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THE ZUNI MOUNTAINS, NEW MEXICO, AS A POTENTIAL DRY HOT ROCK 

GEOTHERMAL ENERGY SITE 

by 

A. William Laughlin and Francis G. West 

. .  

6fnnge pnvately o w e d  rlghlr. 1 

ABSTRACT 

Many of the criteria for the successful exploitation of energy from 
dry hot rock are met in the Zuni Mountains, New Mexico. This area falls 
within a broad region of abnormally high heat flow on the Colorado Plateau. 
Within this region, a variety of evidence indicates that local "hot spots" 
may be present. These "hot spots" are prime targets for dry hot rock ex- 
ploration. A site-evaluation program utilizing geological, geochemical- 
geochronological, and geophysical techniques is proposed to delineate the 
optimal sites for subsequent exploratory drilling. 

INTRODUCTION 

The continuing success at the Los Alamos Sci- 

entific Laboratory's (LASL) first dry hot rock 

site in the Jemez Mountains, New Mexico, makes it 

appropriate to evaluate other possible sites for 

the extraction of geothermal energy by this method 

Several areas in the western United States are 

presently under consideration as possible sites 

for future exploratory drilling. One of the most 

promising of these is the Zuni Mountains area in 
west-central New Mexico. 

This report will examine criteria used for 

site selection and will apply these criteria to 

the Zuni Mountains. The general geology of this 

area will be sumarized and the work in progress 

will be discussed. In conclusion, an exploration 

program for this area will be proposed. 

GENERAL CRITERIA FOR DRY HOT ROCK SITE SELECTION 

Certain basic criteria for site selection are 

implicit in the definition of the dry hot rock 

method of geothermal energy extraction. These, of 

course, are the requirements that (1) technically 
usable temperatures can be reached within economic 

drilling depths, ( 2 )  the resource rock is either 

impermeable or that its permeability can be 

controlled, and ( 3 )  artificial, controlled permea- 

bility can be created. Other criteria are sug- 

gested by environmental and economic concerns. 

These would include avoidance of currently active 

fault zones or faults that could reasonably be 

expected to be activated by fluid injection. Poten- 

tial solubility of the resource rock also requires 

consideration. In general, all effects of massive 

fluid injection must be considered during site 

selection. 
Economic factors to be considered include 

proximity to major users of electrical or thermal 

energy. If electrical energy generation is an- 

ticipated, the availibility of a transmission net- 

work is obviously important. Also falling within 

the category of economic considerations is the 
availability of the necessary volume of water for 

injection. 

When the feasibility of a new method is being 

tested, it is apparent that the first demonstrations 

should be made where conditions maximize the pos- 

sibility of success. With success demonstrated 

under the most ideal conditions, more difficult 

cases may be examined and tested and eventually 

some type of cutoff determined. 



For t h e  d r y  h o t  rock  method, o p t i m i z i n g  t h e  PRECAMBRIAN GEOLOGY OF THE Z U N I  MOUNTAINS 

p o s s i b i l i t y  of s u c c e s s  means choosing a s i t e  where During World War I1 i n t e r e s t  i n  f l u o r i t e  l e d  

impermeable r o c k s  w i t h  u s a b l e  t empera tu res  (more 

t h a n  200°C) can  b e  r eached  w i t h  minimum d r i l l i n g .  c e n t e r  of t h e  Zuni Mountains ,  where d e p o s i t s  o f t h i s  

T h i s  i m p l i e s  t h a t  a r e a s  of abnormally h i g h  h e a t  f l o w  m i n e r a l  a r e  common. Goddard's map shows t h a t  i n  t h e  

shou ld  r e c e i v e  f i r s t  c o n s i d e r a t i o n  i n  s i t e  s e l e c -  s o u t h e a s t e r n  p o r t i o n  o f  t h e  mountains ,  t h e  Precam- 

t i o n .  A s  t e c h n i q u e s  a r e  developed and improved, b r i a n  c o r e  of  t h e  a n t i c l i n e  is exposed o v e r  a l a r g e  

a r e a s  w i t h  lower hea t - f low v a l u e s  may become s u i t -  

a b l e  t a r g e t s .  are l o c a t e d  t o  t h e  no r thwes t  a long  t h e  axis of t h e  

t h e  U.S. Geo log ica l  Survey t o  map i n  d e t a i l '  t h e  

a r e a .  Two s m a l l e r  exposures  o f  Precambrian rocks  

LOCATION AND GEOLOGIC SETTING 

The Zuni Mountains c o n s i s t  of a l a r g e ,  w e l l -  

d i s s e c t e d ,  no r thwes t - t r end ing  a n t i c l i n e ,  t h e  Zuni 

u p l i f t ,  w i t h i n  t h e  Colorado P l a t e a u  p r o v i n c e  of w e s t -  

c e n t r a l  New Mexico ( F i g s .  1 and 2 ) .  Although i n  

g e n e r a l ,  t h e  a r e a  i s  s p a r s e l y  p o p u l a t e d ,  two pop- 

u l a t i o n  c e n t e r s ,  G r a n t s  and G a l l u p ,  a r e  l o c a t e d  on 

t h e  n o r t h e r n  f l a n k  of t h e  mountains  a l o n g  I n t e r s t a t e  

Highway 40 .  Access t o  t h e  e a s t e r n  and s o u t h e r n  por- 

t i o n s  of t h e  mountains  i s  p rov ided  by New Mexico 

Highway 53. On t h e  west  s i d e  of t h e  mountains  a c c e s s  

i s  p rov ided  by New Mexico Highway 32. Unpaved log-  

g i n g  and r anch  r o a d s  p r o v i d e  f u r t h e r  a c c e s s  w i t h i n  

t h e  mountains .  Much of t h e  l and  encompassed by t h e  

mountains  i s  f e d e r a l l y  owned and i s  p a r t  of t h e  

C ibo la  N a t i o n a l  F o r e s t .  

The Zuni u p l i f t  a p p a r e n t l y  h a s  been a topo- 

g r a p h i c  h i g h  s e v e r a l  t imes  d u r i n g  g e o l o g i c  t ime .  

K e l l e y l  b e l i e v e s  t h a t  lower P a l e o z o i c  r o c k s  w e r e  

d e p o s i t e d  th roughou t  t h e  r e g i o n  and t h a t  t hey  were 

subsequen t ly  eroded d u r i n g  la te-Devonian t i m e .  

According t o  Ke l l ey , '  d e p o s i t i o n  occur red  d u r i n g  

t h e  M i s s i s s i p p i a n  P e r i o d ,  w i t h  u p l i f t  and e r o s i o n  

d u r i n g  ea r ly -Pennsy lvan ian  t ime.  Subsidence t h e n  

o c c u r r e d  and d e p o s i t i o n  con t inued  u n t i l  t h e  l a t e -  

Permian. Again u p l i f t  occu r red  w i t h  r e s u l t i n g  e ro -  

s i o n .  The a r e a  remained a s  a topograph ic  h i g h  u n t i l  

t h e  l a t e -Pe rmian .  Again u p l i f t  o c c u r r e d  w i t h  r e s u l t -  

i n g  e r o s i o n .  The a r e a  remained a s  a t o p o g r a p h i c  h i g h  

u n t i l  t h e  l a t e - T r i a s s i c ,  when subs idence  occur red  

a g a i n .  In l a t e - J u r a s s i c  t ime ,  t h e  Zuni Mountains 

were u p l i f t e d  once a g a i n  and remained p o s i t i v e  u n t i l  

t h e  ea r ly -Cre taceous  when subs idence  a g a i n  took p l a c e .  

T h i s  l a t e s t  p e r i o d  o f  subs idence  w a s  t e rmina ted  by t h e  
1 

Laramide orogeny abou t  63 m i l l i o n  y e a r s  ago .  K e l l e y  

h a s  e s t i m a t e d  t h a t  a t  t h a t  t i m e  t h e  a r e a  was covered 

hv 1 8 2 9  t o  701~9, m ( b o 0 0  t o  10,000 f t )  of s ed imen t s .  

a n t i c l i n e .  These l a t t e r  two exposures  were n o t  

mapped by Goddard. 

Based on Goddard's work,2 a l a r g e  v a r i e t y  of  

metaigneous and metasedimentary rocks  make up t h e  

Precambrian c o r e  o f  t h e  mountains .  The most abun- 

d a n t  r o c k  type  is a pink-to-gray g n e i s s i c  g r a n i t e .  

Of lesser b u t  s t i l l  ma jo r  importance a r e  metarhyo- 

l i t e  and p o r p h y r i t i c  a p l i t e .  Other  rock  types  are 

r e l a t i v e l y  minor i n  abundance. The Precambrian 

s t r a t i g r a p h i c  s e c t i o n  is  shown i n  Tab le  I. 

Most of  t h e  Precambrian rocks  i n  t h e  Zuni Moun- 

t a i n s  a r e  s t r o n g l y  f o l i a t e d .  In g e n e r a l ,  t h e  f o l i a -  

t i o n  s t r i k e s  n o r t h e a s t  t o  e a s t - n o r t h e a s t  and d i p s  

s t e e p l y  (70  t o  80 d e g r e e s )  t o  t h e  s o u t h e a s t  o r  no r th -  

w e s t .  S e v e r a l  sets o f  Precambrian d i k e s  r ang ing  i n  

composi t ion from h o r n b l e n d i t e  t o  g r a n i t e  c u t  t h e  

g n e i s s e s  approx ima te ly  a t  r i g h t  a n g l e s  t o  t h e  f o l i a -  

t i o n .  Dikes of p o r p h y r i t i c  g r a n i t e  g e n e r a l l y  p a r a l -  

lel t h e  s t r i k e  of  f o l i a t i o n .  Although t h e s e  o r tho -  

gona l  d i k e s  have n o t  y e t  been d a t e d ,  s i m i l a r  a g e s  

would s u g g e s t  t h a t  t hey  developed i n  a t e n s i o n a l  

environment ,  pe rhaps  due t o  a d i a p h i r i c  r i s e .  

PALEOZOIC AND MESOZOIC ROCKS OF THE Z U N I  MOUNTAINS 

P a l e o z o i c  rocks  o f  t h e  Zuni  Mountains i n c l u d e  

o n l y  t h o s e  d e p o s i t e d  d u r i n g  t h e  Pennsylvanian and 

Permian  period^,^ o l d e r  P a l e o z o i c  rocks  having been 

removed by e r o s i o n .  According t o  Smith,3 Precam- 

b r i a n  rocks  a r e  o v e r l a i n  by a r k o s e  and conglomerate  

c o n t a i n i n g  pebb les  d e r i v e d  from t h e  Precambrian rocks.  

Inc luded  w i t h i n  t h e  a r k o s e  and conglomerate  a r e  im-  

p u r e  l i m e s  tone beds c o n t a i n i n g  f o s s i l s  o f  p r d e r m i a n  

age.  Permian rocks i n c l u d e ,  i n  o r d e r  of  d e c r e a s i n g  

age ,  t h e  Abo, Yeso, G l o r i e t a ,  and San Andres Forma- 

t i o n s .  The Permian s e c t i o n  h a s  a t o t a l  t h i c k n e s s  of  

about  610 m (2000 f t ) . 3  

exposed where they  form c u e s t a s  d i p p i n g  outward from 

t h e  c o r e  of  t h e  a n t i c l i n e .  

Permian-age rocks  a r e  w e l l  

2 
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TABLE I 

PRECAMBRIAN ROCKS OF THE Z U N I  MOUNTAINS, NEW MEXICO 

I n f e r r e d  
Volumetr ic  

Rock Type Imp0 r t an  ce Remarks 

B i o t i t e  g r a n i t e  minor 

S y e n i t e  v e r y  minor 

D i o r i t e  and monzoni te  
d i k e s  v e r y  minor  s m a l l  d i k e s  

and i n t r u s i v e  b a s a l t  s t r i k i n g  d i k e s  
H o r n b l e n d i t e ,  gabbro v e r y  minor  s m a l l  NW 

Met arhyo l i t  e major  may be a s h  f low 

P o r p h y r i t i c  a p l i t e  major  s z o c k s  and d i k e s  

G n e i s s i c  a p l i t e  minor  

P o r p h y r i t i c  g r a n i t e  minor  s m a l l  d i k e s  

A p l i t i c  g r a n i t e  major  

G n e i s s i c  g r a n i t e  major  

Quar tz  monzoni te  minor 
g n e i s s  

Q u a r t z i t e  v e r y  minor 

Hornblende gneiss minor  

I n j e c t i o n  g n e i s s  minor  

B i o t i t e  s c h i s t  minor  c o n f i n e d  t o  
s h e a r  zone 

Mesozoic rocks  are c o n f i n e d  t o  t h e  o u t e r  f l a n k s  

of t h e  u p l i f t  o u t s i d e  t h e  area of  main i n t e r e s t  o f  

t h i s  r e p o r t .  

CENOZOIC ROCKS OF THE Z U N I  MOUNTAINS 

Cenozoic  rocks  i n  t h e  Z u n i  Mountains a p p a r e n t -  

l y  w e r e  emplaced d u r i n g  two d i s c r e t e  p e r i o d s  sepa-  

r a t e d  by a b o u t  24 m i l l i o n  y e a r s .  By ana logy  w i t h  

t h e  t i m i n g  of o t h e r  v o l c a n i c  and i n t r u s i v e  e v e n t s  

a l o n g  t h e  Zuni  l i n e a m e n t ,  t h e  o l d e r  p e r i o d  a c t i v i t y  

o c c u r r e d  i n  t h e  mid-Ter t ia ry .  T h i s  a c t i v i t y  con- 

s i s t e d  of  t h e  emplacement o f  d i a b a s e  d i k e s  a l o n g  t h e  

margins  of n o r t h w e s t - s t r i k i n g  Precambrian d i k e s  and 

n o r t h w e s t - s t r i k i n g  f a u l t s  o r  f r a c t u r e  zones. P a r a l -  

l e l  d i k e s  s o u t h  of  t h e  mountains  n e a r  Quemado have 

been d a t e d  a t  27 m i l l i o n  y e a r s  o l d . 4  

w e s t ,  d i a t r e m e s  are o f  approximate ly  t h e  same 

To t h e  n o r t h -  

The second p e r i o d  o c c u r r e d  i n  t h e  late-Ceno- 

z o i c ,  when b a s a l t s  were e r u p t e d  from numerous v e n t s  

th roughout  t h e  area. S i n c e  t h e s e  b a s a l t i c  r o c k s  

are r e g a r d e d  as p o t e n t i a l  h e a t  s o u r c e s  t h e y  w i l l  b e  

examined i n  d e t a i l  i n  t h i s  r e p o r t .  

There are t h r e e  b a s a l t i c  v o l c a n i c  c e n t e r s  wi th-  

i n  t h e  main m a s s  of t h e  Zuni  Mountains. From n o r t h  

t o  s o u t h  t h e s e  are t h e  C e r r o  Colorado v o l c a n o ,  t h e  

Paxton  S p r i n g s  v o l c a n o ,  and an  unnamed volcano  which 

s i t s  a s t r i d e  t h e  C o n t i n e n t a l  Div ide  on Os0 Ridge.  

For  convenience ,  we w i l l  r e f e r  t o  t h i s  v e n t  as t h e  

Os0 Ridge volcano .  Numerous o t h e r  c e n t e r s  occur  on 

t h e  s o u t h e r n  and e a s t e r n  f l a n k s  of t h e  mounta ins  

where t h e y  make up t h e  Bandera l a v a  f i e l d  and t h e  

Zuni  v o l c a n i c  c e n t e r s .  E a r t h  Resource Technologi-  

c a l  S a t e l l i t e  (ERTS) photographs  of t h i s  area i n d i -  

c a t e  m u l t i p l e  p e r i o d s  of v o l c a n i c  a c t i v i t y  w i t h i n  

t h e s e  f i e l d s .  To t h e  n o r t h ,  j u s t  o u t s i d e  t h e  moun- 

t a i n s ,  is  E l  T i n t e r 0  v o l c a n o  which e r u p t e d  t h e  Blue- 

water f l o w ,  a t h o l e i i t i c  b a s a l t .  N o r t h e a s t  of  G r a n t s  

i s  t h e  M t .  Taylor  v o l c a n i c  c e n t e r .  A s  was d i s c u s s e d  

by Laughl in  e t  a l . , '  a l l  t h e s e  c e n t e r s  e x c e p t  M t .  

Taylor  e r u p t e d  o n l y  b a s a l t i c  magmas. Mt. Taylor  

e r u p t e d  a complete  series of magmas r a n g i n g  from 

b a s a l t i c  t o  r h y o l i t i c  i n  composi t ion .  Although t h e  

c e n t e r s  w i t h i n  and s o u t h  o f t h e  Zuni Mountains  

e rupted  o n l y  b a s a l t i c  magmas, t h e  c o m p o s i t i o n a l  r a n g e  
w a s  large7-'' and a l k a l i c  t o  t h o l e i i t i c  magmas w e r e  

e r u p t e d  from c e n t e r s  o n l y  a k i l o m e t e r  o r  so  a p a r t .  

T h i s  d i v e r s i t y  of composi t ion  s u g g e s t s  t h a t  a com- 

p l e x  plumbing sys tem w a s  o p e r a t i v e  d u r i n g  t h e  e rup-  

t i v e  h i s t o r y  of t h e  area. Composi t iona l  d i f f e r -  

e n c e s  a l s o  s u g g e s t  t h a t  d i f f e r e n t  d e p t h s  w i t h i n  t h e  

m a n t l e  w e r e  tapped d u r i n g  t h e s e  e r u p t i o n s .  The 

impor tance  of t h i s  w i l l  b e  d i s c u s s e d  below. 

Volcanism i n  t h i s  r e g i o n  h a s  a p p a r e n t l y  con- 

t i n u e d  f o r  a p e r i o d  of s e v e r a l  m i l l i o n  y e a r s .  In 

t h e  immediate  area, t h e  o l d e s t  v o l c a n i c  f e a t u r e s  

are a series of l a t e - P l i o c e n e  (about  3 m i l l i o n  y e a r s  

o ld)"  b a s a l t i c  p l u g s  which d o t  t h e  v a l l e y  immedi- 

a t e l y  e a s t o f  M t .  T a y l o r .  These p l u g s  c o n t a i n  u l t r a -  

m a f i c  i n c l u s i o n s  i n d i c a t i n g  t h a t  t h e  s o u r c e  f o r  t h e  

magma w a s  i n  t h e  mant le .  S l i g h t l y  l a te r ,  a t  1.38 

m i l l i o n  y e a r s  b e f o r e  p r e ~ e n t , ~  a l a r g e  f i s s u r e  erup-  

t i o n  of t h o l e i i t i c  b a s a l t  o c c u r r e d  s o u t h  of t h e  

mountains  w i t h i n  t h e  Zuni c e n t e r s .  T h i s  material 

f i l l e d  t h e  v a l l e y  b e f o r e  i t  flowed westward 48 km, 

c r o s s i n g  t h e  Ar izona  s ta te  l i n e .  Wi th in  t h e  Bandera 

l a v a  f i e l d  on t h e  s o u t h e r n  f l a n k  of t h e  Zuni  Moun- 

t a i n s ,  t h e  s u r f a c e  f low exposed b e n e a t h  Bandera 

Crater h a s  a n  age  of  0.188 m i l l i o n  y e a r s . 4  The 

remainder  of t h e  c e n t e r s  w i t h i n  t h i s  f i e l d  are con- 

s i d e r a b l y  younger .  

e v i d e n c e ,  t h e  youngest  f l o w  i n  t h e  f i e l d ,  t h e  

McCarty f l o w ,  w a s  e r u p t e d  a t  about  700 A . D . I 2  Thus 

w i t h i n  t h i s  area volcanism cont inued  f o r  a b o u t  3 

m i l l i o n  y e a r s ,  t e r m i n a t i n g  a t  about  700 A . D .  

On t h e  b a s i s  of a r c h e o l o g i c a l  
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The g r e a t e s t  p a r t  of t h e  a c t i v i t y  p robab ly  con- chemical  compos i t ions  o f  t h e  b a s a l t s  o v e r  s h o r t h o r i -  

s i s t e d  of f i s s u r e  e r u p t i o n s  of t h o l e i i t i c  b a s a l t ,  z o n t a l  s u r f a c e  d i s t a n c e s  would i n d i c a t e  t h a t  many 

a l t h o u g h  p y r o c l a s t i c  e r u p t i o n s  of a l k a l i  b a s a l t  d i s t i n c t  l i n e a r  f e e d e r s  w e r e  o p e r a t i v e  d u r i n g  t h e  

have produced more s p e c t a c u l a r  f e a t u r e s .  A c t u a l  volcanism.  Th i s  would aga in  i n c r e a s e  t h e  amount o f  

v e n t s  can  n o t  be r ecogn ized  f o r  many of t h e  f l o w s ,  t he rma l  p e r t u r b a t i o n  r e l a t i v e  t o  s i m p l e r  s e t t i n g s  

b u t  t h e  o r i e n t a t i o n  of c i n d e r  cone a l i g n m e n t s  sug- wi th  a s i n g l e  f e e d e r .  These the rma l  e f f e c t s  must b e  

g e s t  t h a t ,  f o r  t h e  Zuni c e n t e r s  and Bandera l a v a  added t o  t h e  r e g i o n a l  h e a t  f l ow of a b o u t  1 .2  h e a t -  

f i e l d ,  n o r t h e a s t - s t r i k i n g  f r a c t u r e s  w e r e  t h e  con- flow u n i t s  (HFU) f o r  t h e  Colorado P l a t e a u .  

t r o l l i n g  f e a t u r e s  f o r  t h e  v e n t   location^.^ 
t h e s e  o r i e n t a t i o n s  a r e  s o  s t r i k i n g  t h a t  no doubt  examina t ion  of  t h e  t e c t o n i c  s e t t i n g  of t h e  Zuni 

e x i s t s  a s  t o  t h e  p r e s e n c e  of t h e  c o n t r o l l i n g  f r a c -  Mountains.  These mountains  are a l i g n e d  i n  a no r th -  

t u r e .  (For example, t h e  c h a i n  of Seven c i n d e r  cones w e s t  d i r e c t i o n  a l o n g  t h e  Zuni l i neamen t ,  which ex- 

sou thwes t  of Bandera C r a t e r  i s  o b v i o u s l y  a l i g n e d  

a l o n g  a n o r t h e a s t - s t r i k i n g  f r a c t u r e . )  p l a t e a u s  o f  Utah. A second l i n e a m e n t ,  t h e  Jemez 

Some of A d d i t i o n a l  i n d i r e c t  ev idence  is p rov ided  by an 

t e n d s  from t h e  Big Bend r e g i o n  o f  Texas t o  t h e  h i g h  

Within t h e  Zuni Mountains ,  t h e  Cerro Colorado zone o r  Globe m i n e r a l  b e l t , 1 4  i n t e r s e c t s  t h e  Zuni 

and Paxton S p r i n g s  vo lcanoes  a r e  l o c a t e d  on n o r t h -  l i neamen t  a t  t h e  s o u t h e a s t  end of t h e  mountains .  

s o u t h - s t r i k i n g  f a u l t s  which c r o s s  t h e  a x i s  of  t h e  

a n t i c l i n e  a t  a n  a n g l e  of abou t  45 d e g r e e s .  The 10- (mainly by  economic g e o l o g i s t s )  on t h e  b a s i s  of sev-  

c a l i z i n g  f e a t u r e  f o r  t h e  Os0 Ridge vo lcano  i s  un- e r a l  c r i t e r i a  have one f e a t u r e  i n  common. The c r i t e -  

known a t  t h i s  t ime.  r i a  used t o  d e l i n e a t e  them a r e  r e l a t e d  t o  the rma l  

These l i n e a m e n t s ,  which o r i g i n a l l y  were d e f i n e d  

S t ron t ium i s o t o p i c  ev idence ,"  and t h e  p r e s e n c e  p e r t u r b a t i o n s .  For example,  t h e  Zuni l i neamen t  is 
of u l t r a m a f i c  i n c l u s i o n s  i n  t h e  c i n d e r s  from Bandera marked by such d i v e r s e  f e a t u r e s  a s  igneous d i k e s ,  

C r a t e r , "  i n d i c a t e  t h a t  t h i s  vo lcano  a l s o  tapped t h e  

man t l e .  d i a t r e m e s ,  and minor l e a d  d e p o s i t s .  The d i k e s ,  vo l -  

v o l c a n i c  c e n t e r s ,  u l t r a m a f i c  i n c l u s i o n  l o c a l i t i e s ,  

c a n i c  c e n t e r s ,  i n c l u s i o n  l o c a l i t i e s ,  and d i a t r e m e s  

EVIDENCE OF HIGH GEOTHERMAL GRADIENTS W I T H I N  THE a r e  c l e a r l y  t h e r m a l l y  produced f e a t u r e s .  These f e a -  

Z U N I  MOUNTAINS t u r e s  a l s o  g i v e  some i n d i c a t i o n  of t h e  dep ths  tapped 

Both d i r e c t  and i n d i r e c t  ev idence  e x i s t s  f o r  by t h e  l i neamen t .  S t r o n t i u m  from b a s a l t s  i n  t h e  

t h e  p r e s e n c e  of h i g h  geo the rma l  g r a d i e n t s  w i t h i n  

t h e  Zuni Mountains.  D i r e c t  e v i d e n c e  f o r  t h e  e x i s -  

t e n c e  of h i g h  h e a t  f low i n  t h e  Zuni Mountains i s  

t h e  anomaly shown on R e i t e r  e t  a l . ' s 1 3  heat-f low map 

of New Mexico. T h e i r  map shows two l i n e a r  anomal i e s  

w i t h i n  t h e  s t a t e ,  one a l o n g  t h e  Rio Grande r i f t  and 

t h e  o t h e r  a n o r t h e a s t - t r e n d i n g  anomaly ex tend ing  

from t h e  Arizona-New Mexico s t a t e  l i n e  t o  t h e  Zuni 

Mountains .  Most of t h e  Zuni Mountains would be  en- 

compassed by t h i s  l a t t e r  anomaly. 

I n d i r e c t  ev idence  c o n s i s t s  of t h e  p r e s e n c e  of 

t h e  t h r e e  v o l c a n i c  c e n t e r s  w i t h i n  t h e  main mass of 

t h e  mountains  and numerous c e n t e r s  around t h e  f l a n k s  

These c e n t e r s ,  a c t i v e  from 3 m i l l i o n  y e a r s  ago up t o  

e s s e n t i a l l y  t h e  p r e s e n t ,  have a c t e d  a s  long-term 

h e a t  s o u r c e s .  S t r u c t u r a l  c o n t r o l  of v e n t  l o c a t i o n s  

by f a u l t s  o r  f r a c t u r e s  s u g g e s t s  t h a t  a t  d e p t h  l a r g e  

d i k e s  may be common. Such f e a t u r e s  would i n c r e a s e  

t h e  amount of t he rma l  p e r t u r b a t i o n  ove r  t h a t  pro- 

duced by c y l i n d r i c a l  c o n d u i t s .  The d i v e r s i t y  of 

Zuni  Mountains h a s  i s o t o p i c  r a t i o s  t y p i c a l  of  mantle- 

d e r i v e d  material." U l t r a m a f i c  i n c l u s i o n s  from 

Bandera Crater and from t h e  Rio Puerco s i t e s  a l s o  

i n d i c a t e  t h a t  t h e  mantle  was t h e  s o u r c e  of t h e  i n c l u -  

s i o n s  and t h e i r  h o s t  b a s a l t s .  The l e a d  d e p o s i t s  

have l e a d  i s o t o p i c  r a t i o s  which i n d i c a t e  t h a t  t h e  

l e a d  w a s  t r a n s p o r t e d  from t h e  man t l e  a t  two d i s t i n c t  

t i m e s : I 6  

mid -Ter t i a ry  time. T r a n s p o r t  upward of t h e  l e a d  

from t h e  man t l e  by whatever  means is a l s o  a t h e r -  

ma l ly  d r i v e n  p rocess .  

p e r i o d  of  t he rma l  a c t i v i t y  i s  confirmed by mid- 

T e r t i a r y  potassium-argon a g e s  on d i k e s  p a r a l l e l  t o  

t h e  Zuni l i neamen t .  

one 1700 m i l l i o n  y e a r s  ago and one d u r i n g  

The v a l i d i t y  of  t h i s  younger 

4 

The Jemez zone a l s o  h a s  a p p a r e n t l y  tapped t h e  

mantle .  U l t r a m a f i c  i n c l u s i o n  l o c a l i t i e s  have been 

found sou thwes t  of t h e  Zuni Mountains n e a r  Globe, 

Arizona. 

t o p i c  r a t i o s  on t h e  b a s a l t s  from t h i s  l o c a l i t y .  

Hedge17 h a s  o b t a i n e d  man t l e  s t r o n t i u m  i s o -  
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We b e l i e v e  t h a t  t h e s e  l i n e a m e n t s  r e p r e s e n t  

b reaks  o r  zones  of weakness i n  t h e  Precambr ian  base-  

ment r o c k s  which have  r e p e a t e d l y  been  reopened as 

t h e  stress f i e l d s  have  changed d u r i n g  g e o l o g i c  t i m e .  

When t h e s e  zones are p laced  i n  t e n s i o n ,  mater ia l  may 

move up from t h e  m a n t l e  t r a n s p o r t i n g  energy  as w e l l  

as mass t o  o r  n e a r  t h e  s u r f a c e .  Such f e a t u r e s  a r e  

c l e a r l y  pr ime c a n d i d a t e s  f o r  d r y  h o t  rock  sites. 

POSSIBILITY OF A BURIED PLUTON UNDER THE SOUTHWEST 

FLANK OF THE Z U N I  UPLIFT 

Geophys ica l ,  g e o l o g i c a l ,  and ERTS pho tograph ic  

ev idence  i s  a v a i l a b l e  t h a t  s u g g e s t s  t h a t  a l a r g e  

b u r i e d  f e l s i c  p l u t o n  is  p r e s e n t  benea th  t h e  south-  

w e s t e r n  f l a n k  of t h e  Zuni u p l i f t .  

Throughout t h e  w e s t e r n  Un i t ed  S t a t e s ,  n e g a t i v e  

g r a v i t y  anomal i e s  a r e  found a s s o c i a t e d  w i t h  f e l s i c  

p l u t o n s .  Wi th in  N e w  Mexico such  anomal ies  are co- 

i n c i d e n t  w i t h  t h e  l o c a t i o n s  of t h e  Valles Ca lde ra  

and M t .  T a y l o r .  Both of t h e s e  vo lcanoes  e r u p t e d  

f e l s i c  magmas and some typeof  b u r i e d  magma chamber 

o r  p l u t o n  is  c e r t a i n l y  p r e s e n t  benea th  b o t h .  The 

T r a n s c o n t i n e n t a l  Geophys ica l  Survey Bouguer C r a v i t y  

Map (USGS Misc. Geol .  I n v e s t .  Map 1-533-13) shows a 

prominent  n e g a t i v e  anomaly o f  abou t  20 mgal  benea th  

t h e  sou thwes te rn  f l a n k  of t h e  u p l i f t .  Although t h i s  

su rvey  ex tended  on ly  as f a r  s o u t h  as 35"N l a t i t u d e ,  

so  t h a t  t h e  c o n t o u r s  a r e  open t o  t h e  s o u t h ,  no 

doubt  i n  t h e  v a l i d i t y  of t h i s  low ex is t s .  The grav- 

i t y  map of Woollard" a l s o  conf i rms  i t s  e x i s t e n c e .  

In  magni tude ,  t h e  anomaly i s  comparable t o  t h o s e  

a s s o c i a t e d  w i t h  M t .  Tay lo r  and t h e  V a l l e s  Caldera .  

I n  areal  e x t e n t ,  even  d i s r e g a r d i n g  t h e  35"N c u t o f f ,  

i t  exceeds  b o t h  of t h e s e  o t h e r  anomal i e s .  

S t rong  s u p p o r t  t o  t h e  p r e s e n c e  of a b u r i e d  

p l u t o n  i s  p rov ided  by ERTS imagery. The September 

26, 1972,mul t iband  image of t h i s  area shows an e l l i p -  

t i c a l  f e a t u r e  roughly  58 by 4 3  km, c o i n c i d e n t  w i t h  

t h e  g r a v i t y  anomaly. The major  ax is  o f  t h i s  f e a t u r e  

i s  o r i e n t e d  east-west. Even b e t t e r  r e s o l u t i o n  of 

t h e  f e a t u r e  i s  provided  by t h e  b l a c k  and w h i t e  ERTS 

mosaic  of t h e  s ta te  of New Mexico. A p o r t i o n  of 

t h i s  pho to  h a s  been  reproduced  as F i g .  1. Over l ays  

showing g e o l o g i c  i n t e r p r e t a t i o n  of t h e  area and 

t h e  Bouguer g r a v i t y  d a t a  are inc luded  as F i g s .  2 

and 3. The s o u t h e a s t e r n  margin  of t h i s  e l l i p s e  i s  

approx ima te ly  c o i n c i d e n t  w i t h  t h e  n o r t h e a s t e r n  

p o r t i o n  of t h e  c h a i n  of seven  c i n d e r  cones  ex tend ing  

sou thwes t  from Cer ro  Bandera.  The C o n t i n e n t a l  D iv ide  

f o l l o w s  t h e  crests of t h i s  c h a i n  of cones .  Proceed- 

i n g  no r thward ,  t h e  e a s t e r n  boundary of t h e  e l l i p s e  

i s  marked by t h e  n o r t h - s o u t h - s t r i k i n g  f a u l t s  a long  

which t h e  Paxton  S p r i n g s  and Cer ro  Colorado  vo lcanoes  

are l o c a t e d .  A f a u l t  s e p a r a t i n g  Precambrian-age 

from Pa leozo ic -age  r o c k s  forms t h e  n o r t h e r n  boundary 

of t h e  e l l i p s e .  The w e s t e r n  and sou thwes te rn  bound- 

a r i e s  are d e l i n e a t e d  by d r a i n a g e  sys tems.  

DRY HOT ROCK POTENTIAL OF THE Z U N I  MOUNTAINS 

The i n i t i a l  c r i t e r i o n  t h a t  must b e  m e t  by any 

p o s s i b l e  d r y  h o t  r o c k  s i t e  i s  t h a t  a r o c k  tempera- 

t u r e  of about  200°C can  b e  r eached  w i t h i n  economic 

d r i l l i n g  d e p t h s .  The Zuni Mountains f a l l  w i t h i n  a 

l a r g e  r e g i o n  w i t h  a h e a t  f l ow between 2 and 2 . 5  HFU. 

Even w i t h o u t  t h e  e f f e c t s  of t h e  p o s s i b l e  b u r i e d  p lu-  

t o n ,  t h e  r e g i o n a l  hea t - f low v a l u e s  s u g g e s t  t h a t  s i t es  

w i t h  t h e  n e c e s s a r y  geo the rma l  g r a d i e n t  may b e  found 

i n  o r  n e a r  t h e  Zuni Mountains.  I f  t h e  f e l s i c  p l u t o n  

e x i s t s ,  i t ,  l i k e  t h e  b a s a l t i c  v o l c a n o e s ,  would r e p r e -  

s e n t  on ly  l o c a l  "hot  s p o t s "  superimposed on t h e  

r e g i o n a l  h i g h .  

1 4  

The second c r i t e r i o n  i s  t h a t  impermeable r o c k s  

are p r e s e n t .  Expe r i ence  from t h e  Fenton  H i l l  S i t e  

i n d i c a t e s  t h a t ,  i n  Precambr ian  basement r o c k s ,  

f r a c t u r e s  become b e t t e r  s e a l e d  w i t h  d e p t h .  F r a c t u r e  

zones  may s t i l l  e x i s t  b u t  l ong  i n t e r v a l s  of imperme- 

a b l e  rock  are a v a i l a b l e  f o r  h y d r a u l i c  f r a c t u r i n g .  The 

Laramide-age f l u o r i t e  m i n e r a l i z a t i o n  found i n  t h e  

Zuni Mountains s u g g e s t s  t o  u s  t h a t  w e  may have  even 

be t te r  chances  of f i n d i n g  impermeable rock i n  t h e  

Zuni Mounta ins  t h a n  a t  Fenton  H i l l .  The s o l u t i o n s  

which d e p o s i t e d  t h e  f l u o r i t e  moved upward th rough  

t h e  Precambr ian  r o c k s ,  d e p o s i t i n g  t h i s  m i n e r a l  a l o n g  

f r a c t u r e s  and s h e a r  zones .  It i s  l i k e l y  t h a t  t h e  

d e p o s i t i o n  p r o c e s s  s e a l e d  a v a i l a b l e  f r a c t u r e s  rend- 

e r i n g  them impermeable.  S ince  f l u o r i t e  is  u s u a l l y  

d e p o s i t e d  a t  r e l a t i v e l y  sha l low d e p t h s  and lower 

t e m p e r a t u r e s ,  w e  would expec t  t h e  n a t u r e  of t h e  

f r a c t u r e  f i l l i n g s  t o  change w i t h  dep th .  These deepe r  

f r a c t u r e  f i l l i n g s  cou ld  i n c l u d e  s u l f i d e  m i n e r a l s  a m e -  

n a b l e  t o  s o l u t i o n  mining  d u r i n g  energy  e x t r a c t i o n .  

It shou ld  b e  no ted  t h a t  t h e  Zuni area i s  one of 

low seismic a c t i v i t y .  T h i s  i s  impor t an t  from two 

a s p e c t s .  The p o t e n t i a l  f o r  seismic e v e n t s  be ing  in -  

duced by t h e  downhole i n j e c t i o n  of f l u i d  i s  a p p r e c i -  

a b l y  less i n  a t e c t o n i c a l l y  q u i e t  area. Secondly ,  a 
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q u i e t  s e i s m i c  area p r o v i d e s  t h e  environment  n e c e s s a r y  

f o r  t h e  h e a l i n g  of  t h e  n a t u r a l  f r a c t u r e s .  

The geographic  l o c a t i o n  o f  t h e  Zuni  Mountains 

i s  such t h a t  i f  e i t h e r  e lectr ical  o r  t h e r m a l  energy  

can  b e  produced a ready  market  is a v a i l a b l e .  The 

towns o f  G r a n t s  and Gal lup  are o b v i o u s l y  p o t e n t i a l  

consumers o f  any e l e c t r i c a l  energy  produced. With 

t h e  p r e s e n t l y  a v a i l a b l e  t r a n s m i s s i o n  network even 

Albuquerque must b e  c o n s i d e r e d  a p o s s i b l e  consumer. 

The uranium e x t r a c t i o n  i n d u s t r y  c e n t e r e d  a t  Grants  

is a l a r g e  consumer of t h e r m a l  energy.  I f  produc- 

t i o n  of  t h e r m a l  water c o u l d  b e  s i t e d  c l o s e  enough 

t o  G r a n t s ,  t h i s  i n d u s t r y  s h o u l d  b e  r e g a r d e d  a s  a 

p o t e n t i a l  consumer. 

CURRENT LASL WORK I N  THE Z U N I  MOUNTAINS AREA 

A v e r y  modest s i t e - e v a l u a t i o n  program h a s  been 

s t a r t e d  i n  t h e  Zuni  Mountains. Some of t h i s  work is  

r e l a t e d  t o  s t u d e n t  t h e s i s  p r o j e c t s  d i r e c t e d  by 

Laughl in  w h i l e  a t  Kent S t a t e  U n i v e r s i t y .  Our cur -  

r e n t  work is  summarized b r i e f l y  below. 

A. L i t e r a t u r e  Search  

R e l a t i v e l y  few p a p e r s  o r  maps have been p u b l i s h -  

ed on t h e  geology of  t h e  Zuni  Mountains. These have 

been c o l l e c t e d  and d a t a  from them compiled. The 

USGS t o p o g r a p h i c  maps and aer ia l  photographs  have 

been o b t a i n e d  f o r  areas o f  major  i n t e r e s t .  

B. Geologic  I n v e s t i g a t i o n s  

Hand samples  have now been c o l l e c t e d  of  a l l  

Precambrian r o c k  u n i t s  shown on Goddard 's  map.' 

Specimens w e r e  a l s o  c o l l e c t e d  o f  two mid-Ter t ia ry  

d i a b a s e  d i k e s  shown on h i s  map. Thin s e c t i o n s  are 

now b e i n g  p r e p a r e d  of t h e s e  samples ,  and p e t r o -  

g r a p h i c  work w i l l  b e g i n  s h o r t l y .  

i n t e r p r e t a t i o n  w i l l  b e g i n  d u r i n g  t h e  f a l l  and w i n t e r ,  

Aer ia l -photograph  

1 9  75- 76 .  

C. Geochemical-Geochronological  I n v e s t i g a t i o n s  

Geochemical s t u d i e s  i n  t h e  Zuni  Mountains have  

been aimed p r i m a r i l y  a t  c h a r a c t e r i z i n g  t h e  meta- 

morphic  and igneous  r o c k s  exposed i n  t h e  c o r e  of  t h e  

mountains .  Samples o f  t h e s e  u n i t s  are now b e i n g  

examined t o  select  f r e s h ,  u n a l t e r e d  samples  f o r  

chemica l  a n a l y s i s .  The r e s u l t s  o f  t h e s e  a n a l y s e s  

w i l l  b e  used  b o t h  f o r  c h a r a c t e r i z a t i o n  of  t h e  rocks 

and f o r  comparison w i t h  t h e  Precambrian r o c k s  from 

GT-2. Because of  t h e  p r i o r  emphasis  on t h e  Cenozoic 

b a s a l t s  as d i s c u s s e d  above ,  w e  are c o n c e n t r a t i n g  o u r  

e f f o r t s  on t h e  Precambrian and mid-Ter t ia ry  rocks .  

Although much g e o c h r o n o l o g i c a l  work i s  p lanned ,  

o u r  work t o  d a t e  h a s  been d i r e c t e d  a t  d e t e r m i n i n g  

t h e  t i m e  of i n i t i a t i o n  of vo lcanism.  A c o o p e r a t i v e  

program has  been s t a r t e d  w i t h  P a u l  E .  Damon of t h e  

U n i v e r s i t y  of Ar izona  t o  o b t a i n  potassium-argon a g e s  

on t h e  b a s a l t s .  R e s u l t s  have been o b t a i n e d  from t h e  

f i r s t  group of samples .  Samples of t h e  m i d - T e r t i a r y  

d i k e s  have a l s o  been s e n t  t o  Damon f o r  d a t i n g  i n  a n  

a t t e m p t  t o  d e t e r m i n e  t h e  t i m e  a t  which t h e  stress 

f i e l d  had t h i s  o r i e n t a t i o n .  

D .  Geophys ica l  I n v e s t i g a t i o n s  

Our g e o p h y s i c a l  work h a s  been l i m i t e d  t o  t h e  

d r i l l i n g  of two s h a l l o w  hea t - f low h o l e s  n e a r  t h e  

Paxton S p r i n g s  volcano .  We hope t o  complete  about  

s i x  h o l e s  i n  t h a t  area and s e v e r a l  o t h e r s  t o  t h e  

nor thwes t  w i t h i n  t h e  exposed basement r o c k s .  

RECOMMENDED EVALUATION PROGRAM FOR A DRY HOT ROCK 

DRILL STTE I N  THE Z U N I  MOUNTAINS 

Geothermal  e v a l u a t i o n s  w i t h i n  t h e  Zuni Moun- 

t a i n s  may be s u b d i v i d e d  i n t o  t h r e e  broad  t y p e s :  

g e o l o g i c a l ,  geochemica l -geochronologica l ,  and geo- 

p h y s i c a l .  A wide v a r i e t y  of t e c h n i q u e s  can  b e  ap- 

p l i e d  w i t h i n  each  of t h e s e  groupings .  

A. G e o l o g i c a l  Methods 

1. Genera l  g e o l o g i c a l  mapping of  Precambrian 

exposures  j.n t h e  Zuni Mountains .  Inc luded  h e r e i n  

would be a c a r e f u l  rechecking  of t h e  Precambrian 

exposures  mapped by Goddard.L 

Precambrian exposures  w i t h i n  t h e  Zuni Mountains 

should  a l s o  b e  mapped a t  t h e  same scale used by 

Goddard. C r o s s  s e c t i o n s  a c r o s s  t h e  a x i s  of t h e  

a n t i c l i n e  should  b e  p r e p a r e d  showing p r o j e c t e d  d e p t h s  

t o  t h e  Precambrian basement where i t  i s  covered by 

younger r o c k s .  

The two o t h e r  major  

2. D e t a i l e d  p e t r o g r a p h i c  s t u d i e s  of Precambrian 

r o c k s  w i t h i n  t h e  Zuni  Mountains .  Thin s e c t i o n s  

should  b e  p r e p a r e d  of each  of t h e  Precambr ian  u n i t s  

and s t a n d a r d  modal a n a l y s e s  performed on t h e s e  r o c k s .  

I f  p o s s i b l e  t h i s  work should  b e  combined w i t h  o t h e r  

g e o l o g i c a l  s t u d i e s  t o  a l l o w  p r e d i c t i o n  of t h e  r o c k  

t y p e s  t o  b e  expec ted  a t  g i v e n  d e p t h s .  

3 .  F r a c t u r e  s t u d i e s .  F r a c t u r e  o r i e n t a t i o n s  

and f r e q u e n c i e s  w i t h i n  t h e  Precambrian rocKs should  

b e  de te rmined  a t  a l l  p o s s i b l e  scales,  beginning  w i t h  

m i c r o f r a c t u r e s  and e x t e n d i n g  through f i e l d  measure- 

ments and ae r i a l  photography t o  t h e  1:250,000 scale 

of ERTS photographs .  Rose d iagrams s h o u l d  b e  
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prepa red  of f r a c t u r e  o r i e n t a t i o n  a t  each  s c a l e  and 

compared t o  a t t e m p t  p r e d i c t i o n  of f u t u r e  h y d r a u l i c  

f r a c t u r e  d i r e c t i o n s  I 

4 .  F o l i a t i o n  and l i n e a t i o n  s t u d i e s .  D e t a i l e d  

s t u d i e s  should  b e  made of t h e  o r i e n t a t i o n s  of a l l  

p l a n a r  and l i n e a r  a l ignmen t s  of minera ls  w i t h i n  t h e  

Precambr ian  r o c k s .  These  r e s u l t s  should  b e  c o r r e -  

l a t e d  w i t h  t h e  f r a c t u r e  s t u d i e s  t o  assist  i n  f r a c t u r e -  

d i r e c t i o n  p r e d i c t i o n .  

5 .  D e l i n e a t i o n  of f a u l t s  and d e t e r m i n a t i o n  of 

f a u l t  movement. Numerous f a u l t s  are  shown on 

Goddard ' s  map,' b u t  i n  most cases d i p s  are n o t  shown 

nor  are r e l a t i v e  mot ions  on t h e  f a u l t s .  Because of 

problems r e l a t e d  t o  induced  movement a long  f a u l t s ,  

t h e s e  f e a t u r e s  must b e  c a r e f u l l y  mapped. Those a r e a s  

n o t  mapped by Goddard should  b e  c a r e f u l l y  examined 

f o r  t h e  p r e s e n c e  of f a u l t s ,  and r e l a t i v e  m o t i o n d e t e r -  

mined. Both ground mapping and photographs  should  

be  u t i l i z e d  t o  l o c a t e  t h e s e  f e a t u r e s .  

6 .  Mapping of T e r t i a r y  d i k e s .  Goddard ' s  map 

shows s e v e r a l  T e r t i a r y - a g e  d i k e s  d i s t r i b u t e d  a l o n g  

t h e  b o r d e r s  of Precambr ian  d i k e s .  These  f e a t u r e s  

should  b e  checked f o r  t h e i r  p r e s e n c e .  These b o d i e s  

should  be  s t u d i e d  p e t r o g r a p h i c a l l y  and a n  a t t e m p t  

should  b e  made t o  r e l a t e  t h e i r  o r i e n t a t i o n . t o  t h e  

stress f i e l d  w i t h i n  t h e  Zuni Mounta ins .  

7 .  D e t a i l e d  mapping o f  f l u o r i t e  b e a r i n g  v e i n s .  

The o r i g i n a l  pu rpose  of godda rd ' s  map w a s  t o  d e l i n -  

eate t h e  l o c a t i o n  of Laramide-age f l u o r i t e  v e i n s .  

These  f e a t u r e s  shou ld  b e  examined i n  d e t a i l  because  

of p o s s i b l e  r e l a t i o n s  t o  economic m i n e r a l  d e p o s i t s  

r e c o v e r a b l e  by so lu t ion -min ing  t e c h n i q u e s .  The o r i -  

e n t a t i o n  of t h e s e  f e a t u r e s  may a l s o  g i v e  some c l u e  

as t o  t h e  o r i e n t a t i o n  of t h e  Laramide stress f i e l d .  

8 .  Dete rmina t ion  of t h e  e x i s t e n c e  of a b u r i e d  

f e l s i c  p l u t o n  benea th  t h e  sou thwes te rn  margin  of t h e  

Zuni Mounta ins .  G r a v i m e t r i c  d a t a  and ERTS imagery 

s u g g e s t  t h a t  a l a r g e  58-km by 43-km f e l s i c  p l u t o n  

l i e s  b u r i e d  benea th  t h e  sou thwes te rn  f l a n k  of t h e  

Zuni u p l i f t .  The g r a v i t y  anomaly i n  t h i s  area i s  

comparable t o  t h o s e  e x h i b i t e d  by t h e  la te -Cenozoic-  

era M t .  Tay lo r  vo lcano  and Jemez C a l d e r a .  I f  t h e  

e x i s t e n c e  of such  a b u r i e d  p l u t o n  can  b e d e m o n s t r a t e d ,  

t h e n  a v e r y  s i g n i f i c a n t  h e a t  s o u r c e  i s  p r e s e n t  w i t h i n  

t h e  area. T h i s  a d d i t i o n a l  h e a t  s o u r c e  superimposed 

on what i s  a l r e a d y  b e l i e v e d  to be  a the rma l  anomaly 

g r e a t l y  i n c r e a s e s  t h e  p o t e n t i a l  of t h e  ZuniMounta ins  

as a d r y  h o t  r o c k  d r i l l  s i t e .  Geo log ic  ev idence  

should  be  sought  t o  test t h i s  p o s s i b i l i t y .  I n  pa r -  

t i c u l a r ,  geomorphologica l  ev idence  o b t a i n e d  from 

bo th  a i r b o r n e  and s a t e l l i t e  imagery and from normal 

ground mapping should  s e r v e  as  a t e s t  f o r  t h e  t h e o r y .  

I f  t h e  p l u t o n  i s  on ly  sha l lowly  b u r i e d ,  e v i d e n c e  f o r  

i t s  e x i s t e n c e  may b e  provided  by hydro thermal  a l tera-  

t i o n  of t h e  o v e r l y i n g  r o c k s .  Geochemical and geo- 

p h y s i c a l  tests w i l l  be  d i s c u s s e d  below. 

B.  Geochemical-Geochronological Methods 

1. Major- and t race-e lement  chemis t ry  of Pre-  

cambr ian  r o c k s .  A l l  P recambr ian  r o c k  u n i t s  should  

b e  chemica l ly  c h a r a c t e r i z e d  w i t h  r e s p e c t  t o  b o t h  

major  and t r a c e  e l emen t s .  These d a t a  are n e c e s s a r y  

f o r  bo th  c l a s s i f i c a t i o n  pu rposes  and t o  a n t i c i p a t e  

problems r e l a t e d  t o  s o l u t i o n  i f  a two-hole energy  

e x t r a c t i o n  sys tem i s  e v e n t u a l l y  e s t a b l i s h e d .  

2 .  Major- and t race-e lement  chemis t ry  of Ceno- 

z o i c  d i k e s  and f lows .  Because a l a r g e  h y d r a u l i c  

f r a c t u r e  cou ld  i n t e r s e c t  some of t h e  numerous T e r -  

t i a r y  d i k e s  o r  f e e d e r s  of t h e  la te -Cenozoic  b a s a l t i c  

f l o w s ,  t h e s e  r o c k s  should be chemica l ly  c h a r a c t e r -  

i z e d .  D e l l e c h a i e  h a s  completed a thorough s t u d y  

of t h e  chemis t ry  of t h e  b a s a l t i c  f l ows .  Most of 

t h i s  e f f o r t  should  t h e r e f o r e  be  s p e n t  on t h e  mid- 

T e r t i a r y  d i k e s .  
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3 .  Major- and t r ace -e l emen t  chemis t ry  of f l u o -  

r i t e  d e p o s i t s .  The p r e s e n c e  of l a r g e  ve in- type  

f l u o r i t e  d e p o s i t s  w i t h i n  t h e  Zuni Mountains s u g g e s t s  

t h a t  o t h e r  m i n e r a l i z a t i o n  t y p e s  may a l s o  b e  p r e s e n t .  

D e t a i l e d  chemica l  s t u d i e s  should  b e  performed on 

t h e s e  f l u o r i t e  d e p o s i t s  t o  de t e rmine  i f  any metals 

may be r ecove red  from them a s  by-products  of energy 

e x t r a c t i o n .  

4 .  Radiometr ic  d a t i n g  of Precambr ian  r o c k s ,  

T e r t i a r y  d i k e s ,  f l u o r i t e  d e p o s i t s ,  and la te -Cenozoic  

f lows .  For s e v e r a l  r e a s o n s  r a d i o m e t r i c  d a t i n g  should  

b e  performed on t h e  above u n i t s .  Da t ing  of P r e -  

cambrian u n i t s  w i l l  a l l o w  c o r r e l a t i o n  w i t h  o t h e r  

Precambr ian  rocks  from New Mexico, Ar i zona ,  and 

Colorado .  T h i s  i n f o r m a t i o n  i n  i t s e l f  i s  of con- 

s i d e r a b l e  v a l u e  t o  t h e  g e o l o g i c  community. S ince  

t h e r e  a r e  s e v e r a l  Precambr ian  d i k e s  p r e s e n t  w i t h i n  

t h e  Zuni Mounta ins ,  d a t i n g  of t h e s e  r o c k s  w i l l  a l l o w  

d e t e r m i n a t i o n  of t h e  o r i e n t a t i o n  of t h e  stress f i e l d  

a t  s p e c i f i c  p o i n t s  i n  g e o l o g i c  time. For t h e  same 

r e a s o n  t h e  T e r t i a r y  d i k e s  and t h e  f l u o r i t e  v e i n s  

should  a l s o  b e  d a t e d .  The la te -Cenozoic  b a s a l t i c  

f l o w s  w i t h  t h e i r  f e e d e r s  are  one of t h e  h e a t  s o u r c e s  
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which may c o n t r i b u t e  t o  t h e  geothermal  anomaly wi th-  

i n  t h i s  area. Although some of t h e s e  f lows  are too  

young t o  be d a t e d  by  t h e  potassium-argon method, 

where p o s s i b l e  t h e  o l d e r  f l o w s  shou ld  be  d a t e d  t o  

p rov ide  in fo rma t ion  on t h e  d u r a t i o n  o f  t h e  the rma l  

o e r t u r b a t i o n .  

5. 

w a l l  r ocks .  Potassium-argon and f i s s i o n - t r a c k  d a t i n g  

should  be  used  t o  c o n s t r u c t  t ime- tempera ture  p r o f i l e s  

a c r o s s  t h e s e  igneous  r o c k s  and t h e  w a l l  rocks  they  

i n t r u d e .  T h i s  i n fo rma t ion  w i l l  pe rmi t  e v a l u a t i o n  of  

t h e  s c a l e  of t h e  the rma l  p e r t u r b a t i o n s .  (Th i s  work 

w i l l  be done i n  c o l l a b o r a t i o n  wi th  D r .  Rober t  Fo rbes  

o f  t h e  U n i v e r s i t y  of A l a s k a  and D r .  C h a r l e s  Naeser 

of t h e  U. S. Geo log ica l  Survey.) 

C .  Geophys ica l  Xethods  

Time-temperature p r o f i l e s  a c r o s s  d i k e s  and 

C o n s i d e r a b l e  l i t e r a t u r e  e x i s t s  on t h e  r e l a t i o n -  

s h i p  of v a r i o u s  g e o p h y s i c a l  pa rame te r s  and  t h e  t h e r -  

m a l  enhancement of a number o f  areas. Refinement o f  

t h i s  r e l a t i o n s h i o  w i l l  a l l o w  a more o r g a n i z e d  and 

e f f i c i e n t  e v a l u a t i o n  of a p a r t i c u l a r  geo the rma l  po- 

t e n t i a l .  

1. G r a v i t y  s t u d i e s .  C o r r e l a t i o n s  have been 

made between h i g h  t e r res t r ia l  h e a t  f l o w  and n e g a t i v e  

Bouguer g r a v i t y  anomal i e s  .I9 High v a l u e s  of  h e a t  

f low can o f t e n  b e  a t t r i b u t e d  t o  t h e  emplacement a t  

dep th  o f  low-dens i ty  s i l i c i c  rocks  which have a rel-  

a t i v e l y  h igh  the rma l  c o n d u c t i v i t y  and the rma l  gen- 

e r a t i o n  due  t o  a h i g h  c o n t e n t  of  n a t u r a l  r a d i o a c t i v e  

e lements .21  'The t r e n d s  observed  in t h e  g r a v i t y  maps 

s u g g e s t  t h a t  g e o l o g i c  f e a t u r e s  such  as t h e  Zuni  Moun- 

t a i n s  and t h e  V a l l e s  Ca lde ra  are r e l a t e d  a t  depth .  

The e x i s t i n g  g r a v i t y  maps, which are based  on a 

r e g i o n a l - s c a l e d  s t a t i o n  s p a c i n g ,  would b e  d e t a i l e d  

i n  areas o f  p a r t i c u l a r  i n t e r e s t  f o r  a d e l i n e a t i o n  o f  

t h e  s u s p e c t e d  r e l a t i o n s h i p .  The maps would be sub- 

j e c t e d  t o  computer a n a l y s i s  f o r  second-der iva t  ive 

r e s i d u a l s  and harmonic components. 

2 .  Geomagnetic s t u d i e s .  High terrestr ia l  h e a t  

f l ow and low e lectr ical  r e s i s t i v i t y  i n  the deep  crust  

o r  m a n t l e  have  been c o r r e l a t e d  w i t h  upwe l l ing  of  t h e  

1000°C i so therm.  

c o n d u c t i v i t y  can b e  drawn bv  measur ing  t h e  n a t u r a l  

t r a n s i e n t s  o f  t h e  e l e c t r o m a g n e t i c  and e lectr ic  f i e l d s .  

The r e a c t i o n  o f  a s t a t i o n  t o  e v e n t s  w i t h  p e r i o d s  

r a n e i n a  from minu tes  t o  several hour s  a l l o w s  i n v e s t i -  

g a t i o n s  from a few hundred meters t o  s e v e r a l  hundred 

k i l o m e t e r s  i n  dep th .  

Maps o f  t h e  c r u s t a l  e lec t r ic  22-35 

The a b i l i t v  f o r v s t u d i e s  a t  

g r e a t  dep th  a l l o w s  one t o  map t h e  c o n f i g u r a t i o n  of 

t h e  1000°C i s o t h e r m ,  t h e  t empera tu re  a t  which s e v e r a l  

p h y s i c a l  p r o p e r t i e s  of rock  began t o  change. Ridges  

o r  upwe l l ing  i n  t h e  1000°C i s o t h e r m  w i l l  be  r e f l e c t -  

ed i n  e l e v a t e d  v a l u e s  of h e a t  f l ow a t  t h e  s u r f a c e .  

The u s e  of t r a n s i e n t s  w i t h  v a r i o u s  f r e q u e n c i e s  g i v e s  

a map which can be  i n t e r p r e t e d  as a con tour  map of 

r e l a t i v e  t empera tu res  from d e p t h  t o  n e a r  s u r f a c e .  

The r e l a t i o n s h i p  of t h e  Zuni a r e a  t o  the rma l  

enhancement w i l l  be  i n v e s t i g a t e d  by t h e  u s e  of geo- 

magne t i c  depth-sounding  t e c h n i q u e s  i n  c o n j u n c t i o n  

w i t h  m a g n e t o t e l l u r i c  s t a t i o n s  a t  l o c a t i o n s  a n t i c i -  

p a t e d  f o r  g e o l o g i c  r e a s o n s  t o  be  c r i t i c a l  i n  t h e  

o v e r a l l  i n t e r p r e t a t i o n .  

3 .  Heat-flow measurements.  The program f o r  

hea t - f low measurements w i l l  p roceed  i n  two s t a g e s .  

Loca t ions  of t h e  f i r s t  set of hea t - f low s t a t i o n s  

w i l l  b e  based  on fundamenta l  g e o l o g i c  c o n s i d e r a t i o n s .  

The c u r r e n t  l e v e l  of knowledge of t h e  a r e a  w i l l  

a l l o w  a mapping of many of t h e  major  hea t - f low f e a -  

t u r e s .  The second set of  s t a t i o n s  w i l l  b e  l o c a t e d  

t o  t es t  t h e  r e s u l t s  of t\he geomagnet ic  s t u d i e s ,  es- 

p e c i a l l y  t o  check t h e  e x i s t e n c e  of  any the rma l  

r i d g e s  o r  t r e n d s  mapped. 

4 .  D e t a i l e d  s i t e  i n v e s t i g a t i o n s .  Once a pa r -  

t i c u l a r  l o c a l  area i s  s e l e c t e d ,  based on l a r g e  area 

s t u d i e s ,  d e t a i l e d  g e o p h y s i c a l  s i t e  i n v e s t i g a t i o n s  

w i l l  b e  n e c e s s a r y .  

a .  Microse ismic-ear thquake  a c t i v i t y  of t h e  

area w i l l  b e  moni tored  f o r  a p e r i o d  of s e v e r a l  

months t o  d e t e c t  any c u r r e n t  t e c t o n i c  a c t i v i t y  o r  

"noise"  t h a t  i s  normal ly  a s s o c i a t e d  w i t h  a c t i v e  hy- 

d r o t h e r m a l  sys t ems .  36 

b. S e i s m i c - r e f l e c t i o n  su rveys  w i l l  b e  u t i -  

l i z e d  t o  d e l i n e a t e  t h e  g e o l o g i c  s u b s u r f a c e  s t r u c t u r e  

- - e s p e c i a l l y  f a u l t s .  The s p a t i a l  d i s t r i b u t i o n  o f  

f a u l t s  w i l l  g i v e  some i n s i g h t  i n t o  t h e  g e o l o g i c  

h i s t o r y  and i n  p a r t i c u l a r  t h e  t e c t o n i c  h i s t o r y  of 

t h e  area. Knowledge of  t h e  t e c t o n i c  h i s t o r y  w i l l  

a i d  i n  p r e d i c t i n g  t h e  o r i e n t a t i o n s  of induced  f r a c -  

t u r e s .  

c .  E l e c t r i c a l - r e s i s t i v i t y  su rveys .  The area 

of  t h e  s i t e  w i l l  b e  surveyed  by measur ing  t h e  resis- 

t i v i t y  as a f u n c t i o n  of d e p t h ,  u t i l i z i n g  c o n t r o l l e d  

s u r f a c e  energy  sources .37  

f u r t h e r  e v a l u a t i o n  of t h e  p o s s i b l e  e x i s t e n c e  of a n  

a c t i v e  hydro the rma l  sys tem.  To some e x t e n t  

The su rvey  w i l l  p r o v i d e  a 
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inferences can also be made as to the decrease of 

open or unhealed fractures with depth by assuming 
that the major increase of resistivity with depth 

will reflect a decrease in water content rather 

than a change in rock type. 
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