SPECIAL PUBLICATIONS

g T\ \ S .
Museum of Texas Tech University

NUMBER 46 12 May 2003

AQUATIC FAUNA OF THE NORTHERN
CHIHUAHUAN DESERT

CONTRIBUTED PAPERS FROM A SPECIAL SESSION WITHIN
THE THIRTY-THIRD ANNUAL SYMPOSIUM OF
THE DESERT FISHES COUNCIL

HELD

17 NOVEMBER 2001

AT
SUL ROSS STATE UNIVERSITY, ALPINE, TEXAS

EDITED BY ,
GARY P. GARRETT AND NATHAN L. ALLAN




GROUNDWATER SYSTEMS FEEDING THE SPRINGS OF WEST TEXAS

JouN M. SHarp, JR., Rapu Bogtic, anp Murraew M. ULiana

ABSTRACT

Major existing and former springs of the north-
em Trans-Pecos, Texas, include the Balmorhea Springs
(San Solomon, Phantom Lake, Giffin, and East and
West Sandia) in Reeves and Jeff Davis Counties and
Comanche Springs, Leon Spring, and Diamond-Y
Springs in Pecos County. Understanding the regional
groundwater flow systems that feed or fed these
springs is needed to manage regional water resources,
including the springs that provide islands of aquatic
habitat. Some springs have ceased to flow or now
flow at greatly diminished rates. Data indicate that
spring discharges have been gradually declining for at
least the last 100 years. In addition, groundwater ex-
traction for municipal, domestic, and irrigation uses
threatens continued spring flows. The individual
groundwater basins are connected through regional

flow systems in fractured, karstic carbonate rocks.
Regional fracture trends connect the major recharge
and discharge areas and localize discharge from car-
bonate aquifers. Analysis of fracture systems allows
interpretation of regional flow systems and regional-
scale permeability. Recharge is from fractures in the
highlands, losing streams on proximal portions of allu-
vial fans, irrigation return flow, and interbasin flow.
Discharge is to the springs, by wells, and in the past to
the Pecos River. *Sr/*Sr ratios and other chemical
and isotopic data confirm the inferred regional flow
systems and suggest that some of the springflow re-
charged during the Pleistocene. The groundwater sys-
tem is evolving because of both climatic trends and
anthropogenic effects.

INTRODUCTION

Trans-Pecos Texas encompasses the general area
of Texas west of the Pecos River (Figure 1) and is the
most southeastern portion of the Basin and Range
physiographic province in the United States. It has a
subtropical semiarid climate. Average annual precipi-
tation is less than 300 mm, and precipitation increases
with increasing elevation (e.g., Schuster, 1996). With
the exception of a few significant springs and the brack-
ish Pecos River and Rio Grande, surface water re-
sources are minimal. A number of individual ground-
water basins form parts of regional groundwater flow
systems. Regional-scale structural features create a
template for fractures and Karst features that control
the flow systems. The regional flow systems, in turn,
discharge at springs that provide unique wetland habi-
tats for endangered aquatic species. Through wells
and spring flow, these systems have been developed
to meet much of the area’s municipal, domestic, and
agricultural needs.

Brune’s (1981) compendium listed the impor-
tant springs of the region. This study concentrates on
those in the northern Trans-Pecos associated with
endangered species and the groundwater systems as-
sociated with these springs. Figures 1 and 3 show the
locations of the springs. The unique biotas that inhabit
the spring systems suggest persistent, long-term
springflow discharge. However, data indicate that dis-
charge from these springs may have been in decline
for the past 100 years and, possibly, for the past sev-
eral thousand years (Hall, 1990; Sharp et al., 1999;
Musgrove, 2000) as is this case for most of the south-
western U. S. A,

Increased groundwater pumpage for municipal
and agricultural use has hastened or caused springflow
declines and changes in the regional flow systems.
Proper management of the groundwater in this region
is important to maintain spring flows and the habitats
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Figure 1. Study area is located in northern Trans-Pecos Texas and southestern New Mexico. The Salt Basin, Wildhorse Flat, Lobo
Flat, and the Toyah Basin are clastic basin fills; the Davis Mountains are volcanic rocks. The major springs are delineated. Giffin
Spring is adjacent to San Solomon Springs in Toyahvale and East and West Sandia Springs are in the town of Balmorhea. Phantom
Lake Springs is closely linked to the springs in Toyahvale. Leon Springs formerly discharged between Comanche and Diamond Y

Springs.

for the endangered species and to meet the region’s
municipal and agricultural needs. Herein we review the
regional hydrostratigraphy and structural geology and
discuss the hydrostratigraphy, hydrogeology, structural

geology, regional hydrogeology, fracture controls on
permeability, some springwater chemistry, and implica-
tions for spring discharge and water resource manage-
ment.

HYDROSTRATIGRAPHY

Geologic units range in age from Precambrian to
Holocene, but the most significant units hydrogeologically
are: 1) the Permian shelf, reef, and basinal sediments of
the Delaware Basin; 2) Cretaceous carbonates; 3) Ter-
tiary igneous rocks in the Davis and Barilla Mountains;
and 4) Cenozoic alluvium. Permian rocks are subdi-
vided into three hydrostratigraphic facies (Figure 2) with
highly different hydraulic properties (Hiss, 1980; Nielson

and Sharp, 1985; Boghici, 1997; Mayer and Sharp, 1998;
Boghici and van Broekhoven, 2001). The Guadalupian
shelf margin (reefal facies) provides excellent aquifers
as exemplified by the Capitan aquifer, which has high
porosity and permeabilities that are the result of exten-
sive Karstification (e.g., Carlsbad Caverns and associ-
ated caves in southeast New Mexico, the Apache Moun-
tains, and the Glass Mountains). Aquifers in the Per-
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Figure 2. Permian hydrostratigraphic facies (after Nielson and Sharp, 1985). The stippled pattern denotes
sandstones and carbonates overlying basinal evaporite-rich rocks; the crosshatched pattern denotes highly

permeable reefal facies rocks of the shelf margin.

mian shelf facies have highly variable fracture-depen-
dent permeability. Karstification is controlled by the frac-
ture set characteristics (e.g., the Bone Spring aquifer
that supplies Dell City). The basin fill facies rocks, in-
cluding the Rustler Formation generally possess low per-
meability and extensive evaporite deposits. They form
aquifers with low permeabilities, poor quality water, and
low well yields. The Rustler provides brackish water to
wells and along a deep fault system to Diamond Y Springs.

Lower Cretaceous rocks crop out in the eastern,
southeastern and southwestern parts of the Toyah Basin
and on the Diablo Plateau (Figure 1). These rocks rep-
resent mostly marginal, near-shore, and marine facies.
"They supply irrigation and livestock wells with fresh to
slightly brackish water (Ogilbee et al., 1962; Boghici,
1997). The Cretaceous Edwards-Trinity is the most
important aquifer in the Diamond Y area. It underlies
most of Pecos County, as well as parts of Reeves,
Culberson, and Jeff Davis Counties (Anaya, 2001). The
more permeable units in the Edwards-Trinity are the lower
Cretaceous sands and limestones, which are hydrauli-
cally connected with the overlying Pecos Cenozoic allu-
vial aquifers of the Coyanosa and Toyah Basins. In some
locales, Cretaceous carbonate units are juxtaposed with
Permian reefal rocks and form parts of the same flow
system, such as the one that flows to Balmorhea and the
Toyah Basin (LaFave, 1987; Uliana and Sharp, 2001).
Phantom Lake Springs issue from a cave opening in
Lower Cretaceous limestone. The Cretaceous carbon-
ates of the Diablo Plateau support a regional aquifer and
a less extensive perched aquifer. These rocks can be
extremely transmissive because of fracture and solution
porosity (Scalapino, 1950; Kreitler and Sharp, 1990).

Groundwater flows to the northeast and discharges into
the Salt Basin, where it evaporates in gypsum flats.

Tertiary igneous rocks are mostly ash-flow tuffs
and lava flows that overlie the Cretaceous rocks. The
volcanic rocks of the Davis Mountains do not contain
significant regional aquifer systems (Hart, 1992; Chastain-
Howley, 2001), but runoff from them contributes to re-
charge of the Toyah Basin alluvial aquifer (LaFave and
Sharp, 1987; Uliana, 2000) and, presumably, other sur-
rounding basins.

Thick Cenozoic fluvial siliciclastic deposits occur
in the Toyah and Salt Basins. Other recent deposits in-
clude fluvial terraces, playa muds and evaporites, acolian
deposits, and colluvium. Aquifers in these units provide
significant amounts of water to wells and municipalities
in the Toyah Basin and in Wild Horse Flat (Gates et al.,
1980; Sharp, 1989; Ashworth, 1990). The Toyah Basin
was formed by dissolution of underlying Permian evapor-
ites and is filled with up to 470 m of Cenozoic alluvium
(Maley and Huffington, 1953). The alluvial sediments
filling in the Salt Basin reach a thickness of over 750 m
(Gates et al., 1980). Groundwater divides separate the
basin into three different flow systems. The northern
and the middle areas are closed basins with recharge
occurring through the bounding faults on the east and
west of the basin, and discharge through the gypsum
flats or vadose playas in the center of the basin (Boyd,
1982; Nielson and Sharp, 1985). The Wild Horse Flat
part of the basin, however, lacks playas. In addition, the
oldest mapped potentiometric surface (Nielson and Sharp,
1985; Sharp, 1989) indicates interbasin flow through the
Apache Mountains towards the east.
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Figure 3. Regional flow systems of Trans-Pecos Texas (Sharp, 2001). WH and LF denote Wild Horse Flat and
Lobo Flat of the Salt Basin. Springs are denoted by letters - A, Phantom Lake Spring; B, San Solomon and Giffin
Springs; C, East and West Sandia Springs; D, Leon Springs; E, Comanche Springs; F, Diamon-Y Springs; and G,
Indian Hot Springs. A, D, and E no longer flow. The regional flow systems are: 1 and 2, the discharge at the
Fabens artesian zone and Indian Hot Springs (G), respectively; 3, Eagle Flat - Red Light Draw flow system; 4,
Sacramento Mountains - Dell City flow system; 5, flow systems in the Capitan Reef; 6, eastward flow in the
Delaware Basin, perhaps discharging at Diamond-Y Springs (F); 7, the Salt Basin - Toyah Basin - Pecos River
system that also feeds Balmorhea Springs (A, B, and C); and 8, speculative eastwards extensions of this last
flow system.

STRUCTURAL GEOLOGY

Trans-Pecos Texas has been subjected to at least
five major tectonic episodes that formed fault zones and
structural trends that have been repeatedly reactivated
throughout the history of the area. Precambrian com-
pressional events generated the basic northwesterly

trends that are still predominant and that influenced sub-
sequent structures. The early Pennsylvanian Ouachita
collision was responsible for the formation of the Dela-
ware Basin and the thick sequences of Permian sedi-
mentary rocks that form a significant part of the re-
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gional groundwater systems. The morphology of the
Delaware Basin has influenced later fault patterns. For
example, major faults in the Apache Mountains and the
Guadalupe Mountains run parallel to the Permian paleoreef
front. Later events include the Mesozoic rifting of the
Gulf of Mexico, the early Cenozoic Cordilleran/Laramide

Orogeny, and Eocene Basin and Range extension. These
events caused the repeated reactivation of the earlier
structural features. Faulting is active today (Goetz, 1977).
Details of the region’s tectonic/structural setting are given
in Dickerson and Muehlberger (1985) and Muehiberger
and Dickerson (1989).

REGIONAL HYDROGEOLOGY

Groundwater production in Trans-Pecos Texas is
concentrated in the Permian and Cretaceous rocks and
in the Cenozoic alluvial fill in the Salt and Toyah basins
(Davis and Leggat, 1965; Couch, 1978; Hiss, 1980;
Ashworth, 1990; Sharp, 2001). Evidence exists for sig-
nificant groundwater flow in fractures and in karst con-
duits (LaFave and Sharp, 1987; Mayer and Sharp, 1998;
Uliana, 2000; Sharp, 2001). Both local and regional flow
systems exist in the area. Figure 3 shows the major re-
gional flow systems inferred for northern Trans-Pecos
Texas. The major springs discharge both from regional
and local flow systems associated with Permian/Creta-

ceous carbonate rocks (White et al., 1941; LaFave and
Sharp, 1987; Uliana and Sharp, 2001). The flow sys-
tems that feed the currently active springs harboring
endangered aquatic species (San Solomon, Giffin, East
and West Sandia, and Diamond Y Springs) are only two
on the documented, probable, or inferred regional flow
systems in northern Trans-Pecos Texas and southeast-
ern New Mexico. The other flow systems may have
once discharged to springs (i.e., Crow Springs near Dell
City) that have also have once harbored unique biota. All
these regional flow systems are in fractured carbonate
rocks.

FRACTURE CONTROLS ON GROUNDWATER FLOW

The regional flow systems are controlled by frac-
ture systems. The density and orientation of fractures
in the Trans-Pecos region reveal a definite relationship
between the regional structural trends and the fracture
orientations. LaFave and Sharp (1987) and Uliana (2000)
document fracture orientations in the Apache and Dela-
ware Mountains that follow the prevalent N10W orien-
tation of regional structural trends. Mayer (1995) and
Uliana (2000) used aerial photos and field studies to map
lineaments and fractures. They document the correla-
tion between fault orientations and the regional struc-
tural grain. Fault patterns in the Salt Basin (Goetz, 1977)
show a similar correlation between fracture patterns and
the regional structural grain.

Fracturing of the carbonate rocks influenced their
subsequent karstification. Nielson and Sharp (1985),
LaFave and Sharp (1987), and Uliana (2000) document
regional connections between Wildhorse Flat and the
Toyah Basin, including the springs at Balmorhea. Frac-
turing of Permian reefal rocks and karstification create a
high permeability zone along the Stocks Fault-Rounsaville
Syncline trend (Figures 1 and 3). Hydraulic head data
show that water discharged from Wildhorse Flat at one

end of the structural trend and flowed into the Toyah
Basin along its southwestern edge, near the springs.
Additional evidence supporting the regional flow hypoth-
esis includes the lack of discharging playas in the
Wildhorse Flat section (Figure 1), fracture trends in the
Apache Mountains, and isotopic data (Uliana, 2000; Uliana
and Sharp, 2001). The northern parts of the Salt Basin
contain extensive vadose playas that are primary natural
discharge features. The lack of playas in Wildhorse Flat
is consistent with groundwater discharge by interbasin
flow through the Apache Mountains. Uliana and Sharp
(2001) examined the®Sr/*Sr distributions in Trans-Pecos
groundwater. High ¥’Sr/*Sr values occur at the up-gra-
dient end of the flow system; these are caused by ground-
water interaction with Precambrian rocks (including
clasts in alluvial fans) along the west edge of Wildhorse
Flat. 8Sr/®Sr values decrease along the hypothesized
regional flow paths. This suggests that the high
¥7S1/%Sr values in the Wildhorse Flat groundwater equili-
brate with the Permian and Cretaceous carbonates and
fluid mixing with other waters recharged or displaced
along the flow path. Phantom Lake Springs formerly
issued from an opening in Cretaceous limestone. This
opening leads into a network of caverns. Cave divers
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have mapped and surveyed over 2300m and measured
groundwater discharge in the caverns. Their map
(Tucker, 2000, reproduced in Uliana, 2000, p. 21) indi-
cates that the cave network follows a linear trend that
parallels the Stocks Fault - Rounsaville Syncline trend.
In January 1999, Phantom Lake Springs ceased to flow

for the first time in probably at least 200 years (Figure
4).

A similar high-permeability structural trend (the
Otero Break) connects the Sacramento River recharge
area in southern New Mexico and the Dell City, Texas,
irrigation district (Mayer and Sharp, 1998). This inferred
conduit flow (Flow system 4 on Figure 3) is confirmed
by both geochemical and hydraulic head data. This
flow system formerly discharged at Crow Springs in the
Salt Basin (Ashworth, 2001). Flow system 3 from Eagle
Flat is presumed to discharge to the Rio Grande (Darling
and Hibbs, 2001). Indian Hot Springs (G on Figure 3)
discharge from carbonate rocks and the flow is through
fractured carbonate rocks in the U. S. A., and, perhaps,
Mexico. Although undocumented, similar regional flow
systems may exist in southern Trans-Pecos Texas and
Northern Mexico.

70

Comanche Springs (Figures 1 and 3) formerly is-
sued from a 673-m long, fracture-controlled cave formed
along a N60-65W trending joints (Boghici, 1997; Veni,
1991). Dye tracer tests conducted in the 1950’s dem-
onstrated that groundwater was flowing to Comanche
Springs at rates of up to 3.2 km/day (Sparks, cited in
Veni, 1991). A structural low in the permeable Creta-
ceous limestones (the Belding-Coyanosa trough) extends
some 64 km to the southwest of Comanche Springs
connecting them with the recharge areas in the vicinity
of the Glass Mountains (Boghici, 1997; Boghici and Van
Broekhoven, 2001).

Darling (1997), Darling et al. (1995), and Darling
and Hibbs (2001) examined oxygen, deuterium, and car-
bon isotopes in the groundwater in the western portions
of the study area (in particular, in flow systems 2 and 3
on Figure 3). These data suggest recharge during a cooler
and wetter Pleistocene climate. Groundwater ages of
8,000 to 50,000 years are indicated. Balmorhea springs
show little seasonal variation. Their waters are brackish
and slightly higher than mean annual surface tempera-
ture. Isotopic data, although sparse, support Darling’s
results, indicating long residence times (Uliana, 2000;
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Figure 4. Spring flow hydrographs of Comanche, Phantom Lake, San Solomon, and Giffin Springs. Data are from U. S.
Geological Survey, U. S. Bureau of Reclamation, and Groundwater Field Methods Class (1990, 1992, 1995, and 1996).
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Uliana and Sharp, 2001). In addition, the unique spring
ecosystems suggest that spring flow and spring chemis-
try have remained relatively stable for extended periods
of time. Such stability in a semi-arid zone implies a re-

gional flow system because local flow systems show
greater seasonal variations. Consequently, a few years
of drought would not be suspected to impact spring flows
significantly.

SPRING DISCHARGE AND WATER RESOURCE MANAGEMENT

Figure 4 shows the discharge of the four of the
largest springs in the area. Early (before 1920) data are
less reliable, but several trends are evident. First,
springflows appear to have been declining prior to the
development of extensive irrigation in the 1940’s. This
is consistent with longer-term climatic studies that sug-
gest a drying of the region (cited in Kreitler and Sharp,
1990). Second, there is variability in discharge, particu-
larly, when average annual discharges are low. This is
caused by normal climatic variability and may not be
indicative of long-term sustained trends. The variations
probably reflect short-term variability in groundwater re-
charge. Some later data on San Solomon, Giffin, and
Phantom Lake Springs are point (in time) measurements
taken by the Groundwater Field Methods Classes (1990,
1992, 1995, and 1996). These are not annual averages,
but reflect the short term variability. Third, San Solomon
and Giffin Springs show a remarkably steady annual flow
regardless of climatic variability. Flow has been rela-
tively constant since the 1930°s even through the major
drought of 1947-1955. Four, Comanche and Phantom
Lake spring discharges began to decline at greater rates
when groundwater pumpage for irrigation commenced.
Comanche Springs ceased to flow about 1961, and Phan-
tom Lake Springs largely ceased to flow in January 1999.

Balmorhea Springs—San Solomon, Giffin, and
Phantom Lake springs are in close proximity and are
probably fed from the same fractured, karstic conduit
(Uliana and Sharp, 2001). The conduit system, which is
accessed at the Phantom Lake Spring orifice, was gauged
in 1997 by Tucker (2000). His preliminary data showed
that, at that time, only a small percentage of the flow in
the conduit discharged at Phantom Lake Springs. The
bulk presumably discharges to San Solomon and Giffin
springs, but this is not yet documented. Phantom Lake
Spring fed a ciénega and canal system that harbored en-
dangered fish species. Inconsistencies in spring dis-
charges fed from the fractured, karstic conduit trend
are typical of karstic systems.

The decline in Phantom Lake springflow may be
caused by several factors. First, a regional lowering of
the water table is documented by comparing recent data
from The University of Texas Groundwater Field Meth-
ods classes (1990, 1992, 1995, and 1996) and the U. S.
Bureau of Reclamation with the earliest known data
(White et al., 1941). These show that the water table
near Balmorhea has been lowered by some combination
of long-term climatic change and, probably more impor-
tantly, regional pumping for irrigation and municipal uses.
This pumping could include both local well effects and
the regional lowering of heads in the Toyah Basin. A sec-
ond possibility is that the “plumbing” itself has changed
because of either opening of fractures/conduits because
of dissolution, tectonic activity, or changing sediment
storage in the conduits that could increase or decrease
the permeability of various branches of the conduit. Major
pulses in turbidity of spring discharge have been ob-
served (White et al., 1941; Kreitler and Sharp, 1990).
Loss of recharge because of domestic wells in the Davis
Mountains is another potential, but probably secondary,
effect. Finally, the beheading of the regional flow sys-
tem because of pumping in Wildhorse Flat may have an
effect. Water recharging Wildhorse Flat now supplies
the communities of Van Horn and Sierra Blanca, as well
as local irrigators of cotton, pecans, hay, and vegetables
(Nielson and Sharp, 1985; Kreitler and Sharp, 1990) so
that discharge from Wildhorse Flat via interbasin flow
has been diminished, if not stopped. At present, there
are insufficient data to differentiate between these hy-
potheses or eliminate any of them,

Pecos County Springs.—The cessation of flow at
Comanche and Leon Springs is closely correlated in time
with the onset of irrigation pumpage, although, quality
long-term discharge data are not available for Leon
Springs. DiamondY Springs, however, continue to flow.
The discharge data for the Diamond Y Springs are sparse:
only four measurements between 1943 and 1987, and
only the main spring was gauged. Based on their re-
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sponse to rainfall, Veni (1992) indicated the existence of
two distinct groups of springs and seeps. The springs’
response suggests slight to moderately extensive flow
conduits feeding the Diamond Y Springs system. Dia-
mond Y Springs discharge a low to moderately saline
Na-Ca-Cl-SO, type of water that is similar in composi-
tion to waters from the Rustler aquifer near Fort Stock-
ton. The main processes affecting the water chemistry
are: calcite, dolomite, halite, and gypsum dissolution and/
or precipitation, and ion exchange between calcium, mag-
nesium, and sodiuvm (Boghici, 1997, 1999).

Stable and radiogenic isotope analyses in the Dia-
mond Y Springs suggest that evaporation and water mix-
ing processes are important controls on the spring water
chemistry. Oxygen-18 and deuterium data indicate that
Diamond Y waters are meteoric in origin; the data are
distributed along an evaporation line according to spring
discharge and pool size - the larger the discharge and the
pool, the closer they resemble the main spring composi-

DISCUSSION AND

All data and existing models support the hypoth-
esis of extensive regional flow systems in Trans-Pecos
Texas. Analyses of the fracture zones and the regional
structural trends indicate that those trends influence, and
probably control, the flow paths in this regional system.
We also observe extensive structural features that con-
nect recharge and discharge areas over great distances.
Analyses of the fracture zones indicate that their orienta-
tions are controlled by pre-existing structural trends that
have been reactivated over the history of this area. These
demonstrate a pattern where ancient structural trends
create the templates for fractures and karst patterns that
contro} the development of a regional groundwater sys-
tem. We hypothesize that this pattern may be repeated
in carbonate systems in other semi-arid parts of the world.
This has implications for our understanding of ground-
water flow systems in regions that are usually depen-
dent on groundwater for irrigation and municipal needs.

Regional flow systems connect individual ground-
water basins. Fractures and subsequent karstification
follow the structural trends and control the location of
the major natural recharge and discharge areas (springs).
Atleast 5 tectonic events and physical stratigraphic vari-
ability have led to a complex set of fracture domains.
Mapping of these domains demonstrates how they have

tion. The two main springs, Diamond Y main spring
and Euphrasia spring, show tritium and '“C data indica-
tive of a mixing of older and recent waters (Boghici,
1997, 1999). This occurs elsewhere in the study region
(e.g., LaFave and Sharp, 1987; Uliana, 2000; Darling,
1997; Darling et al., 1995) and is supported by geochemi-
cal mass-balance modeling (Boghici, 1997). These are
all consistent with the model of Diamond Y spring water
being the product of mixing between Rustler Formation
waters and recent local rain falling directly on the springs’
pools. There is apparently discharge of older waters
from the Rustler Formation, perhaps up along a fault
trend, into Diamond Y Draw (Figures 1 and 3). Regional
discharge, coupled with limited pumping from nearby
wells to lower water tables, can explain the steadiness of
these springs discharge. The spring flows then sink in
the streambed and may reappear at downstream as seeps
after undergoing various levels of evaporative concen-
tration.

CONCLUSIONS

controlled the development of the regional hydrogeologic
system, including the karstification. Furthermore, the
fractured (and karstic) systems inherent variability makes
it difficult to predict the response of the groundwater
systems to anthropogenic stresses and climatic variabil-
ity. Detailed hydrogeologic assessments are required to
utilize the region’s groundwater resources and yet main-
tain critical environmental habitat. Natural tracer tests
using strontium isotopes (*’Sr/*Sr ratios) and fracture
trace/intensity mapping are demonstrated to be promis-
ing assessment techniques of regional flow systems in
this area or similar hydrogeological settings.

Diminishing spring flows or their cessation dem-
onstrates the potential threats to remaining spring sys-
tems and their unique biota. Cessation is caused by a
combination of climatic and regional factors. Increased
groundwater extraction for irrigation and municipal use
is the obvious cause, but other factors may also be im-
portant. These include the long-term pattern of increas-
ing aridity in the region, possible alterations in the car-
bonate system permeability by either tectonic or sedi-
mentation effects, localized pumping effects, reduction
of recharge to the regional flow systems, and changes in
the regional flow system boundaries, such as the be-
heading of the Wildhorse Flat - Toyah Basin flow sys-
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tem. However, it seems clear in general that rates of
springflow decline have increased with groundwater
extractions for agricultural, municipal, and domestic use
during the past century.

Municipalities (e.g., El Paso, Pecos, Fort Stock-
ton, and Midland-Odessa) may need increased water re-
sources. Irrigated agriculture is an economic mainstay
for the area, and although the trends for irrigated agri-
culture are highly dependent upon economic conditions,
the long-term needs for agricultural products are inferred
to remain steady or increase. Increased utilization of
groundwater will draw upon groundwater in storage both
on a cyclical basis depending upon normal climatic vari-
ability and on a long term trend that could lead to
overexploitation. Increased understanding of the regional

flow systems, including fracture controls, the nature of
the recharge, and the flow paths, is needed to manage
these resources. It may be possible to design pumping
strategies that minimize the effects on natural springflows
and yet meet projected demands. In addition, identifica-
tion of key recharge areas and a priori analysis of frac-
ture systems to identify fracture hydraulic domains may
make it possible to maintain the springflows in the face
of present or increased levels pumping (White etal., 1941;
Mayer and Sharp, 1996; Uliana, 2000). We suggest that
similar analyses and methodologies may prove of value
in studies of spring systems in other areas of the south-
western United States and northern Mexico or other ar-
eas where regional flow systems exist in carbonate aqui-
fers in semi-arid and arid zones.
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