b u t  i n  general t he  prov ince i s  cha rac te r i zed  

by broad monocl ines and f o l d s .  No Quaternary vo l can ic  f i e l d s  o r  a c t i v e  hydro- 
thermal systems a re  known i n  the  prov ince (Figs.  3 and 4 ) .  

Thick c o n t i n e n t a l  c r u s t  (F ig .  3 )  and low reg iona l  s e i s m i c i t y  i n d i c a t e  

t h a t  t h e  r e g i o n  i s  under la in  by i n t a c t ,  t e c t o n i c a l l y  i n a c t i v e  c r u s t .  Heat 

f l o w  and thermal g rad ien ts  a r e  r e l a t i v e l y  low (F ig .  3 and Table I ) .  Although 

Precambrian basement rocks commonly r e s i d e  a t  depths o f  on l y  3 km, bottom-hole 

temperatures ,200"C w i l l  be approached o n l y  a t  depths o f  6 km o r  more. These 
c h a r a c t e r i s t i c s  make HDR development prospects economical ly marginal  , espe- 
c i a l l y  i n  view o f  t h e  low reg iona l  populat ion.  These prospects can improve 

on ly  i f d r i  11 i ng and r e s e r v o i r  techno1 ogy improve. 

B. High-grade HDR Targets 

A t  present,  f o u r  systems o f f e r  t h e  bes t  p o t e n t i a l  i n  C a l i f o r n i a ,  Nevada, 
and Utah f o r  development o f  HDR geothermal resources a1 though t h e i r  p o t e n t i a l s  

vary because o f  u n c e r t a i n t i e s  i n  depth, temperature, and phys ica l  p r o p e r t i e s  
of p o s s i b l e  r e s e r v o i r  rocks. These a re  Long Va l l ey  Caldera, C a l i f o r n i a ;  The 

Clear  Lake Region, C a l i f o r n i a ;  Sa l ton  Trough, C a l i f o r n i a ;  and Roosevel t Hot 

Springs, Utah. Table I 1  summarizes the  fundamental HDR c r i t e r i a  a t  each o f  
t h e  f o u r  s i t e s .  

These f o u r  high-grade geothermal systems t y p i f y  most major geothermal 

anomalies o f  t he  western U.S. A l l  f o u r  systems have several  geo log i ca l  fea- 

t u r e s  i n  common: ( 1 )  average heat  f l o w  >84 mW/m ( >  - 2 HFU), (2 )  a s s o c i a t i o n  

w i t h  s i l i c i c  volcanism <1 Myr, ( 3 )  sur face h o t  sp r ings  and o the r  near-surface 
hydrothermal phenomena, and ( 4 )  l o c a t i o n  i n  extens ional  s t r u c t u r a l  s e t t i n g s .  

A1 1 f o u r  systems a re  a1 so being ac ti v e l y  expl  ored f o r  hydrothermal geothermal 

resources. I n  con t ras t ,  these igneous systems vary g r e a t l y  w i t h  respect  t o  

vo l can ic  s t y les ,  hydrothermal systems, and s i z e  o f  thermal anomalies ( M u f f l e r  

1979; Go f f  and Waters 1980). 
1. Long Va l l ey  Caldera, C a l i f o r n i a .  Long Va l l ey  (F ig .  2) i s  a 17 x 

32 km Quaternary age ca ldera formed by e r u p t i o n  o f  t h e  Bishop T u f f  about 0.7 

Myr ago ( B a i l e y  e t  a l .  1976). It i s  presumably t h e  sur face m a n i f e s t a t i o n  o f  

shal low s i l i c i c  magma o f  almost b a t h o l i t h i c  s i z e  (Smith and B a i l e y  1968; 
F igs.  5 and 61, r i v a l e d  i n  the  U.S. o n l y  by t h e  young ca ldera systems o f  

Yel lowstone Na t iona l  Park, Wyoming, and t h e  Jemez Mountains, New Mexico. Cal-  
dera fo rma t ion  was fol lowed by r h y o l i t i c  e rup t i ons  and resurgent  ( s t r u c t u r a l  ) 

2 
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TABLE I 1  

COMPARISON OF C R I T I C A L  HDR DATA FROM FOUR HIGH-GRADE GEOTHERMAL SYSTEMS OF CALIFORNIA-NEVADA-UTAH 

b Long Val ley Caldera, CA 

Clear Lake Region, CA 

Salton Trough, CA 

Roosevel t Hot 
Spgs., UT 

Reservoi r Rock Formation and Age 

P lu ton ic  and meta- 
morphic rocks 

Metagreywacke , 
a r g i  11 i t e  , 
and greenstone 

a. Cementedd 
a1 1 u v i  um 

b. P lu ton ic  
rocks 

P lu ton ic  and 
metamorphic rocks 

Sierra-Nevada 
Batho l i th ;  Mesozoic 

Franciscan Assem- 
b l  age; Jurassic-  
Eocene 

F l u v i a l  and d e l t a i c  
sediments; P l i o -  
P1 e i  stocene 

Southern C a l i f o r n i a  
Batho l i th ;  Mesozoic 

Mineral Mountains 
pluton; T e r t i a r y  

Conductive 
Temp. Grad. 

O C  

38 

$80' 

e -- 

-- 

55-60 

Depth o f  
Reservoir 

km 

>3 

>2 - 

>1 - 

>2.5 - 

>2 

Temp. a t  
2 km 
O C  

$150 

$200 

250-350 

-- 

150-200 

Temp. a t  
5 km, 

O C  

$250 

>300 

-- 

>300? 

>300 

Total  Heat Energya 
Remaining i n  
System, 1O"J 

5,780 

3,610 

480f 

--  

710' 

aEnergy estimates from Smith e t  a l .  (1978) - HDR, hydrothermal and magma. 
bData assumes reservo i r  i s  developed beneath or  west o f  resurgent dome i n  caldera; west caldera margin may be more a t t r a c t i v e  (Gambill 

dVolume of impermeable a l luv ium i n  Sal ton Trough has not been estimated. 
eConductive gradients not known from hydrothermal system. 
fEnergy estimate fo r  hydrothermal systems w i t h i n  the  U.S.; estimate too  small f o r  e n t i r e  Sal ton Trough. 

'Energy estimate fo r  Roosevelt magmatic system; does not include greater M i  l f o r d  Val ley area. 

1981). 

Estimate on ly  from bottom-hole temperatures. C 



LONG VALLEY CALDERA 

KILOMETERS 

F i g .  5. Long Valley Caldera, California. Note the s ize  of the Caldera and  
hydrothermal location of three deep we1 1 s. 

doming i n  the caldera center,  moat rhyol i te  eruptions, and rhyodacitic 
eruptions from outer r ing  f ractures  during the subsequent 0.68 t o  0.05 Myr. 
Holocene rhyol i t ic  and phreatic eruptions i n  the Inyo Craters area on the 
northwestern side o f  the caldera are  as young as 450 Myr. Long Valley i s  

located a t  the boundary of the Sierra  Nevada escarpment and the Basin and 
Range tectonic and physiographic provinces and comprises the most extensive 
Quaternary volcanic complex a1 ong this vol canical l y  act ive boundary. 

Volcanic rocks and associated sedimentary rocks over1 ie a f a u l t e d  base- 

ment of Mesozoic plutonic rocks and Paleozoic metasedimentary rocks ( F i g .  6 ) .  
Seismic and gravity data interpreted by Hill (1976) and Kane e t  a l .  (19761, 
respectively, indicate a total  thickness o f  Quaternary volcanic sedimentary 
f i l l  o f  2 to  3 km. These interpretat ions have been pa r t i a l ly  confirmed by a t  
l e a s t  three d r i l l  holes o f  2-km depth by Smi th  and Rex (1977)  and W .  Isherwood, 
personal communication,USGS. Hill (1976) a1 so ident i f ied a low-velocity region 
beneath the caldera a t  a d e p t h  of 7 t o  8 km. Steeples and Iyer (1976) used 
teleseismic P-wave delay data to  recognize a zone of attenuation from 7 t o  
25 km. Both investigators show the low-velocity region confined beneath the 
western par t  of the caldera and conclude t h a t  the anomaly i s  caused by presence 
of magma or abnormally hot rock a t  shallo\.r depths. Subjacent magma chamber 
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F-1 SILICIC VOLCANICS 

[ T j  GRANITIC-METAMORPHIC ROCKS MESOZOIC- 
PALEOZOIC ' '' 

F ig .  6. Cross s e c t i o n  o f  Long Va l l ey  ca ldera (adapted from B a i l e y  e t  a l .  
1976). Subjacent magma chamber shown i s  c o n t r o v e r s i a l  w i t h  regards 
t o  dimensions, depth, and percent  o f  c r y s t a l l i z a t i o n ;  however, t h e  
youngest e rup t i ons  a re  centered over t h e  west s ide  where geophysics 
i n d i c a t e s  the  b e s t  li k e l  i hood o f  present  s h a l l  ow magma. 

shown i s  c o n t r o v e r s i a l  w i t h  regards t o  dimensions, depth, and percent  o f  c rys -  

t a l  l i z a t i o n ;  however, t h e  youngest e rup t i ons  a re  centered over the  west s ide  

where geophysics i n d i c a t e  t h e  b e s t  l i k e l i h o o d  o f  present  shal low magma. 
Small , h o t  water-dominated, hydrothermal systems discharge from f a u l t s  

and f r a c t u r e s  associated w i t h  t h e  resurgent  dome (Mar iner  and W i l l e y  1976; 

Lachenbruch e t  a l .  1976). Many of these f a u l t s  a re  on s t r i k e  w i t h  the  H i l t o n  

Creek f a u l t  zone, a S i e r r a  Nevada range- f ron t  f a u l t .  Maximum recorded d i s -  

charge temperatures o f  t he  waters a re  >90°C; increased a c t i v i t y  was observed 

du r ing  the  earthquakes o f  May 1980. E x p l o r a t i o n  d r i l l i n g  t o  date, however, 
has n o t  i n t e r s e c t e d  l a r g e  depos i t s  o f  h o t  water economical ly s u i t a b l e  f o r  
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generat ion o f  e l e c t r i c i t y  beneath t h e  ca ldera.  Many w e l l s  penetrate ho t  aqui- 

f e rs  perched a t  h i g h  s t r a t i g r a p h i c  l e v e l s  t h a t  o v e r l i e  low-permeabi l i ty  u n i t s  

of c o o l e r  temperature, mos t l y  i n  Bishop T u f f .  Prospects are not  encouraging 
f o r  hydrothermal development f o r  e l e c t r i c a l  generat ion a t  Long Val ley .  

Two deep w e l l s  d r i l l e d  by Union O i l  Co. (W. Isherwood, USGS, personal 

communication, 1980) have bottom-hole temperatures o f  100 t o  14OoC a t  depths 

approaching 2 km. The temperature g r a d i e n t  o f  t he  "best"  ho le  (Clay P i t  1 )  i s  
38"Clkm i n  Quaternary ( ? )  g r a n i t e  porphyry (M. Sorey, USGS, personal  communi- 

c a t i o n  1980). 

Gambi l l  (1981) recommended two t a r g e t  areas f o r  development o f  HDR 

resources: f i r s t ,  t h e  r e g i o n  between t h e  western ca lde ra  margin and t h e  resur-  

gent dome and, second, the  western l i p  o f  t he  ca lde ra  (Fig.  6 ) .  Both areas 

are c l o s e  t o  t h e  youngest s i l i c i c  e rup t i ons  and, presumably, t o  h igh - leve l  

s i l i c i c  m e l t  o r  i t s  r e c e n t l y  c r y s t a l l i z e d  equ iva len t .  I n  the  f i r s t  t a r g e t  

area, p l u t o n i c  rocks a t  depth w i t h i n  t h e  ca lde ra  may be h i g h l y  f a u l t e d  by t h e  

combined e f f e c t s  o f  co l l apse  and resurgence, producing f a u l t  b locks too  small  

o r  s t r u c t u r a l l y  complex t o  be o f  value t o  HDR. The second t a r g e t  area, on t h e  

western l i p ,  has v i r t u a l l y  t h e  same s t r u c t u r a l  s e t t i n g  as t h e  p ro to type  HDR 

system a t  Fenton H i l l ,  New Mexico. I n  add i t i on ,  Mesozoic p l u t o n i c  rocks on 

t h e  western l i p  have unusual ly  h i g h  heat f l o w  o f  157 mW/m-* (3.75 HFU) 

(Lachenbruch e t  a l .  1976). However, t h e  r e l a t i v e l y  low thermal g rad ien t  o f  

38OC/km makes Long Va l l ey  a l e s s  e n t i c i n g  choice f o r  HDR development than the  

o the r  t h r e e  high-grade systems reviewed here. 

2. The Geysers-Clear Lake Region, C a l i f o r n i a .  The Clear Lake reg ion  o f  
no r the rn  C a l i f o r n i a  (F ig .  7)  conta ins two geothermal regimes: a vapor- 

dominated ( d r y  steam) system a t  The Geysers geothermal area and a l a r g e r ,  h o t  

water p rov ince  t o  t h e  east  and n o r t h  (Go f f  e t  a l .  1977). The Geysers now 

produces N800 MW(e) w i t h  as much as 2000 MW(e) planned f o r  t h e  f u t u r e .  Reser- 

v o i r  rocks o f  bo th  geothermal prov inces (F ig.  8) a r e  Ju rass i c  t o  Eocene marine 

metasedimentary and metavolcanic rocks, and o p h i o l i t e s  o f  t he  Franciscan assem- 

blage and ( t o  a l esse r  e x t e n t )  Great V a l l e y  sequence (McLaughlin and Stanley 
1976). Bedrock s t r u c t u r e s  are extremely compl icated because o f  t he  combined 

e f fec ts  o f  e a r l y  T e r t i a r y  subduction and l a t e  T e r t i a r y  t o  Holocene s t r i k e - s l i p  

f a u l t i n g .  The heat source d r i v i n g  t h e  hydrothermal systems i s  t h e  r e l a t i v e l y  

shal low s i l i c i c  magma body(s) t h a t  erupted t h e  rocks o f  t h e  Clear Lake v o l c a n i c  
3 f i e l d  o f  P l io-Ple is tocene age (Hearn e t  a l .  1981; i n  press) .  A t  l e a s t  35 km 
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I 10 km I 
Clear toke Volconics 

10. a Cache Formation 

F i g .  7. The Geysers-Clear Lake region,  C a l i f o r n i a ,  showing major r i g h t - l a t e r a l  
s t r i k e - s l i p  f a u l t  zones o f  the  San Adreas system i n  r e l a t i o n  t o  t h e  
C l e a r  Lake volcanic  f i e l d  and t h e  Cache Formation: Dashed l i n e  out- 
l i n e s  the  Geysers steam f i e l d ;  numbers r e f e r  t o  deep w e l l s  l i s t e d  i n  
Table  111. 
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DATA FROM SELECTED DEEP GEOTHERMAL WELLS 

No. Name Operator 

Wells t h a t  a re  ho t  and ' d r y '  

1 S&B #1 Aminoil USA 
2 B&R U n i t  #1 Aminoil USA 
3 Bouscal #1 Repu b l  i c 
4 S u l l i v a n  #1 E.B. Towne 
6 Kettenhofen #1 Getty-Magma- 

ThermoQeni cs 

- 

TABLE I11 

I N  THE CLEAR LAKE REGION, CALIFORNIA (see Fig. 7 f o r  l o c a t i o n s )  

Depth, m 

~13400 
~13400 
2770 
1970 
1910 

7 Magma-Watson #l Magma-6ow Chem. 1755 
8 Jorgensen #1 Union O i l  *3100 
9 Borax Lake #1 P h i l l i p s  Pet ~13100 
10 B-J #1 Aminoil USA 3150 
11 Torchio-Ferro #1 Cordero-Sun O i  1 2445 
12 Audry #1 P h i l l i p s  Pet ~13100 

Wells t h a t  a re  ho t  and 'wet '  
5 Neasham #1 Gccidental- 301 5 

13 Sulphur Bank #1 SB Geothermal 168 

14 Bradley #1 Earth Energy 643 
15 Bradley #2 Earth Energy 1226 
16 Clear  Lake #1 Magma 460 

Repu b l  i c 

Power 

BHT, O C  

b very  hot  
very h o t  
very  hot  
193c 
2 10 

> 200 b ver  ho t  

ho t  
126 
very ho t  

> 260d 
>loo 
208 
163 
135 

hot  i 
b 

Format i ona 
a t  Depth 

Fran 
Fran 
GV-Sp-Fran 
SP 
GV-Sp-F ran 

GV-Sp-Fran 
Fran 
Fran 
Fran 
Fran 
Fran 

Sp-Fran 

Fran 

Fran 
Fran 
Fran 

Comment 

D r Y  
Dry 
D r Y  
Dry -a band oned 
Dry-abandoned 

Dry-abandoned 
Marginal water e n t r y  
Dry 
D r Y  
Dry-abandoned 
Dry 

Water e n t r y  @ 2615 m 

Abandoned 

Abandoned 
Abandoned 
Abandoned 

a 
bF ran  = Franciscan Assemblage; Sp = Serpent in i te ;  GV = Great Va l ley  Sequence 
C 
d G o f f  e t  a l .  (1977) 

Confi den t i  a1 In fo rma t i  on 

K. Neasham, Lakeport, CA 



HOT WATER DOMINATED ZONE - ? -t VAPOR DOMINATED ZONE t 

0 2 4  * PLIO-PLIESTOCENE [XI CLEAR LAKE VOLCANICS 

KILOMETERS pFa GREAT VALLEY SEQUENCE 
EOCENE- f-rr3 SERPENTlNiTE 

\ 1-1 FRANCISCAN ASSEMBLAGE 

F ig .  8. Cross s e c t i o n  o f  t h e  Geysers-Clear Lake reg ion  (mod i f i ed  from Hearn 
e t  a l .  1976a and McLaughlin 1976) showing r e l a t i o n s h i p  o f  Clear  Lake 
vo l can ics  t o  under l y ing  Mesozoic basement rocks and t h e  two geothermal 
provinces. Region of  g r e a t e s t  i n t e r e s t  f o r  HDR development c u r r e n t l y  i s  
nor theas t  o f '  Col 1 ayomi f a u l t  zone where smal 1 f a u l  t - c o n t r o l  l e d  h o t  
water r e s e r v o i r s  a re  found. 

of d a c i t e  has been vented s ince 0.4 Myr ago (Donnel ly 1977). However, t he  
youngest s i l i c i c  and b a s a l t i c  e rup t i ons  have occurred on the no r the rn  s ide  o f  

t h e  vo l can ic  f i e l d  whereas The Geysers steam f i e l d  i s  l oca ted  southwest o f  it. 
The top o f  the p o s t u l a t e d  magma body has been def ined a t  depths o f  7 t o  

10 km beneath M t .  Hannah on the  bas i s  o f  a 30-mgal g r a v i t y  low, r e l a t i v e l y  

shal low depths t o  Cur ie  P t .  (550°C) isotherm, and te lese ism ic  P-wave at tenua- 

t i o n  >1 s (Chapman 1975; Isherwood 1976; I y e r  and Hitchcock 1975). These 

anomalies a l l  c o i n c i d e  w i t h  the  Clear  Lake vo l can ic  f i e l d .  
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The Clear Lake region i s  par t  of a highly act ive tectonic region, cut  by 
northwest-trending, s t r ike - s l ip  f a u l t s  re la ted t o  the San Andreas transform 
zone (Donnelly e t  a1 . 1980). Two of these f a u l t s ,  the Collayomi and Konocti 
Bay f a u l t s ,  show evidence fo r  Quaternary r ight- la teral  motion on the basis of  
off s e t  volcanic units (Hearn e t  a1 . 1976b) and calcul ated fau l  t - p l  ane sol utions 
(Bufe and Lester 1975). A t  l e a s t  one northeast-trending, l e f t - l a t e ra l  f a u l t  
and two north-trending be l t s  of basal t ic  vents s t r a d d l i n g  the volcanic f i e ld  
indicate regional r ight- la teral  shear. 

The region o f  h i g h  i n t e re s t  as a ta rge t  for  HDI? development i s  northeast 
of the Collayomi f a u l t  zone where small, fault-controlled hot water reservoirs 
a re  found. T h i s  area is apparently underlain by enormous quant i t ies  of  low- 
permeability rock ( F i g .  8 ) .  

Exploration d r i l l i n g  of 1 2  deep wells i n t o  t h i s  h o t  water province has 
been re la t ive ly  unproductive because of the low-permeabil i ty ,  a1 though the 
wells are  very hot. Temperature gradient data from these wells are pro- 
pr ie tary,  b u t  most achieve temperatures of 200 t o  250°C a t  depths of 2 t o  3 km 
(e.g., Table 111). Producing zones have been encountered only i n  known hydro- 
thermal systems such as S u l p h u r  Bank Mine and Wilbur Springs (White and 
Roberson 1962; Thompson 1979) or near probable act ive f au l t s  such as S u l p h u r  
Mound Mine. Geochemistry of surface hot springs suggests tha t  the h o t  water 
province contains many unique small f a u l t  controlled systems (Goff 1980). 
Apparently, hydrothermal a1 terat ions resul t i n g  from the thermal anomaly, com- 
bined w i t h  chaotic ear ly  Tertiary s t ructure  i n  the Franciscan assemblage, tend 
to  seal the reservoir rocks f a s t e r  t h a n  the act ive tectonic environment can 
f rac ture  them. 

O f  the four  high-grade systems reviewed here, the Clear Lake region is  
one of the most a t t r ac t ive  because of h i g h  temperatures a t  shallow depths over 
a broad area. However, HDR development may not be possible w i t h  current tech- 
nology because of uncertainties i n  developing a reservoir i n  s t ruc tura l ly  
complex zeol ite-grade metasedimentary rocks i n  a very act ive tectonic environ- 
ment. P u b l i c  v i sab i l i ty  and a power network close a t  hand are  two possible 
a t t r i bu te s ,  b u t  previous environmental issues have retarded geothermal growth 
i n  the region. Although Los Alamos has chosen a specif ic  ta rge t  prospect a t  
this time, we intend t o  perform additional investigations i n  the area. 

3. Salton Trough, California. The Sa l ton  Trough i s  a r i f t  valley cre- 
ated by a system of r ight- la teral  s t r i ke - s l ip  transform f a u l t s ,  cross f a u l t s ,  
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and p u l l - a p a r t  bas ins (F ig .  9 ) .  Th is  system extends from the  East P a c i f i c  
Rise through the  G u l f  o f  C a l i f o r n i a ,  Mex ica l i  and Imper ia l  Val ley,  t o  the  San 

Andreas f a u l t  zone eas t  o f  t he  Sal ton Sea (E lders  1979). F i l l i n g  o f  the  

t rough by f l u v i a l  and d e l t a i c  sediments o f  an ances t ra l  Colorado r i v e r  has 
near l y  kep t  pace w i t h  subsidence caused by a c t i v e  r i ft tec ton ics .  These P l i o -  
P le is tocene sediments have accumulated t o  depths o f  6 km and more, over a 
c r y s t a l  1 i n e  basement o f  Mesozoic g r a n i t i c  rocks (Tewhey 1977) and Quaternary 

i n t r u s i o n s  o f  oceanic ( r i f t )  basa l t .  Surface volcanism i s  l i m i t e d  t o  e rup t i on  
o f  f o u r  o b s i d i a n - r i c h  r h y o l i t e  domes south o f  t h e  Sa l ton  Sea 0.06 Myr ago 

( M u f f l e r  and White 1969) and e r u p t i o n  o f  Cerro P r i e t o  rhyodac i te  volcano i n  

Mexico - ~ 0 . 1  Myr ago (deBoer 1980). Dikes o f  b a s a l t  have been found i n  d r i l l  

ho les  a t  t h e  Cerro P r i e t o ,  Mexico, and Sa l ton  Sea geothermal f i e l d s .  
The major hydrothermal systems o f  t h e  t rough are  l oca ted  w i t h i n  p u l l -  

a p a r t  basins,  which are  r e a l l y  small spreading centers  (E lders  1979). These 

bas ins a re  bounded by a c t i v e  r i g h t - l a t e r a l  f a u l t s  such as the  Brawley, 
Imper ia l ,  and C a l i p a t r i a  f a u l t s .  Presumably each bas in  represents  a p lace 

where b a s a l t i c  magma i s  be ing  i n j e c t e d  i n t o  c r y s t a l l i n e  basement and T e r t i a r y  
sediments o f  t h e  trough. Hydrothermal r e s e r v o i r s  a re  moderately t o  extremely 

s a l i n e  and range i n  temperature f rom -250 t o  >350°C. Producing depths are  

<1 t o  3 km (Wol lenberg e t  a1 

HDR geothermal development cannot progress i n  the  Sa l ton  Trough us ing  
c u r r e n t  technology u n t i l  t he  depth and s t r u c t u r a l  c o n f i g u r a t i o n  o f  c r y s t a l 1  i n e  

basement rocks  a re  b e t t e r  understood. For  exampl e, Tewhey ( 1977) r e p o r t s  

depth-to-basement o f  6 km o r  more beneath the  Sa l ton  Sea geothermal f i e l d ,  
making t h i s  an ext remely deep HDR t a r g e t .  On the  o the r  hand, workers a t  the  

USGS (G. Fu is ,  unpubl ished data)  r e p o r t  depths-to-basement o f  2.5 t o  4 km 

southwest o f  t h e  Sa l ton  Sea f i e l d .  Also, g r a n i t i c  rocks have been penetrated 

by several w e l l s  - <2 km deep on the  west s ide  o f  t h e  Cerro P r i e t o  geothermal 

f i e l d  (F ig .  10). Thus the re  may be h o r s t s  o f  c r y s t a l l i n e  rock, which would 
make good HDR d r i l l i n g  ta rge ts ,  w i t h i n  o r  a long the  margins o f  t he  Sa l ton  

Trough a t  s u i t a b l e  depths. 

Another de t r iment  t o  HDR development may be t h e  a c t i v e  t e c t o n i c  env i ron-  

ment o f  t he  Sa l ton  Trough. Transform and cross f a u l t s ,  assoc iated w i t h  t h e  

c e n t r a l  t rough and t h e  developing basins, a re  a c t i v e  today. Normal f a u l t s  
a long t h e  margins o f  t h e  t rough must a l s o  be considered a c t i v e  o r  p o t e n t i a l l y  

ac t i ve .  F r a c t u r i n g  caused by these f a u l t s  and t h e i r  i n t e r s e c t i o n s  may cause 

1980). 
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Fig. 9 .  Major faults o f  the Salton Trough showing major right-lateral strike- 
s l ip  faults; hachured lines show margin o f  Trough. 
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Fig. 10. Geologic cross section through the Cerro Prieto area showing fault- 
block structure on west margin of the Salton Trough (adapted from 
Penta Cruz and de la Pena 1 9 7 9 ) .  
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c r e a t i o n  and maintenance o f  a HDR r e s e r v o i r  t o  be t e c h n i c a l l y  i n f e a s i b l e  unless 

l a r g e  i n t a c t  f a u l t  b locks grea ter  than 1 km2 can be found a t  depth. F a u l t  
b locks of t h i s  s i z e  probably  are present  along t h e  margins o f  t h e  t rans form 

zone. 
The Sa l ton  Trough conta ins  another poss ib le  t a r g e t  f o r  f u t u r e  HDR devel- 

opment if low-permeabi 1 i t y  a1 luv ium associated w i t h  a c t i v e  hydrothermal systems 

can be used. Several explored geothermal r e s e r v o i r s  have extens ive hor izons 
o f  cemented a l l uv ium surrounding o r  under ly ing  t h e  convect ing hydrothermal 

f l u i d s .  Examples can be found a t  Westmoreland (M. Smith, Los Alamos Nat ional  

Laboratory,  personal  communication 1980) and a t  East Mesa (T. Meidav, inde- 

pendent geo log is t ,  personal  communication 1980). This  a1 t e r n a t i v e  i s  
a t t r a c t i v e  i f  it can be determined t h a t  l a r g e  volumes o f  low-permeabi l i ty  

a l l uv ium e x i s t ,  because these high-temperature rocks  are a t  r e l a t i v e l y  shal low 

depths. However, as p r e v i o u s l y  po in ted  out, t h e  technology f o r  c r e a t i n g  a HDR 

r e s e r v o i r  i n  rocks o the r  than c r y s t a l  l i n e  rocks has no t  been developed. 
4. Roosevel t  Hot Springs, Utah. Roosevel t  Hot Spr ings geothermal area 

l i e s  on t h e  western f l a n k  o f  t h e  Minera l  Mountains (F ig .  ll), a nor th - t rend ing  

f a u l t  b lock 40 km long near the  eastern margin o f  t h e  Basin and Range t e c t o n i c  

prov ince.  Together w i t h  M i l f o r d  Va l l ey  on t h e  west, t he  Minera l  Mountains are 
t y p i c a l  horst-graben s t r u c t u r e .  The range cons is t s  most ly  o f  Mesozoic and 

Paleozoic s t r a t a  and h i g h l y  deformed Precambrian gneisses i n t ruded  by T e r t i a r y  

g r a n i t i c  rocks  o f  t h e  Minera l  Mountains p lu ton ,  t h e  l a r g e s t  known i n t r u s i v e  

body i n  Utah. R h y o l i t e  .domes, f lows, and minor p y r o c l a s t i c  un i t s ,  0.8 t o  

0.5 Myr, surmount t h e  c r e s t  o f  t h e  range; th ree  Quaternary b a s a l t  cones and 

associated f lows l i e  on t h e  nor theastern f l a n k  (Ward e t  a l .  1978; Nielson 

e t  al., 1978). Grav i ty ,  seismic, and te lese ism ic  P-wave delay da ta  y i e l d  

i nconc lus i ve  evidence o f  t h e  presence o f  s i l i c i c  magma a t  shal low c r u s t a l  

l e v e l s  (Smith and Sbar 1974; Robinson and I y e r  1979). 
Deep e x p l o r a t i o n  d r i  11 i ng has discovered a 260°C ho t  water-dominated 

r e s e r v o i r  o f  moderate s a l i n i t y  (Pa r ry  e t  al., 1980) l o c a l i z e d  w i t h i n  a graben 

s t r u c t u r e  on t h e  west f l a n k  o f  t h e  range east  o f  t he  Opal Mound f a u l t .  F l u i d s  
are found i n  both highand low-angle f a u l t s ,  bu t  pe rmeab i l i t y  i s  enhanced a t  

i n t e r s e c t i o n s  o f  t h e  two f a u l t  types (Ne i lson  e t  al., 1978). 
Roosevelt t y p i f i e s  most Basin and Range hydrothermal systems i n  which 

f l u i d s  are heated by c i r c u l a t i n g  deep along range-bounding f a u l t s  i n  a t e c t o n i c  



e 4  

Q 
8 

  PHILLIPS 9-11 0 

OPAL MOUND FAULT 
2 

. 7  UI 

cn 
f 

f 
+ +  z 

/ 
3 
0 
5 

260' HYDROTHERMAL 

ROOSEVELT 
HOT SPRINGS 

4 
+ 

RHYOLITE -r 

0 5 
I 

KILOMETERS 4 I 

+ + - =  5 

VENTS 
:+ 

+ 
+ 

3e \ 
+ 1 

\ 
\ 

+ \ 

SYSTEM 

Fig.  11. Roosevelt Hot S p r i n g  area showing Opal Mound Fault which separates 
hydrothermal production zone ( e a s t )  from zone of HDR i n t e re s t .  Num- 
bers re fer  t o  h o t  dry wells l i s t e d  i n  Table 111. 

regime of h i g h  heat flow. The additional association w i t h  shallow s i l i c i c  
magma or  recently crystal1 ized equivalents cannot be discounted b u t  the nature 
of this association i s  somewhat speculative. 

Four wells t h a t  a re  hot and re la t ive ly  dry have been d r i l l ed  west and 
south of the perimeter of the hydrothermal producing zone ( F i g .  11, Table I V ) .  

A t  l e a s t  three wells (e.g., P h i l l i p s  9-1) bottom i n  Tertiary grani t ic  rocks 
resembling plutons of the Mineral Mountains ( F i g .  12 ) .  Depths range from 2.1 
to  3.8 km and temperature gradients a re  from 55 to  60"C/km. Bottom-hole tem- 
peratures a re  200 t o  230°C. East (1981) conservatively estimates the Roosevel t 
thermal anomaly to have an area of 160 km2, of which 85 has good potential 
f o r  HDR. 

Roosevelt i s  an ideal candidate for  future  development of a HDR geo- 
thermal system. First, the depth and h i g h  temperature of the grani t ic  reser- 
vo i r  rocks are  suitable and the technology of es tab1ishing.a  reservoir i n  
granite is  already known. Second, the fundamental geologic charac te r i s t ics  
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Fig. 12. Schematic cross section: Roosevelt Hot Springs area (modified from 
Nielson e t  a l .  1978 and Glenn e t  a l .  1981). The region o f  interest 
because of i t s  HDR potential  i s  located several kilometers west of 
the Opal Mound f au l t .  

t h a t  make Roosevelt a good, hot dry rock prospect may occur throughout the 
Basin and Range province. Roosevelt will a l so  have p u b l i c  v i sab i l i t y  and a 
power network close a t  hand now t h a t  Utah Power and Light Co. and Ph i l l i p s  
Petroleum Co. have agreed to construct a 20 MW(e) demonstration power plant  
u s i n g  the existing hydrothermal system. 

TABLE I V  
DATA FROM SELECTED DEEP GEOTHERMAL WELLS I N  ROOSEVELT HOT SPRINGS REGION, UTAH (see Fig. 11 f o r  locat ions) .  

Formation a t  
No. Name Operator Depth, m BHT, *C a t  Depth Conment 

1 Well 82-33 P h i l l i p s  Pet. -- -- _ _  Dry; data 

2 Well 9-1 a P h i l l i p s  Pet. 2099 227 Gneiss-Granite Dry 
3 Utah State 52-21b Getty O i l  2281 202 Gnei ss-Grani t e  Dry 
4 Acord 1-26 MCCUllOCh-GeO. 3855 230 Granite Dry; heat f l ow  - 

- 

propr ie ta ry  

K ine t i cs  3.5 HFU 

aGlenn e t  a l .  (1981) 
bEast (1981) 
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I I I . PAC1 FIC NORTHWEST : REG1 ONAL AND SITE-SPEC1 F I  C EVALUATI ONS ( Barbara H . 
Arney ) 
I t  i s  impossib le  t o  understand t h e  r e g i o n a l  heat f l o w  o r  HDR p o t e n t i a l  o f  

t h e  northwestern U.S. w i thou t  a bas ic  d i scuss ion  o f  t h e  t e c t o n i c  regime. Two 

impor tant  f a c t o r s  must be understood: (1) heat f l o w  p a t t e r n s  i n  t h e  northwest 
correspond t o  large,  a c t i v e  t e c t o n i c  and v o l c a n i c  s e t t i n g s ;  and ( 2 )  most o f  t h e  

area i s  u n d e r l a i n  by  oceanic c r u s t  composed o f  i n t e r l a y e r e d  marine sedimentary 
and v o l c a n i c  rocks,  n o t  metamorphic and p l u t o n i c  basement rocks,  Therefore, 

t h e  quest ion o f  "depth t o  basement" i s  n o t  a p p l i c a b l e  t o  most o f  t h i s  reg ion.  

Poss ib le  " r e s e r v o i r *  rocks cou ld  be Mesozoic o r  T e r t i a r y  " g r a n i t i c "  i n t r u s i v e ,  

s i l i c i c  domes, massive b a s a l t  f lows, o r  a l t e r e d  v o l c a n i c l a s t i c  sediments. 
L i t t l e  i s  known about t h e  deep subsurface geology o f  most o f  t h e  region, so i t  

i s  d i f f i c u l t  t o  assess a t  t h i s  t ime t h e  probable s i z e  o r  e x t e n t  o f  p o t e n t i a l  

HDR r e s e r v o i r  rocks a t  depth. The r e g i o n a l  geology i s  r e l a t i v e l y  complex, b u t  

h i g h  geothermal gradients ,  p a r t i c u l a r l y  along t h e  margins o f  t he  Snake R i v e r  

P l a i n  and i n  southeastern Oregon, make t h i s  r e g i o n  one o f  t h e  most promis ing 

areas f o r  HDR development. 

Numerous ho t  spr ings are known, e s p e c i a l l y  throughout Oregon and' Idaho 

( B e r r y  e t  a l .  1980). As a re- 

s u l t ,  many o f  t h e  anomalously h i g h  g r a d i e n t  measurements a re  caused by convect- 

i n g  h o t  water along f a u l t  zones and do n o t  r e f l e c t  t h e  t r u e  thermal g rad ien t  a t  

depth. Hot d r y  rock  assessments should n o t  be m is led  by  l o c a l  and sometimes 

extreme anomalies, f o r  example, by l a t e r a l  t ransmiss ion o f  h o t  water along 

a q u i f e r s  c u t  by  f a u l t s .  For a r e g i o n a l  assessment o f  t h e  HDR resource base 
o n l y  thermal anomalies t h a t  are un i fo rm over tens t o  thdusands o f  km are con- 

sidered. Once t h e  r e g i o n a l  anomalies and p o t e n t i a l  r e s e r v o i r  rocks a re  under- 

stood, s e l e c t i o n  o f  HDR s i t e s  can proceed based on needs o f  a v a i l a b l e  users. 

Increased p o p u l a t i o n  and recen t  drought years i n d i c a t e  t h a t  hydroelec- 

t r i c  power can no longer  meet t h e  r e g i o n a l  needs o f  t h e  northwest. Major 

c i t i e s  such as Port land, Sea t t l e ,  and Vancouver, B.C. and major a g r i c u l t u r a l  

and f o r e s t  product  processors cou ld  b e n e f i t  f rom development o f  HDR i n  the  
northwest. 

Th i s  r e p o r t  f i r s t  examines t h e  P a c i f i c  Northwest r e g i o n  as a whole, 

d iscuss ing i t s  HDR p o t e n t i a l  i n  terms o f  i t s  geology, heat f low, c r u s t a l  

th ickness,  and r e s e r v o i r  rock, and then summarizes prospects f o r  developing 

HDR energy a t  c e r t a i n  s i t e s  deemed t h e  most promising. 

Most o f  these a r e  associated w i t h  f a u l t  zones. 

2 
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A. Geology of Region 
The Pacif ic  Northwest i s  a region of ac t ive  tectonism. During Mesozoic 

time, an older volcanic arc  complex apparently col l ided w i t h  the North American 
continent resulting i n  subduct ion  along the continental margin (Hyndman 1979). 
Rocks from the volcanic arc  complex and the associated subduction zone are  
exposed i n  the Snake River Canyon along the border of southeastern Washington 
w i t h  Idaho and i n  western Idaho and northeastern Oregon. The Idaho batholith,  
composed of a complex group of plutons, was in t ruded  d u r i n g  l a t e  Cretaceous 
and ear ly  Tert iary time, a f t e r  subduction associated w i t h  the arc continent 
co l l i s ion .  West of the Idaho bathol i th ,  between i t  and the arc-subduction 
complex, the old continental margin i s  marked by complex Precambrian meta- 
sedimentary rocks. Farther south, between the batholith and the Mesozoic 
marine s t r a t a  and volcanic f ie lds  of eas t  central  Oregon, the margin i s  con- 
cealed by Ter t ia ry  and Quaternary volcanic rocks and cannot be located. 
Cenozoic subduction west (seaward) of both the old continental margin and the 
Mesozoic volcanic arc  resulted i n  f o l d i n g  and imbricate fau l t ing  of marine 
sediments and volcanic rocks t o  form the Coast Ranges. The  s t i l l  ac t ive  vol- 
canic chain of the h i g h  Cascades is  a result of this subduction episode 
(Blackwell 1974). 

Idaho cons is t s  mostly of Precambrian and Paleozoic continental crustal  
rocks in t ruded  by Cretaceous and ear ly  Tert iary plutons of the Idaho batholith.  
T h e  Snake River plain extends i n  an arc across the southern pa r t  of the s t a t e .  
T h e  plain is  f a u l t  bounded and f i l l e d  w i t h  Cenozoic mafic and s i l i c i c  volcanic 
rocks. I t  i s  not known i f  the bathol i th  and older continental c rus t  extend 
beneath the plain under the volcanic cover o r  i f  they have been rifted apart .  
Southeast of the Snake River plain,  the basement i s  composed of typical Pre- 
cambrian metamorphic and intrusive rocks of the Basin and Range province. On 
the southwest, the Owyhee Mountains a re  composed o f  Tertiary and Quaternary 
volcanic rocks w i t h  few outcrops of Cretaceous and Tert iary gran i t ic  intrusive 
bodies. I t  i s  l ike ly ,  from Maxwell's (1974) reconstruction, t h a t  the plutonic 
rocks southwest of the plain intrude the arc-subduction complex ra ther  than 
Precambrian continental c rus t .  

In summary, a la t i tud ina l  cross section across the northwestern U.S. 
would show u p l i f t e d  and stacked thrust-faul ted marine sediments and s labs  of 
obducted oceanic c r u s t  and upper mantle material i n  the Coast Ranges and 
Klamath Mountains. The  next major province t o  the eas t  i s  the Cascades Range, 
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an arc-type chain of volcanoes t h a t  have erupted through u p l i f t e d  oceanic 
crust. A back-arc region l ies  t o  the e a s t  and cons is t s  of u p l i f t e d  oceanic 
crust of volcanic and sedimentary rocks covered by continental flood basal t s  
and s i l i c i c  ash flow tuf fs .  T h i s  region forms the High Lava plains ,  Blue 
Mountain u p l i f t ,  and Columbia Plateau. Final ly ,  i n  northern Washington and 
adjacent central  Idaho the section crosses the old continental margin and 
encounters ear ly  Paleozoic and Precambrian sedimentary and metasedimentary 
rocks t h a t  have been in t ruded  by many Mesozoic age plutons, the l a rges t  of 
which is  the Idaho batholith.  East and southeast of the Idaho bathol i th  the 
old continental c rus t  i s  block-faul ted i n  typical basin and range s ty l e .  

T h e  north-trending geologic provinces ( F i g .  13) i n  Oregon and Washington 
are transected by major northwest-trending lineaments and f a u l t  zones such as 

124' l lb '  

Fig. 13. Geologic provinces o f  the Northwestern United States .  
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t h e  Oregon-Olympic-Wal lowa lineament, John Day f a u l t  zone, and Bro thers  f a u l t  
zone. The Bro thers  f a u l t  zone i n  Oregon i s  a r e g i o n  o f  e s p e c i a l l y  h igh  heat  
f l o w  (B lackwel l  e t  a1 . 19781, b u t  t h e  magnitude o f  t he  publ ished geothermal 

g rad ien ts  measurements may p a r t l y  r e f l e c t  deeply c i r c u l a t i n g  ground water. 

The zone has a l so  been one o f  c r u s t a l  weakness a long which a number o f  l a t e  
T e r t i a r y  and Quaternary s i l i c i c  domes have been in t ruded.  The o ther  northwest- 

t r e n d i n g  f a u l t  zones are  n o t  r e f l e c t e d  i n  t h e  heat- f low pat te rns .  

B. Volcanic  A c t i v i t y  
The ex tens ive  T e r t i a r y  and Quaternary vo lcan ic  a c t i v i t y  i n  t h i s  reg ion  

has l e f t  Cenozoic age igneous rocks  cover ing  more than h a l f  t h e  area (F ig .  14). 

.100 MILES 

O M E T E R S  0 

1.7 INTRUSIVE ROCKS 

PREDOMINANTLY INTERMEDIATE CALC-ALKALIC VOLCANIC ROCKS. SOME BASALT 
K-1 BASALT AND BIMODAL BASALT AND RHYOLITE 

F ig .  14. La te  Cenozoic (17 Myr t o  p resent )  igneous rocks o f  western U n i t e d  
States.  Used w i t h  permiss ion o f  GSA. 
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Much of this i s  flood basalt of the Columbia Plateau, located in southeast 
Washington and northeast Oregon, and of the Snake River p l a i n  i n  Idaho. South- 
eastern Oregon i s  also largely covered by basal t .  I n  southeastern Oregon and 

i n  Idaho, s i l ic ic  ash flow tuffs predate or are contemporaneous w i t h  the 
basalt. Many s i l ic ic  domes occur i n  southeastern Oregon. The youngest dated 
is 0.58 Myr (MacLeod et  a l .  1976). The Cascade Range is a north-trending 
volcanic chain surmounted by large andesitic stratovolcanoes, some of which 
are active (Lassen 1914-17; M t .  Baker, 1975-76; M t .  S t .  Helens, 1980). 

C. Heat Flow 
Heat-flow patterns i n  the northwestern U.S. closely correspond t o  the 

geologic provinces--low heat flow over subduct ion zones west of the Cascades 
volcanic arc and h i g h  heat flow from the volcanic arc inward for several hun- 
dred kilometers (Blackwell 1974). Most of the heat-flow measurements in the 
northwest have been done by David Blackwell of Southern Methodist University 
(SMU) in cooperation with state geological surveys. The Oregon Department of 
Geology and Mineral Industries (DOGAMI) has published much information for the 
state of Oregon. A s  open-file reports, the state of Idaho has published infor- 
mation on selected areas in their Water Resources Bulletin no. 30, and some 
information on the state of Washington i s  available i n  Information Circulars 
50 and 62 and open-file report 80-9. The USGS has investigated gradients or 
heat flow i n  Cal i fornia  b u t  has not published f ina l  reports on these da ta ,  
except for  Mase e t  a l .  1980. 

To better understand the heat-flow da ta  t h a t  are available, i t  i s  impor- 
t a n t  t o  keep some simple concepts i n  mind. Generally, heat flow i s  calculated 
from geothermal gradients measured i n  existing wells o r  i n  holes drilled speci- 
fically for t h a t  purpose. In older, stable parts o f  the continents, conductive 
heat flow i s  the result of two components: flux from the lower crust and/or 
upper mantle, and radiogenic heat, from the decay of uranium, thorium, and 
potassium i n  crustal rocks (especially g ran i t i c  rocks and shales). I n  areas 
characterized by young igneous ac t iv i ty ,  p a r t  of the observed f l u x  may be 
explained by conductive heat transfer related t o  buried intrusions. 

The problem w i t h  estimating conductive heat flow i s  t h a t  temperature 
gradient measurements are often strongly affected by nearby convective systems. 
Particularly in tectonically active areas such as the western U .S., circulation 
of ground water through deep f a u l t  systems results in elevated gradients. 
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Extensive convect ion i n  the  v i c i n i t y  of magma bodies a l s o  causes l o c a l  anoma- 

l i e s .  I n  some areas o f  t h e  northwest, good heat- f low measurements are d i f f i -  
c u l t  t o  o b t a i n  because widespread b a s a l t  sheets a c t  as a q u i f e r s  f o r  c o l d  and 

h o t  water, and g rad ien ts  measured i n  w e l l s  l e s s  than 500 m a re  l i k e l y  t o  g i ve  
more i n f o r m a t i o n  on l o c a l  hydro1 ogic  c o n d i t i o n s  than on reg iona l  temperatures. 

T h i s  s i t u a t i o n  occurs i n  the  eastern Snake R ive r  p l a i n ,  p a r t s  of t he  Co- 
lumbia Plateau, Modoc Plauteau, and much o f  c e n t r a l  and eastern Oregon. 

Over much o f  t h e  northwest t he  heat  f l o w  measured i s  l a r g e l y  from t h e  

mant le because t h e r e  a r e  few l a r g e  g r a n i t i c  bodies t o  add a rad iogenic  c r u s t a l  
component. Except ions t o  t h i s  a re  the  Idaho b a t h o l i t h  and much o f  t h e  Okanogan 

Highland. Both t h e  Cascade Range and Snake R i v e r  p l a i n  have h igher  than aver- 

age heat  f low, which i s  probably r e l a t e d  t o  recen t  volcanism and poss ib le  

magmatic i n t r u s i o n s  ( B r o t t  e t  a l .  1978; Blackwel l  and Steele 1979) .  

Table V g ives  heat- f low measurements f o r  t h e  geologic  provinces o f  Oregon 

and Washington and those a v a i l a b l e  f o r  Idaho and no r the rn  C a l i f o r n i a .  
The hea t - f l ow  map i n  F i g .  15 has been contoured t o  omi t  l o c a l  anomalies 

t h a t  a r e  probably r e l a t e d  t o  hydrothermal systems. The r e l a t i v e  low over t h e  

45 
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F ig .  15. Heat- f low map o f  t h e  northwestern U n i t e d  States. Contours a re  i n  
heat-f low u n i t s .  Used w i t h  permission o f  GSA. 
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TABLE V 

HEAT FLOW I N  THE NORTHWEST UNITED STATES 

Province 

Wash i ngtona 

Coast Ranges and Puget Trough 
Cascades 
Okanogan Highlands 
Columbia Plateau 

Oregonb 

Coast Ranges - Wi l lamet te Va l ley -  
K 1  amath Mountains 

Cascade Range 
Columbia Plateau 
B1 ue Mountains Up1 i f t  
High Lava Pla ins,  Basin and Range 

and Owyhee Uplands 

Idaho 

Okanogan-Bel t Terranea 
Idaho Bathol i t h c  
Snake R ive r  P l a i n  (WestIc 

(Eas t Id (a)  

C a l i  f o r n  i a  

N. Coast R n es - Klamath Mountainse 
Cascade s dtbs 
Modoc Plateau, and Basin and Rangef 

2 mW /m 

33 - 38 
50 - 71 
67 - 100 
59 - 71 

35 - 40 

45 - 105 
62 
70 
86 - 119 

67 - 92 
84 
84 - 105 

31 - 63 

70 - 100 
- 

HFU - 

0.8 - 0.9 
1.2 - 1.7 
1.6 - 2.4 
1.4 - 1.7 

0.85 - 0.97 

1.1 - 2.5 
1.5 
1.7 
2.1 - 2.8 

1.6 - 2.2 
2.0 
2.0 - 2.5 

0.75 - 1.5 

1.7 - 2.4 
- 

aRanges from F ig .  1 i n  Blackwell  (1974). 

bRanges from Table I i n  Blackwell  e t  a l .  (1978). 

‘Regional averages from t e x t  i n  Sass e t  a1 . (1980). 

d D i f f i c u l t  t o  measure because o f  hydro log ic  e f f e c t s :  ( a )  Sass e t  a l .  (19801, 
( b )  Mase e t  a l .  (1980a). 

eRange from Contour i n t e r v a l  i n  F ig .  13.5 i n  Sass e t  a l .  (1980). 

Range from Mase e t  a1 . (1980a). 
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eastern Snake R ive r  p l a i n  i s  a r e s u l t  of t h e  near sur face hydrology p rev ious l y  
discussed. The low over t h e  Columbia Plateau may r e f l e c t  t h e  absence o f  gran- 

i t i c  rocks,  and hence, most o f  t h e  rad iogen ic  component o f  heat  f low. Measure- 

ments i n  t h e  Columbia P la teau may a l s o  have been a f f e c t e d  by t h e  f l o w  o f  c o l d  

ground water i n  permeable basal t s  and in terbedded sedimentary and volcan- 

i c l a s t i c  rocks  (Sass e t  a l .  1980). 

D. Crus ta l  S t r u c t u r e  as Measured by Seismic Re f rac t i on  Studies 

Seismic surveys a re  a v a i l a b l e  over most of t h e  major s t r u c t u r e s  i n  t h e  

nor thwest  (F ig .  16). An ex tens ive  seismic survey o f  t h e  western US was per-  
formed i n  1960-1962 us ing explos ions a t  t h e  Nevada Tes t  S i t e  and elsewhere 

(Pak iser  1963). A d d i t i o n a l  s tud ies  us ing  l a r g e  explos ions i n  B r i t i s h  Columbia 
a re  descr ibed by Johnson and Couch (1970) and H i l l  (1972). I n  1978 a coopera- 

t i v e  seismic survey o f  t h e  eas tern  Snake R ive r  p l a i n  was undertaken ( B r a i l e  

e t  a1 . 1979; B r a i l e  and Smith 1979; Olsen e t  a1 . 1980). 
Us ing  t h e  seismic p r o f i l e s  a long survey l i n e s  shown i n  F ig .  16, Smith 

(1978) compi led a c r u s t a l  th ickness  map o f  t h e  western U.S. (F ig .  17). The 
recen t  s tud ies  i n  t h e  eas tern  Snake R ive r  p l a i n  i n d i c a t e  t h a t  t h e  40 km t h i c k  

contour  can be cont inued along southern Idaho, because t h e  c r u s t  i n  the  east-  

e r n  Snake R ive r  p l a i n  i s  a l so  40 km t h i c k .  

Genera l ly  t he  c r u s t  i n  the  nor thwest  U.S. i s  t h i n  (20 km) a long t h e  

coas t  b u t  th ickens  eastward. The Basin and Range prov ince  has anomalously 

t h i n  c r u s t  (25-30 km) extending i n t o  southeastern Oregon and p a r t s  o f  southern 

Idaho. The Columbia Plateau a l so  has a t h i n n e r  c r u s t  ( 2 5  km t h i c k )  than sur- 

rounding areas. U n l i k e  t h e  Columbia Plateau, t h e  c r u s t  th ickens  under t h e  

Snake R i v e r  p l a i n  t o  40 km. I n  t h e  western Snake R ive r  p l a i n  t h e  g r a n i t i c  

c r u s t  appears t o  be d iscont inuous under t h e  p l a i n ;  beneath t h e  eas tern  Snake 

R ive r  p l a i n  t h e  g r a n i t i c  l a y e r  appears cont inuous and n o t  r i f t e d .  

Crus ta l  th ickness  i s  n o t  a d iagnos t ic  parameter o f  geothermal p o t e n t i a l  

i n  t h e  nor thwestern U.S. High heat  f l o w  i s  found i n  t h e  t h i c k  c r u s t  i n  t h e  
Snake R ive r  p l a i n  and i n  t h e  t h i n n e r  c r u s t  i n  southeast Oregon. The heat  f l o w  

i s  very low i n  the  t h i n  c r u s t  above t h e  subduct ion zone along t h e  West Coast. 

Heat- f low p a t t e r n s  main ly  r e f l e c t  l a t e  Cenozoic t e c t o n i c  regimes i n  t h e  reg ion  
(Roy e t  a1 . 1968, 1972). 
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EXPLANATION 
0-0 REVERSED PROFILE 

0-t UNREVERSED PROFILE 

Mo KILOMETERS 
O- 

F i g .  16. Index map showing l o c a t i o n  o f  seismic r e f r a c t i o n  p r o f i l e s  and 
reg iona l  seismic network s tud ies  based on l o c a l  earthquakes and 
quar ry  b l a s t  data. Unpubl ished r e s u l t s  i n d i c a t e d  by parenthes is .  
Used w i t h  permiss ion of GSA. 

C rus ta l  rad iogen ic  heat  p roduc t ion  must be considered when i n t e r p r e t i n g  
hea t  f low.  Combined w i t h  i n f o r m a t i o n  on t e c t o n i c  regime and l a t e r a l  changes 
i n  t h e  measured heat  f low, c r u s t a l  r a d i o a c t i v i t y  can be used t o  i n f e r  t h e  
depth o f  heat  sources and temperature a t  depth (Roy e t  a l .  1968, 1972). F o r  

example, i f  t h e  reg iona l  conduct ive  heat  f l u x  i s  - >IO0 mW/m2 (>2.4 HFU) and 

i f  the  c r u s t a l  heat  p roduc t ion  i s  low (<5 HGU), and i f  t h e  borders o f  t he  
p o s i t i v e  heat - f low reg ion  a re  narrow, i t  i s  l i k e l y  t h a t  t h e  heat  source e x i s t s  
a t  shal low depths. I f  i n  a s i m i l a r  r e g i o n  t h e  heat  f l o w  were t o  change grad- 

u a l l y  over a broad area, t h e  source o f  t h e  heat  would probably  be deep. For  

most o f  t h e  northwest,  t h e  amount o f  data a v a i l a b l e  i s  n o t  s u f f i c i e n t  t o  per-  
m i t  such d e t a i l e d  i n t e r p r e t a t i o n s .  
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E .  Gravity and Magnetic Surveys 
A l t h o u g h  gravity and aeromagnetic da ta  are available for much of the 

northwest, regional interpretations are few; two t h a t  have been discussed are 
Oregon ( T h i r u v a t h u r k a l  et  a l .  1970) and the Snake River p l a i n  i n  Idaho (Hill 
1963; Mabey 1976, 1978a). The western Snake River plain i s  coincident w i t h  a 
general gravity h i g h  t h a t  includes three smaller en echelon highs elongated 
parallel t o  the axis of the p l a i n .  These are interpreted as basalt-filled 
fissures (Hill  1963). Gravity data  suggest t h a t  granitic rock of the Idaho 
b a t h o l i t h  i s  not continuous beneath the p la in .  A positive magnetic anomaly 
a long  the southern edge of the p l a i n  and a negative anomaly near the northern 
edge may be interpreted as a layer of normally polarized basalt f i l l i n g  the 
plain (Mabey 1976, 1978a). Mabey's (1976) interpretation was based on seismic 
da ta  showing crustal thickening t o  42 km under the western Snake River p l a i n .  

The eastern Snake River plain displays more complex gravity and magnetic 
patterns. A broad gravity high exists over this part of the plain. The 
gravity patterns associated w i t h  Basin and Range structures b o t h  northwest and 

southeast of the p l a i n  do not  extend beneath i t ,  b u t  interpretations of bo th  
gravity and magnetic da ta  suggest t h a t  pre-Cenozoic rocks extend beneath the 
eastern Snake River p l a i n  and t h a t  rifting, w h i c h  i s  interpreted fo r  the west- 
ern Snake River p l a i n ,  does n o t  occur here (Mabey 1978a, 1978b). Mabey (1978b) 
and La Fehr and Pakiser (1962) believe t h a t  there i s  about 6 km of crustal 
t h i n n i n g  under the eastern Snake River plain. This figure does not  agree w i t h  
the most recent seismic interpretation, w h i c h  i s  t h a t  t o t a l  crustal thickening 
under the eastern Snake River plain i s  the same as under the western Snake 
River p l a i n  (Braile e t  a l .  1979; Olsen e t  a l .  1980). 

Thiruvathukal e t  a l .  (1970) have studied the regional gravity field of 
Oregon. Their analysis of 4000 gravity measurements indicates t h a t ,  taken as 
one large prism, Oregon i s  in approximate mass equilibrium w i t h  a standard 
earth column. Since there i s  n o t  adequate seismic control ,  they assume con- 
stant crust and mantle densities over the entire state. They believe t h a t  
crustal thicknesses vary from less than 20 km under the Coast Range t o  45 km 
under southeastern Oregon. However, i f  southeastern Oregon i s  underlain by an 
upper mantle of  low density similar t o  t h a t  under the Basin and Range province 
t o  the south, crustal thickness for t h a t  area would be less t h a n  the 45 km 
calculated. Gravity da ta  show no evidence for crustal roots under the Coast 
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Range o r  under t h e  Cascades, which agrees w i t h  t h e  seismic i n t e r p r e t a t i o n s  o f  
Johnson and Couch (1970). 

Weston Geophysical Research, Inc., has compiled aeromagnetic surveys 

cove r ing  most o f  Washington and southern Oregon f o r  Washington P u b l i c  Power 

Supply System (1978). These maps are  use fu l  i n  i n t e r p r e t i n g  the  geology and 
s t r u c t u r e  and may he lp  l o c a t e  Mesozoic p lu tons  n o t  exposed a t  t h e  surface. 

Aeromagnetic maps a v a i l a b l e  f o r  t h e  Snake R ive r  p l a i n  were used by Mabey i n  

h i s  i n t e r p r e t a t i o n  o f  t he  g r a v i t y  data. An aeromagnetic map f o r  t he  e n t i r e  

s t a t e  o f  Idaho has been pub l ished by t h e  USGS (1978). 

t 

F. Reservoi r  Rocks 

As suggested p rev ious l y ,  t h e  heat  f l o w  i n  t h e  northwest,  eas t  o f  t he  

western Cascade Range, i s  s u f f i c i e n t l y  h i g h  t o  i n d i c a t e  t h e  presence o f  r e l a -  
ti vel y s h a l l  ow geothermal resources over 1 arge areas. Thus , HDR devel opment 

i s  more l i k e l y  t o  be l i m i t e d  by the  absence o f  app rop r ia te  r e s e r v o i r  rocks  

than by su i  tab1 e temperatures. Present  HDR techno1 ogy requ i res  1 ow perme- 

a b i l i t y ,  un f rac tu red  ( o r  sealed) c r y s t a l l i n e  r e s e r v o i r  rock. G r a n i t i c  i n t r u -  

s i v e  bodies i n  t h e  nor thwest  a re  most ly  Mesozoic i n  age ( a  few are  T e r t i a r y )  

and occur i n  nor theas tern  Washington, Idaho, and nor theas tern  Oregon. Some 

epizonal  p lu tons  a re  exposed i n  t h e  no r the rn  Cascades. 

Precambrian rocks c o n s i s t  most ly  o f  metasediments o f ,  o r  s i m i l a r  to, t h e  

B e l t  group o f  Idaho. These might  prove o f  low enough pe rmeab i l i t y  t o  be used 

as r e s e r v o i r  rocks i n  some areas. Precambrian rocks crop o u t  i n  nor thern  and 

eas tern  Washington and i n  Idaho, bo th  n o r t h  and eas t  o f  t he  Idaho b a t h o l i t h .  
Most o f  t h e  remainder o f  t h e  nor thwest  c o n s i s t s  o f  b a s a l t  f l ows  and 

marine sediments and i t  i s  n o t  known how permeable these format ions may be a t  

depth. The basal t s  and in terbedded sediments serve as a q u i f e r s  throughout t h e  

area, and f l u i d  f l o w  w i t h i n  these format ions has been observed as deep as 

2.5 t o  3 km. A l t e r n a t i v e  HDR systems c o n s i s t i n g  o f  water pumped i n t o  perme- 

ab le,  b u t  n o t  n a t u r a l l y  producing, format ions have n o t  y e t  been t r i e d .  To 

f u l l y  develop the  geothermal p o t e n t i a l  o f  t h e  nor thwest  i t  w i l l  p robably  be 

necessary t o  develop t h i s  technique (Bodvarsson 1975). 

Us ing present  HDR technology, t h e  most promis ing areas f o r  development 
a r e  t h e  margins o f  t h e  Snake R ive r  p l a i n  ( u s i n g  t h e  Idaho b a t h o l i t h  as reser -  

v o i r  rock ) ,  t h e  Bro thers  f a u l t  zone and t h e  western Snake R ive r  Basin (us ing  

s i l i c i c  domes and small i n t r u s i o n s  as r e s e r v o i r s ) ,  and the  Okanogan Highlands 
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of Washington (using Mesozoic intrusive rocks, preferably those insulated by 
thick sedimentary sequences). 

G.  Summaries of Prospective HDR Sites Examined by Los Alamos 

Mountain Home Prospect, Western Snake River P la in  
One of the most promising areas for hot dry rock development i n  the 

northwest i s  along the margins of the western Snake River p l a i n .  The Snake 
River plain i s  an arcuate depression in southern Idaho f i l l ed  with Tertiary and 
Quaternary age volcanic rocks, which are younger t o  the east. The margins of 
the western Snake River p l a i n  are f a u l t  bounded w i t h  a t  least 2743 m (9000 f t )  
vertical displacement along the northern margin (Mal de 1959) and w i t h  somewhat 
less displacement on faults of the southern margin. The  Idaho b a t h o l i t h  l ies 
just north of the Snake River p l a i n ,  b u t  i t  is  not  known how f a r  i t  extends 
beneath the p la in .  

The average heat flow i s  greater along the margins of the p la in  105 mW/m2 
(2 .5  HFU) than w i t h i n  the p l a i n  75 mW/m2 (1.8 HFU) (Brott e t  a l .  1978). Part 
of the difference may be due t o  hydrologic effects of cold water w i t h i n  aqui- 
fers i n  the p l a i n ,  o r  deep circulating h o t  water along the boundary faults, or  
both .  Brott e t  a l .  (1978) attribute the excess heat flow on the margin t o  
refraction of heat i n t o  the higher thermal conductivity granites on the margins 
of the p l a i n  and suggest t h a t  this refracted excess heat i s  from buried basal- 
t i c  intrusions t h a t  were emplaced 10-15 Myr ago. 

Numerous thermal we1 1s w i t h  water temperatures mostly less t h a n  50°C are 
located throughout the western Snake River p l a i n .  Hot water (>50"C) occurs i n  
several springs and wells located along the margins of the p la in .  In bo th  
Boise and the Bruneau-Grand View area, these have been tapped for direct-use. 

The area chosen for detailed HDR appraisal i s  a 400 km2 si te on the 
northern margin of the western Snake River plain, Idaho (Fig. 18). I ts  west- 
ern edge i s  approximately 10 km east of Mountain Home, and 23 km east of Moun- 
t a i n  Home Air Force Base. This part of the northern plain margin was selected 
because i t  appeared t o  be less faulted than other sections of the margin. Two 
deep wells w i t h  gradients of 61"C/km and 64"C/km had been drilled i n  the area, 
and i t  had been reported t h a t  the Bostic 1 A  well ( F i g .  181, i n  the southern 
p a r t  of the prospect, bottomed i n  the granite of the Idaho batholith a t  2941 m 
(9648 f t )  w i t h  a bottom-hole temperature of 195°C. I t  was discovered during 
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F i g .  17. Map o f  c r u s t a l  th icknesses o f  
western U n i t e d  States.  Re- 
p r i n t e d  w i t h  permiss ion o f  
GSA 

I Clem Ferry 
0 

F ig .  18. Loca t ion  map o f  Mountain 
Home d e t a i l e d  s tudy area 
showing geophysical survey 
l i n e s  and major f a u l t s .  

t h e  d e t a i l e d  eva lua t i on  t h a t  t h e  ho le  a c t u a l l y  bottomed i n  hydro thermal ly  

a l t e r e d  l a t i t e ,  probably p a r t  o f  t h e  T e r t i a r y  age Idavada vo l can ic  sequence. 

The p o t e n t i a l  HDR " r e s e r v o i r "  t a r g e t  i s  t h a t  p a r t  of t h e  Idaho b a t h o l i t h  t h a t  

extends beneath sedimentary and vo l can ic  cover  a t  t h e  edge o f  t h e  p l a i n .  

Harding Lawson Associates ( H L A )  of Novato, C a l i f o r n i a ,  was awarded a 

c o n t r a c t  t o  eva lua te  t h e  HDR p o t e n t i a l  o f  t h e  prospect.  They performed geo- 

l o g i c ,  geophysical ,  hydro log ic ,  and water chemist ry  s tud ies  t o  determine the  
s t r u c t u r e  o f  t he  area, e s p e c i a l l y  the l o c a t i o n  o f  f a u l t s  and depth t o  basement, 

t h e  pe rmeab i l i t y  o f  t h e  p o t e n t i a l  r e s e r v o i r  rock, and t h e  thermal regime. 

Most o f  t h e  prospect  l i e s  w i t h i n  t h e  Moun- 

t a i n  Home plateau.  The Mt .  Bennett  H i l l s  form t h e  no r the rn  and nor theas tern  

margin o f - t h e  prospect  and a r e  separated from t h e  western Snake R ive r  p l a i n  by 

nor thwest-  t r e n d i n g  f a u l t s  t h a t  c u t  across t h e  nor theas tern  edge o f  t h e  pros- 
pect .  The geology southwest o f  t h e  major f a u l t  zone c o n s i s t s  o f  T e r t i a r y  and 

Quaternary age in terbedded b a s a l t  f l ows  and nonmarine sediments. I n  t h e  M t .  

Bennet t  H i l l s ,  o l d e r  T e r t i a r y  Idavada ( s i l i c i c )  vo l can ic  rocks are  exposed. 
Nor th  o f  t h e  M t .  Bennett  H i l l s  t h e  Idaho b a t h o l i t h  under l i es  t h e  Idavada range 

(Rember and Bennet t  1979, Malde e t  a l .  1963). 

1. Geology and St ruc ture .  
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t h a n  one event per week w i t h i n  25 km of the seismograph--a suitable seismic 
level for HDR development. 

3. Hydrology and Water Chemistry. Small and perched aquifers occur 
in every geologic formation i n  the area in b o t h  intercalated sediments and 
fractured volcanic rocks. Hot springs emanate a1 ong two northwest-trendi ng 
f a u l t  zones, one along the base of  the M t .  Bennett Hills and one in the p la in .  
Si1 ica concentrations suggest equilibrium temperatures not  much higher than 60 
t o  8OoC. Assuming t h a t  the Bostic gradient i s  representative, this suggests 
water circulation t o  only 750- t o  1000-m depth; there appears t o  be no cir-  
culation t o  the surface from the 2- t o  3-km-deep zone proposed for HDR develop- 
ment. 

4. Conclusions. Based on gravity da ta  and the Bostic 1A well cut- 
tings, depth t o  Plutonic rocks i n  the southwestern portion of  the prospect i s  
greater t h a n  3 km. Gravity modeling done by Harding-Lawson suggests t h a t  the 
Idaho batholith may not  underlie t h a t  p a r t  of the prospect a t  a l l .  The exact 
location of faults and the amount of their displacement also needs t o  be deter- 
mined t o  assess the HDR potential of the prospect. 

Brothers Faul t Zone, Oregon 
The Brothers f a u l t  zone ( F i g .  20) trends northwest-southeast across an 

area of Cenozoic volcanic fields i n  Southeast Oregon and coincides w i t h  a zone 
of h i g h  heat flow. Rhyolitic domes ranging  i n  age from less t h a n  1 t o  10 Myr 
trend west-northwest, oblique t o  the f a u l t  zone. MacLeod e t  a l .  (1976) have 
shown t h a t  this s i l ic ic  volcanism i s  generally younger t o  the west. The young- 
est published date i s  0.58 - + 0.1 Myr for McKay Butte located on the west f l ank  
of Newberry Cal dera. 

Some of the highest measured temperature gradients along the f a u l t  zone 
are observed near the eastern domes, b u t  they may be due t o  circulation of 
deep ground water along fault planes. The domes generally occur a long  faults 
or  a t  intersections of older northeast-trending faults w i t h  the Brothers f a u l t  
zone. The most recent known movement on the Brothers fault zone occurred 7-10 
thousand years ago ( G .  Walker, USGS, personal communication), and the youngest 
domes do not, appear t o  be faulted. Unfortunately, the younger domes have a 
smaller exposed surface area t h a n  the 01 der faulted ones, and i t  i s  not  known 
i f  they are larger or interconnected a t  depth; or i f  there are deeper intrusive 
bodies of low-permeability s i l i c ic  rock suitable for HDR development. 
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Fig. 20. Map of Oregon. Rhyolite domes i n  the southeastern pa r t  of the s t a t e  
a r e  shown i n  black; strippled area i s  Cascade Range; hachures are 
shown on the down-thrown side of l a rge r  f a u l t s  of the Basin and Range 
province. (from MacLeod e t  a l .  1976.) 

L i t t l e  i s  known about what underlies the volcanic sequences i n  eastern 
Oregon. "Basement" i s  probably composed of Mesozoic marine sediments. Pro- 
pr ie ta ry  magnetic data suggest t h a t  considerable ver t ical  displacement (down 
t o  the south) has taken place along the Brothers f a u l t  zone ( G .  Walker, USGS, 

personal communication 1980). A Halbouty well(Federa1 1-10, 23S, 29E Sect.  l o ) ,  
dr i l led t o  2343 m depth on the north side of the f a u l t  zone, bottomed i n  ande- 
s i te .  The base of the basa l t s  was a t  792 m. On the south side o f  the f a u l t  
zone the basa l t  sequence i s  probably much thicker. 

T h e  area selected f o r  detai led study i s  on the e a s t  flank o f  Newberry 
Caldera. Two s i l ic ic  domes of 3.5 km radius a r e  adjacent t o  each other: 
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China Hat  (0.76 Myr) and Eas t  Bu t te  (0.85 Myr). Samples o f  obs id ians,  c o l -  
l e c t e d  t o  determine i f  the  domes a re  p e t r o g e n i c a l l y  r e l a t e d  suggest t h a t  they 

were n o t  erupted from t h e  same magma. A d e t a i l e d  g r a v i t y  study o f  t h e  dome 

area would show i f  a l a r g e r  s i l i c i c  body occurs a t  depth o r  i f  the  two domes 

a r e  interconnected--condi  t i o n s  which would p rov ide  a c r y s t a l  1 i n e  " r e s e r v o i r  
rock"  o f  s u f f i c i e n t  volume f o r  HDR development. 

H. Regional Summary 

The geologic  s e t t i n g  i n  t h e  nor thwest  i s  one o f  Precambrian c o n t i n e n t a l  
c r u s t  i n  much o f  Idaho and nor thern  Washington and Oceanic c r u s t  o f  b a s a l t  and 

marine sediments, i n c l u d i n g  an e a r l y  Mesozoic vo l can ic  arc, throughout  t h e  

r e s t  o f  Washington, Oregon, and no r the rn  C a l i f o r n i a .  Much o f  t h e  r e g i o n  has 
been i n t r u d e d  by Mesozoic (most ly  Cretaceous) g r a n i t i c  p lu tons,  t h e  l a r g e s t  of 

which i s  t h e  Idaho b a t h o l i t h .  T e r t i a r y  and Quaternary age vo l can ic  a c t i v i t y  

has been extensive-- f rom t h e  s t ra tovolcanoes of t h e  Cascade Range t o  t h e  f l o o d  

b a s a l t s  o f  t h e  Columbia P la teau and Snake R ive r  p l a i n ,  and has covered most of 
t h e  o l d e r  rocks obscur ing geologic  r e l a t i o n s h i p s .  S i g n i f i c a n t  T e r t i a r y  and 

Quaternary age s i l i c i c  e rup t i ons  a l s o  occured i n  t h e  reg ion.  

West o f  t h e  Cascade 

Range heat  f l ow  i s  low and averages 35 mW/m2 (0.85 HFU). The average heat  

f l o w  f o r  t h e  western Cascade Range i s  45 mW/m (1.1 HRI). The h igh  o f  105 
mW/m2 (2.5 HFU) shown i n  Table V f o r  t h e  Oregon Cascades i s  t he  average 

va lue  g iven by B lackwel l  (1978) f o r  t h e  western Cascades-High Cascades bound- 

ary .  T h i s  i s  a narrow zone o f  h igh  heat  f l o w  beg inn ing  j u s t  west o f  t he  con- 
t a c t  between t h e  o l  der western Cascades and t h e  P1 iocene-P1 e i  stocene High 
Cascade vo lcanics.  Several h o t  spr ings  a r e  l oca ted  a long t h i s  boundary. Few 

data a r e  a v a i l a b l e  f o r  t h e  h i g h  Cascades because o f  d r i l l i n g  d i f f i c u l t i e s  and 

ground-water f low,  b u t  t h e  recen t  volcanism suggests t h a t  h i g h  heat  f l o w  may 

cont inue across t h e  range t o  t h e  east. Eas t  o f  t h e  Cascades heat  f l o w  i s  a l so  
h igh:  southeastern Oregon averages 90 mW/m , (2.1 HFU) t h e  margins o f  t h e  

western Snake R ive r  p l a i n  average 100 mW/m2 (2.4 HFU) and t h e  r e s t  o f  t h e  

area averages above 71  mW/m (1.2 H N ) .  

Seismic r e f r a c t i o n  s tud ies  show t h e  c r u s t  i s  genera l l y  t h i n n e r  than 

under c r a t o n i c  regions, approx imate ly  20 km on t h e  coas t  t h i c k e n i n g  t o  30 km 

under t h e  Basin and Range prov ince  o f  Nevada. The c r u s t  appears t o  be t h i n  

under t h e  Columbia P la teau b u t  th ickens  under t h e  western Snake R ive r  p l a i n .  

Heat f l o w  genera l l y  r e f l e c t s  t h e  t e c t o n i c  s e t t i n g .  
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The nor thwest  U.S. has g rea t  geothermal p o t e n t i a l ,  bo th  f o r  low- 
temperature hydrothermal a p p l i c a t i o n s  and h o t  d ry  rock f o r  areas w i t h  no 
na tu ra l  h o t  spr ings  o r  aqu i fe rs .  Hydrothermal waters have been used f o r  space 

hea t ing  and i n d u s t r i a l  process ing f o r  years  i n  bo th  Klamath F a l l s ,  Oregon, and 

Boise, Idaho, and these a p p l i c a t i o n s  a re  being expanded. 
Fo r  most o f  t h e  northwest,  however, h o t  d ry  rock w i l l  n o t  mean d r i l l i n g  

i n t o  g r a n i t i c  rocks b u t  r a t h e r  f r a c t u r i n g  o r  making use o f  na tu ra l  f r a c t u r e  

systems i n  low pe rmeab i l i t y  basal t s  o r  metamorphosed marine sediments n o t  
con ta in ing  enough h o t  water t o  be developed as hydrothermal systems. 



I V .  SOUTHWEST: HEAT SOURCES I N  ARIZONA, NEW MEXICO, AND THE TRANS-PECOS 

AREA OF TEXAS (M. J .  A l d r i c h  and A. W. Laughl in)  

Arizona, New Mexico, and t h e  Trans-Pecos area o f  west Texas i n c l u d e  
p a r t s  o f  f i v e  physiographic provinces: t h e  Colorado Plateau, t h e  Basin and 

Range, t h e  southern Rocky Mountains, t h e  Rio Grande rift, and t h e  Great P l a i n s  

(F ig .  21). A wide area between t h e  Colorado Plateau and southern Basin and 

Range p rov ince  has s t r u c t u r a l  c h a r a c t e r i s t i c s  common t o  both prov inces and, 

t he re fo re ,  has been r e f e r r e d  t o  as t h e  " T r a n s i t i o n  Zone." I n  keeping w i t h  

Fenneman's (1946) map, we i n c l u d e  t h i s  segment of c r u s t  as a subsect ion o f  t h e  
Basin and Range prov ince.  

F i g .  21. Physiographic provinces o f  Arizona, New Mexico, and Trans-Pecos, Texas. 

I 
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A1 though high-temperature geothermal systems typical ly  are  devel oped 
around re la t ive ly  small igneous ( p o i n t )  heat sources, large regions of h i g h  
heat flow a lso  have the potential  for  being developed as energy sources using 
HDR extraction technology. B o t h  d i r ec t  and ind i rec t  evidence indicates t ha t  
regional as well as  p o i n t  igneous heat sources occur w i t h i n  the southwestern 
U.S. A number of the more obvious of these t a rge t  areas have been recognized 
by the USGS i n  Circulars  - 726 and - 790, and some have been designated as Known 
Geothermal Resource Areas ( K G R A ) .  The HDR Assessment Panel Report no. 1 con- 
tained descriptions of four areas i n  Arizona and New Mexico tha t  seem t o  have 
HDR potent ia l :  the Jemez Mountains, New Mexico; San Francisco Peaks, Arizona; 
Z u n i  Mountains, New Mexico; and the area around Tucson, Arizona. I n  addition, 
Laboratory personnel have investigated the Aquarius Mountains and Castle Dome 
prospects i n  Arizona and Rio Grande r i f t  prospects i n  New Mexico. Because the 
c r i t i c a l  
t ion of 
both the 

REGIONAL 
We 

element i n  the def ini t ion of any geothermal system i s  the ident i f ica-  
a heat source, this report  focuses on summarizing available data on 
regional and volcanic heat sources. 

HEAT SOURCES 
have a r b i t r a r i l y  selected - >83.5 mW/m2 (>2 HFU) a s  the heat-flow 

value defining regions of h i g h  heat flow. Such heat flow, when combined w i t h  
rocks of low thermal conductivity should y i e ld  geothermal gradients suffi- 
c i en t ly  h i g h  t o  be a t t r a c t i v e  HDR targets .  In Arizona, considerable heat flow 
and gradient data a re  available and have most recently been summarized i n  map 
form by Shearer (1979). A simplified version of this map is  presented i n  
Fig.  22. 

As Fig .  22 shows, of the 11 areas i n  Arizona 
- >83.5 mW/m2 (>2 HFU), one l ies on the Colorado 
Sanders i n  northeastern Arizona, and the remaining 

w i t h  heat flow i n  excess of 
Plateau near the town of 
10 are  concentrated i n  the 

southern pa r t  of the s t a t e  w i t h i n  the Basin and Range province. Byerly and 
Stol t (1977) present ind i rec t  evidence for  the existence of probable elevated 
temperatures i n  the large region tha t  borders the Colorado Plateau i n  northern 
Arizona. They have determined depths t o  the Curie point (approximately 500'C) 
fo r  the s t a t e  o f  Arizona, f i n d i n g  shallow depths  of less than 10 km fo r  an 
area roughly coincident w i t h  the t rans i t ion  zone. Some depths  were as shallow 
as  4 km. I f  these values are  approximately cor rec t ,  the area has considerable 
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Fig.  22. S i m p l i f i e d  r e v i s i o n  o f  Shearer 's  (1979) map summarizing a v a i l a b l e  heat 
f l o w  and g rad ien t  data f o r  Arizona, New Mexico, and West Texas. 

HDR p o t e n t i a l .  Four o f  t h e  ten  areas i n  southern Ar izona look  l i k e  a t t r a c t i v e  
prospects  because the  data (F ig .  22) a re  cons is ten t ,  t he  anomalous reg ion  i s  

l a rge ,  and/or they a r e  c lose  t o  a l a r g e  popu la t i on  center .  These areas are 
c e n t r a l  P i n a l  County between Tucson and Phoenix, eas tern  Pima County south of 

Tucson, western Pima County, and west-centra l  Yuma County. 

Los A1 amos Laboratory  s t a f f  and subcontractors  examined two 1 arge areas 

i n  Ar izona f o r  HDR p o t e n t i a l .  The f i r s t  o f  these, t h e  Aquar ius prospect  (Go f f  

e t  a l .  1979; West and Laugh l in  1979; Aiken and Ander 1980) i n  t h e  nor thwestern 

corner  o f  t h e  s t a t e  (F ig .  211, was i n i t i a l l y  l o c a t e d  from a comp i la t i on  o f  geo- 

phys ica l  data t h a t  i n d i r e c t l y  i n d i c a t e d  probable h i g h  c r u s t a l  temperatures. 
These data i nc lude  a l a r g e  g r a v i t y  low t h a t  i s  c o i n c i d e n t  w i t h  a reg ion  o f  low 
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sei smi c i  ty  , sei smi c wave del ays, sei smi c P-wave attenuation, and shall  ow Curie 
point depths.  Limited thermal gradient data seems to  confirm the elevated 
temperatures. Magneto-tel 1 uric surveying, reconnaissance geol ogic mapping and 
aqueous geothermometry work i n  the area i s  summarized by Goff (1979) and Goff 
e t  a1 . (1979). T h i s  work indicates  t h a t  the potential  reservoir  
Cambrian basement complex probably s imilar  t o  t h a t  of the f i r s t  
Fenton Hi l l ,  New Mexico. A m i n i m u m  temperature of 170°C a t  4 km 
for this prospect (Goff e t  a l .  1979). 

The second potential  s i te,  the Castle Dome prospect i n  

rock is  Pre- 
HDR s i t e  a t  
i s  estimated 

southwestern 
Arizona, was a l so  i n i t i a l l y  chosen because of available geophysical data. A 
large gravity low appears t o  be coincident w i t h  h i g h  geothermal gradients 
reported by Shearer (1979). The Laboratory's work i n  magnetotel l u r i c  survey- 
i n g ,  reconnaissance geologic mapping, and 1 imi ted geochronological work is 
summarized i n  Gutmann e t  a l .  (1980) and A i k e n  and Ander (1980). They found 
t h a t  the most abundant  basement rocks i n  the area are phyl l i tes ,  quartzites, 
and metaconglomerates t h a t  resemble Mesozoic c l a s t i c  rocks o f  the Dome Rock 
Mountains. These metamorphic rocks are overlain by a t h i c k  sequence of 
intermediate-to-si1 i c i c  ash flow t u f f s  of mid-Tertiary age, perhaps repre- 
senting a large caldera complex. 

In New Mexico, heat-flow values above 83.5 mW/m (2 .0  HFU) form a more 
continuous pat tern than i n  Arizona. As shown by Edwards e t  a1 . (1978), these 
h i g h  values a re  concentrated i n  two bands or  regions. The l a rges t  of these is 
a band essent ia l ly  coincident w i t h  the Rio Grande r i f t  fo r  the southern two- 
t h i r d s  of the s t a t e  and broadening out i n  the north t o  encompass the l a t e -  
Cenozoic volcanic f i e l d s  i n  north-central and northeastern New Mexico. T h i s  
broadening is  thought t o  be related t o  the Jemez lineament crossing the r i f t  
a t  the Valles Caldera and continuing toward the northeast. The second region 
of high heat flow is  i n  west-central New Mexico, approximately coincident w i t h  
the Jemez lineament (Laughlin and West 1976). 

For a number of reasons, the band along the Rio Grande r i f t  probably has 
the highest potential  fo r  HDR. First, this band represents the l a rges t  area 
i n  the s t a t e  w i t h  heat flow greater  than 83.5 mW/m ( 2  HFU). Second, some 
of the h i g h e s t  heat flow values a re  concentrated near the west side of the 
r i f t ,  par t icu lar ly  near young volcanic centers or  a t  the in te rsec t ions  of 

2 
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cauldron boundaries w i t h  t h e  rift. Rei t e r  e t  a1 . (1975) repo r ted  hea t - f l ow  

values i n  excess o f  251 mW/m2 (6.0 HFU) a t  f o u r  s i t e s  a long t h e  r i f t - - t h e  

Jemez Mountains, Socorro Peak, San Diego Mountain, and Mirage. Th i rd ,  sedi -  

ments i n  t h e  deep bas ins a long t h e  r i f t  may serve as i n s u l a t i n g  b lanke ts  f o r  

t h e  heat  sources. Fourth,  t he  major popu la t i on  centers  o f  t he  s t a t e  l i e  w i t h i n  

t h e  rift, p r o v i d i n g  users f o r  t h e  resource. 
The Zuni Mountains area i n  west-centra l  New Mexico a l s o  appears t o  have 

HDR p o t e n t i a l .  Heat f l o w  values as h igh  as 126 mW/m2 ( 3  HFU) near Zuni 

Pueblo, a t  t h e  approximate center  o f  t h e  area, were repo r ted  by R e i t e r  e t  a l .  
(1975). La te  Cenozoic basal t i c  volcanism was common throughout t h e  area, 

beginn ing about 3.8 Myr B.P., w i t h  major a c t i v i t y  about 1.5 Myr B.P. (Laugh l in  

e t  a l .  1979). Th i s  a c t i v i t y  cont inued u n t i l  approx imate ly  700 A.D. when the  
McCartys f l o w  was erupted (N icho ls  1946). Precambrian basement rocks,  which 

may have 1 ow permeabi 1 i ty because o f  ex tens i  ve Larami de minera l  i z a t i  on, crop 

o u t  i n  t h e  center  o f  t he  Zuni Mountains and are  o n l y  sha l l ow ly  b u r i e d  by Paleo- 
zo i c  sediments around t h e  f l a n k s  o f  t h e  mountains. Because o f  t h e  co inc idence 

o f  r e g i o n a l l y  h igh  heat  f low,  young basal t i c  volcanism, p o t e n t i a l l y  s u i t a b l e  

r e s e r v o i r  rocks,  and major users such as t h e  towns o f  Grants and Gal lup and 

the  uranium m i l l s  and mines, Laugh l in  and West (1976) proposed t h i s  reg ion  f o r  

HDR devel opment. 

B. Volcanic  Heat Sources 

To eva lua te  t h e  HDR p o t e n t i a l  o f  vo l can ic  heat  sources i n  Arizona, New 

Mexico, and Texas, we have used a maximum age o f  3 Myr because res idua l  igneous 
hea t  would have been d i s s i p a t e d  s ince  t h e  e x t r u s i o n  o f  vo l can ic  rock. No 
igneous rocks  l e s s  than 3 Myr have been repo r ted  f o r  t he  Trans-Pecos reg ion  o f  
Texas, so t h a t  r e g i o n  w i l l  n o t  be considered i n  t h i s  repo r t .  

A l i t e r a t u r e  search f o r  young igneous rocks  revea led  a l a r g e  number w i t h  

rad iomet r i c  ages o f  l e s s  than 3 Myr from Ar izona and New Mexico (F ig .  23). 
W i th in  the  southwestern U.S. t he  d i s t r i b u t i o n  o f  young igneous rocks shows a 
p a t t e r n  c o n t r o l  1 ed by t h e  reg iona l  t e c t o n i c  framework (Luedke and Smith 1978). 

Volcanism has been concentrated a1 ong t h e  boundar ies between phys iographic  

prov inces o r  a long major  c r o s s - c u t t i n g  s t r u c t u r e s  such as the  Jemez 1 ineament. 

Both the  prov ince boundaries and the  c r o s s - c u t t i n g  s t r u c t u r e s  probably  repre-  
sent  o l d e r  zones o f  weakness i n  t h e  basement t h a t  have been reac t i va ted ,  some- 

t imes repeatedly .  
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F i g .  23. Volcanic rocks <3 Myr i n  Arizona and New Mexico. 

In Arizona, there a re  six areas w i t h  s ign i f i can t  volumes of young volcanic 
rocks. In the northwestern corner of the s t a t e ,  a major basa l t ic  volcanic 
f i e ld  l i es  north of the Colorado River i n  Mohave County. Damon and coworkers 
have reported ages of 1.2 and 1.16 Myr and approximately 10 000 years  for  
basal ts  i n  this f i e ld  (Damon 1965 and 1966; Damon e t  a l .  1967) located on the 
boundary between the Colorado Plateau and the Basin and Range province. 

To the southeast, along the Colorado Plateau and Basin and Range bound- 
ary,  the second major young volcanic f ield occurs near Flagstaff  i n  the San 
Francisco Peaks area. Basalt ic volcanism began here pr ior  t o  5 Myr B.P. and 
has continued e s sen t i a l ly  t o  the present (Sunset Crater, 1066 A.D.).  Beginning 
about 4 Myr B.P., s i l i c ic  volcanism occurred par t icu lar ly  along a northeast- 
trending s t ruc ture  passing through Bill Williams Mountain, Sitgreaves Mountain, 
and Kenrick Peak. A second chain of  s i l i c i c  centers developed post-2 Myr ago 
from Si tgreaves Mountain eastward t o  San Francisco Mountain and 0' Leary Peak. 
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Damon e t  a1 . (1974) and McKee e t  a1 . (1974) have obta ined K - A r  ages as young 
as 0.13 Myr on r h y o l i t e s  f rom t h i s  eas tern  p o r t i o n  o f  t he  f i e l d .  

Fa r the r  southeast, t h e  nex t  major vo lcan ic  f i e l d  l i e s  on t h e  Jemez l i n e a -  

ment near t h e  towns o f  S p r i n g e r v i l l e ,  S t .  Johns, and Show Low, Ar izona. The 
a c t i v i t y  here i s  probably  an extens ion of t h e  o l d e r  White Mountains a c t i v i t y  

t o  t h e  south. M e r r i l l  and Pewe (1977) r e p o r t  an age o f  8.6 Myr f o r  one o f  t he  
l a t e r  l a t i t e  f l ows  associated w i t h  t h e  White Mountains a c t i v i t y .  Basa l ts  
capping t h e  h i g h  mesas south o f  S p r i n g e r v i l l e  have been dated by Laugh l in  

e t  a1 . ( i n  press)  a t  6.03 Myr. Lower mesas a re  capped by basal t s  i n  the  range 
3.6-3.0 Myr, which i n  t u r n  have been penet ra ted  by vents  w i t h  f l ows  dated a t  

0.80-0.75 Myr (Laugh l i n  e t  a l .  1979; Laughl in ,  i n  press) .  

A f o u r t h  young vo lcan ic  f i e l d ,  t h e  Sent ine l  P l a i n - A r l i n g t o n  f i e l d ,  i s  

l o c a t e d  i n  southwestern Maricopa and eas tern  Yuma Counties. Volcanism here i s  
a l l  b a s a l t i c  w i t h  K - A r  dates rang ing  f rom 4.2 t o  1.28 Myr (Lee and B e l l  1975; 
Euge e t  a l .  1978; S h a f i q u l l a h  e t  a l .  1980; Shoustra e t  a l .  1976; Eber ly  and 
Stan ley  1978). According t o  Sha f iqua l l ah  e t  a l .  (1980) the re  a r e  16 vo l can ic  

cen te rs  i n  t h e  f i e l d  associated w i t h  genera l l y  very  t h i n  l a v a  f lows. 

East  o f  Globe, Arizona, a l a r g e  late-Cenozoic b a s a l t i c  f i e l d ,  t he  San 

Car los-Per ido t  f i e l d ,  i s  shown on t h e  map o f  Luedke and Smith (1978) a l though 

no dates a re  repor ted.  S h a f i q u l l a h  e t  a l .  (1980) r e p o r t  a date o f  0.93 Myr 

f o r  t h e  b a s a l t  o f  P e r i d o t  Mesa. 

The San Bernard ino vo l can ic  f i e l d  i n  southeastern Ar izona and south- 

western New Mexico i s  t h e  on ly  o the r  major vo l can ic  f i e l d  i n  Ar izona younger 

than 3 Myr. A small p o r t i o n  o f  t h i s  f i e l d  extends south i n t o  Sonora, Mexico. 
The f l ows  f rom t h i s  f i e l d  a re  basan i te  i n  composi t ion and c o n t a i n  abundant 

u l t r a m a f i c  xeno l i t hs .  Lynch (1978) and Marv in  e t  a l .  (1978) r e p o r t  f o u r  K - A r  
dates from t h e  f lows; these range from 3.30 t o  0.274 Myr. 

These s i x  f i e l d s  con ta in  t h e  l a r g e s t  volume o f  igneous rocks l e s s  than 3 
Myr. Scat te red  small occurrences o f  young vo l can ic  rocks  do occur i n  o t h e r  
areas, b u t  t h e i r  geothermal p o t e n t i a l  i s  lower  because o f  t h e  a rea ' s  l i m i t e d  
e r u p t i v e  a c t i v i t y .  

I n  New Mexico, igneous rocks  l e s s  than 3 Myr a re  concentrated i n  10 

major areas. These areas l i e  w i t h i n  t h e  Rio Grande r i f t  and a long t h e  Jemez 

l ineament.  

The S p r i n g e r v i l l e ,  Arizona, vo l can ic  f i e l d  discussed above i s  one o f  a 

number o f  vo l can ic  f i e l d s  t h a t  de f i ne  t h e  Jemez zone o r  vo l can ic  l ineament  

# 
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(Mayo 1958). That p a r t  of t h e  l ineament extending f rom t h e  Arizona-New Mexico 
border near S p r i n g e r v i l l e  t o  M t .  Tay lo r  and Mesa Chivato near Grants, New 

Mexico, has been v o l c a n i c a l l y  a c t i v e  f o r  a t  l e a s t  3.8 Myr (Laughl in,  unpub- 

l i s h e d  data) .  A l a r g e  number o f  dates on basa l t s  f rom t h i s  area span t h e  

range from 3.8 Myr t o  700 A.D. (Laugh l in  e t  a l .  1979; Basset t  e t  a l .  1963; 
Lipman and Mehnert 1975; N icho ls  1946; and G. Heiken and J. C. E ichelberger ,  

Los Alamos Nat iona l  Laboratory,  unpubl ished da ta) .  R e i t e r  e t  a1 . (1975) and 

Edwards e t  a l .  (1978) r e p o r t  heat f low values as h i g h  as 126 mW/m ( 3  HFU) 
2 f o r  t h i s  p o r t i o n  o f  t h e  l ineament and a broad zone i n  excess o f  83.5 mW/m 

( 2  HFU) co inc iden t  w i t h  t h e  l ineament. Laugh l in  and West (1976) discuss t h e  

i m p l i c a t i o n s  o f  t h e  young volcanism and t h e  h i g h  heat f l o w  f o r  t h e  HDR poten- 

t i a l  o f  t h e  area. 

The San Bernardino vo lcan ic  f i e l d  a lso  discussed above extends i n t o  t h e  

southwestern corner  o f  New Mexico. F i v e  b a s a l t i c  cones near Rodeo, New Mexico, 

a re  apparent ly  a nor theas tern  extens ion o f  t h i s  f i e l d .  The Animas f l o w  i n  
Hidalgo County, r e c e n t l y  dated by  both t h e  USGS and t h e  U n i v e r s i t y  o f  Ar izona 

(Marvin e t  a1 . 1978; Lynch 1978; Deal e t  a l .  1978) w i t h  r e s u l t s  rang ing  from 

0.544 - + 0.050 t o  0.14 - + Myr, may a lso  be p a r t  o f  t h e  San Bernardino vo lcan ic  

a c t i v i t y .  
The P o t r i l l o  b a s a l t  f i e l d  (Ho f fe r  1976) i s  a major l a t e  Cenozoic b a s a l t i c  

f i e l d  s t r a d d l i n g  t h e  New Mexico-Mexico border.  The f i e l d  has an area o f  

approx imate ly  1000 km2 and i s  made up o f  t h ree  vo lcan ic  centers--the West 

P o t r i l l o  Mountains, t h e  Aden-Afar f i e l d ,  and t h e  Santo Tomas-Black Mountain 

vo lcan ic  chain.  A c t i v i t y  a t  t h e  West P o t r i l l o  and Aden-Afar centers  consis ted 

of e r u p t i o n  o f  f l ows  and t h e  fo rmat ion  o f  c inde r  cones and maar volcanoes. A t  

Santo Tomas-Black Mountain, t h e  a c t i v i t y  cons is ted  o f  t h e  e rup t i on  o f  b a s a l t i c  

f lows and t h e  fo rmat ion  o f  c inder  cones. Luedke and Smith (1978) summarized 

t h e  age determinat ions f rom a number o f  sources; these range from 2.26 Myr t o  

11 080 y r s  B.P. 

Nor th  a long t h e  R io  Grande t h e r e  are  a number o f  young b a s a l t i c  f lows 

n o r t h  of T r u t h  o r  Consequences. The l a r g e s t  o f  these i s  t h e  Jornada de l  Muerto 
f low on t h e  eas t  s ide  o f  t h e  r i v e r .  Th is  f l o w  has been dated a t  0.76 Myr by  

Bachman and Mehnert (1978) 
Near t h e  town of Carr izozo t h e r e  are  two b a s a l t  f lows, t h e  Carr izozo and 

t h e  Broken Back Cra ter  f lows,  t h a t  a re  thought  t o  be younger than 3 Myr on t h e  
bas is  o f  geolog ic  evidence. A l l e n  (1951) est imates t h e  age o f  t h e  younger o f  
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these ( the Carrizozo) a s  0.001 Myr. Renault (1970) and Aoki and Kudo (1978) 
report tha t  these flows are a lka l i - r ich  b u t  hyperthene-normative. 

West of Albuquerque between the Z u n i  Mountains and  the Rio Grande r i f t  
i s  a group of basa l t ic  flows tha t ,  i n  par t ,  have received l i t t l e  a t ten t ion .  
The  group includes, on the east ,  the cones and flows of the Albuquerque vol- 
canoes (0.19 Myr, Bachman e t  a1 . 1975); the Los Lunas volcano (1.31-1.01 Myr, 
Bachman e t  a l .  1975); the I s l e t a  volcano; Cerro Tome (3.4 Myr, Bachman and 
Mehnert 1978); Mesa Carrizo (3.7 Myr, Bachman and Mehnert 1978); and Mesa del 
Oro (3.1 Myr, Bachman and Mehnert 1978). A number of other flows t o  the west 
have not  been dated. 

A large,  complex volcanic center l i e s  w i t h i n  and around the Jemez Moun- 
ta ins  a t  the intersect ion of the Jemez lineament and the Rio Grande r i f t .  
T h i s  center includes the volcanic rocks of the Jemez Mountains and the basal ts  
of the Cerros del Rio and Santa Ana mesa. The  eruption ages fo r  this area a re  
summarized by Luedke and Smith (1978) t o  present a his tory of volcanic a c t i v i t y  
extending from 10.4 Myr to  0.434 Myr. Marvin and Dobson (1979) report  a s t i l l  
younger age of 0.13 Myr fo r  the Banco Bonito flow. The geology of this region 
has been described by Smith and Bailey (19681, Smi th  e t  a l .  (19701, Doell 
e t  a l .  (19681, and Aubele (1978). Laughlin (1981) has reviewed the local and 
regional geology and i t s  relation t o  the development of the various geo- 
thermal systems i n  the area.  A1 though volcanic ac t iv i ty  began about 10.4 Myr 
ago, the geothermal systems current ly  under development by Union Oil Co. and 
the Laboratory a re  presumably re la ted  t o  the igneous events associated w i t h  
the eruption of the two members of the Bandelier Tuff a t  1.4 and 1.1 Myr B.P. 
(Doell e t  a l .  1968). T h i s  u n i t  i s  the l a rges t  volume of young ( < 3  Myr) s i l i c i c  
tu f f  i n  New Mexico (and the Southwest) and, as such, i s  probably the most 
important igneous heat source i n  the state. Brook (1979) estimates the hydro- 
thermal resource alone fo r  the Valles Caldera t o  be 87 x l0l8J. The to ta l  
resource base of the Valles Caldera, estimated by Smith and Shaw (19791, i s  
8425 x 10l8J; much of this i s  l i ke ly  t o  be i n  the form of HDR. 

Aoki  ( 19761, Lipman (19691, Lipman and Mehnert (19791, Manley (19781, 
and Ozima e t  a l .  (1967) have described the volcanic rocks of the Taos Plateau 
i n  northern New Mexico. These rocks, covering about 1500 km2 of the Rio 
Grande r i f t ,  are predominantly basal t i c  b u t  minor andesite,  rhyodaci te,  quartz 
l a t i t e ,  and rhyol i te  occur. Lipman and Mehnert (1979) a t t r i b u t e  formation of 

53 



the quartz l a t i t e s ,  and rhyol i tes  t o  low-pressure f ract ional  c rys ta l l iza t ion .  
The  volcanism w i t h i n  the Taos plateau extended from about 4 Myr t o  2 Myr 
(Lipman and Mehnert 1979; Manley 1978; and Ozima e t  a l .  1967) w i t h  the more 
s i l i c ic  rocks f a l l i n g  w i t h i n  the same time span as the basal ts .  

Two separate late-Cenozoic volcanic f ie lds  are  located on the High Plains 
of northeastern New Mexico i n  Mora County and i n  the Raton-Clayton area. These 
f ie lds  were described by Lee (19221, Collins (19491, Baldwin and Muehlberger 
(1959), Bachman (19531, and Stormer (1972a and b ) .  The Mora County volcanic 
f i e ld  i s  made up of a lka l i  o l iv ine  basa l t s  ranging i n  age from 4.7 t o  3.3 Myr 
(Hussey 1971; Stormer 1972a) while i n  the Raton-Clayton rocks f ie ld ,  a more 
complex suite of volcanic rocks occurs. The Raton-Clayton rocks range i n  com- 
posit ion from a lka l i  ol ivine basa l t s  t o  andesites and daci tes  and i n  age from 
8.2 Myr t o  10 000-4000 years  (the Capulin basa l t s )  (Stormer 1972a; Baldwin and 
Muehlberger 1959). Edwards e t  a l .  (1978) report  high heat-flow values fo r  a t  
l e a s t  par t  of the area covered by these f i e lds .  

C. Potential  Reservoir Rocks 
A compilation of a l l  avai lable  basement rock data fo r  the region i s  i n  

progress. T h i s  includes age, l i thology, depth ,  and or ientat ion of major struc- 
tures. W i t h i n  the southwestern U.S. the basement rocks a re  mainly Precambrian 
age, a1 though Laramide and mid-Tertiary plutons and gneissic complexes may i n  
some instances be su i tab le  HDR reservoirs.  Stress f ie ld  or ientat ion data a re  
a l so  being compiled to  permit estimates o f  the or ientat ion of induced frac- 
tures. These data will be summarized i n  subsequent reports.  

CONCLUSIONS 
The southwestern U.S. has h i g h  HDR potential  because of numerous large 

areas of high heat flow, i.e., much of the Basin and Range province and the 
Rio Grande r i f t  and the numerous young volcanic centers. Basalt ic centers are  
common and, although young s i l i c ic  centers  a re  less abundant, several large 
ones occur w i t h i n  the region. Deep penetrating geophysical surveys indicate  
t h a t  r e l a t ive ly  shallow magma chambers may a l so  occur a t  several sites, par t ic-  
u la r ly  along the Rio Grande r i f t .  Young s i l i c i c  centers such as the Valles 
Caldera, San Francisco Peaks area,  and M t .  Taylor may be considered the' h i g h  
grade resources of the region whereas the large areas of h i g h  heat flow make 
up a lower-grade resource base. 

'54 



~ ~~ ~ 

V. HDR GEOTHERMAL POTENTIAL I N  THE ROCKY MOUNTAIN STATES OF COLORADO, WYOMING, 
AND MONTANA (Andrea C. Eddy) 

A. Geomorphic Provinces 
The Rocky Mountain s ta tes  o f  Colorado, Wyoming, and Montana (Fig. 24), 

i nc lude  p a r t s  o f  s i x  geomorphic provinces, represent ing a v a r i e t y  o f  geolog ic  
se t t i ngs .  The Rocky Mountains extend through a1 1 t h r e e  s tates,  i n t e r r u p t e d  by 

the  Wyoming Basin. They are comnonly subdiv ided i n t o  th ree  separate pro-  

vinces, t he  Northern, Middle,  and Southern Rockies ( M a l l o r y  e t  al. 1972). The 

d i v i s i o n s  near l y  correspond t o  s t a t e  boundaries, t h e r e f o r e  they are a1 so 

r e f e r r e d  t o  as the  Montana, Wyoming, and Colorado-New Mexico Rockies. To the  

east o f  t he  Rocky Mountains, t h e  Great P l a i n s  Province i s  continuous through 

a l l  t h r e e  states. The eastern margin o f  t h e  Colorado Plateau occupies the 
p a r t  o f  Colorado t h a t  i s  west o f  t h e  Rocky Mountains. 

The Montana Rockies cons is t  o f  l a t e  T e r t i a r y  f a u l  t-bounded basin-and- 

range-type mountains, f r o n t a l  ranges bordered by Laramide t h r u s t - f a u l  t s  and an 

eastern,  h i g h l y  deformed, Laramide "Disturbed Belt.  *I Geosyncl i n a l  Precambrian 

B e l t - s e r i e s  rocks appear i n  the u p l i f t e d  cores o f  t he  mountains, which are 

f lanked by t h i c k  Paleozoic sedimentary deposits. Cretaceous age igneous 

a c t i v i t y  formed l a r g e  complexes such as the Boulder B a t h o l i t h  - Elkhorn 

Mountain Volcanics ( T i l l i n g  1973). Minor igneous a c t i v i t y  cont inued i n t o  

T e r t i a r y  t ime (Eocene) forming s a t e l l i t e  p lu tons,  such as those t o  t h e  

B i t t e r r o o t  dome of t he  Idaho B a t h o l i t h  (Hyndman 1979) and post b a t h o l i t h  

vo l can ics  such as t h e  Lowland Creek Volcanic sequence ( T i l l i n g  1973). It has 
been suggested that the Boulder Batholith, and Idaho Batholith may be related 
o r  connected (Hyndman 1979). 

The "Northern In termounta in Seismic B e l t "  extends through the  Northern 

Rocky Mountains northwestward from Ye1 lowstone, approximately para1 l e 1  t o  t h e  

Idaho-Montana border (Smith 1978; Sass e t  al. 1980). Earthquake foca l  depths 

o f  5 t o  10 km predominate, w i t h  the most in tense a c t i v i t y  occu r r i ng  i n  t h e  

west Yel lowstone area. Crusta l  th ickness under the Rocky Mountains i n  Montana 

i s  35 t o  40 km, t h i c k e n i n g  toward the  east (Smith 1978). 

The Middle Rockies extend from the  Beartooth Mountains o f  southern 

Montana through Wyoming and inc lude  t h e  U in ta  Mountains o f  no r the rn  Utah and 
northwestern Colorado. The U in ta  Mountains are separated from the r e s t  o f  t he  
prov ince by the Wyoming Basin (Mal lory  e t  al .  1972). The east-west t r e n d  o f  
t h e  Uintas i s  anomalous i n  the north-west t rend ing  province. 
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Fig. 24. 
Geomorphic p r o v i n c e s  and a r e a s  o f  geothermal  i n t e r e s t .  A b b r e v i a t i o n s  

a lphabet ized) :  B = Bear tooth Mts., B-E = Boulder Ba tho l i t h /E l kho rn  Mts. 
bo1 cani  cs  complex ( M a r y s v i l l  e-Helena-Butte area),  H i  11 s , BR = B i t t e r r o o t  
Range, BV = Beaverhead-West Yellowstone, Upper Yellowstone R iver  basin, CMB = 
Colorado Minera l  B e l t ,  F = Fron t  Range, GH = Gas H i l l s  area, GR = Green R ive r  
Basin geopressurized area, JL = J u d i t h  M t s . / L i t t l e  Rockies, LA = Laramie Mts., 
PRB = Powder R ive r  Basin, RGR = R i o  Grande R i f t ,  SJV = San Juan Volcanics,  SLV 
= San L u i s  Val ley,  W = W i l l i s t o n  Basin, Y-A = Yellowstone/Absaroka area. 

Note: Not a l l  areas discussed i n  t e x t  are shown. Boundaries a f t e r  
M a l l o r y  e t  a l .  1972. 
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The Middle o r  Wyoming Rockies are charac ter ized  by v e r t i c a l  u p l i f t s  and 

extens ional ,  basin-and-range s t r u c t u r a l  features. On t h e  east, a n t i c 1  i n a l  o r  

domal u p l i f t s  have Precambrian p l u t o n i c  and metamorphic cores f lanked by 

Paleozoic and Mesozoic rocks. On t h e  west, t h e  ranges were formed by eros ion  
o f  t h r u s t - f a u l  t e d  t e r r a i n  w i t h  l a r g e  h o r i z o n t a l  d i sp lacemen ts .  The 
Yellowstone Plateau i s  under la in  by t h i c k  sequences o f  young, s i l i c i c ,  and 
i n t e r m e d i a t e  v o l c a n i c  r o c k s ,  w i t h  i n s i g n i f i c a n t  t o p o g r a p h i c  r e 1  i e f .  I n  

cont ras t ,  the  Absaroka Mountains t o  t h e  east  are a deeply d issec ted  p i l e  o f  

o l d e r  ( e a r l y  T e r t i a r y )  p y r o c l a s t i c s  and f lows o f  in te rmed ia te  composition. 

The Wyoming Basin i s  a c t u a l l y  a c o l l e c t i o n  o f  basins separated by 
u p l i f t s .  F a m i l i a r  names inc luded i n  t h e  prov ince  are the Green R ive r  Basin i n  

t h e  southwest and the  Wind R iver  Basin i n  t h e  northeast. The t h i c k  T e r t i a r y  
bas in  f i l l  i s  separated by p a r t l y  exhumed mountains o f  o lder  rocks and by 

Cenozoi c-age 1 accol  i ths. 

The Southern Rockies o f  Colorado are charac ter ized  by en echelon a n t i -  

c l  i nal ranges w i t h  exposed cores o f  Precambrian igneous and metamorphic rocks, 
separated by intermontane basins f i l l e d  w i t h  Cenozoic sediments. Some o f  the  

mountains are f lanked by Cenozoic vo lcan ic  rocks and in t rus ions .  Paleozoic 
sequences o f  l imestone and shale o v e r l i e  t h e  Precambrian i n  some areas. As i n  

p a r t s  o f  t h e  Northern Rockies, t h e  eastern f ron t  o f  t h e  Colorado Rockies i s  an 
abrupt  topographic  escarpment. 

The San L u i s  and upper Arkansas v a l l e y s  are deep, fault-bounded, sedi -  

mentary basins forming the  nor thern  extensions o f  t h e  R io  Grande r i f t ,  a major 
c r u s t a l  r i f t  zone t h a t  extends south through New Mexico, Texas, and i n t o  
nor thern  Mexico. The extens ive Cenozoic San Juan vo lcan ic  f i e l d  o f  south- 
western Colorado inc ludes  many calderas,  and i s  be l i eved  t o  o v e r l i e  a major 
b a t  h o l  i th. 

The eastern margin o f  t h e  Colorado Plateau cons is t s  o f  ho r i zon ta l  t o  

g e n t l y  d ipp ing  sediments, l o c a l l y  f a u l t e d  and folded. Major high-angle f a u l t s  

and monoclines bound the  basins and u p l i f t s .  I n  places, s a l t  domes and 

igneous i n t r u s i o n s  c u t  t h e  sediments. Cenozoic vo lcan ic  f i e l d s  and small  

Precambrian exposures occur l o c a l  1 y. 

The Great P la ins  are under la in  by deep basins f i l l e d  w i t h  Mesozoic and 

Cenozoic sedimentary rocks (e. g. , W i l l i s t o n ,  Powder River,  and Denver Basins). 

Some are interbedded w i t h  minor Cenozoic vo lcan ic  and i n t r u s i v e  rocks. Depths 

t o  c r y s t a l l i n e  basement rocks vary f rom 500 t o  2200 m i n  c e n t r a l  Montana and 
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eastern  Colorado, and reach 5000 m o r  more i n  t h e  W i l l i s t o n  and Powder R ive r  

Basins o f  t h e  nor theastern p a r t s  o f  Montana and Wyoming. 

8. Thermal Regime 

Regional thermal g rad ien t  and heat - f low maps f o r  the  Rocky Mountain 
s ta tes  are shown i n  Figs. 25 and 26. Loca l i zed  anomalies caused by hydro log ic  
c o n v e c t i o n  a r e  n o t  shown. A compar ison  w i t h  t h e  Cenozoic  v o l c a n i c  

d i s t r i b u t i o n  map, Fig. 26 shows t h a t  heat f l o w  values over 105 mW/m (2.5 HFU) 
correspond c l o s e l y  t o  areas of recent (<6 Myr) volcanism, s p e c i f i c a l l y  the  

Yellowstone area and t h e  San Juan vo lcan ic  f i e l d .  Most o f  t h e  r e s t  of t h e  
Rocky Mountain p rov ince  has heat f l o w  o f  between 63 t o  105 mW/m (1.5 and 2.5 
HFU). The Great P la ins  o f  Montana, most o f  t h e  Wyoming Basin, and t h e  
nor theas tern  margin o f  t h e  Colorado Plateau are a l l  genera l l y  l e s s  than 63 

mW/m2 (1.5 HFU). 

Heat f l o w  outs ide  t h e  vo lcan ic  areas i s  p r i m a r i l y  in f luenced by t e c t o n i c  
factors .  The nor thern  Rocky Mountains (Montana) are p a r t  o f  B lackwe l l ' s  

(1969; 1978) "Cordi 1 l e r a n  thermal anomaly zone. I' The h igh  heat f l ow  (>63 

mW/m ) i s  thought t o  be r e l a t e d  t o  subduct ion d u r i n g  Mesozoic and T e r t i a r y  

t ime,  which resu l ted  i n  igneous i n t r u s i v e  a c t i v i t y ,  back arc  volcanism, and 

e x t e n s i o n  ( see  s e c t i o n  on n o r t h w e s t  U n i t e d  S t a t e s  f o r  more d e t a i l e d  
discussion).  Heat f low i n  the  Colorado Rockies may be c o n t r o l l e d  by major 
zones o f  weakness i n  t h e  c rus t ,  some r e l a t e d  t o  Precambrian s t ruc tu res ,  a long 
whi c h  t h e r e  has been more r e c e n t  movement, e x t e n s i o n ,  v o l  c a n i  c , and/or  
hydrothermal a c t i v i t y .  

Thermal g rad ien ts  are s l i g h t l y  above normal (>30°C/km) over broad areas 

and abnormally h igh  i n  some (Kron and Heiken 1980; Gu f fan t i  and Nathenson 

1980). A c t i v e  hydrothermal areas tend t o  be associated w i t h  negat ive  g r a v i t y  

anomalies and genera l l y  w i t h  young i n t r u s i v e  and ex t rus i ve  igneous rocks, 
i n t e r s e c t i o n s  of major s t r u c t u r a l  l ineaments, areas o f  h igh  se i sm ic i t y ,  young 

tectonism, and h igh  heat flow. 
C. Geothermal P o t e n t i a l  (by  Province). 

1. Nor thern Rockies. Heat f l o w  i n  the  Montana Rockies i s  r e l a t i v e l y  

homogeneous and moderately h igh  a t  75 t o  79 mW/m (1.8 t o  1.9 HFU). A f t e r  

2 

2 

2 

2 

removal o f  c r u s t a l  heat 

mW/m2 (1.4 HFU) (Sass e t  
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The Montana Rocky Mountains are genera l l y  l e s s  r e c e n t l y  vo lcan ic  and 

t e c t o n i c a l l y  a c t i v e  than the  r e s t  o f  t h e  range. Described as a Mesozoic 
vo lcan ic  arc lgeosyncl  i n a l  environment ( B u r c h f i e l  1980), t h i s  prov ince has on ly  
1 i m i  t e d  Cenozoic volcanism and p l  utonism. 

Al though no ex tens ive  hydrothermal areas have been loca ted  i n  the  Montana 

Rockies, several  hydrothermal systems are associated w i t h  f a u l t s  and l a t e  
Mesozoic age i n t r u s i o n s  i n  the  Northern In termounta in Seismic Belt.  These 

hydrothermal convect ion systems genera l l y  are shal low, smal l ,  and i so la ted ,  
w i t h  r e s e r v o i r  temperatures (T ) most ly  i n  the  range o f  85 t o  160°C 

(Robertson e t  al. 1975). Most geothermal a c t i v i t y  centers  around the  Boulder 
ba tho l  i t h / E l  khorn Mountains vo lcan ic  complex i n  t h e  Helena-Butte area (around 

Warm Springs, Radersburg), and inc ludes  t h e  M a r y s v i l l e  and Boulder Hot Spr ings 
KGRA's ( M u f f l e r  1979). The Boulder b a t h o l i t h  i s  charac ter ized  by low regional  

Bouguer g r a v i t y  (<-ZOO m i l l i g a l s )  ( B i e h l e r  and Bonin i  1968) and a prominent 
magnetic h igh  (Mabey e t  al. 1978). 

The M a r y s v i l l e  thermal anomaly, loca ted  30 km northwest o f  Helena, 

Montana, was i d e n t i f i e d  by i t s  h igh heat f low,  130 t o  380 mW/m (3.1 t o  9.1 
HFU) (Blackwel l  1974). The l a c k  o f  sur face expression o f  a hydrothermal 

system l e d  t o  the  assumption t h a t  t h e  h igh  heat f l u x  was due t o  a shal low 

magma body. However, a deep produc t ion  w e l l  (~12 km) penetrated a hydrothermal 

zone from 610 m t o  2070 m w i t h  a temperature o f  93°C (HDRAP 1977). 

Other areas o f  low-temperature geothermal i n t e r e s t  are White Sulphur 

Spr ings (150OC) (White and Wi l l iams 1975), t h e  L o l o  Va l l ey  (Lo lo  Hot Spr ing) ,  
t h e  Crazy Mounta i  ns Bas i  n /upper  Ye1 1 owstone R i  v e r  Val  l e y  a rea ,  t h e  
Beaverhead-West Ye1 lowstone area, and the B i t t e r r o o t  Range south o f  Missoula. 

Areas most promising fo r  HDR development are near the  margins o f  l a r g e r  (>5 km 
rad ius )  plutons. 

Magnetic highs are c h a r a c t e r i s t i c  o f  many Cretaceous and T e r t i a r y  age 

p lu tons  and vo lcan ic  f i e l d s  i n  western Montana and may be use fu l  i n  l o c a t i n g  

bu r ied  i n t r u s i v e  bodies (Mabey e t  al. 1978) s u i t a b l e  as HDR " reservo i rs . "  

M idd le  Rockies 

S i  02 

2 

The Middle Rockies as def ined here i nc lude  the  Yellowstone-Plateau-Island 
Park Caldera reg ion (Montana/Wyoming). This i s  the  area o f  youngest vo l  
assoc iated w i t h  the  Snake R iver  P l a i n  "hot spot. I' With in  Yellowstone 
heat f l ow  i s  - > l o 5  mW/m (>2.5, - 6 
HFU). Loca l l y ,  heat f l o w  i s  as much as 2090 mW/m (50 HFU). I n  the  ca 
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heat f l ow  i s  charac ter ized  by surface water temperatures o f  74Oto 95OC and sub- 

sur face ( ca l cu la ted  and observed) temperatures o f  7 3 O  t o  421OC (Sass e t  al. 

1980; M u f f l e r  1979). Possessing the  h ighes t  thermal energy o f  any system i n  

t h e  U.S., o n l y  3.5% o f  the  p o t e n t i a l  i s  c u r r e n t l y  i d e n t i f i e d  hydrothermal 

(most ly hot water, though l o c a l l y  vapor-dominated) (Brook e t  al. 1979). The 
r e s t  i s  de f ined as magma and hot  d r y  rock. As a na t iona l  park, t h e  Yellow- 
stone ca ldera complex i s  withdrawn from e x p l o r a t i o n  and development, b u t  
t e c t o n i c a l l y  and hydro thermal ly  a c t i v e  areas t o  t h e  nor th ,  west, and south 
show geothermal po ten t i a l .  These areas i nc lude  Huckleberry Hot Spr ing i n  
Wyoming (150OC r e s e r v o i r ,  Muf f ler  1979) and Yellowstone and Corwin Spr ings 
KGRAs i n  Montana. 

The Absaroka Mountains form the eastern boundary o f  the  Yellowstone 

Plateau. They cons is t  o f  Cretaceous t o  m id -Te r t i a ry  age vo lcan ics  t h a t  have 
2 been u p l i f t e d  and d issected by erosion. Heat- f low values average 75 mW/m 

(1.8 HFU) ,* considerably  lower than i n  t h e  younger Yellowstone volcanics.  

Outside t h e  Yellowstone-Absaroka vo lcan ic  region, heat f l ow  i n  the  
Wyoming Rockies ranges from low-to-normal [50 t o  71 mW/m (1.2 t o  1.7 HFU)] i n  
t h e  nor theast  p a r t  t o  moderate-to-high i n  the  c e n t r a l  and southwest p a r t s  

2 (Sass e t  al. 1980; M u f f l e r  1979). Th is  inc ludes  an east-west band o f  63 mW/m 
0 1 . 5  HFU) across no r th -cen t ra l  Wyoming, which extends on beneath t h e  Great 

Plains. Thermal gradients  exceed 30°C/km throughout most o f  t h e  prov ince  

(Kron and Heiken 1980). Low-temperature geothermal systems are common i n  t h e  

Wyoming Rockies, b u t  few (except Yellowstone) a r e  - > 90°C. 

Other areas i n  t h e  Wyoming Rockies t h a t  e x h i b i t  both hydrothermal and HDR 
geothermal p o t e n t i a l ,  i nc lude  t h e  upper Yellowstone Val ley,  t h e  Bear tooth 

Mountains, t h e  Precambrian te r rane  near Cody, Wyoming, t h e  Bighorn Mountains, 

the  Br idger-Teton Range (southeast o f  Grand Teton Nat ional  Park),  and Ther- 
mopol is and t h e  Br idger  Mountains (Owl Creek) area.* The e n t i r e  Over th rus t  

B e l t  may be another p o s s i b i l i t y *  because o f  i t s  probable h igh  heat f low, 
g r a v i t y  low, and 150°C-reservoir a t  Auburn Hot Spr ings (White and Wi l l iams 

1975). Most o f  these areas are i n  reg ions o f  moderate t o  r e l a t i v e l y  h igh  

s e i s m i c i t y  (Ma l l o ry  e t  al .  1972). 

2 

3. Wyoming Basin. The Wyoming Basin has f a i r l y  cont inuous low-to-normal 

heat f l ow  from t h e  Laramie Mountains westward. On t h e  western edge of t h e  

*E. R. Decker, Los Alamos Nat ional  Laboratory,  personal communication, 1980. 
**D. Foley, U n i v e r s i t y  o f  Utah, personal communication, 1980. 
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Wyoming Basin, heat f l o w  and thermal g rad ien ts  are probably  above normal, 

perhaps because o f  a geopressur ized area i n  the  no r the rn  Green R iver  Basin.** 

The low-to-normal heat f l ow  cha rac te r i z ing  the  prov ince [average 54 t o  67 

mW/m (1.3 t o  1.6 HFU), Sass e t  al. 1980) i s  a product o f  long-term t e c t o n i c  

s t a b i l i t y ,  low thermal c o n d u c t i v i t y  mantle, and low regional  thermal f lux.  
Se ism ic  a c t i v i t y  i s  moderate-to-nonexistent. There a r e  l o w - t e m p e r a t u r e  
geothermal systems throughout the  Wyoming Basin, bu t  few exceed 90°C; thermal 
g rad ien ts  and heat f l ow  are  most ly  below con t inen ta l  averages [<30°C/km, <63 

mW/rn2 (<l.  5 HFU)] except fo r  t h e  Green R ive r  Basin (and Moxa Arch t o  the  
southwest), where 63 t o  71 mW/m (1.5 t o  1.7 HFU) i s  repor ted  (Sass e t  al. 
1976). 

Hot sp r ing  a c t i v i t y  i s  l i m i t e d  t o  the  no r th -cen t ra l  Wyoming Basin, gen- 

e r a l l y  around t h e  Gas H i l l s  area, where heat f lows up t o  145 mW/m (up t o  3.5 

HFU) are reported, a l though the  average i s  79 mW/m (1.9 HFU). * M id -Ter t i a ry  
vo lcan ic  f i e l d s  (Rat t lesnake H i l l s )  and exposed Precambrian rocks are found i n  
t h e  Gas H i l l s  area. The Leuc i te  H i l l s  comprise the  on ly  o ther  T e r t i a r y  
vo lcan ic  f i e l d  i n  t h e  Wyoming Basin; no sur face thermal phenomena are  found, 
b u t  g r a v i t y  and h e a t - f l o w  d a t a  may i n d i c a t e  l o w - t e m p e r a t u r e  geothermal  

po ten t  i a1 . * ** 
Most o f  t h e  Wyoming Basin i s  charac ter ized  by negat ive  Bouguer g r a v i t y ,  

which i s  a1 so r e f l e c t e d  i n  negat ive Airy-Heiskanen i sos tasy  (Wool lard 1966). 

4. Southern Rockies. The Rocky Mountains i n  Colorado e x h i b i t  m u l t i p l e  

2 

2 

2 

2 

c r i t e r i a  favorab le  
extens ional  r i f t i n g  

c i r c u l a t i n g  thermal 

as w e l l  as mantle). 
The "Southern 

1979b) i s  centered 

f o r  geothermal p o t e n t i a l ;  Late Cenozoic age volcanism, 

and normal f a u l t i n g ,  deep sed iment - f i l  l e d  grabens, deeply 
waters and unusual ly  h igh  heat f l o w  ( c r u s t a l  rad iogenic ,  

Rocky Mountains Complex thermal anomaly" (Re i te r  e t  al. 

on t h e  R io  Grande rift, which extends i n t o  Colorado from 
New Mexico. I t s  thermal w id th  i n  southern Colorado i s  d i f f i c u l t  t o  determine 

because o f  the  h igh  thermal f l u x  i n  t h e  San Juan vo lcan ic  f i e l d  t o  t h e  west 

[88 t o  105 mW/m2 (2.1 t o  1. 2.5 HFU)] and h i g h  heat f l o w  [84 t o  105 mW/m2 (2 t o  

> 2.5 HFU)] i n  the  Raton Basin east o f  the  main rift. Heat f l ow  of 67 t o  88 

mW/m2 (1.6 t o  2.1 HFU) i s  repor ted f o r  t h e  Arkansas Va l l ey  and 105 mW/m 02 .5  
HFU) f o r  t h e  San L u i s  Val ley,  which are t h e  two faul t -bounded grabens t h a t  

2 
- 

~~~ 

0 * E. R. Decker, Los Alamos Nat ional  Laboratory,  personal communication, 1980. 
**Do Foley, U n i v e r s i t y  o f  Utah, personal comnunication, 1980. 
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f i n e  the R io  Grande r ift i n  Colorado. The Rio Grande r i f t  i s  genera l l y  

ns idered t o  te rmina te  i n  t h e  L e a d v i l l e  area [ l o 5  mW/rn2 (2.5 HFU)] b u t  
r e l a t e d  b lock  f a u l t i n g  extends northward t o  t h e  Wyoming border (Tweto 1979). 

2 I n  t h e  Park Ranges i n  no r th -cen t ra l  Colorado, heat f lows a r e  88 t o  100 mW/m 

(2.1 t o  2.4 HFU). The Front  Range, which forms the  eastern edge o f  t h e  

Colorado Rockies, has heat f l ow  o f  84 t o  105 mW/m2 (2.0 t o  - >2.5 HFU). Reduced 
heat f low [50 t o  67 mW/m (1.2 t o  1.6 HFU) charac ter izes  most o f  the  southern 

Rockies, b u t  i n  t h e  R io  Grande r ift it i s  85 mW/m ( > L O  HFU) ( R e i t e r  e t  al. 
1979b; Sass e t  al. 1980). 

Severa l  basement c o n t r o l  l e d  n o r t h e a s t - t r e n d i n g  shear  zones c u t  t h e  

Southern Rockies i n  nor thern  Colorado and southeastern Wyoming. These show up 
as l i n e a r  g r a v i t y  t rends  and aeromagnetic anomalies and have been mapped from 
sur face geology. The best known i s  t h e  Colorado Minera l  B e l t  (CMB), which i s  
a zone of l a t e  Cretaceous and e a r l y  T e r t i a r y  age m i n e r a l i z a t i o n  and igneous 

in t rus ion .  The Nash Fork shear zone i n  southeastern Wyoming i s  p a r a l l e l  t o  

t h e  CMB and i s  a l so  t h e  l o c a t i o n  of T e r t i a r y  i n t r u s i v e  a c t i v i t y .  The Nash 

separates Precambrian basement o f  two d i f f e r e n t  ages, 2.5 b i l l i o n  years t o  the  

n o r t h  o f  t he  zone and 1.7 b i l l i o n  years t o  t h e  south (Br inkwor th  and Kle inkopf  

1972). G r a v i t y  decreases markedly across the  zone and heat f l ow  increases 

from 46 t o  63 mW/m (1.1 t o  1.5 HFU) on t h e  northwest t o  >67 mW/m2 01 .6  HFU) 
on the  southeast (E. D. Decker, Los Alamos Nat ional  Laboratory,  personal 

communication, 1980). Crus ta l  th ickness  increases t o  t h e  south, t o  50 km i n  
t h e  center  o f  t h e  Colorado Rockies (40 km t o  the  no r th  and south) (Smith 
1978). The Rockies south o f  t h e  Nash Fork shear a re  charac ter ized  by negat ive  

Bouguer g r a v i t y  anoma l ies  a s s o c i a t e d  w i t h  s h a l l o w  g r a n i t i c  i n t r u s i o n s  

(Br inkwor th and K le inkop f  1972) and Airy-Heiskmen, i s o s t a t i c  g r a v i t y  lows 

(Wool lard 1966). There i s  a l so  a prominent g r a v i t y  low over t h e  San Juan 

Volcanic F i e l d  (Br inkwor th and K le inkop f  1972). 

With above normal t o  very h i g h  thermal g rad ien ts  ( l o c a l l y  >65'C/km) and 
extens ive low-temperature thermal systems over broad areas, almost t h e  e n t i  r e  
Rocky Mountain p rov ince  i n  Colorado ( i n  con t ras t  w i t h  Wyoming) has geothermal 
p o t e n t i a l  (Kron and Heiken 1980; M u f f l e r  1979). The approximately 200 thermal 
spr ings  i n  Colorado are most ly  assoc iated w i t h  the  Middle-to-Upper Cenozoic 

o l can ic  f i e l d s  and areas o f  young t e c t o n i c  a c t i v i t y  border ing  the  R io  Grande 

i f t, the  San Juan vo lcan ic  f i e l d  and t h e  Colorado Mineral  Bel t .  The f o u r  

2 

2 

Fork shear zone de f ines  a major geolog ic  and geophysical boundary. It 

2 
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KGRA's i n  the  Colorado Rocky mountains are i n  the  R io  Grande r i f t :  Minera l  

Hot  S p r i n g s  [ 1 0 5 O C  e s t i m a t e d  r e s e r v o i r  t e m p e r a t u r e  (ERT) ] ,  Val  l e y  View, 

Poncha, and Alamosa ( M u f f l e r  1979). 
Three f a c t o r s  of p a r t i c u l a r  i n t e r e s t  t o  HDR are present i n  t h e  Colorado 

Rockies: r e g i o n a l l y  h igh  heat f l ow  not conf ined t o  i s o l a t e d  hydrothermal 
systems, exposed and covered Laramide p lu tons,  and extens ive Precambrian 

exposures i n  the  Fron t  Range and Laramie Mountains and b u r i e d  Precambrian 
basement surface above sea l e v e l  beneath most o f  the  the  prov ince (Fig. 27,  
Mal lo ry  e t  al. 1972). 

5. Colorado P1 ateau. The Colorado p la teau i n  Colorado i s  character ized 
by below normal heat f l o w  [<63 mW/m (<1.5 - HFU)]. The eastern per imeter  how- 

ever has heat f low o f  92 mW/m , l o c a l l y  105 mW/m (>2.2 HFU, l o c a l l y  >2.5 HFU) 
2 [reduced 42 t o  63 mW/m (1.0 t o  1.5 HFU)] and grad ien ts  >50°C/km (Re i te r  e t  

a l .  1979a). The h igher  values are r e l a t e d  t o  a c t i v e  normal f a u l t i n g  and minor 

l a t e  T e r t i a r y - Q u a t e r n a r y  vo lcanism. The area  i s  a1 so c h a r a c t e r i z e d  b y  
r e l a t i v e l y  low se ismic i ty ,  and l o c a l  g r a v i t y  lows (Ma l lo ry  e t  al. 1972). 
There i s  minor  Precambrian exposure i n  the  area (Ma l lo ry  e t  al. 1972), and t h e  
Olympic-Wichi t a  Lineament , a major c r u s t a l  f ea tu re  , t rends  southeast through 
the  reg ion  (Baars 1976) separat ing the Colorado p la teau from t h e  Colorado 
Rockies. I n  t h e  nor theas tern  U in ta  Basin, t he re  i s  apparent ly  a geo- 

p ressur ized  area, w i t h  above normal heat f l o w  ( M u f f l e r  1979). 
6. Great Plains.  Al though low-to-average values [42 t o  64 mW/m ( 1  t o  

1.5 HFU)] are t h e  r u l e  (Sass e t  al. 1980), moderate-to-high heat f l o w  [75 t o  

2 
-2 2 

2 

2 105 mW/m (1.8 t o  2.5 HFU)] and grad ien ts  

e. g. , east -cent ra l  Wyoming; western Denver 

Sass e t  al. 1980). The Powder R ive r  Basin 
88 mW/m2 (1. 7 t o  2.1 HFU) (Blackwel l  1969; 
Laboratory,  personal communication, 1980). 

0 

o f  >45'C/km are repor ted l o c a l l y ,  
Basin; Raton Basin ( M u f f l e r  1979; 
repo r ted l y  has heat f l o w  o f  71 t o  
E. D. Decker, Los Alamos Nat iona l  

S i l i c a  values o u t l i n e  an area o f  
- >84 mW/mL ( > L O  - HFU) i n  t h e  Denver Basin and Las Animas Arch o f  Colorado and 

southeast Wyoming (Sass e t  al. 1980). Petroleum we l l  temperature data a l so  

show t h i s  area t o  have low-temperature geothermal p o t e n t i a l  (Whipple 1979). 
I n  Colorado and nor thern  New Mexico, t he re  i s  a t r a n s i t i o n ,  from above normal 

values [>lo5 - mW/rn2 (12.5 HFU)] near the  eastern borders o f  t h e  southern 

Rockies and R io  Grande r i f t ,  t o  normal values [<63 - mW/m2 (1.5 HFU)] f a r t h e r  
eastward i n t o  t h e  Great P la ins  (Sass e t  al. 1980). 
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Contours on Precambrian surface, shown in Great Plains province only 0 (contour interval 5000 ft).  

Exposed Precambrian surface 

cf3 Precambrian rocks, buried but above sea level 

Fig. 27. 
Precambrian igneous and metamorphic rock surfaces. 

The only  noteworthy hydrothermal area i n  t h e  Great P l a i n s  i s  i n  the  

Jud i th  M o u n t a i n s / L i t t l e  Rockies (Montana) a rea ,  a low-temperature hydrothermal 
area ( M u f f l e r  1979). The Black H i l l s  (Precambrian metamorphic and i n t r u s i v e  

ocks) a re  character i zed  by moderate-to-high heat f low [79 t o  88 mW/m (1 .9  t o  2 

65 



2.1 HFU), w i t h  a reduced f l u x  o f  

Range values (Sass e t  al. 1980). 
The Great P l a i n s  province 

beneath deep sedimentary basins. 

*59 mW/m2 ( ~ l l . 4  HFU)] comparable t o  Basin and 

may have HDR geothermal reservo i  r s  bu r ied  

C r y s t a l l i n e  basement i s  genera l l y  4700 t o  
5000 m deep i n  the  W i l l i s t o n  and Powder R ive r  Basins, but  may be shal lower 

(<2200 m) i n  c e n t r a l  Montana and eastern Colorado (Denver Basin) (D. Foley, 
U n i v e r s i t y  of Utah, personal communication, 1980; Bechtel Nat ional ,  Inc. 

1980). The Madison and Dakota format ions are l a r g e  volume thermal a q u i f e r s  
under l y ing  much of t he  Great P l a i n s  and may account f o r  most o f  t he  elevated 

temperatures repor ted i n  petroleum w e l l s  throughout t h e  Great P l a i n s  (Whipple 
1979). 

The Great P l a i n s  province i s  e s s e n t i a l l y  aseismic (except along the 

western border)  and has only  l i m i t e d  young f a u l t i n g ,  a l though the re  are some 

major ( o l d e r )  nor theast -  and west-northwest- t rending f a u l t  zones. Magnetic 

anomalies re1 f e c t  v a r i a t i o n s  i n  t h e  Precambrian basement rocks (Mabey 1978). 
D. Best Prospects f o r  HDR Geothermal Resources 

The best prospects i n  t h e  Rocky Mountain States o f  Colorado, Wyoming, and 

Montana are i n  t h e  R io  Grande r ift, the  Colorado Mineral  B e l t ,  and t h e  San 

Juan vo lcanic  f i e l d  i n  the Colorado Rockies; t h e  Ye1 lowstone-Absaroka-Jackson 
area i n  the  Middle o r  Wyoming Rockies; and the  Marysvi l le-Helena-Butte area 

(Boulder ba tho l  i t h / E l  khorn Mountains vo lcanics complex) i n  the Montana Rockies 
(Fig. 27). More geophysical surveys and heat- f low measurements are needed 

throughout most o f  t h i s  reg ion t o  b e t t e r  def ine,  or  d iscover ,  HDR geothermal 

areas. 
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V I .  MIDCONTI NENT REGION: EVALUATION OF HDR RESOURCES (Carol  LaDelfe) 

I n  general,  t h e  basement geology o f  t h e  U.S. midcont inent  r e g i o n  (i.e., 

from t h e  Rocky Mountains t o  t h e  Appalachians) i s  c o n s i s t e n t  w i t h  t h e  c l a s s i c  

model o f  an a c c r e t i n g  cont inent .  Archean rocks o f  Minnesota are f l anked  by 

Precambrian rocks o f  i n c r e a s i n g l y  younger age (Van Schmuss and Bickford,  i n  

press) .  Recent i n v e s t i g a t i o n s  o f  t h i s  " s t a b l e  c o n t i n e n t a l  i n t e r i o r "  have l e d  

t o  some conclusions t h a t  a f f e c t  t h e  search f o r  geothermal energy s i t e s  i n  t h i s  

reg ion.  Deep b u r i a l  o f  t h e  basement rocks by Phanerozoic sediments has hin- 

dered examinat ion o f  and discouraged understanding o f  geolog ic  and s t r u c t u r a l  
d e t a i  1s o f  t h e  midcont inent  basement. As geophysical techniques a re  increas- 

i n g l y  app l i ed  i n  t h e  search f o r  energy sources and f o r  i d e n t i f i c a t i o n  o f  seis- 

mic hazards, a view o f  t h i s  r e g i o n  i s  emerging t h a t  he lps t o  e x p l a i n  t h e  occa- 

s i o n a l  earthquakes t h a t  occur from Arkansas t o  Ohio (Zoback e t  a l .  1980) and 

t o  i n d i c a t e  areas o f  upward displacement o f  t h e  Cur ie  p o i n t  isotherm i n  t h e  

M i s s i s s i p p i  Embayment (von Frese e t  a l .  1980). These areas may be s u i t a b l e  

f o r  development o f  geothermal energy r e s e r v o i r s .  To date, however, no contour 

map o f  Cur ie  p o i n t  isotherm depth o r  depth t o  o t h e r  isothermal  surfaces has 

been produced f o r  t h e  Midcont inent  reg ion.  Such a map would g r e a t l y  expedi te  

a rough est imate o f  t h e  r e g i o n a l  HDR resource. 

I n  f a c t ,  e v a l u a t i o n  o f  t h e  HDR geothermal resource base i n  t h e  midcont i -  

nent  r e g i o n  o f  t h e  U.S. i s  s t i l l  i n  t h e  e a r l y  stages. The Midcont inent  Hot 

Dry Rock Group (MHDRG), c o n s i s t i n g  o f  researchers f rom Purdue U n i v e r s i t y  and 

i n v e s t i g a t o r s  a t  t h e  U n i v e r s i t y  of P i t t sbu rgh ,  U n i v e r s i t y  o f  Texas a t  Dal las,  
U n i v e r s i t y  o f  Texas a t  El Paso, and New Mexico S t a t e  U n i v e r s i t y ,  began a pro- 

j e c t  i n  March 1980 t o  develop a s t r a t e g y  f o r  assessing t h e  HDR geothermal 

p o t e n t i a l  o f  t h e  midcont inent  reg ion.  Researchers from t h e  U n i v e r s i t y  o f  

Nebraska-Omaha and from t h e  Kansas Geologica l  Survey are doing work i n  Nebraska 

and Kansas, r e s p e c t i v e l y .  Th i s  r e p o r t  sumnarizes t h e  work o f  t h e  MHDRG and 

o t h e r  i n v e s t i g a t o r s  t o  date. 

A. Precambrian Basement-Rock I n v e s t i g a t i o n s  i n  Northeastern Kansas 

Basement rock u n i t s  o f  Kansas, as i n  much o f  t h e  r e s t  o f  t h e  midcont i -  

nent, are obscured by  a few thousand f e e t  o f  Paleozoic and younger sedimentary 

rocks.  When t h e  Kansas Geologica l  Survey and t h e  Kansas D i s t r i c t  o f  t h e  Water 
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Resources D i v i s i o n  o f  t he  USGS proposed d r i l l i n g  f o u r  ho les t o  s tudy the  
hydro log ic  p r o p e r t i e s  o f  t h e  Arbuckle format ion,  t h e  Los Alamos HDR program 

agreed t o  p rov ide  fund ing  necessary t o  deepen t h e  holes i n t o  t h e  Precambrian 

basement. 
Two holes were loca ted  on c i r c u l a r ,  p o s i t i v e ,  1000-gamma, magnetic anoma- 

l i e s  i n  eastern Kansas. Thermal logg ing  was conducted by personnel f rom South- 

e rn  Methodis t  U n i v e r s i t y  (SMU) and c u t t i n g s  were sent  t o  D. B lackwel l  o f  SMU 

f o r  thermal c o n d u c t i v i t y  measurements and heat- f  low ca l cu la t i ons .  Precambrian 

cores o f  p l u t o n i c  rocks were recovered f rom these holes and s tud ied  by geophys- 

i c a l  , p e t r o l o g i c ,  and geochronological  methods. Both samples are  gran i te ,  com- 

posed main ly  o f  m ic roc l i ne ,  p lag ioc lase ,  quartz,  b i o t i t e ,  and minor muscovite. 

The ages o f  t h e  p lu tons  are 1361 - + 6 Myr and 1339 - + 12 Myr, s i g n i f i c a n t l y  

younger than o t h e r  samples c o l l e c t e d  f rom t h e  Kansas and Missour i  basement. 

Rock from t h e  Miami County ho le  i n  nor theas t  Kansas was found t o  have approx- 

ima te l y  2% magnet i te  and an unusua l ly  h i g h  r a t e  o f  heat generat ion (11 HGU as 
compared t o  5 o r  6 f o r  normal g r a n i t e ) .  P re l im ina ry  geothermal g rad ien t  data 

i n d i c a t e  28'C/km t o  36'C/km i n  eastern Kansas; heat f l o w  i s  be ing ca l cu la ted  

(Steeples and B i c k f o r d  1980). 

6. 
The MHDRG i s  eva lua t i ng  t h e  e n t i r e  midcont inent  reg ion  f rom t h e  Rockies 

t o  t h e  Appalachians and from t h e  U.S.-Canadian border t o  t h e  G u l f  Coastal 

P l a i n  (F ig .  28). P r i n c i p a l  i n v e s t i g a t o r  i s  W i l l i a m  J. Hinze a t  Purdue 

U n i v e r s i t y .  H is  consor t ium o f  a t  l e a s t  10 ea r th  s c i e n t i s t s ,  who have a broad 

range o f  exper t i se ,  have th ree  pr imary goals. The f i r s t  i s  t o  develop a 
s t r a t e g y  f o r  midcont inent  HDR assessment, and the  second i s  t o  assemble 

e x i s t i n g  da ta  and c o l l e c t  new data  where the re  are gaps. The t h i r d  goal i s  t o  

t e s t  t h e  above s t r a t e g y  a t  t h ree  s i t e s  where e x i s t i n g  data i n d i c a t e  p o s s i b l e  

geothermal anomalies: western Nebraska, t he  Upper M i s s i s s i p p i  Embayment, and 
southeastern Michigan. Two o f  these s i t e s  were determined us ing  t h e  heat- f low 

map o f  t h e  U.S. (Swanberg and Morgan 1978), which was der ived  by t h e  emp i r i ca l  
r e l a t i o n s h i p  between s i l i c a  geothermometry and heat  f l o w  (F ig.  29). 

1. Western Nebraska Test S i te .  The western Nebraska t e s t  s i t e  l i e s  

w i t h i n  a 83.6 mWrn/' (2.0 HFU) c losed contour  on t h e  Swanberg-Morgan map and i s  

an area where bottom-hole temperature grad ien ts  average 36'C/km o r  more 

Midcont inent  Hot Dry Rock P r o j e c t  
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Midcontinent reporting area 

a General coverage by Kansas Geological Survey 

Test sites for midcontinent HDR study group 
General coverage by midcontinent HDR study group (consortium of universities) - 

Fig.  28. Locat ion  o f  U.S. M idcont inent  HDR r e p o r t i n g  area, subcontracts,  and 
t e s t  s i t e s .  

(F ig .  30). A map o f  basement geology o f  t h i s  area was publ ished by L i d i a k  
(1972) and i s  shown i n  F ig .  31 w i t h  a g r a v i t y  anomaly map and the  proposed 

l o c a t i o n  o f  a magneto- te l lu r i c  survey l i n e  proposed by Los Alamos. The reg ion  
i s  charac ter ized  by a l a r g e  negat ive Bouguer g r a v i t y  anomaly. Aeromagnetic 

data, r e c e n t l y  publ ished as p a r t  o f  t h e  Nat iona l  Uranium Resource Eva lua t ion  
o f  the  U.S. DOE, w i l l  be used t o  eva lua te  t h e  Cur ie  p o i n t  isotherm depth and 

t o  model t he  thermal anomaly. Tec ton ica l l y ,  t h e  area l i e s  approximately a t  

t h e  i n t e r s e c t i o n  o f  t he  Colorado l ineament (Warner 1978) and the  Chadron- 

Cambridge Arch and re1 a ted  para1 l e 1  s t ruc tu res .  
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1 
Contour intmrlr = 0.5 H N  

APPROXIMATE LIMIT OF 
SILICA ANOMALY 

0 SCALE kn 300 

Fig.  30. Bottom-hole temperature 
g rad ien ts  f o r  Nebraska 
( a f t e r  AAPG-USGS 1976) 
Contours a re  a t  3.7"C/km 
(O.Z'F/lOO f t)  i n t e r v a l s .  
The 36"C/km contour  cor re -  
sponds t o  t h e  2.0°F/100 f t  
contour  on the  AAPB-USGS 
maD. L i m i t  o f  s i l i c a  ano- 

Fig.  29. Heat f l o w  based on s i l i c a  geo- 
thermometry. Contours i n  heat and Morgan (1978). 
f l o w  u n i t s .  (Swanberg and 
Morgan (1 978). 

maiy taken from Swanberg 

Gosnold (19801, who has c o l l e c t e d  geothermal g rad ien t  and heat - f low data 

con f i rm ing  t h e  ex is tence o f  the  anomaly, i s  con t inu ing  h i s  i n v e s t i g a t i o n  i n  

coopera t ion  w i t h  members o f  the  MHDRG. 
2. Upper M i s s i s s i p p i  Embayment Tes t  S i te .  The New Madrid seismic zone 

i s  p resen t l y  t he  most s e i s m i c a l l y  a c t i v e  area i n  the  c e n t r a l  and eastern U.S. 

(Zoback e t  a l .  1980). The area o f  i n t e r e s t  t o  the  MHDRG i s  known as the  Upper 

M i s s i s s i p p i  Embayment Test  S i t e  and i s  l oca ted  i n  the  southern p o r t i o n  o f  t h a t  

seismic zone. Seismic a c t i v i t y  i s  centered i n  a pos tu la ted  r i ft zone t h a t  was 

f i r s t  a c t i v e  du r ing  Precambrian t ime and has been r e a c t i v a t e d  p e r i o d i c a l l y  

through geologic  t ime (Zoback e t  a l .  1980). La te  Paleozoic t o  La te  Cretaceous 

p lu tons  and smal le r  i n t r u s i o n s  occur a long the  seismic zone from no r the rn  
Arkansas t o  western Kentucky. A Cenozoic i n t r u s i o n  i s  s a i d  t o  e x i s t  under the  
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Ridgely area south of New Madr d a s  detected by seismic ref lec t ion .  Interpre- 
t a t ion  of gravi ty  and magnetic data from the area suggests an upward-deflected 
Curie p o i n t  isotherm w i t h i n  the r i f t  zone (von Frese e t  a l .  1980). 

The Upper Mississippi Embayment contains areas  where heat flow i s  greater  
than 62 ,7  mW/m S i l i c a  
geotemperatures averaged over 1' by 1" areas,  are a s  h i g h  a s  81°C i n  northern 
Arkansas; heat flow a s  computed from bottom-hol e temperatures i s  possibly a s  
high a s  130.8 mW/m2 (3.13 HFU) w i t h i n  the Upper Mississippi Embayment 
(Fig. 32). 

3. Southeastern Michigan Test S i te .  The southeastern Michigan test  s i te  
was chosen because gravity and magnetic anomalies ind ica te  the possible pres- 
enceofa g ran i t i c  pluton t h a t  may produce anomalous radiogenic heat. Insulating 

2 (1.5 HFU) on the Swanberg and Morgan map ( F i g .  29). 

104' 1020 

M O  
I N D  

F 'i g. 31. Preliminary Bouguer gravi ty  anomaly Fig. 32. Heat flow data f o r  
Mississippi map and basement geology from Lidiak 

(19721, f o r  the western Nebraska test Embayment test s i te  
s i te  area. Light shaded areas corre- 
spond t o  g ran i t i c  basement rocks and 
dark shaded regions t o  schists and 
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shale units overlying this area may, therefore,  be concealing and preserving an 
anomalous supply of thermal energy. The  negative gravity anomaly is  evident 
when the regional gravity f i e l d  is  removed (subtracted) from the data 
(Fig. 33). From this, the p l u t o n  model of Fig. 34 was constructed. Similar 
treatment of observed magnetic data results i n  a residual magnetic anomaly 
roughly corresponding t o  the gravity anomaly (Fig. 35).  

, Sokm 
I 

276.5.E 

Fig. 33. Residual gravity anomaly a t  Fig. 34. P l u t o n  model showing model 
gravity anomaly i n  SE Mich- 
igan (units - m ga l ) .  

MHDRG stucly area of SE Mich- 
agan (units = m gal 1. 

27ZO.E 277.5. E 276.5.E 

Fig. 35. Residual magnetic anomaly roughly corresponds t o  gravity anomaly. 
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These, then, are  the areas where the proposed exploration strategy i s  
being tested and where e f fo r t s  will be concentrated i n  completing da ta  s e t s  
and producing an assessment of HDR resource potent ia l .  

4. I l l i n o i s  Deep Drill Hole. In ear ly  1980 the opportunity arose for  
s c i en t i f i c  use of a deep d r i l l  hole near Winslow i n  northern I l l i n o i s .  The 
MHDRG has several s tudies  underway on data from the d r i l l  hole and core. Core 
samples are  being studied t o  determine the i r  petrologic and physical properties 
and thermal conductivity; they are  a1 so being subjected t o  gamma-ray spectro- 
metry. The thermal gradient a t  about  2-km depth i n  Precambrian basement i s  
about  24"C/km (Commonwealth Edison, unpubl ished da t a ,  1980). Fourteen hundred 
gravity s ta t ions  were established adjacent t o  the hole, and da ta  are being 
reduced and combined w i t h  ex is t ing  gravity da ta  t o  f a c i l i t a t e  modeling the 
pluton encountered by d r i l l i ng .  A regional magnetic survey around the area i s  
pl  anned. 

C . CONCLUSION 
The HDR geothermal evaluation of the midcontinent i s  i n  i t s  e a r l i e s t  

stage w i t h  study begun over most of the region. Nevertheless, great amounts 
of da ta  have been compiled and s ign i f i can t  new data have been collected.  As 

time progresses, the MHDRG and other researchers will add tremendously t o  our 
understanding of the energy potential  of basement rock i n  the midcontinent and 
of the general geologic and tectonic evolution of this p a r t  of our country. 
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VII. EASTERN REGION:  HDR RESOURCE ASSESSMENT (J. C. Maxwell ) 

HDR resource assessment i n  the eastern United States involves investiga- 
tions i n  three physiographic provinces: the Atlantic Coastal Pla in ,  the Appa- 
lachian Highlands, and the Interior Plateaus. Work i n  the Coastal Plains i s  
limited t o  areas underlain by young, semiconsol idated sediments t h a t  d i p  gently 
toward the sea. The Appalachian Highlands,  as used here, arbitrarily include 
New England, the Appalachian Piedmont, the folded Appalachian Mountains, and 
the Adirondack Mountains. The A1 legheny, Appalachia, and Cumberland Plateaus 
comprise the Interior Plateaus. There i s  l i t t l e  visible evidence of present 
geothermal energy i n  these regions. Volcanic activity ended 200 Myr and only 
a few warm springs discharge i n  the east, most of which issue near Saratoga 
Springs, New York, and i n  the east-central Appal achi an Mountai ns. Conse- 
quently, assessment of geothermal energy i n  the eastern states has relied upon 
geophysical measurement of temperature, gravity,  magnetic, and electric fie1 ds. 
Measurement o f  temperature grad ients  and c a l c u l a t i o n  o f  h e a t  f l o w  has been the 

primary method of f i n d i n g  areas of above-average geothermal potential. 

A. Atlantic Coastal Plain 
The geology of the Atlantic Coastal P la in  consists of unconsolidated to  

semiconsolidated sediments t h a t  d i p  seaward (less t h a n  2 m/km t o  local ly  more 
than 20 m/km). The sediments l i e  on a gently seaward-sloping surface of crys- 
talline metamorphic and igneous rocks. Little is  known about these underlying 
basement rocks because they have been reached by only a few widely spaced 
d r i l l  holes. The limited number of drill holes plus existing geophysical da ta  
indicate t h a t  the Coastal P la in  basement is  similar t o  the crystalline rocks 
of the adjacent Piedmont province. In the Piedmont, 300 Myr granitic p lu tons  
containing heat-produci ng radioactive mineral s have intruded i n t o  the ol der 
metamorphic rock (Costain e t  a l .  1979; 1980). These plutons cause character- 
i st ic subci rcul ar gravity anomal ies. Above average geothermal gradients asso- 
ciated w i t h  similar gravity anomalies i n  the Coastal P la in  are believed t o  be 
the result of similar grani t ic  plutons buried by the sediments. 

Geothermal gradients have been measured i n  shall ow ( 300-m) hol es d r i  11 ed 
near the gravity lows (Figs .  36, 37, 38, Costain 1979; 1980) and i n  available 
o i l  and gas wells (Smith 1979). Gradients as h i g h  as 37' t o  45'C/km have been 
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Fig .  36. Abnormally h igh  geothermal g rad ien ts  i n  the  eas tern  Un i ted  States.  
Contours a re  i n  "C/km ( f rom Costa in  1980). 

found. Thermal c o n d u c t i v i t i e s  measured on samples from these w e l l s  have per- 

m i t t e d  c a l c u l a t i o n s  o f  heat f low. Values repo r ted  by t h e  V i r g i n i a  Poly technic  

I n s t i t u t e  and Sta te  U n i v e r s i t y  group range from a maximum o f  79 mW/m (1.9 HFU) 

a t  Stumpy Point ,  Nor th Caro l ina,  77 mW/m (1.8 HFU) a t  Wallops Is land,  V i r -  
g i n ia ,  and 75 mW/m2 (1.8 HFU) a t  Withams, V i r g i n i a ,  t o  average values near 
40 mW/m2 (1.0 HFU). A t  t h e  present  time, t h e  b e s t  prospects f o r  HDR resources 
i n  t h e  Coastal P l a i n  seem t o  be the  bu r ied  g r a n i t i c  p lu tons.  

Because o f  l o c a l l y  h igh  grad ien ts  and heat  f low, t h e  area between Wallops 

Is land,  V i r g i n i a ,  and C r i s f i e l d ,  Maryland, has been se lec ted  f o r  d e t a i l e d  eva l -  
uat ion.  The C r i s f i e l d  we l l ,  1.7 km deep, has a bottom-hole temperature o f  58°C 

i n  Paleozoic m e t a r h y o l i t e  (F ig .  39). G a m - r a y  l ogs  o f  o v e r l y i n g  sediments a re  

presented i n  F ig .  40. 

2 
2 

B. Appalachian Highlands 
A t t e n t i o n  has been focused on the  Conway g r a n i t e  o f  t h e  White Mountain 

i n t r u s i v e  se r ies  i n  New Hampshire s ince the e a r l y  1960s, when i t  was assessed 
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F i g .  37. Geothermal gradients i n  O C / k m ,  F i g .  38. Estimated basement surface 
from Costain 1979. temperature i n  "C, from 

Costain 1979. 
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as a possible source of thorium. These plutons have higher concentrations of 
radioactive elements t h a n  any other known p l u t o n  i n  the U.S. Thermal gradients 
measured i n  this grani te  range from 27 t o  29.9"C/km i n  300-m d r i l l  holes. Heat 
flow, a f t e r  correcting f o r  topographic and geologic e f f ec t s ,  ranges from 82 t o  
92 mW/m (2.0-2.2 HFU), the highest values found t o  date i n  the eastern U.S. 
A detai led gravity survey by Wetterauer and Bothner (Osberg e t  a1 . 1978) has 
shown the plutons near North Conway t o  be approximately 5 km deep, w i t h  a pro- 
jected temperature of 170°C a t  6-km depth.  Measurements of gradients i n  avai l -  
able wells and demonstration flame-jet d r i l l i n g  of one or two gradient holes 
were planned f o r  ear ly  1981. Measurement of gradients i n  available wells 
throughout southern New Hampshire, Vermont, and Massachusetts i s  i n  progress 
( G .  Simmons, Massachusetts I n s t i t u t e  of Technology, unpublished da ta ) .  

Most of the exploration i n  the central Appalachians has been accomplished 
by the Virginia Polytechnic I n s t i t u t e  and S ta t e  University. Shallow d r i l l i n g  
and surface sampling of six g ran i t i c  plutons i n  the Piedmont has shown a 
l i nea r  re la t ionship between heat flow q and heat generation A o f  q = 0.69 + 
6.9 x 105 A, w i t h  A ranging from 0.25 t o  1.1 p cal/cm3/s (11 t o  17 H G U ) .  A 
study of the warm springs i n  the folded Appalachians has shown t h a t  they are 
the result o f  deep circulat ion o f  meteoric water along major f a u l t  zones trans- 
verse to  the folds.  A gabbro dr i l led near Baltimore, Maryland, has r e l a t ive ly  
high thermal conductivity , so the thermal gradient and bottom-hol e temperatures 
a t  depth are lower t h a n  expected. A survey of bottom-hole temperatures of o i l  
and  gas wells i n  the folded Appalachians has begun i n  West Virginia. Gradients 
found t h u s  f a r  range from 18 t o  25"C/km (0. Hodge, S t a t e  University of N e w  
York, Buffalo, New York, unpubl ished da t a ,  1980). 

2 

C. I n t e r io r  P1 a teaus 
The In t e r io r  P1 ateaus extend westward from the folded Appalachian Ridge 

and Valley section and from the northern boundary of New York southward t o  
Alabama. They are underlain by a sequence of nearly horizontal Paleozoic, well 
indurated shales, sandstones, and some limestones from 2 km t o  more t h a n  5 km 
thick. Under this b lanke t  of sedimentary rock is a folded, metamorphosed base- 
ment of c rys t a l l i ne  rocks reached by only a few widely scattered dr i l l  holes. 
Li t t le  is  known about rock units under the sedimentary cover; they are assumed 
t o  be generally similar t o  those of the Piedmont. 
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Most o f  t he  work i n  t h i s  reg ion  has consis ted o f  compi l ing bottom-hole 
temperatures from e x i s t i n g  we l l s  and measuring gradients  i n  new we l l s  t o  
determine areas o f  above-normal thermal gradients.  Heat f l ow  has been 
ca l cu la ted  f o r  several wide ly  spaced we l l s  f o r  which the  conduc t i v i t y  o f  cores 

o r  c u t t i n g s  has been determined. Average and maximum gradients  and heat  f low 
are given i n  Table V I .  

TABLE V I  

AVERAGE AND MAXIMUM GRADIENTS AND HEAT FLOW OF INTERIOR PLATEAUS 

Thermal Gradients 
Average Maximum 

Heat Flow 
Average Maximum 

New York 23.06 41.2 "C/km 59.3 81.0 mW/m2 

Pennsylvania 20.04 38.9 'I 57.9 61.2 'I 

Ohio 20.66 37.5 'I 56.7 56.7 'I 

West V i r g i n i a  N.A. N.A. 53.8 58.7 I' 
I' 

I n  New York, a group headed by Dennis Hodge a t  State Un ive rs i t y  o f  New 
York, Buf fa lo ,  and ass is ted  by Chandler Swanberg and Paul Morgan o f  New Mexico 
S t a t e  Univers i ty ,  has compiled r e l e v a n t  g e o l o g i c  and geophysical data.  Two 

anomalous areas, t he  Cayuga anomaly, 50 km southwest o f  Syracuse, and the East 
Aurora anomaly, southeast o f  Buf fa lo ,  have temperature gradients  exceeding 
36"C/km. S i l i c a  geothermometry o f  ground waters from these areas i nd i ca tes  a 

maximum temperature o f  56°C a t  t he  Cayuga anomaly and 60°C a t  t he  East Aurora 
anomaly. Both anomalies a re  associated wi th g r a v i t y  lows, which may be caused 

by g r a n i t i c  p lu tons i n  the  under ly ing  basement. Enhanced r a d i o a c t i v i t y  i n  the 

p lu tons could c o n t r i b u t e  t o  the  geothermal anomal ies.  Bottom-hole temperatures 
a v a i l a b l e  from several thousand o i l  w e l l s  are being re-evaluated t o  improve the 

s t a t e ' s  thermal g rad ien t  map. Temperature logg ing  o f  se lected w e l l s  i n  the  
anomalous areas i s  i n  progress. 
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By working from the literature and compiling data,  a group i n  Ohio ,  
headed by Yoram Eckstein from Kent State University, has located a t  least 15 q) 
we1 1 s suitable for heat flow measurements. They have completed measurements 
of thermal conductivity on 44 core samples from four o f  these wells. The Los 
Alamos National Laboratory has analyzed samples from these wells and from other 
well cores t o  determine their uranium, thorium, and potassium-40 content i n  
order t o  calculate heat generation and heat flow. No well-defined anomalies 
have yet been identified; a l though gradients i n  southeastern O h i o  are generally 
higher than elsewhere i n  the state. 

CONCLUSIONS 
I t  i s  apparent t h a t  sources of low-to-moderate temperature geothermal 

energy occur widely throughout  the eastern United States. Exploration for and 
evaluation of these sources have not  yet progressed as  f a r  as have those for 
shallow higher temperature sources i n  the West. As the technology t o  utilize 
low-temperature sources becomes available, eastern geothermal resources will 
make an increasing cont r ibu t ion  t o  America's energy base. 
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VI11 . OTHER STUD1 ES SUPPORT1 NG OVERALL PROJECT 

Various s t u d i e s  r e l a t e  t o  t h e  resource e v a l u a t i o n  program as a whole 

r a t h e r  than t o  a s i n g l e  reg ion.  Among them are magne to te l l u r i c  (MT) surveys 

i n  New Mexico and Arizona, t he  purpose o f  which i s  t o  develop geophysical tech- 

niques s p e c i f i c  t o  HDR exp lo ra t i on ;  t h e  c o n s t r u c t i o n  o f  a conduct ive geothermal 

g r a d i e n t  map o f  t h e  conterminous U.S.  based on g rad ien ts  t h a t  appear t o  have 

reached thermal e q u i l i b r i u m ;  and severa l  s tud ies  o f  a v a r i e t y  o f  igneous sys- 

tems designed t o  y i e l d  i n fo rma t ion  about how t h e  HDR and hydrothermal p o r t i o n s  
are d i s t r i b u t e d  throughout t h e  systems. Sect ion VI11 summarizes these s tud ies.  

A. Magnetotel l u r i c  Surveys t o  Support HDR Mapping (Mark E. Ander) 

The resource e v a l u a t i o n  and e x p l o r a t i o n  program conducted by the Los 

Alamos Na t iona l  Laboratory  f o r  t h e  HDR geothermal program i s  suppor t ing re- 

g iona l  MT surveys o f  New Mexico and Arizona. Th is  e f f o r t  i s  intended t o  

i n v e s t i g a t e  geophysical techniques s p e c i f i c  t o  HDR exp lo ra t i on .  The surveys 

c o n s i s t  o f  over 200 MT s i t e s  along severa l  long p r o f i l e s  w i t h  s i t e  spacings o f  

15 t o  20 km (F ig.  41). The MT l i n e s  a re  l oca ted  i n  areas where t h e  r e s u l t s  o f  

o t h e r  geophysical and geo log ica l  s tud ies  i n d i c a t e  t h e  g rea tes t  p o t e n t i a l  f o r  

HDR geothermal resources w h i l e  a l so  t r a v e r s i n g  t e c t o n i c  prov ince boundaries 

(Aiken and Ander 1980). The MT s tudy i s  aimed a t  mapping the  depth t o  the  

pervas ive deep e l e c t r i c a l  conductor w i t h i n  t h e  c r u s t  and/or upper mantle, thus 

producing a reg iona l  d e s c r i p t i o n  o f  e l e c t r i c a l  conductors w i t h i n  the  c r u s t  

and/or upper mant le o f  t h e  Colorado Plateau, adjacent Basin and Range Province, 
and t h e  R i o  Grande rift. 

The e l e c t r i c a l  c o n d u c t i v i t y  s t r u c t u r e  o f  t he  e a r t h ' s  c r u s t  and upper 

mant le can be d i v i d e d  rough ly  i n t o  t h r e e  reg ions:  a sur face l a y e r  o f  low 

r e s i s t i v i t y  ( u s u a l l y  l e s s  than 75 Q m )  associated w i t h  sediments and ground 

water; a h i g h  r e s i s t i v i t y  l a y e r  ( u s u a l l y  over 500 Qm) associated w i t h  low 

p o r o s i t y  c r y s t a l l i n e  basement c o n t a i n i n g  ve ry  l i t t l e  water; and a deep conduc- 

t i v e  layer .  The depth t o  t h i s  conduct ive l a y e r  may va ry  f rom deep i n  t h e  
mantle t o  t h e  upper c r u s t  and i s  u s u a l l y  assumed t o  be an i n d i c a t o r  o f  h i g h  

temperature and/or p a r t i a l  me1 t i n g .  Pol  l ack  and Chapman (1977a, b )  have ca l -  
cu la ted  t h a t  60% o f  t h e  sur face heat f l o w  i s  produced i n  t h e  c r u s t .  L a t e r a l  

increases i n  heat p roduc t i on  i n  t h e  c r u s t  g i v e  r i s e  t o  e levated temperatures 
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Fig .  41. Locat ion  of  MT soundinq p r o f i l e s  i n  New Mexico and Ar izona. 

and sur face hea t  f low. Consequently, l a t e r a l  v a r i a t i o n s  a t  depth o f  t he  deep 

conduct ive zone shoul d c o r r e l a t e  w i t h  sur face  heat  f 1 ow regard1 ess o f  whether 

t h e  conductor i s  w i t h i n  t h e  c r u s t  o r  i n  the  upper mantle. Thus, a shal low 

depth t o  t h e  conduct ive zone may i n d i c a t e  a sur face  area o f  h ighe r  geothermal 

p o t e n t i a l .  From data c o l l e c t e d  around t h e  wor ld,  A'dam (1978)  compared the  

v a r i a t i o n  o f  heat  f l o w  w i t h  t h e  depth t o  c r u s t a l  conductors. He has suggested 

an emp i r i ca l  exponent ia l  r e l a t i o n  between depth t o  t h e  c r u s t a l  conductor and 

sur face heat  f low.  
Porath (1971)  has g iven an a1 t e r n a t i v e  exp lanat ion  f o r  t h e  presence o f  

some c r u s t a l  conduct ive zones t h a t  i s  un re la ted  t o  composi t ion o r  temperature 

a t  depth. Large e l e c t r i c a l  c u r r e n t  systems es tab l i shed  i n  major sur face 

conductors may b i a s  nearby MT soundings. These e l e c t r i c a l  c u r r e n t s  a re  chan- 
ne led i n  t h e  conductor i n  reg ions  o f  major l a t e r a l  c o n d u c t i v i t y  c o n t r a s t  such 

as a long t h e  seacoast, i n  l a r g e  sedimentary basins, and i n  deep con t inen ta l  
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r i f t  valleys.  MT soundings located near one of these major current  systems may 
have their apparent r e s i s t i v i t y  sounding curves biased t o  indicate  an anoma- 
lously conductive zone a t  dep th  and possibly give rise to  the in te rpre ta t ion  
of a deep crustal  feature.  These l a t e ra l  effects a re  par t icu lar ly  enhanced i f  
the MT sounding i s  located over a highly resistive surface. Care must be taken 
to  an t ic ipa te  the location of such current  systems. 

1. Description of MT Lines. The MT study i n  western Arizona i s  
concentrated on the Cast le  Dome and Aquarius HDR prospects and the Colorado 
Plateau/Basin and Range boundary. The Castle Dome prospect, located i n  Yuma 
County, coincides w i t h  a large amplitude gravity low (Aiken and Ander 1980) 
and w i t h  a maximum temperature gradient of 70°C/km measured i n  the center of 
the area (Shearer 1979). A mid-Tertiary caldera may underly the gravity low 
(Gutmann e t  a l .  1980; Gutmann 1981). The  Aquarius area i s  characterized by 
high heat flow, shallow d e p t h  to  the Curie isotherm, and a gravity low, and i t  
appears t o  be associated w i t h  a shallow depth  t o  the e l ec t r i ca l  conductive 
zone (West and Laughlin 1979; A i k e n  and Ander 1980). The  region contains only 
Miocene basa l t  and minor intermediate and s i l i c ic  volcanic rocks (Goff e t  a l .  
1979). 

In central  Arizona a prof i le  runs through the Tucson, Phoenix, and 
Flagstaff  areas  and t raverses  the Basin and Range/Colorado Plateau boundary. 
T h e  area around Tucson has heat flow of 100.3 mW/m (2 .4  HFU) ( a f t e r  Shearer 
1979). Southeast of Phoenix, geothermal gradients greater  than 36"C/km have 
been measured (Swanberg e t  a1 . 1977). 

In eastern Arizona the survey concentrates on the thermally anomalous 
Safford-C1 i fton, Springervil l e ,  and Sanders areas  a s  we1 1 as  on the Colorado 
Plateau/Basin and Range boundary and the Jemez lineament (Mayo 1958). In 
west-central New Mexico the survey concentrates on the Z u n i  HDR prospect, the 
Jemez lineament, and the Rio Grande r i f t ,  a l l  marked by h i g h  heat flow. 
Seismic data has led to  the possible discovery of deep-seated magma bodies 
near Socorro, New Mexico (Sanford 1977). In the Rio Grande r i f t ,  the Los 
Alamos survey merges w i t h  a detai led MT study of the r i f t  conducted by Jiracek 
e t  a l .  (1979) of the University of New Mexico. 

A tel luric-magnetotel l u r i c  survey i n  the Jemez Mountains of northern New 
Mexico provided some data on the e l ec t r i ca l  propert ies  of the geothermal system 
of the Valles Caldera (Hermance 1979). Hermance (supported by the USGS) has 
a1 so completed a regional northwest-southeast MT survey across the r i f t .  

2 
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Nonproprietary MT data collected along lines from south of Tucson, Arizona, t o  
E l  Paso, Texas, are also being studied; these da ta  are available from Geo- 
tronics, Inc. (1979) .  

2. Z u n i  Uplift Area. Regions under investigation include the Jemez 
volcanic lineament and the Rio Grande r i f t  i n  New Mexico. The f i r s t  HDR 
demonstration site i s  located near the intersection of these two crustal 
structures i n  the Jemez Mountains. The Rio Grande r i f t ,  a major continental 
r i f t ,  i s  a Cenozoic feature consisting of narrow, en echelon tectonic basins. 
The r i f t ' s  tectonic history and structure have been influenced by a series of 
northeast-trendi ng shear zones, Precambrian i n  age, g i v i n g  rise t o  structural 
lineaments. The Jemez lineament is one of these shear zones. A l t h o u g h  the 
lineaments substantially predate the r i f t ,  they appear t o  be currently ac t ing  
as a system of transform faults i n  conjunction with the r i f t  spreading center 
( C h a p i n  e t  a l .  1978). 

Both the r i f t  and the Jemez lineament have greater t h a n  normal heat flow 
(Edwards e t  a l .  1978). The r i f t  exhibits heat flow consistently above 104 

mW/m2 (2.5 HFU) while the Jemez lineament has heat flow ranging from 63 
mW/m2 t o  104 mW/m2 (1.5 t o  2.5 HFU), w i t h  a few measurements above 104 
mW/m2 (2.5 HFU). One area of particularly h i g h  heat flow i s  the region t o  
the west of Grants and t o  the south of Gal lup,  New Mexico. T h e  highest value 

2 measured i n  this region, 125 mW/m (3.0 HFU) i s  located south of the town of 
Z u n i  on the Z u n i  Indian Reservation. 

Both a regional deep MT sounding survey and a 161 km2 detailed 
MT/audiomagnetotelluric (AMT) survey were planned for this region ( F i g .  42 ) .  
The regional MT survey consists of 56 deep soundings w i t h  a range i n  period 
from 0.05 t o  2000 s. I t s  objectives were t o  investigate the geometry of the 
pervasive deep electrical conductor i n  this region and t o  place the results of 
the detailed s i te  i n  a regional context. The main objectives of the detailed 
study were t o  perform a detailed electrical evaluation of a possible HDR 
prospect t o  determine i f  a deep-seated body of h i g h -  temperature basement rock 
i s  present and t o  evaluate the MT/AMT method for exploring HDR prospects. 
Data collection for the regional survey was contracted t o  Williston McNeal and 
Associates and Argonaut Enterprises, and data  collection for the detailed 
survey was contracted t o  Woodward Clyde Consultants. B o t h  Woodward Clyde 
Consul tants and Argonaut Enterprises used the remote reference noise reduction 
technique developed by Gamble e t  a l .  (1979a, b ) .  Data collection has just been 

84 



7 

F i g .  42. Index map of western New Mexico showing Cenozoic volcanism, Rio 
Grande Rift ,  and locating Los Alamos National Laboratory magneto- 
t e l l  uric sites. 

completed for  the regional survey and one-dimensional analysis of much of i t  
has been completed a t  this time. The detai led survey, located i n  the area of 
highest heat flow, has been completed. 

ment i s  associated w i t h  anomalously h i g h  e l ec t r i ca l  conductivity a t  shallow 
dep ths .  Correlation o f  these prel iminary resul t s  w i t h  telesei smic P-wave 
studies (Spence e t  a l .  19791, heat flow (Edwards e t  a l .  19781, and geology 
(Chapin e t  a l .  19781 gives a consis tent  picture of a major lineament tha t  
extends deep in to  the lithosphere. The lineament a c t s  as  a conduit f o r  magma 
and i s  the locus of thermal anomalies. 

The detailed survey consisted of 119 sca la r  AMT s t a t ions  and 25 tensor 
MT s ta t ions .  In sca la r  
AMT, the r a t i o  of the horizontal E-field component t o  the horizontal H-field 
component normal to  i t  i s  computed. The e l e c t r i c  f ie ld  sensor i s  two 50-m 
cables grounded a t  either end, and the magnetic f i e l d  sensor i s - a  ferr i te-cored 
coi l  w i t h  a response l inear  w i t h  frequency from l e s s  than 10 Hz t o  40 KHz. 

Preliminary results of the regional study indicate  t h a t  the Jemez linea- 

AMT sites were spaced 1.6 km apar t  i n  a g r i d  pattern.  
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Notch f i l t e rs  are used t o  reduce effects o from 60 Hz power 
lines and higher harmonics. The apparent resistivities were determined from 
the E t o  H ra t ios  measured a t  10 different frequencies varying logarithmically 
from 12 Hz t o  10.2 KHz. The purpose of the AMT was t o  search for any near- 
surface electrical structures or lateral contacts. None were found,  a1 t h o u g h  
terrain effects near the mesa edges were observed. The detailed MT survey con- 
sisted of 6 soundings t o  2000 s, 12 soundings t o  1000 s, and 8 soundings t o  
500 s i n  period; the stations were spaced 3.2 km apart on a grid overlying the 
AMT grid. S ta t ions  19 and 33 were chosen as reference sites and were occupied 
by each contractor. A deep well located i n  the northern portion of the study 
area was used t o  estimate depth t o  basement. 

Figure 43 shows the apparent resistivity sounding curve taken a t  s t a t i o n  
33 by Woodward Clyde consultants. I t  i s  representative of a l l  25 of the MT 
sounding curves. The MT curves show the same trend as the AMT results from 
0.01 t o  0.1 s period. Above about 1.0 s all the curves show a distinct rise 
i n  the apparent resistivity by 50-100 nm followed by a decrease i n  apparent 
resistivity a t  the long period end of the spectrum. The qual i ty  and consis- 
tency of the da ta  and results were exceptionally good. Using real-time data  
processing i n  the field t o  analyze da ta  quality while on the s i te ,  we were 
able t o  substantially reduce the random errors especially in the mid-band from 
1 t o  10 s where the MT signal strength i s  notoriously low. Their estimates 
were obtained by averaging over a sufficiently large da ta  base t o  acquire 
desired da ta  qual i ty .  This i s  a distinct advantage of real-time data  process- 
ing.  The curve f i t  i s  a least-squares polynomial t h a t  may vary from third t o  
eighth order, depending on the lowest order w h i c h  passes through a t  least 80% 
of the error bars. Note t h a t  some fine structure in the spectrum has been 
m i  ssed. 

Figure 44 shows the apparent resistivity sounding curve taken a t  the 
same station by Argonaut Enterprises. A1 t hough  this sounding is  noisier than 
the previous soundi ng because of a smal 1 er stati st i  cal base, the two soundi ngs 
are almost identical. T h i s  sounding curve would typically be considered a good 
MT sounding. The mid-band from 1 t o  10 seconds i s  generally noisy because of 
low signal strength. The long period data  are generally noisy because of 
insufficient recording time. Note t h a t  much of the fine structure seen on the 
previous sounding also shows u p  i n  this sounding. This suggests t h a t  much of 
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Fig. 43. MT sounding curve for station 33 taken by Woodward-Clyde Consultants 
( 15 Sept 7 9 ) .  
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Fig. 44. MT sounding curve for station 33 taken by Argonaut Enterprises 50 
conf i dence errors. 
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the fine structure i n  good quali ty MT soundings may be real and not  just due 
t o  statistical scatter. 

There are numerous other earth response functions normally calculated i n  
an MT survey. When taken together, these earth response functions confirm the 
presence of a re1 atively flat-lying, layered, two-dimensional electrical sub- 
surface. One of the calculated earth response functions is the electrical 
strike direction. The strike direction i s  generally undefined a t  very short 
periods; b u t  from about 1 t o  100 s,  the strike aligns w i t h  the dominant 
surface structures w i t h  a mean of about  N30"W along the gentle anticlines and 
synclines. This is  also the direction of the deep canyon t h a t  cuts through 
the mesa terrain t o  the southeast. A t  longer periods, above 100 s ,  the strike 
rotates about  90" t o  a distinct and consistent N60"E. This rotat ion i s  often 
abrupt and almost certainly represents a different trend within the metamorphic 
Precambrian basement. The Jemez lineament i s  located just t o  the southeast of 
the Z u n i  prospect and strikes approximately N55"E. This strongly suggests a 
relationship between the deep structure beneath the Zun i  prospect and the Jemez 
lineament. One-dimensional inversion was performed on each pair o f  sounding 
curves a t  each station using the algorithm developed by Petrick e t  a l .  (1977) .  

E i g h t  stations were chosen along a line perpendicular t o  the deep elec- 
trical strike. These stations were used t o  produce a two-dimensional model in 
which the one-dimensional inversions were used as starting models. These sites 
were also chosen because their deep strike directions were closest t o  the esti- 
mated mean. 

Three consecutive runs of the 2-D inverse modeling code developed by Jupp 
and Vozoff (1977) were made. Both the transverse electric and transverse mag- 
netic components were used t o  model the apparent resistivity amplitude and 
phase. The modeling results are shown in F i g .  45. The top  800 m i s  very con- 
ducti vey overlying resistive basement. The depth t o  Precambrian basement in 
the reference well i s  767 m. From 800 m t o  15 km the rocks are resistive. 
Below 15 km the rocks become much more conductive. The deep conductive zone 
grades from less conductive t o  the northwest t o  more conductive t o  the south- 
east i n  the direction of the Jemez lineament. 

B. Geothermal Gradient Map (Andrea Kron) 
In a preliminary attempt t o  identify the regional , conductive temperature 

regime across the U.S.,  a geothermal gradient map of the conterminous U.S. was 
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compiled us ing  gradients measured i n  wells t h a t  appear t o  have obtained thermal 
equilibrium (Kron and Heiken 1980). These data were gathered from published 
heat-flow literature and through heat flow/thermal gradient subcontracts admin- 
istered by Los Alamos. Measurements i n  a conductive regime are necessary for 
estimating depth t o  desired temperatures and are, therefore, important i n  
determining the HDR resource base of the country. Approximately 900 wells are 
represented on the map (Kron and Heiken 1980; Fig .  46) .  The fol lowing criteria 
were used to  determine the gradients: 

0 Wells must be deeper t h a n  50 m. 
0 Only the s t r a i g h t  portion of the temperature-vs-depth curve was used 

t o  calculate a gradient us ing  a least-squares approximation. 
0 Wells showing obvious hydrothermal interferences were not  used. 

This el imi nated most high-grade hydrothermal targets since these 
systems are dominated by convection. 

0 Only gradients from high-quali ty heat-flow measurements (for 
example, Reiter e t  a l .  1975) were used. 

0 When gradients varied systematically down the hole because of 
changes in conductivity, a cumulative average of the least-squares 
gradient for  each individual straight-line segment was used. 

The regional picture t h a t  emerges i s  not unlike the heat-flow map of Sass e t  
al .  (1980; Fig .  47) .  Many of the var ia t ions  displayed on our  map are due t o  
subjective contouring of the data .  Contour lines were drawn on the basis of 
existing da ta  rather t h a n  a1 ong physiographic boundaries. Comparison w i t h  the 
temperature gradient map o f  Guffanti and Nathenson (1980; F ig .  481, whose 
measurements represent we1 1 s deeper t h a n  600 m ,  shows regional similarities 
w i t h  exceptions i n  the Gulf Coastal P l a i n  and north-central states. Lack of 
deep temperature measurements i n  the central states accounts for the differ- 
ences i n  the two maps i n  this region. 

Gradients of 30 t o  45"C/km dominate the tectonically active western U.S. 
and form a belt t h a t  trends th rough  the Rio Grande r i f t  i n  western New Mexico, 
northwest across western Colorado, the northern Basin and Range of Utah and 
Nevada, and the Snake River p l a i n  t o  the Cascades of Oregon and Washington. 
A n  anamalous extension o f  this trend i n t o  Nebraska may result from regional 
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Fig. 45. Two-dimensional electrical resistivity model from detailed MT/AMT 
survey . 
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Fig. 46. Geothermal gradient map o f  the conterminous United States. Data from 
approximately 900 conductive temperature measurements in wells deeper 
than 50 m (modified from Kron and Hei ken 1980). 
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Fig .  47. Heat f low map of  the United S t a t e s  (Sass  e t  a l .1980) .  

F ig .  48. Preliminary temperature gradient map o f  the U.S. (Guffanti and 
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hydrologic influences (Gosnold 1980). The majority o f  the midwest and eastern 
U.S. have gradients less than 30"C/km. Exceptions a r e  the Mississippi Embay- 
ment where elevated temperatures a re  associated w i t h  the New Madrid Seismic 
Zone (Swanberg e t  a1 . 1978). A1 so, elevated temperature gradients ranging from 
30 t o  47"C/km extend along the Atlant ic  Coast Plain from central  New Jersey t o  
east-central  North Carolina. Radioactive heat generation from bur ied  300-Myr 
plutons i s  postulated as  the anomalous source o f  heat (Costai n e t  a1 . 1980). 
A s imilar  mechanism may explain the anomalous gradients i n  New York s t a t e .  

As a resource exploration too l ,  this map can be used t o  estimate d e p t h  
to desired temperatures on a regional basis ,  to  compare w i t h  other geological 
and geophysical information, and to  ident i fy  areas i n  the U.S. where adequate 
geothermal information is  lacking. 
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I X .  PRELIMINARY ESTIMATE OF RESOURCE BASE 

A. Eva lua t i on  o f  t h e  High-Grade HDR Resource Base 

Igneous systems a re  r e l a t i v e l y  smal l ,  l o c a l  anomalies on t h e  order  o f  a 
few k i l omete rs  t o  tens o f  k i l omete rs  i n  diameter, b u t  they represent  t h e  h igh-  

e s t  grade geothermal resource a v a i l a b l e  t o  us. For  t h i s  reason, we are  con- 

s i d e r i n g  them separa te ly  from t h e  o v e r a l l  r eg iona l  assessment o f  t h e  HDR geo- 
thermal resource o f  t h e  U.S. A l a r g e  p o r t i o n  o f  t h e i r  heat  may be i n  the  form 

o f  HDR. The i d e n t i f i e d  hydrothermal systems r e l a t e d  t o  igneous systems gen- 

e r a l l y  c o n t a i n  l e s s  than 10% o f  t he  t o t a l  thermal energy o f  t he  o v e r a l l  igneous 
system (Tab le  V I I ) .  Brook e t  a l .  (1979) es t imate  t h a t  t h e  hydrothermal por-  

t i o n s  o f  igneous systems range from o n l y  1.4 t o  3.4%. 

Admi t ted ly ,  much o f  t h e  energy remain ing i n  these systems e x i s t s  as 

magma, b u t  p r e l i m i n a r y  work (Heiken and Goff ,  unpubl ished manuscr ip t )  i n d i c a t e s  

t h a t  most o f  i t  i s  present  as HDR. An est imate o f  t he  t o t a l  thermal energy, 
t o  a depth o f  10 km, i n  t h e  62 young vo l can ic  f i e l d s  ( igneous systems) o f  t he  

conterminous U.S. i s  101 000 Quads (Smith and Shaw 1979). Omi t t i ng  Yel lowstone 

Park, t h e  t o t a l  i s  about 65 000 Quads. Even i f  o n l y  50% o f  t h i s  energy i s  i n  
t h e  form o f  HDR ( a  very  conserva t ive  es t imate) ,  t he re  i s  a high-grade resource 

base o f  33 000 Quads i n  t h e  young igneous systems o f  t h e  U.S. 

B. 
To prove conv inc ing l y  t h a t  HDR i s  a v i a b l e  source o f  d i rec t -use  energy 

nat ion-wide, we must i d e n t i f y  and cha rac te r i ze  reg ions  w i t h  thermal g rad ien ts  
>30"C/km because t h i s  resource i s  b road ly  d i s t r i b u t e d  throughout the  Un i ted  
States.  C h a r a c t e r i s t i c s  o f  p o t e n t i a l  HDR areas, e x p l o r a t i o n  methods, and 

p o t e n t i a l  r e s e r v o i r  rocks a re  o u t l i n e d  i n  Table V I I I .  

Using t h e  1980 thermal g rad ien t  map o f  t h e  U.S. (F ig .  49) we have e s t i -  

mated t h e  reg iona l  geothermal resource base. To ta l  heat  contents  were deter-  
mined f o r  reg ions  w i t h  g rad ien ts  o f  30, 45, and 60"C/km. The heat content  

was c a l c u l a t e d  t o  a depth o f  10 km and f o r  temperatures o f  >Hoc (Table VIII). 
Th is  i n c l  udes hydrothermal as we1 1 as HDR resources; p r e l  i m i  nary  reg iona l  

s tud ies  ( t h i s  p u b l i c a t i o n )  i n d i c a t e  tha t ,  a t  depths w i t h i n  these reg ions  where 

temperatures are  adequate f o r  d i r e c t  use, most o f  t he  resource would need t o  

be ex t rac ted  us ing  HDR techniques. We b e l i e v e  t h a t  much o f  t h i s  resource base, 

a t  depths of >3 km, i s  i n  t h e  form o f  HDR. The t o t a l  HDR reg iona l  geothermal 

P re l im ina ry  Regional HDR Resource Base Eva lua t i on  
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resource base estimate i n  the conterminous U.S. i s  1 504 365 x 10l8 cal or 
6 5.9 x 10 Quads. 

The estimated regional geothermal resource base of about  6 x 10 Quads 
for the conterminous U.S. i s  considerably smaller than an earlier estimate of 

6 32 x 10 Quads for conductive regimes. T h a t  estimate i s  based on the entire 
U.S., whereas this estimate i s  only for  regions w i t h  thermal gradients of 
>30"C/km. Measuring heat flow w i t h i n  the U.S. i s  a b i g  j o b ,  w h i c h  we had hoped 
t o  accomplish over the next decade i n  cooperation w i t h  DOE and USGS geothermal 
program agencies. All da ta  from a l l  programs will eventually be stored i n  a 
central da ta  facility a t  the USGS (Geotherm). 

One of the most important considerations i n  HDR resource evaluation i s  
heat flow. W i t h  limited funds  for t h a t  purpose, we have begun t o  collect data  
i n  large portions of the U.S. where heat-flow data  are sparse or absent. 

6 

C. Conclusions 
Table IX summarizes our 1980 HDR Regional Resource Evaluations and is  

based on this, our f i r s t  report on the HDR resource base. As the program pro- 
ceeds, we wi l l  be not  only defining resource base, b u t  also aiming toward 
understanding the nature of the resource and stimulating interest i n  i t s  
devel opmen t . 
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Number System 
Alaska 

AK4 Davidof 
AK5 L i t t l e  S i t k i n  
AK6 Semi spochnoi 

(Cerberus) 
AK9 Tanaga 
AK10 Takawangha 
AK12 Kanaga 
AK14 Adagdak 
AK15 Great S i  t k i n  
AK22 Seguam 
AK25 Yuna ska 
AK 34 Okmak 
AK37 Makushin 
AK39 Akutan 
AK43 F isher  
AK51 Emnons 
AK 58 Ven i amno f 
AK 59 81 ack 
AK60 Aniakchak 
AK 63 Peul i k 

AK66 Novarupta 
AK69 Kafmai 
AK75 Kaguyak 
AK84 Drum 
AK 86 Wrangell 
AK87 White River 
AK88 Edgecumbe 

(Ugashik Caldera) 

Sub-Total f o r  Alaska 

TABLE V I 1  

THERMAL ENERGY I N  IGNEOUS SYSTEMS, TO 10 KM DEPTHa 
(Based on USGS C i r cu la rs  726 (1975) and 790 (1979) 

A. Thermal En rgy B. Hydr thermal 
Remai n i ng ( 1 Of8J ) (101$) 

29 
180 

360 
960 

54 
180 
50 
13 

480 
96 

603 
25 
25 

1440 
1440 
481 
50 

540 

71 
120 
50 
38 

840 
120 
190 
603 

9037 

Estimate f o r  Total Hydro- 
thermal f o r  Igneous 
System i n  Alaska 

- 580 

Arizona 
AZ21 San Francisco Peaks 301 0 
AZ22 Kendrick Peak 1 50 
AZ23 S i  tgreaves Peak *46 
AZ24 B i l l  Wil l iams Mtn. 4 

a Based on USGS c i r c u l a r s  726 (1975) and 790 (1979). 

none 
none? 
none? 
none? 

A.-B. (1018J1 

Tot. Alaska 
8457 

301 0 
1 50 
46 
4 

HDR Comnents 

Rock types a t  depth 
var iable;  volc., metam., 
immature sed. 

Very few users near 
the  volc. systems i n  
Alaska. 

Hydro. on ly  6.4% o f  
t o t a l  

Precambrian basement i n  
F lags ta f f  area 



w 
Number 

Ca l i f o rn ia  
C A1 
CA2 
CA3 

CA4 
CA5 
CA6 
CA7 
CA8 
CA9 
CA14 
CA19 

Hawaii 
H1 

Idaho 
ID1 

I D3 
I D4 

I D6 

New Mexico 
NMl 

Oregon 
OR 1 
OR2 
OR 3 
OR1 4 
OR1 9 
OR 20 

Utah 
UT1 
UT2 

Washington 
WA2 
WA4 

Wyoming 
WY1 

Sy s tern 

Lassen Peak 
Clear Lake 
Long Valley 

Salton Sea 
Cos0 Mountains 
Mono Domes 
Medicine Lake 
Shasta 
Sutter Buttes 
B ig  Pine 
Templeton Domes 

A. Thermal Energy 
Rema i n i  nta ( 1 018J 1 

TABLE 

B. Hydrothermal 
(1018J 

V I 1  (con t ld )  

Remainder, Inc lud ing  HDR 
A.-B. (10l8J) HDR Comments 

K i l  auea 

I s land  Park System 

B1 ackfoot Domes 
B ig  Southern Butte 

Rexburg Caldera 

Val l e s  Cal dera 

Crater Lake 
Newbe r ry 
S. S i s t e r  
Glass Buttes 
Wart Peak Caldera 
Frederick Butte 

Mineral Mountai ns 
Thomas Range 

Glacier Peak 
Mount St.  Helens 

Ye1 1 owstone Caldera 
system 

960 
3610 
5780 

480 
1570 
1570 

724 
724 
42 
85 

603 

96 

16 850 

240 
240 

8400 

8425 

770 
240 
240 
40? 

8 
4 

71 0 
42 

35? 
35 

36 100 

42 
150 

70 

240 
25 

? 
? 
? 
? 
? 
? 

? 

(see Ye1 1 owstone 
under Wyoming 

? 
? 

? 

87 

? 
27 

? 
? 
? 
? 

32 
16 

? 
? 

1240 ( Ye1 1 ows tone 
and I s land  Park) 

91 8 
3460 
5702 

240 
1545 

1570? 
724? 
724? 

? 
851 

603? 

go? 

- 
240? 
240? 

84001 

8338 

7701 
21 3 

240? 
? 

81 
41 

678 
26 

? 
35? 

34 860 

National Park 

Pluton., metam. 
basement 
Metam. seds. below 7000' 

Depth t o  res. rocks? 
Shall  ow "basement" 

Questionable reservoi  r rx .  

No res. rx.  a t  l ess  than 4 
km? 
Res. rx.?-densely welded 
t u f f  

National Park 

Wilderness 

Plutonic basement 

Mostly National Park 

Grand Total ,  Estimated non-hydrothermal resources ( i nc lud ing  HDR) i n  Igneous Systems o f  the US = 81 000 x 10185 0 



Range o f  
Thermal Gradients 

Region ( 'C/km) 

Eastern U.S. 6-46 

M i  dcon ti nent U . S. 8- 55 

Rocky Mountain 16->lo0 

Southwestern U.S. 14-84 

Far Western U.S. 6->100 

Northwestern U.S. 8->100 

TABLE V I I I  

HDR REGIONAL RESOURCE EVALUATION 
(Summary 1980) 

Potential Reservoir Most Useful Main Thermal 
Rock Un i ts  Data Compilations i n  Progress Explorat ion Techniques Sources 

Precambrian g ran i t i c ,  Gravity, aeromag. , tectonic,  Heat flow, g rav i t y  Heat generation i n  
metamorphic terrane heat f l o w ,  e lec t r i ca l ,  water K, U, Th-r ich 

Precambrian g ran i t i c ,  Gravity, aeromag., tectonic, Heat flow, gravi ty,  MT Heat generation i n  
metamorphic terrane water chemistry, heat flow, K, U, Th-r ich 

Precambrian g r a n i t i c  Geology (volcanology), heat Volcanology, heat flow, Heat generation i n  
and metamorphic te r -  f low, gravi ty,  water chemis- tectonic, MT, g rav i t y  K, U, Th-r ich 
Pane, cemented sedi- try, MT, seismic, aeromag., aeromag. g r a n i t i c  plutons, 
ments, volcanic rocks tectonic c rus ta l  th inn ing  , 

Precambrian and Gravity, aeromag., tectonic, Volcanology, heat flow, Crustal thinning, 

metamorphic terrane, MT, seismic 
metamorphosed volcanic 
rocks 

Grani t ic  and meta- Tectonic, volcanology, heat Volcanology, heat flow, Magma, crusta th in -  
morphi c terrane flow, MT, gravi ty,  aeromag., water chemistry ning 
(var ie ty  o f  ages), water chemistry 
t i g h t l y  cemented 
sediments, greenstone 

Grani t ic  and meta- Tectonic, volcanology, heat Heat flow, volcanology Crustal thinning, 
morphic terrane flow, g rav i ty ,  aeromag., magma 
(var ie ty  o f  ages), water chemistry 
cemented vol  cani - 
c l a s t i c  rocks, t h i ck  
basa l t  flows ( ? )  

chemistry, geology g r a n i t i c  plutons 

MT, seismic, geology g r a n i t i c  plutons 

( very compl ex 1 

younger, g r a n i t i c  and volcanology, water chemistry, MT, g rav i t y  magma 

mgma 



TABLE I X  

REGIONAL GEOTHERMAL RESOURCE BASE TO 10 KM (>15"C) 

Total Area o f  
Gradients Thermal Anomal i e s  Heat Content c a l l  

Area k/ krn ( km2 l 0-3 km 3-10 km 0-10 km 
~~~ 

Eastern U.S. 30 146 070 11 495 119 631 131 024 

Eastern U.S. 45 5 832 682 7 161 7 844 

Western U.S. 30 1 036 080 81 539 848 549 929 363 

Western U.S. 45 256 977 30 066 315 567 345 634 

Western U.S. 60 50 139 8 373 82 127 90 500 

Totals 132 155 1 373 035 1 504 365 

= 5 972 329 Quads 
5.9 x lo6 Quads 
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