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FOREWORD

This report summarizes the results of geothermal energy
resource assessment work conducted by the New Mexico Statewide
Geothermal Energy Program during the period September 7, 1984,
through February 29, 1988, under the sponsorship of the U.S.
Department of Energy (Grant No. DE~FG07-84ID12546) and the State
of New Mexico Research and Development Institute (Contracts 2-74-
4207, 2-74=-4212, 2-75-5204, and 2-75-5605). The research program
was administered by the New Mexico Research and Development
Institute and was conducted. by professional staff members at New
Mexico State University and Lightning Dock Geothermal, Inc.

The report is divided into four chapters, which correspond
to the principal tasks delineated in the above grant. This work
extends the knowledge of the geoﬁhermal energy resource base in
southern New Mexico with the potential for commercial applica-
tions.

We acknowledge the }effolrts of Rose Mary Carrera, Joyce
Miller, and Gloria Vasquez, who assisted in the typing and prepa-
ration of the initial vdrafﬁ of Chapi:er 1; Barbara Romero, who
provided drafting assistgnce for the illustrations in Chapter 1:

Ramona Lujan, who provided assistance in many aspects of the

preparation of the report; and Audrey Lopez, who typed numerous

‘drafts and the final version of the complete manuscript.

- Larry Icerman

Stephen K. Parker
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CHAPTER 1

GEOLOGIC, GEOHYDROLOGIC, AND THERMAL SETTINGS OF
SOUTHERN NEW MEXICO GEOTHERMAL RESOURCES*

1.0 Introduction

This chapter integrates published geoscience information
into a geothermal overview of southern New Mexico. Three infor-
mation categories are used: (1) geologic, (2) groundwater, and
(3) subsurface temperature. éategory selection comes from the
essential elements of geothermal systems, all of which have a
heat source, a circulatibn framework or storage reservoir, a
recharge source, and a discharge mechanism. Geologic data define
structures and stratigraphy which establish the circulation and
storage in geothermal systems. Groundwater information defines
the recharge sources and the nature of discharge. Subsurface
temperature and heat flow provide information on heat content
and thermal dynamics. Analysis of these diverse data facili~
tates the prediction of resource occurrence. This discussion
provides a framework for planning, explo:_:'ation, and research that
willfcontributé to future dévelopment of geothermal resources in
southern New Mexico. Mapé and discussions presented in this
chapter are designed to suppiement and cémplement previous compi-

lations.

* Thevprincipal authors of Chapter 1 are James C. Witcher, Staff
Geologist, Rudi Schoenmackers, Director, and Jack Whittier,
Program Manager, New Mexico State University Energy Institute.
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1.1 Baékground

1.1.1 Study Area

The study area encompasses Catron, Dona Ana, Grant, Hidalgo,
Lincoln, Otero, Sierra, and Socorro counties in southwestern New
'Mexico.k This area is a part of the southern Basin and Range
" physiographic province (SBRP). Portions of two sections of the
SBRP, the Mexican Highland and the Datil-Mogollon section, are
‘present. The latter is transitional with the Colorado Plateau
(see Figure 1l-1l). The eastern portion of the Mexican Highland
section in south-central New Mexico is often referred to as the
southern Rio Grande rift (SRGR) tectonic province.

In the Mexican Highland section, north and northwest strik-
ing mountain ranges, between 5,000 and 10,000 feet (1,524 and
3,048 m) in elevation, are separated by generally undissected
alluvial plains 3,500 to 4,500 feet (1,067 to 1,372 m) in eleva-
tion. 1Internal drainage exists for most southwestern New Mexico
basins except for basins astride the Rio Grande. Lucero, Playas,
and Animas playas typify the internal drainage of the region.
| "The Gila and San Francisco River drainages entrench the
Datil-Mogollon section, 5,500 to 10,500 feet (1,676 tb 3,200 m)
in elevation, to form deep and rugged canyons between mountain
ranges and adjoining mesas.. ﬁes# surfaces represent former
alluvial piains and pediments priqr to drainage entrenchment or
integration with régibnal stream systems. The Plains of San
Agustih west of Socorro is an'undissected exception with iﬁternal

drainage into the San Agustin playa.
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Figure 1-1. Location maps of the study area. The boundaries of
: the study area are: on the north, the Catron,
Socorro, and Lincoln county lines; on the south, the
. : New Mexico-Texas-Mexico border; on the east, the
_ Lincoln and Otero county lines; on the west, the New

Mexico=-Arizona border.
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1.1.2 Previous Studies

New Mexico geothermal resource maps published at 1:500,000
scale provide excellent sources\of information (Swanberg, 1980;
Swanberg, 1983). Important regional geothermal resource discus-
sions include Summers (1976), Mariner and others (1977), Swanberg
(1979), Callender (1981), Morgan and Daggett (1981), Morgan and
others (1981), Elston (1981), Lohse (1982), and Norman and
Bernhardt (1982). Several site-specific geothermal discussions
present survey technigues or models (Swanberg, 1975; Jiracek and
Smith, 1976; Sanford and others, 1979; Dellechaie, 1977; Chapin
and others, 1978; Callender, 1981; Elston and others, 1983; Gross
and Icerman, 1983; Icerman and Lohse, 1983; Snyder, 1986; Gross

and Wilcox, 1981).

1.2 Geology

This discussion focuses on geologic features well known to
economic geologists. Many ore deposits were formed from ancient
geothermal systems; These deposits 6ccur where the crust has
been extensively fractured and the rock has favorable chemical,
mechanical, or fluid transport properties. Present-day systems
are no exception. Highly fractured rocks adjacent to faults and
folds, along cauldrdn ringéfracture'zonés*and,on the margins of
intrusions, may provide important vertical conduits to underlying
geothermal reservoirs. |

large, silicic intrusions less than one million yeérs old
may drive some geothermal systems by releasing large quantities

of heat over relatively small areas. Other systems derive heat




from diffuse sources in the mid-to-lower crust and upper mantle.
Deep~-seated regional heat may result from mechanical thinning of
the lithosphere, magmatic underplating, or lithosphere extension
by basaltic diking at lower crustal levels (Lachenbruch and
Sass, 1978). Abnormal diffuse heat is also possible from high
radiogenic heat production by some plutonic rocks.

Several types of rocks may provide reservoir hosts. Crys-

talline basement rocks, when fractured sufficiently to create

good permeability, make excellent reservoirs. Carbonate rocks,

limestone and dolomite, may break when deformed to create frac-
ture permeability. Dissolution of limestones creates solution
porosity, which will enhance fracture permeability. Course-
grained clastic rocks have excellent intergranular porosity,
depending on clay content, sorting, and lithification. Older
sequences of clastics are usually very lithified but these se-
quences may have secondary-fracture or solution permeability.
Shales and clay-rich clastics act as aquitards. Clay-rich
rocks have low primary permeability, do not fracture when de-
formed, and are relatively resistant to disseolution. Fine-
grained, clay~-rich clastics are important in three respects.
First, these rocks have low permeability and act as reservoir
caps to prevent mixing of deep hot water with ehellow colder
water. Secondly, clay-rich rocks tend to have low thermel cone
ductivity. As a result, high temperature gradients may occur
even in areas with regional or normal heat flow. Thirdly; cleys
have high porosity which allows storage of large quantities of

fluid. Complex depositional heterogeneity causes clastic se-




quences to show much greater horizontal than vertical permeabili-
ty. This anisotropicity is important in understanding groundwa-
ter flow and flow relationships with geothermal resources.

Volcanic rocks may act as either reservoirs or as imperme-
able cap rocks. Unaltered basaltic rocks may have excellent
permeability between flow units and along Jjoint fractures.
Silicic domes and vents may show fracturing favorable to vertical
fluid transport.

l1.2.1 Pre~Cenozoic Basement Geology

The study area is highly anisotropic. Northwest (~N30W),
west-northwest (~N60W), and north-south outcrop patterns, struc-
tures, and isopachs are common. ‘In some areas, a northeast
(~N30E) fabric is also evident (see Figure 1=-2). All of these
trends probably have a Precambrian origin.

The earliest Precambrian crust formed around 1.7 Ba. At
that time, a thick eugeosynclinal package of sediments and volca-
nic rocks was deformed, metamorphosed, and accreted from the
southeast to the edge of the incipient North American craton
(Condie, 1982). Suturing, thrusting, and métamorphic transposi-
tion within this accreted terrane probably reéuited in a north-
east-striking fabriec. | | |

Partial,meltihg of the crust;vitween 1.4 and 1.5 Ba, re-
sulted in the emplacement of discordant, potassium-rich granite
batholiths (silver,‘1978; Condie and Budding, 1979: Anderson,
1983). These granite bodies comprise a siQnificant'fracfion of
the upper crust and add imporﬁant radiogenic heat to the crust.
Apparently, these granites annealed only a portion of the north-
east-trending fabric. Regionally, seVeral large-scale, but some-
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Geological Society (1982), Seager (1983), Titley
(1976), Vroman (1976), and Woodward (1984).




what diffuse northeast-striking zoneé,'a:e the locus of Cenozoic
volcanism (Laughlin and others, 1979; Chapin and others, 1978;
Woodward, 1984). The geothermally important Jemez volcanic zone
(see Figure 1-2) is one gxample (Laughlin and others, 1979).
Precambrian west-northwest striking shear zones are also

very prominent. In Arizona, to the west of the study area, these

- zones cut l.4- to l.5-Ba granite batholiths. In some instances,

these ;hear zones - are intruded by 1.1-Ba mafic dikes (Swan,
1982); These west-northwest, vertically-oriented, shear zones
also exhibit lateral displacements in addition to vertical off-
sets.

Large-scale anisotropicity in southwest ﬁew Mexico is pre-
dominantly north-south or west-northwest in orientation. Late
Cenozoic rejuvenation of Precambrian structures provides poten-
'tially important fiactured volumes in Precambrian cfystalline
rock for geothermal systemns. Deeply penetrating structures
developed during the PrecambrianAmay,provide avenues for magma
intrusion at Socorro (Chapin and others, 1978).

‘?aleozoic sedimentation patterns.generally conform to Preé
cambrian structufal trends (Sée Figure 1-3). Paleozoic isopachs
exhibit nofthwest and northéaSt linéations. Tﬁese trends mimic
Precambrian structuralygrains;, This sédimentation was typical of
a cratonic setting; as only‘epeiorogenic subsidence and uplift
was the rule until Pennsylvanian time (Kottlowski 1963). |

In the study area, gouth and southwest of Truth or CGnse-
quences (seé Figure 1-4), a Cambrian to Ordovician, marine sand-
stoné rests nonconformably upon. Precambrian crystalline rocks
(Kottlowski, 1963). Interbedded marine shales, sandstones, and
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Figure 1-3. Paleozoic and Cretaceous isopach map. The Paleozoic
data are from Kottlowski (1963) and Thompson (1982).
The Cretaceous data are taken from Thompson (1982).
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Figure 1-4. Representative stratigraphic sections for southwest,
south-central, and west-central New Mexico ([After
New Mexico Geological Society (1982)].
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carbonate rocks overlie the basal Paleozoic sands, while carbon-
ate rocks become dominant higher in the Paleozoic section.
Sediments exist for all periods except for the Silurian in ex-
treme western New Mexico, although numerous unconformities are
present in lower and mid-Paleozoic sequences. North of Truth or
Consequences either Mississippian or Pennsyivanian strata noncon-
formably overlie Precambrian basement rocks.

In general, the Paleozoic section increases in thickness
from north to south. In the Socorro area, Paleozoic strata are
less than 1 km in thickness, increasing southward to more than 2
km in the Orogrande basin (see Figures 1-3 and 1-5) in southern
New Mexico (Kottlowski, 1975; Jordan, 1975). To the west, more
than 3 km of mostly carbonate strata occupy the Pedregosa basin
of southwest New Mexico (Greenwood and others, 1977). Between
the Penns&lvanian-?ermian Orogrande and Pedregosa basins, the
section thins or is absent. This prominent west-northwest-strik-
ing positive area, known as the Deming axis (see Figure 1-5),
traverses the present-day Burro and Florida Mountains (Turner,
1962).

Collisional tectonics  of' the Quachita-Marathon orogeny
apparently reactivated Precambrian structures “in-board on the
North American craton to form the Pennsylvanian-Permian uplifts
and basins (Kluth and Coney, 1981). The north-south grain of the

Rio Grande rift may have been enhanced by the Pennsylvanian—

Permian deformation (Chapin ‘and Seager, 1975)

1-11




37— A . —— . |
PARADOX l
H UNCOMPANGRE
LANDMASS
— AR
1ZONA I SIERRA I —30
GRANDE
, ARCH
DEFIANCS-
428 manriars | Lo .
A-MUDFLATS | LAN
(PENN-PEIM) DMas
38—
i TUCUMCARI-
PALO BURA
BASIN
NOLEBROOK ’
BASIN
) AROD
- ) Q Ro- OELTA-MUDPLATS
Q (PERM) ' —3
PEIDLANAL —
1 LANDMASS ADOR 88CH
Aso
SILTA-MUDPIATS
— Y™y
—
~— ~ MIDLAND
1
'(‘L'Iv
% SASIN
#LORIDA . DILAWARE
— . 1SLANDS SASIN
PEDREGOSA | \ —32
SasIN - S DIASLO
~. —— PLATFORM
~
| \. . ' \ ' ' ‘
. N 108
n2 108
| | | [] o8 om1
110 "

Figure 1-5. Late Paleozoic paleogeography [After Kottlowski
(1963) ; Kottlowski (1969):; Turner (1962)].

1-12




Paleozoic contributions‘to’presenﬁ-day geothermal potential
are mainly stratigraphic. Several importanﬁ units provide poten-
tial reservoir hosts, especially along major Mesozoic and Ceno-
zoic structures. Paleozoic strata with the best potential to act
as geothermal aquifers are the same as those identified as having
potential to be o0il and gas reservoirs. Potential reservoirs
include the Ordovician Ei Paso Formation and the Montoya Group
carbonate éequences, ‘the Silurian Fusselman Dolomite, and the

Pennsylvanian-Permian shelf and reef carbonate rocks (Greenwood

and others, 1977: Chapin and bthers, 1978; Thompson, 1982). The

Devonian Percha Shale and various clayey units within Missis-
sippian and Pennsylvanian-Pemian. sequences pfovide relatively
impermeable caps for potential reservoirs.

Triassic and Jurassic rocks are mostly missing in southern
New Mexico. However, harine sediments of Jurassic age aré known
in a deep drill hole near Las Cruces (Thompson and Bieberman,
1975). To the west of the study area, in Arizona, outcrops of
Jurassic rocks indicate the presence of a magmatic arc at Bisbee
(Titley{ 1976; Dickinson, 1981). othef Triassic ahd Jurassic
sequences in soutﬁeast Arizona document reactivation of the
regional west-northwest structural grain (Titley, 1976). Predom-
inantly vertical tectonism is implied bf sedimentation patterns
and by the.unconformablevrelationships‘among Paleozoic and Meso-
zoic depésits. 'Similér.deformation may extend along structufal
trends into southwest New Mexico even though stratiéraphic evi-

dence is lacking at present.
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Strong evidence for tectonism during early Cretaceous, along .
the west-northwest structural grain, exists in both southwest New
Mexico and southeast Arizona. Stratigraphy, unconformable rela-

tionships, and provenance of the lower Cretaceous Bisbee Group

B indicai:_es 'major vertical tectonism aiong west~-northwest struc-

tures (Titley, 1976; Bilodeau, 1982; Mack and others, 1986).
Lower Cretaceous carbonate rocks inay have potential to act as
reservoirs.

l1.2.2 Laramide Geology

Upper Cretaceous marine and continental clastic sediments,
thé Mojado, Colorado Shale, and McRae .Formations} crop out at
scattered locations throughout the study area. In southwest New
Mexico, a 1= to 2-km clastic wedge, the Mojado Formation may
record foreland deposition from an initial and advancing Laramide
orogen to the west (Mack and others, 1986). The Mojado Formation
has only minor potential as a reservoir. The Colorado Shale and
McRae Formations are impetmeable ;:onfining units.

The Laramide érogeny ruptured the study area into west-
northwest and north-south stru'ctures; however, much discussion
and controversy centers on the nature of this &efdrmation. Three
general models 'arve currently débated. Corbitt and Woodward

(1973), Drewes (1978), and Drewes (1981) argue for large horizon-.

- tal disblacements via thrusting and extend the Cordilleran fold.

and thrust belt across the southern part ‘of the study area.
Jones (1963), Keith and Barrett '(1976), Davis (1979), Brown and
Clemons (1983), Seager (1983), and Seager a_nd‘ others (1986)

present stfong eviderice for basement block uplifts similar to

1-14




&)

classic Laramide uplifts of Wyoming and the cOlérado Plateau.
Drewes (1976), Brown and Clemons (1983), Chapin and Cather
(1¢81), and Seager (1983) present evidence for convergent and
divergent strike-slip (transpressional and transtensional) defor-
mation. Keith and Wilt (1986) emphasize mobile and diachronous
styles of deformation.

Regardless of the exact kinematics and timing of Laramide
deformation, many important features stand out (see Figure 1-6).
South of Truth or Consegquences (compare Figures 1-1 and 1-6),
several large west-northvest trending basement-involved
(Precambrian) terranes exhibit 1 to 5 km or more of structural
relief (Seager, 1983). North of Truth or Consequences, Laramide
uplifts follow a predominant north-south strike. Except for the
Hidalgo uplift, wegt-northwest uplifts have strong asymmetry. A
steep northeast face, bounded by ‘northeast vergent faults,
monoclinal flexures, and qverturned folds, contrasts with a
mildly faulted and folded, SOuthwest-dipping, homoclinal slope
(Seager, 1983; Seager and others, 1986). Mesozoic and sometimes
Paleozoic rocks are missing over uplifts.

Adjaéent basins are filled with 1 to 3 km of upper Creta-
ceous to Eocene clastic sediments such as the Starvation member
of the Rubio Peak, Lobo, Love Ranch, Ringbone, and Cowboy Spring-
fimberlake Formations (Seager, 1983; Seager and others, 1986).
Marginal facies are}coarse-grained, sometimes highly-indurated,
fan and alluvial deposits. Basinalv facies are fine—érained
silts, sands, and coal. Neither of these facies makes a good

reservoir lithology.
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Due to abundant limestone and granite clasts, cemented by
calcite, the thermal conductivity of basin-margin sequences is
probably moderate to high. Higher clay contents and low quartz
contents will give the basinal sequences generally low thermal
conductivities (Mack, 1987).

Geologic relationships at San Diego Mountain illustrate the
important structural control that Laramide features can have for
geothermal systems. A west-northwest-striking Laramide thrust
fault, dipping 35 degrees southwest, displaces Precambrian gran-~
ite over pervasively silicified Paleozoic rocks (Seager and
others, 1971; Seager and others, 1986). Footwall silicification
and barite-fluorite mineralization in the hanging wall attest to
Tertiary hydrothermal éystems in this zone. Pe:@aps more impor-
tantly, an apron of silicified Pleistocene Camp Rice deposits
covers the area east of San Diego Mountain (Seager and others,
1971) . A geothermal system at this location prior to entrench-
ment of the Rio Grande may account for the silicified Camp Rice
deposits. Geothermal fluids discharging from a moderate-to-high
temperature (i.e., >100°C) reservoir can precipitate significant
silica (Bird and Elders, 1975).

The>Tertiary subcrop map (see Figure 1-6) shows Laramide
uplifts and basins for geothermal investigation and rock types
beneath the early Tertiary (Paleocene to Eocene) rgcks. This map
represehts a powerful tool for interpreting early‘Tertiary paleo-
geography and for delineating major Laramide uplifts and Sasins.
This approach is necessary because Laramide features are mostly

covered by mid-Tertiary volcanic sequences and by mid- and upper
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Tertiary clastic sediments. Only on late Tertiary fault-block
ranges are Laramide faults and folds observed at the surface.
Deep well lithologies provide important subsurface data.

Laramide (late Cretaceous to early Eocene) orogeny uplifts
have a distinctive signature. A major unconformity between lower
or mid-Tertiary rock units and older lithology occurs on uplifts.
Erosion over Laramide uplifts has removed Mesozoic and sometimes
' Paleozoic rocks prior to deposition of Tertiary rocks. As a
‘result, lower 'I’ertiai:y and mid-Tertiary rock units overlie Paleo-
zoic and Precambrian rocks. Laramide basins appear where Ter-
tiary rocks overlie upper Cretaceous rocks, indicating deposi-
tional continuity. _

The ages of the rbck units unconformably underlying the
Tertiary rocks are plotted in Figure 1-6, along with outcrops of
Laramide volcanic rocks and syntectonic clastic sequences, and
subduction related mid-Tertiary (Eocene to Oligocene) volcanic
rock outcrops, such as the Palm Park Formatiori or equivalent.
These volcanic and clastic rocks are important aquitards confin-
'ing' permeable units unroofed during Laramide deformation.

1.2.3 Mid-Tertiary Geology

Post-Laramide geologic structures and thermal events have a
major influence oh present-day geoﬁhérmal phenomena. The crust
retains a component of heat from midﬂertiéry thermal distur-
 bance. Elston and 6thers (1983) -have observed that the Lightning
Dock geothermal syste‘m, in the Animas Valley overlies thé ring-
frécture zone of the mid-'rertiary' Muir Cauldroxi.v The ring~frac-

ture zone may provide important vertical plumbing for the Light-
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ning Dock system. Fractured mid-’i’ertj.ary volcanic rocks also act
as shallow (i.e., <300 feet in depth) reservoir rocks for the
Lightning Dock, Gila Hot Springs, and Radium Springs geothermal
systems. Other mid-Tertiary volcanic and volcaniclastic rocks
are important impermea_ble cap rocks. The Eocene-Oligocene Palm
Park Formation is an important example. At Radium Springs, the
Palm Park caps a deep geothermal system and vertical discharge is
allewed only along a fractured and discordant rhyolite intrusion.

At the end of the Laramide orogeny about 40. to 45 Ma, a
profound thermal perturbation affected the lithosphere beneath
the southwestern United States. This thermal disturbance accom-
panied ext:eﬂsive volcanism which 'cover_ed' all but the extreme
eastern portion of the study aree under a blanket, an average of
1 km in thickness. Locally, volcanic piles, up to 5 km in

thickness, f£ill Acircular cauldron subsidence features 10 to 50

" km in diameter such as the Bursum cauldron (Ratte and others,

1984), 1large long-lived (i.e.; 10 tov 15 Ma) elongated depres-
sions greater than 30 by 70 km such as the Blue Creek basin
(Wahl, 1980) , and the Goodsight-cedar Hills depression (Seager,
1973). These features are shown in Figure 1-7.

Volcam.sm began 40 to 43 Ma with the eruption of andesite

from scattered stratovolcanoes (Elston and others, 1976). Ande-

site flows, lahars, ‘breccias, tuffs, and volcaniclastic sediments

of .the Rubio Peak, Spears, and Palm Park Formations are represen-
tative of ‘this initial arc-related calc-alkalic phase of mid-

Tertiary. volcanism. With time, these andesites became progres-
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sively richer in iron and poorer in hydréted ferromagnesium
minerals as the result of increasing iithosphere temperature
(Elston, 1984).

At gbout 35 to 36 Ma, a main pulse of calc-alkalic volcanisn
ensued. Coney (1976) appropriately used the phrase, ignimbrite
flareup, for this 24- to 36~-Ma volcanism. Concurrent with con-
tinuing andesite volcanism, colossal rhyolite and rhyodacite ash-
flow tuff effusions exploded from collapsing cauldrons. In a
l1.7-million-year interval between 27 and 29 Ma, nine cauldrons
are known to have erupted more than 6,000 cubic kilometers of
ignimbrite (McIntosh and others, 1986). Based on isotopic,
major and trace element chemistry, Bornhorst (1980) concluded
that the' siliceous ignimbrite magmas equilibrated with lower-
crust granulite at depths of 20 to 40 km. In accordance with the
model of Bornhorst (1980), a corollary has the lower crust at-
taining an unprecedented peak in temperature in the mid-Tertia-
ry. A large amount of this heat vas convected to the surface by
magma, but the crust, with a thermal diffusivity of 107 n?/s, is
sufficiently thick (i.e., >25 km) that a significant amount of
this heat is still conducting to the surface.

Beginning about 29 4Ma, the shallow crust began to break
under 'northeas‘t-southwest directed, extensional stress (Chépin
and Seager, 1975; Seager and others, 1984; Chamberlin and Osburn,
1986). This occurrence closely corresponds with the very intense-‘
phase of ignimbrite volcanism from 27 to 29 Ma. Andesitic vol-
canism, accompanying the ignimbrite event, also‘ changed char~-

acter. At about 29 Ma, the andesites became less siliceous
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(Seager and Morgan, 1979) and display a narrow range of strontium
isotope ratios (Stinnett and Steuber, 1976). These calc-alkalic
basaltic andesites became volumetrically dominant between 27 and
30 Ma and capped the siliceous ash-flow tuff cauldron sequences.
In addition, silicic cauldron related rocks are lower in calcium
and higher in silica after 29 Ma (Elston, 1984). Strontium
isotope ratios in the post 29-Ma silicic lavas range from 0.705
to 0.730 (Elston and others, 1976; Bikerman, 1976; Stinnett and
Steubmer, 1976). Higher strontium isotope ratios indicate sig-
nificant crustal-melt contamination of these arc-related magmas.

Major extensional deformation was proposed by Elston (1984)
in order to allow room for passive émplacement of large silicic
magma bodies. Large shallow magma chambers were required to feed
the voluminous ignimbrite volcanism. Morgan and others (1986)7
highlight the apparent temporal and spatial association of in-
tensely extended terrances with volcanism and plutonism. Morgan
and others (1986) also relate changing styles and intensity of
extension with increasing crustal temperatures.

Chamberlin (1983) and Chamberlin and Osburn (1986) point out
that late Oligocene to mid-Miocene thin—skinned extension in the
Socorro region is highly variable and may be divided into do-
mains, which are distinguished by fault dips and attitudes of
complementary rotated fault bl¢cks.‘~These‘domains are separatéd
by high-angle oblique or‘écissors faults. Extension percentages,
infefred from fault and stratal dips, define three claéses of
domains: (1) severe, 100 to 200 percent extension, 50 to 70

degree stratal dips; (2) moderate, 20 to 100 percent extension,
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20 to_ 50 degree stratal dips; and (3) weak, 2 to 20 percent
extension, 0 to 20 degree stratal dips (Chamberlin and Osburn,
1986) . Studies by Seager (1981) and Seager and Mack (1986)
indicate that additional domains of moderate to severely extended
terrance exist in the Las Cruces area.

Chamberlin and Osburn (1986) break out two orders of normal
fault spacings. First-order fault ‘spacing shows a 5= to 20~km
separation, while the second-order spacing is 0.5 to 1 kn.
Second order spacing is prominent in high-to-moderate extended
domains. 1In these domains, reservoir potential is enhanced due
to extensive fracturing. This potential is dramatically illus-
trated by intense oxidative potassium metasomatism in highly
faulted substrata of these mid-Tertiary extensional domains
(Chapin and Lindley, 1986).

Low topographic relief in the mid-Tertiary allowed individu-
al ash-flow sheets to cover thousands of square kilometers.
Extensional strain either created low ampiitude (i.e., <50 m) or
long wavelength (i.e., >100 km) .topography. Chamberlin (1983)
proposed domino-style rotation on ‘planar, closed-spaced, normal
faults for mid-Tertiary deformation near SOcorfo. Dominé-style
faulting was first pr_opqsed by Prdffett (1977) and Morton and
Black (1975) for other regi'on»sr of intense extension outside New
Mexico. The domino-stylé normal faulting hypothesis is consis-
tent with paleotopography inferences.

Thick, up to 1.9 km, clastic sequences are intercalated or
immediately overlie upper Oligocene to 1lower Miocene basaltic
andesite flows (Seager and 6thers, 1984) . These sediments f£ill
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west-northwest oriented basins, are usually tectonically rotated
5 to 50 degrees, and may have ahomalous depositional setting and
provenance with respect to present-day uplifts (see Figure 1-7).
Oiigocene to mid-Miocene sediments, such as the Popotosa, Rincon
Valley, and Hayner Ranch Formations are generally poor reservoir
hosts due to high cementation and advanced diagenesis. |

1.2.4 Basin and Range Geology

Present physiography of the study area began to develop 9 to
12 Ma (Seager and others, 1984; Seager, 1975; Morgan and others
1986) . Scarborough and Peirce (1978) name the tectonism that
created the current topography the Basin and Range Disturbance
(BRD) . This tectonic designation conforms to widespread and
correlative geologic relationships described with deep bore-hole
and seismic data by Eberly and Stanley (1978). In contrast to
close=-spaced faults in the mid-Tertiary, BRD faults are generélly
spaced 5 to 20 km or more apart and result in very little (i.e.,
<15°) fault-block rotation (see figﬁre 1-8). Basins or grabéns
produced by this faulting are much narrower than earlier exten-
sional basins,,ahd asymmetric half-graben structures are common,
Extensional strain is about 5 to 25 percent (Morgan and others,
1986). A roughly east-to-west oriented minimum stress regime
prevailed (Aldrich and others, 1986).

The BRD extension was rather uniform as opposed to the
highly variablé strain in the mid-Tertiary (Morgan and others,
1986) . Rugged topography‘and large structural relief over'l to 3

1-24




- ﬂl QA- [ ) \'Q
A £ P2 ~BIY
. /N;HM/NI/TH/N/ - f“%wm x )
+Am + w
o
Cond g .
N\
:
J 7
a\\; ~
.
&e\
—
S T
4 i

w

wagﬁys

soucume

g
b
§ m m \ mm
Hhitip i
IR R LG
o
_ w mw
&WVHWMWWNJ %MWWJ AR W
;hm“ Jvﬁrzu
7
LE =t i :&E? I
/%) i g _..mm (R T AR AR R
K F 15833eEadeasatiadianiadizsnl
2 2N uuu o
e nW@fM& L
A3 ©o wm it
REF \W\IW/ (34 m Muu
% H%ﬂu“&WWMMW ﬂr&udmmw_ 1
..................... ﬁww.m;.nmwmwwwmhwmwlmmﬂlm:l-i__ 4 ﬁ. h

_ THITI |
m H E _ it Wm:_mu

Basin and Range Disturbance tectonic map.-

principal dat

(1983),

The
(1982),

New Mexico Geo-
and Seager and others

(1983),
Olson and others

nehart and others (1979),

& sources  are Callender and others
y (1982),

Chapin and Seager (1975), Drewes and others
Keller and Cordell

i

logical Societ
(1982)

(1985),

R

Figure 1-8.

1-25



km attest to significant vertical strain_over short distances
(i.e., <10 km). This strain is usually accompanied on just one
or two basin-bounding fault zones. 1In fact, north-trending BRD
horst blocks frequently pierce the middle of broad, earlier -
develoéed, northwest-trending, mid-Tertiary basins.

Many BRD features were largely blocked out by 5 Ma (Seager
and dthers, 1984). The Robledo Mountain horst block, also known
as the Robledo uplift; is a well documenﬁed eiample. Between 7.1
and 9.6 Ma, the Robledo Mountain horét block had at least 0.6 to
0.7 km of uplift, but this block has had only about 0.1 km of
uplift sinée 7.1 Ma (Séager and others, 1984). Main phase uplift
and erosion of the Robledo‘horst block was concurrent with the
eruption of the Seldon basalts on the uplift and in adjacent
basins. Quaternary fault scarps in the region (see Figure 1-8)
indicate that BRD extension has continuéd to the present (Seager
and others, 1984; Cailender and others, 1983). Hovever, vertical
strain rates aséociated .with this faulting are only tens of
‘meters per million years as compared to hundreds of meters per
million years during main phase faulting from 4 to 10 Ma. In
addition tb'local»movements, regional uplift of more than 1 km
in the 1as£ 10 million yearé is indicated by studies of Axelrod
and Bailey (1976), écott (1975), - Kelley and‘Duncan (1984), and
Eaton (1986). _ |

| The BRD structutes have major controi on current geothermal
systems and;aSSociated geohydrolbqy; Strﬁctural relief éreated
by this tectbnism has‘juxtaposed lithologies with very different

hydrologic properties and has produced major topography changes.
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| Abrupt changés in pe_rmeabiliﬁy can create pressuré Ndiff’erences
favorable to force' vertical movement vo‘f groundwater. Vertical
water flow transports heat. When flow is forced upward from
great depth, heat is concentrated at shallow depths. Mountain
ranges formed by 'the BRD receive sufficient precipitation to
constitute runoff sources for recharge of some of the groundwater
- systems in the’ study area. Grabens formed by this ‘tetctonism are
‘filled with up to 3 km of clastic sediment. In many basin fills,
clay comprises a significant clast fraction and quartz content is
minor, resulting in low thermal conductivity values.

Quaternary faults may have created neiv fracture permeability
or opened older mineral-sealed fractures. These faults are espe-~
cially important at crossings of older fractured structures. In
these areas, important vertical permeability zones are possible,
allowing recharge or discharge to and from deep geothermal aqui~
fers.

The BRD tectonism in the study area was accompanied by
.alkali and tholeiitic basalt (i.e., <40 percent S:I.o'z) volcanism
that is. distinctiy different than earlier mid-'rertiary _cale-
alkalic (i.e., >53.to 57 A'pe'rcent Si°z), volcanism. Volumetrical-
ly, this volcanism is ins'ign‘ificyantr compared to earlier mid-
Tertiary aré- (and possibly back-ai:c) related volcanism. Except
for the Glenwood-Mogolloh and Socorro areaé, this volcanism did
‘not appear until about 9 to }13 Ma ago, ending a magma' gap or
cessation of volcanism that began betWeen 18 and 24 Ma at t.:he end
of mid-Tertiéry calc-alkalic volcanism. Initiation of alkali
basalt volcanism was concurrent with the beginning of the BRD
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high-angle faulting or rifting; Basaltic volcanism in the study
area occurs in epheheral volcanic fields. These fields are
characterized by low-volume, single-eruption central vents (see
Figure 1-9).

Volcanism in the Socorro and Glenwood-Mogollon areas is
anomalous. In these two areas, bimodal alkali-tholeiitic basalt
and high~-potassium, high-silica rhyolite volcanism began as early
as 21 Ma (Ratte and others, 1984). The last high-?potassium,
high-silica rhyolite volcanism occurred in the Socorro area about
11 Ma (Bobrow and others, 1983). Also, the Socorro area (see
Figure 1-9) is presently underlain at 19 km by a magma body less
than 1 km in thickness (Sanford and others, 1973; Sanford and
others, 1977). This magma is spatially associated with signifi-
cant seismic energy release that is only matched by seismicity in
the Mogollon region (Taggart and Baldwin, 1982). Judging from
historical seismicity of the region, the Socorro magma body may
be highly anomalous. Both the anomalous Socorro and Glenwood-
Mogollon areas are astride the northeast-trending Morenci linea-~
ment (Chapin and others, 1978). | | |

Elsewhere  in the study area, the ‘ptésence of unalteréd
mantle and lower-crust zenoliths enclosed in'pqst 10-Ma basalts .
indicate rapid transpbrt to the surface from 235 to 70 km depths
(Padovani and cCarter, 1977). Due to the low volume (i.e., <3
km3) of individual eruptive events and the probéble dike-like
morphology'of basalt intrusibns'at nid- tb'upper crustal ievels,
these features cannot act as large, sustained heat sources that

are required for high-temperature hydrothermal systems.
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C.} SUBSURFACE EXTENT OF SOCORRO MAGMA BODY
== GUTCROPS OF POST 18 M.A. VOLCANIC ROCKS
" OUTLINED AREAS OF POST 18 M.A. VOLCANISM

A; ........ Al:\‘:‘ - 22 ....... ~Quemado - Zuni Salt Lake
AB........Albuquerque Basin
AC.. Creek

CH.......Chupadera

CM......Cimmaron

CW ... Clifton-Whitlock
.Florence '

oSN Felipe
SL.cccrrseer Sierro Lucero
SLP.........San Luis Pass
SM ..........Socorro Magma Body
SP...........5an Pedro
SPV.......... Springerville -

e Swisshelm

Figure 1-9. Areas of post 18-Ma basaltic volcanism. The princi-
pal data sources are Aldrich and Laughlin (1981),
Bachman and Mehnert (1978), Baldridge and others
(1980) , Bobrow and others (1983), Johnson and Scar-
borough (1984), Luedke and Smith (1978), New Mexico
Geological Society (1982), Seager and others (1984),
and Scarborough (1985).

1-29




Magmatic heat sources in the study area are only probable
along the Morenci lineament where young, undiscovered bimodal
basalt-rhyolite systems may be inferred. The depth and apparent
youth makes the Socorro magma body an unlikely heat sour‘cer for

present-day hydrothermal systenms.

1.3 Geohydrologic Sétting ; _

The geology and water-table configuration have a strong
influence on groundwater flow systems in the study area. Several
hydrologic units may be identified in the geologic framework.
These units are either aquifers or aquitards. Units are distin-
guishable on the basis of water well production, 1lithology,
degree of cementation, amount of deformation, and tectonic set-

ting. Figure 1=-10 shows general relationships of these units.

1.3.1 Aquifers _
Important aquifers,- listed in order of increasing age,

include:

Unit 1: Recent to Pleistocene; unconsolidated alluvium;
fluvial and alluvial fan deposits of present-day -
flood plains, undeformed; up to 30 m thick; highly
permeable; not a geothermal aquifer; Rio Grande
flood plain deposits.

Unit 2: Pleistocene to upper Miocene; mostly unconsoli-~
, dated fluvial and alluvial fan deposits; sediments
" deposited in BRD basins by through flowing Rio
Grande or as marginal fans; undeformed; 0 to 300 m
‘thick; very permeable; not a geothermal aquifer;
Camp Rice Formation.

Unit 3: Lower Miocene to middle Miocene; moderately to
' highly indurated clastic sediments; sediments £fill
mid-Tertiary proto Basin and Range depressions:;
faulted and tectonically rotated; up to 1,000 m
thick; low permeability except where highly de-
formed; not an important geothermal aquifer; unit
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NOTE: SICTIONS ARE DIAGRAMMATIC,
STRUCTURES AND UNIT THICKNESSES
NOT DRAWN TO SCALE.

AQUIFERS X . o o) Faulicd and extended cauldron complex
Recent to Pleistocence; unconsolidated alluvium GHS Gila Hot Springs

- Included in Unit 2 LD Lightning Dock
Pleistocene-to-upper Mi fluvial . and - alluvial fan R-RS-LA . Rincon-Radium Springs-Las Alturas
deposits RS Radium Springs

SDS San Diego Mountain

Lower Miocene-to -middie Miocene: fluvial and alluvial fan o
deposits, indursted and variously deformed T Tortugas Mountain
Olig to-fower Mi basaltic flows and rhyolitic - ash-flow
waff ”’),,)'
Oligocene-to-lower Miocene, discordant rhyolite and dacite
intrusions
thrust or reverse fault, barbs on upthrown side
% Unit 6 C to-Pal ic, carbonate rocks .
@Unit? P brian, fi d pl ic  and phic - rocks
. AQUITARDS
Unit A Pleisto to-lower Mi s playa and basinal facies —--  contact
deposits ) - )
. % normal fault
Unit B Upper Miocenc-to-Oligocene, playa and -basinal . facics .
deposits. ind 4 and variously def P
; . mJ Unit C Lower Miocence-to-Eocene: tuffaceous volcaniclastic sedi
— mudflows and altercd andesitc flows . :
' EB Unit D Lower Miocene-t0-E . - unfl d pl ic intrusive rocks
@ Unit E  Upper Cretaceous-to-Eocene, ind d clastic ‘scdi
. Unit F G to-Palcozoic: shale

Unit G Precambrian: * unfractured crystatline rogk

Figure 1-10. Generalized cross section of hydrogeologic units.
- Letter codes above the cross sections identify
representative geologic settings diagrammatically
for selected southwest New Mexico geothermal sys-
tems.
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Unit 4:

Unit 5:

Unit'G:

Unit 7:

is mainly an aquitard; Hayner Ranch and Popotosa
Formations.

Oligocene to 1lower Miocene; basaltic flows and
ash-flow tuff; mostly secondary fracture perme-
ability; thickest in mid-Tertiary volcano-tectonic
depressions, faulted and sometimes rotated; ranges
in thickness from 500 m to 3,000 m; may be highly
permeable. in faulted zones; very important geo-
thermal aquifer; Bloodgood Canyon Tuff at cila Hot
Springs (Elston, 1981).

Oligocene to lower Miocene; discordant rhyolite

_and dacite intrusions; may be highly fractured and

permeable; very important geothermal aquifer;
rhyolite dikes at Radium Springs.

Cretaceous to Paleozoic; several carbonate units:;
important fracture and solution permeability,
especially along structural trends; individual

units 20 to 150 m thick; very important geothermal
aquifer; Penn-Permian carbonate reservoirs for
Truth or Consequences, Faywood Hot Springs, and
Las Alturas geothermal systems (Gross and Icerman,
1983).

Precambrian; highly fractured plutonic and meta-
morphic rocks are potentially important geothermal
aquifers along major structural trends.

Geologic units 4, 5, and 6 provide the parent aquifers for

all identified,convective geothermal systems in southern New

Mexico. The structural setting and temperature of many systems

suggests that flow'through'fractured~Precambrian~granite (i.e.,

unit 7) probably also occurs..

1.3.2

Aggitards

Aquitards in the study area, listed in order: of increasing

age, are:

Unit A:

Unit B:

Pleistocene to lower Miocene; fine-grained playa
and basinal facies of BRD graben-filling- sedi-~
ments; less than 300 m thick; Fort Hancock Forma-~
tion. ‘

Upper Miocene to Oligocene; fine-grained playa and

basinal facies of clastic packages filling mid-
Tertiary proto Basin and Range depressions; fre-
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quently faulted and rotated; 150 to 300 m thick;
Popotosa Formation. ‘

Unit C: Lower Miocéne to Eocene; altered tuffaceous volca-
niclastic sediments and mudflows; up to 1,000 m
thick; Palm Park Formation.

 Unit D:. LlLower Miocene %o Eocene; unfractured plutonic
rocks; Organ Batholith. ' '

Unit E: Upper Cretaceous to Eocene; ' highly indurated
o clastic sediments £filling Laramide basins; 20 to
2,000 m thick; Love Ranch Formation.

Unit F: Cretaceous to Paleozoic; various indurated clastic
strata and shales; 10 to 50 m thick; Percha Shale.

Unit G: Precambrian; unfractured plutonic and metamorphic
!'OCkS. -

Laramide .age intrusive and extrusive rocks may act as aqﬁi—
fers or aquitards, depending upon the n_ature and degree of alter-
ation. In any case, these formations are frequently highly
f:actured. |

The position of aquitards with respect to aquifers is as
important as is the existence_ of the aquifers. Clayey aquitards
allow high conductive temperature gradients to occur, confine
deep flow systems, and may ‘store large volumes of wat_er due to ,
high porosity. Also, when the hydraulic "head is sufficient,
~aquitards act to refract significant groundwater flow vertically.
1.3'. 3 Basin Classification

Physiographic information allows broad hydrogeolbgic classi-
fication of southern New Mexico basins. Two basic types of
hydrologic settings occur in the Basin and 'Range Province
(Snyder, - 1962) .~ Open basins 'h’ave surfaée Adra-inage exits,. while
closed basins have .interior' surface drainage toward a playa.

Some closed basins allow discharge only by evapotranspiration
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from playas. Other closéd basins allow groundwater discharge as
underflow to adjadent basins. All open basins have at least some
underflow in addition to surface outflow by streams. Recharge
for closed and open basins may occur from mountain front re-
charge, stream infiltration, and by subsﬁrface inflow from adja-
cent higher basins (Rantz and Eakin, 1971).

In the study area, open basins occur along the Gila-San
Francisco, Mimbres, and Rio Grande drainages. Closed basins are
found elsewhere in‘ southwest New Mexico such as the Tularosa,
Playas, and Animas basins.

Nearly all geothermal systems in the study area occur in'
open-basin hydrologic settings. The Lightning Dock and Hneco’
Tanks systems are - exceptions. These two systems occur on a -
clbsed-basin margin where the water table is elevated relativé to
the basin interior. This fact suggests that these occurrences
may not be controlled by the hydrology of the host closed basin.
However, basin-t?ounding faults may act as master ~conduits to-
allow interbasin recharge and local flow approximately parallel
to large-scale, water-table contours. -

‘A water-table elevation map (seelFigute 1-11) and aldepth--
to-water table map (see Figure 1-12) facilitate interpretation of
the geohydrology of thé study area. Individual physioéraphic
basins comprise local groundwater flow 5ystems. Water-table
contours are widespaced within these basins and are underlain by
very permeable aquifers , units 1 and 2. The local grouﬁdwater

flow systeﬁs are bound mcstly by aquitards, units B, €, and E.
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GROUND-WATER BARRIER

Figure 1~11. Water-table elevation map. The Sierra de Las Uvas
area (A) and the western pediment of the Organ
Mountains (B) are shown. Locations of geothermal
systems are shown in Figure 1-14. The principal
data sources are Brady and others (1984), Bushman
and Valentine (1954), Clark and Summers (1968),
McLean (1970, 1977), O'Brien and Stone (1981),
Reeder (1957), Trauger (1972), Wilson and others
(1981), and Wright (1980).
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Figure 1-12.

N

/\% 1 4 Kilometers »
\{ DEPTH TO WATER-TABLE CONTOUR (FEET)

AREAS WHERE DEPTH TO WATER TABLE IS GREATER
THAN 500 FEET o

Depth to water table map. The Sierra de Las Uvas
area (A) and the western pediment of the Organ
Mountains (B) are shown. Locations of geothermal
systems are shown in Figure 1-14. The principal
data sources are Brady and others (1984), Bushman
and Valentine ' (1954), Clark and Summers (1968),
Mclean (1970, 1977), O'Brien and Stone (1981),
Reeder (1957), Trauger (1972), Wilson and others
(1981), and Wright (1980).
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These local systems may have limited hydrologic connection at
depth with aquifers, units 4, 5, 6, and 7. From a geothermal
perspective, these local systems are unimportant because deeply
reaching (i.e., >1 km) flow paths probably do not exist. High-
permeability and vertically  inhomogenous basin £ill, coupled
with flat water tables indicate very strong horizontal flow
paths in the basins. In larger basins, where significant differ-
ences in hydraulic head occur, some vertical flow may be forced
through aquitards, units B, C and E, to charge underlying aqui-
fers, units 4, 5, 6, and 7.

Steep water-table gradients are' observed along the pediments
of many mountain ranges, while depths to the water table are
shallow and shqw littl_e variation. The western pediment of the
Organ Mountains east of Las Cruces is an example (compare Figures
1-1 and 1-1l). Here, groundwater in allﬁvi‘al fans is apparently
perched over low-permeability volcanic rocks. This water flows
laterally downhill in alluvial fan sediments rather than flowing
downward into and through the volcanic bedrock. On other pedi~
ments and mountain ranges in the study area, low water-table
gradients coincide with relatively deep water tables. The Sier-~
ra de Las Uvés, northwest of lLas Cruces, which is apparently a
Trecharge: area, is an‘ exainple (compare Figures 1-1 and 1-11).

Sometimes steep rwater-table gradiénts ‘coincide with major
changes in water depth across éreas with 1itt1e topographic
relief. A decrease in the ability of subsurface lithoiogy to
laterally transmit water is indicated. Discharge zones for many
geothermal systems occur adj‘acent to these groundwater barriers.
Hydraulic heads associate‘d with groundwater barriers increase the
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penetration depth and intensity of local flow systems causing
interactions with hot, deep flows associated with regional sys-
tems.

-Discharge from deep, regional groundwater flow systems
frequently occurs along major perennial drainage where base flow
is maintained by groundwater (Hitchon, 1969). This phenomena may
help explain the prepondetance of geothérmal systems in open
basins of the study area. The geothermal systems at Truth or
Consequences, Gila Hot Springs, Radium Sprihés, and Lower Frisco
Hot Springs are examples. However, drainage has entrenched
canyons in these areas to create significant topographic relief.
This relief and possible attendant water-table variations will
also increase local flow system interaction with deep systems.

Details of flow regimes in and around major fault zones are
not seen at the scale used to compile the water-table elevation
and depth to water-table maps given in Figures 1-11 and 1-12.
Flow systems caused by buried, highly permeable aquifers also may

go undetected.

1.4 Thermal Regime .

Numerous studies have addressed the thermal regime of the

study area. Prior to the past 20 years, nearly all investiga-

‘tidns focused on gathering basic temperature-gradient and heat-

flow information or,modeling'regiona1~ and crustal-scale aspects
of the thermal regime. - During ther 1970s, many efforté were
iﬁitiated to explore and charadterize‘the geothermal resources in
the study area, resulting in the collection of a large amount of
thérmal data.
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 Chemical geothermometry of thermal and nonthermal waters

previde much valuable information on subsurfaces temperatures
(Swanberg, 1979; Swanberg, 1983). Swanberg and Morgan (1978)
used silica geothermometry to investigate terrestrial heat flow.

Studies by Warren and others (1969), Sass and others
(1971a), Decker and Smithson (1975), Reiter and others (1975),
Reiter and others (1978b), Sanford and others (1979), Decker
'(1969), Daggett (1982), Reiter and others (1986), Snyder (1986),
and Witcher (198§a) have greatly expanded the heat-flow data base
for the study area.  Regional thermal regime modeling by
Lachenbruch and Sass (1978) and Cook and others (1978) investi-
gated tﬁe processes affecting the large-scale temperature distri-
bution in the crust. Transient and steady-state models have been
presented. Temperature-gradient studies by Morgan and others
(1979), Lohse (1582'), Icerman and Lohse (1983), and Lohse and
Schoenmackers (1985) have previded,the detail necessary to ob-
serve shallow and local thermal regimes associated with low-to-
moderate temperature geothermal systems in Dona Ana COunty.

Swanberg and Snyder (1984), Snyder (1986), and Witcher
(1988b) described and presented a iarge, industry heat-flow and
"temperature-gradient- data base. = Thermal-regime modeling of
'éeothermal systems and »small—scale"convective and refraction
effects are presented and discussed by Blackwell and ChapmanA
(1977), ‘Mansure and Reiter (1979), Morgan and others (1981),
Snyder (1986), and Witcher (1988a). | \' |

The areal coverage of site-specific studies of heat flow and

temperature gradients within the study area is shown in Figure
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1-13. Additional site-specific geothermal informaﬁion for south-
ern New Mexico is compiled in Appendix B. |
1.4.1 Compilation of Thermal Data

Three classes of thermal data were eompiled for the study
area: ' (1) spring discharge temperatures, (2) water-well depths
and production temperatures, and (3) temperature-gradient and
heat-flow information. Determinetion of the temperatures which
distinguish thermal springs from nonthermal springs is linked to
local mean annual air temperature (MAT) because the local MAT
approximates thevsurface boundary temperature of the conductive
- thermal regime of the earth. For example, in Montana, where a
5% MmaT may exist, a springrissuing at 20° is abnormally warm or
thermal. A spring discharging 20°C water in southern New Mexico,
where the MAT is 17°C (Morris and.others, 1985) is considered
nonthermal. | |

The spring discharge temperatures for 85 springs in south-
ern New Mexico ekceed the MAT by a mean of 6.7 + 9.6%. . Based
on these statistics, an anomalously warmrspring is defined as one
with a discharge temperature that exceeds the local MA‘I‘? by the
-mean'temperature difference plus'one standard deviation or ap-
| proximately 16%¢ (see Table 1-1) | |
Definitions of thermal wells are based on the thermal gradi-
“ent, the rate at which temperature increases with depth. Deter-
mining a normal or 'baekground temperature gradient is not
straightforﬁard'because the gradieht'is dependent upon teréestri- ‘
al heat flow and the thermal conductivity of rock, both of which
are functions of location. .

-
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Figure 1~-13.

Selected site~specific sources of heat-flow and
temperature-~gradient information. The humbers on
the maps didentify the following studies: (1)
Daggett, 1982; (2) Decker, 1969; (3) Decker and
Birch, 1974; (4) Decker and Smithson, 1975; (5)

Hawkins and Stephens, 1981; (6) Icerman and Lohse,
1983; (7) lLohse and others, 1980a; (8) Lohse and
others, 1980b; (9) Lohse and others, 198la; (10)
Lohse and others, 1981b; (11) Lohse, 1982; (12)
Lohse and Schoenmackers, 1985; (13) Morgan and
others, 1979; (14) Reiter and others, 1975; (15)

'Reiter and others, 1978a; (16) Reiter and others,

1986; (17) Reiter and others, 1979; (18) Reiter and
others, 1976; (19) Reiter and others, 1978b; (20)
Reiter and Smith, 1977; (21) Roy and others, 1968a;
(22) Roy and others, 1968b; (23) Sanford, 1978;
(24) Sanford and others, 1979; (25) Sass and oth-
ers, 1971b; (26) Shearer and Relter, 1978; (27)
Snyder, 1986; (28) Taylor, 1981; (29) Warren and
others, 1969; (30) Wells and Granzow, 1981; (31)
Witcher, 1988a; (32) Witcher, 1988b; (33) Zielinski
and DeCoursey, 1983; and (34) unpublished data.
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Table 1l-1.

Anomalously warm springs in the study area. The
principal data sources are McLean (1970), Summers
(1976) , Swanberg (1980), Theis and others (1941), and
Trauger (1972).

Tempgrature
Location ("¢c)
35.1W.22,.113 33.0
35.1W.22.131 33.5
38.1W.22.31 . 32.2
125.14%W.1.33 64.8
135.4W.33.4331 39.4
135.4W.33.4341 41.1
135.13W.5.241 €4.0
135.13W.10.121 52.0
13S.13W.17.32 43.6
14S.16W.3.34 74.0
16S.7W.5.2412 34.5
165.17W.34.21 31.0
175.4W.29.340 33.3
18S.10W.13.111 58.0
18S.3W.31.34 ‘ 31.0

20S.11W.20.243 53.3
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Based on statistical analyses of southern New Mexico well
data, a mean temperature gradient‘ for 66 water wells greater
than 800 feet (244 m) in depth is 34 + 17.5°C/km. Therefore, a
water well whose discharge temperature exceeds the MAT by 16°%c
and has a temperature gradient of at least 52°C/k1n, the mean
gradient plus one standard deviation, is classified as a thermal
well. Figure 1-14 shows currently known thermal wells and
springs in the study area. Other wells and springs with produc-
tion and discharge temperatures greater than 26°%c are also shown
even though this temperature is not considered anomalous.

Temperature-depth data was compiled for 1,482 water wells
from 18 sources. Temperature-gradient estimates were calculated
for these wells using the local elevation to estimate the mean
annual temperature and assuming that the origin of the produced
water is the bottom section of the well. Sixty~-two of these
wells are classified as thermal wells (see Table 1-2).

Heat-flow information, compiled from 34 published and unpub-
lished sources, was divided into two categories. The first
category, measured heat-flow #alues,"in¢1udes 110 published
values, calculated from temperatureQdepth data and measurements
of bulk thermal conductivity and fb:matién porosity, plus 143
industry values, based on temperature-depth data, measured bulk
thermal conductivities, and formation porosity estimates. Cate-
gory two, estimated heat-flow values, includes 280 industry
values andizso’published and unpublished values, based on éemper-
atﬁre-depth data and estimated values. for thermal conductivity

and formation porosity. Thus, 783 heat-flow values were avail-
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Table 1-2.

Thermal wells in the study area.

The principal data sources are Icerman and Lohse

Theis and

(1983), McLean (1977), McLean (1970), Reeder (1957), Summers (1976),

others (1941), Trauger (1972), U.S. Geological Survey WATSTORE Files (1975, 1986),

Wilson and Myers (1981), and Wilson and others (1981).

c Depth Tempsrature Depth . Tempsrature
Location (£t) (c) Location (ft)

135.4W.33.3442 125 41.6 21S8.1W.10.2111 280 76.1
135.4W.33.3444 105 45.6 218.6W.6.1133 271 38.0
135.4W.33.4331 162 41.1 228.21W.3.312 445 -.35.0
138.4W.33.4332 ‘165 41.0 238.2W.35.411 1,050 36.0
138.4W.33.4332 158 37.0 248.7W.5.1331 1,110 36.2
135.4W.33.4333 125 41.6 248.7W.5.1331 1,110 39.0
138.4W.33.4334 27 44.6 258.19%W.7.143 32 36.7
138.4W.33.4333 55 43.0 258.19W.7.234 95 98.9
135.4W.33.4334. 101 44.7 258.19W.7.234 83 104.4
135.4W.33.4343 258 44.0 268.1W.25.414 563 33.0
135.4W.33.4344 125 "43.8 288.7W.9.4114 1,000 31.0
135.4W.33.4433 100 . 44.0 288.7W.19.2211 653 32.0
135.13W.5.2323 455 74.0 28S.7W.26.4222 700 31.0
138.13W.5.2141 238 74.0 288.8W.25.3111 605 30.4
138.19W.35.133 370 50.0 29S8.10W.9.3111 468 31.0
148.4W.4.1211 212 45.0 235.,2E.24.1132 1,315 65.6
148.4W.4.1223 . 165 42.0 238.2E.25.3213 645 68.3
14S.4W.4.1224 205 42.2 23S.2E.34.231 311 34.5
1458.4W.4.2111 105 46.7 235.2E.34.233 330 36.8
1458.4W.4.2112 125 44.4 238.2E.34.234 348 42.5
145.4W.4.2114 186 45.0 23S.2E.34.214 212 43.0
148.4W.4.2121 125 44.1 238.2E.34.412 485 - 36,5
145.4W.4.2124 185 38.9 238.5E.5.321 894 32.0
148.4W.4.2124 14 43.0 25S8.3E.8.214 250 31.5
14S5.4W.4.2124 6 43.9 258.3E.17.111 710 31.0
148.4W.4.2124 15 43.3 258.8E.32.333 745 61.1
14S8.4W.4.2142 176 42,5 26S.1E.18.222 430 33.5
158.17W.27.111 300 33.0 268.3E.11.111 501 31.0
16S.17W.9.242 36 30.0 26S.7E.1.241 504 50.0
198.12W.19.132 881 31.0 26S5.8E.5.332 452 71.1
19S5.12W.30.411 1,208 32.5 706 33.6

27S.3E.20.432




able for construction of heat-flow maps (see .Figures 1-15 and 1~
16), of which approximately 32 percent are based on measured
_thermal conductivity values.

l1.4.2 'Heat-Flow Domain and Temperature-Gradient Maps

Heat-flow variation in the study area has great complexity.
Four thermal domains are interpreted from a histogram of relevant

heat~-flow data (Witcher, '1988a). Two heat-flow contours at 65

2

and 105 mWm - define the areal extent of these éoﬁains (see -

Figure 1-17). Domain 1 shows a heat-flow distribution between 50
and 60 me'z.v Domain 2 has the most measurements and is, there-

fore, taken to be the regional or background domain. Heat flow

in domain 2 has a peak distribution between 80 and 100 nWm~ 2,
Domain 3 shows a flux ranging between 110 and 130 me'z. Domain
2

4 has exceedingly variable heat flow greater than 145 mWm °.
Domains 1, 3, and 4 are local in extent and are superimposed over |
the larger regional and widespread domain 2.

Local heat-flow domains appear to have characteristic size,
shape, and sharpness. Domain 1 causes equidimensional to moder-
ately elongated areas. A considerable size range is also typical
'of domain 1. Domain 3 covers narrow and elongated areas léss
than 10 to 20 km across. Length-to-width ratios of 5 to 1 or
more are cdmmon. ‘The geothermaibsystems in the study area are
always,associated'with domain 4. Data spacing in most regions is
too wide‘to adequately define the e#tent of domain 4. However,
where data spacing is—sufficient,Adomaih.4 is much 1ess’exﬁensive
than the surrounding domain 3. Domains 3 and ¢ are combined in
Figure 1-17. These domainé result from upward seepége of ground-
water.
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Sites of heat-flow information in the study area.
All sites have measured temperature-depth data.
Heat-flow information for Dona Ana County is shown’
in Figure 1-16. The principal data sources are
given in Figure 1-13.
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Figure 1-16. Sites of heat-flow information in Dona Ana County.
All sites have measured temperature-depth data.
The principal data sources are given in Figure
1-13.

1-48




Figure 1-17.

a

NEW MEXICO
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;
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HOLE WITH TEMPERATURE-DEPTH LOG. HEAT FLOW 1§
- — - —] ° mmmo&mmmwcmm
MEASUREMENT

o  TRADITIONAL HEAT-FLOW MEASUREMENT (POROSITY
CORRECTED THERMAL CONDUCTIVITY MEASUREMENT).

{7 AREA WITH HEAT FLOW LESS THAN 65 mwm?
3. AREA WITH HEAT FLOW GREATER THAN 105 mwem?

Heat~flow domain_gap. Domain 1: heat-flow values
(in units of mWm “) < 65; domain 2: 65 < heat-flow
values < 105; domain 3: 105 < heat-flow values <
145; domain 4: heat-flow values > 145. Domain 4
areas are not indicated because the well-character-
ized areas become single points at this scale.
Depth-control data for heat-flow information in
Dona Ana County are too dense to be shown. The
principal data sources are given in Figure 1-13.
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Comparison of the water-table elevation map (see Figure 1-

-11) and the heat-flow domain map (see Figure 1-17) reveals that

areas with steep water-table gradients are frequently character-
ized by domain 3 heat flow. The region surrounding the Sierra de
Las Uvas is a good example (compare Figures 1-1, 1411, and i-l’?) .
In this area, the domain 3 heat flow and ste"ep‘ water-table
gradients correspond _to major BRD fault zones inferred from
gravity data (Keller and Cordell, 1983). Domain 3 heat flow is
very extensive in ereas with through-flowing drainage, such as
the Rio Grande Valley and its tributaries and may indicate upward
seepage, resulting from groundwater flow system discharge. In
any case, geothermal potential ex’i_sts} for domain 3 areas. Poten-
tial is greatest within domain 3 where conductive temperature
gradients exceed 75° C/km (see Figures 1-18 and 1-19) .
1.4.3 Geothermal System Models

Harder and others (1980) and Morgan and others . (1981)
present strong arguments for forced convection of groundwater
through late Cenozoic basins of the Rio Grande rift and suggest
geothermal resources will be manifested at basin constrictions or
outlets. - Elston'(lsel), Elston and others (1983), and Chapin and
others (1978) point out that several geothermal systems in south-
west New .Mexico' occur in associetion v}ith the ring-fracture zones
of mid-Tertiary cauldrons. -Late_ Tertiary faults, which bonnd
Basin and Range uplifts, also may control geothermal systems
(Swanberg; 1975; Jiracek and S'mith., 1976; Elston and others,
1983) . '
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Figure 1~-18. Temperature-gradient map for the study area. The

» - dots depict sites %here the measured temperature
gradient exceeds 75 C/km. All holes have one or
more intervalg with a least-squares-fit gradient in
excess of 75°C/km. Temperature-gradient data for
. Dona Ana County are shown in Figure 1-19. The
principal data sources are given in Figure 1-13.
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¢ MEASURED TEMPERATURE GRADIENT GREATER
THAN 75°C/KM

Temperature-gradient map for Dona Ana County. The
dots depict sites gpere the measured temperature
gradient exceeds 75 °C/km. All holes have one or
more interva%g with a least~-squares-fit gradient in
excess of 75 C/km. The principal data sources are
given in Figure 1-13.
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Analysis of regional geology, geohydrology, and thermal
regimes shows that not all basin outlets or constrictions have
associated geothermal anomalies. Conversely, not all identified
geothermal systems are associated with constrictions. Examples
include the Hueco Tanks, Lightning Dock, Las Alturas-Tortugas
Mountain, Faywood Hot‘Springs, Gila Hot Springs, East Portrillo,
Turkey Creek Hot Springs, and Upper Frisco Hot Springs systems.
Likewise, not all cauldron ring-fracture zones have geothermal
anomalies. Late Tertiary horst-bounding faults appear to be very
important on a large scale. In fact, areas containing faults
with evidence for Quaternary slip seem to show more geothermal
anomalies. However, not all late Tertiary faults have geothermal
systems. Clearly, basin constrictions, cauldron ring-fracture
zones, and Bésin and Range faults are important exploration
guides. ‘

All convective geothermal systems in the study area have
parent reservoirs in mid-'rert}ia_ry} volcanic rocks or Paleozoic
carbonate rocks. Fractured Precambrian crystalline rocks may
also be important reservoirs for some systems. Most geothermal
systems in the study area occur over Laramide uplifts. The only
apparent exceptions are the Gila Hot Springs, Upper and Lower

Frisco Hot Springs, and,Turkéy Creek Hot Springs. However, these

'~ areas may overlie uplifts which have'been deeply buried by thick

volcanic sequences.

Almost all convective systems in the study area‘dischérge in
operi basins | adjacent to through-flowing perennial drainages (see
Figure 1-20). The Lightning Dock, Hueco. Tanks, Socorro, and
Faywood systems are exceptions.
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Buried and low-relief horst blocks are favorable sites for
systems, especially those horsts which slice Laramide uplifts and
mid-Tertiary cauldron ring-fracture zones. In these areas, con-
fining units tend to be missing or thin. Sometimes confining
units are pierced by fractured intrusions allowing vertical

discharge. Radium Springs is an example.

1.5 concluding Remarks

Occurrence of convective systems in topographically 1low
areas adjacent to through-flowing drainage indicates that these
systems probably represent discharge from forced, regional
groundwster flow systems in accordance with the models of Freeze
and Witherspoon (1967) and Hitchon (1969). Fractured bedrock-
reservoir 1lithologies for these systems indicaﬁes that deep
circulation in iate Tertiary basins with discharge at basin
constrictions is not requiredi The actual discharge control for
.geothermal systems in the study area is the occurrence of struc-
turally-high windows of permeable ‘bedrock at low elevations.
fhese discharge windows protrude through Tertiary confining units
to allow outflow of geothermal waters.
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APPENDIX A

Coordinate System for Locating Springs and Wells
in New Mexico
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Note:

APPENDIX B

Annotated Bibliography for Geoscierice Studies
~~ in southern New Mexico

This appendix is divided into three parts. Part I con-
tains a comprehensive bibliography of geoscience studies
in southern New Mexico with 421 1listings arranged in
alphabetical order and numbered sequentially. Part 1II
contains a reference map of geothermal areas located
within the study area labeled by county. Part III pro-
vides -annotations to the bibliography arranged in alpha-
betical order by county for each of the geothermal areas
subdivided by the major scientific category of the study

such as geology, geophysical surveys, geochemical studies,

hydrogeology, and other.

1-74




Part I

Comprehensive Bibliography of Geoscience Studies

1-75




Aldrich, M. J., Chapin, C. E., and
Laughlin, A. W,, 1986, Stress history
and tectonic development of the Rio
Grande rift, New Mexico: Journal of
Geophysical Research, v. 91, no. B6,
p. 6199-6211.

Aldrich, M. J. and Laughlin, A. W,,
1981, Age and location of - volcanic -
centers S3.0 M. Y. old in Arizona,
New Mexico and Trans-Pecos.. area of
West Texas: Los Alamos Scientific
Laboratory Map LA-8812, Scale
1:1,000,000.

Aldrich, M. J,, and Laughlin, A. W,
1981, Location, age, and rock type of
volcanic rocks younger than § million

- years old in Arizona and New Mexico:

Los Alamos National Laboratory
Report LA-8820

Allen, J. E,, 1951, The Carrizozo
malpais: Roswell Geological Society
Guidebook §, p. 9-11,

Aubele, J. C.,, Crumpler, L. S., Loeber,
K. N,, and Kudd, A. M,, 1976, Maar
and tuff rings of New Mexico: New
Mexico Geological Society Special
Publication 6, p. 109-114.

Bachman, G. O., and Mehnert, H. H,,
1978, New K-Ar dates and the late
Pliocene to Holocene geomorphic -
history of the central Rio Grande
region, New Mexico:  Geological
Society of America Bulletin, v. 89, p.
283-292,

Baldridge, W. S., 1979, Petrology and
petrogenesis of Plio-Pliestocene
basaltic rocks from the central’ Rio
Grande Rift, New Mexico, and their
relation to rift structure, in Riecker,

- R, E., ed., Rio Grande Rift: Tectonics

and Magmatism: American
Geophysical Union, Washington, D.C,,
p. 323-354, .

Baldridge, W. S., 1978, Mafic and
ultramafic inclusion suites from the
Rio Grande rift and their bearing on

10.

11.

12.

13.

14,

1-76

the composition and thermal state of
the - lithosphere, in Olsen, K. H,, and
Chapin, C. E., compilers, 1978,
International Symposium on the Rio
Grande Rift, Program and Abstracts:
Los Alamos Scientific Laboratory
Report LA-7487-C, p. 15-16.

Baldridge, W. S., Damon, P. E.,
Shafiqullah, M., and Bridwell, R. V.,
1980, New potassium-argon dates:
Evolution of the central Rio Grande
rift, New Mexico: Earth and
Planetary Science Letters, v. 51, p. .
309-321.

Baldridge, W. S., Olsen, K. H,, and
Callender, J. F., 1984, Rio Grande
rift: Problems and perspectives, in
Baldridge, W. S., Dickerson, P. W,,
Riecker, R. E., and Zidek, J., eds., Rio
Grande Rift: Northem New Mexico:
New Mexico Geological Society 35th
Annual Field Conference Guidebook,
p. 1-12,

Ballance, W. C., 1976, Groundwater
resources of the Holloman Air Force
Base well-field area, 1967, New
Mexico, with a_section on geophysical
exploration, by Robert Mattick: U.S.
Geological Survey Open-File Report”
76-807, 128 p.

_ Bernhardt, C., and Norman, D., 1981,

The gas composition of several
thermal waters in New Mexico
(abstract): New Mexico Geology, v. 3,
no. 3, p. 44,

Berry, G. W,, Grim, P. J., and Ikelman,
J. A., 1980, Thermal springs list for

- the United States: National Oceanic

and Atmospheric - Administration,
Key to Geophysical Records
Documentation No. 12, 59 p.

Bikerman, M., 1972, New K-Ar ages
on volcanic rocks from Catron and
Grant counties, New Mexico: Isocron
West, v. 3, p. 9-12,




15.

16.

17.

18.

19.

20.

21.

Blackwell, D. D., Heat-flow and 22.
energy loss in the western United

States, in Smith, R. B., and Eaton, G.

P., eds., Cenozoic Tectonics and

Regional Geophysics of the Western

Cordillera: Geological Society of

America Memoir 152, p. 175-208.

Bliss, J. D., 1983, New Mexico-Basic 23.
data for thermal springs and wells as

recorded in GEOTHERM: U.S.

Geological Survey Open-File Report

83-434, 175 p.

Blodgett, D. D., and Titus, F. B., 1973, 24,
Hydrogeology of the San Agustin

Plains, New Mexico:  New Mexico

Bureau of Mines and Mineral

Resources Open-File Report 51, 62 p.

Bobrow, D. J., Kyle, P. R., and Osburn,

G. R., 1983, Miocene rhyolitic ,

volcanism in the Socorro area of New

Mexico, in Chapin, C. E., and

Callender, J. F., eds., Socorro Region 25.
II: New Mexico Geological Society

34th Annual Field Conference

Guidebook, p. 211-217. '

Bond, G. N., Boucher, J. H., Eriksen,

W. T.,"Hudson, S. L., and Kaiser, B. D.,

1981, A direct application of

geothermal energy at L'eggs Plant,

Las Cruces, New Mexico: U.S.

Department of Energy, Idaho : 26.
Operations Office, Report '
DOE/ID/12047-3.

Bornhorst, T. J.,, 1980, Major- and
trace-element geochemistry and

‘mineralogy of upper Eocene to

Quaternary volcanic rocks of 27.
Mogollon-Datil volcanic field,
southwestern New Mexico:

~ unpublished PhD thesis, University

of New Mexico, Albuquerque, 1108 p.

Borton, R. L., 1961, Geology and water 28.
resources of the Alamosa-Cuchillo -
Negro-Palomas rivers area, Sierra and

Socorro counties, New Mexico: New

Mexico State Engineer Open-File

Report, 24 p.

1-77

Brady, B. T., Mulvhill, D. A, Halt, D.,
Jr. and Langer, W. H., 1984, Maps
showing groundwater levels, springs,
and depth to groundwater, Basin and
Range province, New Mexico: U.S.
Geological Survey Water Resources
Investigations Report 83-4118-B.

Brocher, T. M., 1981, Geometry and
physical properties of the Socorro,
New Mexico, magma bodies: Journal
of Geophysical Research, v. 86, p.
9420-9432.

Brookins, D. G., 1978, Radiogenic heat
contribution to heat-flow from
potassium, uranium, thorium in the
Precambrian - silicic rocks of the
Florida ‘Mountains and the Zuni
Mountains, New Mexico: New Mexico

- Energy Research and Development

Institute Report NMERDI 2-66-
1104(A), 14 p.

Brown, L. D., Krumhansl, P, A.,
Chapin, C, E., Sanford, A. R., Cook, F.
A., Kaufman, §., Oliver, J. E., and
Schilt, F. S., 1979, COCORP seismic
reflection studies of the Rio Grande
rift, in R. E. Riecker, ed., Rio Grande
Rift: Tectonics and Magmatism,
American Geophysical Union, p. 169-
184.

Burks, M. R., and Schilling, J. H.,
1955, ‘Bibliography of New Mexico
geology and mineral technology
through 1950: New Mexico Bureau of
Mines and Mineral Resources Bulletin
43, 198 p.

Bushman, F. X., 1955, Groundwater
data for Dwyer quadrangle, Grant and
Luna counties, New Mexico: New
Mexico Bureau of Mines and Mineral
Resources Circular 37, 19 p.

Bushman, F. X,, and Valentine, C. P.,
1954, Water well records and well

"water quality in southwestern San

Agustin Plains, Catron county, New
Mexico: New Mexico Bureau of Mines




29.

30.

31.

32.

33.

34,

35.

and Mineral Resources Circular 26,
21 p.

Callender, S. F., 1981, Evaluation of

geothermal potential of Rio Grande 36.
rift and Basin and Range Province,

New Mexico: New Mexico Energy

Research - and Development Institute

Report NMERDI 2-65-2164, 263 p.

Callender. J. F., and Seager., W. R.,

1980, Quaternary and Late Pliocene

Geology, in Icerman, L., Starkey, A., © 37,
and Trentman, N., eds., State-Coupled

Low. Temperature Geothermal

Resource Assessment Program, Fiscal

Year 1979: U. 8. Department of

Energy Report DOE/10/01717-1, p.

6-1 to 6-4.

Callender, J, F., Seager, W. R., and

Swanberg, C. A., 1983, Tectonics and

magnatism, in Swanberg, C. A,

compiler, Geothermal Resources of

New Mexico, Scientific Map Series: 38.
New Mexico State University Energy '
Institute, - Scale 1:500,000.

Caner, B., Cannon, W. H., and
Livingstone, C. E., 1967, Geomagnetic
depth sounding and upper mantle
structure in the Cordillera region of
Western North America: Journal of
Geophysical  Research, v. 72, p. 6335-
6351.

Cape, C. D., McGeary, S. and 39.
Thompson, G. P., 1983, Cenozoic

normal faulting and the shallow

structure of the Rio Grande rift near

Socorro, New Mexico: Geological

Society of America Bulletin, v. 94, p.

3-14.

Caravella, F. J,, 1976, A study of
Poisson's ratio in the upper crust of
the Socorro, New Mexico area, New
Mexico Institute of Mining and

Technology, Geophysics Open-File - ' 40.
. Report -11, 80 p.

Cash, D. J., 1971, Bibliography of
geophysics for New Mexico through

1-78

1970. New Mexico Bureau of Mines
and Mineral Resources Circular 119,
27 p. .

Chapin, C. E., Chamberlin, R. M.,
Hawley, J. W., 1978, Socorro to Rio
Salado, in Hawley, J. W, ed,,
Guidebook to Rio Grande Rift in New
Mexico and Colorado: New Mexico
Bureau of Mines and Mineral
Resources Circular 163, p. 121-134.

Chapin, C. E., Chamberlin, R. M,,
Osburn, G. R., Sanford, A. R., and
White., D. W., 1978, Geologic and
geophysical maps of the Socorro
geothermal area, in Chapin, C. E.
Elston, W. E,, and James, H. L., eds,,
Fieldguide to Selected Cauldrons and
Mining Districts of the Datil-
Mogollon Volcanic Field New Mexico:
New Mexico Geological Society Special
Publication No. 7.

Chapin, C. E., Chamberlin, R. M.,
Osburn, G. R., White, D, W., and
Sanford, A. R., 1978, Exploration
framework - of the Socorro geothermal
area, in Chapin, C. E., Elston, W. E.,
and James, H. L., eds., Fieldguide to
Selected Cauldrons and Mining
Districts of the Datil Mogollon
Volcanic Field in New Mexico: New
Mexico Geological Society Special
Publication No. 7, p. 115-129,

Chapin, C. E., and Lindley, J. E,,
1986, Potassium metasomatism of
igneous and sedimentary rocks in

detachment  terranes - and other

sedimentary basins: economic -
implications, in Beatty, B., and .
Wilkinson, P. A. K., eds. Frontiers in

Geology and Ore Deposits of Arizona

and the Southwest: Arizona
Geological Society Digest 16, p. 118-
126.

Chapin, C. E., and Lindley, J. 1., 1985,
Potassium metasomatism- of volcanic
and sedimentary rocks in rift basins,
calderas, and detachment terranes, in
Papers Presented to the Conference




41.

42,

43l

44.

45.

on Heat and Detachment in Crustal
Extension on Continents and Planets:
Lunar and Planetary Institute,
Houston, L. P. I. Contribution No.
575, p. 25-31.

Chapin, C. E., Sanford, A. R., White,
D. W., Chamberlin, R. M., and Osbur,
G. R., 1979, Geological investigation
of the Socorro geothermal area: New
Mexico Energy Institute at New
Mexico State University, NMEI Report
1-26, 70 p.

Chapin, C. E,, and Seager, W. R., 1975,
Evolution of the Rio Grande rift in the
Socorro and Las Cruces area, in
Seager, W. R., Clemons, R. E,,
Callender, J. F., eds. Las Cruces
Country: New Mexico Geological
Society 26th Field Conference
Guidebook, p. 297-321.

Chaturvedi, L., 1980, New Mexico
State University geothermal
production well, in Icerman, L.,
Starkey, A., and Trentman, N,, eds.,
State-Coupled Low-Temperature
Geothermal Resource Assessment
Program, Fiscal Year 1979: U. S.
Department of Energy Report
DOE/ID/01717-1, p. 11-1 to 11-40.

Chaturvedi, L., 1980, Analysis of .
geological and geophysical logs of two
geothermal exploration wells. drilled
on NMSU land, Las Cruces, New
Mexico, jn Icerman, L., Starkey, A.,
and Trentman, N., eds., State-Coupled
Low-Temperature - Geothermal
Resource Assessment Program, Fiscal
Year 1979: U. S. Department of
Energy Report DOE/10/01717-1, p.
10-1 to 10-15, ; ,
Chaturvedi, L., 1980, Geothermal
hydrology, in Icerman, L., Starkey,
A., and Trentman, N,, eds., State-
coupled Low-Temperature Geothermal
Resource Assessment Program, Fiscal

- Year 1979: U.S. Department of

Energy Report DOE/ID/01717-1, p.
8-1 10 8-22.

45.

46.

48'

49,

50.

51.

1-79

Chaturvedi, L., and Ramos-Arras, M.,
1979, Geothermal hydrology and
hydrogeology of Animas basin and
KGRA, Southwestern New Mexico
(abstract):  Abstracts With Programs,
1979, Geological Society of America,
v. 11, no. 7. p. 400-401.

Clark, N. J., and Summers, W. K, -
1968, Records of wells and springs in
the Socorro and Magdalena Areas,
Socorro County, New Mexico: New
Mexico Bureau of Mines and Mineral
Resources Circular 115, 51 p.

Cochran, J. R., 1984, Investigation of
the Las Cruces, New Mexico, East
Mesa geothermal field using uranium
disequilibrium:  unpublished M.S.
thesis, New Mexico State University,
Las Cruces, 121 p.

Cook, F. A., 1978, Crustal structure
and crusta! evolution of the southern
Rio Grande rift, in Olsen, K. H., and
Chapin, C. E., compilers, 1978
International Symposium on the Rio
QGrande Rift, Program and - Abstracts:
Los Alamos Scientific Laboratory
Report LA-7487-C p. 27-28.

Cook, F. A., 1975, Transient heat-
flow models and gravity models in the
Rio Grande rift of southern New
Mexico: - unpublished M.S. thesis,
University of Wyoming, Laramie,
Wyoming, 114 p.

Cook, F. A., Decker, E. R. and
Smithson, S. B., 1978, Preliminary
transient -heat flow model of the Rio
Grande rift in southern New Mexico:
Earth and Planetary Science Letters,
v. 40, p. 316-325.

Cook, F. A., McCullar, D. P., Decker,
E. R, and Smithson, S. B., 1979,
Crustal structure and evolution of the

. Southern Rio Grande rift, in Riecker,
" R. E., ed., Rio Grande Rift: Tectonics

and - Magmatism: American
Geophysical Union, Washington, D C.,
p. 195-208.




52.

53,

54,

55.

56.
57.

58.

59.

Cooper, J. B., 1970, Summary of
records of supply wells and test
wells in the post headquarters area,
White Sands Missile Range, New
Mexico: U.S. Geological Survey Open-

File Report, 202 p.

Cooper, J. B., 1965, Groundwater

. resources of the northern Tularosa

basin near Carrizozo, Lincoln County,

. New Mexico: U.S. Geological Survey

Hydrologic Investigations Atlas HA-
193, Scale 1:125,000.

Conover, C. S., 1954, Groundwater
conditions in the Rincon and Mesilla
Valleys and adjacent areas in New
Mexico: U.S. Geological Survey
Water-Supply Paper 1230, 200 p.

Cordell, L., 1983, Composite residual
total intensity aeromagnetic map, in
Icerman, L., and Starkey, A., eds.,

- State-Coupled Low Temperature

Geothermal Resource Assessment
Program, Fiscal Year 1982, Final
Technical Report; U.S. Department of
Energy Report DOE/ID/01717-4, p. -
4-1 to 4-14.

Cordell, L., 1982, Extension in the
Rio Grande rift: Joumal of
Geophysical Rescarch, v. 87, p. 8561-
8569.

Cordell, L.,. 1978, Regional . .
geophysical setting of the Rio Grande
rift: Geological Society America
Bulletin, v, 89, p. 1073-1090.

Cordell, L., 1975, Combined
geophysical . studies .at Kilbourne
Hole Maar, New Mexico, in Seager, W.

R., Clemons, R. E., and Callender, J.
F., eds., Las Cruces County: New

Mexico Geological Society 26th Field

Confererice Guidebook, p. 269-271.

"Cox, E. R., and Reeder, H. O., 1962,

Groundwater conditions in the Rio
Grande Valley between Truth or
Consequences and Las Palomas, Sierra
County, New Mexico: New Mexico

60.

61.

62.

63.

64.

65.

66.

lfBO

State Engineer Technical Report 25, w
47 p. : |

‘Cunniff, R. A., Chaturvedi, L., and

Keyes, C., 1981, New Mexico State -
University campus geothermal
demonstration project: New Mexico
Energy Research and Development '
Institute NMERDI Report 2-68-2207,
264 p.

Cumniff, R. A., Swanberg, C. A,,
Brown, K., Alexander, S. A., and
Rybarezyk, §. M., 1980, Geothermal
potential of White Sands Missile
Range New Mexico: New Mexico
Energy Institute, NMEI Report 57.

Daggett, P, H., 1982, An integrated
geophysical study of the crustal
structure of the Rio Grande rift:
unpublished Ph.D. thesis, New
Mexico State University, Las Cruces,
192 p.

Daggett, P. H., Keller, G. R., Morgan,
P., and Cheng-Lee Wen, 1986,
Structure of the southern Ric Grande
rift from gravity interpretation:
Journal of Geophysical Research, v.
91, no. B6, p. 6157-6167.

Davie, W, Jr.,, and Spieger, Z., 1967,
Geology and water resources of Las
Animas Creek and vicinity, Sierra
County, New Mexico: New Mexico
State Engineer Hydrographic Survey
Report, 44 p.

- de Voogd, B., Brown, L. D., and Merey,

C., 1986, Nature of the eastern
boundary ‘of the Rio Grande rift from
COCORP surveys in the Albuquerque . -
basin, New Mexico: Journal of :
Geophysical Research, v. 91, no. B6,

p. 6305-6320.

de Voogd, B., and Serpa, L., 1986,
Crustal extension and magmatic
processes: evidence from COCORP
profiles in Death Valley and in the
Rio Grande rift (abstract): Abstracts
With Programs, 1986, Geological




67.

68.

69.

70.

71.

72.

73.

74.

Society of Amenca. v. 18, no. 2, p. 75..

101.

Decker, E. R., 1969, Heat flow in
Colorado and New Mexico: Journal of
Geophysical Research, v. 74, p. 550-
559.

Decker, E. R, and Birch, F., 1974,

Basic heat flow data from Colorado,

Minnesota, New Mexico, and Texas, in’

Sass, J. H., and Munroe, R. J., eds.

Basic Heat Flow Data From the United 76.
States: U.S. Geological Survey Open-

File Report 74-9, p. 5.1-5.66.

Decker, E. R., Cook, F. A. Ramberg, I

B., and Smithson, S. B., 1975, 717.
Significance of geothermal and

gravity studies in the Las Cruces

area, in Seager; W. R., Clemons, R. E,,

and Callender, J. F., eds., Las Cruces

Country: New Mexico Geological

Society 26th Field Conference

Guidebook, p. 251-259. 78.

Decker, E. R., and Smithson, S. B,
1975, Heat flow and gravity
interpretation across the Rio Grande
rift in southern New Mexico and West

Texas: Journal of Geophysical- 79.

Research, v. 80, no. 17, p. 2542-2552.

‘Dehon, R. H., 1965, The Aden Crater

lava cone: Compass, v. 43, p. 34-40.

Dehon, R. H., 1965, A maar origin for

- Hunt's Hole, Dona Ana County, New = 80.

Mexico:  unpublished M.S. thesis,
Texas Tech. College, Lubbock, 70 p.

Dehon, R. H., 1965, Maar of La Mesa:

New Mexico Geological Society

Guidebook 15th Annual! Field ,
Conference, p. 204-209. 81.

Dellechaie, F.,” 1977, A - geological -and
hydrochemical  study of the Animas
geothermal area, Hidalgo County, New
Mexico: Transactions Geothermal
Resources Council, v.1, p. 73-75.

1-81

Dicey, J. R., and Morgan, P., 1981,
Magnetic, gravity, seismic-refraction,
and seismic-reflection profiles
across the Las Alturas geothermal
anomaly, New Mexico, in Icerman, L.,
Starkey, A., Trentman, N., eds., State-
Coupled Low-Temperature Geothermal
Resource - Assessment Program: New
Mexico Energy Institute at New -~
Mexico State University, p. 1-1 to 1-
56.

Doty, G. C., 1969, Availability of
groundwater near Arena, Luna -
County, New Mexico: U.S. Geological
Survey Open-file Report 21 p.

Doty, G. C., 1963, Water development

. a8t the Naticnal Aeronautics and Space

Agency-Apollo Propulsion System
Development Facility, Dona Ana
County, New Mexico: U.S. Geological
Survey Open-File Report 40 p.

Doty, G. C., 1960, Reconnaissance of
groundwater in. Playas Valley,
Hidalgo County, New Mexico: New
Mexico State Engineer Technical
Report no. 15, 40 p.

Drewes, H., Houser, B, B., Hedlund, D.
C., Richter, D. H., and Thorman, C. H.,,
and Finnel, T. L., 1985, Geologic map

‘of the Silver City 1° x 2° guadrangle

New Mexico and Arizona: U.S.
Geological Survey Map: 1-1310-C.

Elston, W. E., 1957, Geology and
mineral resources of Dwyer
quadrange, Grant, Luna, and Sierra
counties, New Mexico: = New Mexico
Bureau of Mines and Mineral
Resources Bulletin 38, 86 p.

‘Elston, W. E,, Deal, E. G., and Logsoon,

M. J., 1983, Geology and geothermal
waters of Lightning Dock region,

 _Animas. Valley and Pyramid.

Mountains, Hidalgo County, New

" Mexico: New Mexico Bureau of Mines
.and Mineral Resources Circular 177,

44 p. .




82.

83.

84.

- 85.

86.

87.

88.

Elston, W. E. and Erb, E. E., 1979,
Tertiary geology of Hidalgo County,
New Mexico: New Mexico Geology, v.
1, no. 1, p. 44.

Everson, J. E,, and Silver, L. T., 1978,
Lead systematics of late Cenozoic
basalts from the Rio Grande rift, in
Olsen, K. H., and Chapin, C, E., -
compilers, 1978, International
Symposium on the Rio Grande Rift,

~ Program and Abstracts: Los Alamos

Scientific Laboratory Report LA-
7487-C p. 36-37.

' Felmlee, J. K. and Cadigan, R. A.,

1982, Radioactivity and geochemistry
of selected mineral-spring waters in
the western United States -- basic
data and multivariate statistical
analysis: U.S. Geological Survey
Open-File Report 82-324, 107 p.-

Felmlee, J. K. and Cadigan, R. A,
1978, Radium and uranium data for
springs in eight western states; U.S.
Geological Survey Open-File Report
78-561, 48 p.

Fender, J. J., 1978, A study of
poisson's ratio in the upper crust of
the Socorro New Mexico area: New
Mexico Institute of Mining and
Technology, Geoscience Department
Open-File Report 25, 57 p.

Fischer, J. A., 1977, The use of
relative travel time residuals of P
phases from teleseismic events to
study the crust in the Socorro, New
Mexico area: New Mexico Institute of
Mining and Technology, Geoscience
Department Open-File Report 14, 65
p.

Foster, R. W., 1978, Selected data for
deep drill holes along Rio Grande rift
in New Mexico, in Hawley, J. W, ed.,
Guidebook to Rio Grande Rift in New
Mexico and Colorado: New Mexico
Bureau of Mines and Mineral
Resources Circular 163, p. 236-237.

89.

90.

91.

92.

93.

94.

95.

96.

1-82

‘Mexico:

Garza, Sergio, and McLean, J. S., 1977,
Fresh-water resources in the
southeastern part of the Tularosa
basin: - New Mexico State Engineer
Technical Report 40, 67 p.

Geotronics Corp., 1978, Socorro
KGRA, New Mexico magnetotelluric
survey: Non-exclusive survey for
sale by Geotronics Corp., Austin,
Texas. .

Geotronics Corp., 1971, Animas, New
Mexico to El Paso, Texas
magnetotelluric survey: Non-
exclusive survey for sale by
Geotronics, Austin Texas.
Geotronics Corp., 1971, Jornada del
Muerto Valley, New Mexico
magnetotelluric survey: Non-
exclusive survey for sale by
Geotronics Corp., Austin, Texas.

Gerety, M. T., 1980, Bipole-Dipole -
electrical technique applied . to
geothermal exploration in New
unpublished M.S. thesis,
University of New Mexico,

Albuquerque, 86 p.

Gough, D. I, 1974, Electrical
conductivity under western North -
America in relation to heat flow,
seismology and structure: Joumal of
Geomagnetism and Geoelectricity, V.
26, p. 105-123,

Greene, D. K., and Halpenny, L. C.,
1976, Basic-data report - Quintana

. Minerals Corporation, Copper Flat
Project, production wells, Hillsboro

(Sierra County), New Mexico: Water
Development - Corporation, Tucson,
Consultant Report prepared for
Quintana Minerals Corporation,
Tucson, 67 p.

Gough, D. 1., 1973, Interpretation of
magnetometer array studies:
Geophysical Journal Royal
Astronomical Society V. 35, p. 83-98.




917.

98.

99.

100.

101.

102.

Gross, G. W., and Wilcox, R., 1981, 103.

Groundwater circulation in the
Socorro Geothermal area, jn Icerman,
L., Starkey, A., and Trentman, N,,
eds., State-Coupled Low-Temperature
Geothermal Resource Assessment

Program, Fiscal Year 1980: New 104,

Mexico Energy Institute at New
Mexico State University, p. 2-97 to 2-
192.

Gross, J. T., 1983, Deep test

production drilling in the area 105.

surrounding Tortugas Mountain, in
Icerman, L., and Lohse, R. L., .
principal investigators, Geothermal
Low-Temperature Reservoir
Assessment in Dona Ana County, New

Mexico: New Mexico Energy Research 106.

and . Development Institute, NMERDI
Report 2-69-2202 p. 37-55.

Gross, J. T., and Cochran, J., 1985,

Uranium disequilibrium 107.

investigation of the Las Cruces East
Mesa geothermal field: New Mexico
Energy Research and Development
Institute Report NMERDI 2-67-
2238(3), 50 p.

Gross, J. T., and Giordano, T. H.,
1985, The Las Cruces geothermal
field-a flow model (abstract): New

Mexico Geology, V. 7, p. 64. 108.

Gross, J. T., and Icerman, L., 1983,
Subsurface investigations for the area
surrounding Tortugas Mountain, ‘Dona
Ana County, New Mexico: New Mexico
Energy Research and Development
Institute, NMERDI Report 2-67-
2238(2), 70 p.

Gunaji, N. N., Chaturvedi, L., Thode, 109..

E., La France, L., Swanberg, C. A., and

‘Walvakar, A., 1978, A geothermal

field near New Mexico State

- University and its potential as a

campus energy supplier:
Transactions, Geothermal Resources
Council, v, 2, p. 241-244,

1-83

Hall, F. R., 1963, Springs in the
vicinity of Socorro, New Mexico, in
Socorro Region: New Mexico
Geological Society, 14th Field
Conference Guidebook, p. 160-179.

Harder, V., and Morgan, P., 1981, A
groundwater convection model for Rio
Grande rift geothermal resources:
The Compass, Sigma Gamma Epsilon,
v. 58, no. 4, p. 69-76.

Harder, V., Morgan, P., and Swanberg,
C. A, 1980, Geothermal Resources in
the Rio Grande rift: origins and
potential: Transactions, Geothermal
Resources Council, v. 4, p. 61-64.

Harrington, E. R., 1948, Craters and
crater springs of the Rio Salado:
Journal of Geology, v. 56, no. 3, p.
182-.185.

Hatton, K. 8., 1982, Geothermal
energy, in New Mexico's Energy
Resources '81:  Annual Report of
Bureau of Geology in the Mining and
Minerals Division of New Mexico
Energy and Minerals  Department:
New Mexico Bureau of Mines and
Mineral Resources Annual Report, p.
52-59. - :

Hatton, K. 8., 1981, Geothermal
energy, in New Mexico's Energy
Resources ‘80, -- Annual Report of

 Bureau of Geology in The Mining and

Minerals Division of New Mexico
Energy and Mineral Resources
Department: - New Mexico Bureau of
Mines and Mineral Resources
Circular 172, Circular 181, p. 50-57.

Hatton, K. S§., 1980, Geothermal
energy, in New Mexico's energy
resources, '79 -- Annual Report of
the Bureau of Geology in the Mining
and Minerals Division of New Mexico
Energy and Minerals Department:
New Mexico Bureau of Mines and
Mineral Resources Circular 172, p.
49-53,




110.

111.

112.

113.

115.

116,

Hatton, K. S., 1977, Geothermal, in

Amold, E. C., compiler, New Mexico's
Energy Resources '76: New Mexico
Bureau Mines and Mineral Resources
Circular 148, p. 26-27,

Hawkins, D. B., and Stephens, D. B,,
1982, Hydrologic study of the
Animas Valley - Lightning Dock
KGRA areas, in Icerman, L., and
Starkey, A., eds., State-Coupled Low-
Temperature - Geothermal Resource
Assessment Program, Fiscal Year
1981, New Mexico Energy Institute at
New Mexico State University, p. 8-1
to 8-93,

Hawkins, D. B,, and Stephens, D. B.,
1981, Geothermal data availability
for computer simulation in the
Socorro. Peak KGRA, Socorro County,
New Mexico, jn Icerman, L., Starkey,
A., and Trentman, N., eds., State-
Coupled Low-Temperature Geothermal
Resource Assessment Program, Fiscal
Year 1981, Final Technical Report:
New Mexico Energy Institute, Las
Cruces, New Mexico p. 2-11 to 2-95.

Hawley, J. E., ed., 1978, Guidebook to
Rio Grande rift in New Mexico and
Colorado: New Mexico Bureau of
Mines and Mineral Resources
Circular 163, 241 p.

Hawley, J. W., 1984, Hydrogeologic
cross sections of the Maesilla basin
area, Dona Ana County, New Mexico
and El Paso County, Texas: New. .
Mexico Bureau of Mines and Mineral
Resources Open-File Report 190, 8 p.

Hawley, J. W., and Seager, W. R.,
1978, New Mexico-Texas State line to
Elephant Butte Reservoir, jn Hawley,
J. W. ed., Guidebook to Rio Grande
Rift in New Mexico and Colorado:
New Mexico Bureau of Mines and

- Mineral Resources Circular 163, p.

71-91.

Hawley, J. W., 1967, K-Ar ages of late
Cenozoic basalts in Dona Ana County,

117.

118.

119,

120.

121,

122.

123.

1-84

New Mexico (abstract): New Mexico
Geological - Society 18th Field
Conference Guidebook, p. 226.

Hawley, J. W., and Kottlowski, F. E.,
1967, Quaternary geology of the
south-central New Mexico region:
New Mexico Bureau of Mines and
Mineral Resources Circular 104, p.
89-115.

- Hedlund, D. C., 1977, Geology of the

Hillsboro and San Lorenzo
Quadranges, New Mexico: U.S.
Geological Survey Map MF-900A.

Heljeson, D. M., 1982, Bibliography of
New Mexico geology and mineral
technology, 1976-1980: New Mexico
Bureau of Mines and Mineral
Resources Bulletin 109, 173 p.

Heljeson, D. M., and Holts, C. L.,
1981, Supplemental bibliography of
New Mexico geology and mineral
technology through 1975: New
Mexico Bureau of Mines and Mineral
Resources Bulletin 108, 136 p.

Henry, C. D,, and Gluck, J. K., 1981,
A preliminary assessment of the
geologic setting,  hydrology, and
geochemistry of the Hueco Tanks
geothermal area, Texas and New
Mexico: Texas Bureau of Economic
Geology Geologic Circular 81-1, 48 p.

Hermance, J. F., 1982,
Magnetotelluric and geomagnetic
deep-sounding studies in rifts and
adjacent areas: contraints of
physical - processes. in the crust and
upper mantle, in Palmason, G. ed.,
Continental and Oceanic Rifts:
American Geophysical Union
Geodynamic Series, v. 8, p. 169-192,

Hermance, J. F., and Pedersen, J.,
1980, Deep Structure of the Rio
Grande rift: A magnetotelluric
interpretation:  Journal of
Geophysical Research, v. 85, p. 3899.




124,

125.

126.

127.

128.

129,

130.

131.

Hermance, J. F., and Pederson, J.,

1978, Deep structure of the Rio
Grande rift: Magnetotelluric
interpretation (abstract): in Olsen,
K. H. and Chapin, C., compilers, 1978,
International Symposium on the Rio
Grande Rift Program and Abstracts:
Los Alamos Scientific Laboratory
Report LA-7487-C, p. 41-42.

Hermance, J. F., and Pederson, Jr.,
1977, Assessing the geothermal
resource base of the southwestern
U.S.: Status report of a regional
geoelectromagnetic traverse
(abstract):  Geophysics, v. 42, p. 155-
156.

Herrick, E. H., and Davig, L. V,, 1965,
Availability of ground water in
Tularosa basin and adjoining areas,
New Mexico and Texas: U.S.
Geological Survey Hydrologic
Investigation Atlas HA-191, scale
1:500,000.

Hightower, M. M., 1977, Geothermal
desalination potential in New Mexico:
unpublished M.S. thesis, New Mexico
State University, Las Cruces, 86 p.

Hillard, P. D., 1969, Geology and
beryllium mineralization . near
Apache Warm Springs, Socorro
County, New Mexico: New Mexico
Bureau of Mines and Mineral
Technology, Circular 103, 16 p.

Hoffer, J. M., 1976, The Potrillo

basalt field, south-central New
Mexico: .New Mexico Geological

- Society. Special Publication 5, p. 89- ‘

92. :

Hoffer, J. M., 1976, Geology of
Potrillo basalt field, south-central
New Mexico: New Mexico Bureau of

" Mines and Mineral Resources,

Circular 149, 30 p.

Hoffer, J. M., 1975, A note on the
volcanic features of the Aden Crater
area, south-central New Mexico, in

132,

133.

134,

135.

136.

137.

138.

139.

1-85

Seager, W. R., Clemons, R. E,, and
Callender, J. F., eds.,, Las Cruces
County: New Mexico Geological
Society 26th Field Conference
Guidebook: - New Mexico Geological
Society, p. 131-134.

Hoffer, J. M., 1975, Basalt volcanism
in the southern Rio Grande trench, in
Exploration From the Mountains to
the Basin: El Paso Geological Society,
190 p.

Hoffer, J. M., 1973, Kilbourne Hole:
El Paso Geological Society Guidebook
7, p. 16-22.

Hoffer, J. M., 1973, Quaternary
Basalts of the west Potrillo
Mountains, south-central New
Mexico: - El Paso Geological Society
Guidebook 7, p. 26-32.

Hoffer, J. M., 1971, Mineralogy and
Petrology of the Santo Tomas-Black
Mountain basalt field, Potrillo
volcanics, south-central New Mexico:
Geological Society of America
Bulletin, v. 82, p. 603-611.

Hohmann, G. W. and Jiracek, G. R.,
1979, Bipole-dipole interpretation
with three-dimensional models

" (including a field study of Las

Alturas Estates, New Mexico):
University of Utah Research ,
Institute, Earth Science Laboratory
Report ESL-20, Salt Lake City, 20 p.
Holmes, C.- R., 1963, Tritium studies,

~Socorro Spring, in Socorro region:

New Mexico Geological Society 14th
Field Conference Guidebook, p. 152-
154,

Hood, J. W., and Herrick, E. H., 1965,
Water resources of the Three Rivers
area, Otero and Lincoln Counties, New
Mexico: U.S. Geological Survey
Hydrologic Investigations Altas HA-
192, Scale 1:126,720.

Hoover, D. B., and Tippens, C. L.,
1975, A reconnaissance audio-




140.

141.

142.

143,

144.

145.

magnetotelluric survey at Kilboumne 146.

Hole, New Mexico, in Seager, W. R,,
Clemons, R. E., and Callender, J. F.,,
eds., Las Cruces County: New Mexico
Geological - Society 26th Field
Conference Guidebook, p. 277-278.

Icerman, L., ed., 1984, Regional
geothermal exploration in' north
central New Mexico: New Mexico

Energy Research and Development 147.

Institute, NMERDI Report 2-69-2208,
263 p.

Icerman, L., 1983, A summary of the

low temperature geothermal resource 148.

assessment program in New Mexico,
in Icerman, L., and Starkey, A., eds.,
State-Coupled Low Temperature
Geothermal Resource Assessment
Program, Fiscal Year 1982, Final
Technical Report: U.S. Department of

Energy Report DOE/IDO/1717-4, p. 149.

5'1 to 5'11.

Icerman, L., and Lohse, R. L., 1983,
Geothermal low temperature reservoir
assessment in Dona Ana County, New
Mexico: New Mexico Energy Research
and Development Institute Report
NMERDI 2-69-2202, 188 p.

Icerman, L., and Starkey, A., eds.,
1983, State-coupled low temperature

geothermal resource assessment 150.

program, Fiscal Year 1982, Final
Report: U.S. Department of Energy
Report DOE/IDO/1717-4, 284 p.

Icerman, L., 1982, A bibliography for
low-temperature. geothermal resource
assessment in New Mexico: - New
Mexico Energy Research and
Development Institute, NMERDI

Report, 48 p. ‘ - 151,

Inglis, M. and Budge, T. K., 1985, An
evaluation of thermal remote sensing
as a low-cost regional geothermal
exploration technique in New Mexico:
New Mexico Energy Research .and
Development Institute, NMERDI
Report 2-71-4221, 46 p.

1-86

Jackson, D. B., and Bisdorf, R. J.,
1975, Direct-current soundings on
the La Mesa surface near Kilbourne
and Hunts Holes, New Mexico, in
Seager, W. R., Clemons, R. E., and
Callender, J. F., eds., Las Cruces
County: New Mexico Geological
Society 26th Field Conference
Guidebook, p. 273-275.

Jackson, D. B., 1976, Schlumberger
soundings in the Las Cruces, New
Mexico area: U.S. Geological Survey
Open-File Report 76-231. 170 p.

Jiracek, G. R,, Gustafson, E., and
Mitchell, P. S., 1983, Magnetotelluric
results opposing magma origin of
crustal conductors in the Rio Grande
rift: Tectonophysics, v. 94, p. 299-
326.

Jiracek, G. R., and Mahoney, M., 1981,
Electrical-resistivity investigation of

.the geothermal potential of the Truth

or Consequences area, in Icerman, L.,
Starkey, A., and Trentman, N., eds.,
State-Coupled Low-Temperature
Geothermal Resource Assessment
Program, Fiscal Year 1980: New
Mexico Energy Institute at New
Mexico State University, p. 3-53 to 3-
72,

Jiracek, G. R., 1980, Available
geoelectric studies: of New Mexico, in
Icerman, L., Starkey, A., and
Trentman, N., eds., State-Coupled
Low-Temperature  Geothermal
Resource Assessment Program, Fiscal
Year 1979, New Mexico Energy
Institute at New Mexico State
University, -p. 7-1 to 7-16.

Jiracek, G. R., Ander, M. E., and
Holcombe, H. T., 1979,
Magnetotelluric  soundings of crustal
conductive zones in major continental
rifts: in Riecker, R. E., ed., Rio
Grande Rift: Tectonics and
Magmatism, American Geophysical
Union, p. 209-222,




152.

153.

154.

155.

156.

157.

158.

Jiracek, G. R., Ander, M. E,, and
Reddy, I. K., 1978, Magnetotelluric
profiling across the Rio Grande rift

COCORP study are in New Mexico: in

Olsen, K. H., and Chapin, C. E.,
compilers,1978, International
Symposium on the Rio Grande Rift
Programs and Abstracts, Los Alamos
Scientific Laboratory Report LA-
7487-C Conference Proceedings p.
46-47.

Jiracek, G. R., and Gerety, M. T.,
1978, Comparison of surface and
down-hole resistivity mapping  of
geothermal reservoirs in New Mexico:
Transactions, Geothermal Resources

Council, v. 2, p. 335-336.

Jiracek, G. R., Reddy, 1. K., Phillips,
R. J., and Whitcomb, J. H., 1977,
Magnetotelluric soundings of the Rio
Grande rift COCORP seismic profile
in New Mexico (abstract):
Geophysics, v. 42, p. 1511,

Jiracek, G. R., Smith C., Ander, M. E.,
Holcombe, H. T., and Gerety, M. T.,
1977, Geophysical ‘studies at Lighting
Dock KGRA, Hidalgo County, New .
Mexico: Transactions, Geothermal
Resources Council v, 1, p. 157-158.

Jiracek, G. R., Smith, C., Gerety, M. T.,
1976, Deep electrical resistivity
soundings in the Rio Grande. rift
(abstract): Geological Society of

‘America Abstracts - With  Programs, p.

940-941. .
Jiracek, G. R., and Smith, C., 1976,
Deep resistivity investigations at two
Known  Geothermal Resource Areas
(KGRA's) in New Mexico, Radium
Springs and Lightning Dock: New -
Mexico Geological Society Special
Publication 6, p. 71-76.

Jiracek, G. R., Smith, C., and Domn, G.
A., 1976, Deep geothermal
exploration in New -Mexico using
electrical resistivity: Second United
National Symposium on the

160.

. 164.

1-87

159.

161.

162.

163.

Development and Use of Geotﬁermal
Resources, Proceedings, V. 2, p.
1095-1102.

Jiracek, G. R., Dom, G. A., Smith, C,,
and Gerety, M. T., 1975, Deep
resistivity measurements at. two
Known Geothermal Resource Areas
(KGRAS) in New Mexico (abstract):
EOS Transactions American
Geophysical Union, v. 56, p. 1073.

Johnson, D. M., and Combs, J., 1976,
Microearthquake survey of the
Kilbourne Hole KGRA, south-central
New Mexico (abstract): Geological
Society of America Abstracts with
Programs, p. 942.

Johnson, J. A., 1978,
Microearthquake frequency
attenuation of phases in the Rio
Grande rift near Socorro, New Mexico:
New Mexico Institute of Mining and

. Technology, Geoscience Department

Open-File Report 24, 84 p.

Keller, G. R., and Cordell, L., 1983,
Bouguer gravity map of New Mexico,
in Icerman, L., and Starkey, A., eds.,
State-Coupled Low Temperature
Geothermal Resource Assessment
Program, Fiscal Year 1982, Final
Technical Report: U.S. Department of
Energy Report DOE/IDO/1717-4, p.
4-15 to 4-18. :

Keller, G. R., 1979, Aeromagnetic map
of Tortugas Mountain, Dona Ana
County, New Mexico: New Mexico
Bureau of Mines and Mineral
Resources Open-File Report 110.

‘Keller, G. R., Braile, L. W., and

Schlue, J. W.; 1979, Regional crustal
structure . of the Rio. Grande rift from
surface wave dispersion
measurements, in, Riecker, R. E., ed.,
Rio Grande Rift: - Tectonics and
Magmatism, American Geophysical
Union,, Washington, D. C., p. 115-
126.




165.

166.

167.

168.

169.

170.

171,

‘172.

‘Keller, G. R,, Braile, L. W,,-and Lowry,

W. S., 1976, Regional crustal
structure of the Rio Grande rift and
adjacent areas (abstract): - Geological
Society of America, Abstracts With
Programs, v. 8, no. 6, p..951.

Kelly, T. E., 1973, Summary of

- groundwater data, post headquarters

and adjacent areas, White Sands
Missile Range: U.S. Geological Survey
Open-File Report 66 p.

Kelly, V. C,, and Silver, C,, 1952,
Geology of the Caballo Mountains:
University of New Mexico - '
Publications in-Geology, no. 4, 286 p.

King, W. E., and Kelley, R. E,, 1980,
Geology and paleontology of Tortugas
Mountain, Dona Ana County, New
Mexico: New Mexico Geology, v. 2, no.
3, p. 33.35.

King, W. E., and Hawley, J. W., 1975,
Geology and groundwater resources of
Las Cruces area, New Mexico, in
Seager, W. R., Clemons, R. E., and
Callender, J. F., eds., Las Cruces
Country, New Mexico: New Mexico
Geological Society 26th Field
Conference Guidebook, p. 195-204.

King, W. E., 1973, Hydrogeology of La
Mesa, Dona Ana County, New Mexico:
El Paso Geological Society 7th Field
Conference p. 56-67.

King, W. E., Hawley, J. W,, Taylor, A.
M,, and Wilson, R, P., 1971, Geology -
and groundwater resources of central -
and western Dona Ana County, New
Mexico:  New Mexico Bureau of Mines
and Mineral Resources Hydrologic
Report 1, 64 p.

King, W. E., Hawley, J. W., Taylor, A.
M,, and Wilson R, P,, 1969, -
Hydrogeology. of the Rio Grande
Valley and adjacent intermountain
areas of southem New Mexico: - New

- Mexico State University Water

173.

174.

- 175.

176.

177.-

178.

179.

1-88

Resources Research Institute Report
6, 141 p.

Kintzinger, P. R., 1956, Geothermal
survey of hot ground near Lordsburg,
New Mexico: Science, v. 124, p. 629-
630,

Kintzinger, P. R., 1955, Geothermal
survey of hot ground near Lordsburg,
New Mexico: Paper presented at 31st
Annual Meeting of Southwest and
Rocky Mountain Division of American
Association Advancement of Science,
Santa Fe, New Mexico.

Koehn, M. and Koehn, H. H., 1973,
Bibliography of New Mexico geology’
and mineral technology, 1966
through 1970: New Mexico Bureau of
Mines and Mineral Resources Bulletin
99, 288 p. :

Kudo, A., Elston, W. E., Callender, J.
F., 1980, Quaternary and late
Pliocene age dates, mining prospects
and water isotope analyses, ip
Icerman, L. Starkey, A., and
Trentman, N., ‘eds., State-Coupled
Low-Temperature Geothermal
Resource Assessment Program, Fiscal .
Year 1979: New Mexico Energy
Institute at New Mexico State
University, p. 6-5 to 6-8.

Kudo, A. M., Aoki, K., and Brookins,
D. G., 1971, The origin of Pliocene-

" Holocene basalts of New Mexico in the -
light of strontium isotope and major
" element abundances: Earth and

Planetary Science Letters, v. 13, no.
1, p. 200-240.

Kron, A., and Heiken, G., 1980,
Geothermal gradient map of the-
conterminuous United States: Los
Alamos Nationa! Laboratory Map LA-
8476, 1:5,000,000 scale,

Lachenbruch, A. H., and Sass, J. H.,
1978, Models of an extending
lithosphere and heat flow in the
Basin and Range Province: Geological




180.

181.

182.

183.

184.

185.

186.

187.

Society of America Memoir 152, p.
209-250.

Landis, G. P., and Logsdon, M. J.,
1980, Computer-based chemical and
stable isotope modeling of geothermal
systems in New Mexico; New Mexico
Energy Research and Development
Institute. NMERDI Report 72-67-
2120, 200 p.

Lange, A. L., 1977, Animas Valley,
New Mexico, in Geothermal
Exploration: = University of Utah, Salt
Lake City, p. 154,

Larsen, S., Reilinger, R., Brown, ‘L.,
1986, Evidence of ongoing crustal
deformation related to magmatic
activity near Socorro, New Mexico:
Journal of Geophysical Research, v.
91, no. B6, p. 6283-6292.

Larsen, S., and Reilinger, R., 1983,
Recent measurements of crustal
deformation related to the Socorro
magma body, New Mexico, jn Chapin,
C. E,, and Callender, J. F,, eds,,
Socorro Region I: New Mexico
Geological Society 34th Field
Conference Guidebook, p. 119-121.

Lee, W. T., 1907, Afton Craters of
southern New Mexico: Geological
Society of America Bulletin, v. 18, p.
211-220.

Leopoldt, W., 1981, Neogene geology
of the central Mangas Graben, CIiff-
Gila area, Grant County, New Mexico:
unpublished M.S. thesis, University
of New Mexico, Albuquerque p. 160. -

Leggat, E. R., Lowry, M. E., and Hood, .

J. W., 1963, Groundwater resources of
the lower Mesilla Valley, Texas and
New Mexico: U.S. Geological Survey

Water-Supply Paper 1669-AA, 49 p.

Lepley, L., 1982. Lineament map of
the State of New Mexico, jn Icerman, -
L., and Starkey, A., eds., State-

Coupled Low-Temperature Geothermal

188.

189.

190.

191.

192.

193.

194,

1-89

Resource Assessment Program, Fiscal
Year 1981: New Mexico Energy
Institute at New Mexico State
University, p. 4-1 to 4-21.

Levitte, D. and Gambill, D. T., 1980,
Geotherma! potential of west-central
New Mexico from geochemical and
thermal gradient data: Los Alamos
Scientific Laboratory Report LA-
8608-MS, 102 p.

Loeber, K. N,, 1976, Geology and
igneous petrology of the Truth or
Consequences - Engle area. Sierra
County, New Mexico: unpublished
manuscript, University of New.
Mexico Albuquerque, 119 p.

Loeber, K. N., 1976, Cenozoic volcanic
geology of the Truth or Consequences
- Engle area, New Mexico (abstract):
Geological Society of America,
Abstracts. with Programs, v. 5, p.
601-602.

Logsdon, M. J., 1981, Stable isotope
and aqueous geochemistry of the
Lightning Dock KGRA and vicinity,
Animas Valley, Hidalgo County, New
Mexico: unpublished M.S. thesis,
University of New Mexico,
Albuquerque, 239 p.

Logsdon, M. J., and Landis, G. P.,
1981, Aqueous geochemistry in
geothermal exploration application to
the Lighting Dock geothermal area
(Hidalgo County), New Mexico
(abstract): Geological Society of
America Abstracts with Programs, v.
13, no. 7.

~Lohse, R. L., and Schoenmackers, R.,

1985, Geothermal low-temperature
reservoir assessment in northern
Dona Ana County, New Mexico: New
Mexico Energy Research and.
Development Institute, NMERDI Report
2-71-4220, 150 p. '

Lohse, R. L., 1983, Regional
geothermal assessment in the Otero




195.

196.

197.

198.

199.

County area, in Icerman, L., and
Starkey, A., eds., State-Coupled Low
Temperature Geothermal Resource
Assessment Program, Fiscal Year
1982, Final Technical Report: U.S.
Department of Energy Report
DOE/IDO/1717-4, p. 2-1 to 2-38.

Lohse, R. L., 1982, Collection of 200.
existing water well data in the

southern Rio Grande rift and

southwestern New Mexico, in

Icerman, L., and Starkey, A., eds.,

State-Coupled Low Temperature

Geothermal Resource Assessment

Program, Fiscal Year 1981, New 201.
Mexico Energy Institute at New

Mexico State University p. 5-1 to §-

20.

Lohse, R. L., 1982, Temperature

studies in southwestern New Mexico,

in Icerman, L., and Starkey, A., eds.,
State-Coupled Low-Temperature

Geothermal Resource-Assessment

Program, Fiscal Year 1981: New

Mexico Energy Institute at New

Mexico State University, p. 7-37-7- 202.
82,

Lohse, R. L., and Icerman, L., 1982,
Temperature gradient drilling in Las.
Cruces East Mesa geothermal field:
Transactions, Geothermal Resources
Council, v. 6, p. 141-144,

Lohse, R. L., Morgan, P., and

Swanberg, C. A., 1981, A heat-flow 203.
study of Dona Ana County, southern

Rio Grande rift, New Mexico, in

Icerman, L., Starkey, A., Trentman,

N., eds., State-Coupled Low-

Temperature Geothermal  Resource

‘Assessment Program, Fiscal Year

1980, Final Technical Report: New 204.
Mexico Energy Institute at New

Mexico State University, p. 5-1'to 5-

40,

Lohse, R. L., Morgan, P., and
Swanberg, C. A., 1981, Preliminary
heat-flow assessment of southeast
Luna County, New Mexico, jn Icerman,

1-90

L., Starkey, A., Trentman, N., eds.,
State-Coupled Low-Temperature
Geothermal Resource Assessment
Program, Fiscal Year 1980, Final
Technical Report: New Mexico Energy
Institute at New Mexico State
University, p. 5-41 to 5-47.

Lohse, R. L., 1980, Heat-flow study of
Dona Ana County, southem Rio
Grande rift, New Mexico:

unpublished Masters thesis, New
Mexico State University, Las Cruces,
72 p.

Lohse, R. L., Morgan, P., Swanberg, C.
A., 1980, Preliminary heat-flow
study and geothermal assessment of
Dona Ana County, New Mexico, in
Icerman, L., Starkey, A., and
Trentman, N., eds., State-Coupled
Low-Temperature Geothermal
Resource Assessment Program, Fiscal
Year 1979: U.S. Department of
Energy Technical Report
DOE/1D/01717-1, p. 4-8 to 4-29,

Lohse, R. L., Morgan P., and Swanberg,
C. A., 1980, Thermal gradients, in
Icerman, L., Starkey, A., and
Trentman, N., eds., State-Coupled
Low-Temperature Geothermal
Resource Assessment Program, Fiscal
Year 1979: U.S. Department of
Energy Technical Report
DOE/1D/01717-1, p. 5-1 to 5-36.

Lopez, M-L., M, 1978, Geomagnetic
variation study in Hidalgo and Grant
Counties, southwestern New Mexico,
USA: Report Series in Geophysics No.
9., University of Helsinki, Finland,
64 p. '

Lopez, M-L., M.,1978, Geomagnetic
variation study in Hidalgo and Grant
Counties, southwestern New Mexico,
USA (abstract), jn Olsen, K.-H., and
Chapin, C, E., Compilers, 1978

* International Symposium on The Rio

Grande Rift Program and Abstracts:
Los Alamos Scientific Laboratory
Report LA-7487-C, p. 104 - 105.



20S.

206.

207.

208.

209.

210.

Luedke, R. G., and Smith, R. L., 1978,
Map showing distribution
composition, and age of late Cenozoic
volcanic centers in Arizona and New
Mexico: U.S. Geological Survey
Miscellaneous Investigations Map I-
1091-A.

Madden, T. R., and Swift, C. M., 1969,
Magnetotelluric studies of electrical
conductivity structure of the crust
and upper magntle, in Hart, P. H., ed.,
the Earth's Crust and Upper Mantle:
Geophysical Monograph Series 13
American Geophysical Union,
Washington, D. C., p 469-479.

Mariner, R. H., Presser, T. S., and
Evans, W. C,, 1977, Chemical,
isotopic, and gas compositions of
sclected thermal springs in Arizona,
New Mexico and Utah: U.S. Geological
Survey Open-File Report 77-654, 42

pP.

Marvin, R. F,, Naeser, C. W., and
Mehnert, H. H,, 1978, Tabulation of
radiometric ages, including
unpublished K-Ar and fission-track
ages for rocks- in southeastern
Arizona and southwestern New
Mexico, in Callender, J. F., Wilt, J. C.,
and Clemons, R. E., eds., Land of
Cochise: New Mexico Geological
Society 29th Field Conference
Guidebook, p. 243-252.

McLean, J. S., 1970, Saline
groundwater - resources of the

- Tularosa basin, New Mexico: Office

of Saline Water Research and
Development Program Report 561,
128 p.

McLean, J. S., 1975, Saline
groundwater in the Tularosa basin,
New Mexico, jn Seager, W. R,, .
Clemons, R. E.; and Callender, J. F.,
eds., Las Cruces County, New Mexico:
New Mexico Geological Socicty 26th
Annual Field Conference Guidebook,
November 1975, p. 237-238.

211.

212.

213.

214.

215.

216.

217..

218.

1-91

McLean, J. 8., 1977, Hydrologic maps
and data in the Mimbres basin, New
Mexico: U.S. Geological Survey Open-
File Report 77-314, 531 p.

Meinzer, O. E., and Hare, R. F., 1915,
Geology and water resources of
Tularosa basin, New Mexico: U.S.
Geological Survey Water-Supply -
Paper 343, 317 p.

McCullar, D. B., and Smithson, S. B.,
1977, Unreversed seismic crustal
profile across the southern Rio
Grande rift (abstract): EOS
Transactions American Geophysical
Union, v. 58, p. 1184,

Minton, E. G., Jr,, 1941, Report of
investigation Hot Springs artesian
basin, New Mexico: New Mexico State
Engineer, 15th Biennial Report p.

-345-365.

Mitchell, P. S., and Jiracek, G. R.,
1983, Magnetotelluric soundings
along the COCORP seismic profile in
the central Rio Grande rift, in
Chapin, C. E,, and Callender, J. F.,
eds., Socorro Region II: New Mexico
Geological Society 34th Annual Field
Conference Guidebook, p. 133-136.

Mizell, N. H., 1980, Inventory of
geothermal leasing and drilling
activity in New Mexico: New Mexico

- Geology, v. 2, no. 4, p. 53-54.

Mizell, N. H., 1980, Documentation
for computerization of geothermal
activity in New Mexico: New Mexico
Bureau of Mines and Mineral
Resources Open-File Report -121, 27

P.

Morgan, P., Harder, V., Giordano, T.
H., in press, Heat and fluid flow in
the Rio Grande rift: A possible
modern thermal analogue of a
Mississippi Valley-type ore-forming
system: Dunham Durham Reunion.




219.

220.

221.

222.

223,

224,

225.

Morgan, P., Seager, W. R., Golombek,
M. P., 1986, Cenozoic thermal,
mechanical and tectonic evolution of
the Rio Grande rift: Journal of
Geophysical Research, v. 91, no. B6,
p. 6263-6276.

Morgan, P., Callender, J. R., Harder,
V. and Swanberg, C. A., 1983,
Hydrology and geochemistry in

Swanberg, C. A., complier, Geothermal ,

resources of New Mexico, Scientific
Map Series: New Mexico State

University Energy Institute, scale

1:500,000.

Morgan, P., and Seager, W. R., 1983,
Thermal mechanical and tectonic
evolution of the southern Rio Grande
rift (abstract): Geological Society of
America, Abstracts with Programs, v,
15, p. 320.

Morgan, P., 1982, Heat flow in rift
zones, in Palmason, G., ¢4,
Continental and Oceanic Rifts,
American Geophysical Union,
Washington, Geodynamic Series, v. 8,
p. 107-122,

Morgan, P., and Daggett, P. H., 1981,
Active and passive seismic studies of
geothermal resources in New Mexico
and investigations of earthquake
hazards to geothermal development:
New Mexico Energy Research and
Development Institute, Report -
NMERDI 77-2203, 50 p.

Morgan, P., Harder, V., Daggett, P. H.
and Swanberg, C. A., 1981, Mode! for
origin and distribution of low-
temperature ' geothermal resources in
Rio Grande rift, southern Rocky
Mountain- complex . (abstract):
American Association of Petroleum
Geologists, Rocky Mountain Section
29th Annual Meeting, Albuquerque,

‘Proceedings.

Morgan, P., Harder, V., Swanberg, C.
A,, and Daggett, P. H., 1981, A
groundwater convection mode! for Rio

1-92

226.

2217,

228.

229,

230.

231.

Grande rift geothermal resources:
Transactions, Geothermal Resources
Council v. 5, p. 193-196.

Morgan, P., Swanberg, C. A., and
Lohse, R. L., 1980, Berehole
temperature studies  of the Las
Alturas geothermal anomaly, New
Mexico, in Icerman, L., Starkey, A.,
and Trentman, N., eds., State-Coupled
Low Temperature Geothermal
Resource Assessment Program, Fiscal
Year 1979: U.S. Department of
Energy Technical Report
DOE/10/0177-1, p. 9-1 to 9-14.

Morgan, P., Swanberg, C. A., Dicey, T.,
Chaturvedi, L., and Jiracek, G. R.,
1980, Geophysical evaluation of the
Las Alwras Estates, New Mexico
geothermal prospect (abstract):
Geophysics, v. 45, p. 583.

Morgan, P., Swanberg, C. A., and
Lohse, R. L., 1979, Borehole
temperature studies of the Las
Alturas geothermal anomaly, New
Mexico:  Transactions, Geothermal
Resources Council v. 3, p. 279-288.

Myers, R. G., 1984, Hydrogeology of
the San Agustin Basin, Alamosa Creek
basin above Monticello Box, and
adjacent areas, Catron and Socorro
Counties, New Mexico (abstract):

-Abstracts with Programs, 1984,

Geological - Society of America, V. 16,
No. 4, p. 249. ;

Murray, C. R., 1959, Groundwater
conditions in the non-thermal
artesian-water basin south of Hot
Springs, Sierra County, New Mexico:
New Mexico State Engineer Technical
Report 10, 33 p.

O'Brien, K. M. and Stone, W. J., 1983,
A two-dimensional hydrologic model
of the Animas Valley, Hidalgo
County, New Mexico: New Mexico
Bureau of Mines and Mineral
Resources Open-File Report 133, 63

pP.




232.

233.

234,

235.

. 236.

237.

238.

O'Brien, K. M. and Stone, W. J., 1982,
Drill hole and testing data compiled
for hydrogeologic study of Animas
Valley, Hidalgo County, New Mexico:
New Mexico Bureau of Mines and
Mineral  Resources Open-File - Report-
132, 109 p.

O'Brien, K. M. and Stone, W. J.,, 1982,
Water-quality data compiled for
hydrogeologic study of Animas
Valley, Hidalgo County, New  Mexico:
New Mexico Bureau of Mines and
Mineral Resources Open-File Report
131, 27 p.

O'Brien, K. M. and Stone, W, J., 1981,

‘Water-level data compiled for

hydrogeologic study of Animas
Valley, Hidalgo County, New Mexico:

. New Mexico Bureau of Mines and

Mineral Resources Open-File Report
130, 13 p.

O'Connell, M. F., and Kaufman, R. R,,
1976, Radioactivity associated with
geothermal waters in the western
United States: U.S. Environmental
Protection Agency Technical Note
ORP/LV-75-8A, 25 p.

O'Donnell, J. E., Martinez, R., and

Williams, Jr., 1975, Telluric current

sounding near Kilbourne and Hunts
Holes, New Mexico, in Seager, W. R,,
Clemons, R. E., and Callender, J. F,,
eds., Las Cruces County: New Mexico
Geological Society 26th Field
Conference Guidebook, p. 279-280.

Olsen, K. H., and Baldridge, W. S.,
1985, Heat and extension at mid- and

. lower-crustal levels of ‘the Rio Grande

rift (abstract), in Papers Presented to
the Conference on Heat and
Detachment in Crustal - Extension on
Continents and Planets: Lunar and
Planetary Institute, Houston, LPI
Contribution No. 575, p. 104-105.

Olsen, K. H., Cash, D, J,, and Stewart,
J. N,, 1982, Mapping the northern and
eastern extent of the Socorro

239.

240.

241.

242.

243,

244,

1-93

midcrustal magma by wide-angle
scismic reflections: New Mexico
Geological Society Guidebook 33, p.
179-18S.

Osbumn, G. R., 1984, Socorro County
geologic map: New Mexico Bureau of
Mines and Mineral Resources Open-
File Report 238, 14 p., 1 map,
1:200,000 scale.

Pavodani, E. R., Wandless, G. A., Reid,
M., and Hart, S. R., 1986,
Characterization of the deep crust in
an active intracontinental rift:

_evidence from zenoliths at Kilbourne

Hole maar (abstract): ' Abstracts with
Programs, 1986, Geological Society of
America, v. 18, no. 2, p. 168.

Pavodani, E. R., and Carter, J. L.,
1978, Deep crustal evolution beneath
south central New Mexico:
constraints on the geothermal
gradient from xenolithic
assemblages, in Olsen, K. H., and
Chapin, C. E., compilers, 1978
International Symposium on the Rio
Grande Rift, Program and Abstracts:
Los Alamos Scientific Laboratory
Report LA-7487-C. p. 66-67.

Padovani, E. R., and Carter, J. L.,
1977, Aspects of the deep crustal
evolution beneath south central New
Mexico, jn Heacock, J. G., ed., the
Earth's Crust: It's nature and
properties:  American Geophysical
Union, Geophysical Monograph - Series,
No. 20, p. 19-55.

Page, R. D., 1975, Malpais maar
volcano, in Seager, W. R., Clemons, R.
E., Callender, J. F., eds., Las Cruces
Country: New Mexico Geolgical
Society 26th Field Conference
Guidebook, p. 135-137.

Pederson, J., and Hermance, J. F.,
1976, Towards resolving the absence -
or presence of an active magma
chamber under the southern Rio
Grande rift zone: EOS Transactions,




245.

246.

247,

248.

249,

250.

251,

American Geophysical' Union, v. 57,
p. 1014,

Peterson, ‘D. M., Khaleel, R., and
Hawley, J. W., 1984, Quasi three-
dimensional modeling of groundwater
flow in the Mesilla Bolson, New
Mexico and Texas: New Mexico
Water Resources Research Institute
Report WRRI No. 178.

Porath, H,, 1971, Magnetic variation
anomalies and seismic low-velocity
zone in the western United States:
Journal of Geophysical Research, v.
76, p. 2643-2648.

Porath, H., and Gough, D. L, 1971,
Mantle conductive structures in the
western United States from
magnetometer array studies:
Geophysical Journal Royal
Astronomical Society, v. 22, p. 261-
275. :

Powell, W. C., 1929, Report of an
investigation of the Hot Springs
artesian basin, Hot Springs, New
Mexico: in New Mexico State
Engineer 9th Biennial Report p. 121-
129,

" Preslar, T, 1976, Geophysical

investigation of the Lighting Dock
KGRA (abstract): Geological Society
of America Abstracts with Programs,
p. 619, v. §, no. 5. '

Quillin, R., and Combs, J., 1976,
Microearthquake survey of the
Radium Springs KGRA, southcentral
New Mexico (abstract): Geological
Society of America Abstracts with
Programs, 1976, p. 1055.

Ramberg, I. B,, Cook, F. A, and
Smithson, S. B., 1978, Structure of the
Rio Grande rift in southern New
Mexico and West Texas based upon
gravity - interpretation:  Geological
Society of America Bulletin, v. 89, p.
107-123.

252.

253.

254,

258.

256.

257.

258.

259.

260.

1-94

Ramberg, 1. B., Decker, E. R., and
Smithson, S. B., 1974, Gravity
interpretation of the Rio Grande rift
area in southern New Mexico: EOS
Transactions, American Geophysical
Union, v, 55, p. 448.

Ramos-Arras, M, M., 1979,
Geohydrological investigation in the
Animas Valley Hidalgo County, New
Mexico: unpublished M.S. Thesis,
New Mexico State University, Las
Cruces, 52 p..

Ratte’, J. C., Marvin, R. F., and Naeser,

- C. W,, 1984, Calderas and ash flow

tuffs of the Mogollon Mountains,
southwestern New Mexico: Journal of
Geophysical Research, v. 89, no. 310,
p. 8713-8732.

Ratte’, J. C.,, 1979, Mineral resources
of the Gila Primitive Area and Gila
Wilderness, New Mexico: U.S.
Geological Survey Bulletin 1451,

- Ratte’, J. C., and Gaskill, D. L., 1975,

Reconnaissance geologic map of the
Gila Wilderness study area,
southwestern New Mexico: U.S.G.S.
Geological Survey Miscellaneous
Investigations Series Map I-886,
1:62,500 scale.

Reeder, H. 0., 1957, Groundwater in
Animas Valley, Hidalgo County, New
Mexico:© New Mexico State Engineer
Office Technical Report 11, 101 p.

Reeves, C. C,, Jr., and Dehon, R. A,,
1965, Geology of Potrillo maar, New

Mexico and northern Chihuahua,

Mexico: American Journal of Science,
v. 263, p. 401-409.

Reiche, Parry, 1940, The origin of
Kilbourne- Hole, New Mexico:
American Journal of Science, v. 238,
p. 212-225.

‘Reid, J. B., 1978, The petrologic

history of the upper mantle beneath
the southern Rio Grande rift with
speculation on limits to Cenozoic




261.

262.

263.

264.

265.

266.

diapirism beneath the rift, in Olsen,:
K. H., and Chapin, C. E., compilers,
1978, International  Symposium on -
the Rio Grande Rift, Program and
Abstracts: Los Alamos Scientific
Laboratory Report LA-7487-C, p. 71-
72, -

Reilinger, R., Oliver, J., Brown L., and

- others, 1980, New measurements of

crustal doming  over the Socorro
magma body, New.Mexico: Geology, v
8, p. 291-295.

Reilinger, R. E., Brown, L. D., and
Oliver, J. E., 1979, Recent vertical
crustal movements from leveling
observations in the vicinity of the Rio
Grande rift, in Riecker, R. E., ed., Rio

Grande Rift: - Tectonics and

Magmatism: American Geophysical
Union, Washington, D. C., p. 223-236.

Reilinger, R. E., and York, J. E., 1979,

‘Relative crustal subsidence from

leveling data in a seismically active
part of the Rio Grande rift, New
Mexico: Geology, v. 7, No. 3, p. 139-
143,

Reilinger, R. E., Brown, L. D., and
Oliver, J. E., 1978, Recent vertical
crustal movements in the Rio Grande
rift from leveling observations, in
Olsen, K. H., and Chapin, C. E.,
compilers, - 1978, International

. Symposium on the Rio Grande Rift,

Program and Abstracts: - Los Alamos
Scientific Laboratory Report LA-
7487-C, p. 73- 74.

Reilinger, R., and Oliver, J., 1976,

. Modern uplift associated with a

proposed magma body in the vicinity
of Socorro, New Mexico: Geology, v. 4,
p. 583-586.

Reiter, M.. Eggleston, R. E., Broadwell,
B. R,, and Minier, J., 1986, Estimates
of terrestrial heat flow from deep
petroleum tests along the Rio Grande
rift in central and southern New

i

267.

268.

269.

270.

271.

272.

1-95

Mexico: Journal of Geophysical
Research, v. 91, no. B6, p. 6225-6245.

Reiter, M., 1985, Heat flow and
thermal processes in the Jornada del
Muerto, New Mexico (abstract), in;
Papers - Presented to the Conference -
on Heat and Detachment in Crustal
Extension on Continents and Planets: .
Lunar ‘and Planetary Institute,
Houston, LPI Contribution no. 575, p.

- 123-127.

Reiter, M., Edwards, C. L., Mansure,
A. J., Peterson, B. K., Shearer, C., and
Young, W., 1979, Deep terrestrial
heat flow measurements in New
Mexico and neighboring geologic
areas: New Mexico Energy Institute
at New Mexico State University,
NMEI-38, 77 p. -

Reiter, M., Mansure, A. J., and
Shearer, C., 1979, Geothermal
characteristics of the Rio Grande rift
within the Southern Rocky Mountain
complex, in Riecker, ed., Rio Grande
Rift:  Tectonics and Magmatism,
American Geophysical Union,
Washington, D. C., p. 253-267.

‘Reiter, M., Edwards, C. L., Mansure,

A. J., Shearer, C., 1978, Heat-flow

data and major geologic features along
the Rio Grande rift in New Mexico, in
Hawley, J. W., compiler, Guidebook to

_Rio Grande Rift in New Mexico and-

Colorado: New Mexico Bureau of
Mines and Mineral Resources
Circular - 163, p. 234,

Reiter, M., Shearer, C., and Edwards,
C. L., 1978, Geothermal anomalies
along the Rio Grande rift in New
Mexico: Geology, v. 6, p. 85-88.

Reiter, M., and Smith, R., 1977,
Subsurface temperature data-in the
Socorro Peak KGRA, New Mexico:
Geothermal Energy, v. 5, no. 10 p.
37-42. :




273.

274.

275.

276.

- 277.

278,

279.

Reiter, M., A. and Stone, W, J., 1976,
Geothermal - a little known resource
having interesting potential, in
Amold, E. C., and others, New Mexico
Energy Resources '75: New Mexico
Bureau of Mines and Mineral
Resources Bulletin 107, p. 34-38.

Reiter, M., Simmons, G., Chessman, M,
England, T., Hartman, H., and

- Widman, C., 1976, Terrestrial heat

flow near Datil, New Mexico: New
Mexico Bureau of Mines and Mineral
Resources Annual Report, July 1,

1975 to June 30, 1976 p. 33-37.

Reiter, M., Edwards, C. L., Hartman,
H., and Weidman, C., 1975,

Terrestrial heat flow along the Rio
Grande rift, New -Mexico and Southern
Colorado: . Geological Society of
America Bulletin, v. 86, p. 811-818.

Renault, J., 1978, Overview of Rio
Grande basalts with special reference
to TiOgy variation, jn Hawley, J. W,,
compiler, Guidebook to Rio Grande
Rift in New Mexico and Colorado:
New Mexico Bureau of Mines and
Mineral Resources Circular, 163, p
230-233.

Renault, J., 1970, Major-element
variations in the Potrillo, Carrizozo, °
and McCarty's basalt fields, New

-Mexico: New Mexico Bureau of Mines

and Mineral Resources Circular 113
22p.

Richardson, G. L., Gebhard, T. G., Jr.
and Brutsaert, W. F., 1972, Water .

- table investigation in the Mesilla
Valley: New Mexico State University.

Engineering Experiment Station
Technical Report 76, 206 p.

Rinehart, E. J., Sanford, A. R., and
Ward, R. M., 1979, Geographic extent
and shape of an extensive magma
body at mid crustal depths in the Rio
Grande rift near Socorro,” New Mexico,
in Riecker, R. E,, ed., Rio Grande Rift,
Tectonics and Magmatism: American

280,

281.

282.

283,

284.

285.

286.

1-96

Geophysical Union, Washington, D. C.,
p. 237-252.

Rinehart, E. J., Sanferd, A. R., and
Ward, R. M,, 1978, Geographic extent
and shape of an extensive magma
body at mid-crustal depths in the Rio
Grande rift near Socorro, New Mexico,
in Olsen, K. H., and Chapin, C. E.,

~ compilers, 1978 International

Symposium on the Rio Grande Rift,
Program and Abstracts: Los Alamos
Scientific Laboratory Report LA-
7487-C, p. 77-78.

Rinehart, E. J., 1976, The use of
microearthquakes to map an
extensive magma body in the Socorro,
New Mexico area: New Mexico
Institute of Mining and Technology
Geophysics Open-File Report 10, 60
P.

Roach, J. M., 1982, The mapping of
shallow magma bodies near Socorro,
New Mexico, by use of seismic
attenuation: New Mexico Institute of
Mining and Technology Geophysics
Open-File Report 42, 91 p.

Roden, M. F., 1986, Comparative

geochemistry of continental
lithosphere from distinct tectonic
provinces, southwestern U.S.:
Abstracts with Programs, 1986,
Geological Soc:ety of Amenca, v. 18,
no. 2, p. 177.

Roy, R. F., Blackwell, D. D., and Birch,
F., 1968, Heat generation of plutonic
rocks and continental heat flow
provinces: - Earth and Planetary
Science Letters, v. 5, no. 1, p. 1-12,

Roy, R. F,, Decker, E. R., Blackwell, D.
D., and Birch, F., 1968, Heat flow in
the United States: Journal of
Geophysical Research, v. 73, no. 16
p. 5207-5221.

" Rybarczyk, S. M., 1982, A

hydrogeochemical study of three
geothermal areas in Arizona, New




287.

288.

289.

290.

291.

292.

Mexico, and Texas: . unpublished M. S. 293.

thesis, New Mexico State University,
Las Cruces, 129 p.

Sanford, A., 1983, Magma bodies in
the Rio Grande rift in central New
Mexico, in Chapin, C. E., and

Callender, J. F., eds., Socorro Region 294.

II: New Mexico Geological Society
34th Annual Field Conference
Guidebook p. 123-125.

- Sanford, A., Jaksha, L. and Wieder,

D., 1983, Seismicity of the Socorro
area of the Rio Grande rift, jn - Chapin,

C. E., and Callender, J. F., eds., 295.

Socorro Region H: New Mexico
Geological Society 34th Annual Field
Conference Guidebook, p. 127-131.

Sanford, A. R., 1982, Updating of New
Mexico seismic data, {n Icerman, L.,
Starkey, A., and Trentman, N,, eds.,
State-Coupled Low-Temperature
Geothermal - Resource Assessment

Program, Fiscal Year 1979: U.S. 296.

Department of Energy Report
DOE/ID/01717-1 p. 3-1 to- 3-8.

Sanford, A. R., and Einarsson, P.,
1982 Magma chambers . in rifts, in
Palmason, G., ed., Continental and
Oceanic Rifts: American Geophysical

Union, Washington, D.C., Geodynamic 297.
~Series v. 8, p. 147-168. :

Sanford, A. R., Olsen, K. H., and
Jaksha, L. H., 1981, Earthquakes in
New Mexico, 1849-1977: New Mexico
Bureau of Mines and Mineral -
Resources, Circular 171, 20 p.

Sanford, A. R., and Schlue, W., 1981,
Seismic measurements of the Tertiary

fill in the Rio Grande depression west 1 298.

of Socorro, New Mexico, in Icerman,
L., Starkey, A., and Trentman, N.,
eds., State-Coupled Low Temperature
Geothermal Resource Assessment
Program, Fiscal Year 1980, New
Mexico Energy Institute at New
Mexico State University, p. 2-1 to 2-
10.

1-97

Sanford, A. R., 1978, Characteristics
of Rio Grande rift in vicinity of
Socorro, New Mexico, from
geophysical studies: New Mexico
Bureau of Mines and Mineral
Resources, Circular 163, p. 116-121.

Sanford, A. R., 1978, Temperature
gradient and heat-flow measurements
in the Socorro, New Mexico area,
1965-1968: = New Mexico Institute of
Mining and Technology Geophysics

- Open-File Report 15, 18 p.

Sanford, A., R., 1980, Earthquake
activity in New Mexico, 1849-1977,
in Icerman, L., Starkey, A., and
Trentman, N., eds., State-Coupled
Low-Temperature Geothermal
Resource Assessment Program, Fiscal
Year 1979: New Mexico Energy
Institute at New Mexico State
University, p. 3-1 to 3-26.

Sanford, A. R., 1977, Seismic
investigation of a magma layer in the
crust beneath the Rio Grande rift
near Socorro, New Mexico: New
Mexico Institute of Mining and
Technology Geophysics Open-File
Report 18, 21 p. :

Sanford, A. R., Matt, R. P, Ir.,
Shuleski, P. J., Rinehart, E. J,,
Caravella, F. J., Ward, R. M., and

‘Wallace, T. C., 1977, Geophysical

evidence for a magma body in the
crust in the vicinity of Socorro, New
Mexico, jn Heacock, J. G., ed., The

~Earth's Crust: American Geophysical

Union, Washington, D. C., Geophysical

- Monograph 20, p. 385-403.

Sanford, A. R., Rinehard, E., Shuleski,
P. J.,, and Johnston, J. A., 1977,
Evidence from microearthquake
studies for small magma bodies in the
upper crust of the Rio Grande rift
near Socorro, New Mexico: New
Mexico Institute of Mining and
Technology Geophysics Open-File
Report 19, 13 p.




299.

300.

301.

302.

303.

304.

305.

Sanford, A. R., Rinehart, E. J.,
Shuleski, P. J., and Johnston, J. A.,

1977, Evidence from microearthquake

studies for small magma bodies in the
upper crust of the Rio Grande rift
near Socorro, New Mexico (abstract):
EOS Transactions, American =
Geophysical Union, V. 589, p. 1188.

Sanford, A. R., Budding, A. J,,
Hoffman, J., Alptekin, O., Rush, C.
and Toppozada, T. R., 1972,

Seismicity of the Rio Grande rift zone
in New Mexico: - New Mexico Bureau of
Mines and Mineral Resources

Circular 120, 19 p.

Sanford, A. R., Alptekin, O. 8., and
Toppozada, T. R., 1973, Use of
reflected phases on ‘microearthquake
seismographs to map an unusual
discontinuity beneath the Rio Grande
rift: Seismological Society of - ’
America Bulletin, v, 55, p. 107-119.

Sanford, A. R., and Long, L. T., 1965,
Microearthquake crustal reflections,
Socorro, New Mexico: - Seismological
Society of America Bulletin v. 55, p.
579-586.

Sanford, R. M., Bowers, R. L., and

Combs, J., 1979, Rio Grande rift
geothermal exploration case history:
Elephant Butte prospect, - South-
Central New Mexico: Transactions
Geothermal Resources Council v. 3, p.
609-612. '

Sass, J. H., Diment, W. H.,
Lachenbruch, H. H., Marshall, B. V.,
Munroe, R. J., Moses, T. H., Jr.,, and

_-Urban, T. C., 1976, A new heat flow

contour map of conterminous United
States: U.S.  Geological Survey Opcn-
File Report 76-756, 24 p.

Sass. J. H., Lachenbruch, A. H.,
Munroe, R. J., Greene, G, W., and
Moses, T. H., Jr., 1971, Heat flow in
the western United States: Journal of
Geophysical Research, v. 76, no. 26,
p. 6396-6413,

306.

307.

308.

309.

310.

311,

312.

313,

1-98

~ Schumucker,

Schilling, C. F., and Schilling, J. H.,
1961, Bibliography of New Mexico
geology and mineral technology
1956-1960: New Mexico Bureau of
Mines and Mineral Resources Bulletin
74, 124 p. '

Schilling, C. F., and Schilling, J. H.,
1956, Bibliography of New Mexico
geology and mineral technology

. 1951-1955: - New Mexico Bureau of

Mines and Mineral Resources Bulletin
52, 136 p.

V., 1970, Anomalies of
geomagnetic variations in the
southwestern United States: Scripps
Institute Oceanography Monograph
13, University of California San
Diego, 165 p.

Schumucker, V., 1964, Anomalies of
geomagnetic variations in
southwestern United States: Journal
Geomagnetism and Geoelectricity, v
1S, p. 193-221.

Schwab, G, E., 1982, Inventory of
thermal springs and wells within a 1-
mile radius of Yucca Lodge, Truth or
Consequences (Sierra County), New
Mexico: EG and G Idaho, Inc., Report
EGG-2148, 65 p. .

Schwab, G. E., and others, 1982,
Pumping tests of well Campbell, et
al.,, No. 2, Gila Hot Springs, Grant
County, New Mexico: EG and G Idaho,
Inc., Report EGG-2156, 146 p.

Schwennesen, A. T., and Hare, R. F,,
1918, Groundwater in the Animas
Playas, Hachita, and San Luis basins,
New Mexico: U.S. Geological Survey
Water-Supply Paper 422, 152 p.

Seager, W. R., Hawley, J. W., and
Clemons, R. E., 1971, Geology. of San

. Diego Mountain area, Dona Ana
County: New Mexico Bureau of Mines

and Mineral Resources Bulletin 97, p.
38.




314,

315.

316.

317.

318.

319.

320.

Seager, W. R,, and Clemons, R. E,
1975, Middle to late Tertiary geology
of the Cedar Hills-Selden hills area
Dona Ana County, New Mexico: - New
Mexico Bureau of Mines and Mineral
Resources Circular 133, p. 23. /

Seager, W. R., 1975, Geologic map and
sections of south half San Diego
Mountain quadrangle, New Mexico:
New Mexico Bureau of Mines and
Mineral - Resources Geologic Map 35.
Seager, W. R. and Morgan, P., 1978,
Discussion of southern base of San
Diego . Mountain, in Hawley, J. W., ed.,
Guidebook to Rio Grande Rift in New
Mexico and Colorado: New Mexico
Bureau of Mines and Minerals
Resources Circular 163, p. 82-83,

Seager, W, R. and Morgan, P., 1978,
Discussion on structural evolution of
the Rio Grande rift near Leasburg
Dam-Radium Springs, in Hawley, J.
W., ed., Guidebook to Rio Grande Rift
in New Mexico and Colorado: New
Mexico Bureau of Mines and Mineral
Resources Circular 163, p. 75-78.

Seager, W. R., 1975, Cenozoic tectonic
evolution of the Las Cruces area, in
Seager, W., R., Clemons, R. E.,
Callender, J. F., eds.,, Las Cruces
Country: New Mexico Geological -
Society 26th Field Conference
Guidebook, p. 241-250.

Seager, W. R. and Morgan, P., 1978,
Rio Grande rift in southern New
Mexico, west Texas, northern
Chihuahua, in Olsen, K, H,, and
Chapin, C. E., compilers, 1978
International Symposium on. the Rio
Grande Rift, Program and Abstracts:
Los Alamos Scientifc Laboratory
Report LA-7487-C, p. 88-87.

Seager, W. R. and Morgan, P., 1979,
The Rio Grande rift in southern New
Mexico, west Texas, and northern .
Chihuahua, jn Riecker, R. E., ed., Rio
Grande Rift: - Tectonics and

321.

322.

323.

324,

325.

326.

1-99

Magmatism: American Geophysical
Union, Washington, D.C., p. 87-106.

Seager, W. R. Shafiquallah, M., and
Clemons, R. E., 1981, Active fault
analysis and radiometric dating of
young basalts in southern New
Mexico, in Icerman, L., Starkey, A.,
Trentman, N., eds., State-Coupled
Low-Temperature Geotherma!
Resource Assessment Program, Fiscal
Year 1980, Final Technical Report:
New Mexico Energy Institute at New
Mexico State University, p. 6-1 to 6-
11. ' '

Seager, W. R., Clemons, R. E., Hawley,
J. W., and Kelly, R. E., 1982, Geology
of northwest part of Las Cruces 1° x
2° sheet, New Mexico: New Mexico
Bureau of Mines and Minerals
Resources Geologic Map 53.

Seager, W. R., Morgan P., and Hawley,
J. W., 1978, Discussion of southern
Caballo mountain-Rincon Hills area,
in Hawley, J. W., ed., Guidebook to
Rio Grande rift in New Mexico and
Colorado: New Mexico Bureau of
Mines and Mineral Resources
Circular 1634, p. 79-81.

Seager, W. R., Shafiqullah, M.,
Hawley, J. W., and Marvin, R, F.,
1984, New K-Ar dates from basalts

- -and the evolution of the southern Rio

Grande rift: - Geological Society of
America  Bulletin, v. 95, p. 87-99.

Shearer, C. and Reiter, M., 1978,
Basic heat flow data in New Mexico:
New Mexico Bureau of Mines and
Minerals - Resources Open-File Report
93, p. 375.

.- Shuleski, ‘P, J., Caravella, F. J.,

Rinehart, E. J,, Sandord, A. R,,
Wallace, T. C., and Ward, R. M., 1977,
Seismic studies of shallow magma
bodies beneath the Rio Grande rift in
the vicinity Socorro, New Mexico:
New Mexico Institute of Mining and




Py
'y

327.

328.

329.

330.

331.

332.

333.

334.

~ Smith, C., 1977, On the electrical

Technology, Geophysics Open-File
Report 13, p. 8.

Shuleski, P. J., 1976, Seismic fault

motion and SV screening by shallow

magma bodies in the vicinity of

Socorro, New Mexico: New Mexico

Institute of Mining and Technology 335.
Geophysics Open-File Report 8, p. 94.

Simons, E. L., and Alexander, N, L.,
1964, Age of the Shasta ground sloth
from Aden Crater, New Mexico:
American Antiquity, v. 29, p. 390-
391,

. ‘ 336.
Sinno, Y. A., 1984, Crustal-structure
of the southern Rio Grande rift:
unpublished Ph.D. dissertation,
University of Texas at El Paso, p.
181,

Sinno, Y. A., and Keller, G. R, 1986, A 337.
Rayleigh wave dispersion study ‘
between El Paso, Texas, and ,

Albuguerque, New Mexico: Journal -

of Geophysical Research, v. 91, no.

B6., p. 6168-6174,

Sinno, Y. A., Daggett, P, H., Keller, G.

R., Morgan, P., and Harder, S. H,, ' 338.
1986, Crustal structure of the

southern Rio Grande rift determined

from seismic refraction profiling:

Journal of Geophysical Research, v.

91, no. B6, p. 6143-6156.

evaluation of three southern New
Mexico geothermal areas:
unpublished Masters thesis,
University of New Mexico,
Albuquerque, p. 113,

Smith, C., Jiracek, G. R., and Ander,

M. E,, 1977, Deep electrical

investigations of geothermal

prospects in the Basin and Range

province of southern New Mexico 340.

(Abstract): Geophysics, v. 42, p. 183.

Smith, C., 1978, Geophysics, geology,
and geothermal status of the
Lightning Dock KGRA, Animas

1-100

339.

Valley, New Mexico, in Callender, J.
F., Wilt, J. C,, and Clemons, R. E,,
eds,, Land of Cochise, Southern
Arizona: New Mexico Geological
Society, 29th Field Conference
Guidebook, p. 343-348.

Snyder, J. T., 1986, Heat flow in the
southern Mesilla basin with an
analysis of the East Potrillo
geothermal system, Dona Ana County,
New Mexico: unpublished M.S.
thesis, New Mexico State University,
Las Cruces, p. 252,

Spiegel, Z., 1955, Geology and ground
water resources of northeastern
Socorro County, New Mexico: New
Mexico Bureau of Mines and Mineral
Resources Groundwater Report 4, p.
99.

Sprester, F. R., 1980, Hydrologic
evaluation of Garton Lake, White
Sands National Monument (Otero
County), New Mexico: U. S. Air Force
Hospital Environmental Health
Services, Holloman Air Force Base, p.
19, apps. 3.

Starkey, A. H. and Gebhard, T. G.,
1980, Comprehensive planning in Las
Cruces and Dona Ana County, New
Mexico: -New Mexico Energy Research

and Development Institute Report

EMD 2-68-2203. ,

Stone, W. J., 1981, Low-temperature
geothermal - development and ‘
monitoring -at Gila Hot Springs
(Catron and Grant Counties), New
Mexico (Abstract): ' American
Association - of Petroleum Geologists
29th Annual Meeting Rocky Mountain
Section, Abstracts with -Programs,
American  Association Petroleum
Geologist Bulletin, v. 65, no. 3, p.

- 570-571.

Stone, W. J., Mizell, N. H., and
Hawley, J. W., 1979, Availability of
geological ‘and geophysical data for
the eastern half of the U. S. Geological
Survey's southwestern alluvial basins




341.

342,

343,

344,

345.

346.

347.

348.

‘regional aquifer study:

‘ thermal waters in New Mexico:

New Mexico
Bureau of Mines and Mineral
Resources Open-File Report 109, p.
80. ,

Stone, W. J. and Mizell, N. B., 1977,
Geothermal resources of New Mexico-

a survey of work to date: - New Mexico

Energy Institute at New Mexico State
University, Report NMEI 5, p. 117.

Stover, C. W., Reagor, B. G., and
Algermissen, S. T., 1983, Seismicity
map of the state of New Mexico: U. S.
Geological Survey Miscellaneous
Field Studies Map MF-1660

Strangway, D. W., Kryuzan, A., and
MacKlin, D., 1977, Audio-frequency
magnetotelluric sounding in Basin
and Range and in the Precambrian
{Abstract):  Geophysics, v, 42, p. 185.

Summers, W. K., 1981, Low-

" temperature geothermal development

and monitoring at Gila Hot Springs
(Catron and Grant Counties), New .
Mexico (Abstract): American
Association at Petroleum Geologists
29th Annual Meeting Rocky Mountain-
Section Abstracts with Program.

Summers, W. K. and Colpitts, R. M.,
Jr., 1980, Preliminary appraisal of
the: hydrothermal resource = potential
of the Gila Hot Springs area, Grant
and Catron Counties, New Mexico: = W.
K. Summers and Associates
Consulting Report to. D. A. "Doc” ‘and
Ida Campbell, p. 82.

Summers, W. K., 1979, Hydrothermal
anomalies in New Mexico: New
Mexico Bureau of Mines and Mineral
Resources Map RM-1'1:1,000,000
Scale. o .

Summers, W. K., 1976, Catalog of
New
Mexico Bureau of Mines and Mineral

Resources Hydrologic Report 4, p. 80. -

Summers, W. K., 1972, Geothermal
resources of New Mexico: New Mexico

349.

350.

351.

352.

353.

354.
-355.

 356.

1-101

State Bureau of Mines and Mineral
Resources Map 1.

Summers, W. K., 1972, Geothermics of
New Mexico: - Geothermal Resources

" Council - Proceedings 1st Annual

Meeting, El Centro California, Special
Report 1, p. 115-137,

Summers, W. K., and Deju, R. A,,

1972, A -preliminary study of the
geochemical characteristics of
thermal waters in- New Mexico: 24th
International Geological Congress
Proceedings, Section 11,
Hydrogeology, Paper 164, p. 241-250.

Summers, W. K., 1971, New Mexico's
geothermal resources-the
environmental impact (Abstract):
New Mexico Academy of Science
Bulletin, v. 12, no. 2, p. 21.

Summers, W. K., 1971, Annotated and
indexed bibliography - of geothermal
phenomena: - New Mexico Bureau of
Mines and Mineral Resources, p. 670.

Summers, W. K., 1970, Geothermal
prospects in New Mexico, in ‘
Proceedings  United Nations
Symposium ‘of . the Development and
Utilization of Geothermal Resources,
Pisa, 1970, Geothermics, Special
Issue 2, v. 2, p. 1009-1014

Summers, W. K., 1966, The sodium-
ion concentration in New Mexico
thermal water (Abstract): New
Mexico Academy of Science Bulletin,
v. 7, no. 1, p. 27.

 Summers, W. K., 1966, The

hydrological significance of the
Animas Valley hot spot, Hidalgo
County, New Mexico (abstract): New
Mexico Academy of Science Bulletin,
v. 8 no. 1, p. 24

“Summers, W. K., 1965, Chemical

characteristics ‘of New Mexico
thermal waters: New Mexico Bureau




357.

358.

359.

360.

361.

362.

363.

of Mines and Mineral Resources

Circular 83, 27 p.

Summers, W. K., 1965, Preliminary

" report on New Mexico's thermal

waters: -New Mexico Bureau of Mines
and Mineral - Resources Circular 80,
41 p.

Summers, W. K., 1965, Geothermics--

New Mexico's untapped resource:
New Mexico Bureau of Mines and

Mineral Resource Circular 98, 9 p.

| Swanberg, C. A., 1984, Evaluation of

the Na-K, Na-Li, K-Li, Si0y
{Chalcedony), and Na-K-Ca
geothermometers, jn Icerman, L, ed.,

‘Regional Geothermal Exploration in

North Central New Mexico: New .
Mexico Energy Research and

' Development Institute Report,

NMERDI 2-69-2208, p. 189-207.

Swanberg, C. A., 1984, Geothermal
resources of the Rio Grande rift, in

-Icerman, L. ed., Regional Geothermal

Exploration in North Central New

- Mexico: New Mexico Energy Research

and Development Institute Report,
NMERDI 2-69-2208, p. 165-183.

Swanberg, C. A., and Snyder, J. T.,
1984, Terrestrial heat fiow in New
Mexico:

private-industry database: - American

Geophysical Union, EOS Transactions,

Program * with Abstracts, p. 836.

Swanberg, C. A.,, 1983, Evaluation of

- the Na-K, Na-Li, K-Li, SiOj (quartz),

S107 (chalcedony), and Na-K-Ca
geothermometers, in Icerman, L., and
Starkey, A.., eds., State-Coupled Low
Temperature Geothermal Resource
Assessment Program, Fiscal year

© 1982, fina! technical report: U. .

Department - of Energy Report
DOE/IDO/1717-4, p. 3-188 to 3-206.

Swanberg, C. A.,1983, Geothermal
Resources of the Rio Grande rift, in
Icerman, L., and Starkey, A., eds.,

Preliminary analysis of the -

364.

365.

366.

367.

368.

369.

1-102

State-Coupled Low Temperature
Geothermal Resource Assessment
Program, Fiscal Year, 1982, Final
Technical Report: U. §. Department of
Energy Report DOE/1717-4, p. 3-164 -
to 3-183. '

Swanberg, C. A., 1983, Geothermal
resources of rifts: A comparison of
the Rio Grande rift and the Salton
trough: Tectonophysics, v. 94, p.
659-678.

Swanberg, C. A., compiler, 1983,

- Geothermal resources of New Mexico,

scientific map series: New Mexico
State University Energy - Institute,
scale 1:500,000.

Swanberg, C. A., 1982, Public and
technical geothermal resourcés maps
of New Mexico, in Icerman, L., and
Starkey, A., eds., State-Coupled Low
Temperature Geothermal Resource

- Assessment Program, Fiscal Year

1981, New Mexico Energy Institute at
New Mexico State University, p. 1-1
to 1-5,

Swanberg, C. A., Morgan, P., and
Young, C. T., 1981, Electrical
exploration and geothermal gradient
studies near Columbus, New Mexico:

-New Mexico Energy Research and

Development Program, EMD 2-68-
2204, 60 p. -
Swanberg, C. A., 1980, Catalogue of

thermal waters, jn Icerman, L.,
. Starkey, A., and Trentman, N., eds.,
State-Coupled - Low-Temperature

Geothermal Resource Assessment
Program, Fiscal Year 1979: New
Mexico Energy Institute at New
Mexico State University, p. 1-18 to 1-
30.

Swanberg, C. A., 1980, Chemistry,
origin, and geothermal potential of
thermal and non-thermal
groundwaters in New Mexico:

= unpublished manuscript, New Mexico

State University U.S.G.S. Grant #14-
08-0001-6-255 New Mexico




370.

371.

372.

373.

374.

37s.

Department of Energy and Minerals
Grant ERB-75-117.

Swanberg, C. A., 1980, Distribution
of saline water, in Icerman, L.,
Starkey, A., and Trentman, N,, eds.,
State-Coupled Low Temperature
Geothermal Resource Assessment .

" Program, Fiscal Year 1979: New

Mexico Energy Institute at New
Mexico State University, p. 2-1 to 2-
4,

Swanberg, C. A., 1980, Estimated
subsurface temperatures, in . Icerman,
L., Starkey, A., and Trentman, N,,
eds., State-Coupled Low Temperature
Geothermal Resource Assessment
Program, Fiscal Year 1979: New
Mexico Energy Institute at New ,
Mexico State University, p. 1-1 to 1-
17.

Swanberg, C. A., compiler, 1980,
Geothermal resources of New Mexico,
public map: New Mexico Energy
Institute at New Mexico State
University, scale 1:500,000.

Swanberg, C. A., 1980, Mapping by
silica heat flow interpretation
technique, in Icerman, L., Starkey,
A., and Trentman, N., eds., State- -
Coupled Low-Temperature Geothermal
Resource Assessment Program, Fiscal
Year 1979:  New Mexico Energy
Institute at New Mexico State
University, p. 4-1 to 4-7.

Swanberg, C.-A., 1980, Water quality
of geothermal waters, in Icerman, L.,
Starkey, A., and Trentman, N., eds.,
State-Coupled Low Temperature
Geothermal Resource ' Assessment
Program, Fiscal Year 1979: New
Mexica Energy Institute at New

Mexico State University, p. 2-5 to 2-

38. '

Swanberg, C. A., and Morgan, P.,
1980, The silica heat flow
interpretation technique,
assumptions, and applications:

376.

377.

378.

379.

380.

381.

1-103

Journal of Geophysical Research, v.
85, p. 706-714. '

Swanberg, C A., 1979, Chemistry of
thermal and non-thermal

- groundwaters in the Rio Grande rift

and adjacent tectonic provinces, in
Riecker, R. E., ed., Rio Grande Rift,
Tectonics and Magmatism: American -
Geophysical Union, Washington, D. C.,
p. 279-288.

Swanberg, C. A., 1978, Chemistry,
origin, and potential of geothermal
resources in southwestern Arizona,
in Callender, J. F.,, Wily, J. C,, and
Clemons, R. E., eds., Land of Cochise,
Southern Arizona: New Mexico
Geological Society 29th Field
Conference Guidebook, p. 349-352.

Swanberg, C. A., 1978, Chemistry of
thermal and nonthermal
groundwaters in the Rio Grande rift
and adjacent tectonic provinces, in
Olsen, K. H., and Chapin, C. E,,
compilers, 1978 International
Symposium on the Rio Grande Rift,
Program and Abstracts: Los Alamos
Scientific - Laboratory Report LA-
7487-C, p. 95-96.

Swanberg, C. A., and Morgan, P,
1978, The linear relation between
temperatures based on the silica

- .content of groundwater and regional
- heat flow: A new heat flow map of the -
United States:

Pure and- Applied
Geophysics, v. 117, p. 227-241,

Swanberg, C. A., Morgan, P., Stoyer, C.
H., and Witcher, J. C., 1977, An
appraisal  study of the geothermal
resources of Arizona and adjacent
areas in New Mexico and Utah and
their value for desalination and other
uses: New Mexico Energy Research
and Development Institute ' Report
NMERDI 2-64-2117, 88 p.

Swanberg, C. A., 1976, Geothermal
studies in southwest New Mexico:

‘New Mexico Energy Institute, New




382.

383.

384.

385.

386.

387.

388.

Mexico State University, Report
NMEI-3, 63 p.

Swanberg, C. A., 1975, Detection of
geothermal components in
groundwaters of Dona ‘Ana County,
southern Rio Grande rift, New Mexico,
in Seager, W. R., Clemons, R, E., and
Callender, J. F., eds., Las Cruces
Country: New Mexico Geological
Society 26th Field Conference
Guidebook p. 175-180.

Swift, C. M., and Madden, T. R., 1967,
A magnetotelluric investigation of
the electrical conductivity anomaly
in the .upper mantle of the western
United States (abstract): EOS
Transactions, American Geophysical
Union, v. 48, p. 210.

Swift, C. M., 1967, A magnetotelluric
investigation of an electrical
conductivity anomaly in the
southwestern United States:
unpublished Ph.D. thesis,
Massachusetts Institute of
Technology, 211 p.

Taylor, A. M., Geohydrologic
investigations in the Mesilla Valley,
New Mexico: unpublished M.S.
thesis, New Mexico State University
Las Cruces 130 p. ~

Taylor, B., 1981, Heat flow studies
and geothermal exploration in
western - Trans-Pecos, Texas:
unpublished Ph.D. dissertation,
University of Texas at El Paso, 325p.

Theis, C. V., Taylor, G. C,, Jr., and
Murray, C. R., 1941, Thermal waters
of the Hot Springs Artesian Basin,
Sierra County, New Mexico: - New
Mexico State Engineer -14th - 15th

_ Biennial Report, p. 419-492, .

Thompson, S., 1982, Oil and gas
exploration wells: in southwestern
New Mexico, in Powers, R. B, ed.,
Geologic Studies of the Cordilleran
Thrust Belt Volume 2: Rocky

389.

390,

391.

392.

393.

394.

. 395.

1-104

Mountain Association of Geologists,
p. 521-536. :

Thompson, T. H., Chappell, R., and
Hart, D. L., Jr., 1984, Maps showing
distribution of dissolved solids and
dominant chemical type in
groundwater, Basin and Range
Province, New Mexico: = U.S. Geological
Survey Water-Resources
Investigations Report 83-4118-C.

Towle, J. E., 1980, New evidence for
magmatic intrusion beneath the Rio
Grande rift, New. Mexico: Geological
Society of America Bulletin, v. 91,
part 1, p. 626-630.

Towle, J. N., and Fitterman, D, V,,
1975, Geomagnetic variations at
Kilbourne Hole, New Mexico: in
Seager, W. R., Clemons, R. E,, and
Callender, J. F., eds., Las Cruces
Country: New Mexico Geological
Society 26th Field Conference
Guidebook, p. 281.

Trauger, F. D., 1972, Water resources
and general geology of Grant County,
New Mexico: New Mexico State
Bureau of Mines and Mineral
Resources  Hydrologic Report 2, 211
P.-

Uphoff, T., 1978, Subsurface
stratigraphy and structure of the
Mesilla and Hueco Bolsons, El Paso
Region, Texas and New Mexico:
unpublished M.S. thesis, University
of Texas at El Paso, 66 p.

U. S. Bureau of Land Management,
1977, Environmental = assessment

record and technical examination on

proposed geothermal leasing in the
Silver City area: U.S. Bureau of Land
Management, Las Cruces, 184 p.

Ward, R. M., Schlue, J. W., and
Sanford, A. R., 1981, Three

" dimensional velocity anomalies in the

upper crust near Socorro, New




396.

397.

1398,

399.

400.

401.

Mexico: Geophysical Research
Letters, v. 8, p. 553-556.

Waring, G. A., 1965, Thermal springs
of the United States and other
countries of the world - a summary:
U. S. Geological Survey Professional
Paper 492, 833 p.

Warren, R. G., Kudo, A. M., and Keil,
K., 1979, Geochemistry of lithic and
single-crystal inclusions in basalt
and a characterization of the upper
mantle-lower crust in the Engle
basin. Rio Grande rift, in Riecker, R.
E., ed., Rio Grande Riftt American
Geophysical Union, Washington, D. C.,
p. 393-415.

Warren, R. G., 1978, Characterization
of the lower crust-upper mantle of
the Engle basin, Rio Grande rift, from
a petrochemical and field geologic
study of basalts and their inclusions:
unpublished M.S. thesis, University
of New Mexico, Albuquerque, 156 p.

Warren, R. G., Kudo, A,, and Keil, K.,
1978, Geochemistry of basalts and

their inclusions and characterization -

of the upper mantle-lower crust in

the Engle basin, Rio Grande rift, New
Mexico, jn Olsen, K. H., and Chapin,
C. E., compilers, 1978 International

Symposium on the Rio Grande Rift,

Program and Abstracts: Los Alamos
Scientific Laboratory Report LA-
7487-C. p. 98-100.

Warren, R. E., Sclater, J. G., Vécquier. :

V., and Roy, R. F,, 1969, A

- comparison of terrestrial heat flow

and trangient geomagnetic
fluctuations in the southwestern
United States: - Geophysics, v.: 34, no.
3, p. 463-478.

Weber, R. H., 1964, Geology of the
Carrizozo quadrangle, New Mexico, jin
Ruidoso Country: New Mexico
Geological Society 15th field
Conference - Guidebook, p. 100-109.

402,

403.

404.

405.

406.

407.

408.

1-105

Wentz, C., 1984, Geothermal, in
Annual Resources Report: New
Mexico Energy and Minerals
Department, p. 53-63.

Wells, ‘S. G., and Granzow, H., 1981,
Hydrogeology of the thermal aquifer
near Truth or Consequences, New
Mexico, in Icerman, L., Starkey, A.,
Trentman, N., eds., State-Coupled
Low-Temperature Geothermal
Resource Assessment Program, Fiscal
Year 1980, Final Technical Report:
New Mexico Energy Institute at New
Mexico State University, p. 3-5 to 3-

Weir, J. E., Jr., 1965, Geology and
availability of groundwater in the -
northern part of the White Sands
Missile Range and vicinity, New
Mexico: U. 8. Geological Survey
Water-Supply Paper 1801, 78 p.

Wen, C. L., 1983, A study of bolson-
fill thickness in the southern Rio
Grande rift, Southern New Mexico,
West Texas and Northem Chihuahua:
unpublished M.S. thesis, University
of Texas at El Paso, 74 p.

Wieder, D. P,, 1981, Tectonic
significance of microearthquake
activity from composite fault-plane
solutions in the Rio Grande rift near
Socorro, New Mexico: New Mexico
Institute of Mining and Technology,
Geophysics Open-File Report 37, 159
p. :

Wilson, C. A., and White, R. R., 1984,
Geohydrology of the central Mesilla

~ Valley, Dona Ana County, New

Mexico: U. §. Geological Survey Water
Resources Investigations Report 82-
555, 144 p. '

Wilson, C. A,, and Myers, R. G.,, 1981,
Groundwater resources of the Soledad

Canyon: re-entrant and adjacent areas,

White Sands Missile Range and Fort
Bliss Military Reservation, Dona Ana
County, New Mexico: U. S. Geological




409.

410.

411.

412,

413.

414,

Survey Water-Resources
Investigations, 81-645.

Wilson, C. A., White, R. R,, O, B. R,,
and Roybal, R. G., 1981, Water
resources of the Rincon and Mesilla
Valleys and adjacent areas, New
Mexico: New Mexico State Engineer
Technical Report 43, 514 p.

Woodward, L. A., Callender, J. F.,
Seager, W. R.-and others, 1978,
Tectonic map of Rio Grande rift
region in New Mexico, Chihuahua, and
Texas, in Hawley, J. W, ed,,
Guidebook to Rio Grande Rift in New
Mexico Colorado: New Mexico Burean
of Mines and Mineral Resources
Circular 163.

Wright, A. F., 1980, Bibliography of

geology and hydrology, southwestern
New Mexico: U. S. Geological Survey

Water Resources Investigation  80-20,
255 p.

Wright, J. R., and Russell, J. A,,

1977, Bibliography of New Mexico
geology and mineral technology 1971
through 1975, New Mexico Bureau of
Mines and Mineral Resources Bulletin
106, 137 p.

Young, C. T., 1982, Electric
resistivity studies, in Icerman, L.,
and Starkey, A., eds., State-Coupled
Low Temperature CGeothermal
Resource Assessment Program, Fiscal
Year 1981: - New Mexico Energy
Institute at New Mexico State
University, p.. 7-1 to 7-36,

Young, C. T., 1981, Geothermal -
exploration with - electrical methods
near Vado, Chamberino and Mesquite,

New Mexico, jn Icerman, L., Starkey,

A., Trentman, N., eds., State-Coupled
Low-Temperature . Geothermal
Resource Assessment Program, Fiscal
Year 1980, Final Technical Report:
New Mexico Energy Institute at New
Mexico State University, p. 4-1 to 4-
16.

415.

416.

417.

418.

419,

420.

421,

1-106

Young, C. T., 1979, Electrical
exploration for geothermal resources
near San Diego Mountain, New Mexico:
New Mexico Energy Research and
Development Institute Report,
NMERDI 2-67-2232, 20 p.

Young, C. T., 1978, Resistivity
measurements near Tortugas
Mountain:  unpublished manuscript,
New Mexico State University, 16 p.

Zielinski, G. W,, and DeCoursey, G.
M., 1983, Localized heat flow and
Tertiary mineralization in southern
New Mexico: Geophysics, v. 48, no. 9,
p. 1212-1218,

Zielinski, R. E., Potter, J. M., Jiracek,
G. R,, and Callender, J. F., 1976, Heat
flow and thermal waters of Rio Grande
rift: New Mexico Bureau of Mines and
mineral Resources Open-File Map.

Zhody, A. A. R., Bisdorf, R, J,, and
Gates, J. 8., 1976, Schlumberger
soundings in the lower Mesilla Valley
of the Rio Grande, Texas and New
Mexico: U. S. Geological Survey,
Open-File Report 76-234, 77 p.

. Zimmerman, C, J., and Kudo, A., 1981,

Geological mapping of the Mud
Springs Mountains near Truth or
Consequences, New Mexico, in
Icerman, L., Starkey, A., Trentman,
N., eds., State-Coupled Low-
Temperature Geothermal Resource
Assessment Program, Fiscal Year
1980, Final Technical Report: New
Mexico Energy Institute at New
Mexico State University, p. 3-1 to 3-
4, ’

Zorin, Y. A., Lepina, §. P., and Lysak,
S. V,, 1984, On the therminal regime
of the lithosphere in the
southwestern USA: Tectonophysics,
v. 104, p. 283-298.




Part II

Reference Map of Geothermal Areas

1-107




$0CORR0 o e =

Ltn

o
b

NEW MEXICO
LINCOLN

StERRA

ol 'R

GRAMNT

S i Gmame Se— e —— D e ww— —
o y @
-
~

p

i '
(S

8
— v
- o " — o —— it

HIDALGO N
N S,
[ ’ e »r
|
l N ey »
1 ] Q. Clowwen 3B
O S—
e
©  Well with discharge temperature greater than 26°C. -
A - Spring with discharge temperature greater than 25°C.
CATRON - . LUNA )
Cr' 1 Fricborn Canyon Warm Spring LN 1 Columbus Arca
CT . 2 Lower Frisco Hot Spring/Glenwood LN~ 2 Fluorite Ridge
CT 3 Upper Frisco. Hot Springs . LN "3 Viclorio Mountains Arca
: LN 4 Northem Mimbres - Basin
DONAANA - -
DA 1 Rast. Portillo Mountains/Kilbourae Hole OTERD
DA 2 Las Alturas/Las Cruces East Mesa Or 1 . Carton Well/Tularosa Basin
DA 3 Radium " Springs/Rincon/San . Diego Mouncain OT 2 Hueco Tanks/Hueco Basin
DA 4 Tularosa Basin/White Sands Missile Range
SIERRA . :
GRANT 1 Cuchillo/Ojo Caliente
GR - 1 CIff Area . S1. 2 Derry
GR 2 Faywood Hot Springs oL $I 3 Hillsboro
GR 3 GQila Hot Springs Region . . SI 4 Truth or Consequences
GR 4 Mimbres Hot Springs . E SI S Warms Springs/Winsion
GR 5  Turkey Creek .
SOCORRO
HIDALGO SC t San Agustin Plain
HD 1 Lighning Dock/Animas Valley SC 2 Socorro
HG 2 Lordsburg Basin

1-108




Part III A
Bibliographic. Annotations by Major Scientific Category

1-109




"

COUNTY - Catron .
AREA NAME - CT1 - Fricbom Canyon Wamm Spring

REFERENCE NUMBERS
CATEGORY : '

GEOLOGIC S‘I'U‘DIBIMAPS N/A

STRUCTURE/TECTONICS - N/A

RADIOMETRIC AGE DA‘IB 3.14,205234
IGNEOUS PETROLOGY - 20.254

GEOPHYSICAL SURVEYS .
TEMPERATURE GRADIENT - NA

GEOCHEMICAL STUDIES
THERMAL WATER CHEMISTRY - N/A
AQUEOUS GEOTHERMOMETRY - N/A
STABLE ISOTOPES - N/A

THERMAL SPRINGS AND WELLS - 13, 347
NON-THERMAL WATER CHEMISTRY « N/A

INSTITUTIONAL/EN VIRONMENTAL/ECONOMIC - N/A
APPLICATIONS - N/A
BIBLIOGRAPHIES - N/A

COUNTY . Catron

COUNTY - Catron
AREA NAME - CT2 - Lower Frisco Hot Spring/Glenwood

REFERENCE NUMBERS
CATEGORY -

GEOLOGIC STUDIES/MAPS - 29, 254, 255, 256, 79, 18§
STRUCTURE/TECTONICS - 29, 254, 283, 256, 185
RADIOMETRIC AGE DATES - 14, 208, 208, 253, 321
IGNEQUS PETROLOGY - 20, 208, 255

GEOPHYSICAL SURVEYS
TEMPERA’

ELECTRICAL RESISTIVITY - N/A
ELECTROMAGNI -203

ETH
SEISMIC - N/A
GRAVITY - 83
MAGNETIC - N/A
REMOTE SENSING - 187
‘GEOCHEMICAL STUDIES
THERMAL WATER CHEMISTRY - 16, 82, 85, 180, 207, 347, 369, 380
AQUEOQUS GEOTHERMOMETRY - 369
STABLE ISOTOPES -180

THERMAL SPRINGS AND WELLS . 16. 207, 236, 347, 369, 330
NON-THERMAL WATER CHEMISTRY . 349

DEPTH TO WATER - 22

AQUIFER CHARACTERISTICS - N/A

HYDROLOGIC BUDGETS - N/A -

INSTITUTIONAL/ENVIRONMENTAL/ECONOMIC - 394
APPLICATIONS « N/A
BIBLIOGRAPHIES - N/A

AREA NAME - CTY - Upperfﬁmkumn

CATEGORY

GEOLOGIC STUDIES/MAPS - 235, 234
STRUCTURE/TECTONICS - 2558, 256
RADIOMETRIC AGE DATES -3
IGNEQUS PETROLOCY - 20
GEOPHYSICAL SURVEYS
TEMPERATURE GRADIENT - 188 -
HEAT FLOW - NJA .
ELECTRICAL RESISTIVITY - N/A
ELECTRO! <NA

SEISMIC - N/A
GRAVITY - 162

GEOCHEMICAL

REFERENCE NUMBERS

STUDIES
THERMAL WATER CHEMISTRY- 16, 188, 207, 347, 380
ERMOMETRY- 207, 380

AQUEOUS GEOTH!
STABLE ISOTOPES - 207

THERMAL SPRINGS AND WELLS - 16, 188, 207, 347, 380

NON-THERMAL WATER CHEMISTRY -

DEPTH TO WATER - N/A
AQUIFER CHARACTERISTICS- N/A
HYDROLOGIC BUDGETS- NA

188, 330

INSTITUI"IONAUENVIRONMENTAUEG)NOMIC- N/A

APPLICATIONS- N/A
BIBLIOGRAPHIES- N/A
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COUNTY- Dona Ana
AREA NAME- DAl - Bast Portrilio Mountains/Kilbourne Hole

CATEGORY

REFERENCE NUMBERS

GEOLOGIC STUDIES/MAPS - ;;911. 73, 11T, 129, 130, 131, 133, 133, 184, 243, 258,
STRUCTURE/TECTONICS- 8, 30. 31, 71, 72, 73, 114, 129, 130, 133, 135, 243, 258, 259,
321 408

. 393,
RADIOMETRIC AGE DATES - 2, 3. 31, 116, 129, 130. 138, 176, 208, 321
IGNEOUS PETROLOGY - 8, 71, 129, 130, 135, 240, 241, 242, 260

GEOPHYSICAL SURVEYS
TEMPERATURE GRADIENT - 201, 201
HEAT FLOW - 200, 201, 325, 333
ELECTRICAL RESISTIVITY - 146, 147, 419
ELECTROMAGNETIC - 139,236,391 -
SEISMIC - 160
GRAVITY - 53, 363

‘GEOCHEMICAL STUDIES
THERMAL WATER CHEMISTRY - 220, 359
AQUEOUS GEOTHERMOMETRY - 359, 362. 369, 373, 376. 378, 379, 382
STABLE ISOTOPES- N/A

‘THERMAL SPRINGS AND WELLS

NON-THERMAL WATER CHEMISTRY - 54. 169 17,1m

DEPTH TO WATER - 34, 114, 189, 170, 171,

AQUIFER CHARACTERISTICS - 114, 169, I"D 174, 172, 45
HYDROLOGIC BUDGETS - 243

OTHER
INSTITUTIONAL/ENVIRONMENTAL/ECONOMIC - N/A
APPLICATIONS- N/A
BIBLIOGRAPHIES. N/A

SREA NAME " DAY . Radium Springs/San Dicgo Min.Rinc
AR NAME - DA3 - ium an Di n. on

? REFERENCE NUMBERS
CATEGORY

GWLOGIC STUDIES/MAPS - 117, 313, 314 NS, N7, 18,32

NICS - 30, 31, 115, 313, 314, 315, 316. 317. 318, 321,322, 323
RADIOMETRICAUEDATES 313, 314, 320,324, 328
IONEOQUS PETROLOGY - 313. 314, M8

GEOPHYSICAL SURVEYS
TEMPERATURE ORADIENT - ]93
HEAT FLOW - 193, 316, 317, 325
ELECTRICAL RESISTIVITY - 93, 147, 153, 157, 158, 189, 332, 333, 418
ELECTROMAGNETIC - NA
SEISMIC - 62, 250
GRAVITY - 62, 365
MAGNETIC - 365
REMOTE SENSING - 187

STUDIES
THERMAL WATER CHEMISTRY - 207, 220, 347, 369
AQUEOUS GEOTHERMOMETRY - 207. 359, 362, 369, 373, 376. 378, 379, 382
STABLE ISOTOPES - 207

THERMAL SPRINGS AND WELLS - 347, 368. 369
NON-THERMAL WATER CHEMISTRY - 34
DEPTH TO WATER - 54
AQUIFER CHARACTERISTICS - 54

. HYDROLOGIC BUDGETS - $4

INSTITUTIONAL/ENVIRONMENTAL/ECONOMIC - 338
APPLICATIONS - 338
BIBLIOGRAPHIES - N/A

COUNTY - Dona Ana
AREA NAME - DA2 - Los Alwras/Las Cruces East Mesa/Tonugas Mountain
REFERENCE

CATEGCRY

NUMBERS

GEOLOGIC STUDIES/MAPS - 117, 163
STRUCTURE/TECTONICS - 30, 31, 75, 98, 101, 114, 168

RADIOMETRIC AGE DATES- N/A

IGNEOUS PETROLOGY- N/A

GEOPHYSICAL SURVEYS
TEMPERATURE GRADIENT - 98, 102, 142, 197, 198, 200, 201, 226, 227, 228
HEAT FLOW - 100. 197, 198, 204, 201
ELECTRICAL RESISTIVITY - 93, 136, 147, 153, 332, 333, 414, 416
ELECTROMAGNETIC - NA
SEISMIC - 75
GRAVITY - 7§, 368
MAGNETIC?S, 163, 365
REMOTE SENSING - 148, 187

GEQCHEMICAL STUDIES
THERMAL WATER CHEMISTRY - 47, 220, 347, 359, 362, 369
AQUEOUS GEOTHERMOMETRY - 369, 373, 376, 378, 379, 382
STABLE [SOTOPES- N/A

THERMAL SPRINGS AND WELLS . N/A

NON-THERMAL WATER CHEMISTRY - 47, 54, 98, 99, 169, 171, 172, 407, 409
DEPTH TO WATER - 43, 44, 54, 98, 114, 169, 171, 172, 278, 383, 407, 408
AQUIFER CHARACTERISTICS - 43, 44, 54, 98, 114, 169, 171, 172, 245, 407, 409
HYDROLOGIC BUDGETS - 34, 100, 243, 407. 409

OTHER
INSTITUTIONAL/ENVIRONMENTAL/ECONOMIC - 60, 102, 338
APPLICATIONS - 19, &0, 102, 338
BIBLIOGRAPHIES - N/A

COUNTY - Dona Ana
AREA NAME - DA4 - Tularosa Basin/White Sands Missile Range

REFERENCE NUMBERS
CATEGCRY

GEOLOGIC STUDIES/MAPS - N/A
STRUCTURE/TECTONICS - 42, 320
RADICMETRIC AGE DATES - N/A
IONECUS ~NA

GEOPHYSICAL SURVEYS
TEMPERATURE GRADIENT - 81, 194
HEAT FLOW . 81, 69, 325
ELECTRICAL RESISTIVITY - 61, 150
- N/A

ELECTR
SEISMIC- N/A
GRAVITY - 61, 89, 162
MAGNETIC - 55
REMOTE SENSING - 187

STUDIES
THERMAL WATER CHEMISTRY - 61, 209
GEQTHERMOMETRY - 61, 194
STABLE ISOTOPES- N/A

THERMAL SPRINGS AND WELLS - 52, 126, 165, 194, 209, 408

NON-THERMAL WATER CHEMISTRY - 52, 126, 166, 209, 210, 370, 389, 403, 40‘
DEPTH TO WATER - 22, 126, 166, 209, 403

AQUIFER CHARACTERISTICS - 52, 126, 166, 209, 210, 212, 408

HYDROLOGIC BUDGETS - 408

OTHER .
INSTITUTIONAL/ENVIRONMENTAL/ECONOMIC - 63
APPLICATIONS - 61, 127
BIBLIOGRAPHIES - N/A
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COUNTY - Grant
AREA NAME - GR1 - CHff Area

CATEGORY

REFERENCE NUMBERS

GEOLOGIC STUDIES/MAPS - 79, 185, 253, 236
STRUCTURE/TECTONICS - 79, 185, 255
RADIOMETRIC AGE DATES - 234, 255
IGNEQUS PETROLOGY - NVA

GEOPHYSICAL SURVEYS
TEMPERATURE GRADIENT - N/A

GEOCHEMICAL STUDIES
THERMAL WATER CHEMISTRY - 347, 365, 380
AQUEOUS GEOTHERMOMETRY - 369, 371, 380
STABLE ISOTOPES - N/A

THERMAL SPRINGS AND WELLS - 347, 365, 369, 380
NON-THERMAL WATER CHEMISTRY - 369, 380. 392
DEPTH TO WATER - 22, 392

AQUIFER CHARACTERISTICS - 352

HYDROLOGIC BUDGETS - 392

INSTITUTIONAL/ENVIRONMENTAL/ECONOMIC - 394
APPLICATIONS - N/A
BIBLIOGRAPHIES - N/A

COUNTY - Grant
AREA NAME - GR3 - Gila Hot Springs Region
CATEQORY
GECLOGY
GEOLOGIC STUDIES/MAPS - 254, 255, 256, 392

STRUCTURE/TECTONICS - 254, 255
RADIOMETRIC AGE DATES - 255
IGNEOUS PETROLOGY - 20

REFERENCE NUMBERS

GEOPHYSICAL SURVEYS
TEMPERATURE GRADIENT - 343

STUDES
THERMAL WATER CHEMISTRY . 345, 347, 369
AQUEOUS GEOTHERMOMETRY - 369
STABLE ISOTOPES - N/A

THERMAL SPRINGS AND WELLS - 13, 339, 334, 343, 347, 369, 392
NON -THERMAL WATER CHEMISTRY - 345, 369, 392
DEPTH TO WATER - 311, 343, 392
AQUIFER CHARACTERISTICS - 311, 343, 392
HYDROLOGIC BUDGETS - 311. 34, 392

INSTITUTIONAL/ENVIRONMENTAL/ECONOMIC - N/A
APPLICATIONS ~ N/A
BIBLIOGRAPHIES - N/A

COUNTY - Grant -
AREA NAME - GRS » Turkey Creck
CATECORY '

COUNTY - Orant
AREA NAME - GR2 - Faywood Hot Spring

CATEGORY
GEOLOQIC STUDIES/MAPS - 322
UCTURE/TECTONICS - 322
RADIOMETRIC AGE DATES - N/A
IGNEOUS PETROLOGY - N/A
GEOPHYSICAL SURVEYS
TEMPERATURE GRADIENT - N/A
HEAT FLOW - N/A
ELECTRICAL RESISTIVITY - N/A
ELECTROMAGNETIC -
SEISMIC - 342
GRAVITY - 162
MAGNETIC - 5§
REMOTE SENSING - 187
GEOCHEMICAL

STUDIES
THERMAL WATER CHEMISTRY - 16, 347, 369, 38t
AQUEOUS GEOTHERMOMETRY - 365, 381
STABLE ISOTOPES - N/A

THERMAL SPRINGS AND WELLS - 13, 16, 347, 369, 381
NON-THERMAL WATER CHEMISTRY - 211

DEPTH TO WATER - 211, 392

AQUIFER CHARACTERISTICS - 392

HYDROLOGIC SUDGETS

INSTITUTIONAL/ENVIRONMENTAL/ZECONOMIC - 394
APPLICATIONS - N/A
SIBLIOGRAPHIES - N/A

COUNTY - Grant
AREA NAME - QR4 - Mimbres Hot Springs

CATEGORY

GEQLOGY
GEOLOGIC mIDI'BMAPS””. 322,302
STRUCTURE/TECTONICS - 80, 322
RADIOMETRIC AGE DATES - NA
IONEOUS PETROLOGY - N/A

GEOPHYSICAL SURVEYS
TURE GRADIENT - NA
HEAT FLOW - N/A
ELECTRICAL RESISTIVITY - NA
ELECTROMAGNETIC - N/A :
SEISMIC - 342
GRAVITY - 162
MAGNETIC - 53
REMOTE SENSING - 137

STUDIES
THERMAL WATER CHEMISTRY - 347 369, 392
AQUEOUS GEOTHERMOMETRY -
STABLE 1ISOTOPES - N/A

THERMAL SPRINGS AND WELLS . 1, 347, 392
NON-THERMAL WATER CHEMISTRY - 211, 392
DEPTH TO WATER - 211, 392

AQUIFER CHARACTERISTICS - 392
HYDROLOGIC BUDGETS - %2

OTHER
INSTITUTIONAL/ENVIRONMENTAL/ECONOMIC - 394
APPLICATIONS - N/A
BIBLIOGRAPHIES - N/A

REFERENCE NUMBERS

GEOLOGIC STUDIES/MAPS - 79, 18, 254, 255, 356, 392
UCTURE/TECTONICS - %9, 254, 255, 256

SR
RADIOMETRIC AGE DATES - NJA
IGNEOUS PETROLOGY - Z)

VEYS
‘IEMPERATURE GRADIENT - N/A
HEAT FLOW - N/A

* ELECTRICAL RESISTIVITY - N/A

GEOCHEMICAL

STUDEES
THERMAL WATER CHEMISTRY - 369, 381
‘AQUEOUS GEOTHERMOMETRY + 369, 381

STABLE ISOTOPES - N/A

THERMAL SPRINGS AND WELLS . 3%, 381
NON-THERMAL WATER CHEMISTRY - 369, 381

DEPTH TO WATER - N/A
AQUIFER CHARACTERISTICS - N/A
HYDROLOGIC BUDGETS - N/A

INSTITUTIONAL/ENVIRONMENTAL/ECONOMIC - N/A

APPLICATIONS - N/A
BIBLIOGRAPHIES - N/A

.
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COUNTY - Hidalgo
AREA NAME - HD1 - Lightning Dock/Animas Valley
CATEGORY

GEOLOGIC S‘I'UDIBMAPS”‘Izl 81,82, 232

STRUCTURE/TECTONT . 82
RADIOMETRIC AGE DATES - 2,3, 81, 82
IGNEQUS PETROLOGY - 81

GEOPHYSICAL SURVEYS
TEMPERATURE GRADIENT - 4, 173
HEAT FLOW - 74,173
ELECTRICAL, RESISTIVITY - 155, 157, 181
ELECTROMAGNETIC - NA

SEISMIC - 342

91t
REMOTE SENSING - 187

QEOCHEMICAL STUDIES
THERMAL WATER CHEMISTRY - 74, 81, 180, 191, 257, 286, 335, 381
AQUE GEOTHERMOMETRY - 74, 81, 180, 191, 192, 377, 380, 381
ABLE ISOTOPES - 81, 180

THERMAL SPRINGS AND WELLS - 4, 81. 191, 257

NON-THERMAL WATER CHEMISTRY - 74, 81, 191, 213, 257

DEPTH TO WATER - 22, 111, 231, 234, 293, 297, 312

AQUIFER CHARACTERISTICS - 111, 231, 232, lﬂ. 57,312, 385
- HYDROLOGIC BUDGETS - 111, 231, 253, 257, 38

INSTmNALENVRONMENTAUECDNOMlC - N/A
:'PPLICA‘I'IONS = NIA

REFERENCE NUMBERS
CATEGORY

COUNTY - Hidalgo
AREA NAME . HD2 - Lordsburg Basin
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. AQUEOUS
STABLE ISOTOPES - N/A

REFERENCE NUMBERS

NETIC -
REMOTE SWNO 187

STUDES :
THERMAL WATER CHEMISTRY - N/A
GEOTHERMOMETRY - N/A

THERMAL SPRINGS AND WELLS - 257, 347

NON-THERMAL WATER CHEMISTRY - 233

DEPTH TO WATER - 22, 78, 111, 231, 234, 257, 312

AQUIFER CHARACTERISTICS - l! 1, 20,312
HKYDROLOGIC BUDGETS - 45, 23

INSTITUTIONAL/ENVIRONMENTAL/ECONOMIC « N/A
APPLICATIONS - N/A
BIBLIOGRAPHIES - NJA
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COUNTY - Luna
AREA NAME - LN1 - Columbus Area.

CATEGORY

REFERENCE NUMBERS

- N/A
STRUCTURE/TECTONICS - N/A
RADIOMETRIC AGE DATES - 2, 3,321,324
IGNEOUS PETROLOGY - N/A

STUDIES
THERMAL WATER CHEMISTRY - 211
GEOTHERMOMETRY - 211
STABLE ISOTOPES - NJA

THERMAL SPRINGS AND WELLS . 211

REFERENCE NUMBERS

GEQOCHEMICAL STUDIES
THERMAL WATER CHEMISTRY - 211
GEOTHERMOMETR'

Y < N/A
STABLE ISOTOPES - NA

THERMAL SPRINGS AND WELIS m
NON-THERMAL WATER CHEMISTRY - 211
DEPTH TO WATER - 22, 211
AQUIFER CHARACTERISTICS - WA
HKYDROLOGIC BUDGETS - N/A

INSTWI'IONMMVIRONM'EN‘I‘MJECONOWC N/A
APPLICATIONS - N/A
BIBLIOGRAPHIES - N/A

COUNTY - Luna
AREA NAME - LN2 - Fluorite Ridge

CATEGORY

GECLOGY
GEOLOGIC STUDIES/MAPS - N/A
STRUCTURE/TECTONICS - N/A
RADIOMETRIC AGE DATES - NVA
IGNEOUS PETROLOGY - N/A

THERMAL SPRINGS AND WELLS - N/A
NON-THERMAL WATER CHEMISTRY - N/A
DEPTH TO WATER - 77.76

OTHER
AL/ENVIRONMENTAL/ECONOMIC - N/A

APPLICATIO!
SIBLIOGRAPHIES - N/A

COUNTY - Lunz .
AREA NAME - LN4 - Northem Mimbres Basin

CATECORY

STUDIES
THERMAL WATER CHEMISTRY - 211
GEQOTHERMOMETRY - NA
STABLE ISOTOPES - N/A

THERMAL SPRINGS AND WELLS - 211
NON-THERMAL WATER CHEMISTRY - 211
DEPTH TO WATER - 22, 211

INSTITUTIONAL/ENVIRONMENTAL/ECONOMIC - N/A
APPLICATIONS - N/A
BIBLIOGRAPHIES - N/A
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COUNTY - Otero
AREA NAME - OT1 - Garton WellTularosa Basin

COUNTY - Otero
AREA NAME - OT2 - Hueco Tanks/Hueco Basin

REFERENCE NUMBERS REFERENCE NUMBERS

CATEGORY . . CATEGORY .

GEOLOGIC STUDIES/MAPS - 44, 404 GEOLOGIC STUDIES/MAPS - 121, 386, 393

STRUCTURE/TECTONICS - N/A STRUCTURE/TECTONICS - 121, 386, 393

RADIOMETRIC AGE DATES -2, 3,4 RADIOMETRIC AGE DATES - NA

IGNEOUS PETROLOGY - N/A IGNEOUS PETROLOGY - NJA
GEOPHYSICAL SURVEYS GEOPHYSICAL SURVEYS

TEMPERATURE GRADIENT - N/A GRADIENT - 386

HEAT FLOW - N/A HEAT FLOW - 386

ELECTRICAL RESISTIVITY - N/A ELECTRICAL RESISTIVITY - 386

ELECTROMAGNETIC - VA OMAGNETIC - NA

SEISMIC - 342 SEISMIC - 342 -

GRAVITY - 162 GRAVITY - 162, 386

MAGNETIC - 55 -85

REMOTE SENSING - 187 REMOTE $ENSING - 187

GEOCHEMICAL STUDIES
THERMAL WATER CHEMISTRY - 127, 209

AQUEOUS Y - N/A
STABLE ISOTOPES - NA

THERMAL SPRINGS AND WELLS - 127, 209, 337

NON-THERMAL WATER CHEMISTRY - 33, §5, 127, 138, 209, 210, 317, 404
‘DEPTH TO WATER - 11, 22, 53, 89, 125,138, 209, 337, 404

AQUIFER CHARACTERISTICS - 11, 53, £9, 126, m.m 210, 337, 404
HYDROLWIC BUDGETS - 11, 89, 209

INSTITUTIONAL/ENVIRONMENTAL/ECONOMIC - N/A
APPLICATIONS - N/A
BIBLIOGRAPHIES - N/A

‘GEQCHEMICAL STUDIES
THERMAL WATER CHEMISTRY - 121, 286
© AQUEOUS CEOTHERMOMETRY - 121, 286
STABLE ISCTOPES - N/A

THERMAL SPRINGS AND WELLS - 121, 286, 386 R
NON-THERMAL WATER CHEMISTRY - 121, 209. 386
DEPTH TO WATER - 22, 126, 209

AQUIFER CHARACTERISTICS - 126, 209
HYDROLOGIC BUDGETS - 126, 209

OTHER
INSTITUTIONAL/ENVIRONMENTAL/ECONOMIC - NJA
APPLICATIONS - N/A
BIBLIOGRAPHIES - N/A
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COUNTY - Sierrs
AREA NAME - 81t - Cuchillo/Ojo Calients

CATEGORY

GEOLOGIC STUDIES/MAPS - 21, 128
STRUCTURE/TECTONICS - 21, 128
RADIOMETRIC AGE DATES - NA
IGNEOUS PETROLOGY - NA

GEOCHEMICAL STUDIES
THERMAL WATER CHEMISTRY - 347, 369
IOMETRY - 369

AQUEOUS
STABLE ISOTOPES - N/A

THERMAL SPRINGS AND WELLS - 13, 21, 347
NON-THERMAL WATER CHEMISTRY - 21
DEPTH TO WATER - 21

INSTITUTIONAL/ENVIRONMENTAL/ZECONOMIC - NJA
APPLICATIONS - N/A
BIBLIOGRAPHIES - N/A

COUNTY - Siems
AREA NAME - SI3 - Hillsboro

CATECORY

GEOLOGY
GEOLOGIC STUDIESIMmAPSl;:! 18,324
RADIOMETRIC AGE DATES - 3¢
IGNEOUS PETROLOGY - NA

STUDES
THERMAL WATER CHEMISTRY - 369
AQUEOUS GEOTHERMOMETRY - 362, 369
STABLE ISOTOPES - N/A

THERMAL SPRINGS AND WELLS - 13, 365
NON-THERMAL WATER CHEMISTRY - N/A

REFERENCE NUMBERS

REFERENCE NUMBERS

COUNTY - Sierra
AREA NAME - SI2 - Derry

CATEOORY

REFERENCE NUMBERS

GEOLOGIC STUDIES/MAPS - 115
STRUCTURE/YECTONICS - 115
RADIOMETRIC AGE DATES - N/A
IGNEOUS PETROLOGY -N/A -~

GEOPHYSICAL SURVEYS
TEMPERA’

EELTRICALRESBTIVH'Y NA
ELECTROMAGNETIC - NA
SEISMIC - 342

REMOTE SENSING 187

STUDIES
THERMAL WATER CHEMISTRY - 347, 369
AQUEOUS GEOTHERMOMETRY - 369
STABLE ISOTOPES - NJA

THERMAL SPRINGS AND WELLS - 13, 347
NON-THERMAL WATER CHEMISTRY - 409
DEPTH TO WATER - 409

AQUIFER CHARACTERISTICS « 409
HYDROLOGIC BUDGETS - 409

OTHER 3
INSTITUTIONAL/ENVIRONMENTAL/ECONOMIC - N/A .
APPLICATIONS - N/A
BIBLIOGRAPHIES - N/A

COUNTY - Siema
AREA NAME - Si4 - Truth or Consequences

CATEGORY

GECLOGY . ‘

- GEOLOGIC STUDIES/MAPS - 30, 31, 115, 167, 397, 398, 399, 420
STRUCTURE/TECTONICS - S, 113, 167, 420
RADIOMETRIC AGE DATES - 2.3,205 |
IGNEOUS PETROLOGY - 357, 398, 399

WXCAL SURVEYS
TEMPERATURE GRADIENT ;93’93. 397, 398, 399, 403

GEOCHEMICAL STUDIES :
THERMAL WATER CHEMISTRY - 214, 347, 387
GEOTHERMOMETRY - 369

AQUEOUS

STABLE ISOTOPES - N/A

THERMAL SPRINGS AND WELLS - 13, 214, 310, 347, 387
NON-THERMAL WATER CHEMISTRY - 214, no. n
AQUIFER CHARACTERISTICS - 214, 230, 248 387, 403
HYDROLOGIC BUDGETS - 214, 230, 248, 387, 403

IN: AL/ENVIRONMENTAL/ECONOMIC - N/A
APPLICATIONS - N/A
BISLIOGRAPHIES - N/A

REFERENCE NUMBERS

A@m -95
HYDROLOGIC BUDGETS - NA
OTHER
INSTITUTIONAL/ENVIRONMENTAL/ECONOMIC - N/A
APPLICATIONS N/A
BIBLIOGRAPHIES - N/A
COUNTY - Siema
AREA NAME . 8IS Wam Springs/Wiaston
CATEGORY
GECLOGY
GEOLOGIC STUDIES/MAPS - 322, 324
$TR INICS - 324
RADIOMETRIC AGE DATES - 3238
IONEOUS PETROLOGY - 324
OH»HYSXCAL SURVEYS
TEMPERATURE GRADIENT - N/A

HEAT FLOW - N/A
ELECTRICAL RESISTIVITY - N/A
OMAGNETH

ELECTR
SEISMIC - 342

C-NA

GRAVITY - 162
MAGNETIC - 55
REMOTE SENSING - 187

GEOCHEMICAL

STUDES
THERMAL WATER CHEMISTRY - N/A

AQUEOUS GEOTHERMOMETRY - N/A

STABLE ISOTOPES - N/A

THERMAL SPRINGS AND WELLS - NA

NON-THERMAL WATER CHEMISTRY « N/A
DEPTH TO WATER - 12,64
AQUIFER CHARACTERISTICS - 64,95
HYDROLOGIC BUDGETS - 64

INSTITUTIONAL/ENVIRONMENTAL/ECONOMIC - N/A
APPLICATIONS - N/A
BIBLIOGRAPHIES - N/A
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REFERENCE NUMBERS |




NTY - Socoro COUNTY - Socorro

AREA NAME . $C2- Socorn KGRA
AREA NAME - SC1 - San Agustin Plain CE NUMBERS REFERENCE NUMBERS
CATEGORY A ¥
. GEOLOGIC STUDIES/MAPS - 36, 37, 38, 39, 40, 41, 42, 112, 152, 183, 239, uz. 263,
Ty SruCrmarscroncs 1 5 1 s
UCTURE/TECTONICS - 3,
RADIOMETRIC AGE m;u -NA RADIOMETRIC AGE DATES - 6, 18, 205
IGNEOUS PETROLOGY - IGNEOUS PETROLOGY - 18, 20
GEOPHYSICAL SURVEYS GEOPHYSICAL SURVEYS
E?Am%%nm-!ﬂ‘.m TEMPERA GRADIENT . 112, 272, 294, 325

AL STUDES
THERMAL WATER CHBMSTRYY ;‘,2:. 46, 229
AQUECUS GEOTHERMOMETRY -
STABLE {SOTOPES - N/A

‘THERMAL SPRINGS AND WELLS - 28, 46, 229
NON-THERMAL WATER CHEMISTRY . 17, 28, 46, 229

INSTITUTIONAL/ENVIRONMENTAL/ECONOMIC - NA
APPLICATIONS - N/A
BIBLIOGRAPHIES - N/A
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TURE
HEAT FLOW - 112, 270, 271, 275, 294, 328
ELECTRICAL RESISTIVITY - N/A
ELECTROMAGNETIC - 132, 154, 213
SEISMIC - 23, 23, 33, 34, 86. 87, 279, 281, 212. 288, 289, 291, 292, 295, 296, 297, 298,
299, 301, 301, 302, 326, 327, 34!

ORAVITY - 162

MAGNETIC - 55, 90
REMOTE SENSING - 187

STUDES
THERMAL WATER CHEMISTRY - 46, IOJ. 137, 347
UEOUS GEOTHERMOMETRY - 180,
STABLE ISOTOPES - 97,180 -

THERMAL SPRINGS AND WELLS - 13, 46, IOJ 347
NON-THERMAL WATER CHEMISTRY - 46, 10}

DEPTH TO WATER - 44, 336

AQUIFER CHARACTERISTICS - 103, 112, 137, 336
HYDROLOGIC BUDGETS - 97, 112, 137, 336

INSTITUTIONAL/ENVIRONMENTAL/ECONOMIC - 216, 2!7
APPLICATIONS - N/A
BIBLIOGRAPHIES « N/A




CHAPTER 2

NEW MEXICO STATE UNIVERSITY
GEOTHERMAL EXPLORATORY WELL*

2.0 Introduction

This chapter discusses the results of the continuation of
an exploratory drilling program to confirm a large capacity
geothermal reservoir on land owned by New Mexico State University
(NMSU) . Previous shallow exploration and deep production geo-
thermal well drillimg'on and nearby the NMSU campus suggested
that temperatures higher than the known NMSU resource tempera-
ture of 142°F may be obtainable at deeper horizons and that wells
completed' in shallow bedrock faults may produce much higher
yields than the existing NMSU wells completed in alluvium. The
exploratory drilling plan objectives werera temperature within
ten percent of 170°F and/or a pro‘duction rate within 10 percent

of 500 gallons per minute (gpm) at affordable pumping depths.

2.1 Initial Drilling Program

Following substantial geological and geophysical field work,

including soil mercury and helium surveys and 10 and 4.5 lineal

‘miles of self-potential and reflectionQSeismic surveys, respec-

tively (Cunniff, 1986), two drill sites were selected in 1984 at

;qcations believed to overlie intersections of bedrock faults.

* The principal author of Chapter 2 is Roy A. Cunniff, Senior
Engineer, Physical Science Laboratory, New Mexico State Uni-
versity.




The primary site was also believed to represent the shallowest
depth to bedrock on the NMSU campus (see Figure 2-1). Drilling
commenced on October 19, 1984, on NMSU deep test number three
(DT=-3). The initial drilling was completed to 963 feet of depth
and bottomed in a massive lost circulation zone. When the well
was completed, the casing landed at a depth of 974 feet (see
Figure 2-2).

2.2 cContinuation Drilling Program

2.2.1 Target Depth and Completion Program
A target depﬁh of 1,500 feet (i.e., approximately 525 feet

of continuation drilling) was selected in order to penetrate
below the base of the Santa Fe group basin £ill estimated to be
at a depth of 1,300 to 1,400 feet. If present, andesite sequenc~
es would be defined by the 100- to 200-foot penetration into the
presumed Paleozoic bedrock. This model of the subsurface was in
agfeement with the interpretation~of a reflection séismic survey
conducted by Charles Reynolds and Associates (Cunniff, 1986) and
information obtained from nearby wells drilled by éhaffee Geo~-
thermal, Ltd. (Gross and Icerman, 1983).

2.2.2 Drilling History

"The well was re-entered on April 26, 1986, by L&M Drilling,
Inc. of Artesia, New Mexico, the selected contract driller. A 8
5/8-inch top casing was threédgd_intp the existing casing at 673
feet to lower the cost of the air drilling précedures and to
provide a continuous' diameter casing"ftom. total depth to the

surface.
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Figure 2-1. Location map for NMSU exploration Well DT-3. Three
geothermal production wells are shown as PG-1, PG-2,
and PG-3.
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Figure 2-2. Intefmediate completion configuration for NMSU
i exploration Well DT-3. Depths are referenced to the
i top of the casing.
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Drilling COmmencéd following successful cementing of the
bottom 13 feet of the top casing assembly. Unknown resistance,
believed to be mud and lost circulation material from the initial

drilling activities, was encountered at 938 feet, measured from

the kelly bushing (KB) of the rig. The hole was circulated and

washed to 982 feet KB, which was believed to be approximately
the depth of the casing installed in 1984. Cuttings were tékén
at 985 feet KB. The penetration rate of the'7 7/8=-inch drill
bit was only 15 feet per hour (fph) usiné 34,000 pounds of weight
until drilling resistance ceased at 987 feet KB and circulation
was lost. _

- Contact was rg-establisheﬁ by 1owering the drill string to
1,012 feet KB, but circulation could not be re-established with
an air flow rate of 2,550 cubic feet per minutev(cfm) and 15 gpnm

of mist-pump water. The formation provided a consistent 268 to

270 pounds per square inch gauge (psig) of back preésure, which

is equivalent to thatfof a 630~foot water column, the calculated
depth of water in the well bore. .

A blind drilling étrategy was pursued from 1,012 to 1,015
féét KB at a penetration rate of 30 fph with no returns. Alter-

nate circulating procedures confirmed lost circulation below 987

-~ feet KB with circulation being regained at 986 feet KB. Inter-

vals of circﬁlation suggested that the formation was capabie of

producing more than 1,000 gpm. No caving or erosion of the zone -

- above 987 feet KB could be detected, suggesting, along with the

recorded -penetration rate, that this zone was a dense, hard

formation. -




Options of.cementing the zone below 986 feet KB of-éonvért-}
ing to a mud drilvling program were eliminated because of the
.risk that these intrusive measures could cause severe loss of
production. Accor§ingly, the only realistic options were to use
additional air capacity or to continue blind drilling. Follow-
ing an evaluation of the risks and costs, the decision was made
to cease drilling activities and to conduct a'drill.stem:test to
evaluate the producing zone. Following completion of a success-
ful drill stem flow test and pressure - recovery test, all rig
operations, well-completion procedures, and site restoration

activities were completed on April 29, 1986 (éee Figure 2-3).

2.3 Drill stem Test

A flow test of Well DT-3 was conducted from April 27, to
April 28,}1986. The test was designed to obtain physical and
chemical data to be uséd\fbr standard reservoir calculations and
for determination of fluid characteristics.

2.3.1 Test Methods

An open-end, 6-inch drill stem was inserted in’the well to ﬁ
depth of 745 feet KB, the 1e§el of the top of the screen section
(see Figure 2-2). The test was designed as an air-lift test for
‘ an‘é-hour period. Flow rate, surface water tehperature, bottom-
hole temperature, injection pressure, and downhole pressure
buildup were monitored using standard eqnipment‘and procedures.

Water samples were taken periodically throughout the teét.




354' —

658' —

680' —
688' —
706' —

744' —

982' —

T0
1015' —

Figure 2-3.

(Depths Referenced to KBon L &M Rig)

AARREK

N7

.9,

N

A

LO.P.V, 09,9 V.99,

POV C V..

NI TTs

\)

SERLRHRE QWSR-S
N\

RLRRRRIE R
‘ £

b

SRR
CELAD IO AR MR TP IR PN, 1Y

S T e
T S I e 2 2

Final completion configuration for NMSU exploration
are referenced to the kelly

Well DT-3. Depths
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17 1/2-inch borehole.
Stotic water level, 354 feet,

14-inch (OD) steel casing, 0.375-~inch wall
thickness, 54.57 pounds per foot. :

Cemented annulus, 688 feet to ground
surface. 1BO sacks of cement.

Top of 8 5/8-inch casing, 658 feet.

Original top of 8 5/8-inch casing.
Cement 659 1o 706 feet, 32 sacks.

12 1/2-~inch borehole. Bottom of 14-inch
casing at €88 feet.

8 5/8-inch casing, 0.250-inch wall
thickness, 22.36 pounds per foot.

8 5/8~inch slotted liner, 0.250-inch woll
thickness. Perforations are 0.060 by
3=-inch, 40 slots per foot. Slotted liner
from 744 to 971 feet.

Gravel ﬁock from 706 to 971 feet, Colorado
silica gravel grade € by 9. 40 sacks.

Cement plug from 971 to 981 feet with cement
basket at 981 feet.

7 7/8-inch borehole from 982 10 1015 feet..
Likely open foult from 987 to 1012 feet,

5 9/16-inch slotted liner.. Slots are 0.06 by
3 {/2-inch, with 12 square inches of slot
opening per foot of pipe. Liner was landed
at 1015 feet, and the topis at 972 feet._




2.3.2 Test Operations

The flow test was begun at 9:00 pm on April 27, 1¢86.
Initially, all of the on-site air equipment was used, which
included three 850-cfm compressors and the 1,500-psi booster.
Flow was estimated to be vl,oso gpm. Because such a high flow
rate extended over an 8-hour period might have caused the reserve
pits to overflow, at the end of the first 30 minutes, one of the
compressors was stopped. The resultant flow rate was 700 .qpm,
which was maintained for the remainder of the test.

2.3.3 Test Results

Surface water temperature data are given in Table 2-1.
Water-quality data are given in Table 2-2. During the test, a
thick residue of calcium carbonate was deposited on the surface
piping and values suggesting that the fluid in Well DT-3 is
carbon dioxide enriched and, perhaps, contains a higher concen-
tration of calcium than measuréd ‘by the water analyses. The
relatively high pH, compared ﬁd pumped samples from nearby wélls P
represents the effects of carbon dioxide release. At atmospheric
equilibrium, the pH value is approximately 78.4. A copy of the
Schlumberger test report is Iincluded in Appendix A.

2.3.4 Reservoir ‘Hydrolcgy Parameters

_Reservoir hydrology parameters were computed from the test
data using the methods developed by Earlaugher (1977) adapted for
water-well terminology. The computed reservoir parameters are

summarized in Table 2-3.




Table 2-1.

Surface water temperature for Well DT-3. The temper-
atures were recorded during a drill stem test.

Tempegature

Time (°F)
9:01 pn 73
9:02 90
9:03 96
9:04 103
9:05 117
9:06 124
9:07 128
9:08 131
9:09 132
9:10 133
9:11 134
9:12 : 135
9:13 135
9:14 136
9:15 137
9:16 137
9:17 138
g9:18 139
9:19 140
9:20 140
9:20 -~ 12:00 ' 140
12:00 - 5:00 an 140 to 134

Notes:

1.
2.
3.

4,

5.

Air flow started at 9:01'pm.

Water appeared at the surface at 9:04 pm.

Gradual warming of the surface piping occurred until
9:20 pm. : : - R :

Water temperature was stable from 9:20 pm until 12:00
pmo ‘ . .

Water temperature declined from 12:00 pm to 5:00 am
as the result of a 20-mph wind cooling the wet ex-

posed surface piping as the ambient air temperature

dropped from 65 to 45°F. Bottom~hole temperature
remained effectively constant during this period.




Table 2-2. Water-chemistry analysis of Well DT-3.

‘ Chemical Concentration#
Parameter (mg/1)

Na 440
K 53.9
Ca 105.1
Mg 32.0
Cl - 528.3
HCO3 476.0
SO4 236
As 0.007
Ba . 0.07
Fe ' 0.05
B 0.48
F 2.04
si 2 47.7
TDS 1,775
Hardness (CacCo.) 383
Alkalinity (cao,) 401
Specific conductance (pmhos) 2,775
PH : : 7.63

* The values represent the mean of water samples taken during an
air-1lift test.
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Téble 2-3, Computed reservoir hydrology parameters for Well

DT=3.

Parameter

Permeability
Transmissibility
Skin factor -
Radius of influence
Reservoir volume
Productivity

2-11

Value

13.5 darcy

2,025,968 md-ft
negligible

2,625 ft

10,774 acre-ft

100 gpm/ft of drawdown




2.3.5 Test Interpretations

' Based on these computéd values,»the reservoir has excelient
permeability and should be able to safely produce flow rates in
excess of 2,000 gpm. Since no reserveir boundaries were detected
during the pressure buildup test, the actual radius of infiuence
and reservoir volume are likely to be higher than the calculated
values. Because the bottom-hole pressure increased slightly
(i.e., ~ 0.6 psia) during the flow‘test, the reservoir was appar-
ently recharging at a raté above the extraction rate of 700 gpm.
The reservoir also recovered initial pressure within 30 seconds
of terminating the air-lift test suggesting that the productivity
of the reservoir is'higher than the computed value.

The reservolr appears to be separated frém cooler groundwa-
ter, which could have been drawn into the production zone, be-
cause the bottom-hole teﬁperature increased approximately 1°F
during the test. Based on thermal l'palance‘ calculations, the
wellhéadAtemperature produced by mechanical pumping should be at

least 147_°F.

2.4 Tenmperature Data

Following the éompletion of thé drillfstem‘test, a tempera-
ture survéy was éttempted inside of the well casing from 960 feet
to the surface uSing the tempe:ature sensor in the Schlumberger
pressure ﬁool. ' This survey wés»abandoned because of increasing
rig standby costs when thermal equilibrium was not reached'at the
bottom of the hole within two hours.

2=-12




Sixtegn hours after the completionuof the aif-lift tést, a
temperature survey was collected using a Spafford probe (see
Table 2-4 and Figure 2-4). Peak bottom-hole temperature was
147.§°F. The well may have been -still experiencing thermal
rebound. Because a positive gradient existed from 345 to 970
feet of depth, a strong possibility exists that the measured
‘temperature of 147.6°F would increase sligﬁtly, perhaps to 149°F,
during high-volume production uSipg a mechanical pump. Se?eral
zones of varying gradient -exist at 670, 710, 790 to 810, 840 to
860, and 930 to 940 feet. Based on electric logs collected in
1984, these intervals appear -to be gravel zones, which might

produce some component of the total flow.

2.5 Lithologic Data

The interval from 905 to 965 feet KB is essentially a gravel
composed of 70 to 75% volcanic rock fragments of dark gray,
brown, and red colors; dense, very finely crystalline to amor-
phous in texture; chiefly basalt, rhyolite, chert, and possible
obsidian. The remainder is limestone; light gra_y,- light tan, and
gray ih'color;i dense to finely crystglline, some of which appears
to be finely oélitic. Destructive solution of this carbonate
leaves a residue of v'ery fine roﬁnded quartz ‘s'and .grains, clear
to white in color, and minor ambﬁnts of gray silt. ‘No cuttings
are available from 965 to 982 feet KB due to 1os£ circulation
problems in the original drilling. | | .

The stratigréphy from surface down to at léast 960 feet KB
is essentially the volcanic gravels of' the Santa Fe Group. At
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Depth*
(ft)

355
360
370
380
390
400
410
420
430
440
450
460
470
480
490
500
510
520
530
540
550
560
570
580
590
600
610
620
630
640
650
660
€70
680
€690
700
710

Table 2-4. Temperature-depth data for Well DT-3.

Tempgrature
(CF)

133.2
133.4
133.6
134.2
134.6
135.0
135.5
136.0
136.4
136.9
137.5
137.7
138.0
138.7
139.8
139.9
140.1
140.4
140.7
141.1
141.5
141.9
142.2
142.3
142.4
142.5
142.7
142.8
143.3
144.1
144.6
144.8
144.7
144.8
145.0
145.1
145.3

Depth* .
(ft)

720
730
740
750
760
770
780
790
800
810
820
830
840
850
860
870
880
890
900
910
920
930
940
950
960
970

Tempgrature
("F)

145.3
145.4
145.6
145.8
145.9
146.0
146.1
146.3
146.3
146.3
146.4
146.5
146.6
146.6
146.7
146.7
146.8
146.9
147.0
147.2
147.3
" 147.4
147.4
147.5
147.5
147.6

* The depth data are referenced to the rig kelly bushing.

depth to water in the well was approximately 355 ft.

The

Measure-

ments were taken with a Spafford probe approximately 16 hours
after an 8-hour air-lift test.

2-14




2 8 3 S a Q o o3 o
0 o ] o D o] ] 8 ! o e 3 Q m
(2] < < 0 2] (7] w0 ~ ~ 8 1] E:: o S
LRI L BLINL O BN L U A ARt I B L B B AN BN LN N N ML N AN O Y A R R M LIS SN A B N I N N B S B A DR U I B Y W A I g e
18 :
“t PEE K] -t
t AAA&AA‘AAAAA.A‘AAAA < 7
L : AA.-AAAA;A,.A llllllllll-lulllluulll ]
- et eqeed P LLI P L ]
sr e gooopass® e
hg «%e ununnun ] o l..."...oo....... ¢ ]
L : cetd ooo0oo POPYY Lishdebad oo max .
- A“A ﬂﬂﬂﬂﬂﬂﬂﬂ 6606666 ..a““XKlXKIlIXlXXIXKIllllxlll OO .
ncmwamﬁfonoua Aaoaaaoooooaoaauuoooooonuxa oo oo coooo E
2 . Q99 4gq9 00® % ®* 0 o oo k
g q99 oooooooooooo xxxxxx ooo ] ©04000000000009° -
[ g ececeee?® e . -
M.-“ ‘“xxxxxxxxxxxxxxxlxx OOOO ]
= o ]
R 400 -
- oooooooooooooooooo :
o 8°°°° I
ol
NN NI TSR N AN T NN RN TE FNNTE TN TN TN
O o (o] o O o (o o o o P p
< < 2] n (74] 0 ~ ~ e P S 3

($99}) HLd3Q

148

140

124

Heé

1000

132
TEMPERATURE (°F)

ne &0
Do oo
O Q0
~00d
4]
XOIOU
C&)\x,.'
M(n.
- s oy,
.
P ONT
/186
M%ﬂU8
NSO N
ERB
CAR
w230~
0.3
3
w50
Edde
Q an.
W.L 0D u
> ks o
od~__0
e
<33 ~ 0
bR =
o 844
] Wﬁe
OmaN
He R
wMOIW
,mhlll
o9 o ..
20 9O Ve~
0
OHO000
HE SO 3

2-15



that depth, large fractures occur, whiéh explains the lost circu-
lation problems that led to termination of drilling in 1984. At
982 feet KB, a 3-foot deposit of detrital material, carried into
the well by drilling fluids, rested upoh a thin, 2-foot thick
wedge or block‘of limestone or andesite. Immediately below this
dense, hard rock at 987 feet KB, a high-angle fault with an
exceedingly porous and permeable gouge or breccia zone was inter-
sected. At 1,012 feet KB, firm unbroken Hueco carbonate appears

to total depth of 1,015 feet KB.

2.6 Cost Summary

The total cost associated with NMSU Well DT-3 is $251,103,
divided approximately into surface geological and geophysical
work during 1982 and 1983 (32%), initial well drilling in 1984
(41%), and continuation drilling in 1986 (27%). The drilling and
testing costs were approximately $169/foot. This cost falls in
the range of costs experienced by Chaffee Geothermal when drill-
ing thrée nearby wells during 1981 and 1982 (Icerman and Lohse,
1983) and is approximately 25% lower than the cost of the most
directly comparable Chaffee well.

2.7 Concluding Remarks

Based on the lithologic data, water-chemistry data, and the
hydrological evaluation of the drill stem test for Well DT-3, the
zone encountered at 987 feet KB is postulated to be a basement
fault in fractured 1imestoné. Possibly, the base of the Santa Fe

Group is located at approximately 960 feet of depth where the

2~-16




ihitial drilling program in 1984 encountered a lost circulation
zone. Production from a well completed in this zone is expected
to exceed the driliing objectives with respect to yield but fall

as much as 15% below the target temperature of 170°F.
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APPENDIX A

Schlumberger Test Report for the Drill Stem
Test of NMSU Well DT-3
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RepomT N | WELL PERFORMANCE © | FLOPETROL JOHNSTON .
PAGE NO. 1 : _TESTING"‘ REPORT Schlumberger
TEST DATES A Production System Ancl sie (NODAL™

27-APR-1986 Based On Model Verified Intfrprotation

Company: NEW MEXICD STATE UNIVERSITY Well: GEOTHERMAL WELL #DT-3

TEST IDENTIFICATION . WELL LOCATION

Test TYPE ccceeecosccncnessnss SPRO SUSPENDED | Field .cvccscssseccnsanssesss GEOTHERMAL
Test MO. cevevevscecsacenrsoess ONE COUNLY eovecnssonancancescnsss DONA ANA
Formation ...ecescencscssasass HOT WATER SLaLE s.cessasrccvasnesasassas NEW MEXICO
Test Interval (ft) ........... 980 TO 1015 Sec/TWn/RNG scsecrsrescnscsnes NA
COMPLETION CONFIGURATION TEST STRING CONFIGURATION

Total Depth (MD/TVD) (fL) .... 1015 Tubing Length (ft)/1.0. (in).. 745/3.826
Casing/Liner 1.D. (4®) ....... 8.625-SLOTTED Tubing Length C(ft)/71.D0. (im)..

Hole Size (AN) ..cecceccsoances 7.875 Packer Depth (ft) ............ NONE
Perforated Interval (ft) ..... SLOTTED 780-980] Gauge Depth (ft)/Type ....... 730/0PTT
Shot Deansity (shots/ft) ...... NA Downhole Valve (Y/N)/Type .... NONE
Perforation Diameter (1m) .... --

Het Pay CFL) e.ovevecerececess 25 TEST CONDITION

Tog/kellihead Pressure (psi) .. 235 (MAX. INJ.D
Separator Pressure (psi) ..... -~

INTERPRETATION RESULTS ROCK/FLUID/WELLBORE PROPERTIES
Model of Behavior ............ HOMOGENEOUS 01} Density (deg. API) ....... NA
Fluid Type Used For Analysis . WATER - | Basic Solids (%) ..ciovvvecnes ="
Reservoir Pressure (psi) ..... 280 (APPROX.D Gas Gravitly c.ccvecccccciceses ==
Transmissibility (md.ft/¢p) .. -~ GOR (SCf/STB) ..eevvnnevccecan ==
Effective Permeability (od) .. =-- Hdater Cut (Z) cevcevesnacscces 200
Skin Factor ..cvecccovesnscnse == Vizcosity CEp) .cvcvecccnccanes ="
Storativity Ratio ...ccevecnse == Total Compressibility (1/psi). --
Interporosity Flow Coeff. .... -- . Porosity (X) ..occeciconsonanes =~
Distance to an @nomaly (ft) .. -- Reservoir Temperature (F) .... 146

Form Val Factor (bblISTB) .

DURING TEST: IBBB GPM ,

TEST OBJECTIVES:
The objectives were to monitor surface and downhole pressure while injecting air
to praduce a geothermal well that would not flow to surface.

CUMMENTS
The well produced approx. 1000 GPM with three pumps and 700 GPM with two pumps,
and did not drop the reservoir pressure while producing. After the sir injection
ceased, the well recovered to full pressure within one sinute. The static water
column rose to approx. 360 feet beleow ground level, and exhibited isothermal
properties with an averag temperature of 146 cegrees Fahrenheit.
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& WELL TEST DATA FRINTOUT =
RN N N A

FIELD REPORT ¢ : 00297F

INSTRUMENT ¢ : 60138

CAPACITY (PSI) + 10000

COMPANY :« MM STATE UNIV.
NELL » GEOTHERMAL MWELL DT-3

LABEL POINT INFORMATION
R A TN I

TIME - :

OF DAY DaATE ELAPSED
#  HHMMSS DD-MM EXPLANATION TIME,MIN
AN EREAEEEEE EREEEE EXRESEEERERENEEEEENSEREREE SEEXEXRER
1 20:47:31 27-AP HYDROSTATIC MUD 71.92

2 21: 0:s 6 27-AP START FLOU 84.50
3 21: 4: 1 27-AP PUMP PRESSURE @ MAXIMUM 88.42

4 21:31136 27-AP PUMP PRESSURE W/ 2 PUMPS~- 116.00

S 4:58:41 28-AP END FLOW START 563.08
6  4:59: 1 28-AP START SHUT-IN . 563.42

7 S5s53¢41 28-AP END SHUT-IN 6168.08

SUMMARY OF FLOW PERIODS
XA R SRR

START . END S START END
ELAPSED ELAPSED DURATION PRESSURE PRESSURE
PERIOD TIME,MIN TIME,MIN  MIN PSIA PSIA

EEEEXE EXEEEENE SEXENNIEE EEEERKNEE WRMEMEERNN 8RR ERE

1 84.50 563.08. 478.58 163.24 - . 165.02

SUMMARY OF SHUTIN PERIODS
EXEERERERER RN R R RN

START  END ‘ START €MD

ELAPSED ELAPSED - DURATION PRESSURE  PRESSURE
PERIOD TIME,MIN TIME,MIN - MIN PSIA - PSIA

EEEXETE BEEEECEEX BERIOEREIE BEEEXEEER SUEEMERENE MEIEEENEEN

1 S63.42 616.08  S4.66  155.71  159.01

2=-20

DEPTH (FT

BOT MOLE OT MOL
PRESSURE PRESSURE TEMP..
PSIA PSIG  DEG F
EEEEREREE EEEEEEEE EXEEEEXE
158.43 0.00 145.0
163.24 200.49 144.8
165.41  233.65 144.8
164.73  230.44 145.6
165.02 205.22 146.0
155.71  48.82 146.0
159.01 0.00 146.1
FINAL FLOW
PRESSURE  PRODUCING
PS1A TiME, MIN
R RN ENEREE BN

165.02

) s 730.

PORT OPENING : OUTSID

SURFACE 6

0
E

478.58 .




SURFACE PRESSURE LOG
FIELD REPORT NO. DD297F COMPANY o NM STATE UNIV,
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BOTTOMHOLE PRESSURE LOG

FIELD REPORT NO. #B297F COMPANY 5 NM STATE UNIV.
INSTRUMENT NO. 88139 WELL » GEDTHERMAL WELL OT-3
DEPTH :» 738 FT
CAPACITY 5 - 1B8ED PSI
PORT OPENING » - DUTSIDE
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CLPSIAI

BOTTOMHOLE PRESSURE
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BOTTOMHOLE PRESSURE LOG

FIELD REPORT NO, B8297F COMPANY 5  NM STATE UNIV,
INSTRUMENT NO,  BB)3S WELL » GEOTHERMAL WELL DT-3
DEPTH . 738 FY
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BOTTOMHOLE TEMPERATURE

LDEG F13

BOTTOMHOLE TEMPERATURE LOG

FIELD REPORY NO, . BB297F COMPANY »  NM STATE UNJV,

INSTRUMENT NO.  BRI3B WELL +  CEOTHERMAL WELL OT-3
“DEPTH. 738 FY
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SHUTIN PRESSURE
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CARTESIAN PLOT

INSTRUMENT HO. 88130
COMPANY » - MM STATE INIV,

WELL . CGEOTHERMAL WELL DT-3
SIITIN #1 + FINAL FLOY PRESSIRE,  185.#2 PSIA
PLOT ELAPSED TIME RANGEs 563.4 TO 5798 MIN
rLOT al  TIME RANGE: 0.8 TO 18.4 MIN
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CHAPTER 3 ,
TEMPERATURE, WATER-CHEMISTRY, AND LITHOLOGICAL DATA FOR

THE LIGHTNING DOCK KNOWN GEOTHERMAL RESOURCES AREA, _
ANIMAS VALLEY, NEW MEXICO*

3.0 Introduction

The Animas Valley is located in Hidalgo County in extreme
southwestern New Mexico. A well-known geothermal-resource area
lies on the eastern side of the valley at the foot of the Pyramid
Mountains. This area was designated a Known Geothermal Reseurces
Area (KGRA) by the U.S. Geological Survey on February 1, 1574
(seevFigure 3-1). The KGRA wes named Lightning Dock after a
prominent peak in the Pyramid Mountains.

Probably because there are no surface manifestaticns, the
geothermal anomaly, which is centered in Section 7, Tcwnship 25
South, Range 19 West, was not discovered until 1948. Since that
time, many investigaﬁors; have - conducted regional, lecal, and
anomaly-specific studies. Much of this work has been summarized
by Elston and others (1983$; | ~

‘Several proprietary geothermal studies were conducted in
Animas Valley"during'vthe perdod 1974 thfough 1978 by, among
others, AMAX Exploration, Inc., Aminoil, Chevron Resources,
Phiilips Petroleum, and Sun 0il Company. AMAX completed a number

* The principal authors of Chapter 3 are Roy A. Cunniff, Presi-
dent, and Roger L. Bowers, Vice President, Lightning Dock
Geothermal, Inc. : .
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Figure 3-1. Location map for the Lightning Dock KGRA in the
Animas Valley, New Mexico. The cross-hatched area
defines the Lightning Dock KGRA, with Section 7,
T25S, R19W, containing the hot wells.
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of geological, geophysical, and geochemical surveys through 1976.
This work was summarized and released .by Dellechaie (1977).
Activities by AMAX ceased until late 1980 when field work was
undertaken leading to the drilling of a deep test hole in late
l984. |

\ In 1986, Lightning Dock Geothermal, Inc., acquired the lease
previously held by AMAX and a- wholly-owned subsidiary, Stean
Reserve Corporatioh. As a result, this chapter provides tempera-
ture, water chemistry, and lithological data previously held as
proprietary.

3.1 Temperature Studies

3.1.1 Shallow Drilling

During 1975 and 1976, AMAX drilled 53 shallow temperature-
gradient holes throughout the Animas Valley, 10 of which were
drilled near the hot wells (see Figure 3-2). ' These 10 holes
ranged in depth -frcm 45 to 1%58.5 m and recorded bottom-hole
temperatures from 21.2 to 58.5°c.(see Table 3-1).. Most of these
holes have conductive»temperature-gfadient profiles below a depth
of 10 m (see Appehdix‘A).

3.1.2 Deep Drilling

In 1980, four deep temperature-cbservation holes were
drilled by}AMAx (see Figure 3f2). These holes ranged in depth
from about 575 to 305 m and recorded bottom-hole temperatures
from 40.9 to 127.7°C (see Table 3-2). Hole 672-227, located less
than 0.5 km southwest of the hot wells, encountered boiling

temperatures at 32 m and reached a temperature of 113°% at 65 m.
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Table 3-1. Shallow temperature-gradient holes in the Animas
Valley, New Mexico.

Hole
AN-101
AN-102
AN-103
AN=-104
AN-105
AN-106

T-1

T-16

T-31

Latitude
32%10.4°"
32°10.1°"
32%9.6!
32%s9.1"
32%es.7"
32%7.8"
32%10.9"
32°11.30
32%05.7°
32%s.1"

Longitude
108°50.1"
108%48.7"
108°50.1°"
108%9.6!*

108%¢9. 2"

108°50.1"
108%7.5¢
108°50.5¢
108°%49.6*

108%28.7'

Depth
—(m)

50.0
50.0
49.4
158.5
54.0
45.7
49.0
50.0
45.0
53.0

Bottom-Hole
Tempgrature
(c)

37.5
22.2
46.6
58.5
23.3
22.7
21.2
22.5
23.9
22,5




Table 3-2. Deep temperature-gradient holes in the Animas Valley,

Hole
672-206
€672-225
672~227
672-231

New Mexico.

Latitude

32%09.1°
32%09.2!
32%s8.6!

'32%8.0"

Longitude
108%29. 0!

108°s50.3"
108°50.1°
108%49.9°

Depth

284.1
305.1
250.1
275.1

Bottom-Hole
Tempsrature
(S

40.9
68.7
127.7

43.3




Below 65 m, the temperature profile revefsed and became essen-
tially isothermal to 120 m. A conductive thermal gradient of
about 100°C/km was measured from 120 m to total depth (see Figure
3-3). |

3.1.3 Interpretation of the Thermal Data

-Shallow temperature-gradient holes help delineate the ther-
mal anomaly on the north, east, and south. éecause no holes were
drilled west of the hot wells, and only limited temperature data
are available from water wells, the western limits and nature of
the anomaly are undefined. Temperature contours at a depth of 30
m are shown in Figure 3-4.

The shallow thermal anomaly is cenﬁered around the hot wells
and Hole 672-227, where boiling temperatures are generally en-
counteréd within 40 m 6f the surface, Bottom-hole temperatures
and temperature gradients-,decrease. to the north of the hot
wells. This trend could be the result.of a significant change in
,the depth to bedrock to the north of the hot wells. The tempera-
ture data suggest a sharp, ﬁrqbably fault controlled, boundary
for the thermal andﬁaly to the east. A high conductive gradient
in Hole AN-104 suggests that this hole is located near‘the con-
trolling fault zone, believed to be the Animas Valley Fault.

Holes 672-231 and AN~106 are due south of the hot wells and
show\a disturbed thermal :egime'and a conductive thermal gradient
of approximately twice the regional value, respectively. Hole
AN~-106 showed no indication of the high~-temperature énomaly
measured elseﬁhere.' Td the contrary, the data from this hole

suggest the existence of a widespread, relatively low temper-
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Figure 3-3. Temperature-depth profile for deep temperature-

gradient Hole 672-227. This hole is believed to be
colocated with the site for a deep test, Well 55-7.
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ature thermal anomaly. Other holes drilled by AMAX more than 2
- km from the hot wells had non-anomalous thermal gradients of 30

to 50°C/km.

3.2 Water-Chemistry Data

Many water samples have been collected, analyses performed,
and interpretations made for thev Animas Valley during the past
thirty years. Water chemistry data have been used to define
structural control, postulate fault locations, devélop regional
hydrology and recharge models, investigate the local thermal
regime, and compute reservoir temperatures by geothermometry.
Examples of these stﬁdies include: Reeder (1957), Dellechaie
(1975), Summers (1975), Logsdon (198l1), Klein (1981), Swanberg
(1981), Hawkins and Stephens (1982), Norman and Bernhart (1982),
O'Brien and Stone (1981), and 0il COnservai:ion Division (1986).
To complement these data compilations and studies, vTables 3-3 and
3-4 reproduce data made available by AMAX which had not previous-
ly been published. | _

Including the data of Table 3-4, 115 water analyses are
repori:ed in the literature for wells in the Gd-square-mile study
area (sée Figure 3-1).  Kline (1981) used a one-stage mixing
model to dévelop geothermometry estimates of the resér\foir tem-
perature of 165 to 170%¢. By using a two-stage mixing model,
based on silica/enthalpy relationships to a'cccjunt for the occur-
rence of 'boiling and ,re-equilibration, Kline (1981) ‘cornxcluded
that the deeper reservoir’ has a poténtial for temperatures in the

range of 174 to 210°c.




Table 3-3. Selected water sample locations in the Animas Valley,
The data are taken from Dellechaie

New Mexico.

(1975) .
Sample
AMAX-1
AMAX=2
AMAX~3
AMAX-4
AMAX~5
AMAX-6
AMAX~7
AMAX-8
AMAX=~9
AMAX~-10
AMAX-11%
AMAX-12+
AMAX-13
AMAX-14
AMAX-15
AMAX-16
AMAX-17
AMAX-18
AMAX~-19

*

.32

Latitude

32%14.1°"
32°13.3¢*
32°12.1°

32%10.7?

- 32%10.12

32%08.9!*
32%s.5!

32%s8.9"

32%08.7!
32%s8.7*

32°

©
32%06.5*

32%0s5.7¢

- 32%6.3"

32%4.8"

32%0¢.0°¢
32%s8.7!
12%17.5¢

3-11

Longitude
108°50.7!

108°52.0°
108°%48.7°
108°52.0°
108%52.8!"
108°51.4"
108°50.1"
108%s9.9"
108°50.0°
108%7.6"

108°

108°
108%54.8"
108%53.2°1
108°50.8"
108%52.3°
108%52.3"
108°50.0°

108%45.9"

The precise locations of these samples are not known.
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Table 3-4. Water-chemistry analyses for selected samples from the Animas Valley, New
Mexico. The data are taken from Dellechaie (1975). The locations for these
samples are given in Table 3-3. : o

pH DS

Ef.

Sample Na K = cCa HCO, 50, cl B F Li t-‘:io2

AMAX~1 110 2.7 10 2.0 167 60 . 14 0.0 5.4 0.1 58 8.2 419
AMAX-2 - 58 4.6 33 3.0 133 40 10 0.0 4.4 0.1 77 7.9 363
AMAX~-]) 120 1.5 20 2.0 212 44 27 0.0 1.3 0.0 33 .8.2 461
AMAX-4 = 83 2.4 48 4.0 144 %0 42 0.0 1.1 0.1 44 7.7 459
AMAX-5 61 2.1 36 3.0 138 42 16 0.0 l.2 0.0 48 7.8 347
AMAX-6 74 2.4 44 4.0 153 115 21 0.0 1.5 0.0 42 7.5 457
AMAX-7 420 26.0 70 . 5.0 93 = 700 130 0.0 7.8 0.8 29 7.0 457
AMAX~8 30 19.0 21 0.1 80 460 98 0.0 13.0 0.4 130 8.1 1,132
AMAX-9 340 20.0 20 0.3 90 400 112 0.4 15.0 0.5 145 7.8 1,143
AMAX-10 62 1.8 28 8.0 141 @ 500 22 0.0 0.5 0.0 30 8.0 343
AMAX-11 190 5.8 210 3.0 122 420 380 0.0 1.9 0.2 39 7.5 1,373
AMAX-12 340 9.5 26 43.0 182 720 380 0.0 3.2 0.4 43 7.4 1,747
AMAX-13 160 4.8 170 16.0 171 . 140 103 0.0 5.2 0.2 59 7.7 829
AMAX-14 87 2.8 100 8.0 150 140 98 0.0 1.1 0.1 39 7.8 626
AMAX-15 120 3.4 64  10.0 156 160 72 0.3 2.9 0.2 34 7.8 623
AMAX~16 83 1.8 12 0.6 106 48 . 10 0.0 3.2 0.1 37 8.3 302
AMAX-17 160 5.4 35 5.0 197 170 27 0.0 3.5 0.2 35 7.8 638
AMAX-18 310 23.0 22 0.5 46 510 89 0.5 12.0 0.7 150 9.0 1,192
AMAX-19 100 3.6 480 21.0 119. 1,100 42 0.2 0.8 - 33 7.0 1,900




3.3 Deep Exploratory Drilling

3.3.1 Drilling History
During late 1984 and early 1985, Steam Reserve Corporation

(SRC) drilled a deep test well 1oeated in Section 7, Township 25
South, Range 19 West. .This,well, Test for Discovery (TFD) 55-7,
was spuddedfen December 27, -1984. One objective of the well was
to intersect the -Animas Valley Fault, believed to be dipping
westward and controlling the ascending geothermal fluids. -The

well was located approximately 800 m west of the surface trace of

" the fault.

‘According to the SRC report, the well did not encounter high
temperatures er large fluid entry zones. Aithough several minor
drilling breaks. and lost circuletion zones were encountered,
drilling progressed with no major problems (see Figure 3-5). On
February 13, 1985; the well reached a total depth of 7,001 feet
(2,134 m), after which a number of geophysical logs were run |
including dual indﬁction, gamma} self potential, borehole com-
pensated sonic, caliper, dip meter, and temperature. After
logging was completed, 2 7/8-inch tubing was run in the hole to a
'depth of 3,018 feet (920 m) fof subsequent temperature surveys.
Drilliné.operations ceasedsand the well was shut in on February
18, 1985. In early March 1985, 217/8-inch tubing was run to a
depth of 6,919 feet (2,109 m), and, :ollowing the collection of a
semperature survey, the well wes'again shut in. Thevwell was

plugged with cement and abandoned on December.23,'1985.
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Figure 3-5. Drilling history for Well 55-7. The depth reversal
: ' at day 3 corresponds to reaming the pilot hole to
385 feet to set surface casing. On days 8 to 10, 13
3/8=inch intermediate casing was set. Fishing
operations occurred at 3,566, 4,167, and 4,839 feet.
The ‘data are taken from AMAX Exploration, 1Inc.
(1985) . ‘ .
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3.3.2 Lithological Data.

General descriptions of rock types encountered in Well 55-7

as reported by SRC are as follows:

Surface to 145 ft: Alluvium - light brown to tan, very
poorly sorted, subangular to subrounded, predominantly

‘volcanic clasts (tuffs, ash, and andesite) with a soft

weathered clay matrix, locally drusy quartz, some hematite
and possibly manganese oxide.

145 to 1,460 ft: Rhyolitic lithic tuff - light brown to tan
to orange to red, subangular tuff and welded tuff clasts,
often brick red due to iron staining, certain zones are
extremely silicified, at places contains abundant calcite
and clay, common traces of magnetite and/or pyrite.

1,460 to 1,990 ft: Interbedded lithic tuffs and solution
deposits - white to light gray to dark gray; solution depos-
its are predominantly calcium carbonate, highly fractured
with abundant clear to white calcite veining and 1locally
abundant pyrite veining; tuffs are red to light greenish-
brown, commonly silicified with feldspars and micas altering
to clay. _

1,990 to 2,960 ft: Interbedded limestone and siltstone -
light to dark-brown to black, sucrosic texture, hard to very
hard, locally silty in places, locally highly fractured with
abundant calcite veining, commonly contains abundant bio-
clasts and microfossils, pyritic at places.

‘2,960 to 3,200 ft: Intrusive dike - white to light red,
- mottled green and white, hard with aphanitic groundmass,

with freshly altered plagioclase, biotite, and muscovite,
abundant subhedral magnetite, with white to clear calcite
veining; biotite and hornblende commonly altered to .chlo-
rite, locally contains a trace of pyrite. '

3,200 to 4,060 ft: Limestone with small intrusive dikes -

"light to medium brown, dark gray, hard to very hard with

sucrosic texture commonly recrystallized, interbedded with
siltstone, locally abundant microfossils, commonly abundant
white calcite veining with a trace of pyrite; chert zone
from 3,400 to 3,480 ft; chloritized intrusive dike from
3,480 to 3,560 ft. : : '

4,060 to 4,760 f£t: Intrusive dike and limestone = white to
pink, very hard, silicified, aplitic, predominately quartz
and feldspar, disseminated pyrite, propylitically altered,
common to abundant chlorite and magnetite, 1locally minor
biotite, trace of pyrite and kaolin, minor calcite veining;
small limestone bed from 4,470 to 4,550 ft - light to dark
gray, locally silty, commonly recrystallized, contains
fossils, abundant calcite veining with a trace of pyrite.
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4,760 to 5,780 ft: Limestone - white to light gray to dark
gray, hard, brittle, very fine- to fine-grained matrix with
abundant intraclasts, locally soft and friable, minor light
brown chert, minor calcite veining, visible dolomite rhombs.

5,780 to 5,960 ft: Siltstone and shale -~ siltstone is
medium gray brown, moderately hard, well laminated with a
fissile appearance, slightly to highly calcic, trace of
calcite microveining, rare, very fine-grained pyrite; shale
is dark gray to black, very fine grained with calcite ce-
ment, dark gray to black organic matter, predominantly
blo;:ky with a trace of calcite veining and disseminated
pyrite. -

5,960 to 6,530 ft: Limestone and dolomite - medium to dark
gray, white, tan, hard, brittle, locally granular in appear-
ance, cherty with interbedded silica, trace disseminated
pyrite, trace microfossils, minor calcite veining; solution
deposit from 6,470 to 6,490 ft, tan to white, cryptocrystal-
line, highly fractured.

6,530 to 6,630 ft: Intrusive - light to medium green, hard,
fine grained, altered appearance, common to abundant dissem-
inated magnetite, common chlorite, trace epidote, minor
calcite, microveining, trace disseminated pyrite.

6,630 to 6,800 f£ft: Dolomite and shale =-light gray to gray,
moderately hard, recrystallized granular texture, fractured,
trace disseminated pyrite; shale is black, soft to moder-
ately hard, slightly fissile.

6,800 to 6,860 ft: Sandstone - clear to white with a minor
gray~-green cast, fine- to medium-grained quartz, subangular
to round, moderately well sorted, minor chlorite, trace vein
calcite, trace disseminated pyrite; probably the Bliss
Sandstone. : "

6,860 to 7,001 ft: Granite - light pink, white to 1light
green, hard, hypidiomorphic texture, moderately fractured
with minor kaolin and chlorite fracture £fill, trace calcite
and hematite, rare pyrite; Precambrian basement.

Formation tdps»are identified (Thompson, 1986)_in.Tab1e 3-5.

Thompson'(lsse) identified the Tertiary igneous intrusive between
the Horquilla and Escabrosa formations as a granodiorite or
‘monzonite with a possible fault 2zone at 4,770 feet (1,454 m).
Because no other fault zones were appafent below 1,450 feet (442

r), this contact may be very important in determining if the
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Depth
(ft)

290
1,422
1,539

1,842
4,075
4,770
5,609
5,982

6,201
6,781
6,858

Formation tops for Well 55-7.
on Thompson (1986).

Formation

Valley £ill
Volcanic rocks
U~-Bar Formation (?)

Hell-to-Finish
Formation (?)

Horquilla Formation
Igneous intrusive
Escabrosa Formation
Percha Shale
Montoya Formation
El Paso Formation
Bliss Sandstone

Granite
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Age

These data are based

Quaternary/Tertiary
Tertiary

Late Cretaceous

Permian-Pennsylvanian

Tertiary

Mississippian

Devonian

Ordovician
Ordovician
Cambrian/Ordovician

Precambrian




Animas Valley Fault was intersected as planned. If the contact
at 4,770 feet (1,454 m)v. is the fault, a westward dip of approxi-
mately 61 degrees would be indicated, which is a much lower angle
than would be expected for the Animas Valley Fault.

3.3.3 Temperature Surveys

A tenmperature survey was run on February 14, 1985, by
Schlumberger within 24 hours after reaching total depth (see
Figure 3-6). Prior to logging, the well was circulated for about
four hours. A temperature peak of about 170°F (77°C) occurred at
approximately 1,400 feet (427 m), ’follcwed by a temperature
reversal and an essentially isothermal zone from 1,800 to 2,600
feet (549 to 792 m). Bottom-hole temperature was 238°F(114.4°C) .
Below 2,600 feet (792 m), the thermal gradient is positive with
marked increases at about 4,600, 6,.000, an& 6,800 feet (1,402,
1,829, and 2,073 m). The upper part of ’the hole appears to be
wvarmed and the lower part appears to be | cooled relative to a
conductive temperature-gradient profile, which is a normal and
expected result of drilling operations. The temperature peak and
isothermal section indicate fluid entry and movement below the
13 3/8-inch casing set at 1,050 feet (320 m).

A second temperature survey (see Figure 3-6) was run on
April 3, 1985, to a depth of ‘6,919 feet (2,109 m). Reported
' bottom-hole tenmperature was 326°F  (1.63.3°0) . The upper part of
the well, from Vthe surface to approximately 1,300 feet (396 m),
exh‘ibits an extremély high thermal gtadient: to a peak ”température
of almost 300°F (149 ,°C) before the profile reverses below 1,300

feet (396 m) and becomes isothermal at about 2,500 feet (762 m).

3-18




TEMPERATURE ( °C)

20 0 60 80 100 120 140 160
¥ Y T T -J T T T
_-“'"
~,
~.
\,
\.\'
1000 |- S ~{300
\,\
J
7
Vs
2000} / 4600
' !
= !
e i
S 3000 ‘ %%
™ RUSTER \
£ (April 3, 1985) \
8 B
' \
: . J1200
4000}~ SCHLUMBERGER \
{February 14,-1985) \,\
v ,!
)
5000} \ 1500
\
b
i
=" Vo Jisoo
6000} \
\
\
\ -
7000 Il 1 1 1 1 4 < 2100
60 100 140 180 220 260 300 340
: ‘ TEMPERATURE (°F)
| Figure 3-6. Temperature-depth profiles for Well 55-7.
|

3-19

DEPTH (Meters)




Below 2,596 feet (762 m) to total depth, the temperature-gradient
profile éppearS'to be Qéﬁerally conductive-with only minor dis-
tﬁrbances. Steam Reserve Corporation personnel attributed the
temperature peak at 1,200 to 1,300 feet (366 to 396 m) to three
small pfqbably water-bearing fracture zones.

3.3.4 gGeologic Interpretations

_ The drilling and log records portray Well 55-7 to be a
borehole which very likely followed a faultvplane intersection
from approximately 1,000 to 2,500 feeﬁ‘(305 to 762 m) of depth.
The deviation log shows that the drill bit drifted to the south

from 1,031 to 1,218 feet (314 to 371 m); drifted to the southeast

from 1,218 to roughly 2,000 feet (371 to 610 m); reversed direc-
tion to the west-northwest at roughly 2,000 feet (610 m) when a
more flexible bottom drilling assemblage was used. The borehole
poséibly followed the general dip of é fault zone to 2,500 feet

. (762 m) of depth. Although the stratigraphy and'structure are

complex, two crosé sections have been developed (see Figures 3-7

and 3-8). While these two cross sections serve as one model of

- the subsurface strucfure in the vicinity of Well 55-7, many
alternative interpretations are possible based on the available

~data.

Figures 3=-7 and 3-8 depict high-angle normal fauits_and, for
a reference datum, depict the depth to the Precambrian graﬁite at
the Cockrell Pyramid Federal oil and gas wildcat well drilled

. approximately 5 km north of Well 55-7. Fault F-2a in Figure 3-7
‘is shown as a 70° normal fault dipping to the west. This fault

is the mapped Animas Valley Fault and was modeled by O'Brien
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Figure 3-7. East-west cross section through Well 55-7‘ looking to
the north along the trace of the Animas Valley Fault.
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and Stone (1983).  Fault F=-5 in Figure 3-7 is an inferred,
parallel and an echelon fault, typical of basin-bounding fault
systems in deep sedimentary basins of the western U.S.

In Figure 3-8, fault F-3 is an inferred, northeasterly
striking fault, which is speculated to be an 85° normal fault
dipping to the nofth. Fault F-5 is inferred to be an 85° normal
fault dipping . to the south. Both of these faults have been
tentatively mapped by Spiegel (Reeder, 1957). .

3.4 Concluding Remarks

Several estimates have been made for the maximum subsurface
temperature in the Lightning Dock KGRA. Dellechaie (1975) first
estimated a reservoir temperature of 165°C from initial water
chemistry and geothermometry. Later, a maximum temperature of
160°% at depths greater than 4 km was suggested by Dellechaie
(1977) basved on geochemistry and heat-flow data. Logsdon (1981)
concluded that silica geothermometers indicated a shallow' reser-
voir temperature of 165°¢ and a deep reservoir temperature of
250°C, located 15 km southwest of the hot-well areé at a depth of
1.5 km. None of the temperature data from water wells, tempera-
'ture-gradienﬁ holes, or Well 55-7, support this conclusion.

Pilkington (1981) echoed the work: of Logsdon (1981), but -
tempered the reservoir prediction to ‘2zo°c at a depth of 2 km.
Klein (1981) predicted a minimum reservoir temperature of 160 to
165°C, ‘with a possible mixing with fluids of temperatureé up to
210°c, based on reinterpretations of both published and propri-

etary chemical analyses.
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Well TFD 5-7 failed to confirm the existence of the postu-
lated 220°c, high-temperature geothermal reservoir, but did
confirm the existence of 165°¢C temperatures at a depth of slight-
ly more than 2 km. The vnecessary fracture permeability for
production was not found at the depth according to SRC staff.
Koening (1974) speculatéd, based on limited data, that the reser-
voir could be characterized as a pervasively fractured lithologic
unit, with storage or transmissivity increasing locally around
major fault intersections, in contrast to a fault plane or the
intersection of fault planes. Koenig (1974) also recommended
that several detailed geological, geophysical, and geochemical
studies be conducted prior to the drilling of a deep test well to
identify critical siting parameters. None of these recommended
studies were performed to site Well 55-7.

Elston and others (1983) concluded that the geothermal
anomaly is structurally controlled by the intersection of the
Quaternary Animas Valley Fault with the early Oligocene Muir
cauldron. This conclusion is difficult to accept. Based on
experience gained from other geothérmal systems in the western
d.s., even if the old fracture system exists, this fracture
system is 1likely to have little to no control on the modern
‘geothermai systen. Fram theoreticél work modeled by Blackwell
(1987), the shallow reservoir can be inferred to be very young,
probably younger than 10,000 years.

The exploration work conducted by AMAX and SRC delinéated a
massive relatively low temperature thermal regime, with ét least

one area of extremely elevated temperature. The shallow geother-
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mal reservoir has been estimated by Callender (1985) to have a
volume of at least 0.75 km3 and a total heat content of 0.21
exajoules. Based on the temperature data now available, the
shallow reservoir is estimated to have a volume of at least 16.2
km3 and a total heat content of at least 1.6 exajoules. The
recoverable heat content from the shallow reservoir is estimated

to be 20 to 75 megawatts thermal.
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APPENDIX A

Temperature-Depth Profiles for Ten Shallow
Temperature Gradient Holes

Note: The temperature surveys were performed by Steam Reserve
Corporation personnel in 1975 (T-series) and 1976 (AN-
series).
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CHAPTER 4

PRELIMINARY GEOTHERMAL RESOURCE ASSESSMENT OF THE
OROGRANDE, NEW MEXICO, AREA*

4.0 Introduction

This chapter contains a preliminary geothermal resoﬁrce
assessment of the area near Orogrande, New Mexico, located at the
southern extent of the Tularosa Basin, which is part of the Basin
and Range Province. This area lies on the eastern boundary of
the southern Rio Grande rift and has been under continuous con-
trol of the U.S. Army for more than 40 years. Accordingly, to
date very limited data have been collected from which the geo-
thermal resource potential may be assessed. The data for this
assessment were obtained from the drilling and testing program
for an exploratory water well for use during construction of the
Ground-Based Free Electron Laser Technology Integration Experi-
ment (GBFEL-TIE) near Orogrande, New Mexico (see Figure 4¢-1).

The well was drilled by Salazar Drilling Company under
subcontract to Fluor Constructors, Inc. Technical supervision
for the drilling operations was provided by the U.S. Army Corps
of Engineers, Fort Worth, Texas, District. Related geophysical
work was being conducted by, the U.S. Army Corps of Engineers,

Huntsville, Alabama, District. Assistance, site access, and co-

* The principal authors of Chapter 4 are Roy A. Cunniff, Presi-
dent, and Roger L. Bowers, Vice President, Lightning Dock
Geothermal, Inc.
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-ordination were provided by the U.S. Army Corps of Engineers and
the GBFEL-TIE Project Office at White Sands Missile Range.

4.1 Drilling History

Well NP~1 was drilled as an exploratory well at a location
on the GBFEL-TIE construction site (see Figure 4-1). Target
depth selected by the U.S. Army COrps' of Engineers was 1,200
feet, with'expectations that bedrock might be encountered at a
depﬁh as shallow as 850 feet. The well was spudded on July 10,
1987, and a 6 1/4-inch hole was drilled to a total depth of 1,176
feet. BAbove 600 feet of depth, drilling was relatively slow, and
pehetration rates including connection time averaged 30 feet per
hour (fph). Below 600 feet, the penetration rate averaged almost
60 fph, with peak rates as high as 160 fph (see Figure 4-2). A
conﬁinuous record of drilling mud return temperatures and drill
cuttings at lo-féot intervéls were collected.

Subsequent to drilling the slim hole to total depth, a suite
of geophysical logs was acquired. Under supervision of U.S.
Geological Survey personnel, an\attempt wae made to obtain air-
jetted water samples from five potential water-bearing zones
selected by the U.S,-Géologic"Survey personnel based on a review
of drirllv cﬁttings and geophys’i’cal .logs. A water sample was
obtained from the.'deepest zone. at 1,030 feet. " Unsuccessful
attempts'were made to jet water from zones at 970 and 723 féef of
'depth. Because these latter attempts failed, no éttempt wés made
to jet water from the potential water-bearing zones at 452 and

310 feet.
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The well was completed as a water well on July 27, 1987,
followed by wéll development activities, which were completed on.
July 30, 1987. 1Initially, a 20-inch surface casing was cemented
into a 24-inch diameter boreholé to a depth of 38 feet. The
pilot hole was reamed to an 18-inch diameter to 1,071 feet of
depth in a two-pass operation. A total of 1,054.5 feet of 12~
inch casing and screen were landed in the enlarged borehole, with
screen consisting of 1l2-inch stainless éteel wire-wound.séctions
at 407.5 to 467.5 feet, 653.5 to 683.5 feet, and 923.5 to 1,033.5
feet of depth (see Figure 4=-3).

After the casing and screen were landed, the annulus was
filled with graded Colorado silica gravel from total dépth to the
ground surface. The gravel pack consisted of 10-20 silica grav-
el, with an effective size of 0.901 mm and a uniformity coeffi-
cient of roundness of 1.57.

4.1.1 Test Operations

A Worley 4=-inch submersible pump, with a 75-horsepower
motor, was set at 832 feet in order conduct a serie§ of con-
trolled pump tests to evaluate well hydraulics and aquifer char-
acteristics. These tests served to help develop the well and to
develop information for computing formation productivity. - Wa-
ter-level meaéurements were obtained by using a standard conduc-
tivity prdbe inserted intd a l-inch monitoring pipe positioned
alongside the pum§ colunn,

Initially, the well was alternatively pumped and suréed for
a 6.5-hoﬁr period at flow rates rangingﬂfrcm zero to 300 gallons

per minute (gpm), with the well being allowed to recover for ap-
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proximately 1 hour between each of the three flow periods. Flow
rates were measured with a standard irrigation water meter.
After the well had recovered from the surging operations, a
three-step drawdown test was conducted by pumping the well at
rates of 120, 230, and 310 gpm in 4-hour increments. The specif-
ic capacity bf the well was determined to be 21, 14.8, and 6.8
gpm per foot of drawdown for the respective flow rates (U.S. Army
Corps of Engineers, 1987).

A constant flow rate (i.e., 315 gpm) test, initially sched-
uled for 48 hours, was terminated at 37 hours because equipment
pfoblemé made the maintenance of a constant flow rate difficult.
Recovery measurements wete made at the end of the 37-hour test.
Transmissibility calculations for the pumping and recovery peri-
ods yielded values from 52,300 to 55,800 gpm per foot of aquifer
saturated thickness. The aquifer was characterized as a leaky,
confined aquifer (U.S. Army Corps of Engineers, 1987).

Pumped water temperature was measured at 87.8°F (31°C) for
each flow rate of the step drawdown test and during the 37~hour
constant flow rate test. This temperature is lower than the peak
tempefature measured under static conditions and suggests that
mixed flow is produced from several different water-bearing
strata. ‘7 |

Based on f:emperature and water-quality data, most of the
production -is from the lowest water bearing zone between about
915 and 1,030 feet. This zoné, which was depicted on the éaliper
log to be enlarged from the 6 1/4-inch bit size to 7 to 9 inches,

is completed with 110 feet of screen, with 77 square inches of
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opening per lineal foot. At an average flow rate of about 315
gpm, the screen inlet velocity wouid be about 0.01 feet per
second if all of the production is from this zbne, which is only
10 percent of the industry suggested maximum velocity. Accord-
ingly, Well NP-lrshould be able to produce safely at least 500
gpm.

4.1.2 Lithology
Cuttings were acquired at 10-foot intervals, and a suite of

electrical and geophysical logs were run to total depth. Well
NP-1 was completed in basin f£fill with the characteristics of a
playa deposition. A total of 1,056 feet of basin £ill was pene-
trated prior to bedrock contact. Subsurface formations consisted
of alternating clay and sand/gravel horizons, with clays consti-
tuting the bulk of the formations.

From ground surface to the water téble, identified by elec~-
tric logs to be at 250 feet of depth,,clays comprise 46 percent
of the formation. Fi#e distinct clay layers were intersected,
with the thickest being 75 feet from 70 to 145 feet of depth.

Below the water table, drilling encountered 32 separately
defined clayrstrata. Thick séquences are at 612 to 670 feet and
from 702‘to 763 feet. From the water table{to a depth of 875
feet, clays constitute 70 per¢ent of-the’formation material.

Below 875 feet of depth, only one clay horizon was noted at
897 to 915 feet. Anbther péssible élayllayer'was encountered
just above bedrock cohtact, but this layer had a large proéorticn
of gravel and coﬁld be\clay sloughed from the borehole walls.

The lowest 180 feet of basin fill above bedrock contact contained




only 15 percent clay. A detailed lithology, based on a review of
the cuttings and well iogs (U.S. Corps of Engineers, 1987), is
reproduced in Appendix A.

4.1.3 Temperature Surveys

Three temperature surveys were conducted in addition to a
record of the drilling mud return temperature (see Figure 4-4).
Two of the surveys were completed in the bilot hole. The first
survey was conducted 1 hour after drilling was completed and
depicted a thermal regime strongly affected by the sun-warmed mud
pit resulting in effectively isothermal subsurface temperatures
of about 85°F, the mud pit temperature.

A second temperature survey was made 23 hours after drilling
stopped, approximately 12 hours after completion of the other
logging operations. By this time,.the mud level in the borehole
had dropped to a level of 450 feet so temperature data were only
collected from 450 to 1,175 feet (see Figure 4-5). This survey
depicted a temperature increase of 8°F in the interval 450 feet
to total depth for an average gradient of 1.1°F per 100 feet of
depth. This'qradient is much lower than the average gradient of
1.8°F/100-ft found in the southern Rio Grande rift.

A final temperature éurvey:of'the complgted well was con-
ducted_oh August‘zo, 1987, 18 days after the conclusiOn oflwell
teéting operatiqns. ‘ By7 this time, the  subsufface conditions
should have reached thermal equilib:ium. Measured bottom-hole
temperature was‘91.9°F‘(33.3°C) at 1,050 feet of\depth. Aithough
not remarkably elevated, this temperature is a good indicator of

a possibly warmer geothermal source temperature. The well had a
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positive temperature gradient from the ground surfacé to total
depth (see Table 4-1 and Figure 4-6).

From the measured water surface at 315 feet to a depth of
1,000 feet, the a§erage temperature gradient is 2.15°F/1oo-ft,
which is slightly above normal; Below 1,000 feet; the gradient
increased sharply to a rangé of 11.5 to 16°F/100-ft, suggesting a
convective source may exist near bedrock -contact. |

4.1.4 Heat-Flow Data

Drill cuttings were grouped into ten representative zones
for an evaluation of thermal conductivity. Using a quartering
method, samples extractéd from the gfouped cuttings were measured
for thermal conductivityrat Southern Methodist University (see
Table 4-2).

The thermal cbnductivity, temperature-gradient, and, thus,
the computed heat-flow values are relatively low in the interval
from 50 to 280 meters (164 to 918 ft). This interval contains 70
percent clays, alternating with sand layers.

From 280 meters (920 ft) to bedrock contact (i.e., ~ 322 m),
the formation consists of 85‘percent sand and well-sorted and
graded gravel. .Thermal?donductivity values generally are hiéher
" in these zones as are heat—flow-values; The limestone bedrock
-below‘322.meters has an unusually low thermal conductivity, which
suggests the limestone has been sigﬁificantly altered. The
geéphysical logs indicate that this interval contains several
thin zones of probable sandy shale, perhaps accounting for thé

low thermal conductivity.




Table 4-1.

Depth*
(ft)

315
320
330
340
350
360
370
380
390
400
410
420
430
440
450
460
470
480
490
500
510
520
530
- 540
550
560
570
580
590
600
610
620
630
€40
€50
660
€70

Temperature~depth data for Well NP-1.

Tempgrature
(F)

74.1
74.3
74.3
74.4
74.6
74.7
74.7
74.8
74.9
75.1
75.2
75.3
75.4
75.7
75.9
76.0
76,0
76.1
76.2
76.3
76.5
76.9
76.9
76.9
77.2
77.5
77.8
78.1
77.8
78.0
78.0
78.4
78.6
78.7
78.9
78.9
79.1

Depth*
(ft)

680
690
700
710
720
730
740
750
760
770
780
790
800
810
820
830
840
850
860
870
880
890
900

910
920
930
940
950
960
970
980
990

1,000

1,010

1,020

1,030

1,040

1,050

Temps
(

F)

rature

79.2
79.2
79.2
79.3
79.3
79.5
79.6

- 79.7

79.8
79.8
79.9
79.9
80.0
80.1
80.1
80.3
80.3
80.5
80.6
80.9
81.2
81.2
81.2
81.2
81.4
81.4
81.7
82.4
82.8
83.2
83.5
84.1

84.8

86.3
87.6
89.2
$0.8
91.9

* The depth data are referenced to the ground surface.
“depth to water in the well was approximately 315 ft.
surements were taken 18 days after the conclusion of a 37-hr
flow test.

The
Mea-
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Table 4-2.- Measured thermaléconductivity, measured temperature-
gradient, and computed heat-flow values for Well

NP~-1.
Thermal Temperature
Depth Interval Conductivity Gradient Heat Flow
(m) (w/m-K) (°c/xm) (mi/m?)  (HFU)*

50 to 60 1.87 27.8‘ 52.0 1.2
96 to 120 1.80 20.9 37.6 0.9
140 to 165 2.10 20.0 42.0 1.0
210 to 225 1.92 14.8 28.4 0.7
230 to 280 2.47 17.8 44.0 1.1
290 to 295%% 2.54 77.8 197.6 4.7
305 to 317%% 2.57 ’ 277.8 713.9 17.1
325 to 340 2.38 isothermal — —
325 to 350 2.43. isothermal _ _

355 to 358 2.32 isothermal

%+ 1 HFU = 41.8 mW/m2.

+* This zone is disturbed, possibly by lateral water movement.

4-15




Heat flow in the interval from 290 to 295 meters (950 to 965
ft) is 4.7 HFU, which is in general agreement with the reported
average value of 3.1 HFU for 18 drill holes in the Jarilla Moun-
tains (Decker and Smithson, 1975). For the interval from 305 to
317 meters (1,000 to 1,040 ft), heat flow is 17.1 HFU, which is
far above the accepted value of 2.0 HFU for conductive heat flow
in the Rio Grande rift (Muffler, 1979). This sharply elevated
heat flow suggests a highly disturbed zone centered at 311 meters
(1,020 ft). This zone is characterized by the nuclear logs as
one of lateral water mbvement. Possibly, the heat-flow values
are reflecting a warmer source to the east, rising through a
fault conduit, and water movement above the limestone bedrock
which probably dips to the west.

4.1.5 Geothermometry

Three water sample analyses were used to estimate potential
reservoir temperatures by geothermometry. Computed temperatures
for a variety of geothermometers are given in Table 4-3.

Because Well NP-1 as completed contains 110 lineal feet of
- screened sections allowing water to enter the wellv bore from many
different horizons, the pumped water sampies are blended and
mixed flows. Furthermore, the zone just above bedrock contact
seems to exhibit lateral water movemént, suggesting mixing is
occurring at depth. cOnsequently, thé geothermometer values are
unlikely to be representative of the ultimate reservoir tempera-
ture. The elevated calcium and magnesium concentrations make the
sodium/potassium geothermometer uhreiiable. ‘If an accurate

mixing ratio could be determined, the silica geothermometer
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Table 4-3. Geothermometry data for water samples collected from

Well NP-1.
. Temperature (°F)
Geothermometer Samgle'Aai Sémplé g Sample c

Conductive quartz’ 170.9 170.6 173.9
Adiabatic quartz® 177.9 177.7 180.6
Chalcedony® . 114.3 144.0 117.5
Average silicaP 108.1 107.9 111.0
Sodium/potassiun® 111.8 " 135.6 139.5

2sample A was jetted from a depth of 1,030 ft. Samples B and C
were taken at the conclusion of the step drawdown and constant
flow rate pump tests, respectively. |

bThe source of this gedthermOmeter is Fournier and others (1974).

CThe source of this geothermometer is Truesdell (1975).
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meter should be the most accurate estimate‘ of the reservoir

temperature.

4.1.6 Interpretations of the Thermal Data

~Although the measured temperature of Well NP-1 was only
moderately warm, the temperature w-as abnormally high relative to
that of nearby water wells. The positive temperature gradient is
strongly. suggestive of a much warmer geothermal source. This
cbnclusibn is rgihforced by the geothermometry data. The pres-
ence of shallow groundwaters, presumably nonthermal, results in a;
strong cooling tendency in the shallower portions of Well NP-1.
COnsiderable mixing of thermal and nonthermal waters is possible.
With a continuous gravel pack in the well annulus, wﬁters are
probably entering the well  screen at several different strata.
Without knowledge of the yield of the various water-bearing

strata, -ptecise mixing models'cannot be developed.

4.2 Water-Quality Data

Water samples were acquired using standard procedures during
the jetting opei'ation from the zone at 1,030 fee£ of depth and at
the conclusion of the step" drawdown and constant flow rate tests.
Chemical analyses cf‘ these samples aré given in Table 4-4. The
two pumped water lsamplés are noticeably 1less .saline than the
jetted sample, althéugh Well Né-l water is in" the very saline
range of 10,000 to 35,000 milligrams per liter of total dissolved
solids. ~Chloride concentration is somewhat lower, and éodium,
calcium, magnesium, ahd sulfate concentrations are substantially

lower, in the fmmpgd samples than the jetted sample.

4-18




Water-chemistry analyses for samples from Well NP-1.

Table 4~-4.
Chemical Concentration
(mg/1) .
Parameter Sample A* . Sample B* Sample C*
Na 5,776 4,420.9 4,141.8 -
K 25.8 28.1 27.8
CaCO3 4,748 2,653 2,374
Ca 1,253.5 - 801.6 7€0.5
Mg 394.1 158.7 115.9
Fe 0.21 < 0.05 < 0.05
Mn 0.45 0.43 0.44
Cl 4,486.2 4,346.2 3,918.1
F 1.11 1.12 1l.09
NO - 0.01 < 0.01
Hca3 109.8 97.6 96.4
'SO4 9,329 5,253 5,071
As 0.014 0.08 0.086
Ba 0.02 0.01 < 0.01
cd 0.011 < 0.005 < 0.005
Cr < 0.02 < 0.02 < 0.02
Pb 0.009 < 0.005 < 0.005
Hg < 0.0002 < 0.0002 < 0.0002
Se . < 0,001 0.002 < 0.001
Ag < 0.02 < 0.02 < 0.02
B - 0.74 2.13
SiO 28.4 28.3 29.6
TDS 21,404 15,147 14,165
pH 7.66 7.66 7.64

*

Sample A was jetted from a depth of 1,030 ft.
were taken at the conclusion of the step drawdown and constant

flow rate pump tests, respectively.
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4.3 Comparisons with Other Wells in the Tularosé Basin

The central and eastern portions o6f the Tularosa Basin are
shown in figure 4-7, with the locations 6f selected test and
water wells identified. Temperature, water-table depth, and
water-chemistry data have been published for many of these wells
(Cooper, 1973; Kelly, 1973; Cunniff and Swanberg, 1980). All of
these wells were’completed'in basin £ill.

4.3.1 Temperature Data

Well NP-1l is significantly warmer than other water wells at
White Sands Missile Range (WSMR). At comparable depths, produc-
tion well waters have an average temperature of 69.5°F. Only a
few of the deepest tést wells show elevated temperatures. The
Gregg test water well had a measured temperature of 78.8°F at a
depth comparable to that of Well NP-l. The warmest test well at
WSMR was T-1l4, drilled to a depth of 6,015 feet, with a measured
bottom~hole tenmperature of 196°F, Well T-14 was noticeably
cooler at shallower depths; ‘for example, at 3,700 feet, the
reported temperature was 84.9°F. Approximately 20 miles north of
Well NP¥1, several deep oil and gaé wildcat wells were drilled to
the east of the WSMR boundary. The highest recorded temperature
was 240°F in the depth interval from approximately 6,000 feet to
total depth of 7,660 feet. Temperature comparisons of the test
wells, wildcat wells, and Well‘NPfi are given in Table 4-5.

Two shallow test wells, Collins T-1 (T26S, R7E, Section 1)
and T-2 (T26S, R8E, Section 2) were drilled in the southern part

of the Tularosa Basin, about 5 miles south of Well NP-1. Collins
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Table 4-5. Temperature comparisons for wells in the Tularosa

C Depth
Well* ‘ Location (£t)

Gregg ‘ 225.6E.08.414 1,010
T-14 ' 225.5E.15.221 6,015
Texaco No. 1-G 18S.8E.33.232 7,660
Texaco No. 1-E 185.8E.10.330 7,785
Garton 188.8E.05.431 989
NP-1 21S.7E.36.344

* The Gregg and T-14 wells are test wells.
and gas wildcat wells. The sources of the data are as follows:
T-14 (Doty and Cooper, 1970); and Garton (McLean, 1970).

are extracted from well logs.

1,176

Basin.
Peak Basin Fill
Tempgrature Thickness Bottom

(°F) (£ft) Formation
79 1,010 Basin fill
196 6,015 Basil f£ill
240 23 Paleozoic
215 25 Paleozoic
97 783 Paleozoic
92 1,056 Paleozoic

The Texaco wells and the Garton well are oil
Gregg (Cooper, 1973):;
The data for the Texaco wells




T-1 was sited near a surface expression of the Jarilla Fault,
while Collins T-2 was drilled about 5 miles to the east on the
upthrown side of the fault. Collins T-1 displayed a mud tempera-
ture of 128°F at a depth of 507 feet; T-2 was noticeably cool-
er, with a maximum temperature of 78°F at 731 feet of depth.

Temperature data from the Collins wells and the deep oil and
gas wildcat wells suggest that a cooling trend is observed in
drill holes completed to the east of the Jarilla Fault Zone.
Since Well NP-1 was sited on the eastern or upthrown side of the
fault, the somewhat cool temperature could be further evidence of
this trend.

4.3.2 Water Chemistry

A Piper diagram of the principal anions and cations.from the
WSMR Post Headquarters main well field, with values from Well
NP-1 included, is given in Figure 4-8. This plot clearly shows
that the waters from Well NP-1 are distinct from the Post Head-
quarters well field. Water-chemistry data for selected wells
shown in Figure 4-7 are given in Table 4-6. These wells are 7
miles or more west of Well NP-1.

4.3.3 Croundwater Level

Based on electric logs acquired from Well NP-1, the deéth to
the water table was determined to be 250 feet. From ground
surface to almost 900 feét, the formation material consisted
prédominantly of clays with thin gravel lenses. This formation
is typical of the playas encountered in other WSMR test.wells.
The playa material is a boor water‘éource. Specific yields are

as low as 1 gpm per foot of drawdown, with transmissibilities as

4-23




Ry

* Figure 4-8.

Ca . N ¢l

CATIONS ANIONS

PERCENTAGE REACTiNG VALUES

Piper diagram for Well NP-l water [Jjetted sample (e)
and pumped samples (n)] and production wells (o) for
the Post Headquarters at White Sands Missile Range.
The ‘data for the production wells are taken from
Kelly and Hearne (1976).
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Table 4-6. 'Water-daendstry analyses for samples from selected wells in the Tularosa Basin. ‘The
: locations for these wells are given in Figure 4-7. ' .

Approximate
. Sample
_ v Chemical Concentration (mg/1) 3 Depth
Well* Na & K Ca 7%] a1 'NO, 50, F_ sio, 15 B (ft)
NP-1 5,802 1,254 394 4,486 0.0 9,320 1.1  28.4 21,404 7.7, 1,030
Gregy 3,340 455 478 708 0.3 8,730 6.4 40 13,900 7.4 1,010
T-14 41,400 1,660 792 66,000 14 1,960 0.7 17 112,000 6.7 = 3,150
B-26 e 210 120 ° 8 0.7 2,800 1.3 26 4,350 7.9 180
B-27 1,242 270 150 87 1.4 3,300 1.1 26 5,220 8.0 165
B-31 25,460 610 8,000 29,000 0.02 30,000 1.7 20 90,500 7.6 180
B-38 2,011 560 300 1,700 2.8 3,900 1.6 21 8,600 7.7 190
B-39 2,611 1,100 630 5,800 5.7 2,400 0.5 21 12,800 7.5 165
B-44 147 67 19 53 0.46 . 130 0.9 30 . 664 7.9 240

* The sources of the data are as follows: Gregg (Cooper, 1973); T-14 (Doty and Cooper, 1970); B-26 through
B-44 (Cooper, 1973).




low as 1.2 gallons per day pér square foot (Henry and‘c1uck;
1981).

The ,temperaﬁure survey for Well NP-1 indicaﬁed ‘a static
water level of 315 feet. The fact that the static water level in
Well NP-1 is significantly lower than the apparent depth to the
water table could imply that vertical permeability is very low
and that the potentiai water-bearing strata centered at about 445 ..
feet of depth, which was screened, is not a good producing.zone.
The massive clay deposits could have infiltrated the gravel pack
blocking communication in the well annulus from the surface to
below 800 feet of depth. |

Table 4-7 gives the static water level and depth to the
water table for the wells shown in Figure 4-7. Comparison of the
data in Table 4-7 shows that the groundwater level slopes down-
ward from west to east and from north to southvin the basin. For
example, between the Gregg well and Well B-40, the groundwater
level dropsv17.3 feet. Similarly, between Wells B-39 and B-40,
the groundwaﬁer level drops 15.2 feet.

Perhaps the lower static water level in Well NP-1 merely
reflects the normal west to east drop-in the'groundwater level.
" The groundwater 1level possibly bshould .rise as bedrock slopes
upward towards the Jarilla Mountains‘ from the central. basin.
Under this conjecture, the water level in Well NP-1 would be
expected to be higher than in Well B-40, located 7 miles to‘the
west.  Instead, the water level in Well NP-1 is almost 53_feet‘

" lower than in Well B=40.
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Table 4-~7.

Well
NP-1
Gregg
B~-26
B=-27
B=-31
B=38
B-39
B-40
B-41
B-43
B-44
B-48

- G=1

Static water level and depth to the water table for
selected wells in the Tularosa Basin.

Location

21S.7E.36.344
22S5.6E.08.414
21S.6E.32.114
21S.6E.17.314
ZOS.GE;29.123
225.6E.11.234
21S.6E.02.142
225.6E.26.142
228.6E.23.213
238.7E.30.122
238.6E.20.332
22S5.6E.31.322
23S.6E.35.100

Static Water

Level*
(ft)

3,780.5
3.830.7
3,818.3
3,825.9
3,840.6
3.854.2
3,828.6

3.813.4

3,775.5
3,802.4
3,793.2

Depth to the
Water Table
(£t)

315.0
214.3
141.3
119.9
123.4
129.9
156.4
188.6
dry
ary
196.5
1204.6

287.5

* The static water level is referenced to mean sea level. The

sources of the data are as follows:

- Gregg (Cooper,

B-26 through B-48 (Cooper, 1973); and G-1 (Cruz, 1985).
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If the water level j.n Well NP-1 is anomalously low, this
condition could confvi-rm another' feature o!f' the Jarilla Fault
Zone, namely, that the fault serves as an aquitard. As reported
by‘ Henry and Cluck (1981) for wellé in the southern part of the
Tglarosa Basin, the Jarilla Fault serves to separate the basin
wéter from the: grbundwater to the ,east; ’and a disf.inct, wé.ter
level trough exists on the eastern side of the basin. Groundwa-
ter levels to the east, on the upthrownv side of the Jarilla
Fault, range from 70 to 100 feet lower than the levels to the

west.

4.4‘ Geologic Cross Sections

Based on work performed by King and Harder (1982), the
eastern basin-bounding feature is believed to be the Jarilla
Fault Zone, -at 1eaét in the middle to southern part of the
Tularosa Basin. . According to King and Harder (1982) . the Otero
Platform is a distinct physiographic unit, upthrown and separate
from the Tularosa Basin, with the Jarilla Fault Zone serving as
the dividing 1line. In comparison with the large amount of
geophysical work undertaken to defihe the western bé.sin boundary,
the éastei'n _boundary is glmost comp1Etely unmappéd.“ Using early
and somewhat sparse gravity ‘data (Seager, 1980), and information
‘froin the limited ‘number of deep oil test wells, cross’ sections of
the Tularosa Basin from the'Orga'n';Mountains to the Jarilla Fault
Zone havé " been developed (King _ahd Harder, 1982) . The consensus

is that the Jarilla Fault Zone is a major structural control for
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the eastern boundary. The temperature data, water-chemistry,

and hydrology information compiled as part of the assessment

of Well NP-1 also suggest that the Jarilla Fault Zone may control
geothermal production. |

Possible geologic}cross sections of the Tularosa Basin in
vicinity of Well NP-1 are shown in Figure 4-9 (Seager and others,
1987). Cross section C-C' depicts the probable bedrock at about
850 feet in the vicinity of Well NP-1. Since bedrock was con-
firmed at 1,056 feet, these cross sections can be considered only
approximations of the likely‘subsurface structure. The location
for the Jarilla Fau1t is‘based on an interpretation of gravity
data collected at stations'one or more-miles_apart’(Seager and
others, 1987). The Jarilla Fault Zone is shown as the center of
the gravity low so the fault could be iocated anywhere within one
mile of the depicted strike (Seager, 1987).

Well NP;l is shown on the upthrown side of the likely strike
of the Jarilla Fault Zone. Depth ﬁo bedrock data from the drill-

ing operations'confirm that the major vertical displacement of

”the fault is'located to the west of the well. A well located at

or near the fault likely would show more positive geothermal
indications. v | |

overall vertical displacement along the Jarilla Fault could
be as much as 6,300 feet (King and Harder, 1982). About 1,000
feet of that displacement possibly can be accounted for by the
depth to bed-rock in Well NP-1. Even though there.is 1,060 feet
of vertical displacement to limestone contact between ﬁhe Texaco
wells and Well NP-1, the true geologic displacement could be
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Figure 4-9. Possible geologic cross sections of the Tularosa

Basin near Well NP-l. These cross sections are
labeled on Figure 4~7. The data are adapted from
Seager and others (1987).
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vastly different depénding‘bn erosion and other factors. Howev-
er, vertical displacement of at least an additional 5,000 feet
exists somewhere to the west of Well NP-1. A single major dis-
- placement of 5,000 feet could exist, but the gravity data suggest
~that en echelon downthrown fault blocks are more likely. The
western basin-bounding fault in the wvicinity of the WSMR Post
Headquarters has been’mapped by reflection seismic surveys (Coo~-
per, 1973; Kelly, 1973), which indicate that this fault has an en
echelon downthrown structure. |

The western basin-bounding fault is active (Seager and
others, 1987), with a total vertical displacement of more than
12,000 feet in the wvicinity of the Post Headquarters. At least
6,000 feet of this vertical movement was defined by the drilling
of test Well T-14, which bottomed at 6,015 feet in basin f£ill.
The remainder of the total displécement is represented by the
uplifted Organ Mountain complex adjacent to the Post Héadquar-
ters. . »

Since the western basin-bounding fault is young and active;
the Jarilla Fault Zone‘alsévmighﬁvhave‘experienced episodes of
relatively recent movement.r At the Jarilla Mountains, there is
ﬁo surface indicaﬁion of fecent activity similar to the faulted
fan surfaces at the western margin. Further to the south in the
basin, a series of minor antithetic faults and rifts, which aré'
younger Quaternary faults related to the basin-bounding faults,,

are ‘present near the Texas-New Mexico border (Seager, 1980)

4.5 Concluding Remarks
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Data from Well NP-1, together with the limited daté from'
other deep exploratory wells, . suggest that a very.large, low-
ﬁemperature thermal anomaly exists in the eastern Tularosa
Basin. This anomaly possibly is stiucturally controlled by the
Jarilla Fault, but present data do not permit an accurate mapping
of the fault. Drilling activities have been so 1limited that
there can be only Speéulation~as to the nature and extent ijthe
potential geothermal resource. Additional geophysical work
including gravity and reflection seismic surveys are needed in
order to more accurately delineate the Jarilla Fault.  Subsequent
temperature-gradient holes could then help definé the geothermal
resource potential.

Coordination with the Huntsville District of the U.S. Army
Corps of Engineers suggests that the planned future series of
test borings may enable siting of selected test holes and comple-
tion of-some of the deeper tests as teﬁperatureégradient holes.
Two locations along the possible strike of the fault are easy to
access‘by vehicle. The most accessible locale is along a paved
road, where gravity‘data (Seagervand others, 1987) suggest the
fault is a series of en échélon downthrown blocks. The second
area is to ‘the northwest of Well NP-1, where a power line road

runs. east and'west almost orthogonal to the fault.
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APPENDIX A

Lithdlogy for Well NP-1
(U.S. Army Corps of Engineers, 1987)
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B

Depth
Interval

(ft)

0 to 70

70 to 110

110 to 145

145

168
185
189
190

202

210
214
228
259
271
273

276

278

281

287

291

to

to
to
to
to
to

to
to
to
to
to
to
to

to
to
to

to

168

185
189

190

202
210

214
228
259
271

273

276
278

281

287
291
297

Table A4-1. Lithology of Well NP-1.

Description

Sand, very fine grained to fine grained with
clay, minor silt, and uncemented caliche

Clay with fine-grained sands and minor uncenented
caliche

Clay, with minor uncemented caliche

Sand, very fine grained to fine grained with
minor clay, silt, and uncemented caliche

Clay, with fine-grained sands and minor caliche
Sand, very fine grained to fine grained

Clay, with fine-grained sands |

Sand, very fine grained to fine grained

Clay, with very fine-grained sands and minor
uncemented caliche

. Sand, very fine grained to fine grained

Clay, with very fineégrainéd sands
Sand, very fine grained to fine grained

Clay, with minor fine-grained sands

' sand, fine grained with minor clay and caliche

Clay, with minor fine-grained sands

Sand, very fine grained to fine grained ‘with
minor clay )

Clay, with minor fine-grainedfsands
Sand, very fine grained to fine grained
Clay, withvminor fine-grained sands

Sand, very fine grained with minor clay and
caliche
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Depth
Interval

(ft)

297
318
321
327
329
334

347
366

367

369

372

376
378

380

382
385
388
396
398

423

to-

to
to
to
to
to

bto

to
to

to
to

to
to
to

to

to

to
to
to
to

318
321
327
329
334
347

366
367
369

372

376

378
380

382

385
388

396
398

423

452

Table A4-1. Continued.

Description

Clay, with minor fine-grained sands and caliche

- 8i1t, with minor clay and very fine-grained sands

Clay, with very fine-grained sands

‘Sand, very fine grained with minor clay and silt

Clay, with minor very fine-grained sands

Sand, very fine grained to fine grained with
minor silt

Clay, with minor silt and uncemented caliche
Sand, very fine‘grained'tO‘fine grained

Clay, with very fine—grained sands and minor
caliche

Sand, very fine. grained to fine grained with
minor caliche

Clay, with minor very fine-grained sands and
caliche

Sand, very fine grained to fine grained
Clay, with minor fine-grained sands and caliche

Sand, very fine grained to fine grained with
minor clay

Clay, with minor fine-grained sands

~ Sand, very fine grained to fine grained

Clay, with minor fine-grained sands

‘sand, fine grained with minor clay

Clay, with minor fine-grained sands

Sand, very fine grained to fine grained
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Depth
Interval

(ft)

452
460

461

472
488
490

492
502

506

- 540

552
575
584

595

602

604

605

608
612

670

to
to

to

to
to
to

to
to

to

to

to
to
to
to
to

to
tq

to
to

to

460

461

472

488
490
492

502
506

540
552

575
584
595

602
604

€05

608

612
670

702

: Clay,
: sands

Table A4-1l. COntinued..

Descriptien

Clay,
San&,
Clay,
sand,
Clay,
Sand,

with minor very fine-grained sands

very fine grained with minor clay

with minor fine-grained sands

with minor clay

with minor fine-grained sands

very fine grained with minor clay and unce-
mented caliche - :

. Clay, with minor fine-grained sands

Sand, very fine grained with minor clay and unce-
mented caliche

with minor very fine-grained to fine-

very fine grained with minor clay and

with very,fine-grained sands and minor silt

grained

Clay,
grained sands
Sand,
caliche
Clay,
Sand, with minor clays
CIay, with veryxfine-gfained sands
Sand, very fine gtaihed to fine
Clay, with minor fine—grained

uncemented caliche

Sand,

Clay,

very fine grained to fine
with minor fine-grained

uncemented caliche

. Ssand,

Sand,

very fine grained to fine
~with very fine-grained

very fine grained to fine
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Depth
Interval

(££)
7702 to 710

710

763

770

783

785

787

797

818

823

834
835

858
86l
875

893

to
to
to

to
to
to

to

to

to

to
to

to
to

to

to

763
770
783
785
787

797

818

823

834

835
858

861

875

893

897

Table Aé4-1. Continued.

Description -

Clay, with very fine-grained to fine~-grained
sands ’ '

Clay, with very fine-grained to fine~-grained to
medium-grained. sands, uncemented caliche

sand, very fine grainedv variable to coarse
grained, abundant clay

Clay, with very fine-grained to fine-grained
sands, minor caliche and trace granules

Sand, very fine grained to fine grained

Clay, with very fine-grained sands

sand, very fine grained to medium grained, trace
caliche, 1lithic cemented sands with trace
coarse-grain sands to granules

Clay, abundant fine-grained to coarse-grained
sands, lithic fragments

Sand, very fine grained to medium grained to some
coarse grained, granules to pebbles to 8-mm
lithic fragments

' Clay, with very fine-grained sands, some medium-

to coarse—grained sands, granules to pebbles
sand, very fine grained to coarse grained

Clay, with fine-grained sands, trace granules to
pebbles tc 7-mm lithic fragments

Sand, very fine grained to fine grained to coarse
grained

Clay, with minor fine-grained sands, some coarse-
grained sands to pebbles to 6 mm

silt, with fine- to medium- to coarse-grained |
sands, trace pebbles to 6 mm

Sand, very coarse grained to granules, trace of
caliche and caliche cemented sands
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o SRS

- Depth

Interval

(£ft)

897

915
919

925

926

927

928

942

950

954

to

to

to

to
to

to

to

to

to

to

915

919
925

926

927

928
942
950
954

1,037

Table A4~-1. Continued.

Descriptiqn

Clay to silt, with minor fihe-grained sands, some
very coarse-grained sands to granules, trace
caliche and caliche cemented sands

Sand, very coarse grained to granules '
silt to fine-grained sand, with medium-grained

sands to pebbles to 7-mm 1lithic fragments,
minor clay .

Sand, very coarse grained to granules

§ilt to fine-grained sand, with medium-grained
sands to pebbles, lithic fragments, minor clay

Sand, fine grained to medium grained to coarse
grained to granules ;

silt to coarse-grained sands to granules, with
pebbles to 11 mm

Sand, very fine grained to coarse grained to
granules to pebbles to. 6-um lithic fragments

silt to coarse-grained sands to granules, with
pebbles to 7 mm

Sand, very coarse grained to granules, 1lithic
fragments to pebbles to 9-mm inferred heavy
gravel zones throughout ; . :

1,037 to 1,058 Clay to coarse-grained sands, with some very

- coarse-grained sands to grandules, trace peb-
bles to 5 mm

1,058 to 1,175 I.;imestone'
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