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ABSTRACT

Hot springs and wells in West Texas and adjacent Mexico are manifesta-
tions of active convective geothermal systems, concentrated in a zone along
the Rio Grande between the Quitman Mountains and Big Bend National Park. Max-
imum temperatures are-47° énd 72°C for hot springs énd wells in Texas and 90°C
for hot springs in Mexico within 5 km of the border;

The area lies along the eastern margin of the Basin and Range province
in what hay be an extension of the Rio Grande rift.‘ The heat source for the
thermal waters is &eep circulation of ground water in an area of relatively
high thermal gradient. Recent volcanism is not a source of heat as the youngest
observed igneous activity in West Texas is Miocene based on both paleontologic
and isotopic evidence.

Most hot springs lie on or immediately basinward of normal faults, at the
edges of late Tertiary basins formed by east-west extension. This setting im-
plies that faults are permeable channelways which allow the rise of thermal
water from below. Rechafge for the thermal systems probably occurs in adjacent
highlands. Hot springs~afe not resfricted to faults of large displacement or
to particular rock types.‘ However,,@any faults show evidence of recent move-
ment which may be important in keéping fracture systems permeable.

The setting of hot springs in bésins éomposed of permeable sediments
implies thét‘therma] circu]atioh1cou1d‘occur along other faults but does not
discharge to the surface. For example, severé]}wel]s tap hot water at depths
of about 20 to 1000 m.

The thermal waters fall genéra]ly into three chemical groups that can be

related to subsurface host rocks. Waters circu]ating'entire1y within carbonate
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and clastic sediments contain moderate total dissolved solids composed of Ca,
Mg, HCO3, and 504. Waters from zeolitized, silicic volcanic rocks contain Tow
to moderate total dissolved solids composed primarily of Na and HC03. Evaporite
waters have high total dissolved solids, Na, C1, 504, HC03, and Li. According to
their chemistry and geologic setting, evaporite waters have been in contact with
evaporites and limestone. Gradation between groups indicates mixing of waters
from different host rocks.

lInterpretation of silica and sodium-potassium-calcium geothermometers is
complicated by the geologic setting and geochemistry of thermal waters. Solution
of evaporites and nonequilibrium with feldspars partly negates use of the sodium-
potassium-calcium method. Solution of amorphous.silica and nonequilibrium with
quartz complicates use of the silica method.

The best interpretation of geothermometry indica£es that there is an inter-
mediate temperature group of springs with maximum subsurface temperatures around
60°C approximately equal to their surface temperatures. Three thermal systems,
the two GQ]f wells in Texas and Ojos Calientes in Mexico, have higher ‘tempera-
tures, at least 100°C and probably up to 160°C.

According to the geologic setting and geothermometry of hot spring systems,

the most promising area for geOtherma] energy is the Presidio graben, an actively

subsiding‘basin along the Rio Grande. This area has the densest concentration of
hof'springs?and wells and the greatest surface and subsurface temperatures

(900 and I%OOCE respectively). The high temperatures result from deep circula-
tion of meteoric water in a region with high thermal gradient caused by crustal
thinning. The Hueco Bolson sOuth‘of E1 Paso is ih a similar geologic setting,
but hot springs afe found in only one area and have moderate (approximately 60°C)

subsurface temperatures.
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Other areas are not as pEOmising for geothermal development as the
Presidio and Hueco Bolsons. Although it has Many hot springs, the Big Bend
area has low subsurface temperatures and no evidence of recent faulting. Hot
springs in this area are probably a result of relatively shallow circulation
in an area of normal heat flow.

The Lobo Va]]ey area northwest of Marfa is a deep graben, has recent fault
scarps'and high silica content in the ground water. However, there are no hot
springs or wells, and the high silica content probably reflects shallow circu-
lation through volcanic and volcaniclastic rocks containing amorphous silica.
The lack of thermal water suggests normal heat flow.

The Salt Basin is an active, shallow graben without hot springs; subsur-
face temperatures are low. It lies at the easternmost edge of the Basin and
Range province and is probably underlain by a crust of normal cratonic thick-

ness with low heat flow.

INTRODUCTION

Geothermal energy is one of several alternative sources of energy proposed
to supplement our dwindling o0il and gas supply. In recent yéars, géotherma]
exploration has been intense throughout much of the western United States.
Trans-Pecos Texas is an area for poténtia] development of geothermal energy

N

a]thdugh'ﬁnfo%mation necessary to evaluate its poténtia] was scarce until recently.

'Al1 that was known before this study was that (1).numerous hot springs and wells

occur along the Rio Grande in both Texas and Mexico and (2) the geologic setting
of Trans-Pecos Texas in the Basin and Range province is similar to many favorable

geothermal areas in the western United States.
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With this sketchy but suggestive background, a preliminary evaluation
of the geothermal potential in Trans-Pecos Texas was warranted. Within the
Trans-Pecos region, the study focuses on the Rio Grande Valley, which has
almost all of the known hot springs or wells and has the greatest geothermaT
potential accofding to this study. However, other parts of Trans-Pecos Texas
are also evaluated with the available data.

This report summarizes existing information and presents the results of
a l-year intensivé study of the area. The study proceeded through several
overlapping phases: (1) compiiation of existing geologic information, both
regional studies of geology, structure and geophysics, and more detailed local
studies of individual hot spring areas; (2) detailed geologic mapping of hot
spring area§ to understand the origin and geologic cpntro]s of hot springs;
(3) field measurement and sampling of hot spring or well waters for geochemical
analysis; and (4) synthesis and interprefation of the data.

Most previous work consisted of basic geologic mapping. Until the last

few years no studies had been made directly dealing with geothermal energy.

‘Nevertheless, basic geologic information is necessary for understanding the

origin of thermal waters. Applicable studies are summarized in the sections

on regional geologic setting, source of heat, and geologic setting of hot springs.

The published work was supplemented by detailed examination and mapping of hot
- springs and significant structural areas and is presented in the section on

,geo1ogic_sett%ng of hot springs. All known hot springs and wells and many cold

springs and wells were sampled, and the waters were analyzed to understand the

.geochemical history of the thermal waters. This information is discussed in the

sections on geochemistry and ceothermometry. All available information is syn-
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thesized in the section on geothermal model and area evaluation. The report
concludes with suggestions for additional work to complete evaluation of the

geothermal potential of the Rio Grande region.

REGIONAL GEOLOGIC SETTING OF
TRANS-PECOS TEXAS

Tfans-Pecos Texas is situated in the Basin and Range p?ovince near its
eastern boundary with the Great Plains (Fenneman, 1946). ‘Late Tertiary to
Recent crustal extension and normal faulting are the most obvious structural
features controlling the origin of thermal waters and location of hot springs.
However, older ‘geologic structures influenced younger structures; understanding
them aids in evaluating the potential for geothermal energy. Exposed rocks

range in age from Precambrian to Recent..- Several periods of deposition were

followed and sepafated by major deformational events.

Precambrian rocks exposed in several areas around Van Horn comprise the
structurally highest part of Trans-Pecos Texas (fig. 1). The Carrizo Mountain
Group, the oldest rocks in the area, consists of as much as 5700 m (19,000 ft)
of fo]ded,'regionally metamorphosed arkose, quartzite, schist, Timestone, and

rhyolite (King and F]éwn, 1953). 'Deformation and metamorphism occurred about

1250 million years ago (Denison and Heatherington, 1969). The highly deformed

Allamoore and.Hazé] Formations are believed to be younger than the Carrizo
Mountain Grbup although all contacts between them are faults. The Allamoore
Formation consists of 750 m (2500 ft) of limestone and dolomite with minor

volcanic rocks. The Hazel Formation consists of 1500 m (5000 ft) of conglom-
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erate and sandstone (§ing, 1965). Both were complexly deformed but only
mildly metamorphosed about 1000 million years ago (Denison and Heatherington,
1969). A1l three formations are unconformably overlain by the Van Horn
Sandstone believed to be late Precambrian (King and F]awn, 1953) or Cambrian
in age (McGowen and Groat, 1971). The Van Horn is tj]ted but unmetamorphosed.
Deposition resumed in the Cambrian and continued unbroken until Late
Pennsy]yanian,time. During this time up to 4500 m (15,000 ft) of rocks were
deposited in the area of the present Marathon uplift (fig. 1). Ordovician and
Devonian rocks are limestone, chert, and novaculite. Pennsylvanian rocks and
shales are sandstones grading upwards into coarse conglomerate in Upper
Pennsylvanian strata. The sequence was intensely deformed, folded, and thrust

faulted during the Ouachita orogeny (King, 1935). Deformation probably began

. in Late Mississippian or Early Pennsylvanian time, producing uplifts that were

the sources for coarser Upper Pennsylvanian strata, and ended in Late Pennsyl-

vanian or Early Permian time ( Flawn, 1961). Folded Paleozoic rocks are also

" exposed in the Solitario uplift 60 km (35 miles) to the southwest (fig. 1).

Structural trends in the Marathon region and in the Solitario extend'SOuthwest—
ward into Mexico. However, the Paleozoic rocks are completely covered beneath
thick Cretaceous and Tertfary sequenées southwest of the Solitario.

= On the Diablo platform to the north (fig. 1); equivalent Paleozoic rocks
are only 750 m (2500 ft) thick and'are mostly shelf.carbonates. The rocks were
uplifted, éentiy folded, and faulted in Pennsylvanian time, probably cbntempo-
raneously with intense folding in the Marathon region.

Deposition over much of Trans-Pecos Texas resumed in the Pefmian. VDepo-

sitional environments suggest that a deep-water basin, a possible forerunner

of the Chihuahua trough (fig. 1), had already developed in the Pinto Canyon ‘
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area north of Presidio (Amsbury, 1959; Deford, 1969; Wilson, 1971). Marine
platform rocks, carbonates and sandstones, were deposited over the rest of
Trans-Pecos Texas.

The Chihuahua trough (fig. 1) may have originated as early as the Quachita
orogeny. It is bounded on the east by the Diablo platform, a Pennsylvanian
feature. Datab]e marine deposition began in the Chihuahua trough in the
Cretaceous. Before that, possibly as early as Permian but probably Jurassic
(Haenggi, 1966), evaporite deposits of halite and gypsum accumulated in much
of the trough. Total thickness of évaporites is unknovin as they are deformed
everywhere observed. Following evaporitic deposition, up to 5500 m (18,000 ft)
of Cretaceous Timestone and shale was deposited in the trough. Thickness of
Cretaceous strata changes dramatically northeastward from the Chihuahua trough
onto the Diablo platform. In the Quitman Mountains (fig. 2) there are more
than 4300 m (14,000 ft) of Lower Cretaceous rocks (Jones and Reaser, 1970).

In the Eagle Mountains, Cretaceous sequences average about 2100 m (7200 ft) thick
(Underwood, 1962), and on the Diablo platform there are only 600 m (2000 ft) of

equivalent rocks. -In all three areas Upper Cretaceous rocks have primarily

been removed by erosion. Amsbury (1958) reported approximately 850 m (2800 ft)

of Lower Cretaceous strata in Pinto Canyon. An equivalent section in the Sierra

de 1a Parra in Mexico (fig. 2) just west of Pinto Canyon is 3650 m (12,000 ft)

thick (Gries énd Haenggi, 1971). Individual formations within the Cretaceous
show similar changes in thickness (Deford and Haenggi , 1971).

Laramide compression in the Chihuahuan tectonic belt may have started
as early as Cenbmanian time fo]16wing deposition of the massive Buda Limestone.

Upper Cretaceous and Lower Tertiary strata overlying the Buda are dominantly
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Figure 2. Basins and ranges
adjacent Mexico.

» Hot Springs or Wells

and major normal faults, Trans-Pecos Texas and
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clastic, containing thin limestone, shale, clay, and sandstone beds apparently
shed from rising Laramide folds.

Deformation produced a series of north-northwest-trending tight and over-
turned folds. Rocks in the Chihuahua trough were thrust northeastward along
decollements within the evaporite sequence. Gries and Haenggi (1971) suggest
that deformation was a result of tilting of the Chihuahua trough to the east,

which aliowed.the thick Cretaceous‘sequence to slide eastward over the evaporites.

In contrast, the thin sequence of Cretaceous rocks on the Diablo platform was

only mildly deformed.
Although most post-Precambrian igneous activity in West Texas and north-
east Chihuahua was late Eocene or younger, some igneous rocks were deformed

during the Laramide orogeny and, consequently, are older than middle Eocene.

. In Big Bend Park and in Chihuahua and Coahuila to the.south, gabbroic sills

in the Cretaceous Boquillas Formation are folded, along with the sedimentary
sequence.

Fo]]qwing the close of Laramide activity in early middle Eocene, volcanic
activity became widespread throughout much of West Texas. Several different
eruptive centers, including the Chisos, Davis, and Chinati Mountains (fig. 2),

produced'thick_sequences of lava flow and ash-flow tuff. Between eruptive

~ centers, thick sequences of air fall and water-laid tuffs accumulated, separated

by a few relatively thin ash-flow tuffs and lava flows.

Vb]caﬁfsm ‘continued throughout the 0ligocene and locally into the Miocene.

Most of the volcanic rocks are silicic and alkalic (Barker, 1977) with peralka-

line rocks dominating along an eastern trend from the Chisos Mountains through

the Davis Mountains, and a metaluminous trend dominating from the Bofecillos

Mountains through the Chinati Mountains to the Sierra Vieja and the Van Horn
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Mountains (fig. 2). Most of the youngest volcanics are more basic, although
still alkalic. The latest igneous activity is Miocene and is mafic and includes
séattered basalts of the Diablo plateau, the Rim Rock dikes of the Sierra Vieja -
(Dasch and others, 1969) and the youngest Rawls flows in the Bofecillos Mountains
(McKnight, 1969). There is no evidence for still later igneous activity in
Trans-Pecos Texas, although in southern New Mexico, 30 km (20 miles) west of

E1 Paso, there are Pleistocene basalt cinder zones, flows, and maars (Hoffer,
1976).

During middle Tertiary, volcanism was rare in Mexico immediately west of

" Trans-Pecos Texas. South of the Bofecillos Mountains in the Sierra Rica (fig. 2)

is a thick sequence of tuffs and lavas evidently derived from a major caldera

center. Northward along the Rio Grande in Mexico, rare igneous rocks are

"~ probably derived mostly from eruptive centers in Texas. Volcanic rocks approxi-

mately 30 km north of Ojinaga are derived.from and correlative with volcaniq
rocks in Texas, but some may have originated locally (Heiken, 1968; Gries, 1970).
Although faulting had occurred eariier, major Basin and Range style block
faulting began in late 0ligocene - early Miocene time (Stevens, 1969). Faulting
produced a series of north-and northWest-trending mountain blocks and basins
(fig. 2) which filled with debris shed off the mountains. Basins had formed
aﬁd sediments were accumulating in them at least by Miocene time. Stevens
(1969) found Mjocene mammalian fossils in basin-fill remnants in Big Bend Park.
The Rfm Ro;k dfkes,va dike swarm intruded a]bng some of the early Basin and
Range faults, are 17 million years old (Miocehe) accordihg to isotopic potassium-
argon ages (Déﬁch and others, 1969). 'Pa1eonto1ogic and isotopic information is

thus consistent on age of initial faulting. In the Bofecillos Mountains, the
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youngest Rawls basalts are intruded into or deposited on top of sediments

eroded from older Rawls flows and deposited in newly created fault-bounded

basins (McKnight, 1969).

Older structures apparent]y'controlled some of the faults. Besides the
general para]]e}ism of Laramide and Basin and Range structures, the Rim Rock
fault bounding the west side of the Sierra Vieja foliows‘the approximate bound-
ary betWeen tﬁe stable Diablo platform and the highly deformed Chihuahua trough.

Total offset of about 1200 m (4000 ft) occurred on the Rim Rock, the
Neal and Mayfield faults, which bound the east side of the Sierra Vieja and
Van Horn Mountains (Twiss, 1959). Similar or greater amounts of displacement

occurred on the West Chinati fault zone, the Palo Pegado and Cipres faults

bounding Presidio Bolson in Mexico, and the Terlingua fault and Sierra del

Carmen fault zone in the Big Bend region of Texas and Mexico (fig. 2). Many

fault-bounded basins appear to be asymmetrical with the deepest parts on the

. west side, including parts of the Hueco Bolson east of the Franklin Mountains,

the Salt Basin near Cornudas, Lobo Valley south of Van Horn, and the northern
part of Presidio Bolson.
Basins created by faulting have been accumulating sediments shed off the

adjacent highlands since ear]y Miocene (Stevens, 1969). There are as much as

- 2750 m (9000 ft) of sed1mentary fi11 in the Hueco Bo]son east of E] Paso (Gates,

1976) but: Presidio Bolson and Lobo Va]]ey probab]y do not contain more than

900 to 1370‘m (3000 to 4500 ft). The Salt Basin (fig. 2) is relatively shallow

with a maximum of 750 m (2500 ft) of fill, but generally much less (White and
others, 1977)
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Most basins (bolsons) are or were closed until integration of the Rio
Grande drainage during late Pleistocene (Strain, 1970). Basins along the |

present Rio Grande, including Hueco, Red Light, Presidio, and Redford Bolsons,

‘are presently being dissected (fig. 2). Lobo Valley and Salt Basin are still

undissected and closed. Lobo Valley drains into Salt Basin, which contains
several playa 1akes in 1t$ Towest parts. Although it is structurally low, the
Big Bend area has bedrock outcrops throughoet most of it. Mostly dissected
remnants of fill occur along the wes; side of the Big Bend adjacent to the
fer]ingua fault (Stevens, 1969). Fill along the Sierra del Carmen in Mexico
may be considerab]y thicker, but information on the depth of the basin is scarce.

Normal fault movement has continued to the present in a number of areas
(Belcher and Goetz, 1977). Quaternary fault scarps are concentrated along the
west sides of the Salt Basin and Lobo Valley (Be]cher and Goetz, 1977), along
the west side of the Eagle Mountains (Underwood, 1962) and along both sides of
Presidio Bolson (Gries, 1970 and this study). Scarps are not evident bordering
the Quitman Mountains, but Chan and others (1977) identified recent epicenters
in that area. Recent fault scarps are also not evident in Big Benleark, but
the lack of extensive Quaternafy gravel surfaces makes fault identification
there difficult.

Extension of the Rio Grande rift into Traﬁs-Pecos Texas or Chihuahua is
uncertaip (Chapin, 1971), although Hueco and Mesilla Bd]sons east and west of
E1 Paso ere ebnSidered part of the rift. Many geologic features of the graben
system of Trans-Pecos Texas south of Hueco Bolson are similar to those of the
Rio Grande rift; however, they are also similar to Basin and Range structures.

In fact, there may be no difference between the Rio Grande rift and the

southern Basin and Range, although the two areas may be differentiated by
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gravity and heat-flow data (Decker and Smithson, 1977). Bedrock relief
across basin margins in the rift ranges up to 11,000 m (36,000 ft) in the
San Luis‘va11ey of southern Colorado (Chapin, 1971). This relief is con-
siderably greater than that of any of the basins in Trans-Pecos Texas where
maximum displacement is probably not much more than 2000 m. No rift-related
volcanism occurs in Texas.

If the Rio Grande rift extended south from E1 Paso, it would intersect
the Chihuahua trough. Gries (1977) suggested that extension below the evap-
orite sequence would lead to flowage in the evaporites. Surface expression
of extension would range from none to "secondary faults parallel to but not
necessarily directly overlying the basement faults" (Gries, 1977). Heat-flow

evidence related to the question is discussed in the following section.

SOURCE OF HEAT TO THE THERMAL SYSTEM

Three sources of heat for hot springs which have been proposed for other
thermal systems, are (1) shallow (less than-é”km), young (but not necessarily
molten) magma chambers; (2) deep circulation of ground water in a convective
system with heat suﬁp]ied by an area's norma] thermal gradient; and (3) blockage
of normal heat flow by rock layers of low thermal conductivity.

Each of these sources of heat requires "deep" circulation. The major
difference betpeen them is in ultimate éource of heat--magmatic, normal thermal
gradient, or enhanced thermal gradient. The word "deep" in this study does not
have a precise quantitative meaning. Maximum depths of circulation of ground

water, even in a tectonically active area, are probably under 10 km. Circulation
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to a depth of only a few hundred meters is inadequate to produce the tempera-

tures of hot sprinngaters of Trans-Pecos Texas. "Deep," then, should be

‘interpfeted as circulation to depths on the order of several hundred meters

to several kilometers. More precise estimates of depths of circulation are
given in another section.

Avsha110w'magma chamber is the source of heat at Long Valley, California,
at Yellowstone Park, at fhe Jemez Fﬁ]dera in northern New Mexico, and at The
Geysers, California, the only comﬁercia] geothermal-power-producing facility
in the United States. Magmas are unlikely sources of heat for the Texas
thermal systems, howevér, because exposed igneous rocks are at least as old
as Miocene. Even deeply buried rocks of this age would have lost their initial
heat by.now. Pleistocene igneous activity occurred in southern New Mexico at
the Potrillos basalt field just west of E1 Paso as recently as 125,000 years
ago (Hoffer, 1976). Further north a]ong'the Rio Grande rift, the Carrizo
basalts are less than 10,000 years Q]d (Smith and Shaw, 1975). Similar rocks
are not exposed in Texas. Furthermore, basﬁy%ic magmas normally trave] directly
from the point of generation to thg surface without creating shallow magma
chambers as do more silicic magmas. Magmas associated with the four geothermal
systemé préviouSly listed are rhyolites or dacites. tha]]y, because the hot
springs in Texés are widéspread, each group would require a separate magma.
More eviQean should exiSt for magmas than just hot springs.

| Deep grohnd-watergcirculation of approximately 1 km or more is a much
better source of heat. Meteoric ground water has to circulate relatively

deeply to be héated even with a magmatic source. Association of hot springs

with normal faults shows that conduits do exist for deép circulation. What
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is not known is the depth necessary to produce either the measured surface
temperatures or subsurface temperatures inferredlfrom geothermometry.. The
setting of Trans-Pecos Texas in the Basin and Range province or possibly even
the Rio Grande rift implies thét heat flow and thermal gradients may be con-
siderably greater than continental averages. quever, an abnormal gradient
is notvrequire& because sufficiently deep circulation in an area of normal
heat flow can produce hot springs (for example, Hot Springs, Arkansas, Behringer
and others, 1974). |

Blockage of vertical heat flow by Tow conductivity layers, the third source
of heat, can produce abnormal thermal gradients in an area of otherwise normal
heat flow. Rock temperatures directly below a 1ow-conducfivity layer are ele-
vated as a function of the thickness of the layer, the difference in conductivity
between the rock layers (conductivity contrast), and the normal heat flow. Theo-
retical temperature differentials of 100°C can exist for layers 2 km thick in
an area of high heat flow (Diment.and others, 1975).

Water has Tow conductivity. Poorly consolidated, water-saturated sediments,
such as those that fill the late Tertiary basins of West Texas, exhibit low con-

ductivity. Some volcanic rocks With high porosities such as ash-flow tuffs a]so'

~ have low conductivity. In the Basin and Range in Nevada, thermal gradients are

as high as 90°C/km in basins,cOmposed of low-conductivity sediments (Hose and
Taylor,.1974); ‘Thermal gradients are only approximately 35°C/km in the ranges,
even thoughvtofal'heat flow is similar. Basins in Téxas could have similar prop-
erties and provide a source of heat for some of'the hot spriﬁgs.

The latter two ﬁeat sourcés depend on regional heat flow. Heat flow is

commonly reported in two ways: unreduced and reduced. Unreduced heat flow
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equals total heat flow, whereas reduced heat flow equals total minus a
component from radioactive heat generation in the upper crust. Unless other-
wise noted, heat flow presented here is unreduced. Reduced, or mantle and
Tower crustal heat flow, is about 0.8 heat flow unit (HFU) (1 HFU = 1 x 10°
cal/cm%‘sec) in the eastern United States and at least 1.4 HFU in the Basin and
Range (Dimentréﬁd”ofﬁefs,71975);“ﬂfﬁé easterannitéd Stétes is probably typical
of stable continental regions (Ray and others, 1968). Heat flow east of the
Basin and Range in Texas is about 1.1 HFU‘(fig. 3).

Comprehensive heat-flow information for the Trans-Pecos Texas area is
scarce. ‘Conclusions must be drawn from measurements in adjacent areas or
from analogy to areas of similar geologic setting. The Baéin and Range province
is characterized by relatively high heat flow (1.5 HFU) with anomalies of over
3 HFU (Roy and others, 1972). The average is probably between 1.5 and 1.9.
The Rio Grande rift in New Mexico displays even higher heat flow (Reiter and
others, 1975) with an average of over 2.5 HFU along the westérn edge of the
rift (fig. 3). Heat~flow measurements in the southern rift range from 2 to
3.6 HFU (Decker and Smithson, 1975). These values suggest the possibility of
high heat f]ow in the Basin and Rangé of Trané-Pecos Texas and very high values

along the Rio Grande in Texas and Mexico. These values contrast sharply with

heat flow in the Great Plains province roughly east of the Pecos River including

eastern New Mexico and Texas. Measurements in southeastern New Mexico and near

Pecos, Texas, (Herrin and Clark, 1956) fall in a narrow range from 0.9 to 1.3 HFU

with an average of 1.1.
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Figure 3. Heat-flow determinations in Trans-Pecos Texas and adjacent regions.

Physiographic provinces from Fenneman (1946).
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Smith (1977) presented several heat-flow values in Chihuahua and Coahuila,
but these values unfortunaté]y do not aid in clarifying the question of the
location of the Rio Grande rift south of E1 Paso. One value, 50 km south of
E1 Paso, is only 1.2 HFU (fig. 3). Values of 2.5 in Chihuahua'City and 1.8
in western Coahuila indicate higher heat flow in a more southeastern trend from
New Mexico af least parallel to (but not necessarily coincident with) the Rio
Grande;

Decker and Smithson (1975) determined two values in Texas (fig. 3). One
near Van Horn in the Basin and Range physiographic province is 1 HFU below the:
Basin and Range average; the well has a thermal gradient of only 14°C/km. A
second location near Shafter just east of Presidid Bolson has a value of 1.5
HFU (1.2 HFU reduced), This value is much lower than the Rio Grande rift values
are, is below even most Basin and Range values, and is not markedly greater than
Great Plains values. The Shafter well was considerably deeper than the wells
in southern New Mexico and varied significantly in rock conductivity and thermal
gradient: with only the upper 560 m (which is deeper than any of the New Mexico
wells), calculated heat flow is 2.1 with a thermal gradient of 25°C/km.

Kleeman (1977) assumed conduétivities for well data reported by Gates.ahd
white_(1976) to give heat-flow values of 1.4 to 3.0. Thermal gradients for
the wells range from 27° to 50°C/km.. A1t of these wells are water tests in

basins where blockage of normal heat flow by low conductivity, unconsolidated

~ \

sediments migﬁt be expected to increase the thermal gradient. As an example,

Guerra No. 1 (heat flow = 3.0 on Kleeman's map but listed as 2.4) penetrates
to the baserof‘the sediments or at least to more consolidated or well-cemented

sediments. The temperature profile shows a sharp increase at this point
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possibly because of a change in- conductivity.

The Big Beﬁd region falls within the Basin and Range structural and
geologic province (Fenneman, 1946). However,»heat-flow determinations by
Swanberg and Herrin (1976) indicate that it is part of the Great Plains
normal-heat-flow province. Measurements taken above.the water table indicate
heat flow of 2.3 to 4.3 HFU caused by abnormally warm water at the water table.
A single deep well that penetrates the water table gives a heat flow of 1.3
HFU. Swanberg and Herrin (1976) considered 6n1y the latter to be a reliable
indication of regional heat flow. If their judgment is correct, then the
physiographic and heat-flow boundaries of the Basin and Range do not coincide.

Smith (1977) reported a value of 1.3 HFU at La Linda, slightly southeast of

. Big Bend Park: this information supports Swanberg and Herrin's interpretation.

The American Association of Petroleum Geologists (AAPG) thermal gradient

map (AAPG, 1975) displays gradients in degrees Farenheit per 100 ft based on

 deep 0i1- and gas-well-temperature measurements. Unfortunately, there are few

0il tests in Trans-Pecos Texas and almost none with thermal-gradient heasurements
in the Rio Grande valley. What the map does show is a general increase from the
midcontinent part of West Texas with values around 15-18°C/km (0.8-1°F/100 ft)

to Trans-Pecos Texas with values around 18-26°C/km (1-1.4°F/100 ft). Collins

(1925) 1isted a normal thermal gradient for the Trans-Pecos area at about

29°C/km (1:6°F}100 ft). None of these gradients is particularly promising for

- geothermal energy. They do at least suggest that the Trans-Pecos region is

distinct from the Great Plains ahd that thermal gradients increase towards

the Rio Grande.
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The presence of hot springs is an additional, although qualitative,
indicator of heat flow and thermal gradient. Hot springs in the United
States are not restricted to areas of high heat flow but are certainly
concentrated in areas such as the Basinand Range province or in areas of -
recent igneous activity. Within the Basin and Range hot spring activity
seems to reflect heat flow. For example, Sass and others (1971) noted that
an area of relatively low heat flow (for Basin and Range) in central Nevada
has fewer and cooler hot springs than surrounding areas. With the exception
of the springs in and around Big Bend Park, all the hot springs in the area
are along the nearly linear southeast-trending section of the Rio Grande from
E1 Paso to Presidio. Presence of the hot springs there and the high tempera-
tures for some of them indicate that it is an area of high heat flow--even
higher than that of adjacent areas to the east. |

~ These Tines of evidence indicate thét Trans-Pecos Texas is a region of
transition between the midcontinént normal thermal gradient and heat-flow

province and the Basin and Range heat-flow province. Not all of Trans-Pecos

~ Texas, which is physiographically part‘of the Basin and Range, is characterized

by Basin and Range heat flow. The Rio Grande region of Texas probably has

Basin and Range heat flow. However, the presence in Texas 'of extremely high

“heat flow, such as is characteristic of the Rio Grande rift in southern New

Mexico, ngmaigs uncertain even though'the data of Reiter and others (1975) and
Déckér and Sm{thson (1975) suggest that the rift may continue into Texas.

B The sourcé of a thermal anomaly expressed by high heat flow in the Basin
and Range and Rio Grande rift is generally attributed to a thin crust and a

shallow, high-temperature mantle (Roy and others, 1968). Late Tertiary
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extension was taken up by normal faults in the upper crust and by plastic
thinning of the lower crust (Woodward, 1977). Crustal thicknesses in the
Basin and Range are around 20 to 30 km (Healy and Warren, 1969), similar
for the rift, and about 50 km under the Great Plains (Pakiser, 1963).

An alternative exp]anatibn of the high‘heat flow calls for deep-seated
intrusion of magma at a depth of approximately 20 km along crustal fractures
extending into the mantle. Sanford and others (1973) present evidence for
such a magma chamber at a depth of 18 km beneath Socorro, New Mexico. Reiter
and others (1975) suggest that a series of magma chambers beneath the rift
would result in alternating areas of high and low heat flow. Present data
suggest a more continuous source, but refinement 6f the data might reveal a

more complicated picture.
GEOLOGIC AND HYDROLOGIC SETTING OF
HOT SPRINGS AND WELLS
Introduction

Chemical (White, 1957) and stable-isotope studies (Craig, 1963) have
provided cohc]usivefeVidenée that hot‘sprjng waters are derived almost entirely

from local meteoric water. Preliminary stable-isotope analyses of thermal and

nonthermal waters in this study demonstrate the meteoric origin'of hot springs

]
waters in Trans-Pecos Texas. The previous chapter demonstrated that the source

of heat for those thermal waters is deep circulation in a region of relatively
high therma]_gradient. The origin of hot springs then requires that meteoric

water circulate to-a source of heat at an unspecified depth, be heated, and
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return to the surface. The geologic setting of hot springs in Texas shows
how this occurs.

The summary by White (1968) of the geometry and hydrodynamics of hot-
spring systems is useful in understanding the origin and flow paths of springs
in Trans-Pecos Texas. . Hot springs have two driving forces: one is the differ-
ence in e]evatfon between areas of recharge and areas of discharge and acts
on a114springs; the second is the difference in density between_co]d recharge
water and hot discharge water. As pointed out by White (1968), the density
of water is a function of temperature, pressure, and total dissolved solids.
In thermal sysiems in Trans-Pecos Texas, the density difference caused by
temperature differences is greater than differences causedlby other density
factors. Thus, a column of cold water can support a taller column of hot
water, and under certain conditions the recharge area for a hot spring can
be below the hot spring. The potential difference in elevation of recharge
and discharge is a function of temperature contrast in the twb columns and

depth of circulation.

Definitibn of Hot Springs

Springs in the Rio Grande region'of West Texas and‘Mexico range in
temperatqre ffom 21°c (70°F), the approximate average annqa] temperature
for the fégioh, to 90°C (194°F).7 Spfings with surface temperatures approx-
imately 8% (15°F),above mean annual temperatures are hot or thermal sprinas
according to Waring (1965). Thus, thermal springs in West Texas are those

hotter than 30°C (85%°F). This definition excludes springs which discharge
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waters of thermal origin but which have cooled below this temperature
because of mixing with nonthermal ground water or to conductive cooling

during sTow discharge. Such springs could be recognized by other criteria,

for example, their chemical composition. An example discussed below is

Soda Spring in the Indian Hot Springs group.

Wells cannot be classified using the criterion of Waring (1965) because
a sufficiently deep well in any region will tap hot water. For purposes of
this study, a hot well produces water which is abnormally hot for that well
depth and the normal thermal gradient of the area. Because the thermal gradient
in Trans-Pecos Texas is not well known, this criterion does not provide a
unique distinction. Knowledge of even the normal thermal gradient is impor-
tant to the study of geothermal energy; accordingly, all deep wells for which

information could be obtained have been examined.

Geologic Setting of Hot Springs and Wells '

Hot springs occur in three distinct areas within this region:' the

southern Hueco Bolson adjacent to the Quitman Mountains; the Presidio Bolson

“and its structural extension to the north; and the Big Bend region (fig. 2).

'-vThere are probably more hot sprihgs in this area than are discussed in this

report, particularly in some of the 1ess accessible parts of Mexico. Wells

that'tap‘anoﬁalous]y hot water occur ih all three areas and on Eagle Flat (fig. 2).
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Southern Hueco Bolson

Indian Hot Springs

Hot springs in the Hueco Bolson are all at theksouthernmost end (fig. 2).
Indian Hot Springs lies at the southwest end of the Quitman Mountains on the
floodplain of the Rio Grande (fig. 4). The area has been mappéd by Jones and
Reaser (1970) and Reaser (1974). There are at 1easf seven springs ranging in
temperature fkom 27°c (81°F) at Soda Spring to 47°C (117°F) at Stump Spring
when measured in September 1976. In 1968, Jones reported temperatures that
range up to 52°C (126°F). Dorfman and Kehle (1974) reported an unconfirmed
temperature of greater than 60°C (140°F) for a shallow well. When visited in
1976, Dynamite Spring and Masins Spring were not active. Dynamite Spring at
present is only a shallow well tapping Rio Grande alluvial water with no dis-
cernible discharge. Jones'(1968) reported that a major flood in 1962 buried
several springs.

Active springs include Chief, Squaw, Stump, Beauty; and §oda Springs. All
except Soda Spring emanate from an extensive travertine plateau deposited by
the springs. Chief, Squaw, and Stump have precfpitated travertine mounds about
0.5 m above the plateau (fig. 5). Chief énd Squaw havé rock énd wood "bath-
houses" built around them, whereas the others have rock "tubs,"‘ Only Stump

discharges to the surface; the others discharge through permedb]e travertine

- or alluviim beJow the travertine to flow to the Rio Grande. Total discharge

is at least 400 liters per minuté1(1/min) and probably considerably greater

‘but difficult to estimate precisely.
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this report. '
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Figure 5. View to southwest of Indian Hot Springs. Flat area in middle
distance is underlain by travertine deposited by spring waters. Chief
Spring (center, inside bathhouse on left) has built up a low travertine

~mound above plateau. Tilted bolson sediments form cliff face on far side

of Rio Grande in Mexico. Photograph taken from approximate trace of
Caballo fault. : : '

I3
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Bell (1963) and Jones (1968) suggested that most of the springs are
really shallow wells dug’into'floodplain alluvium. If so, the travertine
mounds have been deposited §ichytpe“wg1]§_wgheﬁdug. More 1ikely the orig-
inal springs have simply beéhfgﬁhéﬁéédfbyfréﬁdfiTOWners.

Soda Spring emanatesffromvan arroybwjust nbrth of the resort area (fig. 4).
When measured'in 1976, themﬁafef fémpéfa£ure was 27°C (81°F) below the required
temperature for a thermal spﬁing. Soda Spring has built up an extensive
travertine deposit, and the water is highly mineralized. Comparison of
chemical analyses (table 4) shows that water discharged from Soda Spring
is a mixture of thermal water and water in the bed of the arroyo.

Indian Hot Springs occurs just basinward of the Cabai]o fault, a major
northwest-trending normal fault dividing the Quitman Mountains and the Hueco
Bolson. The fault separates Cretaceoué‘sediments on the northeast from down-
dfopped bolson fi1l on the southwest (figs. 4, 6). The fault trace follows a
narrow bench along the range froht 6 m (20 ft) above the travertine plateau
(fig. 6). Road-cut exposures of bo]éon sediments along this bench are calcite
cemented. A cap of travertine that overlies the sediments may be from earlier
spring activity at fhe higher elevation of the bench. Subsequently, down-
cuttiné ofAthe Rio Grande lowered the hydrologic base level; the thermal waters
now emanate from a lower level. Continuation of spring activity during down-

cutting ¢f the Rio Grande suggests that the springs and thermal circulation
v o = ,

.are as old as some of the terraces.

Movement on the Caballo fault started in early Miocene (Jones and Reaser,
1970); it may still be active. Bolson sediments are brecciated and strongly

tilted from drag along the trace of the fault. Jones and Reaser (1970) show
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Figure 6. View north along Caballo fault above Indian Hot Springs. Fault
runs diagonally across photograph from lower right to upper left along
narrow bench below rounded hills. Road cut exposes calcite-cemented and
travertine-capped bolson sediments. Flat area to left is travertine plateau
of active springs.
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that the Caballo fault does not displace Quaternary terrace gravels approx-
imately 2 km northwest of Indian Hot Springs. However, at that location the
terrace gravels abut against but do‘hot contfhue across the fault; thus the
age of most recent displacement cannot be determined. Dorman (1977) reported
a magnitude 2 to 3 earthquake epicenter within about 20 km of Indian Hot Springs.
Uncertainty in'the precise epicenter location does not permit correlation with
any known fault,but the earthéuake demonstrates that faults in the area are

still active.

Red Bull Spring

Red Bull Spring (fig. 4) discharges 37°C water at approximately 50 1/min
from fractures in red calcareous claystone of the Cretaceous Mountain Formation
approximately 5 m updip from the fault trace. Jones and Reaser (1970) reported
from local ranchérs that before the 1931 Valentine earthquake the discharge
of Red Bull Spring was considerably greater than it is at present.

The spring lies at the intersection of at least two and possibly three

faults (fig. 4). The major fault is the northwest-trending Caballo fault.

Both claystone and bolson sediments near the fault are highly fractured and

-cut by numerous calcite veinlets. Bolson sediments dip as much as 60° south-

west away from the fault, apparent]y'because'of drag along the fault. The
east-treqﬁing, left lateral Red Bull fault zone terminates against the Caballo
fault at‘lhe_gpfing. A 1inéation:on aerial photographs may represent a third
fault cutting bo]son fill west 6f the Cabé]]o fault. "The fault trends directly
towards Red Bull Spring, but the fault cannot be traced all the way to the

spring. The fault is ndt as evident on the ground. An indistinct scarp
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with the southwest side downdropped follows the fault trend for about 0.5 km.
Jones and Reaser (1970) suggest two episodes of movement on the Red Bull

fault zone; a post-Laramide period of left lateral displacement, and a

late Tertiary episode of normal faultina. The inferred fault presumably cuts

bolson fill ahd must result from normal faulting durina the late Tertiary.

Presidio Graben

Much oflthe present thermal activity in Trans-Pecos Texas and Mexico
occuré within the structural low that includes the Presidio Bolson (figs.
2,7,8). Several springs occur along major boundary fau]ts§ others occur on
minor faults within the basin, and several springs lie on faults in bedrock

north of the Bolson.

Capote Springs .

Capote Springs lies in volcanic rocks approximately 15 km north of the

sediment-filled portion of the Presidio Bolson (fig. 7,8) in an area mapped

by Buongiorno and others (1955) and Twiss (unpublished). The springs occur

in the wall of a canyon about 20 m above the bed of Capote Creek where the
creek is cut by one of a series of minor norna] faults. The springs discharge
at 37°C (98°F) from numerous fractures in a rhyolite lava flow on the down-
dropped side df the fault (fig. 9). Total discharge is approximately 400 1/min
according to'estimétion of stream flow below the springs. There are no spring
depos1ts o — e o

The fau]t is one of severa] normal faults which trend approximately north

and dip steeply to the west. Displacement is about 50 m down to the west.
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' FiQure‘S.;\Geologic map of northern Presidio Bolson showing thermal springs

‘and wells.




r

.

o

e

Figure 9. A part of Capote Springs emerging

. flow along a minor normal fault.

from fractures in rhyolite
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Movement on this fault system started in late Oligocene or early Miocene
(Dasch and others, 1969). Evidence of more_recent movement is not available

as the fault is entirely within Tertiary volcanic rocks.

Nixon Spring -

Nixon Soring occurs on a minor branch of the Candelaria fault in an area
mapped- by Buongiorno and others (1955) and Twiss (unpublished) approximately
8 km southwest of Capote Springs (figs. 7,8). The spring consists of several
small seeps from colluvium in a narrow canyon eroded along the fault scarp.‘
Total discharge is only a few 1/min; maximum temperature is 32°¢ (approximately
90°F). No deposits are evident other than some unidentified powdery salts
probably deposited by evaporation of the spring water.

The fault cuts Tertiary volcanic rocks, trends approximately north, and
is down to the west. At the spring locaiion,tuffaceous sediments occur on
both sides of the fault. Total offset is only a few tens of meters here but
increases to_thé north. Because the fault is entirely within Tertiary rocks,

the most recent movement cannot be determined. The Candelaria fault, however,

offsets older Quaternary terrace gravels with as much as 20 m of displacement.

Hot Springs-Ruidosa

Hot Springs lies at the northeast corner of the Presidio Bo1son‘(figs. 7,8).
Water at a tenperature 6f 45°¢ (113°F) emanates from a concrete enclosure on a
terrace about 3 m (10 ft) abovevthe bed of Hot Springs Creek. Natural discharge
was evidently from gravels along a small b]uff overlooking the terrace. The gravels

are uncemented, unlike bolson sediments in the area, and are probably Quaternary

| terrace gravels. No spring deposits are apparent, and it is unlikely that
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recent human disturbance cou]d havg completely removed them. Discharge is
about 75 1/min. | ' v ,

The area around Hot Spriﬁﬁﬁfﬁgs:béép'maﬁbé&fby Amsbury (1958), Dickerson
(1966), and Groat (1972). A]i eXpdéed ;6cks Within approximately 2 km of the

spring are basin fill, conglomerate, and coarse sandstone of basin-margin

facies (Groat, 1972). Hot Springs lies between two branches of the Candelaria

fault (fig. 8). The faults are well exposed in Hot Springs Creek about 200 m
downstream and 300 m upstream from the spring. Both faults are down to the
basin, according to observable offset on the faults and drag folding of the
bolson sediments. The faults cannot be followed on the ground or on aerial
photographs south of Hot Springs Creek. Recent fault movement is not evident
néar the spring. As discussed for Nixon Spring, the Candelaria fault shows
considerable Quaternary displacement. No fau]ts were observed at Hot Springs,
but exposures of bolson sediments are nof'adequate to discount completely the
presence of a fault.

Bedrock may be fairly sﬁallow in the spring area. Cretaceous limestone
crops out approximately 2 km to the east but on the other side of two normal
faults, both of which aré down towards the springs. To the north, Tertiary

volcanic kocks crop out in theysame'fau1t block as the spring and plunge

' gradually towards the springs.

Las Cienagas 3

Las Cienagas [the bogs] is a group pf springs and seeps on the east side_’
of the Presidio Bolson (fig. 7). Maximum temperature of the springs is 30°C

(86°F). Many are near or at average annual air temperature but are probably
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cooled thermal waters. Total discharge of Las Cienagas,which was determined
from creek-flow measurement beIOW’the spr1ngs, 1s approx1mate1y 1000 1/min.

However, some discharge probab]y perco]ates 1nto the ground, and some of the
creek water may not be hot-spring discharge. Consequently, creek flow is an

approximation. Soils around the springs are loosely cemented with calcite

~ or travertine that may have been deposited by the spring.

A detailed geologic map constructed for this study is presented in figure

10. Previous mapping of the spring aréa was by Rix (1953) and Groat (1972).

The springs discharge at the base of a rhyolite knob exposed in the side of

a hill cut in fine-grained basin-fill sediments and capped by Quaternary

terrace gravels. The springs discharge from colluvium, but the’spring location
is probably controlled by fractures in the rhyolite where the ro;k is surrounded
by relatively impermeable bolson sed}ments; The rhyolite is probably a shallow
intrusion related to the Chinati Mountains caldera (Cepeda, 1977). The rhyolite
is older than the bolson sediments' which were deposited around it. A major

normal fault bounds the Presidio graben approximately 2 km to the northeast.

~Las Cienagas occurs in the downthrown block (fig. 7). Presence of the rhyolite

hill at Las Cienagas and similar erosional remnants nearby indicates that bedrock
is sha]Tow fhroughout_the area. Just below the springs several sma]l normal

faults cut the bolson. These fau]ts.trendrdsoow; and are downthrown to the

west. Bogson\sediments are folded, presumably by drag along the fault. Observ-

able offset along these faults is minor. Total disp]acement_of either bolson
or the prebolson basement is unknown.
Bolson sediments just above fhe springs are the sandstone facies of Groat

(1972). Sediments at and below the springs are Groat's mudstone facies. Presence
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Figuré 10. Geologic map of Las Cienagas
from Groat (1972) and this report.

area, Presidio Bolson, Texas.
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of impermeable clay accounts for the surface discharge. In coarser, more
permeable sediments the thermal waters could discharge into the subsurface.
The change in bolson 1ithology could be interpretéd as a fault; however, no
fault plane is exposed, and the sediments are undeformed. The difference in
sediment composition probably represents a change in depositional facies within
the bolson.

Timing of displacement oﬁ both the basin-edge fault and the fault below
Las Cienagas can only be identified as postbolson in age. Faults do not cut
late Quaternary terrace gravels. However, less than 15 km northwest in an

equivalent position near the edge of the basin, several normal faults cut

. youngest Quaternary terrace gravels with as much as 5 m of displacement down to

the west.

0jos Calientes

| 0jos Calientes, the hottest thermal activity observed during this study,
is located on the Mexican side of the Presidio Bolson approxiﬁaté]y 7 km west
southwest of Candelaria (figs. 7,8). The area was mapped by Haenagi (1966) who
speculated that the thermal waters arose along the Palo Pegado fau]t, a major
normal fault which bounds the west side of the Presidio graben. The springs
occur in a zone 200 to-600 m basihward of the Palo Pegado fault.. There are no

Targe single springs but innumerable small springs and seeps which emerge from

bélson and Quaternary gravels in the bed of an arroyo. Measured temperatures

‘range from approximately 60°C (140°F) to a maximum of 90°C (194°F). The lower

temperatures may result from mixing with nonthermal ground water or shallow
cooling of low-discharge springs. Several springs continuously spurt approx-

imately 0.5 m into the air like miniature geysers. The driving force may be
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degassing of C02 dissolved in the thermal water rather than steam pressure.
Total discharge of all the springs is estimated from flow of the arroyo below
the springs to be more than 1000 1/min.

The springs have built extensive travertine deposits including many small
knobs and several broad mounds'as'high és 3 m above the arroyo bottom (figs. 11,
12). Discharge occurs from the tops and sides of the mounds, and changed sig-
nificantly in the period of a few months. During this same period, several
former discharge areas were reduced in flow or dried up entirely.

The trace of the Palo Pegado fault crosses the arroyo above the springs
but is not exposed until the next arroyo 2 km to the south where it is well
exposed. The fault trends N.15%., dips 55° to the east, and displaces bolson

gravels égainst highly sheared Cretaceous shales. Bolson sediments are turned

- up along the fault and dip as much as 20° to the east. Within 100 m bolson

beds return to the normal 3° western dip. The fault zone is filled with fine-
grained, massive calcite which could have been deposited by thermal water.

Haenggi (1966) estimated 900 m of displacement on the Palo Pegado fault

in an area approximately 10 km north of the springs where Cretaceous sediments

occur on both sides of the fault. Disp]écement increases towards the springs,

thus 900 m is a minimum estimate of displacement in the springs vicinity. No

other faults occur basinward of the Palo Pegado fault; all displacement on the

west side\of Presidio Bolson apparently was taken up by this fault. There is

N

: ! ) . :
no evidence of recent fault movement in this area. However, to the south in an

area mapped by Gries (1970), a similar boundary fault cuts Quaternary deposits.
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Figure 11. View to northeast across travertine mound deposited by spring
waters at Ojos Calientes. Sediments in side of arroyo are Quaternary terrace
gravels. In background are ridges of dark volcanic rocks and white volcani-
clastic sediments of the Vieja Group in Texas. :
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Figure 12. Low travertine knobs with active travertine deposition by thermal
-waters of 0jos Calientes. ; L : )
)
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Spring at Rancho Cipres
‘ Another hot spring in Presidio Bolson in Mexicovoccurs near Rancho
Cipres (fig. 7), approximately 40 km northwest of Presidio and 20 km south
of Ruidosa in an area mapped by Heiken (1965) and Gries (1970). A single
spring occurs near the top of a large, partially dissected travertine mound
overlying Tertiary volcanic rock and Cretaceous sandstone and shale. The
spring_gonsists of a pool approximately 2 m in diameter within a shai]ow
basin at the top of the mound (fig. 13). Temperature in the pool is 35%C
(95%F), and there is a strong odor of HoS. The pool bubbles constantly,
probably from degassing of CO2 and HZS dissolved in the thermal water.
Water does not flow out of the pool but percolates through permeable tra-
vertiﬁe'and discharges around the edge of the mound as cool seeps. From
the size of the travertine mound, approximately 700 m by 200 m in area and
as thick as 10 m, the spring must have been much more active in the past.
The travertine deposit straddles a north-trending fault which displaces
upthrown Cretaceous rocks on the east against downthrown Tertiary vp]canic
focks on the west. The fault is a branch of the Cipres fault, a masor basin-
bounding normal fault on the west side of Presidio Bo]son}(fig: 7). The
presently active pool is almost directly ‘over the fault trace. There is no

“evidence of post-Tertiary movement on the fault but to the south the Cipres

\
\]

fault cuts Quaternary features (Gries, 1970).

Briscoe Well

Three wells in the structural trough north of Presidio Bolson also tap

hot water. The first is at the Briscoe Ranch where a domestic well penetrated
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Figufe 13. Spring at Rancho Cipres surrounded by travertine deposited by
spring waters. Spring surface is coated with scum except where bubbling
of CO2 and HZS has disrupted the surface.
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‘hot water at a depth of 27 m (figs. 7,8). Mhen the well was sampled in 1976,

the temperature was 42°¢ (108°F); White and others (1977) repokted a temper-
ature of 519C (124°F). The well Ties at the northern edge of the sediment-

filled portion of the basin, approximately 3 km north of Hot Springs-Ruidosa
and 1 km east of the Candelaria fault. A thin cover of bolson gravels crops

out at the surface, but volcanic rocks crop out near the well. The water

- comes either from gravels or from volcanic rocks just beneath the sediments.

A 12-m-deep well close to the hot well produces only cold water. If the two
water sources were hydraulically connected, the hot water should rise to the
top of the water table or at least mix with the cold water.. Therefore, the

two wells must be hydraulically isolated. Two minor faults mapped by Amsbury

(1958) trend towards the well location, but their relation to the well and

thermal water are uncertain. _

One other well approximately 4 km southeast of Hot Springs is reported
to produce water at about 34°C (93%F) by White and others (1977). The location
of this well is not preciseiy known, but it appears to be approximately on the
trace of the normal fault bounding the east side of Presidio bolson. A well
in that areé is abandoned; wells nearby are windmill driyen and pump too

slowly to measure a meaningful temperature.

Gulf Wells ,

Two 3rte§ﬁan wells drilled 4 km apart in 1965 by Gulf 0il Corporation

.pfoduce the hottest water in Trans-Pecos Texas. These wells occur about 30

km north of the Presidio Bo]son but in the same structural]y‘downdropped block

west of the Sierra Vieja (fig. 7). Depth, temperature, and flow data are shown
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in table 1. Both wells have been plugged back to the water-producing horizon,
a massive limestone that is the Georgetown equivalent in the area (table 2).
The variation in reported temperatures probably reflects only sampling condi-
tions because the water cannot be sampled directly at the well head and air
temperature at the time of this study was about 7°c (45°F). Temperature logs

for Gulf-Swafford show a temperature inversion below the hot-water-producing

. horizon. Below that level, the temperature drops and reaches 80°C at a depth

of about 2500 m (8200 ft). Thus, the high-temperature water of the shallow
producing horizon must come from greater depths by thermal convection.

Both wells would flow to the surface if permeable channelways were avail-
able.: That they do not reach the surface is somewhat surprising because the
wells are in highly faulted terrain. Cretaceous formations above the producing

horizon are largely fmpermeab]e shales which may prevent any flow.

Hot Springs at Peguis

Two hot springs about 36°C (97°F) lie on opposite sides of the Rio Conchos
at Peguis, 35 km west of Presidio, where the river flows out of a cdnyon of the
Sierra Grande (fig. 7). The springs are near but outside of Presidio Bolson.

Construction of an irrigation dam has considerably altered the natural setting,

~ but the deScription of the spring area by Gries (1970) agrees substantially with

observations of this study. Discharge is about 1000 1/min, and much additional

water'may;flow into the river unobserved. The springs do not deposit travertine.
The sprihgs,appear unrelated to faulting. They discharge on tﬁe eastern

1imb of the Péguis anticline at the Buda Limestone - O0jinaga Formation contact

(fig. 14, table 2). Gries (1970) stated that the springs appeared to issue
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'I{'a_blﬂe;.l,f G@lf wells: depth, . -
temperature, and hydrologic data.”

Total Jepth
Water-producing depth

Temperature, this study

Temperature, reported

Flow

GULF -WELLS

Presidio Trust #1

R.P. Swafford #1

1,893 m (6,208 ft)

958 m (3,142 fr)
29 m above MSL

72°C (162°F)

77°C (171°F)
82°C (180°F)

8,300 /min (2,200 gpm)

2,688 m (8,815 ft)

874 m (2,868 ft)
193 m above MSL

69°C (156°F)

79°C (174°F)
82°C (180°F)

5,700 1/min (1,500 gpm)

%Data from Gulf Oil Corporation

and White and others (1977).

-

Table 2. Correlation of Cretaceous
formations discussed in text:

Big'Bend
National Park
(Maxwell and others, 1967)

Peguis, Chihuahua
Benavides, Chihuahua
(Gries, 1970)
(Hernandez-Rios, 1974)

Sierra Vieja
{Buongiorno, 1955)
(Wolleben, 1966)

Pen Formation

San ‘Carlos Formation

San Carlos Formation

Boquillas Formation .

Ojinaga Formation

Ojinaga Formation

T

I

T

. Buda Limestone
A

Buda Limestone

Buda Limestone

‘ .
Del Rio Clay

Del Rio Clay

Del Rio Clay

Santa Elena Limestone

Loma Plata Limestone

Georgetown Limestone

47




-

r -

.

r

48

Se

~,

Figure 14. Hot springs at Peguis on east 1imb of anticline at Buda Limestone

(massive limestone at left)--Ojinaga Formation contact (thin-bedded limestone

“and shale overlying Buda). :
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from fractures in the anticiine. The Buda is massive, highly fractured,
cavernous limestone. The 0jinaga Formation,k although fractured,consists of
impermeable flaggy limestone, sandstone, and shale. Thermal waters rise
through the permeable Buda and discharge at the water table, which is the

Rio Conchos, at the Buda-0jinaga contact, which is a ground-water barrier.

- Some water could continue through fractures in the Ojinaga but most would

be diverted.
Big Bend Area

Big Bend National Park

At least six hot springs lie a1ong'the Rio Grande in Big Bend National
Park br in Mexico on the south side of the river (Maxwell, personal communi-
cation, 1976) (fig. 15). A11.were visited, but only three were sampled in
this study. Most of the other springs occur in impenetrable cane thickets
and were impossible to feach without distUrbing the vegetation. Chemical

analyses of the three springs sampled are nearly identical and are probably

representative of the others. The three sampled are Hot Springs (40°c, 104°F),

a spring (41°C, 106°F) in cane approximate]y 300 m downstream from Hot Springs,
and a spring (36°C, 97°F) used for water supply at Rio Gfande Village (fig. 15).
There are no spring deposits. | '

The §pring at the village and all of the unsampled springs lie on normal
faults in\the\ﬁanta Elena Limestone (table 2). One of the sampled springs‘
dischargeé at the Buda-Boquillas contact (table 2); the other (Hot Springs)
discharges from hortheast—trending fractures in the Boquillas Formation near

the contact. Presumably thermal water can move through massive, cavernous




r . rc

|

N
- \)
QWY R
Kbo
Kbo
Hot Springs
. b
Kbo
(/0 Kse )
Kbu O 0 1 Mil
. ile
Kbo 0 I Kilometer
Kdr. Kse -
Q Sl Kbu ,
EXPLANATION | .
- QUATERNARY ' Buda Limestone \){ Fault with displacement
Alluvium + gravel ' - .
Kdr | Del Rio Cla ? Sampled hot sprin
CRETACEQUS - . y P pring
Boquilllus Formation - Kse f%r;égﬁﬁr::olﬁgg:stone 9 Reported hot spring

. ‘\\ . .
Figure 15. Geologic map of hot-spring area of Big Bend National Park and
adjacent Mexico. Geology in Texas from Maxwell and others (1967) and in

Mexico from Smith (1970).
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(therefore permeable) Buda and Santa Elena Limestone but not through the

thin-bedded Boquillas Limestone where it is not fractured. Thus, hot water

' discharges either at the contact or through fractures only slightly above

the contact in a similar setting to the springs at Peguis. The Del Rio Clay,
which should be impermeable, is very thin‘in the areé and could be permeab]é

if fractured. 'No evidence for recent fault movement was observed in the spking
area by either this author or Belcher and Goetz (1977) who examined the whole
park area more thoroughly.

Several warm springs have been rgported along the Rio Grande downstream
from the park. These springs are accessible only by a multiple-day boat trip
and were not visited. Geologic méps (Interﬁational Boundary Commission, 1951)
show é number of springs along the river but do nbt identify warm springs;xmost
springs lie on north-northwest-trending normal faults. These warm spring§ are

probably similar to those in Big Bend Park.

Terlingua Wells

Abandoned mercury mines in the Terlingua mining district were reported
by Tocal inhabitants to be flooded with 45°C (113°F) water at a depth of
approximately 275 m (900 ft). In addition, there is at least one deep
(265 m; 875 ft) well that taps hot wafer (43°C, 110°F) at a simi]ar depth.
These reports.could not be verified because the well presently has no pump
and the mines:are collapsing and unsafe td enter. During January when the

outside air temperature was only 10°C (50°F), hot air (32°C, 90°F) was flowing

‘out the main shaft of the Rainbow Mine, which is reportedly 180 m (600 ft)

deep. Presumably air is forming a convection system analogous to a hydrothermal

system.
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Springs Near San Carlos

A number of warm springs (maximum temperature 32°C, 89°F) discharge into
the canyon of the Rio San Carlos approximately 2 km west of the town of Manuel
Benavides (formerly San Carlps),.approximately 70 km southeast of Presidio

(fig. 2). Travertine deposited by the springs lines canyon walls and slopes

. below the springs (fig. 16). Hernandez Rios (1974) mapped a large area which

includes the springs and Chacon (1972) mapped in detail an area adjacent to
but not including the springs. The geologic setting of the springs is unusual
for hot springs in the Rio Grande area. The springs lie at the edge of what

is apparently a large caldera, 60 km in diameter. The springs are all in the

‘upper plate of a high-angle reverse fault, which thrusts Lower Cretaceous

Limes tone (tab]e 2), over Upper Cretaceous rocks (figs. 17, 18). The Loma

Plata is massive, cavernous, and highly fractured. Although fractured near

faults, shales in the Ojinaga Formation ére‘otherwise impermeable. Thus,

the springs discharge at the contact of permeable and impermeable units.
Cretaceous strata are complexly folded, similar in many respects to Laramide
folds to the northwest. Laramide folding was undoubtedly a factor, but much

of the deformation evidently occurred contemporaneously with caldera develop-

ment, possibly during resurgence. Volcanic units nearby are also folded, and

all the folds genera]]y coincide‘with the ca]dera outline (fig. 18). Resurgence
and dom1ng probab]y created the large anticline shown on the west side of the
map and thrust the Lower Cretaceous rocks over the Upper Cretaceous sequence

at the edge of the caldera. Vo]can1c units could have been folded during the

‘same structural events.

In a brief reconnaissance of the spring area, no evidence of recent igneous

activity was found. If the caldera-related rocks are as old as other igneous
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Figuré 16. Travertine deposited by warm spring waters coats Loma Plata

‘Limestone on_far wall of canyon of Rio San Carlos.
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Figﬁre 17. View to west of high-angle reverse fault with overturned Loma
Plata Limestone thrust over Upper Cretaceous shales which crop out in Rio
San Carlos at mouth of canyon. Warm springs discharge into canyon upstream

from fault. 4 _ R
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Figure 18. fGéologic map of San Carlos warm spring area, Chihuahua, Mexico.
Geology from Chacon (1972), Hernandez-Rios (1974), and this report.




r . r. rc. rr.rc.rc

.

56

units in the region, they are too old to have retained residual heat. Thermal
waters are related to the caldera only in that fracturing during caldera devel-

opment created permeable channelways for circulation.

Sotano de Sauz

An unusué]-hot cave, Sotano de Sauz occurs in limestone in Mexico approxi-
mately 10 km north of Benavides and about‘5 km soufh of the Rio Grande (Sprouse,
1977){ The éave was not visited during this study, but from the description
of Sprouse and knowledge of the geology of the area, the cave must be in the
Loma Plata Limestone and possibly Buda Limestone (table 2). According to
Sprouse, much of the cave is joint controlled. The bottom of the cave is
a large mudflat that evidently acts as a sump through whiéh water drains from
the cave. _

Temperature in the cave reaches 41°C (106°F) at a depth of 220 m, maximum

depth of the cave. The thermal gradient of about 100°C/km could result from

‘hydrothermal convection to the water table below the cave. .The cave is appar-

ently a point of recharge, however, so the high gradient is anomalous.

Hot Wells
Hot Wells was drilled in 1907 by the Southern Pacific Railroad in bolson

fi11 in Eagle Flat (fig. 2). Total depth'of the well is 305 m (1000 ft); water

level 1s 206 m (675 ft) below the surface. The maximum surface‘temperature of

the water was 40°C (104%F) after approximately 1 hour of pumping with a sub-

mersible pump, and the water probably had not cooled significantly‘from the

temperature at depth.

wfth»an average annual temperature of 17°C and the maximum depth of 305 m,
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the thermal gradient in the well is at least 75°C/km. Such a high gradient
without convection is unlikely, thus, the water probably rose from greater
depths by hydkotherma] convection.

Hot Wells is near the extension of the Rim Rock fault as indicated by
the gravity data of Wiley (1970), although there is no surface expression of
the fault. Perhaps hot water is circulating along the Rim Rock or a related
fault .and discharging into permeable bolson fill at the top of the water table.
A U. S. Geological Survey water test well, J. C. Davis No. 1 (Gates and White,
1976), drilled to a total depth of 613 m (2013 ft) 8 km to thé southeast of
Hot Wells and near the trace of the_Rfm Rock fault, encountered a more normal

thermal gradient of 32°C/km and a maximum temperature of 38°C (100°F).
Shallow Ground-Water Flow Within'Basins

Water-level measurements in wells 1h dissected basins and adjacent highlands
along the Rio Grande in Trans-Pecos Texas show that the water table slopes towards
basin centers, towards the Rio Grande, and generally follows the present topog-
raphy (White and others, 1977). Recharge occurs partly in the highlands from
rainfall and partly in the basins from rainfall and runoff from the highlands.

Gkound-watér movement to the Rio Grande through thé bo]soh fill is probably
negligible because pérmeab]e beds needed to transmit the Water do not occur near

the basin centers (Groat, 1972). Coarse-grained facies of the late Tertiary basin

-~ fill are gene?a]]y permeable to horizontal flow, but interlayered fine-grained

facies probably restrict veftica] permeability. Fine-grained'basih—center facies
are generally ihpermeab]e. Cold springs occur in bolson fill along faults which

apparently act as barriers to ground-water flow. Ground water is dammed behind
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~ the faults and discharges in numerous springs above the faults. (No hot

springs occur in a similar sétting.). This water can then move to the Rio
Grande as underflow in tributary chéhne] deposits. Otherwise the Rio Grande
is hydrologically isolated by its location within the fine-grained basin-
center sediments. Only where the river crosses coarse-grained basin-margin
sediments, bedkock, or major faults (all of which commonly occur together)

is it hydrologically connected to the ground-water system.

Geologic Control of Hot Springs and Geometry of Flow

The presence of hot springs shows that there are permeable channelways
which allow circulation of ground water to a source of heat at depth, where
the water is heated and returns to the surface. The setting of hot springs
in this study area shows that most are on or near the normal fault system
created during 1afe Tertiary extension. A second, smaller group of hot springs
occurs at the contact of permeable and impermeable rocks. One group of springs
is adjacent to a reverse fault. }

Springs on normal faults withinvbedrock,‘Capote and Nixon Springs, emanate
directly from fractures within fault zones. The fractures provide permeability
in otherwise impermeable rocks and are the primary channelways for the rise of
hot Water from their source reservoiks. Indian Hot Springs, Red Bull Springs,
and Ojosstalibntes discharge within or just basinward of fault zoneS separating
bedrock from basin fill. Faults and fracture systems are still the major con-
duits for hot“water, but at Indian Hot Springs and QOjos Calientes the water is

probably diverting into permeable bolson or terrace gravels near the surface at
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the water table. The water moves laterally in the coarse sediment at the top
of the water table, discharging to the surface where the water table intersects
the surface. Hot springs within bedrock cannot discharge into shallow, per-

meable horizons because sufficient permeability for ground-water movement exists

only within the fracture system.

Only two hot springs, Las Cienagas and Hot Springs-Ruidosa, occur in basins
more than a few hundred meters from basin-margin faults. For each spring, shallow

bedrock may be important in allowing hot water to rise near to the surface with-

out intersecting permeable basin fill and in creating a shallow water table.

Las Cienagas discharges along the edge of a bedrock outlier. Bedrock may also
be shallow at Hot'Sprihgs-Ruidosa, wheré Tertidry volcanic' rocks crop out and
plunge gradually towards the spring. |
No hot springs occuf near basfn centers. In the basin centers, faults
are not common, and the unfaulted fine-gfained basin fill has Tow permeability,
which does not provide channe]ways.for the rise of hot water.* Even where faults
occur, there are no hot springs. Bedrock is at considerab]e depth,uand clay
fault gouge fn the basin centers may be no more permeable than undiﬁturbed clay.
Some hot water rising along fault zdnes does not reach the surface at ali.
Thermal water in the Briscoe Well was discovered only by chance. Thus, there
are probab1y_many still undiscoveked_thermai systems within the late Tertiary
basins. {Thérpal water flow to the surface within the basing may be an unusual

\] . :
occurrence. - Springs of any kind are rare within the undissected basins (Lobo

 Valley and Salt Basin), and even within the dissected basins (Presidio and

Hueco Bolsons) fhey are rare.
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Recent fault displacement has occurred in several areas of hot-spring
activity in West Texas. Continued brecciation by recent fault movement may
be important in keeping fracture zdnes open and permeable. Otherwise, pré-
cipitation of calcite by therma] water might seal fractures. Recent fault
movement must not be a prerequisite for deep_circu]ation of ground water,
however, because several hot springs occur in areas without evidence of recent
fault activity. R | |

Theﬂgpringé‘ét San Carlos are also fault controlled; the only difference
ig'in the style of faulting. Greater brecciation and opportunity for solution
permeability to develop in thrust—f&u]ted, massive limestone may account for
the location of the springs. |

Springs at Peguis_énd Hot Springs in Big Bend are unrelated to faults.

At both 1ocatfons, water discharges at the contact of Buda Limestone and over-
lying Boquillas or Ojinaga Formations. The overlying formations are time-
equivalent shales and flaggy limestones (table 2) and are relatively imper-
meable. The massive Buda Limestone is cavernous and, therefore, highly
permeable. Hot water rising from below reaches the contact and is diverted

along it to the water table (fig. 19). Where the water table‘intersects the

- surface, thé hot water discharges aS springs that are analogous to cold springs,

which commonly occur at the contact of permeable and impermeable rock types.
Recharge ;o*a\con spring flows from a higher elevation through confined
permeable rock‘to emerge where the contact intersects land surface. The
driving force - is;gravity, _The additional driving force caused by the
different‘density of thermal water allows it to discharge above its recharge

area.
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Recharge for all the hot springs probably occurs mostly in the adjacent
highlands and is spread over a broad area, whereas discharge is concentrated.
Faults in the otherwise impermeab]e igneous rocks and faults and solution
permeability in Cretaceous limestone allow meteoric water to circulate to depth.
Recharge waters circulate downward through numerous separate channelways and
coalesce at depth to follow a single, more réstricted return conduit. Recharge
through the same basin-marginvfau]ts, which are discharge conduits, is possible
but less Tikely, at least near hot springs.} Downward-moving cold water would
mix with upward-welling hot water and the hot spring would not occur. Thus,
hot springs probably occur where recharge to a fault system is unfavorable.
Recharge is still less likely in the basin interior for the same reasons that
hot éprings do not occur there. Unfaulted, fine-grained basin fi]} exhibits
extremely low permeability. |

‘Recharge to Indian Hot Springs andjéprings in Big Bend National Park,
which 1ie along the Rio Grande, and to the springs at Peguis, which lie along
the Rivaonchos, could come from the rivers. At each location, thg'rivers
cross major structures and bedrock. The Rio Grande crosses the Caballo fault

and the southern end of the Quitman Mountains at Indian Hot Springs and crosses

~ numerous faults and limestone bedrock in the-hot-spring‘area of Big Bend National

Park. At Peguis, the Rio Conchos crosses cavernous limestone exposed in an
anticline. g

.The‘two\édlf wells, Briscoe Well, and Hot Wells and the Terlingua mines
and well tap_hbt water that does not reach the surface. For all but the Gulf
we]]s; the feasbn is simply that the water table js below the land surface.

Whether or not it is rising from deeper convection, the hot water remains at

the top of the water table far below the surface. Hot water in the Gulf wells
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occurs far below the water table. The temperature reversal in the wells
proves that the water is rising from still greater depth§4-at least 2500 m
according to the temperature lag of the wells. Water must be rising to the
bottom of an impermeable layer, possibly shales of the San Carlos or 0jinaga
Formations, which overlie the reservoir Georgetown'Limestone (table 2), dis-
placing cold water. If permeable channelways exist, the hot water could rise
still nearer to the surface, but evidently it does not discharge to the surface.
The true flow paths are undoubtedly more complicated than those discussed
in this paper. Intersecting fractures and other permeable zones probably allow
considerable mixing of cold and hot convecting water. A hot spring occurs
where a somewhat fortuitous combination of circumstances allows the hot water
to»reachvthe surface. The geologic setting of hot springs and wells, along
with facets of thérma] water chemistry discussed in the next section, provide
some information about the geometry of ftow. However, the deeper parts of the

thermal convectton systems in West Texas remain poorly understood.
GEOCHEMISTRY OF THERMAL WATERS

Samp]ing and Analysis

In th1s studyr water samp]es were taken as near as possible to the discharge

point. In pract1ce th1s means that samp]es were col]ected where water discharges

“from fractures in bedrock, from pipes or cisterns in artificially enhanced

springs, from well discharge, or from cq]lection pools where discharge consis-

ted of many small seeps. Any of these, especially the slowest discharging

waters, could have undergone considerable chemical change before sampling,
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particularly regarding pH and alkalinity.

Temperature, pH, and alkalinity titrations were measured in the field,
and other analyses were performed in the laboratory. General analytical
methods are given in table 3.

Several different kinds of samples were collected for different analyses.

- A11 samples were pressure filtered through 0.45-micron filter papef and stored

in polyethylene bottles. For analysis of most major constituents 11 was left
unacidified, and 11, acidified to a pH of 2 with distilled 70-percent HNO,,

was used for trace e]ement analysis. The bottle for standard analyses was
washed and rinsed in distilled, deionized water. The bottle for trace elements
was rinsed overnight with 10-percent HN03,'then with 10-percent HC1, then
rinsed with distilled, deionized water. A third sample was collected for

SiO2 determination during the initial phase of sampling and for selected sites
in later sampling. A 125 ml bottle was Washed, rinsed, dried, and then partly
filled with 90 m1 of distilled watgr. During sampling, 10 ml.of spring water

was pipetted into the bottle to dilute the sample and prevent precipitation or

- polymerization of dissolved silica. Additional silica analyses were performed

on. the undiluted sample both with and without NaF treatment for depolymeriza-
tion. Initial results with all three methods were identical probably because
of the relatively low silica content in these waters. During later sampling,

only a few-Springs and wells which were suspected to have high silica concen-
X A :

tration were &iluted during sampling.
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Table 3. Chemical analyses of thermal and nonthermal waters (Rio Grande area of Trans-Pecos Texas and adjacent Mexico).

1 ] 2 | 3 | 4 | s 6 7 | 8 | 9 10 1n [ na 12 13 14
INDIAN HOT SPRINGS _ BIG BEND NATL. PARK PEGUIS '
s : Spring at . San Hot .
Anal zed Constltuentsav Stum Chief 8 B Red Bull |, Hot Big Bend . . Las . Briscoe
: p ie quaw eauty Soda . Rio Grande ; Carlos | Peguis | Peguis #2| . Springs—
General Analytical Methods : Spring Village Springs %2 Springs & Cienagas| ‘Ryidosa “f.;%l
. e’ . L
S ) ometry 2185 2340 2375 2610 725 312 98 108 107 108 12 123 228 148 186
P s bmetry 134 158 160 200 409 11 5.4 5.8 5.8 4.4 42 4 6 145 177
Calcium (Ca) om . 150 145 160 175 62 155 125 133 133 134 625 67 27 27.5 658
o tiom ‘ 27 34 29 36 144 17 364 34 364 96 168  17.5 24 4.6 8.4
e T tometry 2.2 2.5 2.5 2.8 06 0.2 0.2 0.2 02 02 0.1 0.1 0.2 02 02
S Geption 38 34— 3.5 19 07 42— 44 21 1.8 1.8 0.5 06 13
B o dtionatspring | 906 - 902 962 1034 623 474 280 273 266 207 243 244 415 290 281
Sulfate (SO4) . 1090 1150 1190 . 1270 440 259 346 371 366 392 128 131 119 100 192
Chloride (Cl)
Woride (Cl) - sitvation 2680 2950 3000 3380 605  87.2 643 702 697 204 127 126 87.8 722 140
Nitrate (NO3) ’ ‘ - : S . S
Cd reduction to nitrite, nitrite 0.1 5.4 1 0.9 0.4 <0.1 1 0.5 0.7 3.1 4.4 5.5 0.9 <0.1 10.6
analysis by diazotization method . _
Fluoride (F)  rectrode 2.8 2.7 28 31 36 3.2 2.2 23 23 32 15 2.2 7.2 38 51
Boron (B) ethod 4.7 5 5.2 5.7  JR— 0.2 03 03 04 0.4 0.2 04 06 08
S E02) biue colorimetric 40 40 35 35 20 36 21 2 22 37 22 21 39 35 39
P utated from andlysis 0.237 0107 0111 0170 0017 0.0058 0015  0.018 0024 00087 0.0094 00084 0.0084 0012  0.010
S Sdysis | 005 031 020 020 034 028 030 029 015 022 017 025 020 007 033
PO H meterat spring 6.6 7 6.9 6.8 7.5 8 7.3 72 71 7.4 7.5 7.5 7.7 7.5 1.5
Temperature °C ) »
Maximum reading 472 444 336 397 272 37 356 406 40 3.7 356 361 302 45 411
thermometer at spring - ’
T i A aclids (YDS) 6766 7280 7434 8231 2223 960 842 884 879 723 614 620 723 549 805
Atomic Ratios
Cl/Ca 20.2 23 21.2 21.8 11 6.37 0.58 0.6 0.59 0.25 2.30 2.12 3.68 2,97 2.40
CliMg | s 595 714 645 288 352 1.21 132 131 210 518 494 251 108 114
s 190 167 170 192 7 855 —— 90 66 667 20 90 90 50 333 557
Na/Cl 126 122 12 119 185 552 235 237 237 566 153 150 4 316 205
Na/K 277 252 253 222 302 482 309 317 314 418 51 523 646 174 17.9
Na/Li 320 260 260 290 350 450 140 160 160 160 550 530 330 210 270
Ca/SO, 033 © 030 032 033 034 014 087 08 087 08 117 123 054 066 082
Ca/HCO; 0.25 025 025 026 015 005 068 074 076 099 039 042 010 014 036 | o
Ca/Mg : 337 259 335 295 261 552 208 222 222 847 226 232 683 363 475 | &

4Concentrations in milligrams per liter.
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Table 3.—Concluded.
15 16 17 18 19 | 20 21 22 23 24 25 26 27 28
0JOS CALIENTES '
Analyzed Constituents® Nixon Capote Gulf- | Gulf— #3 #4 Rancho Hot Mimbre | Vizcaino | Naegele | Mexican | Nuiiez Alamo
General Analytical Methods Springs | Warm Spring | Presidio | Swafford Cipres Wells Well Well Springs { Springs Well Springs
. "
S°§‘a‘;,,‘“eg§f},),ome,,y 160 120 ©368 500 750 - 780 1140 105 95 202 195 212 91 190/
. P .
B esometry 55 06 429 60 68 - 68 58 1.6 3.6 10 21.5 1.6 33 0.8
Calcium (Ca) . ) :
cium (Ca) o 20,5, 1.6 37 464 25 32 221 4 30 575 551 12 63.3 3.8
e ahsoeation 2.3 0.09 2 1.2 2.1 27 20 1.8 24 36 6.7 066 21 0.04
L G tometry 0.1 <0.1 0.5 0.6 0.9 1 13 <ol <0.1 <0.1 0.2 <0.1 0.1 <o.1
S o abearption 0.2 <od 0.7 0.7 14 15 46 03 0.1 0.1 1 —_ — —_—
Bt N Corition af spring | 220 226 497 563 756 783 1048 293 247 477 390 462 274 237
Sulfate (SOa) . . ' 97.5 318 230 355 458 481 898 16 58.4 119 161 544 99 115
Chloride (C1) . witration 63 12.8 239 300 452 - 469 1010 <20 19.6 572 989 352 651 69.6
Nigrgte (NO ’ '
T e i Pn to nitrite, mitrite 2.7 5.3 02 - <01 0.8 0.9 01 25 6.2 3.4 0.2 03 216 9.4
analysis by diazotization method
o e electrode 3.4 2.5 106 106 118 124 56 24 3.8 41 5.9 3.2 24 3.8
B o) method 0.3 0.4 1 1.2 1.8 1.9 26 04 0.3 0.6 0.4 02 05 0.5
SN blue colorimetric 43 37 76 1445 95 87 46 20 51 60 43 39 52 22
Pt utated from analysis 0.0093  0.00022  0.064 0084  0.014 0045 020 000048 00042 0011 0009 0028 00053  0.00042
S ioted o anktysis 0,42 0.06 019 018 079 046 028 045 0.07 041 028 064 0.6 0.02
B H meter at spring 7.4 9 7.2 7.1 8.1 7.5 67 88 7.8 7.6 7.6 7.2 7.7 8.7
Temperature °C b c )
Maximum readin 317 36.7 72 69 90 69 35 40 24.4 23.9° 24 244 22 25
thermometer at spring :
T"c‘,f‘,'c‘,-i,‘,ﬁ‘;{}’}‘fj,i’,“a‘i,’ ;‘3,5) 507 329 1253 1697 2239 2323 3924 300 392 753 781 586 554 532
Atomic Ratios \
clica 3.47 9.01 730 731 205 166 516 <0.28 0.74 1.3 2.03 332 116 207
ci/mg 18.8 80 82 172 147 119 346 <038 5.6 109 101 36.6 213 1190
/s 60 10 744 85 640 665 715 <0.75 16.7 6.7 70 50 36 40
Na/Cl 392 145 237 257 256 256 174 >16.2 7.47 545  3.04 9.29 2.5 4.21
Na/K 49.5 340 146 142 188 195 334  1L2 44.9 344 154 220 46.9 404
Na/Li 690 <520 230 240 330 340 260 460 >410 >880 280 920 400 830
Ca/SO4 0.50 0.12 039 © 031 013 016 059 0.0 1.23 116  0.82 0.5  1.53 0.08
Ca/HCO; 0.14 0.01 011 013 005 006 032 0.2 0.19 018 022 0.04 035 0.02
Ca/Mg 540  10.8 1.2 235 725 719 670 135 7.58 969 499 11 1.83 576

2Concentrations in milligrams per liter.

187 reported.
82°C reported.

99
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Results

Introduction

The source of dissolved constituents in hot-spring waters has been a
long-standing question. E11is and Mahon (1964, 1967), Ellis (1970l? and
Mahon (1970) have demonstrated that the chemistry of many thermal systemé‘
is dominated by water-rock reaction. Nevertheless, Nhité (1970) concluded
that additional sources, such as fluids derived from igneous magmas, supplied
some soluble elements (for example, cHoride) that are minor components of
most rocks. |

Chemical analyses of spring and well waters from Trans-Pecos Texas and
adjacenf Mexico are given in table 3 and presented graphically in fig. 20.
Although there is wide variation in chemistry of thermal waters, correlation
with host and subsurface rock types shows that there are different groups of

waters. Generally, the thermal waters fall into the fo]]owing three groups

~ with at least some gradation between each: (1) calcium, magnesium, .bicarbonate,

- sulfate waters with moderate dissolved solids; (2) low to moderate total

dissolved solid waters composed of sodium and bicarbonate; and (3) waters

' 'containfnglﬁigh total dissolved solids dominated by,sodium; chloride, and

sulfate.
Ca]Cium—ﬁégne§ium-Bicarbonate-Sulfate Wateré

One group of spring waters has moderate total dissolved solids (600 to
900’mg/1); the highest proportion of calcium and magnesium (approximately 54 percent

of cations), and the highest magnesium and Towest calcium-magnesium ratios
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HOT SPRINGS AND WELLS

TRANS-PECOS TEXAS AND
ADJACENT MEXICO
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~ Figure 20a. Trilinear diagram of thermal and nonthermal waters discussed
in text. Proportions are in moles per Titer.
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Figure 20b. Trilinear diagram of thermal and nonthermal waters discussed
. in-text. Proportions are in moles per liter.
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HOT (+) AND COLD () SPRINGS
AND WELLS

PRESIDIO BASIN, TEXAS
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Figure 20c. Trilinear diagram of thermal and nonthermal waters discussed
* in text. Proportions are in moles per liter.
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THERMAL (¢) AND METEORIC () WATER
LONG VALLEY, CALIFORNIA

’ YA AV Y y
70 €60 50 30 20 0 lgpgits 10 20 30 40 56 60 70 80 90
~—Co—— o . Cl—=

Figure 20d. Trilinear diagram of thermal and nonthermal waters discussed
in text. Proportions are in moles per liter.
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g e HOT SPRINGS AND WELLS

COMPOSITION DETERMINED BY
S \ EVAPORITE SOLUTION
Q

« ANNUAL RANGE IN COMPOSITION
RIO GRANDE UPSTREAM FROM

Y A\
70 60 50 40 30 20 10 19 [[+] 20 30 40 50 60 70 80 20

~——Ca— Cl—

Figure 20e.“Trilinear diagram of thermal and nonthermal waters discussed
in text. Proportions are in moles per Tliter.
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(table 3). Springs falling distinctly into this category are in Big Bend
National Park, at San-Carlos, and at Peguis. All these springs emanate from
Cretaceous carbonate rocks or from adjacent alluvium. Available published
ané]yses of hot spring waters show only one spring that definitely emanates

from carbonate rocks. The water from Mammoth Hot Springs in Yellowstone Park

1is hotter and slightly higher in total dissolved solids, but it has similar

ion proportions to springs in this study (fig. 20b) (Thompson and others, 1975).
The geologic setting and reasonable estimation of water - host-rock reactions
show that spring chemistry is determined mostly by solution of ca]cite and
dolomite. Calcium, mégnesium, and bicarbonate enter into solution by the

I

following reaction.

(Me) cO 3

++
3t H20 + co2 = (Me ) + 2 HCO

The proportion of calcium and magnesium represented by the metal ion (Me) is
determined by the particular carbonate mineralogy.
Cold-spring waters emanating from carbonate rocks are composed almost

entirely of calcium, magnesium, and bicarbonate with generally minor sodium,

“sulfate, or .chloride (tab1e~5 of White and others, 1963). Compositions cluster

near the ca]cium-magnesium-bicarbonate corner on a trilinear plot and off the
field to the left of the plot in figure 20b. Compared to cold springs, the
hot sbringé of the Rio Grande area have considerably greater sodium, sulfate,
and chioride tdntents which require an additional source besides solution of
carbonate materials.

Sodium, chloride, sulfate, and additional calcium could be contributed
by dissolution of gypsum and halite in minor evaporites in the Cretaceous _

section. Because molecular calcium/sulfate plus bicarbonate ratios are
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considerably less than 1 (table 3) either some calcium must be lost or there

must be additional sources of sulfate and bicarbonate. Sodium-chloride ratios
are greater than 1, so either sodium is being added or chloride is being lost.
The most Tikely explanation is that calcium is being exchanged for sodium con-

tained in clays in Cretaceous marine shales. The reaction is
catt + Na - clay = 2 Na' + Ca - clay

Solution of sodium-bearing minerals other than halite is doubtful. Feld-
spars are not abundant in the Cretaceous rocks, and solution of feldspars could
not contribute sulfate or chloride. Other sources of sulfate do exist, such as
oxidation of reduced sulfur (FeS2 or HZS)' Oxidation reactions probably are
occurrfng, but water in equilibrium with air contains only sufficient oxygen to
produce about 15 mg/1 sulfate by this proceSs. Gypsum solution remains the
only reasonab]e source of large amounts of sulfate and is consistent with the
host-rock composition. Other sources for sulfate and chloride, such as magmatic
gases, cannot be excluded but are»unnecessary. ‘

Recharge for the. springs in Big Bénd could come from the Rio Grande and
for the springs at Peguis from the Rio Conchos. Becausé almost all of the Rio
Grandeiflow below Presidio is from the Rio Conchos, the water chemistry of the
two rivers is similar. Published analyses of the Rig Grande‘water upstream
from the hot springs in4Big Bend (U. S. Geologicél Survey, 1976) are similar
to the Big'Bend spring waters (fig. 20b). Because the Rio Conchos drains a pre-
dominantly carbonate terrain, recharge water fromrthé river ought to be chemi-
ca]ly,simi1aﬁ'to recharge water which percolates through limestone. The_springs

at San Carlos could be recharged by the Rio San Carlos, which drains both
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Cretaceous carbonates and Tertiary volcanic rocks (fig. 18)7
Sodium-Bicarbonate Waters

A second group of waters contains low to moderate total dissolved solids

(300 to 1000 mg/1) with sodium and bicarbonate the dominant cation and anion,

respectively (fab]e 3; fig. 20c, #12,15,16,22). Sulfate and chloride con-

centrations are Tow to moderate; calcium and magnesium are uniformly low.
Waters emanate from Tertiary rhyolitic volcanic and volcaniclastic rocks and
basin-fill sediments derived from volcanic rocks. The volcanic rocks are
commonly underlain by Cretaceous carbonate and clastic rocks that ihfluence
the chemistry of some of the springs'(table 3; fig. 20c, #13,14).

Hot and cold springs.and well waters derived from si1iqic igneous rocks
throughout Trans-Pecos Texas are sodium bicargonape ngers, as are cold ground
waters from silicic igneous rocks worldWidé&(tdb{é 1 6% White and others, 1963).
Spring waters from'rhyoiitic volcanic rocks fn the Long‘Va11e§-ca1dera in
California have similar ion proportions (fig. 20d), although total dissolved
solids in the Long Valley waters are 2 to 3 times those of the Trans-Pecos
waters (Mariner and Willey, 1976). Lower calcium and magnesium concentrations
may reffect.the‘reduced soiubi]ityrof calcite and magnesium.absorptioh by clays
(wﬁite,‘1970) at the higher temperatures of thérma] wéter in Long Valley. Spring
waters in volcanic rocks in Yellowstone National Park (Truesdell and Fournier,

k

1976) are also sodium?bicarbonate waters, although they ake again higher in

~ total dissolved solids and have an additional source of chloride. These

latter two areas have established subsurface temperatures above 200%C. Even

though most if not all the Trans-Pecos waters were never that hot, the processes
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- that determine general water chemistry are evidently similar. Hot waters in

Trans-Pecos Texas are simply heated versions of the cold waters. No additional

sources of dissolved constituents are necessary.

Sodium and bicarbonate are derived from hydrolysis of silicates or volcanic

glass or are derived by cation exchange with zeolites in the volcanic rocks.

Truesdell and Fournier (1976) give an appropriate chemical reaction:

, *+ H0 + Na silicate = HCO,™ + Na* + H silicate

This reaction also releases potassium, calcium, and magnesium into solution

c0, + H
depending on their abundance and distribution in various silicate minerals

in the rocks. Chemical analyses-(Walton, 1975) of unaltered volcanic rocks
show high sodium and potassium and low calcium and magnesium. Much of the
volcanic section is zeolitized with high sodium but low potassium. Spring
waters are high in sodium and low in calcium and magnesium,-but many are also
low in potaésium with high sodium-potassium ratios (table 3). Possibly,
zeolitization removed most of the potassium that could go intd solution.
Sodium-potassium ratios in thermal watefs can be controlled by equi]ibrium

with sodium-potassium-bearing feldspars and are a function of temperature.
However, comparison of sodidm-pofassium'ratios with measured and estimated
temperéturés of these waters does not show a clearcut ré]ationship. Cation
exchange of calcium for sodium may also be significant in keeping calcium
concgntratiohs Tow and sodium high. Hall (1963) suggested that cation exchange
within a rhyolitic breccia converted calcium bicarbonate water to sodium
bicarbonate water which discharged as hot spriégs in the Socorro, New Mexico,
area. In any eQént?!the catiqn chgmistry‘9f4the spring‘waters is consistent

with the rock chemistry.
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Hydrolysis also releases silica into solution. Cold ground waters in
table 3 contain as much or more silica as many of the thermal waters. Because
silica content of thermal water is used as a geothermometer, this reaction must
be kept in mind whenvinterpreting silica geothermometers.

Nearly complete gradation exists between sodium bicarbonate waters and
the calcium-magnesium-bicarbonate waters whose- chemistry is derived from
solution of limestone. The proportion of calcium and magnesium increases from

approximately‘l mole percent in Capote Springs to 19 molg percent in Briscoe

_ Well and to 37 mole percent in Nunez Well, a cold well. Sulfate and chloride

increase from 4 percent in Hot Wells and 16 percent in Capote Springs to 57

percent in Briscoe Well. The presumed rechargé area for the intermediate
composition springs includes both Cretaceous or Permian limestones and Tertiary
silicic volcanic rocks. Mixing of waters in contact with dffferent rock types
probably accounts for the mixed chemistry of these spring waters.

| The chemical similarity in cold and hot waters in this study is evidence

that the cold waters recharge the thermal convection systems and determine the

- chemistry of the thermal waters. Deep .circulation and heating has little effect

on the water chemistry.

* Sodium-Chloride-Sulfate Waters

A third group of waters is characterized by high total dissolved solids

- and high concentrations of sodium, potassium, chloride, sulfate, bicarbonate,

- lithium, and boron (table 3;'fig. 20e, #1,2,3,4,5,17,18,19,20,21). Calculated

total dissolved solids for Indian Hot Springs are approximately 8000 mg/1; for
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Rancho bipres, approxim&te]y 4000 mg/1; and for Ojos Calientes, approximately
2200 mg/1 (table 3). Even though 8000 mg/1 is relatively dilute compared to
sea water or many brines assocfated with evaporites (White and others, 1963,
table 27), the waters are considerably more concentrated than other thermal
waters in the area.

The chemiétry and geologic setting of these spkings demonstrate that the
major source of dissolved ions is solution of evaporites. Ions cited above
should be enriched in evaporite deposits. The three spring groups listed
either fall within the Jurassic evaporite basin of Deford and Haenggi (1971)
or at its edges where water could contact evaporites (fig. 21).

None of the hot spring waters is saturated with either halite or gypsum.
Either the waters must not be in contact with evaporites for sufficient time
to reach saturation or, more likely, waters circu]ating in 6ther rock types
mix with evaporite waters before discharge. If water, contacting evaporites
were saturated before mixing, the amount of water coming from‘evaporites could
be small compared to nonévaporite water, and yet the dissolved solids would
still be dominated by the evaporite source. The regular decrease in total .
dissolved solids, sodium, chloride, and sulfate from Indian Hot Springs waters
to Raného Cipres wéters to 0jos Calientes waters probably reflects a decrease
in the prop@rtion of water from evaporiteS'compared to water from other rocks.

Vwatersjderived from evaporites without later chemical alteration ought
to have molecular sodium-chloride and calcium-sulfate ratios near 1. None of
the evaporiteareléted waters exhibits this ratio (table 3). Calcium-sulfate
ratios for ﬁhese and‘almost all other springs are less than 1, whereas all

sodium-chloride ratios are more than 1. Only Indian Hot Springs waters have
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Hot Wells g oVvan Horn
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JURASSIC.-DEPOSITIONAL BASIN

Figure 21. Location of hot springs and wells in Rio Grande area of Texas

and Mexico and extent of Jurassic depositional basin including evaporite
and nonevaporite facies. Jurassic basin from Deford and Haenggi (1971).
Evaporite rocks now extend beyond original‘basin because of tectonic transport.
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sodium-chloride ratios near 1, whereas other evaporite spring waters range up
to approximate1y'2.6. Calcium could also be supplied by solution of limestone

so that calcium-sulfate ratios ought to be more than 1. This problem is the

- same as noted for the carbonate waters. In this example, however, the evaporite

component is much more dominant, and the shift in sodium-chloride ratios is
considerably less. Simple mixing with nonevaporite waters with low dissolved
solids could not produce these changes. Chemical reactions with other host
rocks, such as the cation exchange postulated for carbonate waters, more readily
account for the difference. Probably calcium is removed also by precipitation
of calcite at depth because of its reduced-so]ubi1ity at elevated temperatures
or by travertine deposition near the surface outlets Where the water degasses
carbon dioxide. For example 0jos Calientes waters have lower calcium and mag-
nesium contents than either Indian Hot Springs or Rancho Cipres, even allowing
for the lower total dissolved solids of Ojos Calientes compared to the other
springs. All clearly evaporite-related springs deposit travertine at the surface
and probably are also precipitating calcite in the shallow subsurfage.

A11 of the springs that are discharging evaporite waters are near outcrops
of Cretaceous limestone. - Limestone,sd]htidn is undoubtedly one source of dis-
solved constituents. For example, many of the hot sprihg waters have high
calcium and magnesium cdnténts and low calcium-magnesium'ratios (table 3) equal
to those of the Big Bend area springs. However, chemical contributions from
othef sources are overshadowed by the high sodium, chloride, and sulfate con-
tents derived from evaporites. |

Recharge-of the Indian Hot Springs thermal system from the Rio Grande is
conceiVab]e considering the physica]isetting of the springs. Inheritance of

the chemical characteristics of Rio Grande water is also possible. Analyses of
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Rio Grande water taken monthly for 1 year (U. S. Geological Survey, 1976) are
similar in ionic proportions to those of Indian Hot Springs waters (fig. 20e).
Rio Grande water is more Tike Indian Hot Springs water than most other surface
or ground water in Trans-Pecos Texas. During low discharge in late spring and
early summer, total dissolved solids in the Rio Grande exceeds 5000 mg/1, ap-
proximately 65 percent that of Indiah Hot Springs. -However, with increased
dischafge during early fall, the amount of total dissolved solids decreases; the
annual average is only about 2600 mg/1. Thus, Rio Grande water would have to be
more concentrated to equal the spring waters. There are subtle chemical differ-
ences also. The river water,’although high in sodium, is low in potassium (10 to
20 mg/1--well below spring concentrations of 130;200 mg/1). River water may re-
charge the thermal system and contribute part of the dissolved solids but the
major portion of dissolved solids must come from evaporite solution.

The Gulf wells probably also dischafge water that has been in contact with
evaporites. Their total dissolved solids (approximately 1200.and 1700 mg/1) are
s]ighfly_greater than dissolved solids in nonevaporite waters but cgnsiderab]y‘
less than dissolved solids in waters obviously derived from evaporites. Like-
wise, their sodium, chloride, and su1faté contents are relatively high but lower
than thbSe in the distinctive evaporite waters. Other méjor'ions do not distin-
guish the Gulf wells, but they share some characteristics with evaporite waters

which clearly distinguish them. In ion proportions, they are similar to Qjos

. Ca]iéntes waters and un]ike most others. Also, potassium, 1ithium, and boron

concentrations are distinctly greater'than those of any of the nonevaporite
springs and are only modestly diluted compared fo Indian Hot Springs, Rancho
Cipres, or 0jos Ca]ientes. The Gulf wells produce from Cretaceous limestone;

none of the other springs from limestone have high concentrations of these ions.
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Although the wells 1ie outside the Jurassic evaporite basin (fig. 21), folding
and thrust faulting along slip planes in evaporites during Laramide deformation
have transported evapbrite rocks beyond the original basin margin (Deford and
Haenggi, 1971). Thrust faults in the vicinity of the Gulf wells indicate that
evaporites occur in the subsurface. Water discharged from the Gulf wells prob-
ably has been in contact with, and derived a major part of their dissolved
so]ids‘from, evaporites.

Red Bull Springs, approximately 5 km northwest of Indian.Hot Springs, should
also fall within the evaporite basin (ffg. 21). 1Its toncentration‘of total dis-
solved solids (1000 mg/1), alﬁhough s1ightly greater than that of most obviously
nonevaporite springs, is lower than Indian Hot Springs. It has moderately high
§u1féte; sodium, and bicarbonate contents, but low chloride and lithium. Only a
minor percentage of its water and dissolved salts can be derived from evaporites.
Its circu]ation'system is possibly too shallow to contact evaporites.

The hot springs at Peguis are also at the edge of the evaporite basin
(fig. 21) but the water chemistry falls within the carbonate groupxdiscussed .
above. A 3660 m (12,000 ft)'deep Pemex exp]oration well drilled 7 km north of
the springs did not penetrate evaporites, although it is interpreted to have
reached Paleozoic strata (Diaz, 1964). Either Peguis is outside the Jurassic
basin 6r its convection system is top shallow to reach evaporites.

"No cold spring or well waters are chemically like the evaporite waters.

Evaporites apparently do not occur in the shallow subsurface where cold, shal-

 low ground water could contact them. The chemistry of the evaporite waters

is determined deeper within the circulation system than the chemistry of other

thermal waters.




" bolson sediments contact sufficient calcite to become saturated.

.. ..

Calcite Saturation

Except for one hot spring and one cold spring, all the waters of this
study are in equilibrium or oversaturated with calcite. Saturation indices

(table 3) are equal to the log base 10 of the activity products of calcium

“and carbonate divided by the solubility product for the spring temperature.

These indices were calculated by WATEQF, a Fortran version of a computer

program for interpreting water analyses (Truesdell and Jones, 1974). Water

with indices between T 0.1 are generally considered saturated; waters with

" indices above or below this range are over and undersaturated, respectively.

Calcite saturation should be expected for both travertine-depositing

springs and springs emanating from limestone but not for sodium bicarbonate

. waters. Although sodium bicarbonate waters have low calcium content, they

have relatively higher carbonate content compared to the calcium-magnesium-

bicarbonate waters. Evidently, waters circu1ating within volcanic rocks or

Y

Oversaturated waters were probably in equilibrium in the subsurface,

- but loss of dissolved carbon dioxide near or at the surface raised the pH,
- leading to oversaturation. Precipitation of calcite then could occur by

~ the following reaction:

ar L |
Ca™" + 2 HCO3™ = CaCO, + Hy0

Some spring waters'OVErsaturated with calcite do not precipitate calcite,

+ H

which is presumably a problem of kinetics and rapid dispersal or dilution of

“the.water. Only the eVaporite waters, which have extremely high partial

pressures of carbon dioxide, precfpitate travertine, with the exception of

83




N

r

e

_near the atmospheric equilibrium value of 3.2 x 1074 (Keeling, 1958), to 2 x 10

84

the springs at San Carlos and possibly Las Cienagas. Rapid loss of carbon dioxide

. 5
from evaporite waters leads to oversaturation and precipitation. Indian Hot

- Springs waters illustrate this point. Most of the springs discharge at the

bottoms of pools that bubble gas, presumably carbon dioxide. Stump Spring

‘ discharges rapidly to the surface, has the highest temperature, lowest pH,

and highest partial pressure of carbon dioxide. Its saturation index indicates

that the water.is in equilibrium with calcite (table 3). The other springs

are oversaturated with calcite, have lower temperatures and partial pressures

-}_ of carbon dioxide, éﬁdyhaVe higher pH values. A1l these factors reflect the loss

of carbon dioxide.
There are some important implications of calcite equilibrium. Calcite

solubility decreases with increasing temperature (Blount and Dickson, 1969) so

 that many high-temperature thermal waters have low calcium concentrations and

are undersaturated with calcite when they cool near the surface. Increased

'_ partial pressure of carbon dioxide increases calcite so]ubi]it& so that there

are actually two opposing factors. Springs that are in equilibrium with calcite

and have not lost much carbon dioxide must have reached equilibrium approximately

at the spring surface temperature. These thermal waters either were never much

“hotter than their surface temperatures or reequilibrated ﬁear the surface during

cooling. In the latter case, any record of equilibrium reached at higher temper-

ature at greater depth will have been|lost.

Partial pressures of carbon dioxide in West Texas waters range from 2.2 x 10”

1

several orders of magnitude greater than atmospheric equilibrium. The source of

4

]
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this excess carbon dioxide is uncertain. High partial pressures of carbon

dioxide are commonly attributed to percolation of water through a soil zone

_enriched in carbon dioxide from decay of organic matter (Garrels and McKenzie,

1967; Hem 1970). Soils in Trans-chos Texas are thin and rocky with little
or no vegetation, and high partial pressures of carbon dioxide in these soils
are unlikely. 'Metamorphism of limestone, which is commonly cited in the
Russian literature (Hem, 1970), implies extremely high temperatures at depth.
Other possible sources of carbon»dioxide (for example, reduction of sulfate

by hydrocarbons) are unlikely.
Stable Isotope Geochemistry

Introduction
Hydrogen and oxygen each have more than one naturally occurring stable
isotope. Hydrogen has an isotope of mass 1, common hydrogen (H or Hl), and

of mass 2, deuterium (D or H2). Oxygen has three isotopes, mass 16 (016),
016 018

mass 17 (017), and mass 18 (018). Only and are commonly regorted.

~ Isotope ratios of both hydrogen and oxygen vary in nature and provide infor-

mation about the origin and history of natural materials containing them.
FbY practical reasons, hydrogen and oxygen isotope éompositions are
expressed as devjations from a standard, which for water is Standard Mean
Ocean Water (SMOW) (Craig, 1961b). The deviation (del or &) is reported as
a pafts pér thousahd (per mil or °/oo)’difference_bétween the isotope ratio
of the'sample“and SMOW. |
Natural watefs are depleted in D and 0!8 compared to SMOW. The lighter

isotopes are concentrated in the vapor during evaporation. During condensation,
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the heavier isotopes are concentrated in the condensate. Thus, atmospheric

moisture is continuously depleted in D and 018 as it moves away from the

~ ocean source. The amount of depletion increases with distance from the source,

latitude, and altitude. Meteoric waters show a constant relationship between

18‘shown in figure 22 as the meteoric:water line. Sheppard and

others (1969) have mapped the distribution of del D in meteoric water for
North America.
Many high-temperature geothermal waters plot to the right of the meteoric

water 1ine. Thermal waters have the same hydrogen-isotope composition as meteoric

waters in the same area but are enriched in 018. This oxygen shift is attributed

018

i’

to isotope exchange between heated meteoric water and rich wall rocks. There

" is no shift in hydrogen-isotope composition because hydrogen concentrations in

rocks are low compared to those in water.

Results
Table 4 and figure 22 show the isotope composition of thermal and nonthermal
waters from the Rio Grande area. The numbers both in figure 22 and table 4 are

the same as those used for chemical analyses. Most waters of this study plot

- along the meteoric water line. A few (significantly, only evaporite-related

‘waters) plot off the Tine to the right.

A11 of the analyzed thermal and nonthermal sodium-bicarbonate and calcium-
magnesium-bicarbonate-sulfate waters fall along the trend line. The slight

scatter is within natural limits. Alona with the previous evidence, this

" finding shows that thermal waters are heated meteoric water. The isotopic

compositions arekconsistént with those mapped by Sheppard and others (1969).
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Figure 22. . Isotopic composition of thermal and nonthermal waters, Rio Grande
_regiqn’of Texas and Mexico. ’
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Table 4. Hydrogen and oxygen isotope
compositions of thermal and nonthermal waters.

# Spring or Well SM%I\)N 9, SMOl:V A
1 Indian Hot Springs—Stump -59 -7.9
2 Indian Hot Springs—Chief -58 -7.7
6 Red Bull Springs 63 9.1
11 Peguis -120

12 Las Cienagas 47 71
13 Hot Springs—'Ruidosa -57 -8.1
14 Briscoe Well -51 -7.7
15 Nixon Springs -52 -7.5
16 Capote Springs -54 -8.0°
17 Gulf—Presidio -57 -8.0
18 Gulf—Swafford -56 -7.6
19 Ojos Calientes #3 -54 -6.9
19A| Ojos Calientes #1 -56 6.7
21 Rancho Cipres -52 -6.1
24 Vizcaino Well 44 -7.2
25 Naegele Springs -52 -7.7
26 Mexican Springs 47 1.7

88




l §

r

.. . . r.

89

h,\\

A slight geographic variation is shown by the relative depletion of Red Bull
and Indian Hot Springs water relative to those in the Presidio graben. The
10 per mil scatter in del D for the Presidio waters cannot be attributed to
geographic variation. However, the scatter is not analytical because the waters‘
do follow the meteoric water line. The lack of an oxygen shift indicates that
the waters either have a short residence time underground or were never heated
to sufficient temperatures for measurable exchange. The latter is consistent
with geothermometry determinations presented in this section and is more likely.
The hydrogen-isotope composition of Pegufs water is slightly different from
the composition of all other waters of this study. The oxygen composition has
not been determined, so this water is not plotted on figure 22. Local meteoric
water cannot be the source of the Peguis spring water. The springs at Peguis lie
within the floodplain of the Rio Conchos, which drains the Sierra Madre Occidental.
Meteoric water from the Sierra Madre Occidental, a mountain chain along the west
coast of Mexico, should be isotopically Tight compared to Peguis area meteoric
water. Although analyses of Rio Conchos water are not available to substantiate

v

this hypothesis, the low del D shows that.the Peguis thermal system is being

recharged by the Rio Conchos. The isotope composition of Indian Hot Springs

water indicates that recharge is probably not from the Rio Grande, however.
Most of the evaporite waters (fig. 21, #1, 2, 19, 19A, 21) do not plot

on the meteoric water line. Gulf-Presidio Water (fig. 22) cannot be distin-

guisﬁed ffom meteoric water; Gulf-Swafford water (fig. 22, #18) i; approxi-

mately at the 1imit of natural variation. The evaporite waters are enriched

in 018 like the high-temperature waters previously discussed but the amount of

exchange is much less than that'shoWn by most high-temperature spring waters.
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Geothermometry calculations for the waters from Indian Hot Springs (fig. 22,
#1, 2) and Rancho Cipres (fig. 22 #21) indicate subsurface temperatures no
greater than about 60°C. The oxygen shift must have some source other than
high-temperature exchange.

There are several possible explanations for the shift. Meteoric water
néar Indian Hot Springs probably has an isotopic composition 1ike that of Red

Bull spring water (fig. 22, #6). If so, Indian Hot Springs waters show both

‘an oxygen and hydrogen shift uniike high-temperature water which shows only an

oxygen shift. A line conhecting Red Bull and Indian Hot Springs waters follows
a trend Tine produced by evaporation in an enciosed basin (Craig, 1961a).
Residual basin waters are enr%ched in both D and 018. There is no reason to
suspect that Indian Hot Springs recharge water evaporated partially before
entering the system so the isotope shift must have occurred during deep circu-
lation, possibly by mixing of meteoric water and an isotopically heavy formation
water within the evaporites. Persistence of formation water .in Jurassic or
older rocks during considerable structural deformation is difficulg to conceive
but not impossible.

" Meteoric recharge water for Ojos Calientes, Gulf-Swafford, and Rancho

Cipres'ought to have a composition within the range of Presidio graben waters

(fig. 22, #12, 13, 14, 15, 16, 24, 25, 26). If so, the oxygen shift for these

waters does not follow an evaporation 1ine. An exp]anatibn involving formation

watek is‘eveh less 1ikely. ~Exchange of oxygen with wall rocks, obServed for

- many high-temperature thermal systems, is possible for 0jos Ca]ientes and Gulf-

Swafford, because geothermometry calculations for these waters indicate temper-
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atures greater than about 100°c but is not possible for either Indian Hot Springs
or Rancho Cipres waters.

In summary, all of the thermal waters of this study area are entirely or

- dominantly meteoric. A1l but the evaporite waters have retained meteoric

~isotope composition. Mixing. of meteoric water and an isotopically heavy

formation water could explain the isotope compositioh of Indian Hot Springs
waters but is less likely for Presidio graben evaporite waters. High temper-

ature exchange of wall rocks and meteoric water could produce the isotope

composition of Ojos Calientes and Gulf-Swafford waters but probably not the

composition of Indian Hot Springs or Rancho Cipres waters.

Conclusions

The chemistry of most hot springs waters of this area is similar to the

chemistry of cold waters in the same area. The composition range and stable

~ isotope ratios of the sodium-bicarbonate and calcium-magnesium-bicarbonate-sulfate

. )
waters overlap with cold spring and well waters. These thermal waters must be

Tocal meteoric water whose overall chemistry is governed by the rocks with which

- they are in contact during the cycle of recharge, deep circulation, and discharge.

'.'The similarity in chemistry indicates that most of the dissolved constituents

are acquired. early in circulation histdry and that deep circulation and heating
have 1itt1e effect on the water chemistry.

There are no cold spring waters chemically 1ike the sodium-chloride-sulfate

‘waters with high total dissolved solids. Because evaporites rarely crop out,

circulation to a greater depth is required before the water can start dissolving
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evaporite minerals. Initially, recharge waters for these springs probably

- ~..y pass through limestones and are calcium-magnesium-bicarbonate waters.

The final composition is then acquired during deeper circulation and contact
with evaporites. Stable isotope ratios support the view that these waters

are also meteoric. The slight isotopic shift may be a result of mixing with a

small cqmponent'of an isotopically heavy formation water or, for 0jos Calientes

and Gulf-Swafford, it may result from high temperature oxygen exchange with
wall rocks. | '

A1l compositions can be related to reasonable water-rock reactions. In-
termediate compositions are created where recharge waters from different host

rocks mix before returning to the surface or where a single'flow path inter-

sects more than one rock type. No extra source besides rock leaching is re-

" quired to provide all the dissolved constituents with the possible exception

of carbon dioxide, - Carbon dioxide may also be derived from rock Teaching, but

the exact chemical reaction is unknown. Sources for some constituents, such

as chloride and sulfate from degassing of igneous magmas, are unnecessary, al-
though such sources cannot be disproved.

That distinct chemical grdups of thermal waters exist in a complex geolo-

gic terréin impTies that flow paths are highly localized. Thét is, springs

- must be discharging Watef that was recharged and circulated within a very

restricted geographic area. If circulation were broader, the springs would

discharge more homogeneous waters. For example, in the northern part'of the

Presidio Bblson,in Texas, the outcropping rock consists of Cretaceous carbonates

bordered by basin £i11 on the south and rhyolitic volcanic rocks on the north

(fig. 8). Four hot springs or wells separated by a total distance of 20 km,
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Capote Spring, Nixon Spring, Hot Springs, and Briscoe Well, have distinctive
water chemistry that reflects rocks types exposed at the spring, in the shallow
subsurface and in the presumed highland recharge area adjacent to the springs.
That they are not identical implies that the flow paths must be localized. The
total recharge area for each spring must be no more than several tens of square
kilometers. Circulation must also be shallow as vertical changes in rock type
would é]so tend to homogenize the thermal water.

This concept is illustrated schematically in figure 23. Flow path A is

entirely in volcanic rocks; water discharged from hot spring A' would be a

" sodium-bicarbonate water similar to the water at Capote Springs. Flow path

B is entirely in Timestone; water discharging at spring B' would be a calcium-
magnesium-bicarbonate-suifate water 1ike those of the Big Bend National Park
springs. Flow path C intersects both volcanic rocks and carbonates; water
discharged from ;pring C' should have a éomposftion intermediate between a
sodiumfbicarbonate and a calcfum-magnesium-bjcarbonate-su]fate water such as
occurs in Briscoe Well. Mixing of waters from flow paths A and B w?uld also
produce a water with intermediate composition. Probably no convection systems
have Tong flow paths 1ike path D, nor do any springs tap a homogeneous reser-
voir. ;The Origin of these thermal waters differs_from that of some other a

thermal waters, such as thoSe at Yellowstone Park. Truesdell and Fournier

© (1976) interpret the variation in spring chemistry in Yellowstone as arising

from the action of steam loss, dilution with cold watér, and wallrock reaction

~on a homogeneous reservoir water at depth.
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Figure 23. Postulated circu1étion}beWater in thermal convection systems

showing fault cont
water chemistry. -

rol of flow paths and 1ithologic control of thermal
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GEQOTHERMOMETRY
Introduction

One of the few well-developed and commonly used tools in geothermal

“exploration is geothermometry. Geothermometry is used to determine maximum

subsurface temperatures from water chemistry by assuhing that some aspect
of the chemical composition oflthe geothermal water is cohtro]led by maximum
temperature. Even though the water may have cooled from its maximum temper-
ature, the water chemistry will ;ef1ect that temperature.

Fournier and others (1974) presented five assumptions used in interpreting

subsurface temperatures: (1) tempereture-dependent reactions occur at depth;

(2) the chemical and mineralogical constituents involved in the reactions are
- abundant in rocks; (3) equilibrium occurs at the reservoir temperature; (4)
" reservoir composition is retained with 1ittle or no reequilibration or change

~in composition at Tower temperature;vand (5) the thermal water does not mix

with cooler shallow ground water. Fournier and others (1974) warn that the

assumptions are not always valid and that interpretation of results is simpler

for springs with high temperatures and discharges than for springs of low

- temperatures or discharges.

There are several qualitative geothermometers, but only two are sufficient-

-1y calibrated to be quantitative. They are the silica method, based on the
‘so]ubi1ity of silica, and the sodium¥potassium or the sodium-potassium-calcium

-methods, based on equi]ibrium‘raﬁios of the elements.
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Quantitative Geothermometers

~ Silica Method

The solubility of silica in water increases with increase in temperature,

therefore, the silica content reflects the maximum temperature of the water.

" Absolute solubility, however, is also a function of the silica phase. Quartz

is 1east so]ub]g, followed by chalcedony, cristobalite, and amorphous silica, -
which is most soluble.

The method, developed by Fournier and Rowe (1966) and Mahon (1966), commonly

- assumes that equilibrium with quartz is attained at high reservoir temperatures

and controls aqueous silica concentrations. For high-temperature systems

(higher than 150°C) in most geologic settings, this assumption is reasonable.

. Quartz is abundant in most rock types, and reaction kinetics are rapid at high

| temperature. - However, for systems at lower temperatures, equilibrium may not

occur or equilibrium may be with another silica phase. At temperatures around

100°C and even up to 180°Cg(Arnorson, 1975), equilibrium may be with chalcedony.
: PN v e e .. B ‘

‘Water in contact with rocks containing amorphous silica may contain very high

- concentrations of silica above the solubility limits of either quartz or

~ cha]cedbny (Klein, 1976).  Given sufficient time and higher temperatures to

“increase the kinetics of reaction, such water could precipitate silica to reach

equilibrium with quartz.
Other prob]ems with the method are precipitation of silica during cooling

of thermal water and dilution by 1oszilica‘c01d ground water. White (1970)

indicates that precipitation of silica as water cools to about 180°C is rapid

but fhat the rate drops greatly below that temperature.
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Sodium-Potassium-Calcium Method

The sodium-potassium method (White, 1965; Ellis, 1970) and the sodium-
potassium-calcium method derived from it (Fournier and Truesdell, 1973) are
based on ratios of ions. Equilibrium constants for reactions between sodium-,
potassium-, and calcium-bearing phases are temperature depéndent. Feldspars
are genera]ly believed to be the minerals governing equilibrium. Experimental
work with alkali feldspars and chloride solutions (Orville, 1963; Hemley, 1967)
and empirical studies of natural thermal waters (White, 1965; Ellis, 1970)

demonstrate a relationship between sodium-potassium ratios and presumed equi-

1ibrium temperatures. 'Fournier and Truesdell (1973) developed an empirical

sodium-potassium-calcium geothérmometer_that incorporates calcium but still
assumes equilibrium with feldspars. They found a linear relationship between
the function log {%QJ + 8 log [igéJ and inverse temperature. The factor Beta
(B) is derived from the stoichiometry of'feldspar reactions and is either 4/3
if the water equilibrated below 100°C or 1/3 if equilibrated above 100°c.

Problems with the sodium-potassium and sodium-potassium-ca]ciuw method

can .arise if equilibrium does not occur or if equilibrium is with minerals other

than feldspars. Although equilibrium can be established at Tow temperatures
(less fhan 50°C) given sufficient time, equf]ibrium probably should not be
assumed for waters not heated well above 100°C. Equi]ibrium with minerals
other than-fe1dspars,}such‘as zeolites which occur in rocks of this study,
does‘not follow the same temperature relationship asrfeldspars. Subéurface
temperatures for such waters cannot be predicted by the sodium-potassium-
ca]éium method. Precipitation,of caicite by travertine-depositing springs

without reequilibration of sodium and potassium leads to estimated temperatures
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that are too high (Fournier and Truesde]] 1973). Dilution affects sodium-
potass1um—ca1c1um temperatures less than it does silica temperatures because

sodium-potassium-calcium temperatures are partly based on ratios of ions.

Qualitative Geothermometers

There are many qualitative geothermometers that ideally indicate whether
thermal waters are part of relatively high or low temperature systems or hot
water versus vapor-dominated systems (White, 1970). These geothermometers
include calcium-bicarbonate ratios, magnesium concentrations and magnesium-
ca1c1um ratios, sod1um-ca1c1um ratios, ch10r1de f1u0r1de rat1os stable iso-

tope rat1os, and siliceous sinter versus travert1ne depos1t1on Furthermore,

- chloride concentrations and chloride-bicarbonate p]us carbonate ratios can

be used as indicators of mixing between thermal and nonthermal waters in groups

of related springs.

Results

Tab]e 5 presents subsurface reservoir temperatures by the silica method

.assuming equi]ibrium with quartz. and cha]cedony and by the sodium-potassium

and sodium- potass1um ca1C1um methods us1ng ﬁ equa]s 1/3 and 4/3. Interpre-

tation. of the geothermometry resu]ts can best be made by relating them to the

geo]ogwc sett1ng and geochem1stry of the thermal waters
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. Table 5. Calculated subsurface temperatures (°C)
- by Si and Na-K and Na-K-Ca methods.*-
. Na-K-Ca | Na-K-Ca
- # Location Quartz  [Chalcedony| Na-K B=%)| B=%)
1 | IHS Stump 92 62 133 | 182 208
o 2 | IHS Chief 92 61 142 189 221
H 3 IHS Squaw 86 55 142 188 218
4 IHS Beauty 86 55 155 196 230
5 IHS Soda 64 32 125 166 155
L 6 Red Bull Spring 87 56 88 141 125
- 7 | Spring at Rio Grande Village| 65 33 123 128 42
8 | Hot Springs—Big Bend 67 36 121 | 128 44
9 Big Bend Spring #2 68 36 122 129 44
- 10 | San Carlos Springs 88 57 99 117 37
11 Peguis 67 35 84 116 50
= 11A | Peguis #2 66 34 82 | 114 48
A 12 | Las Cienagas 91 60 68 | 120 84
13 | Hot Spring—Ruidosa 86 55 181 174 111
- 14 Briscoe Well 90 60 178 169 99
; 15 | Nixon Springs 95 65 86 128 84
b 16 | Capote Warm Spring 88 57 4 | 70 64
17 | Guif—Presidio 122 94 202 | 198 163
. 18 | Gulf-Swafford 159(176)%|135(154)?| 206 | 203 | 178
u - 19 Ojo Caliente #3 134 107 173 201 217
20 Ojo Caliente #4 129 102 168 197 208 \
o 21 | Rancho Cipres 98 67 117 | 158 139
b 22 | Hot Wells 63 30 35 | 101 74
23 Mimbre Well 90 60 178 169 99
- 24 Vizcaino Well 110 81 114 140 83
b - 25 | Naegele Springs 95 65 195 |- 179 112
26 Mexican Springs 91 60 2 79 59
B 27 Nufiez Well 104 74 90 115 41
h 28 | Alamo Springs 68 36 -21 65 60

%See text discussion for interpretation of subsurface temperatures.

b
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K Using published SiO; concentrations,
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Geothermometry of Cold- to Intermediate-Temperature Springs and Wells

Subsurface-temperature estimates range up to 159°¢C assuming quartz
equilibrium and to 135%C assuming chalcedony equilibrium. This is within
the temperature range suggested by Arnorson (1975) as a transition between
quartz and chelcedony equilibrium. The hottest springs and wells (0jos
Calientes and Gulf wells) have the highest silica centents (76 to 144 mg/1)
and reeervoif temperatures (122o to 159°C, quartz equilibrium). However,
cold springs and wells in the Presidio basin have silica concentrations
ranging from 22 to 60 mg/1 (table 3; fig. 24). Equilibrium temperatures for
this range of concentrations are 67° to 110°C for quartz equi]ibrium and 35°
to 80°C for chalcedony equilibrium (table 5). With the exception of 0jos
Calientes and Gulf wells, the silica cqntent of most thermal waters ranges
only from 20 to 45 mg/1 (fig. 24). This.seemingly contradictory relationship
may be explained in several ways. First, the high-silica cold waters may
actually be thermal waters that ﬁave cooled before sampling e%ther through

conduction of heat into wall rocks or by dilution with nonthermal ground

~waters. However, several of the cold waters are from wells drilled near or

into fault zones (for example, Vizcaino, Mimbre, and Nunez) where thermal

- water could be upwelling. It seems unlikely that thermal waters in this

setting could have cooled completely to ambient temperatures. Dilution with
nonthermal Water'implies that the silica content should be still higher,
1mp1y1ng still higher reservoir temperatures

A second poss1b111ty seems more reasonable that the waters are unrelated

to thermal activity and that the high silica content results from dissolution

100
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Figure 24. Measured temperature versus log silica concentration in thermal
‘and nonthermal waters of this report. Silica phase equilibrium l1ines from

Fournier (1976). The letter "R"™ after number indicates reported value from
table 4. u .

SiO2 mg/liter




r

r - cr recrc

.

r

102

of amorphous silica. All the cold waters are oversaturated with respect to
quartz and chalcedony but undersaturated with respect to amorphous silica

(fig. 24), The waters are from springs or wells occurring either in'bo1son
sediments composed of volcanic‘fragments or in siliceous vo]canfc rocks that
are rich in volcanic glass and opal (Walton, 1975); both the volcanic glass

and opal are soluble forms of silica. Hydrolysis of volcanic glass or silicate
minerals releases silica into solution. If the waters were never heated
sufficiently to reach equilibrium with quartz, which seems 1ikely, high silica
concentrations could persist. The most logical explanation for many of the
high-silica waters in Trans-chos Texas is the dissolution of opal or amorphous
silica from igneous rocks. and fhe persistent nonequilibrium of the waters with
respect to quartz. This hypothesis is consistent with published analyses (table
1 of White and others, 1963) of cold ground water emanating from silicic igneous
rocks for which §i]ica concentrations rahged from 10 to 76 ppm.

This conclusion creates problems for‘interpreting the geothermometry of
thermal springs. Water with a sf]fca content of 60 mg/1 in equilib{ium with
quartz requires a reservoir temperature of 110°C. Yet, the same water is
undersaturated with respect to amorphdui'silica at 20°c. Assuming quartz

equilibrium where itrdoeé not occur could give a misleading picture of the

‘geothermal potential of an area. A qommon'assumption is that dilution of

thermal waters with nonthermal waters will lower the silica content. Dilution

with these cold waters could, in fact, raise the silica content of most of

- the hot Waters of this study.

The.silica:contentrof the intermediate temperature (30° to 47°C) warm -

springs varies only between 20 and 45 mg/1 (fig. 24). Among these samples,
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there is no apparent increase in silica content with increase in temperature.
Mdst of the samples contain approximately 40 mg/1. This re]ationship implies
two possibilities: (1) thermal waters for most of the sa&p]es come from the
same resgrvoir, which has approximately 40 mg/1 silica or (2) the samples
represent waters that have circulated to similar depths in areas of Simi]ar
geothermal gradient. Both factors are probably important. A1l but two of
the thermal springs or we]is with a silica content of approximately 40 mg/1
cohe from the northern part of the Presidio Bolson or the Indian Hot Springs
area. For each area, the first possibility 6f a related reservoir may be
important. Between the two areas, the second possibility of similar depth
of circulation in a similar heat-flow province is probab]e'despite the con-
siderable differences in water chemistry between springs of the two areas.

Are these samples in equilibrium? If they are, what does this fact imply
about reserVoir temperatures? The cold waters in the northern Presidio basin,
which presumably recharge the thermal waters, have similar if not greater con-
centrations of silica so that the silica in the thermal waters could simply be
inherited. For the Indian Hot Springs afeé and several springs from Big Bend
. National Park that have lowef éilica coﬁtent, this is not a problem. The
tight ciustéring of silica concentrétions arbund 40 mg/1 suggests that the
waters are tending towards eqdi]ibrium. Many of thé samp]es‘plot very near the
chalcedony edui]ibrium curVe. Tﬁis clustering cou]& be coincidental, and
Fournier and others (1974) point out that equilibrium at low temperatures is
a'tenﬁous assumption.  However,/equi1ibrium with chalcedony at spring tempera-
tures and at praposed reservoirﬁtemperatures is consistent with the observations

of Arnorson (1975) and Fournier and Truesdell (1970). Equilibrium with chal-
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cedony indicates a reservoir temperature of no more than 60°C, well below the
temperature necessary for use in power generation. The maximum temperature re-
ported for any of these thermal systems is 60°C in a shallow well at Indian Hot
Springs (Dorfman and Kehle, 1974) and is consistent with the proposed cha]ﬁedony
equilibrium. Equilibrium with chalcedony is also consistent with observations of
Fournier and Truesdell (1974) that warm springs with moderate to high rates of
dischafge have reservoir temperatures not much above their surface temperatures.
Many of the springs have surface temperatures of approximately 40° to 47°c. Two
of the springs with lowest flow rates, Nixon and Laé Cienagas, which presumably
could have cooled the most frqm their reservoir temperatures, have the lowest
surface temperatures. Equi]ibfium with chalcedony is consistent with the miner-
alogy of the various reservoir rocks. Reservoir rocks at Indian Hot Springs and
Big Bend National Park include Cretaceous limestones that contain chert. Bolson

sediments COmmon]y contain secondary chaicedony nodules (Groat, 1972), and vol-

caniclastic sediments contain a variety of secondary silica minerals (Walton, 1972).

The warm springs in Big Bend National Park and at Peguis on the Rio Conchos
. )

~contain approximately 20 mg/1 of silica and plot near the chalcedony curve

(fig. 24). These springs are probably exclusively in contact with Cretaceous
Timestones COntaining'chert. They have high rates of flow (equal to or greater

than 400 1/min), are 1ikely to be in'eQui1ibrium with chalcedony, and have low

~calculated reservoir temperatures approximately equal to their surface temperaé

tures (40°C).

Di]utionﬂof these waters is a possibility. Fournier and Truesdell (1974)
indicate that mixing with shallow, cool ground water is the most Tikely failure
invthe.five assumptions previdus]y 1isted;- The narrow range in silica content

of the warm spring waters could indicate only minor dilution of thermal water
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with a maximum silica content of 40 to 50 mg/1. Several of the springs
(for example, Capote and Nixon .Springs) emanate from fraétures in bedrock
which provide permeability in otherwise impermeable crystalline rocks.

Near-surface mixing for these springs is highly unlikely. Deeper mixing

. is harder to determine but presumably would involve 6n1y thermal waters.

Mixing in some thermal systems would be difficult to detect because the thermal
and nonthermal waters are chemically similar. In addition, many of the cooler

waters have high silica contents. Mixing might not lower the silica contents

~ of hot spring waters and could even raise them. Soda Spring of the Indian

Hot Springs group is the only spring for which mixing with nontherma] water

can be established conclusively. The temperature, silica content, distinctive

chemistry (table 4), and physical setting of Soda Spring all demonstrate mixing.

Mixing probably has not significantly affected any of the intermediate-tempera-
ture waters. '
The sodium-potassium-calcium method for calculating reservoir temperatures

cannot be used to evaluate temperatures calculated by the silica method. The

sodium-potassium-calcium method requires equilibrium with feldspars (Fournier
and Truesdell, 1973), but many of the spring waters have been in contact with

~ .evaporites or zeolitized volcanic rocks which contribute sodium, potassium,

and calcium. Thus, results for the West Texas waters would not be meaningful.
The problem fs i]]ustrated by the divergence between many silica and sodium-
pbtassium-caléium temperatures, for example, Ojos Calientes.

The methods for calculating subsurface temperatures from sodium-potassium-
ca]cium_geothermometry give a sufficient range in temperatures to overlap with

most preconceived notions about what subsurface temperatures ought to be. For
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example, sodium-potassium-calcium temperatures of 44°C for Hot Springs in
Big Bend National Park and 48° to 50°C for the warm spring at Peguis agree
well with silica-chalcedony and surface temperatures. The results, however,
may simply be fortuitous because equilibrium at such low temperatures is
uncertain, even discounting problems that arise from evaporite solution.

Many esfimated temperatures for sodium-bicarbonate waters determined by
the B équa]s-4/3 method agree reasonably well with chalcedony temperatures
for the same waters; however, many others do not. Attempts to expléin the
sodium-potassium-calcium results can lead to circular reasoning. It is better
to recognize that the method qoes not work forvthese thermal systems.

Stable isotope ratios for most of the intermediate-temperature waters

-plot on the meteoric water line (fig. 22) indicating maximum temperatures less

than approximately 100°C or short residence time. The cause for the slight
isotopic shift for Indian Hot Springs and Rancho Cipres waters is not certain
but probably is not high-temperature exchange.

In this study, the high silica content in many cold ground watgrs, equal
to or greater than the silica content in all but three of the thermal waters
in the area, is due to solution of amorﬁhous silica. This finding greatly
comp]icatés'1nterpretation of the thermal-water geotherﬁqmetry. Nevertheless,
the intermediate-temperature waters appérent]y are approximétely in equilibrium

with chalcedony and have only modest reservoir temperatures of approximately

60°C, which is consistent with the isotopic results. Even if equilibrium were

with quartz, reservoir temperatures would be only about 90°c.
Thermal waters in the Presidio and Hueco Bolsons areas have higher silica

content and, thus, higher reservoir temperatures than thermal waters in the
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Big Bend area. Although this relationship may be caused by solution of amorphous
silica, it is consistent with the geologic setting of the area. The Presidio
and Hueco Bolsons are in areas of recent faulting and relatively high thermal
gradient and have the only known high-temperature thermal systems. There is no

evidence for recent faulting in the Big Bend area, and heat flow and thermal

" gradients are apparently lower than in the Presidio -area.

Geothermometry of Gulf Wells and 0jos Calientes

The geothermometry of Gulf wells and Ojos Calientes needs to be discussed

separately because they are the only known thermal systems which show potential

for power generation. Estimated silica temperatures are 112° and 94°C for
Gulf-Presidio, 159° and 135°C for Gulf-Swafford, and 134° and 107°C for Ojos
Calientes for quartz and ehalcedony equilibrium, respectiveiy (table 5). Pub-
lished silica content for Gulf-Swafford (White and others, 1977) gives tempera-
tures of 176° and 154°C for quartz and chalcedony equilibrium. At these higher
temperatures, equilibrium is moreiikely than at the lower teﬁperatures of

the intermediate temperature springs. Although most geothermometry studies,

including some in the Rio Grande>rift area, have assumed quartz equilibrium
_(Mi]ler.and‘others, 1975; Pearl and Barrett, 1976), Arnorson (1975) states that

. the temperature range from 100° to 180°C is a transition betweenvchalcedony

and quartz equilibrium. Interpretation of these temperatures is arguable.

- Silica content versus surface temperature plots of 0jos Ca]ienteS‘and Gulf-

Presidio, like the intermediate temperature springs, are near the chalcedony

- equilibrium curve suggesting that their maximum temperatures are only slightly

" higher than their surface temperatures.

\

The results of other geothermometers are also equivocal. Temperatures
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by the sodium-potassium-calcium method are all around 200°¢. However, the sodium-

potassium-calcium content of all three waters is controlled by evaporite solution

and is not a re]iab]e indicator of subsurface temperatures. Isotopic results

suggest high temperatures (greater than 100°C) for 0jos Calientes waters which

> show an isotopic shift; 1sotop1c results p0551b1y suggest high temperatures for

| Gulf-Swafford waters wh1ch show an oxygen sh1ft but the resu]ts do not suggest

high temperatures for Gulf-Presidio water which is isotopically similar to
meteoric water.

A1l three waters deposit travertine. Calcite solubility decreases with
increasing temperature so that subsurface temperatures may not be much above
their surface discharge temperatures. However, the waters brobab]y have
reequilibrated with limestone during cooling from their maximum temperatures.

Travertine deposition simply indicates this reequi]ibration.-‘ Reequilibration

- should be e*pected because the producing reservoir for both Gulf wells is
- Cretaceous Timestone and 0jos Ca]iehtes rises along a fault cuiting Cretaceous’

limestone. For the same reason, magnesium content and magnesium-calcium ratios
cannot be esed'as qualitative indicators.
| Petrographic study of»the 0jos Ca]ieetes travertine deposits does not
 revea1 any s111ceous deposits. S1nter is commonly depos1ted by spr1ngs which
' d1scharge water w1th greater than 180 mg/1 silica (wh1te, 1970) By this
crlterjon,;none of the thermal springs or ‘wells should or does deposit siliceous
sinter. | | |

| Water from Gulf-Swafford ﬁs‘far from equilibrium with either euartz or

chalcedony. Its high silica confent and implied high equi]ibrium,temperetures

are surprising in two respects. Fikst, the well produces water at approximately
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80°C. Wells in high-temperature reservoirs should produce water near
reservoir temperatures. The temperature log of Gulf-Swafford shows that
the hot-water-producing zone must tap convective water that circulates from

still greater depth. It is possible that the sampled water has cooled

_ through conduction or by mixing with cooler ground water at the higher level,

but mixing would require that the reservoir silica content and temperature

be still greater. The other surprising aspect is that, although the chemistfy
and geologic setting of both Gulf wells are similar, implying similar histories,
their silica contents differ by a factor of almost 2. Gulf-Presidio is some-
what more dilute but only'by‘about 25 percent fok most constituents other than
silica. It is conceivable that diluting water is low in silica but that the
concentrations of other dissolved constituents are not much less than the

concentrations in the thermal water. Another explanation is that Gulf-Presidio

" is farther from the source of thermal water than is Gulf-Swafford. Silica has

. precipftated during cooling, producipg the difference in concentration.

No clear conclusions can be made from the available information. O0jos

l'Calientes and Gulf-Presidio may be in equilibrium with chalcedony with maximum
- subsurface temperatures around 100°C. Quartz equilibrium at temperatures around

.130°C or dilution of greater concentrations is‘bossible. On the basis of its geo-

Togic setting.and'water chemistry; -Gulf-Swafford ought to have reservoir tempera-

tures simf]ar to those of Gulf Presidio. That it apparently does not may mean |

“5‘thét'a‘chémi¢é1"?e¢6rd of higher temperatures has not been‘well preserved in

. Gulf-Presidio or that the high silica concentrations in Gulf-Swafford have some

source other than high reservoir temperatures. Because of the'potentialfindicated

by these three thermal systems, they deserve more thorough evaluation than can
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be obtained from surface studies.

Many geochemical studies (for example, Pearl and Barrett, 1976; Truesdell

| and Fournier, 1976) now rely on mixing models such as developed by Fournier

and Truesdell (1974) to determine the temperature and fraction of a hot water

~component in waters that have undergone dilution with cold water. As indicated

by Fournier and Truesdell, thermal waters with high rates of discharge can

-\ originate either through deep circulation of meteoric water, which is heated

only to its approximate discharge temperature, or by mixing of a much higher

~ temperature water with cold, shallow ground water.

Determination of whether or not mixing has occurred is commonly made with
the sodium-potassium-cajciUm geothermometer. Water with sodium-potassium-calcium

temperature within 25°C of the discharge temperature is in equilibrium and has

- probably not undergone dilution, whereas water very much out of equilibrium
" probably has. Because of the previously describedlprob]ems of applying the
. sodium-potassium-calcium method, this test cannot be used for either 0jos

Calientes or the Gulf wells. More qualitative tests, such as variattons among

related waters of nonreactive constituents (for example, chloride variation with

temperature), on the meager ava11ab1e data, suggest thct water from 0jos Calientes

-has not been d11uted but that waters from the Gulf wells have undergone mixing.

Waters that have undergone mixing ought to show a regular variation of

chloride content and temperature. Chloride content from the two sampled springs

at 0jos Calientes is very similar a]though the temperatures in the two springs

- differ appreciably. Also, the lower pH and higher bicarbonate content and partial

pressure of carbon dioxide of Ojos Calientes #4, the cooler of the two, suggest

that this spring should have experienced less dilution than did Ojos Calientes

#3. There are numerous springs at 0jos Calientes, and analysis of only two of




r r

r

r r.

r

r .

111

them is not conclusive. Additional sampling to evaluate mixing is relatively
simple and inexpensive and should be done. !
The chemical compositions of water from the two Gulif wells are similar,

and the wells tap the same reservoir, the Loma Plata Limestone. However,

the wells are physically separated, and the waters may not be genetically

_vrelated,so that mixing models using the two may not be valid. Nevertheless,

their chemistky suggests that water from Gulf-Presidio is a more dilute version

" of water from Gulf-Swafford. Di]utionAwould have had to take place at a depth

of at least 900 m, the producing level of the wells, and could have occurred

as the rising thermal water displaced cooler water within the aquifer. If so,

“the di]uting water is likely to be a calcium-magnesium-bicarbonate water, but

it cannot be sampled. Under these circumstances, mixing is particu]ar]y
difficult to evaluate. Because of the impIiéations for geothermometry, the

possibility of mixing ought to be considered more thoroughly.

‘Comparison With Geothermal Indicators In The Rio Grande Rift'

The Rio Grande rift in Colorado and New Mexico is considered an area with

potential for geothermal development because of its extremely high heat flow

':‘(Reiter and others, 1975). The Rio Grande area of Trans-Pecos Texas has a

similar geologic setting, and existing geothermal indicators in the two areas

are comparab1e.: No hot springs in the Rio Grande rift have silica contents

above approximately 100 mg/1 with the exception of springs in the vicinity

of the Valles caldera in northern New Mexico (Summers, 1976; Pearl and Barrett,

1976). The_thermal activity at Valles caldera is probably related to young
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silicic igneous'activity (Ross and others, 1961; Smith and others, 1970).

Other thermal systems in the Rio Grande rift probably result from deep

~circulation of ground water in a region of high heat flow, similar to the

origin of hot springs in Trans-Pecos Texas. Published temperatures and
si]ica content of thermal waters near Socorro and Truth or Consequences,
New Mexico, aré no more than 45°C and 45 mg/1 (Summers, 1976), comparable
to the intermediate-temperature group of springs in Texas. Radium Hot
Springs has maximum temperatures of 60°C and silica concentrations of up to
75 mg/1 (Summers, 1976). Southern New Mexico is an area of demonstrably
high heat flow (Reiter'and others, 1975; Decker and Smithson, 1975). The
similarity in thermal water gedthermometry suggests that the Rio Grande
area of Texas and Mexico is also an area of high heat flow.

Other than the Valles area, the hottest springs and highest silica con-
centrations occur in several thermal areas in the rift in Colorado. Mount
Princeton Hot Springs, Poncha Hot Springs, and hot springs in-the upper San
Luis Valley have maximum sdrface temperatures from 60° to_82°C and'Taximum

quartz equilibrium témperatures from 100° to 125°C (Pearl and Barreft, 1976).

Pearl and Barrett did not provide data Eoncerning silica content, but these

temperatures indicate‘apprbximately'60 to 80 mg/1 si]icd. Olson and Dellechaie
(1976) give maximum va1ues of 85°¢C and 85‘mg/1 (130°C quartz equilibrium) for
spkings in the Mount Princeton group. ‘A11 these values are comparabie ﬁo
températures and silica content of Ojos Calientes and Gulf-Presidio. The
silica content of thermal water from Gulf-Swafford is considerably greater than

any of the thermal systems in the identified Rio Grande rift. By this standard
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the Trans-Pecos Texas region at least has the geothermal potential of the

Rio Grande rift.

A major difference in interpretation is that Pearl and Barrett assumed

~quartz equilibrium for.all springs. Chalcedony equilibrium is more likely
. for some springs in Texas and quartz equilibrium is arguable for even the

- highest temperature thermal waters. Pearl and Barrett interpreted sodium-

potassium-calcium and mixing model geothermometers to give temperatures up

to 200°C.  Evaluations by these methods cannot yet be made for the thermal

. waters of this study. Nevertheless, available evidence shows that the Rio

Grande area of Texas and Mexico deserves as much consideration as any part

of the Rio Grande rift.
GEQTHERMAL MODEL AND AREA EVALUATION

Geothermal Model

. . . . . 3
With available evidence, a model of ground-water flow, depth of
circulation, source and maagnitude of heat, and geothermal potential can

be constructed for Trans-Pecos Texas. Local meteoric water circulates

" .downward through an intersectihg net of permeable fractures created

by late Tertiary to, in some areas, Recent crustal extensjon. Some

rock types, such as massive’ cavernous limestones, are permeable with-
oﬁt fracturihg, although moﬁt oiﬁér;“ére"not.tMWater reaches depths where
it is heated Byfthe normal thermalvgradient. The heated water is less
dense and is forced upward along fractures.by descending cold water.

Thermal water discharges to the surface as hot springs in areas where
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the water table intersects the surface; a large proportion probably leaks

into permeable rocks where the water table is below the surface.

Recent fault movement may be important in keeping fracture systems
open to circulation. Many hot springs are in areas with recent fault scarps
or seismic activiiy such as the Presidio and Hueco Bolsons. However, some
hot springs occur in areas without evidence of recent faulting. In addition,
0jos Cé]ientes, the hottest thermal activity in the area, occurs along a
major normal fault for which there is no evidence of recent movement. Cooler
hot springs 6n the opposite side of the basin from Ojos Calientes are evi-
dently supplied from a'sha110wer depth, even though the springs are near
several recent fault scafps. |

Thermal water chemistry is controlled by the reaction of the waters
with surrounding rocks and is similar to the chemistry of cold ground water
in the samé'areaf_ No additional source of dissolved solids is required.
Chemistry of the springs indicates numerous separate thermal convection
systems. .

Source of heat is the Earth's normal thermal gradient which increases

from Great Plains values in the eastern part of Trans-Pecos Texas to higher,

at least Basin and Range values, a1bng the Rio Grande. Still higher heat

“flow, as along the Rio Grande rift in New Mexico, is possible and even sug-

gested by available data. Thermal gradients are at least 30°C/km and possibly
highér é]ongvthe Rio Grandé. The increase in thermal gradient and heat flow
may be due toﬂpfogréssive thinning of the crust beneath Trans-Pecos Texas
across the Great Plains Basin and Range structural province boundary. An

additional source of heat may be increased thermal gradient caused by blockage




|

o

r.

of normal heat flow by Tow-conductivity rocks, particularly the thick,

water-saturated basin-fill sediments.
Presidio and Hueco Bolsons

Presidio Bolson, its structural continuation to the north, and Hueco
Bolson are the areas with the best potential for geothermal development in
Trans-?ecos Texas according to available evidence. Presidio and Hueco
Bolsons represent the most 1ikely extension into Texas of the Rio Grande
rift and its associated high heat flow. Presidio Bolson is a deep basin
with more than 1 km of fill and possibly twice that much disp]acement
aTong.boundary faults. Recent-scérps in several pakts of the basin show
that it is still subsiding.

In Presidio Bolson there are two groups of thermal waters distin-
guished by’their.estimated reservoir temberétures. Most belong to a
Tower temperature group with estimated subsurface temperatures of 60°C,
assuming chalcedony equilibrium. 60°C is well below any presently feas-

ible energy production use but possibly useful for space and process heat.

- The second group, including Gulf wells and 0jos Calientes, has distinctly

Using a reservoir température qf 60°C, an average annual surface
temperatdre of 20°C and an estimated thermal gradient between 30° and
40°C/km, the_depth of circulation of the lower temperature spring group
is between 1000 and 1360 m (3300 to 4300 ft). Low-conductivity water-
saturated basinéfill sediments may prevent normal heat flow and raise the

thermal gradients. If so, shallower circulation could produce the ésti-
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| higher reservoir temperatures, a minimum of 100°C and poSsib]y,up to 180°c.
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thermal gradient is greater than 40°C/km, possibly because of blockage
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mated temperatures. Thick Cretaceous shales may also have low conductivity
so that areas outside the sediment-filled portions of the basin might
also have anomalously high thermal gradients.

A test ofvthis estimate can be made from Capote Springs using its
surface and estimated reservoir temperature and water chemistry. The
chemistry.of Capote Springs indicates that its water circulates entirely
in volcanic rocks. Cretaceous shales should occur at a depth of no more
than 400 m (1300 ft); water in contact with the shales should have markedly
different chemistry. Circu]ation to a depth of 400 m in an area with a
thermal gradient of 40°C/km would raise water temperature only about
16°C, to about 36°C, almost identical to the springs discharge temperature
but below the estimated reservoir temperature of 60°C.' Either the esti-

mated temperature is too high, circulation is to a greater depth, or the

of normal thermal gradient by the shales.
Estimated depth of circulation for the higher temperatureswaters

of 0jos Calientes and Gulf wells varies considerably with assumed sub-

surface temperatures and thermal gradients. With a subsurface temperature
of 100°C and a thermal gradient between 30° and 40°C/km, the required
depth of circulation ranges between 2000 m to 2700 m (6550 ft to 8750 ft).

If subsurface temperatures dre as high as 180°C,»depth of circu]ation must

be between 4000 m to 5000 m (13,000 ff to 17,500 ft). Ground-water cir-
culation“tq such great depths is more difficult to imagine, although

Sammel (1976) estimated dépths of circulation as great as 4300 m (14,000 ft)

for thermal waters near Klamath Falls, Oregon, which is also in the Basin
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and Range province. In an area of continued intensive brecciation caused
by recent fault movement, permeable fracture systems could stay open to
these depths.

Hueco Bolson is one of the deepest’basins in Texas with 2740 m (9000 ft)

of fill indicated by gravity and seismic data along the east side of the

- Franklin Mountains just east of E1 Paso (Mattich, 1967). A well drilled

by E1 Paso Water Utilities penetrated 1330 m (4363 ft) of bolson fill (Davis

and Leggat, 1967). Total bedrock relief may greatly exceed either figure.

;‘Gravity profiles by Decker and Smithson (1975) indicate a depth of 4 km to

the Hueco‘Bo1son in the E1 Paso vicinity. Earth-resistivity and aeromag-
netic data of Gates and Stanley (1976) show that the basin'shallows to the
south and dies out around the southern Quitman Mountains, which are the site
of -the only hof-springs in the area. The basin presumably is still sub-
siding a]thohgh‘reCent fault scarps have not been observed..Chan and others

(1977), however, did locate several epicenters at the southern end of the basin

~west of the Quitman Mountains. o _ !

" “Chapin (1971) "incTuded the Tularosa-Hueco basin as a part of the Rio

Grande rift.” Reiter and others (1975) and Decker and Smithson (1975) measured

high heat flow in the New Mexico portion, and their data imp]y}that high heat

flow extends into Texas. Reiter and‘others (1975) report -values around
1.5 to 2 HFU possibly up to 2.5 in Hueco Bolson north of E1 Paso and still

highér Va1ues to the west. Decker‘and Smithson measured heat flow values of -

, 2.5'to 3.1 at ‘Orogrande in New Mexico at the northern end ofyﬂueco Bolson.

Heat flow in the Texas part of Hueco Bolson may be similar, although no

determinations have been made.
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Hot sprihgs occur only at the southernmost end of Hueco Bolson at
Indian Hot Springs and Red Bull Spring in what is probably the shallowest
part of the basin. Subsurface temperature indicators suggest reservoirs
at only 60°C. The depth of circulation required to reach this temperature
should be on tﬁe same order as in Presidio Bolson, about 1000 m to 1300 m.
If deeper circulation systems exiSt, they do not diécharge to the surface.
More sbphisticated exploration techniques will be necessary to discover the
thermal water.

The higher temperature thermal systems of this study are at least com-
parable to and possibly higher in reservoir temperature than any of the
pure]y‘convective thermal systems in the Rio Grande rift. ‘This observation
implies two important points: |

1. Heat flow along the Rio Grande in Trans-Pecos Texas and Mexico may
be similar to heat flow in the}Rio Grande rift. Definition of the Rio Grande
rift probably should include this kegion. Obviously, geophys%cal studies to
determine'deép crustal structure are necesSaEy to confirm this inclusion.

2. Thermal systéms in Texas are wogthy of continued investigation as

possible sources of geothermal energy.

Other Areas

No dthér areas fn Texas have as much potential for geothermal development
as Presidio and Hueco Bo]sons; The only hot springs not in Presidio or Hueco
basins are along the Rio Grande in Big Bend National Park and south of the
park in Mexico. Although geothermal-energy development will not take place

in the park, information on thé hot springs there aids in interpreting poten-
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tial for geothermal energy in the general region.

The Big Bend area is part of the physiographic and structural Basin and

Range province (Fenneman, 1946), but heat flow is apparently similar to that

in the Great Plains (Swanberg and Herrin, 1976). Geothermometry of the hot
springs 1ndicates low reservoir temperatures. Silica and sddium-potassium-
calcium subsurface temperatures are in apparent agreement and are close to
measured discharge temperatures (approximately 40°C). Evidently the spring
waters do nof cool significantly during ascent, consistent with their large
discharge. |

Hot springs in the Big Bend region discharge water that is heated appar-
ently by relatively shallow cifcu]ation in an area of normal heat flow similar
to that of the Great Plains. At a thermal gradient of approximate1y‘18° to
29°C/km and an average annual surface ‘temperature of 20°C (70°F), circulation
to a depth of 0.7 to 1 km is sufficient to reach 40°C. Temperatures high
enoUgh to have potential for geothermal energy probab]j occur-only at rela-
tively inaccessible depths. The hot springs in the park area are u§ed best
for the enjoyment.of tourists.

The area from Lobo Valley to‘Marfa: although it does not have either hot

springs or wells, has been inferred to be a potential geothermal area because

of high si]fca‘content of cold, shallow ground water (Hoffer, 1977). Many

irrigation wells in the Lobo Valley agricultural district and domestic wells

around Marfa have high silica concentrations--as much as 80 mg/1. If these

: waters‘are in equilibrium with quartz, these values would indfcate_subsurface

temperatures‘arOUnd 125°C. ~ As discussed in the section on geochemistry of

thermal waters, hewever, the high silica content probably reflects solution
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of amorphous silica in volcanic rocks (tuffs and tuffaceous sediments), or
basin fill derived from volcanic rocks. There is no evidence that the well
waters represent anything}but shallow circulation. Measured temperatures
are probably maximum temperatures.

The geologic setting of the Lobo Valley area suggests some geothermal
potential, howeber. The Lobo Valley is part of a series of en echelon
grabens which'ihc]udes Presidio Bolson. It is a deep basin with recently
active normal fab]ts (Belcher and Goetz, 1977) with at least 1000 m of
normal fault displacement along the west side. The basin becomes shallow to
the south. A water test well 40 km northwest of Marfa penetrated no more
than 380 m (1250 ft) of fill (Gates and White, 1976), and bear Marfa volcanic
rocks crop out.

Deep circu]ation should be expected along faults in the Lobo Valley area.
Absence of high-temperature spr1ngs or wells suggests that such circulation

is not taking place. However, the basin is undissected; spr1ngs of any kind

*are rare because the water table 1s we]] be]ow land surface because ‘of heavy

ground-water w1thdrawa1 for agr1cu1ture It is conceivable that hot water

comes up along some of the basin-edge normal faults but discharges into basin

- fin at the water table. By the time therma]~water reaches an existing well

it is unrecognizable because of mixing or conduct1ve coo11ng Nevertheless,
if thermal water exists in the Lobo Va]]ey area, it 1s surpr1s1ng that no
wells have tapped any.

, Heatfflow and thermal-gradient studies mostly indicate values similar
to those of the erat_P]ains‘(Decker and Smithson, 1975). Kleeman (1977) did

show one higher heat-flow value (2.4 or 3.0) near Van Horn. The slight ambi-
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guity in heat flow and the similarity in setting and proximity to the Presidio
graben warrant further investigation. However, according to the available
evidence, the area is not a potential geothermal area.

Salt Basin, the northern extension of the Lobo Valley - Presidio series

- of érabens, also has recent fault scarps (Belcher and Goetz, 1977). Geophys-

ical measurements (White and others, 1977) indicate a maximum of 760 m (2500 ft)

of fill. There are nd hot springs or wells. Silica content of ground water

ranges from 10 to 20 mg/1. The low values are probably caused by the absence
of silicic volcanic rocks in the area. Adjacent highlands are composed of
carbonate sediments. For the ;ame reasons given for the Lobo Valley area,
Salt Basin is not a potential area for geothermal development.

One line of evidence contradicts this conclusion about Salt Basin. Decker

~ and Smithson (1975) measured a heat flow of 2.0 at Cornudas, New Mexico, just

across the State line in the highlands bordering the Salt Basin. If this

value is indicative of heat flow in the area, Salt Basin could be expected to
: ]

have a high thermal gradieht. Decker and Smithson, however, also determined

- - a heat-flow value of 1 north of Van Horn'at the south end of the Salt Basin.

Thermal gradients in oil tests in the area are low (AAPG, 1975). An explan-

~ation for the difference is not apparent unless large changes in heat flow

are possible over short distances. Possibly ground-water flow has‘disfurbed
the méasuked_heat f]ow, although Decker and Smithson did not consider either

value anomalous,
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ADDITIONAL WORK

Sufficient potential is shown by the geothermal évidence in Trans-Pecos
Texas that additional work is warranted. More evaluation is needed rather -
than a development program. Most of the known hot springs or wells do not

have much potential. Only Ojos Calientes and Gulf wells suggest high tem-

~ peratures at-depth, and even in these there is no evidence as yet of suffi-

ciently high temperatures at accessib1e depths. ‘The problem is that geothermal
exploration, in general, is not well developed, and in Trans-Pecos.Texas is
still in reconnaissance stage:

The geologic béckground énd most of the geochemica] data necessary for
explorationlexist. Trans-Pecos Texas is exceptionally well mapped, and many
geologic and geochemical data have been gathered for this report. What is
lacking aré‘geochemica] data to evaluate the effects of dilution on the highest
temperature thermal waters and geophysical informafion to define heat flow and
crustal structure. Geochemical investigationrof mixing of thermal §nd non-
thermal waters, as discussed in the section on geothermometry, would be one
useful step.

The gréatest amount of new insight can probably be gained from geophysical

| studies. However, geophysical methods designed explicitly for geothermal

exploration are not well developed, and some developed methods aimed at discov-

: ering bdried,magma chambers (Eaton, 1976) are not applicable in Texas. Never-

theless, much useful information could be gained from geophysical research.
A difect geophysical exploration method might be to find additional areas of

convective upwelling by measuring thermal gradients in existing wells or in
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shallow wells drilled specifically for geothermal exploration in and near
major basin-margin fault zones. These fault zones are the conduits for most
of the known thermal waters. Anomalously high thermal gradients in the
shallow wells, even ones that do not reach the water table, would indicate
upwelling thefma] waters. Some thermal waters do not reach the surface but
have been discovered accidentally; thus, there shouid be many as yet undis-
covered therﬁa] convection systems, particularly in Presidio and Hueco Bolsons.
Earth resistivity or self-potential measurements could be used to Tocate
upwelling therma]hwaters, but interpretation would be complicated by the
heterogeneity of the rocks énd’ground water in the areas of‘study (Gates and
Stanley, 1976).

| Although more thermal water should be discovered by these methods, there
may be no hidden high-temperature systems. Private exp]oéation companies
have measured gradients in many existing wells and in wells they drilled.
Information from thése studies is, of course, cdnfidentia],.b&t the absence
of continued interest by the companies suggests that results were nédt
encouraging.

Thermal-gradient and»shallowéheat-flow studies and geochemical analyses

. are aimed at existing therma] convection systems. However, hot springs and

Wei]s are not ideal exploration subjects. Most hot springs of the Rio Grande
area-repfesént meteoric water which circulates to moderate depths and is heated
to moderate temperatures.“DépthsTof circulation have beeh estimated, but data
which cou]d define those depths accurately are unavailable. Deep circulation

in low-thermal-gradient areas of the world produces hot springs, although in
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those areas temperatures sufficient for power production exist only at
economically inaccessible debths. On the cher hand, adequate temperatures
could exist at accessible depths in Trans-Pecos Texas even though the present
hydrothermal cjrcu]ation either does not reach that depth or waters from
that depth do not reach the surface. Knowledge of fhe thermal gradient and
thermal structure at depth is necessaryrto determine whether or not sufficient-
1y higﬁ temperatures exist and -in what settings they are most shallow. Such
information can be obtained in two ways: indirectly by geophysics or directly
by drilling. Geophysical studies oughf to precede expensive drilling.
App]icab]e.methqu include ‘gravity, magnetic, and seismic studies to
delineate subsurface structure and heat-flow studies to determine thermal
grddients. For the-same reasons that thermal gradients in shallow wells
could be useful in detecting hidden thermal convection, they are not good
indicators of regibna] heat flow or thermal gradient. Convection of meteoric
water is'occurring over much-of the area. Cold recharge water moving down-

ward would depress the thermal gradient, whereas upwelling thermal‘water

~ would enhance it. As an eXamp]e,-theltherma] gradient in a 100-m-deep well

above thermal water at 60°C at a depth of 200 m and with a surface temperature

- of 20°C would be 40°C per 200'm or 200°C/km. This gradient is impressive until

‘one realizes that the thermal grédienf below the thermal water would decrease

and probably even reverse as cold ground water is reencountered. Such a

setting COuld and probably does exist in many of the areas of hot Springs in

* Trans-Pecos TéXas; ‘The thermal gradient reverses in Gulf-Swafford where temper-

atures drop below the thermal producing horizon and are not reached again except

near the bottom of the well. Swanberg and Herrin (1976) illustrated a'similar
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problem and its effect on heat flow measurements in the Big Bend National
Park area. True thermal gradients can be determined only where convection
does not occur.

Commonly preferred sites for thermal gradient and heat-flow measurements
are in unfractUred, therefore imperméab]e, crystalline rocks. Faulting and
associated fraﬁturing are extensive in Trans-Pecos Texas, but adequate sites
should exist in mountain blocks bordering the Rio Grande. Some of the best
sites for measuring heat flow and also discovering areas of anomalously high
but deep thermal gradients are possibly basin centers. The unfaulted, fine-
grained sediments should be highly. impermeable and preclude convection. Block-
age of heat flow by low-conductivity sediments could prdduée abnormal thermal
gradients and high temseratures at relatively shallow depths below the sedi-
ments (Diment andbothers, 1975; Hose and Taylor, 1976). Distinguishing this
kind of high therma] gradient from that caused by convection may be difficult
and even ambiguous. Yet examinatidn of the permeability of tﬁe material pene-
trated in a well should provide some distinction. In general, heat flow studies
both in tﬁe basiﬁ§~$ﬁd—{n ér&éfél{{aémfogké.in the adjacenf highlands should

at least be able to determine regional heat flow and provide some evidence

~ whether or not the area has any real geothermal potential.
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