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ABSTRXT 

The western margin of the Rocky Mountain tectonic belt 
i s  the i n i t i a l  s i te for  the Los Alamos Geothermal Project. 
Igneous act ivi ty  i n  the area culminated with the formation 
of a collapsed volcanic caldera and the deposition of t h i c k .  
beds of t u f f .  Geophysical s t u d i e s  indicate tha t  the region 
is one of re la t ively high-terrestrial  heat flow, low-crustal 
density, low-crustal seismic velocit ies,  low-crustal magneto- 
electric impedance, and thin c rus t .  

INTROJIUCTIQN Mountain belt, extends northward in to  Canada 

has i n i t i a t e d  a program f o r  the research and trough extends from central  Colorado through 
development of geothermal energy. Potential  southern New Mexico. 
f o r  development of geothermal energy varies 
areally and with depth below the earth's 
surface. This spa t ia l  dis t r ibut ion of geo- 
thermal energy is the culmination of a l l  
geological processes tha t  were ever active. 
Assessment of the geothermal potent ia l  of an 

The Los Alamos Scient i f ic  Laboratory and southward in to  Mexico. The Rio Grande 
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The Rockies have a long history of 
s t ructural  act ivi ty ,  which was culminated 
during the Laramide orogeny w i t h  a dramatic 
u p l i f t  of the b e l t  by compressional forces 
of global magnitude. The uplifted belt has 
a width of 50 t o  100 m i l e s  i n  New Mexico. 

area requires a t  a minimum a l l  available 
geological and geophysical information. The 
following is a brief review of that  informa- 
t i on  f o r  the proposed project area with an 
attempt by the author t o  assemble it i n t o  
the most reasonable picture. 

OEOLOGY 
The area proposed f o r  i n i t i a l  experi- 

ments i n  the development of a man-made geo- 
thermal-energy system, the Jemez Mountains, 
l ies  i n  the southern part o f  the Rocky Moun- 
t a i n  belt i n  what i s  known as the Rio Grande 
trough o r  rift The trough is bounded geo- 
logically on the east  by the Texas foreland, 
on.the west by the lorado Plateau, and on 

the southwest by the Basin and Range prov- 
ince. This cordil leran system, the Rocky 

The east  limb of the New Mexico pa r t  of the 
u p l i f t  character is t ical ly  exhibits more 
folding and is w i d e r  than the w e s t  l i m b ,  
which is  f l a t t e r  and terminates more abruptly. 
The east  limb has been folded t o  the extent 
tha t  it was described as a synclinorium. 
The u p l i f t  was eroded t o  an undulating plain, 
the remnants of which cap many of the peaks 
of the present Rockies. Subsequently, p a r t s  
of the belt went in to  tension causing linear- 
collapse features such as the Rio Grande Val -  

ley, a complex s t r u c t u r a l  trough. The trough 
was formed by en echelon blocks faulted down 
i n  a s ta i r -s tep fashion, as is  indicated i n  
Fig. 1, with an occasional r e l a t ive ly  up- 
thrown block i n  the sequence. 
t h i s  period i n  geologic time tha t  extensive 
volcanic extrusion and intrusion began t o  
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Fig. 1. Regional geological cross section. 

occur along theibelt ,  and especially along 
the Rio Grande t r ~ u g h . ~  
canism occurred mainly along the west side 
of the trough; however, during the l a t e r  
stages, the ac t iv i ty  was along the medial 
axis. The ear ly  rocks, which are f iner  
grained, show evidence of more c rus t a l  con- 

4 tanination as compared t o  the later rocks. 
The complete significance of t h i s  petrograph- 
i c  and geographic dis t r ibut ion of vulcanism 
is not presently known, b u t  has been noted 
i n  other r i f t  s t r u c t u r e s  around the ‘world. 
Although the surface geologic and geophysi- 
cal character is t ics  of most of the major 
r i f t s  are generally known, very few, i f  any, 
of the character is t ics  are known at  depth. 

I n i t i a l l y ,  the vol- 

An apparent w e s t w a r d  o f f se t  of the 
southern pa r t  of the Rio Grande trough marks 
the southern boundary of the Jemez-Nacimiento 
u p l i f t  i n  which the proposed project area is 
located. The Nacimiento high-angle reverse 
f a u l t  which brings grani t ic  rocks t o  the sur-  
face sharply defines the w e s t  s ide of the 
upl i f t>and the east  side of the San Juan 
Basin,’ 
Ch&a Basin-Abiquiu embayment area forms 
the north side of the upl i f t .  The step- 
faul t ing character is t ic  of the Rio Grande 
trough makes the def ini t ion of the east 
side a l i t t l e  arbitrary. From a local’per- 
spective, the Jemez-Nachniento upl i f t  i s  a 

Gravity faul t ing down in to  the 

s t ructural  island with a diameter of approx- 
imately 30 m i l e s .  The proposed project area 
is situated roughly i n  the center of the up- 
l i f t .  

The Rocky Mountain b e l t  has been s t ruc-  
t u r a l l y  active i n  one form o r  another f o r  
most of geologic time, and it is qui te  l ike- 
l y  tha t  most of the rock formations w i l l  
have a unique or iginal  character and thick- 
ness i n  the project area. Repeated cycles 
of u p l i f t  and erosion have probably further 
modified the or iginal  formational thickness- 
es of the metamorphic as w e l l  as the sedi- 
mentary rocks. In the western pa r t  iof the 
u p l i f t  the process has completely stripped 
the sedimentary and metamorphic rocks lew- 
ing the g ran i t i c  rocks exposed. 

Volcanic ac t iv i ty  began i n  the area 
with lava of various rock types erupting 
from numerous fault-oriented centers? It 
is only reasonable tha t  the forces responsi- 
ble for  creating the o f f se t  i n  the trough 
also provided the zones of weakness f o r  the 
locus of volcanism. Volcanic rocks u l t i -  
mately covered over 1,000 square m i l e s  of 
area.’ 
lescing and forming l o w  shields. Ime thick- 
ening shield reduced the number of eruptive 
centers, which i n  turn caused the eruptions 
t o  be more violent, especially during the 
eruption of lava having a high-gas content. 

, 

The growing lava f i e l d s  began coa- 
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N e a r  the center of t h i s  volcanic p i l e  a ca- 
tastrophic eruption f i n a l l y  broke out, which 
l a i d  down an ash-flow tu f f  tha t  attained a 
loca l  thickness of 1,000 ft--representing a 
t o t a l  volume of rock estimated t o  be on the 
order of 50 cubic m i l e s .  (Ash-flow t u f f s  
are la id  down by immense clouds of extremely 
hot, dense gases and pyroclastics, l i k e  the 
one t h a t  buried the c i t y  of Pompeii.) The 
roof of the partially-emptied magma chamber, 
having l o s t  its support, collapsed t o  form 
a s t r u c t u r e  known as a caldera. The Valles 
Caldera, one of the world’s largest ,  has a 
diameter of 1 2  t o  15 m i l e s .  The roof col- 
lapse created a c i r c u l a r  f a u l t  zone, 2 t o  3 
m i l e s  i n  width, around the caldera’s edge. 
Lavas flowed up t h i s  r ing of fractures in to  
the caldera floor,  During a period of qui- 
escence, lake beds were deposited i n  the 
caldera. A f i n a l  surge of volcanic ac t iv i ty  
caused the caldera floor t o  be upwarped in to  
a dome, while lavas w e r e  being extruded from 
the r ing fracture zone t o  form a ring of 
lava domes. The caldera floor has since been 
p a r t l y  covered by another layer of lake beds, 
leaving the lava ddmes protruding l i k e  ice- 
bergs. Contemporaneous with the volcanic 
deposition at  a l l  times was of course con- 
siderable erosion and sedimentary deposition, 
especial ly  toward the R i a  Grande trough t o  
the east ,  The tectonic forces which’created 
the f a u l t s  and influenced the location of 
the volcanism continued through a l l  of the 
volcanic periods and probably w e l l  past  the 
las t  surge of volcanic activity.  Post-vol- 
canic fault ing has occurred t o  the eas t  of 
the caldera and along a l ine  southwest from 
the center of the caldera. 

The project area is j u s t  t o  the west 
of the Valles Caldera. The center of the 
caldera is a distance of about 8 m i l e s  and 
the ring-fracture zone is about 3 m i l e s  from 
the project area. The project area is cov- 
ered by the thick ash-flow tu f f  previously 
mentioned. Other minor, assorted volcanic 
u n i t s  are encountered before reaching the 
sedimentary and metamorphic sequence of 
rocks tha t  overlies the granite. The project 
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area spans the f i r s t  major f a u l t  block out- 
side of the caldera proper. Since the vol- 
canic magma probably followed f a u l t s  i n  its 
upward movement, the magma chamber is prob- 
ably steep sided. Various environments of 
i n t e re s t  r e l a t ive  t o  geothermal-energy in- 
vestigations are therefore available within 
a small area. 

GEOPHYSICS 
As one might expect i n  an orogenic zone 

such as the Rocky Mountain-Rio Grande be l t ,  
the geophysics are anomalous. 
appreciably different  physical properties 
have been placed i n  juxtaposition by the 
tectonic and igneous activity.  Erosional 
processes have created various anomalous 
sequences of formations. Extrusive-and in- 
t rusive igneous processes are responsible 
for  a number of the geophysical anomalies. 
Heat Flow 

Rocks of 

Tectonic provinces have long, been known 
as areas of higher than average t e r r e s t r i a l  
heat flow,’ and the Rocky Mountain belt i s  
no exception. The mean heat flow of a tec- 
tonic province appears t o  be a function of 
the age of the activity.  
old Texas foreland, east of the Rio Grande 
r i f t  zone, has a nominal heat-flow value of 
1.1 pcal/cm sec. The Rocky Mountain and 
the Basin and Range provinces, which are 
moderately young, have heat flow values 
that range from 1.5 to 3.4 wcal/cm2 sec. 
The above-average heat flow may r e f l e c t  ele- 
vated isotherms i n  the crust ,  increased 
thermal conductivity of the c r u s t a l ,  xocks, 
o r  both. Certainly the ‘heat flow is en- 
hanced, by the abundance of si l icic rocks 
which contain above-average amounts of heat- 
producing radioactive elements. 
G r  avi t Y 

exhibits a general northeast-southwest trend 
of anomaly closures along the Rocky Mountain 
belt.’’ The axis of the gravity lows is a- 
long the western edge of the Rio Grande V a l -  
ley, with a pa ra l l e l  trend of gravity highs 
far ther  t o  the w e s t . 1 2  

The relat ively 
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The muguer Gravity Map of the region 

To the east  of the 
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Rio Grande trough, the anomalies are of a 
more random nature o r  a t  l eas t  they do not 
have the marked trend found along the trough 
i t s e l f ,  
one of the gravity lows. The negative Bou- 
guer anomalies can be explained i n  terms of 
a c r u s t  that  is  thicker than normal or  tha t  
i s  less dense than normal. A map of rela- 
t i ve ly  low-density si l icic rocks i n  the 
western United States shows a s t r iking re- 
semblance to  the Bouguer Gravity Map.13 The 
Jemez Caldera is known t o  be formed from 
low-density s i l i c i c  rocks, which agrees with 
i t s  expression as a gravity low. 

The Nacimiento ridge of gravity con- 
tours  drops uniformly eastward across the 
Project area t o  the caldera gravity low. 
Since the gravity map i n  the project area 
is somewhat featureless, except for  the de- 
crease i n  gravity eastward which corresponds 
t o  the a t t i t u d e  of the basement rocks, it 
appears tha t  no major s t r u c t u r e s  ex i s t  i n  
the basement rocks. To the south of the 
project  area, the Jemez Springs fau l t  i s  ex- 
pressed by a small northeast trending ridge 
i n  the contours. The west-trending gravity 
trough t o  the north of the project area in- 
dicates  tha t  possibly the s t ructural  trough 
on the northeast side of Nacimiento Peak 
continues eastward into the subsurf ace. 
Seismic 

The Jemez caldera coincides with 

_ -  - 

A fringe benefit of nuclear-device 
t e s t ing  a t  the Nevada Test S i te  has been 
the opportunity t o  study the regional var- 
i a t ion  of crustal-seismic-transmission char- 
acter is t ics . l*  The compressional wave ve- 
l oc i ty  seems t o  vary i n  a systematic fashion 
with the geologic environment. l5 The veloc- 
i t y  also apparently varies with crustal  
thickness; where the crust  is thick the ve- 
l oc i ty  tends t o  be high, and where the c r u s t  
i s  thin the velocity is 1 0 w . l ~  The c rus t a l  
thickness interpreted from the seismic rec- 
ords indicates that  a c rus t a l  thinning occurs 
w e s t  of the Texas foreland, with the Basin- 

17  Range province having the thinnest crust .  
In  general, the area of c rus t a l  thinning is 

also an area of unusually high attenuation 
of seismic.wave energy.” 
wave travel-time anomalies correlate  reason- 
ably w e l l  with areas of known high heat flow. 
This has led t o  an explanation of the rela- 
tionship of c rus t a l  parameters based on a 
p a r t i a l  crustal  melting.’’ Recent labora- 
tory r e s u l t s  indicate that the relationship 
can be explained on the basis of the vari- 
ation of e l a s t i c  constants with temperature 
and pressure. 
Masne t ics 

Maps of seismic- 
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Various types of magnetic surireys have 
been performed i n  the region. 
found tha t  low-bandpass-filtered aeromagnet- 
ic  prof i les  of the s t a t i c  f i e l d  generally 
become much f l a t t e r  as one proceeds w e s t -  
ward from the plains across the Rocky Moun- 
ta in  be1t.l’ 
W e s t  r e f l ec t  the r e l a t ive  youth of the area 
and the r e l a t ive  lack of m a f i c  rocks. kro- 
magnetic maps of the western United States 
have been interpreted as indicating a con- 
tinuance eastward of the Pacific transcur- 
rent-fracture zones associated with seafloor 
spreading.12 This type of global s t r u c t u r a l  
feature would a s s i s t  i n  the explanation of 
the apparent westward offset  of the Rio 
Grande r i f t  on the south side of the Jemez 
upl i f t .  The aeromagnetic map of the project 
area r e f l ec t s  the varied geologic history 
of the area.23 The Nacimiento Mountains and 
the Jemez Plateau have north-south trending 
anomalies with subsidiary east-west trending 
anonalies. The trend of these Gomalies is 
probably controlled by metamorphic-basement- 
rock features such as the fracture pattern. 
The Jemez Caldera i s  outlined by anoaalies 
with an arcuate pattern,  especially i n  the 
area of the ring dikes. The project area 
is i n  a saddle between the metamorphic- 
generated anomalies and those associated 
with the caldera. 
. Magnetoelectric and geomagnetic pro- 
f i l e s  of the western United s t a t e s  have 
suggested that  the region has a unique re- 
action t o  magnetic events with periods of 

It has been 

The aeromagnetic maps of the 
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about 1 t o  20 minutes. 24-26 The interpre- 
t a t ion  of the c rus t a l  p ro f i l e s  is tha t  t o  
varying degrees the region is one of rela- 
t i ve ly  low e l e c t r i c a l  impedance.27 The 
relationship of the r e s i s t i v i t y  
with temperature suggests tha t  the anomalies 

28-29 are due i n  pa r t  t o  thermal enhancement. 

w e l l  with magnetic reaction maps. 
thicknesses inferred from transient magnetic 

30-31 s tudies  agree well with seismic studies. 
It appears tha t  heat-flow anomalies of re- 
gional nature can be delineated by rnagneto- 
electrics, while detailed mapping of these 
anomalies can be accomplished by geomagnetic 
~ 0 u n d i n g s . j ~  The skin effect ,  which is fre- 
quency dependent, controls the depth of 
these investigations. Geomagnetics, as an 
exploratory tool, are i n  the developmental 
stage, both from the standpoint of f i e l d  
methods and i n t e r p r e t a t i ~ n , ~ ~  It appears 
q u i t e  l i ke ly  tha t  t h i s  method w i l l  see great- 
l y  increased use i n  the solution of not only 

‘ The preliminary maps of heat flow correlate  
Crustal 

s of Pn velocity (modified 
from Archambeau 1969). Stippled 
area--heat flow uni ts  (modified 
from Sass e t  al. ,1971) 

t e r r e s t r i a l  heat-flow problems but basic 
problems of the s t ructural  features and pro- 
cesses of the ear th’s  inter ior .  

SUMMARY 
Comparison of the various geophysical 

maps shows tha t  i n  general the regional a- 
nomalies are coincident (see Figs. 2 and 3). 
Terrestr ia l  heat flow appears t o  be mainly 
a function of the thickness, thermal con- 
ductivity, and tectonic age of the c rus t .  
The seismologists have explained t h e i r  anom- 
a l i e s  as result ing from a p a r t i a l  c r u s t a l  
melting or  the emplacement of a special  rock 
type. It appears tha t  elevated isotherms i n  
the c r u s t  cause a reduction i n  the shear 
modulus and density with a result ing zonal 
reduction i n  seismic velocity and increased 
attenuation of seismic energy. Gravity-low 
anomalies can be explained by an abundance 
with depth of high-silicate l o r d e n s i t y  
rocks. Thermal enhancement of the c r u s t  
and zonal hydration of rocks at  depth o f f e r  

1200 

. 
Fig. 3. Contours of ve r t i ca l  magnetic com- 

ponent ranges i n  gamma for  a dai ly  
variation (modified from Reiteel 
e t  al. 1970). Stippled area-- 
heat flow uni ts  (modified from 
Sass e t  al .  1971). 
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a source f o r  the magnetic and e l e c t r i c  anom- 
alies . 
cipl inary approach t o  the problem of the re- 
lationship of the various anomalies has not 
been made. Several investigators have made 
commendable, but incomplete, attacks on the 

,problem. A synthesis of the geologic, geo- 
physical, and chemical fac ts  suggest a ther- 
mally-young region of predominately lowden- 
s i t y  s i l ic ic  rocks which are hydrated a t  
depth t o  give a petrographic zone with an 
unusual s ens i t i v i ty  of the e l a s t i c  and elec- 
trical properties t o  temperature and prsssure . 

I n  summary, the Rocky Mountain-Rio 
Grande trough is unique i n  the geology of 
the United States, and, t o  a large extent, 
so is  i ts  geophysics. The b e l t  marks a con- 
tinental-magnitude change i n  s t ruc tu re ,  
c rus ta l  thickness, geophysical characterist-  
ics, and t e r r e s t r i a l  heat flow. The project 
area is s i tuated near the t r ans i t i on  of the 
regional geologic s t ruc tu re ,  the geophysical 
anomalies, the heat-flow anomalies, and the 
volcanic zone. A complete understanding of 
the processes tha t  cause a l l  of these anom- 
alies t o  be coincident would be of great 
s c i e n t i f i c  importance. Certainly any mean- 
ingful  exploration and exploitation of geo- 
thermal energy w i l l  require such a basic 
understanding. 

34 

Unfortunately , a completely interdis- 
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