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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.
ploration.

These "hot spots'" are prime targets for dry hot rock ex-
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 summarized 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 the dry hot rock method, optimizing the
possibility of success means choosing a site where
impermeable rocks with usable temperatures (more
than 200°C) can be reached with minimum drilling.
This implies that areas of abnormally high heat flow
should receive first consideration in site selec-
tion. As techniques are developed and improved,

areas with lower heat-flow values may become suit-

able targets.

LOCATION AND GEOLOGIC SETTING

The Zuni Mountains cousist of a large, well-
dissected, northwest-trending anticline, the Zuni
uplift, within the Colorado Plateau province of west-
central New Mexico (Figs. 1 and 2). Although in
general, the area is sparsely populated, two pop-—
ulation centers, Grants and Gallup, are located on
the northern flank of the mountains along Interstate
Highway 40. Access to the eastern and southern por-
tions of the mountains is provided by New Mexico
Highway 53. On the west side of the mountains access
is provided by New Mexico Highway 32. Unpaved log-
ging and ranch roads provide further access within
the mountains. Much of the land encompassed by the
mountains is federally owned and is part of the
Cibola National Forest.

The Zuni uplift apparently has been a topo-
graphic high several times during geologic time.
Kelleyl believes that lower Paleozoic rocks were
deposited throughout the region and that they were
subsequently eroded during late-Devonian time.

According to Kelley,l deposition occurred during
the Mississippian Period, with uplift and erosion
during early-Pennsylvanian time. Subsidence then
occurred and deposition continued until the late-
Permian. Again uplift occurred with resulting ero-
sion. The area remained as a topographic high until
the late-Permian. Again uplift occurred with result-
ing erosion. The area remained as a topographic high
until the late-Triassic, when subsidence occurred
again. In late-Jurassic time, the Zuni Mountains
were uplifted once again and remained positive until
the early-Cretaceous when subsidence again took place,
This latest period of subsidence was terminated by the
Laramide orogeny about 63 million years ago. Kelleyl
has estimated that at that time the area was covered

bv 1829 to 3048 m (6000 to 10,000 ft) of sediments.

PRECAMBRIAN GEOLOGY OF THE ZUNI MOUNTAINS

During World War II interest in fluorite led
the U.S. Geological Survey to map in detail2 the
center of the Zuni Mountains, where deposits of this
mineral are common. Goddard's map shows that in the
southeastern portion of the mountains, the Precam-
brian core of the anticline is exposed over a large
area. Two smaller exposures of Precambrian rocks
are located to the northwest along the axis of the
anticline. These latter two exposures were not
mapped by Goddard.

Based on Goddard's work,2 a large variety of
metaigneous and metasedimentary rocks make up the
Precambrian core of the mountains. The most abun-
dant rock type is a pink-to-gray gneissic granite.
0f lesser but still major importance are metarhyo-
lite and porphyritic aplite. Other rock types are
relatively minor in abundance. The Precambrian
stratigraphic section is shown in Table I.

Most of the Precambrian rocks in the Zuni Moun-
tains are strongly foliated. In general, the folia-
tion strikes northeast to east-northeast and dips
steeply (70 to 80 degrees) to the southeast or north-
west. Several sets of Precambrian dikes ranging in
composition from hornblendite to granite cut the
gneisses approximately at right angles to the folia-
tion. Dikes of porphyritic granite generally paral-
lel the strike of foliation. Although these ortho-
gonal dikes have not yet been dated, similar ages
would suggest that they developed in a tensional

environment, perhaps due to a diaphiric rise.

PALEOZOIC AND MESOZOIC ROCKS OF THE ZUNI MOUNTAINS

Paleozoic rocks of the Zuni Mountains include
only those deposited during the Pennsylvanian and
Permian periods,3 older Paleozoic rocks having been

removed by erosion. According to Smith,3 Precam-
brian rocks are overlain by arkose and conglomerate
containing pebbles derived from the Precambrian rocks.
Included within the arkose and conglomerate are im-
pure limestone beds containing fossils of prePermian
age. Permian rocks include, in order of decreasing
age, the Abo, Yeso, Glorieta, and San Andres Forma-
tions. The Permian section has a total thickness of
about 610 m (2000 ft).3 Permian-age rocks are well
exposed where they form cuestas dipping outward from

the core of the anticline.



Composite ERTS photograph of the Zuni Mountains area, western New Mexico.
are included in the back pocket.

Figures 2 and 3 are vellum

overlays of this

photograph

and
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TABLE I
PRECAMBRIAN ROCKS OF THE ZUNI MOUNTAINS, NEW MEXICO

Inferred
Volumetric
Rock Type Importance Remarks
Biotite granite minor

Syenite very minor

Diorite and monzonite

dikes very minor small dikes

Hornblendite, gabbro
and intrusive basalt

very minor small NW
striking dikes

Metarhyolite major may be ash flow
Porphyritic aplite major stocks and dikes
Gneissic aplite minor
Porphyritic granite minor small dikes
Aplitic granite majoxr
Gneissic granite major
Quartz monzonite minor
gneiss
Quartzite very minor
Hornblende gneiss minor
Injection gneiss minor
Biotite schist minor confined to

shear zone

Mesozoic rocks are confined to the outer flanks
of the uplift cutside the area of main interest of

this report,

CENOZOIC ROCKS OF THE ZUNI MOUNTAINS

Cenozoic rocks in the Zuni Mountains apparent-
ly were emplaced during two discrete periods sepa-
rated by about 24 million years. By analogy with
the timing of other volcanic and intrusive events
along the Zuni lineament, the older period activity
occurred in the mid-Tertiary, This activity con-
sisted of the emplacement of diabase dikes along the
margins of northwest-striking Precambrian dikes and
northwest-striking faults or fracture zones. Paral-
lel dikes south of the mountains near Quemado have

To the north-
5,6

been dated at 27 million years old.4
west, diatremes are of approximately the same age.
The second period occurred in the late-Ceno-
zoic, when basalts were erupted from numerous vents
throughout the area. Since these basaltic rocks
are regarded as potential heat sources they will be
examined in detail in this report.
There are three basaltic volcanic centers with-
in the main mass of the Zuni Mountains. From north

to south these are the Cerro Colorado volcano, the

Paxton Springs volcano, and an unnamed volcano which
sits astride the Continental Divide on Oso Ridge.
For convenience, we will refer to this vent as the
Oso Ridge volcano. Numerous other centers occur on
the southern and eastern flanks of the mountains
where they make up the Bandera lava field and the
Zuni volcanic centers. Earth Resource Technologi-
cal Satellite (ERTS) photographs of this area indi-
cate multiple periods of volcanic activity within
these fields. To the north, just outside the moun-
tains, is El1 Tintero volcano which erupted the Blue-
water flow, a tholeiitic basalt. Northeast of Grants
is the Mt. Taylor volcanic center. As was discussed
by Laughlin et al.,7 all these centers except Mt.
Taylor erupted only basaltic magmas. Mt. Taylor
erupted a complete series of magmas ranging from
basaltic to rhyolitic in composition. Although the
centers within and south of the Zuni Mountains
erupted only basaltic magmas, the compositional range
was large7—10 and alkalic to tholeiitic magmas were
erupted from centers only a kilometer or so apart.
This diversity of composition suggests that a com-
plex plumbing system was operative during the erup-
tive history of the area. Compositional differ-
ences also suggest that different depths within the
mantle were tapped during these eruptions. The
importance of this will be discussed below.
Volcanism in this region has apparently con-
tinued for a period of several million years. In
the immediate area, the oldest volcanic features
are a series of late-Pliocene (about 3 million years
old)1l basaltic plugs which dot the valley immedi-=
ately east of Mt. Taylor. These plugs contain ultra-
mafic inclusions indicating that the source for the
magma was in the mantle. Slightly later, at 1.38
million years before present,4 a large fissure erup-
tion of tholeiitic basalt occurred south of the
mountains within the Zuni centers. This material
filled the valley before it flowed westward 48 km,
crossing the Arizona state line. Within the Bandera
lava field on the southern flank of the Zuni Moun-
tains, the surface flow exposed beneath Bandera
Crater has an age of 0.188 million years.4 The
remainder of the centers within this field are con-
siderably younger. On the basis of archeological
evidence, the youngest flow in the field, the
McCarty flow, was erupted at about 700 A.D.12 Thus
within this area volcanism continued for about 3

million years, terminating at about 700 A.D.




The greatest part of the activity probably con-
sisted of fissure eruptions of tholeiitic basalt,
although pyroclastic eruptions of alkali basalt
have produced more spectacular features. Actual
vents can not be recognized for many of the flows,
but the orientation of cinder cone alignments sug-
gest that, for the Zuni centers and Bandera lava
field, northeast-striking fractures were the con-
trolling features for the vent locations.7 Some of
these orientations are so striking that no doubt
exists as to the presence of the controlling frac-
ture. (For example, the chain of seven cinder cones
southwest of Bandera Crater is obviously aiigned
along a northeast-striking fracture.)

Within the Zuni Mountains, the Cerro Colorado
and Paxton Springs volcanoes are located on morth-
south-striking faults which cross the axis of the
anticline at an angle of about 45 degrees. The lo-
calizing feature for the Oso Ridge volcano is un-
known at this time.

Strontium isotopic evidence,lO and the presence
of ultramafic inclusions in the cinders from Bandera
Crater,lo indicate that this volcano also tapped the

mantle.

EVIDENCE OF HIGH GEOTHERMAL GRADIENTS WITHIN THE
ZUNI MOUNTAINS

Both direct and indirect evidence exists for
the presence of high geothermal gradients within
the Zuni Mountains. Direct evidence for the exis-
tence of high heat flow in the Zuni Mountains is
the anomaly shown on Reiter et al.'sl3 heat-flow map
of New Mexico. Their map shows two linear anomalies
within the state, one along the Rio Grande rift and
the other a northeast-trending anomaly extending
from the Arizona-New Mexico state line to the Zuni
Mountains. Most of the Zuni Mountains would be en-
compassed by this latter anomaly.

Indirect evidence consists of the presence of

the three volcanic centers within the main mass of

the mountains and numerous centers around the flanks.

These centers, active from 3 million years ago up to
essentially the present, have acted as long-term
heat sources. Structural control of vent locations
by faults or fractures suggests that at depth large
dikes may be common. Such features would increase
the amount of thermal perturbation over that pro-

duced by cylindrical conduits. The diversity of

chemical compositions of the basalts over short hori-
zontal surface distances would indicate that many
distinct linear feeders were operative during the
volcanism. This would again increase the amount of
thermal perturbation relative to simpler settings
with a single feeder. These thermal effects must be
added to the regional heat flow of about 1.2 heat-
flow units (HFU) for the Colorado Plateau.
Additional indirect evidence is provided by an
examination of the tectonic setting of the Zuni
Mountains., These mountains are aligned in a north-
west direction along the Zuni lineament, which ex-
tends from the Big Bend region of Texas to the high
plateaus of Utah. A second lineament, the Jemez
zone or Globe mineral belt,14 intersects the Zuni
lineament at the southeast end of the mountains.
These lineaments, which originally were defined
(mainly by economic geologists) on the basis of sev—
eral criteria have one feature in common. The crite—
ria used to delineate them are related to thermal
perturbations. For example, the Zuni lineament is
marked by such diverse features as igneous dikes,
volcanic centers, ultramafic inclusion localities,
diatremes, and minor lead deposits. The dikes, vol-
canic centers, inclusion localities, and diatremes
are clearly thermally produced features. These fea-
tures also give some indication of the depths tapped
by the lineament. Strontium from basalts in the
Zuni Mountains has isotopic ratios typical of mantle-
derived material.lo Ultramafic inclusions from
Bandera Crater and from the Rio Puerco sites also
indicate that the mantle was the source of the inclu-

10,15 The lead deposits

sions and their host basalts.
have lead isotopic ratios which indicate that the
lead was transported from the mantle at two distinct
times:16 one 1700 million years ago and one during
mid-Tertiary time. Transport upward of the lead
from the mantle by whatever means is also a ther-—
mally driven process. The validity of this younger
period of thermal activity is confirmed by mid-
Tertiary potassium-argon ages on dikes parallel to
the Zuni lineament.

The Jemez zone also has apparently tapped the
mantle. Ultramafic inclusion localities have been
found southwest of the Zuni Mountains near Globe,
has obtained mantle strontium iso-—

Arizona. Hedgel7

topic ratios on the basalts from this locality.



We believe that these lineaments represent
breaks or zones of weakness in the Precambrian base-
ment rocks which have repeatedly been reopened as
the stress fields have changed during geologic time.
When these zones are placed in tension, material may
move up from the mantle transporting energy as well
Such features are

as mass to or near the surface.

clearly prime candidates for dry hot rock sites.

POSSIBILITY OF A BURIED PLUTON UNDER THE SOUTHWEST
FLANK OF THE ZUNI UPLIFT

Geophysical, geological, and ERTS photographic
evidence is available that suggests that a large
buried felsic pluton is present beneath the south-
western flank of the Zuni uplift.

Throughout the western United States, negative
gravity anomalies are found associated with felsic
plutons. Within New Mexico such anomalies are co-
incident with the locations of the Valles Caldera
and Mt. Taylor. Both of these volcanoes erupted
felsic magmas and some typeof buried magma chamber
or pluton is certainly present beneath both. The
Transcontinental Geophysical Survey Bouguer Gravity
Map (USGS Misc. Geol. Invest. Map I-533-13) shows a
prominent negative anomaly of about 20 mgal beneath
the southwestern flank of the uplift. Although this
survey extended only as far south as 35°N latitude,
so that the contours are open to the south, no
doubt in the validity of this low exists. The grav-
ity map of WOollardl8 also confirms its existence.
In magnitude, the anomaly is comparable to those
associated with Mt. Taylor and the Valles Caldera.
In areal extent, even disregarding the 35°N cutoff,
it exceeds both of these other anomalies.

Strong support to the presence of a buried
pluton is provided by ERTS imagery. The September
26, 1972, multiband image of this area shows an ellip-
tical feature roughly 58 by 43 km, coincident with
the gravity anomaly. The major axis of this feature
is oriented east-west. Even better resolution of
the feature is provided by the black and white ERTS
mosaic of the state of New Mexico. A portion of
this photo has been reproduced as Fig. 1. Overlays
showing geologic interpretation of the area and
the Bouguer gravity data are included as Figs. 2
and 3. The southeastern margin of this ellipse is
approximately coincident with the northeastern

portion of the chain of seven cinder cones extending

southwest from Cerro Bandera. The Continental Divide

follows the crests of this chain of cones. Proceed-
ing northward, the eastern boundary of the ellipse
is marked by the north-south-striking faults along
which the Paxton Springs and Cerro Colorado volcanoes
are located. A fault separating Precambrian-age
from Paleozoic-age rocks forms the northern boundary
of the ellipse. The western and southwestern bound-

aries are delineated by drainage systems.

DRY HOT ROCK POTENTIAL OF THE ZUNI MOUNTAINS

The initial criterion that must be met by any
possible dry hot rock site is that a rock tempera-
ture of about 200°C can be reached within economic

drilling depths. The Zuni Mountains fall within a

large region with a heat flow between 2 and 2.5 HFU.l4
Even without the effects of the possible buried plu-
ton, the regional heat-flow values suggest that sites
with the necessary geothermal gradient may be found
in or near the Zuni Mountains. If the felsic pluton
exists, it, like the basaltic volcanoes, would repre-
sent only local "hot spots" superimposed on the
regional high.

The second criterion is that impermeable rocks
are present. Experience from the Fenton Hill Site
indicates that, in Precambrian basement rocks,
fractures become better sealed with depth. Fracture
zones may still exist but long intervals of imperme-
able rock are available for hydraulic fracturing. The
Laramide-age fluorite mineralization found in the
Zuni Mountains suggests to us that we may have even
better chances of finding impermeable rock in the
Zuni Mountains than at Fenton Hill. The solutions
which deposited the fluorite moved upward through
the Precambrian rocks, depositing this mineral along
fractures and shear zones. It is likely that the
deposition process sealed available fractures rend-
ering them impermeable. Since fluorite is usually
deposited at relatively shallow depths and lower
temperatures, we would expect the nature of the
fracture fillings to change with depth. These deeper
fracture fillings could include sulfide minerals ame-
nable to solution mining during energy extraction.

It should be noted that the Zuni area is one of
low seismic activity. This is important from two
aspects. The potential for seismic events being in-
duced by the downhole injection of fluid is appreci-

ably less in a tectonically quiet area. Secondly, a
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Fig. 3. Bouguer gravity map of northwestern New Mexico. Adapted from U.S.G.S. Map I-533-B. Overlay may be matched to the photograph (Fig. 1)
using the Arizona-New Mexico state line and the small cross.



quiet seismic area provides the environment necessary
for the healing of the natural fractures.

The geographic location of the Zuni Mountains
is such that if either electrical or thermal energy
can be produced a ready market is available. The
towns of Grants and Gallup are obviously potential
consumers of any electrical energy produced. With
the presently available transmission network even
Albuquerque must be considered a possible consumer.
The uranium extraction industry centered at Grants
is a large consumer of thermal energy. If produc-
tion of thermal water could be sited close enough
to Grants, this industry should be regarded as a

potential consumer.

CURRENT LASL WORK IN THE ZUNI MOUNTAINS AREA

A very modest site-evaluation program has been
started in the Zuni Mountains. Some of this work is
related to student thesis projects directed by
Laughlin while at Kent State University. OQOur cur-
rent work is summarized briefly below.

A. Literature Search

Relatively few papers or maps have been publish-
ed on the geology of the Zuni Mountains, These have
been collected and data from them compiled. The
USGS topographic maps and aerial photographs have
been obtained for areas of major interest.

B. Geologic Investigations

Hand samples have now been collected of all
Precambrian rock units shown on Goddard's map.
Specimens were also collected of two mid~Tertiary
diabase dikes shown on his map. Thin sections are
now being prepared of these samples, and petro-
graphic work will begin shortly. Aerial-photograph
interpretation will begin during the fall and winter,
1975-76.

C. Geochemical-Geochronological Investigations

Geochemical studies in the Zuni Mountains have
been aimed primarily at characterizing the meta-
morphic and igneous rocks exposed in the core of the
mountains. Samples of these units are now being
examined to select fresh, unaltered samples for
chemical analysis. The results of these analyses
will be used both for characterization of the rocks
and for comparison with the Precambrian rocks from
GT-2. Because of the prior emphasis on the Cenozoic
basalts as discussed above, we are concentrating our

efforts on the Precambrian and mid-Tertiary rocks.

Although much geochronological work is planned,
our work to date has been directed at determining
the time of initiation of volcanism. A cooperative
program has been started with Paul E. Damon of the
University of Arizona to obtain potassium-argon ages
on the basalts. Results have been obtained from the
first group of samples. Samples of the mid-Tertiary
dikes have also been sent to Damon for dating in an
attempt to determine the time at which the stress
field had this orientation.

D. Geophysical Investigations

Our geophysical work has been limited to the
drilling of two shallow heat-flow holes near the
Paxton Springs volcano. We hope to complete about
six holes in that area and several others to the

northwest within the exposed basement rocks.

RECOMMENDED EVALUATION PROGRAM FOR A DRY HOT ROCK
DRILL SITE IN THE ZUNI MOUNTAINS

Geothermal evaluations within the Zuni Moun-
tains may be subdivided into three broad types:
geological, geochemical-geochronological, and geo-
physical. A wide variety of techniques can be ap-

plied within each of these groupings.

A. Geological Methods

l. General geological mapping of Precambrian

exposures in the Zuni Mountains. Included herein

would be a careful rechecking of the Precambrian
exposures mapped by Goddard.2 The two other major
Precambrian exposures within the Zuni Mountains
should also be mapped at the same scale used by
Goddard. Cross sections across the axis of the
anticline should be prepared showing projected depths
to the Precambrian basement where it is covered by
younger rocks.

2. Detailed petrographic studies of Precambrian

rocks within the Zuni Mountains. Thin sections

should be prepared of each of the Precambrian units
and standard modal analyses performed on these rocks.
If possible this work should be combined with other
geological studies to allow prediction of the rock
types to be expected at given depths.

3. Fracture studies. Fracture orientations

and frequencies within the Precambrian rocKs should
be determined at all possible scales, beginning with
microfractures and extending through field measure-
ments and aerial photography to the 1:250,000 scale

of ERTS photographs. Rose diagrams should be




prepared of fracture orientation at each scale and
compared to attempt prediction of future hydraulic
fracture directions.

4. Foliation and lineation studies. Detailed

studies should be made of the orientations of all
planar and linear aligmments of minerals within the
Precambrian rocks. These results should be corre-
lated with the fracture studies to assist in fracture-
direction prediction.

5. Delineation of faults and determination of

fault movement. Numerous faults are shown on

Goddard's map,2 but in most cases dips are not shown
nor are relative motions on the faults. Because of
problems related to induced movement along faults,
these features must be carefully mapped. Those areas
not mapped by Goddard should be carefully examined
for the presence of faults, and relative motiondeter-
mined. Both ground mapping and photographs should
be utilized to locate these features.

6. Mapping of Tertiary dikes. Goddard's map

shows several Tertiary-age dikes distributed along
the borders of Precambrian dikes. These features
should be checked for their presence. These bodies
should be studied petrographically and an attempt
should be made to relate their orientation.to the
stress field within the Zuni Mountains.

7. Detailed mapping of fluorite bearing veins.

should be sought to test this possibility. In par-
ticular, geomorphological evidence obtained from

both airborne and satellite imagery and from normal
ground mapping should serve as a test for the theory.
If the pluton is only shallowly buried, evidence for
its existence may be provided by hydrothermal altera-
tion of the overlying rocks. Geochemical and geo-
physical tests will be discussed below.

B. Geochemical-Geochronological Methods

1. Major- and trace-element chemistry of Pre-

cambrian rocks. All Precambrian rock units should
be chemically characterized with respect to both
major and trace elements. These data are necessary
for both classification purposes and to anticipate
problems related to solution if a two-hole energy
extraction system is eventually established.

2. Major- and trace-element chemistry of Ceno-

zoic dikes and flows. Because a large hydraulic

fracture could intersect some of the numerous Ter-
tiary dikes or feeders of the late-Cenozoic basaltic
flows, these rocks should be chemically character-—

9
ized. Dellechaie has completed a thorough study

of the chemistry of the basaltic flows. Most of
this effort should therefore be spent on the mid-
Tertiary dikes.

3. Major- and trace-element chemistry of fluo-

rite deposits. The presence of large vein-type

The original purpose of goddard's map was to delin-
eate the location of Laramide-age fluorite veins.
These features should be examined in detail because
of possible relations to economic mineral deposits
recoverable by solution-mining techniques. The ori-
entation of these features may also give some clue

as to the orientation of the Laramide stress field.

8. Determination of the existence of a buried

fluorite deposits within the Zuni Mountains suggests
that other mineralization types may also be present.
Detailed chemical studies should be performed on
these fluorite deposits to determine if any metals
may be recovered from them as by-products of energy
extraction.

4. Radiometric dating of Precambrian rocks,

Tertiary dikes, fluorite deposits, and late-Cenozoic

felsic pluton beneath the southwestern margin of the

flows. For several reasons radiometric dating should

Zuni Mountains. Gravimetric data and ERTS imagery
suggest that a large 58-km by 43-km felsic pluton
lies buried beneath the southwestern flank of the
Zuni uplift. The gravity anomaly in this area is
~comparable to those exhibited by the late-Cenozoic-
era Mt. Taylor volcano and Jemez Caldera. If the
existence of such a buried pluton can be demonstrated,
then a very significant heat source is present within
the area. This additional heat source superimposed
on what is already believed to be a thermal anomaly
greatly increases the potential of the ZuniMountains

as a dry hot rock drill site. Geologic evidence
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be performed on the above units. Dating of Pre-
cambrian units will allow correlation with other
Precambrian rocks from New Mexico, Arizona, and
Colorado. This information in itself is of con-
siderable value to the geologic community. Since
there are several Precambrian dikes present within
the Zuni Mountains, dating of these rocks will allow
determination of the orientation of the stress field
at specific points in geologic time. For the same
reason the Tertiary dikes and the fluorite veins
should also be dated. The late-Cenozoic basaltic

flows with their feeders are one of the heat sources



which may contribute to the geothermal anomaly with-
in this area. Although some of these flows are too
young to be dated by the potassium-argon method,
where possible the older flows should be dated to
provide information on the duration of the thermal

perturbation,

5. Time-temperature profiles across dikes and

wall rocks. Potassium—argon and fission-track dating
should be used to construct time-temperature profiles
across these igneous rocks and the wall rocks they
intrude. This information will permit evaluation of
the scale of the thermal perturbations. (This work
will be done in collaboration with Dr. Robert Forbes
of the University of Alaska and Dr. Charles Naeser
of the U. S. Geological Survey.)

C. Geophysical Methods

Considerable literature exists on the relation~-
ship of various geophysical parameters and the ther-~
mal enhancement of a number of areas. Refinement of
this relationship will allow a more organized and
efficient evaluation of a particular geothermal po-
tential,

1. Gravity studies. Correlations have been

made between high terrestrial heat flow and negative

19,20 High values of heat

Bouguer gravity anomalies.
flow can often be attributed to the emplacement at
depth of low-density silicic rocks which have a rel-
atively high thermal conductivity and thermal gen-—
eration due to a high content of natural radioactive
elements.21 The trends observed in the gravity maps
suggest that geologic features such as the Zuni Moun-
tains and the Valles Caldera are related at depth.
The existing gravity maps, which are based on a
regional-scaled station spacing, would be detailed
in areas of particular interest for a delineation of
the suspected relationship., The maps would be sub-
jected to computer analysis for second-derivative
residuals and harmonic components.

2. Geomagnetic studies. High terrestrial heat

flow and low electrical resistivity in the deep crust
or mantle have been correlated with upwelling of the
1000°C isotherm.zz—35 Maps of the crustal electric
conductivity can be drawn bv measuring the natural
transients of the electromagnetic and electric fields,
The reaction of a station to events with periods
ranging from minutes to several hours allows investi-
gations from a few hundred meters to several hundred

kilometers in depth. The ability forgstudies at

great depth allows one to map the configuration of
the 1000°C isotherm, the temperature at which several
physical properties of rock began to change. Ridges
or upwelling in the 1000°C isotherm will be reflect-
ed in elevated values of heat flow at the surface.
The use of transients with various frequencies gives
a map which can be interpreted as a contour map of
relative temperatures from depth to near surface.

The relationship of the Zuni area to thermal
enhancement will be investigated by the use of geo-
magnetic depth-sounding techniques in conjunction
with magnetotelluric stations at locations antici-
pated for geologic reasons to be critical in the
overall interpretation.

3. Heat-flow measurements. The program for

heat-flow measurements will proceed in two stages.
Locations of the first set of heat-flow stations
will be based on fundamental geologic considerations.
The current level of knowledge of the area will
allow a mapping of many of the major heat-flow fea-
tures. The second set of stations will be located
to test the results of the geomagnetic studies, es-
pecially to check the existence of any thermal
ridges or trends mapped.

4. Detailed site investigations. Once a par-

ticular local area is selected, based on large area
studies, detailed geophysical site investigations
will be necessary.

a. Microseismic-earthquake activity of the
area will be monitored for a period of several
months to detect any current tectonic activity or
"noise' that is normally associated with active hy-
drothermal systems.36

b. Seismic-reflection surveys will be uti-
lized to delineate the geologic subsurface structure
--especially faults. The spatial distribution of
faults will give some insight into the geologic
history and in particular the tectonic history of
the area. Knowledge of the tectonic history will
aid in predicting the orientations of induced frac-
tures.

c. Electrical-resistivity surveys. The area

of the site will be surveyed by measuring the resis-
tivity as a function of depth, utilizing controlled
surface energy sources. The survey will provide a
further evaluation of the possible existence of an

active hydrothermal system. To some extent
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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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