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'EXECUTIVE SUMMARY

The hydrochemical history of ground water in the arid southeastern Hueco Bolson and
southwestern Diablo Plateau was investigated. by collecting soil-moisture. samples from
unsaturated siliciclastic bolson-fill sediments and ground-water samples from the Diablo Plateau
aquifer, the Hueco Bolson silt and sand aquifer, and the Rio Grande alluvial aquifef. Major}
minor, and trace solutes, stable isotopic compositions, and activities of tritium and carbon-14
were measured iri grouhd-water samples; major solute concentrations were determined in soil-
moisture samples. Soil samples were collected to determine the type and ainount of material
that could be readily dissolved by rechargev water. ‘Core samples of Cretaceous carbonate and
bolson-fill material were analyzed to deterx’n’ine the mineralogy of sediment and aquifer matrix.

The Hueco Bolson and Diablo Plateau aquifers contain mainly sodium-sulfate ground water
that derived solutes by calcite, dolomite, and gypsum dissolution, coupled with exchange of
aqueous calcium and magnesium for sodium on clay minerals and other ion-exchange sites. Rio
Grande ground water is dominated by sodium and chloride derived from dissolution of salts
precipitated in irrigated fields during times of high evaporation. All ground waters are inferred
to acquire major compositional characteristics early in the flow history, principally through
reactions in the unsaturated zone.

Ages estimated from tritium and carbon-14 activities show that Rio Grande ground waters
are youngest, reflecting the short ﬂow paths‘ from the river to sampled wells following irrigation
and percolation. Young ground waters are also found in the Diablo Plateau aquifer at wells both
on the plateau and near the toe of the plateau escarpment. These are inferred to be recharge
waters that rapidly moved along fractures to the water table. Other ground-water samples from
the Diablo Plateau and Hueco Bolson aquifers are as much as 28,000 yr old. Carbon-14 ages and
tritium activities do not vary uniformly along a flow pafh. Howeve_r, the oldest waters are found

in wells near the center of the bolson pediment, and the distribution of carbon-14 ages



generally conforms to the s‘alinity distribution, suggesting a systematic relation between
residence time, chemical and isotopic compositioﬁ of ground water, and regional hydrologic

properties of the aquifers.
INTRODUCTION
Purpose and Scope

Geologic and hydrologic investigations in Trans-Pecos: Texas were initiated in 198S at the
'reQuest of the Texas Low-Level Radioactive Waste Disposal Authority to characterize areas that
were eandidates for hosting a low-level radioactive waste repository. Results of the preliminary
_investigations (Kreitler and others; 1986, 1987) led the Authority to select\ an area of the
southeastern Hueco Bolson near Fort Hancock, Texas, for more detailed studies. As part of these
studies water sarnples from all accessible wells and springs were analyzed to determine
hydrologic and hydrochemical factors that could impact the suitability of the area for hosting a
radioactive wzrste repository. This investigation also‘ was an opportunity to investigate the
hydrology and ground-water geochemistry of arid land where the unsaturated zone is
exceptionally thick. This report summarizes the results of an extensive ground-water-sampling
program conducted in 1988 and 1989, combined with data derived from earlier studies an>d

related work conducted during the same period.
Location and Geologic History

The Hueco Bolson (fig. 1) is a major basin in the southeastern Basin and Range
physiographic province. It is located in northern Mexico, Trans-Pecos Texas, and southeastern
New Mexico, extending along the Rio Grande from the Quitman Mountains near Sierra Blanca

to the Franklin Mountains near El Paso and north into New Mexico. Major topographic and
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geographic features of the area are (1) the Rio Grande to the Southwest, (2) Arroyo Alam'o;
Camp Rice Arroyo, Arroyo Campo Grande, At;oyo Madden, and Arroyo Diéblo, which dissect
the bolspn surface, (3) Campo Grande Mountain, which rises more than 200 ft v(61 m) above
the bolson surface, and (4) the Diablo Plateau, which lies above the bolson ‘surface ahd is
separated from it by an escarpment of more than 400 ft (122 m). The Hueco Bolson lies within
the northern Chihuahuan Desert and has a subtropical afid climate (Thomthwaite, 1931, as
modified by Larkin and Bomar, 1983) characterized by high mean annual temperatures, marked‘
temperature fluctuations over broad diurnal and annual ranges, low mean annual precipitation,
and wide extremes in seasonal and anhual precipitation (Orton, 1964). Table 1 summarizes
selected climatic data from the nearest long-term fecording station.

The bolson developed during regional east-northeast extension and normal faulting that
began ivn the Trans-Pecos region approximately 24 Ma ago (Henry and Price, 1985). This
tectonic activity resulted in topographically high ranges separated by low basins. The Hueco
Bolson was filled by clastic sediments carried by the ancestral Rio Grande and by local drainages

from adjacent highlands (Strain, 1973).
Major Aquifer Units

The oldest strata from which ground ‘water is pumped are Cretaceous carbonate and clastic
rocks of the Finlay, Cox, and Bluff Mesa Formations that underlie bolson sediments and form
the Diablo Plateau. Water-bearing’ uhits in these strata are grouped together and designated the
Diablo Plateau aquifef (Mullican and Sehger, 1989). Whether there is one integrated aquifer
system in the Cretaceous carbonate rocks or several unconnected or poorly connected
carbonate aquifers is not resolved. In this feport we group all samples from the Diablo Plateau
aquifer because geochemical and hydrologic data are inadequate for diStinguishing different

aquifers.



Cenozoic bolson-fill sediments constitute a second major aquifer unit. Most wells that
produce water from the Hueco Bolson silt and sand aquifer do so from sand lenses that are
interstratiﬁed with clays aﬁd silty clays (Texas Department‘of Water Resburces, 1984). Physical
,discontinuities are common within this aquifer both because of the lenticularity of the sand,
silt, and ,éiay deposits that characterize bolson fill and because of possible stratal offset by Basin
and Range faults. Hydrologic discontinuities may also exist; however, the number of wells
| available for testing and sampling is insufficient for mapping separate aquifer units. The bolson
fill is therefore considered a single aquifer unit for this investigation.

The thi»rdv major aquifer is the Quaternary alluvium of the Rio Grande. This Rio Grande
alluviai aquifer may be physically more homogeneous than the other two, but extensive
pumping from wells and local recharge during times of high irrigaﬁon results in local

hydrochemical variations in the ground-watér system.
Piezometric Surface

'A regional piezorﬁetric head map has been constructed on the basis of water-levelv
meésurements (fig. 2; Mullican and Senger, 1989). The general trend shows high levels on the
Diablo Plateau th‘at decrease toward the southwest. As a result of this gradient, ground-water
flow should be from the Diablo Plateau toward the Rio Grande. Water depths in the study area
are as great as 590 ft in the Hueco Bolson; the water table is shallower on the Diablo Platéau

and near the Rio Grande (fig. 3).



INFORMATION SOURCES
Water Samples

Few sources of ground-water samples exist because the study area is semiarid, th:e water
table is deep, and specific yields of wells are low. During 1988 and 1989, ground-water samples
were collected from 16 wells and 1 spring. Two of these wells were drilled and completed
specifically for this project, and several cher abandoned wells were recompleted for hydrologic
testing and sample collection. Nine wells arld one spring were sampled repeatedly during the
12-mo period of investigation. This data set is iricreased to a total of 56 water samples by
including 14 analyses from earlier investiget‘ion‘s (Kreitler and chers, 1986, 1987) and 3
analyses reported by the Texas Water Development Board and the Texas Department of Water
Resources, all from sources that corrld ndt be sampled during the 1988-1989 period.

Two soil-moisture samplers were installed in each of three boreholes to collect water from
the unsaturated zone. Samplers were placed at depths _ranging from 23.5 to 110 ft (7.2 to
33.5m) in strata that, on the basis of stratigraphic information derived from a nearby
stratigraphie test borehole that was cored and geophysically logged, were considered ‘rnost likely
to yield water. The soil-moisture samplers consistbf a porous ceramic cup attached to 1.5-inch-
diameter (3.8-cm), high-temperature PVDC pipe.. Two internal check valves are arranged such
that the cup could be placed under vacuum to collect water, which cpuld then be driven to the
surface under pressure for collection (Wood, 1973). Prior to installation, the ceramic cups were
thoroughly cleaned with acid and rinsed with distilled water to remove soluble ions that could
contaminate water samples. The ceramic cups were then seated in ZOO-mesh silica flour to
ensure good contact between cup and sediment and evacuated to a pressure of 20 inches

(50.8 cm) of mercury after installation.



Soil Samples

Solutes derived from soils have been shown to afféct signifiéantly the composition of
stream (Miller and Drever, 1977) and spring (Smith and Drever, 1976) waters in arid regions.
Therefore, sdil sam‘ples from the Diablo Plateau, the bolson pediment, and the Rio Grande
alluvium were collected for chemical and mineralogic characterization to aid in interpreting the
hydrochemical evolution of ground waters for this inVestigation. |

The nature of soils in the southeastern Hueco Bolson can be inferred by correlating the
general descriptions provided by the Texas Agricultural ﬁxperimerit Station (1973) with the
“more detailed descriptions of soils to the northwest in El Paso County (Jaco, 1971). Soil on
the Diablo Plateau‘is described as calcareous, gypsiferous loamy outwash and sediment, whereas
soil ori the bolson surface is sandy, loamy, alkaline, calcareous wind-laid deposits. Soil developed
on the Rio Grande alluvium is calcareous loamy to clayey material that supports salt-tolerant

grasses, salt cedar, and cottonwood trees.
METHODS OF COLLECTION AND ANALYSIS
Ground-Water Samples

Ground water frqm the three principal aquiférs célleéted during 1988-1989 was analyzed
for unstable constituents and treated at the collection site for subsequent laboratory analysis of
major, minor, and trace inorganic components, selected orgahic'constituents, and stable (180, D,
13C, and 34S) and cosrhogenic (H and 4C) isotopic compositions. Sampling procedures were
describéd in a Specific Work Instruction prepared for this sfudy (Fisher, 1989); the methods are

briefly summarized in the folldwing paragraphs.



All sample containers and equipment uSed for field testing of unstable species were
thoroughly cleaned and rinsed before each sampling trip. At each collection site, pH, Eh, and
water teniperature Were measured in a flow cell connected to the well such that the sample was
- not exposed to the atmosphere. Measurements were monitored until values stabilized, at which
time final values were recorded and the water was considered suitable for sampling. Alkalinity
was \determined by potentiometric titration, and the resulting titration curves were examined
to verify that bicarbonate was the source of alkalinity. A 300-mL BOD bottle was rinsed, the
sample was added, and all air bubbles were dislodged. The sampl'e was then preserved for
subsequent determination of dissolved oxygen qoncentration, which was performed later the
same day by titration with sodium thiosulfate.

7 AliquotS'for‘measurement of major, minbr, and trace cations and anions; stable isotopic
compositions of oxygen, hydrogen, carbon, and sulfur; tritium activity; dissblved sulfide; total
organic carbon; and cyanide were passed through a 0.45-um filter and preserved. Three S0-L
carboys were filled with sample, and 500 mL of saturated ammoniacal strontium chloride was
added to raise the pH above 11 and precipitate dissolved carbon species as strontium carbonate.
Later the same day the precipitate from each carboy was transferred to a 1-qt jar without
exposing it to the atmosphere. The sealed jars were Carried back to the Bureau of Economic
Geology Mineral Studies Laboratory, where the precipitate was su‘bsequently removed, rinsed,
and dried. without exposing it to the atmosphere, for ‘car_bon-14 analysis. Chemical analyses
were performed at the Bureau of Economic Geology Mineral Studies Laboratory. Tritium
activities were determined by the University of Miami Tritium Laboratory. Stable isotopic
compositions and carbon-14 activities were measured at the University of Arizona Laboratory of
Isofope Geochemistry. Total organic carbon, dissolved sulfide, and cyanide were analyzed at
Core Laboratories, Corpus Christi, Texas.

Samples collected during 1988 and 1989 provide the primary data base for this report.
Samples collected during eaflier.investigations (Kreitler and others, 1986, 1987) or reported byv

the Texas Water Development Board or the Texas Department of Water Resources have no



field measurements of unstable constituents and thus are less complete analyses. However, data
from these samples are included in the following discussions because they provide important

information about wells that could not be sampled during the recent field investigations.
Water from the Unsaturated Zone

Water was drawn into the soil-moisture samplers under vacuum and raised to sample
containers at the surface under moderate air pressure. Because pressure changes during sample
collection result in partial loss of dissolved gases and because only small volumes of water were

recovered, only the major and some minor constituents could be analyzed.
Soil Samples

Soils in the study area have a crust that is a fraction of an inch to a few inches thick and
significantly better consdlidated than underlying materiali. Paired samples of this crust were
collected on the Diablo Plateau, on the Hueco Bolson, and on the Rio Grande alluvium. Each
pair from the plateau and the bolson consists of one samfale from a topographically high site
where rainfall or surface runoff would quickly drain and one from a low site that could functién
as a drainage path or infiltration area. On the Rio Grande alluvium, one samplé was ’collected
from a field that had a long history of irrigation, and one sample Was taken from an area that
had never been cultivated, where surface runoff ponds during heavy rainfall or runoff events
and subsequently evaporates. | |

Each of the six samples was homogenized and a 75-gram subsample was placed in a flaSk
with 100 mL of distilled water. The soil and water mixture was shaken for 15 min, after which
the leachate was removed. by centrifugation and passed through a 0.45-um filter. This process

“was repeated to give extraction times of 15, 240, and 360 min. Each leachate solution was



analyzed to determine the amount of readily soluble ions that could be removed from surface

soil samples.

Core Samples

Five saxlnplesof bolson fill from core in the Fort Hancock Formation were collected to aid
interpretation of the chemical evolution of ground-water compositions. Mineralogic
composition of the whole-rock sample and of the clay-size fraction was determined by standard
X-ray diffraction (XRD) analysis. A representative split of each sample was leached in distilled
water, and the leachate was analyzed using standard methods to determine water-soluble
constituents. Exchangeable cations were displaced into solution from a second split of each
sample (Thomas, 1982), and the compdsition of the exchangeable ion population was measured
to evaluate the amount and composition of exchangeable cations and the total cation-exchange

capacity.
RESULTS OF ANALYSES
Ground-Water Samples

Concentrations of major dissolved species and results of field analyses of ground water are
listed in appendix 1; minor and trace species éoncentrations are s‘ho“‘m in appendix 2. Ten
additional trace fnetals were determined for all samples collected in 1988 and 1989 but were
found to be below detection limits for all samples. These metals and their detection limits in
mg/L are Cr (0.03), Cu (0.03), Ni (0.06)," As (0.12), cd (O}.03), Pb (0.25), Sn (0.06), Co (0.03), Se
(0.‘28), and Ag (0.0002). The mean charge balance ‘(meq cations/meq émions) for samplés

collected in 1988 and 1989 is 0.96 (16=0.15).



Stable isotopic compositions (app. 3) are given in parts per thousand (%o) with respect to
the standard SMOW (Standard Mean Ocean Water) for oxygen and hydrogen, PDB (Belemnitella
americané from the Peedee Formation, South Carolina) for carbon, and CDT (troilite from the
Canyon Diablo meteorite) for sulfur. Uncertainties (%o 20) in stable isotopic data are <2.0 (3D),
<0.4 (834S), and <0.2 (8180 and §13C). Tritium activity is reported in tritium units (TU:
1 TU=3H/H ratio of 10-18), with accuracy and precision stated to be 0.1 TU or 3.5 percent,
whichever is larger for samples collected in 1988 and 1989. Tritium activities for samples
collected in 1986 have a precision of about 1 TU. Carbon-14 activities are reported as percent
modern carbon (pmc, app. 3), with analytical uncertainty as listed for each sample.

Several wells and one spring were sampled repeatedly for this investigation. These data
permit evaluation of possible changes in water composition over time. Nine wells were sampled
both in 1986 and in 1988-1989. Of these, four present valid comparisons of water chemistry
over a 2-yr period. The other five ground waters include (1) spring waters that seep into a
standing pool (No. 106), (2) water collected from a holding tank because the windmill-driven
pump had not been operating for several weeks before the 1988 sampling (No. 107), (3) water
from a well that had recently been completed and may have not yet been developed
sufficiently to remove all drilling fluid (No. 126), and (4) water from the Rio Grande aquifer
(Nos. 92 and 110), which typically shows seasonal variations in composition caused by variable
irrigation and infiltration rates (app. 1). Table 2 summarizes the major ionic compositions of
wells sampled in 1986 and again in 1988 or 1989. In most cases, 1986 compositions are slightly
lower than 1988-1989 compositions. However, this relation does not hold for all ions,
suggesting that systematic differences in sampling or analytical methods are not the cause of
observed variations. Differences in concentrations of the major ions between samples collected
in 1986 and those collected in 1988-1989 are generally within the uncertainty expected for
separate sampling and analysis events, suggesting that compositional changes over a 2-yr period

are insignificant.
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Four wells and one spring were sampled quarterly from summér 1988 to spring 1‘989
“(table 3). Comparisoﬁ of major . ionic compqsitions for these samples shows minor,
nbnsystematic variation attributable to random variations in sampling and analysis in three of
the four samples (Nos. 97, 108, and 93). Well No. 110, an irrigation well in Rio Grande alluviuni,
shows marked compositional changes. These variations are attributed to the effects of irrigation,
dissolution of salts on irrigated fields, and soil-water evaporation, as discussed in a later 'section!
‘With this exception, the major ionic compositi‘ons of ground waters sampied quarterly for a 1-yr
period remained essentially constant.

Salinity varies widely within each major aquifer. Mean, minimum, and maximum
concentrations of total dissolved solids (mg/L) are 1,590, 800, and 2,900 for Diablo Plateau‘
aquifer ground waters; 1,730, 1040, and 3,830 for Bolson aquifer ground waters; and 2,890, 940,
‘and 5,703 for Rio Grande alluvium ground waters, respectively. The distribution of predominant
cations and anions (fig. 4) shows that all samples from the Rio Grande alluvium have sodium and
chloride as the predominant cation and anion, respectively. Most ground water from wells or
springs on the bolson pediment or near the edge of the Diablo Plateau, whether from bolson or
Diablo Plateau aquifers, has sodium and sulfate as the pre‘dominant catibn and anion,
respectively. Samples from the Diablo Plateau aquifer collected from wells' away from the
escarpment have sodium and bicarbonate as the major cation and anion, respectively.‘ One well
from the Diablo Plateau aquifer near the toe of the escarpment produces calcium-sulfate water.

Stable isotopic compositions> of oxygen and ﬁydrogen are between -6 and -11 %o and -45
to -85 %0 SMOW, respectively (fig. S), and cluster near the global meteoric water line (fig. 6).
All samples fro‘m the bolson aquifer fall within the range of -6 to -11 %o and -45 to -85 %o |
SMOW for oxygen and hydrogen, respectively. The most depleted isotopic compositions are
found in wells on the Diablo Plateau and in the Rio Grande alluvium, reaching values as low as
8180 of about -11 %o and 8D of -85 %o (figs. S and 6). ‘Wate‘r from wells on the bolson
pediment are less depleted regardless of whether the Bolson or the Diablo Plateau aquifer was

sampled.
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Water from the Unsatu:ated‘:Zone

Sodium and bicarbonate are the major cation aﬁd :anion, respectively, in all samples
‘(table 4). The few measured dissolved silica values arekhigher than most c@ncentrations
observed either in ground-water samples (app. 1) or in leachate from soil samples (discussed ih
" the following section). The high silica content of soil-moisture samples may be due partly to
dissolution of some silica flour that was used to ensure contact between the ceramic cup of the

soil-moisture sampler and the encasing sediment.
Soil Samples

The composition of leachate from the irrigated Rio Grande alluvium sample differs
significantly from all other leachate compositions (table S5). Calcium and bicarbonate are the
most abundant leachable ions in all salmples except that from the irrigated Rio Grande alluvium;
extremely high amounts of sodium, chloride, and nitrate are readily removed from the irrigated
sample. Magnesium, calcium, and sulfate also are much more abundant in leachate from the

irrigated Rio Grande sample than in other samples. Dissolved silica is high in all samples and is

readily removed from the sediment even after only a 15-min exposure to water.
Core Samples

X-ray diffraction (XRD) patterns indicate that quartz is the predominant silt-sized or larger
component of the bolson sediments; calcite and potassium feldspar are present ih minor
‘amounts in some samples. Although XRD analysis has not identified gypsurﬁ as a major or minor
phase in the analyzed bolson sediments (Fuentes and otjhers, 1987, 1988; this study), trace

amounts of gypsum are common in surface sediments. Gypsum is also observed as discrete beds
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or as disseminated crystals in both the Fort Haincock and Camp Rice Formations (T. C.
Gustavson, personal communication, 1989). The clay-size fraction contains an expandable clay
tentatively identified as illite/smectite, kaolinite, and illite. The XRD patterns of clay-size;
material are complex, indicating that other clay minerals may be present in lesser amounts that
cannot be identified in the presence of the more abundant kaolinite, expandable clay, and
illite. Similar results have been reported by Daniel and Nelson (1987) and by Fuentes and

others (1987).
ORIGIN OF SOLUTES

Two approaches were taken to investigate controls on the composition of ground waters.
First, chemical compositions were evaluated to determine whether mineral solubilities limit the
concentrations of dissolved constituents. Second, stoichiometric relations among major solutes

were examined to evaluate which chemical reactions control the amount of dissolved material.
Mineral Saturation States

Ionic speciation and mineral saturation states of the ground waters were computed using
the geochemical modeling program SOLMNEQ (Kharaka and Barnes, 1973). Samples that had no
field pH or alkalinity measurements, that were collected from holding tanks because windmill-
driven pumps were not functioning, or that were taken from springs of low discharge were not
included because those water compositions would not reflect geochemical conditions in the
aquifer.'Calculated values for the ionic strength of the water samples range from 0.015S to
0.1074 molal, corresponding to an activity of water of 0.9997 to 0.9974. These values indicate
that‘ the ground waters are dilute enough that SOLMNEQ can accurately compute

thermodynamic activities of aqueous species.
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The’SOLMNEQ code (Kharaka and Barhes, 1973) vreports the state of equilibria between
water and minerals as saturation indices that essentially compare the amount of dissolved
species in the water with the amount that would be present if the water were in equilibrium
with a particular mineral at sample temperature. A saturation index of zero indicates chemical
equilibrium between a mineral and the water sémple; values greater than zero indicate
oversatixration; and vélhés léss than zero indicate underséturation. Because dissolution and
precipitation-reaction rates may be slow or mray have high activation energies, a state of
overséturation or undersaturation does not indicate that a particular mineral is being
precipitated or dissolved, ;espectiVely. The indices do, héwever, show which reactions are
thermodynamically impossible; water oversaturated with a particular phase cannot dissolve that
phase, nor can water undersaturated with a certain phase precipitate that phase.

No attempt was made to collect and analyze water samples for aluminum specieS because
of the low concentrations typiéally observed in ground water (Hem, 1985) and because of the
difficulties in obtaining representative samples (Brown and others, 1974; Kennedy and others,
© 1974). Dissolved aluminum was set at 10-6 molal (0.027 mg/L) for ;he SOLMNEQ runs so that
the safuration index of aluminosilicate minerals could be estimated despite the absence of
aluminum analyses. This value was chosen because it is the approximate value expected for
aluminum concentrations determined by equilibrium with bayerite or gibbsite (polymorphs of
Al[OH]3), the phases most likely to control aluminum concentrations in shallow siliciclastic
sediments in neutral to slightly alkaline solutions (Hem, 198S).

Resuits of the SOLMNEQ computations show that all waters are highly oversaturated with
most aluminosilicate and silicate minerals because of the high concentrations of dissolved silica.
Most ground waters contain silica concentrations of as much as 17.6 mg/L Si (app. 1), with a
mean value of 11.4. In comparison, values for saturation with quartz; cristobolite-A, and
amorphous silica computed by SOLMNEQ are about 3, 8, and 51 mg/L Si, respectively. The high
silica concentrations observed in ground-water samples and the ease with which silica is leached

from soils (table S) suggest that much of the silica in ground water is derived from the vadose
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zone. A likely source is the amorphous silica in phytoliths that can constitute as much as several
percent by weight of the grasses and hardened spines that typify arid-climate vegetation (ller,
1979). _The high dissolved silica concentrations result in oversaturation with all common clay,
feldspaf, and quartz, the typical silicate minerals in the Diablo Plateau, Hueco Bolson, and Rio
‘Grande ziquifers. Therefore, the ground water is incapable of dissolving silicate minerals;
SOLMNEQ results (table 6) also show that ground water from the Hueco Bolson and Diablo
Plateau aquifers is essentially saturated with calcite and possibly with dolomite as well, whereas
water from the Rio Grande alluvium is slightly oversaturated with both these minerals. Despite
high sulfate concentrations in many of the water samples, none are saturated with gypsum
(table 6). None of the ground waters are saturated with celestite, the mineral that typically
controls strontium céncentrations in natural waters (Hem, 1985). Fluorite is at or near saturation
in 13 ground waters, principally those from the Diablo Plateau aquifer; all ground waters ‘
sampled are saturated with barite. Fluorite and barite solubility probably controls fluoride and
barium concentrations in most ground-water samples, although the presence of fluorite and
barite has not been confirmed in the few sediment samples examined. Concentrations of other

minor and trace elements are apparently not limited by mineral-water equilibrium.
Relations among Dissolved Ions

Two major compositional relations exist for most ground waters. First, all water samples
except those from the Rio Grande alluvium shqw an excess of sodium relative to chloride
(fig. 7) and proportioﬁaliw between excess sodium (sodium minus chloride) and sulfate (fig. 8).
Sodium and chloride are highly mobile in ground-water systems; once released from minerals,
they are most likely to rémain in solution. A sodium/chloride molal rat‘io approximately equa* to
unity is usually attributed to halite dissolution, whereas a ratio greater than unify is typically
interpreted as reflecting sodium added from silicate weathering reactions (see, for example,

Mackenzie and Garrels, 1966; Meybeck, 1987). This explanation does not appear valid for
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‘Hueco Bolson and Diablo Plafeau ground water because (1)“ water that derives sdlutes primarily
by silicate weathering reactions should have bicarbonate as the most abundant anion, but
bicarbonate is of secondary importance in all but one sample analyzed in this study, (2) water
involved in typical silicate weathering reactions should have silica concentrations controlled by
saturation with kaolinite or other clay minerals, if not by quartz (Mackenzie and Garrels, 1966),
but all of thé ground-water samples analyzed in this study are highly oversaturated with respect
to all common silicate phases, and (3) few unstable silicate minerals that would be subiect.to
weathering reactions hav"e-been identified in surface sediments or bolson fill.

Second, water samples from the Hueco Bolson and Diablo Plateau aquifers and from the
unsaturated zone show a positive correlation between dissolved sodium and sulfate. The excess
of molal sodium over chloride, even though silicate weathering reactions seem unimportant ih
controlling water compositions, and the proportionality between sodium and sulfate suggest
that dissolution of gypsum, coupled with eXchange of aqueous divalent cations for sodium on
clay minerals, is the most likely explanation for the abundance of sodium and sulfate in most
Hueco Bolson ground waters.

The results of mineral-water equilibria evaluations and the observed relations among
concentrations of major dissolved species suggest that a fairly simple set of chemical reactions

control ground-water compositions. Plausible reactions include

CaCO3 + Ht = Ca*2+ HCOj3, (1)

 CaMg(CO3); + 2H* = Ca*2+ Mg*2 + 2HCOs3", (2)

CaSO4#2Hz0 = Ca'? + 50472 + 2H,0, and | (3)
Naj-clay + Cab+‘2 =

Ca-clay + 2Nat, : ‘ - (4)

where Nap-clay and Ca-clay represent ion exchange sites filled by either two Nat* ions or by
one Ca*2ion. Dissolution of calcite and dolomite to saturation (equatior: {1] and (2]) is suggested
by ground-water-saturation indices for these minerals (table 6), whe:- . dissolution of gypsum

(equation [3]) is indicated by high dissolved sulfate concentrations. Ion exchange (equation [4]
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1is indicated by the excess of Na relative to Cl and by the relation between Na and SO4. The
equilibrium constant (K) for reaction (4) is

K = (aNa*y (xCa-clay)
(«Ca*?) (aNaz-clay) o o ()

where o denotes thé thermodynamic activity of each species. As Ca*2 concentrations increase
‘because of gypsum dissolution, ion-exchange reactions proceed between aqueous species and
exchangeable ions on clay miheral surfaces. According to equation (5), as Ca*? is added to
solution by gYpsum dissolution, the (Na*)2/(Ca*2) activity ratio decreases. Therefore, the ratio
of exchange sites occupied by Ca*2 to the number of excha‘nge sites occupied by Na* must
increase. No anions are added fo solution as a result of cation exchange; therefore, the total
positive  charge of the solution remairis constant. As ion exchange, driven by gypsum or
carbonate dissolution, increases therefore, the suin (2Na++Ca+2) must increase in proportion to
SO4. These relations account for the observed relations in water from the Diablo Plateau and
Hueco Bolson aquifers; they also account for the major ionic compositions in v;'ater from thé
unsaturated zohe (fig. 9).

Given the major compositiona! differences between ground-water samples from the Rio
Grande alluvium and water ffom the urisaturated zone, Hueco Bolson' and Diablo Plateau
aquifers must be understood in terms of the histoty of the Rio Grande and Upper Rio Grande
“Valley. A predominance of sodium and chldride over other cations and anions, respectively, is
the most obvious difference between ground water from the Rio Grande alluvial aquifer and
other ground waters in the study area (fig. 4). Rio Grande ground waters also have the highest
mean concentrations of magnesium, calcium, and potassium. Furthermore, there is a deficiency‘
of molal sodium relative to chloride in many Rio Grande samples (fig. 7), indicating that halite is
not the sole contributor of chloride to Rio Grande ground water.

Intensive irrigation vin the upper Rio Grande basin (north of Fort Quitman, Texas) began

in the early 1880’s; before that time the Pueblo Indians irrigated crops even before Spanish
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explorers came to the region (Young, 1981). Post-1880 irrigation, combined with a series of
droughts in the 1940’s and 1950’s, resulted in serious degradation of river quality and
deposition of large quantities of salts in irrigated fields (Young, 1981). Solutes in irrigation water
become concentrated when the water evaporates on fields and in the shallow subsurface. The
resulting saline water eventually returns to the shallow alluvial aquifer or to the river, where it
is subsequently used to irrigate fields downstream. Thus, because of heavy irrigation, fhe Rio
Grande has‘high sodium, chloride, and TDS concentrations:(No. 105, app. 1), and large amounts
Qf salts are precipitated on irrigated fields. For example, Young (1981) estimated that solutes in
irrigation water added approximately 10 tons of salt per acre in the lower El Paso Valley and
Hudspeth Valley in 1955 alone. These salts are readily soluble and can contribute significant
amounts of sodiuxh, calcium, magnesium, chloride, and sﬁlfate to ground water (irrigated kRio
Grande alluvium sample, table S) when excess irrigation recharges the aquifer.

One soil sample does not adequately represent the arhount and composition of soluble
salts in irrigated fields, however, nor does our leaching experiment necessarily simulate the
derivation of solutes from shallow sediments by recharge to the Rio Grande alluvial aquifer.
Nevertheless, leachate from the soil sample shares many compositional characteristics with Rio
Grande ground water. Leachate from the irrigated Rio Grande sediment sample has sodium and
chloride as the dominant cation and anion, respectively, whereas all other soil leachates have
calcium and bicarbonate as the dominant ions (table 5). Irrigated and nonirrigated Rio Grande-
soils also have higher leachable concentrations of potassiﬁm, magnesium, and sulfate than do

any other surface Sedjments.
Oxygen and Hydrogen Isotopic Compositions

Comparisons of observed and predicted isotopic compositions indicate that ground waters
are not in oxygen or hydrogen isotopic equilibrium with common sedimentary minerals.

Carbonate minerals typically control oxygen isotopic compositions in ground waters. The
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isotopic composition of local carbonate can be reasonably estimated. Cretaceous marine
carbonates such as that of the Diabld Plateau aquifer typically have oxygen isotopic
compositions that r'ange between 0 and -5 %o PDB (31 to 26 %o SMOW; Veizer, 1983), whereas
local caliche has an isotopic composition of about -3 %o PDB (Rightmire, 1967).10'Neil and
“others (1§69, as revised by Friedman and O’Neil, 1977) show that the equilibrium oxygen

isotopic composition of calcite and water is related by the fractionation equation
103In0 = 2.78 x 106T-2 -2.89, 6)

where a is the isotope fractionation factor, T is dégrees Kelvin, and 103lno represents the
difference between the isotopic composition of mineral and water. At‘25°C,‘ this equation
predicts that water in oxygen isotopic equilibridm with calcite of 8180 between 31 and 26 %o
SMOW should be between 2.6 and -2.4 %o, respectively. These caléulated equilibrium values
are much higher than the values observed in Hueco Bolsoh ground waters, indicating that the
waters have not reacted with calcité‘extensively enough to attain isotopic equilibrium.

Clay minerals are the only significant hydrogen reservoir in the Hueco Bolson, and
isotopic relations between water and ‘clay minerals at surface temperatures are relatively well
established (Lawrence and Taylor, 1971). Water equilibrated with kaolinite or smectite at
surface temperatures in the Hueco Bolson would be expected to have hydrogen and oxygen
isotopic compositions of about -50 to -80 %o and 15 to 20 %o SMOW, respectively, depending
on the isotopic composition of local meteoric water. These hydrogen isotopic values are within
the range observed in the gro'und waters, but the absence of such enriched oxygen isotopic

compositions confirms that equilibration between water and clay minerals has not occurred.
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AGE OF GROUND WATERS
Tritium and Carbon-14 in Ground Water

Tritium (3H) and carbon-14 (14C) are produced by the interaction of cosmic-ray neutrons
with atmospheric mtrogen (Faure, 1986). Tritium is rapidly incorporated into water molecules
and removed as precipitation, whereas carbon-14 quickly enters the natural carbon cycle and is
incorporated into organic material, dissolved carbonate species, and carbonate minerals. Both
tritium and carbon-14 are unstable, thelr activities decrease over time accordmg to the standard

radioactive decay equation
A= AgeM, ‘ (7)

where A is the measured activity, t is the time since the sample was isolated from the source of
radioactive material; A, is the initial activity, and A is the decay constant. Because the ‘decay
constant A is reléted to the half-life (ty/, the time required for one half of a given number of
radionuclides to decay) by the equation

t1=1n2,

2 A : (8)
equation (8) can be substituted and equation (7) rearranged to solve for the time since the

sample was isolated from the source of cosmogenic 3H and 14C,
tL
t=-~- —2 )lln (A.) '
In2/" A, 9)

The decay constants of tritium and carbon-14 are well established; therefore, if A, can be
determined, the age of a water containing tritium or carbon-14 can be determined from the

measured activity, A. In the case of tritium this age represents the time since water was isolated
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from free exchange with the atmosphere. Cafbon-14 ages obtained in this manner represent
the time since dissolved carbonate species were isolated from sources of carbon-14. Typically in

the hydrologic cycle, this is the‘time since the water was isolated from soil gas where decaying
plants generate carbon dioxide that contains carbon-14. However, determining the age of
A groimd-water samples is cpmplicated by the fact that it is seldom possible to determine a precise

value of Ay for either tritium or carbon-14 at the time and place of recharge.
Ages Interpreted from Tritium Activities

The short half-life of tritium (12.26 yr) should makg this an ideal isotope for tracer studies
and age determinations of water less than about 75 yr old (approximately 6 half-lives, the
amount of time before tritium decays to levels too low for reliable detection [Gat, 1980]). -
However, two vmajor problems exist. The first is that the tritium cohtent of atmospheric water
vapor and precipitation varies regionally and seasonally, so it is difficult to determine the initial
activity of tritium in recharge. More important, massive amounts of tritium were produced
during atmospheric nuclear testing in the 1950’s to early 1960's, and atmospheric tritium levels
exceeding 2,200 TU were reported in the northern hemisphere in 1964. Although
approximately 2 half-lives have passed since atmospheric testing of nuclear devices ended,
levels as high as several hundred TU could remain in some groundb waters. Small amounts of
tritium can also be produced by natural subsurface processes, so values in the range of 0.0S to
1 TU are possible in ancient ground water.

Sample 105 (Rio Grande river watef) coﬁtains about 24 TU (app. 3). Assuming this value
répresents modern recharge in the southwest since atmospheric nuclear testing ended, S half-
lives, or approximately 60 yr, are sufficient to reduce tritium activity to less than 1 TU.
Therefore, samples that contain more than 1 TU are consideréd to be recent recharge, and no

attempt is made to quantify these ages further.
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Ages Interpreted from Carbon-14 Activity

The half-life of carbon-14 is 5,730 yr, making it suitable for resolving ages to about
35,000 yr. In ground-water investigations, however, dissolved carbonate is commonly derived
from several sources and carbon-14 activity may be reduced by factors other than simple
radioactive decay. These additional sources and sinks for carbon must be evaluated on the basis
" of the regional hydrology, as well as the chemical and stable isotopic compositions of ground-
water samples, before ages can be eStimated from carbon-1‘4 activity (Pearson and White, 1967;
Pearson and ‘Hanshaw,k 1970; Wigley, 1975; Mook, 1976; Reardon and Fritz, 1978; Wigley and
others, 1978; Fontes and Garnier, 1979; Mook, 1980).

The main sources of dissolved carbonate in most ground waters are carbon dioxide
dissolved from soil gas and carbonate minerals dissolved in either the unsaturated or saturated
zones (Mook, 1980). Secondary sources of dissolved carbon are atmospheric carbon dioxide,
bicarbonate produced by weathering of silicate minerals or by oxidation‘ of organic material,
carbonate produced by sulfate reduction, and carbon dioxide from volcanic or magmatic sources
(Mook, 1980). Carbon-14 can be removed from grou.'nd water by pretipitation of carbonate
minetals; this reduces the‘ carbon-14 activity of dissolved carbonate and thereby increases the
apparent age of the water.

Typically not all ‘of the possible sources and sinks of carbon are important in any particular
region; therefore, interpretation of carbon-14 activities in ground waters usually does not
require quantitative consideration of all possible sources arid sinks. However, because numerous
processes can affect calculated ground-water ages, carbon-14 activities must be interpreted
within the framework of a hyd;ochemical and hydrologic model developed specifically for each
study. |

The geologic history of the region indicates that carbon-14 data can be interpreted within

the framework of the present hydrologic system. Water levels now essentially reflect
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topographic relations and indicate gravity-driven flow potentials. This situation has existed for
at least the last 24 Ma, since Basin and Range extension affected the area (Henry and Price,
- 1985). Caliche deposits in the southeastern Hueco Bolson have carbon-14 ages that are nearly
as much as 23,000 yr (Rightmire, 1967), indica'ting that the climate has been hot and dry at least
that long.

Two different approaches can be taken to determine the initial value of carbon-14 in
recharge (summarized by Fontes and Garnier, 1979). One uses the concentration and isotopic
composition of dissolved Carbonate to correct measured carbon-14 activities for the contribution
of mineral carbon to ground water. The second approximates the amount of mineral carboh
added from changes in dissolved carbonate concentrations along ground-water flow paths.
Either approach may be valid for the system under investigation; comparison of the reSults
from each method gives not only ground-water ages but also' estimates of the uncertainty
involved.

Consideration of both the concentration and isotopic composition of dissolved carbonate
has the advantage that the validity of the assumptions involved in determining a carbon-14 age
can be evaluated: For the case 6f recharge acquiring carbon-14 from carbon dioxide in Q\fioil gas
(carbon-14 activity of 100 pmc and 813C determined by vegetation type) and also dissolving
marine carbonate minerals (carbon-14 activity of 0 pmc and 813C of approximately 0 %), mass

balance requires that

813Crc

' 13
log Cr = -1og{5_cﬂ} +1log Ci,
| (10)

where CT is the measured total dissolved carbonate, §13Cgp, is the measured carbon isotopic.

composition of the water sample, 813C is the isotdpic composition of recharge, C; is the
amount of carbon derived from soil gas, and 813Cm/313C gives the fraction of total dissolved
carbon derived from soil gas in the recharge zone (Pearson and White, 1967). Plotting log Cr

versus 10g[813Csn/813C ] for a set of water samples provides a test of the assumptions involved
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in calculating carbon-14 ages. If soil carbon dioxide and marine carbonate minerals are the only
sources of aqueous carbon species, the data will define a linear trend with a slope of -1 and a
'y-intercept equal to the amount of carboh de_rived from soil"gas (Pearson and White, 1967). We
use a value of 813C;. = =17 %o to evaluate the data because this is the average value for soil
carbo; dioxide fouhd in the southeastern Hueco Bolson (Rightmire, 1967) and should therefore
best represent regional recharge. | |

- Total carbonafe could not be determined for ground-water samples collected in 1986
because pH was not measured. However, in all cases where pH was measured and carbonate
speciation could be determined, titration alkalinity (HCO#‘ and CO-2) accounts for more than
95 percent of total dissolved carbonate, as expected over the narrow, slightly alkaline pH range
of the ground waters. Therefore, the linear relation predicted by equation (10) remains
-whether total carbonate or total alkalinity is plotted. ngure 10 shows the relation between
alkalinity and the carbon isotopic composition of ground-water samples. With the exception of
samples from Rio Grande irrigation well 110, the data fall Qithin a linear band. Exclusion of data
from well 110 from further consideration is justified because these samples contain more than
100 pmc (app. 3), reflecting a contribution of carbon-14 from atmospheric nuclear testing.
Linear regression parameters for the relation (fig. 10) computed using the statistical package in
~ a TI-60 programmable scientific calculator yield a slope of -0.966, correlation coefficient of
; —0.76 6, and'y-intércept of log total carbonate = 2.11. The width of the band (fig. 10)
undoubtedly reflects factors such as (1) local variability in the value of 8!3Cc for recharge to
different wells at different times (see‘, for example, Parada and others, 1983), (2) thé likelihood
that some carbonate was dissolved from caliche (carbon-14 from 0 to 12.6 pmc, 813C from -3.1
to -5.3 %o; Rightmire, »1967), or (3) the possibilify that some secondary carbonate was
precipitated as .gypsum dissolution added dissolved calcium to calcite- or dolomite-saturated
ground water. The indicated value of C; is about 130 mg/L HCO3, which is in reasonable
agreement with values predicted for soil-gas partial pressurés typical of arid environments (CO;

partial pressures approximately five to ten times atmospheric [Wallick, 1976]), carbonate
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solubility calculated by the method of Garrels and Christ, 1965) and observed by Wood and Low
(1988).

Figﬁre 10 provides one basis for adjusti'ng measured carbon-14 activities to reflect initial
activity in recharge before mineral carbon was added to the water (Pearson and White, 1967).

The correction factor is simply
K=&, '
G - (11)

where C; is the amount of carbbn derived from soil gas (represented by the value of the
y-intercept in fig. 10) and C; is the total measured alkzilinity of the sample. Values of K‘for
ground-water samples of measured tritium and carbon-14 activities are listed in table 7. A value:
of C; = 130 mg/L was used for all samples except that from well 126. Water from well 126
contains only 60 mg/L alkalinity and has a §13C value of -18 %o, indicating that essentially all
dissolved carbon was derived from soil gas. For this sample, C; was set to 60 mg/L.

The second approach to correcting carbon-14 activities for the amount of dissolved
mineral carbon is based on 8!3C mass balance rather than carbonate concentrations. The

fraction of total dissolved carbon derived from soil gas can be expressed as

K, = (8"°Csm - 8"*Cmin)
(813Crc - 813Cmin) ‘ (12)

where 813Cgp,, 813Cpmin, and 813C,. refer to the stable carbon isotopic composition of water
sample, dissolved carbonate minerals, and recharge (soil gas), respectively (after Pearson and
White, 1967).

The §13Csy can be measured (app. 3); however, appropriate values for §13Cc and 813Cpjp
must be estimated. The two main sources of mineral carbonate in the area are (1) the
Cretaceous marine Finlay Limestone that outcrops on the Diablo Plateau and locally on the
bolson plain and also is part of the Diablo Plateau aquifer system and (2) caliche deposits on and

near ground surface. Carbonate dissolved from the Finlay Limestone would have a 313C value of
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" about 0 %o because bof its marine 6rigin, whereas caliche iﬁ the southeastern Hueco Bolson has
- 313C values that average —4.5 %o (Rightmire, 1967). The value for 813C,. is usually taken to be
the composition of soil carbon dioxide (Pearson and White, 1967; Rightmire and Hanshaw,
1973). For the Hueco Bolson area, this would be best approxnmated by -17 %o, the average
value measured by Rightmire (1967). Equating the isotopicgcomposition of soil gas with that of
vdissolvyed carbonate presumes that isotopic equilibrium between gaseous and aqueous carbon
species is not achieved. This may be the case if recharge rapidly moves down to the saturated
zone where most‘water is no longer in contact with soil gas. However, if carbon isotopes
equilibrate between gaseous and aqueobus' phases, dissolved carbonate should be enriched
relative to soil carbon dioxide; at 20 °C, this enrichment would result in a §13C,. value of about
-9 %o for dissolved carbonate (fractionation factor from Friedman and O’Neil, 1977, fig. 28).
Allowing 813C. and 813Cpy, to have values of either —-17 or -9 %o and -4.5 or 0 %o,
respectively, results in four possible values of K (equation 12) for most ground water. The
sample from well 107 has a 813C value of -16.8 %o, and thus contains essentially only carbon
from soil gas that has not equilibfated isotopically with water. For all other samples, the
combination of 813C,. and 813Cp,;, that yieldéd the best agreement between K; (equation 12)
and K, (equation 11) fs considered to best repfeserit thé prifnary source of recharge and mineral
carbon. Note that equations (11) and (12) are independent; and therefore the values of K; and
Ky will agree‘ only if they adequately reflect the sources and amounts of dissolved carbon
contributed to the ground water.
Having developed appropriate factors that describe the types of dissolved éarbon in a
ground water, we can now adjust the measured carbon-14 activity for the amount of mineral-

derived carbon and solve for the age of the sample. Equation (9) can be written as

t = 8,267 1n(100 Kl),

pmc (13)

where 8,267 is the half-life of carbon-14 divided by the natural logarithm of 2, 100 is the initial

percent modern carbon of soil carbon dioxide, and pmc is: the measured carbon-14 activity of
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‘the ground water (after Pearson and White, 1967). Values of Ky, K, and resulting carbon-14 ages

are given in table 7.
Discﬁssion

Ground water that was probably recharged within the past 75 yr is found in wells
completed in the Diablo Plateau aquifer both on the plateau (wells 96 and 112) and on the
bolson plain near the edge of the plateau escarpment (wells 113 and 114; table 7 and fig. 11).
The presence of recent recharge in wells as deep as several hundred feet on the Diablo Plateau
and on the bolson plain near the toe of the escarpment suggests that recharge along fractures
and fault planes locally results in short travel times between ground surface and water table.
Well 114 is located near the toe of the fault-bounded escarpment (fig. 11) and contains tritium
and carbon-1>4 activities that suggest a relatively young water. Recharge along the fault plané is
likely because of the po;ition and shallowness of thg well (approximately 100 ft [30.5 m]). As
previously discussed, this is the only example of a Ca-SO4 water; it also has relatively low salinity
and low silica content. All these characteristics signify a ground water that was recently
recharged and one that has not undergone extensive water-rock interactions. Water containing
more than 1 TU is also produced from the Rio Grande aquifer (wells 92 and 110). Recharge to
fhe Rio Grande aqﬁifer near the river prob“ably results from irrigation. Some of the samples that
contain cosxﬁogenic tritium also have carbon-14 ages as much as about 3,000 yr, whereas the
agreement between carbon-14 ages determined by two independent methods is generally
better than 2,000 yr (table 7). These relations suggest that differences of less than about
3,000 yr in carbon-14 ages are probably insignificant.

A second‘ group of ground waters containing less thain 1 TU and having carbon-14 ages of
less than about 3,000 yr is found in the Diablo Plateau aquifer at we_lls on the plateau (well 96),

in the Hueco Bolson aquifer (well 108), and in the Rio Grande aquifer (well 93) (table 7 and
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fig. 11). These are interptéted to be old enough that tritium has decayed to background levels,
but younger than a few thousand years.

‘ ‘The third group of samples contains no cosmogenic tritium and has carbon-14 ages of from
7,000 to 28,000 yr (table 7 and fig. 11). These oldest waters in the region are found in both the
Diablo Plateau (wells 95, 97, 115, and 116) and Hueco Bolson (wells 107, 111, and 126) aquifers.
The carbon-14 ages are considered to reflect actual time since recharge, with an uncertainty of
about 3,000 yr. ‘

One of the wells that contains very old water ‘deserves special mention. Well 126 .was
initially sampled in 1986 and found to contain 3.6 + 0.6 TU, 3.3 percent mvodem carbon, and to -
have a 813C ratio of -18.1 %o. At the time, it was suspected that the tritium activity reflected
some contaminatfon from drilling fluid. Because it is extremely unlikely that the carbonate
system could be contaminated in a way that would produce such low carbon-14 and 8¢ values,
vthe estimated carbon-14 age of more than 28,000 yt is considered representative of the true
age. Several aquifer tests were performed after 1986 and before a sécond sample was collected
in 1989. Special atfention was given to removing all drilling fluid before sampling in 1989.
However, the sample collected in 1989 was found to have a:813C ratio of -9.1 %o and to contain
0 TU and 69.4 percent modern carbon. These data yield a niuch younger carbon-14 age of about
3500 yr At this tinie we cannot explain the discrepancy between the compositions of ground
water sampled at the different times. We consider the earlier data to best represent a true
sample composition and suspect the 1989 sample was contaminated by atmospheric carbon
dioxide (813C of about -7 %o and 100 percent modern carbdn).

Ground-water ages follow the general trend displayed by the distribution of total dissoived
solids and the pattern of predominant cations and anions (gompare figs. 4 and 12); older waters
are relatively saline and have sodium and sulfate as the dominant dissolved species, whereas
younger waters are relatively fresh and have calcium and sulfate (wéll 114) or sodium and

bicarbonate (wells 95, 96, 97, and 115) as the dominant aqﬁeous cation and anion, respectively.
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SUMMARY

Gr‘ound-w‘ater samples from three major aquifer systems, water extracted from vadose
zone‘sediments,, soil leachates, and core samples were analyzed to lnvestlgéte the regional
hydrochemical system in the southeast Hueco Bolson and southwest Diablo Plateau, Trans-Pecos
Texas. Repeated ground-water sampling over a 3-yr period and quarterly sampling of selected
‘wells showed no significant short-term chemical or isotopic variability. Long-term monitoring of
wells and springs may show systematic seasonal variations in ground-water compositibns that
could provide important information about the regional hydrologic system; howevér, such
trends cannot be identified in the available data.

The major solute chemistry of Hueco Bolson and Diablo Pléteau ground water is generally
controlled by simple mineral dissolution and ion exchange. Calcite and dolomite are dissoli'ed
to saturation in most ground waters. Gypsum is also dissolved, but gypsum is apparently not
present in sufficient quantities for saturation to be achieved. Dissolution of gypsum raises the
calcium concentration in ground-watér and soil-water samples, which ‘drives exchange of
aqueous calcium for sodium bn ion exchahgé sites. This coupled process results in water
compositions dominated by sodium and sulfa‘tve in most samples. Diablo Plateau ground waters
that have bicarbonate as the most abundant anion occur only in wells on the Plateau. These
waters have dissolved gypsum relative to calcite les§ than waters that have sulfate as the most
abundant anion. The single gro}und-water sample from the Diablo Plateau aquifer that has
calcium as the most abundant cation lies at the base of the plateau escarpxﬁent. This sample
differs from other Diablo Plateau gfound Waters in that it has encountered little clay or other
phases having ion-exchange capacity. The water from this well is also relatively young,
suggesting that water-rock interactions may have not been extensive because the fesidence

time of the water is short. Ground water from the Rio Grande alluvial aquifer is predominantly a
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’sodiurn-chloride type. DiSsolution of salts that precipitate in irrigated fields during times of high
evaporation rates largely controls dissolved solutes in this aquifer.

The major ionic charaéteristics'of ground waters arefapparently established early in the
" flow history, largely by processes that occur at the sediment surface. Evidence to support this
conclusion includes the observation that the composition c;f soil leachate and soil-moisture
samples falls‘ on the same compositional evolution trends as Diablo Plateau and Bolson ground
water. Soil leachate contains the same major species as Bolson and Diablo Plateau ground water,
but in proportions that reflect simple dissolution withouf ion exchange. Soil-moisture samples
from bolson sediments well above the water table show the same major solut‘es as soil leachate
and ground waters from the Hueco Bolson and Diablo Plateau aquifers and alsci show evidence
_that ion exchange of sodium on clay for calcium in solution has occurred. The fact that ground-
water samples from carbonate strata sampled at wells on the 'Diablo Plateau where soil thickness
ranges from zero to only a few tens of feet is compositionally similar to soil moisture and ground
water from bolson siliciclastic strata is further evidence that geochemical processes in the
vadose zone establish ihe major features of ground-water chemistry. Ground water in the Rio
Grande alluvial aquifer also appar‘ently derives most major solutes from dissolutidrl of salts at the
sediment surface. Alluvium from an irrigated field readily yields high concentrations of sodium
and chloride, the most abundant solutes in Rio Grande ground water. Potassium, magnesium,
calcium, silica, sulfate, and nitrat4e also are readily available in irrigated surface sediments.

Ground-water ages estimated from tritium and carbon-14 activities range from recent to
nearly 28,000 yr. Water that was recently recharged is found along the Rio Grande, in wells on
rhe Diablo Plateau, and in wells near the toe of the plateau escarpment. The three oldest
waters (approximately 14’,500 to 28,000 carbon-14 yrs) are produced frorrr wells on the bolson
pediment from both the Hueco Bolson and Diablo Plateau aquifers. Age distributions for water
from the Diablo Plateau and Hueco Bolson show a pattern similar to those of total dissolved
solids and predominant aqueous cation and anion, suggestidg that ground-water hydrochemistry

largely réﬂécts hydrologic properties of the aquifers.
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Table 1. Summary of climatic data for El Paso County, Texas (after Orton, 1969, p. 33, 39;
National Climatic Data Center, 1985, p. 15).

Temperature
Maximum (1960) 109° F (43° C)
Minimum (1962) - -8° F (=22° C)
 Mean (1951-1980) : 63.4° F (17° C)
Precipitation
Mean (1951-1980) © 7.82 inches (20 cm)
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* Table 2. Comparison of major ion compositions (mg/L) for wells sampled in 1986 and 1988 or

1989, or both.

Well Date

114 2/12/86
7/06/88
10/06/88

116 2/13/86
1/18/89
5/03/89

108 1/21/86
7/01/88

10/04/88

1/17/89

5/01/89

111 1/22/86
7/06/88

10/05/88

5/02/89

Na

5S
56
68

362
365
360

410
412
4135
417
419

327
310
373
321

Ca

131
145
112

48.4
53.8
50.3

34.7
36.2
36.3
38.9
36.0

26.8
28.7
25.1
27.6

51

HCO3

284
297
304

278
303
292

263
263
2635
263
264

242
248
279
248

SO4

275
340
280

525
530
556

39§
320
450
460
469
360
360

460
340

Cl

10
12
7

128
131
127

259
269
261
274
260

168
15§
189
155



Table 3. Major ionic compositions (mg/L) of samples collected quarterly from summer 1988

through spring 1989.

Well
97

108

93

110

Season

Summer
Fall
Winter
Spring

Summer
Fall
Winter
Spring

Summer
Fall
Winter
Spring

Summer

Fall
Winter
Spring

Na

355
361

371

363

412

415

417
419

710
748
747
757

842
899
1220
379

Ca
104

106

113
106

36.2
36.3
38.9
36.0

132
129
143
136
342
383

502
116

52

- HCO3

498
379
497
496

263
265

263

264

193
177
202
194

473
366
501

347

SO4

500
580
600
602

400

450
460
469

320

380

380

397

720
820
1020
414

Cl

173
181
183
177

269
261
274
260

1120
1150
1153
1150

1320
1670
2290

397



Table 4. Results of chemical analyses of soil-moisture samples (mg/L).

Sample Depth

17a-1
17a-2
17a-3

17a-4

16a-1
16a-2
- 16b-3

54
54

54

54
78
78
110

Depths in feet

NA = not analyzed .

Date

10/24/88

10/24/88
12/06/88

1/28/89
10/24/88
12/06/88
10/24/88

Ca

35.6
35.6

344

34.2
23.5
25.2

211

Mg

6.5

6.4
6.7

8.0

5.9
6.9

53

53

Na-

117

123
129
157
190
210
102

K

7.7
7.7

7.9

12.0
4.7
5.2
5.2

HCO3

237
223
260

220

359
370
230

102
110
107
150
132
154

49

Cl

44
43
43
46
48
53
48

i

NA
NA
36

29

NA
40
NA



Table 5. Results of leaching surface sediments in distilled water for 15, 240, and 360 min.
Concentrations in milligrams solute per gram sediment.

Aquifer Time Na K Mg Ca Fe Si SOg Cl HCO3 NO3

Diablo Plateau 15 0.8 143 4.5 428 2.5 222 10.8 1.4 130 9.4
high area . 240 0.8 21.7 6.9 76.7 0.3 17.8 9.9 1.8 245 8.1
360 0.6 243 7.9 85.3 0.5 .19.8 1.7 1.7 281 9.2

Diablo Plateau 15 0.1 52 29 572 0.5 109 61 5.7 120 7.0
low area 240 bd 7.4 39 599 02 133 99 1.7 162 7.5
360 bd 82 45 659 0.1 142 9.7 1.4 175 9.4

Bolson 15 0.3  21.6 7.0 61.2 9.1 57.7 5.8 2.7 170 5.8
arroyo 240 0.3  24.0 3.4 484 0.5 135.6 6.9 25 173 7.0
360 . 0.1 265 3.5 46.4 0.2 153 6.9 2.2 169 5.6

Bolson 15 1.0 19.6 100 339 16.5 92.4 4.3 1.4 965 1.8
interarroyo 240 1.4 17.8 3.5 482 1.3 20.2 6.8 1.3 166 0.1
: 360 1.6 19.5 3.6 538 0.5 16.6 9.2 26 178 1.0

Rio Grande 15 726  29.6 43.5 262.6 0.1 10.9 900 949 92 188
irrigated 240 744  29.1 433 2573 0.5 143 876 949 112 170
360 750  30.8 43.0 2570 0.1 13.0 913 937 119 181

Rio Grande 15 7.5 48.9 @ 301 37.4 42.4 220 7.9 5.8 122 6.8
not irrigated 240  10.8 44.2 8.7 68.8 0.2"‘ 15.7 10.9 5.8 295 7.1
360 9.7 46.5 9.6 72.9 1.0:  20.8 10.4 4.5 289 6.0

bd = below detection
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Table 6. Mean values and standard deviations (138) of saturation indices for ground waters from
each principal aquifer. Saturation index values were computed by geochemical modeling
program SOLMNEQ (Kharaka and Barnes, 1973).

Aquifer
Mineral Bolson Diablo Plateau Rio Grande
Calcite -0.022 (0.329) 0.034 (0.200) 0.360 (0.311)
Dolomite =0.397 (0.583) -0.216 (0.473) 0.356 (0.579)
Gypsum -1.432 (0.342) -1.174 (0.260) -0.941 (0.296)

SS



Table 7. Results of carbon-14 age calculations.

BEG Alkalinity Carbon-14  813C Age(K1) Age (K2)
-ID Date  (mg/L) (pmc) %o K1 (yr) K2 (yr)

Diablo Plateau Aquiferv

107 1/22/86 161 16.1 -16.8 0.807 13,078 0.9882 14,748
108 1/21/86 263 61.0 -9.6 0.494 neg 0.5652 neg
108 7/1/88 263 43.5 -9.4 0.494 1,056 0.5332 1,983
108  1/17/89 263 56.3  -9.2 0.494 neg 0.5412 neg
111 -~ 1/22/86 242 218 -1041 0.537 7,456 0.5942 8,288
111 7/6/88 248 20.9 -8.2 0.524 7,602 0.4822 6,914
126  4/23/86 60 3.3 -18.1 1.000 28,201 1.0658 28,719

Hueco Bolson Aquifer |

95  6/30/88 336 21.9 -5.8 0387 4,705 0.3542 3,665
96  6/30/88 325 27.2 -5.4  0.400 .= 3,188 03182 1,283
97  6/30/88 498 6.0 -4.4 0261 @ 12,197 0.2562 12,051
97 - 10/6/88 379 7.4 -5.3 0343 12,679 03122 11,889
97  1/26/89 = 497 6.6  -44 0262 11,384 0.2593 11,297
112 2/13/86 282 43.0 -80 0461 575 0.4712 746
113 - 2/11/86 336 36.9 -9.4  0.387 392 0.363b neg
114 2/12/86 284 60.0 -11.3  0.458 neg 0.504b neg
114  7/6/88 297 61.1  -11.1 0438  neg 0.489D neg
115 2/14/86 411 9.6 -79 0316 9,857 0.2520 7,973
116  2/13/86 278 8.9 -7.8  0.468 . 13,715 0.4598 13,558
116  1/18/89 303 6.6 -6.5  0.429 = 15,475 0.38228 14,523

Rio Grande Aquifer

92 6/28/88 145 87.6 -9.4  0.897 188" 1.046P 1,459
93 7/5/88 193 S1.9 -8.2 0.674 = 2,163 0.4802 neg
93 10/4/88 177 52.9 -8.4 0.734 2,713 0.993¢ 4,694
93 1/17/89 202 50.1 -8.0 0.644 2,070 0.4712 neg

K1 from equation (11) .
K 2 from equation (12):
3=513Cnin = 0 %o, 813Cpc = -17 %o
b_§13C i = 4.5 %0, 813C1c = -9 %o
, €=313Cpin = 0 %0, 813Cpc = -9 %o
neg = calculated age has negative value
Ages calculated from equation (13)
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Appendix 2. (continued)

BEG

1D

93
93

105
109
110
110
110
110
110
110

72

73

94

Date

4/27/89
11/16/89

1/21/86
1/21/86

1/21/86
7/5/88

- 10/5/88

1/18/89
S/1/89
11/16/89
11/17/89
11/19/89

10/3/89

NA = not analyzed

P = analysis pending

Sr

2.42
2.24

1.36
1.43
6.69
5.56
6.99
10.60
1.93
1.40
4.40
3.26

1.51

Ba

0.06
0.07

0.06
0.01
0.06
0.05
0.05
0.06
0.02
0.03
0.03
0.03

0.02

Fe

<0.02
0.16

0.69
0.02
1.35
1.78
2.31
2.74
0.51
0.66
0.05
<0.02

0.05

0.03
0.31

NA
NA
NA
1.62
1.82
0.99
0.52
0.46
0.02
<0.02

0.08

Zn

<0.03
0.09

NA
NA
NA
0.03
0.03
<0.03
<0.03
0.05
0.07
0.07

0.70

Li

0.19
0.24

0.21

0.26
0.36
0.28
0.33
0.15
0.16

0.17

0.11

0.08

0.37
1.55

NA

NA

NA
0.48
0.57
0.69
0.30
0.86
2.21
1.53

1.17

Br

1.00
0.77

0.22
0.59
2.27
1.20
1.40
2.00
0.50
0.37
2.39
1.26

0.26

I

0.8
0.23

NA
NA
NA
0.2
0.2
0.2
0.4
0.13
<0.10
0.42

0.34

F

1.10
1.09

0.66
0.39
0.61
0.80
0.45
0.80
0.80
0.83
2.13
2.88

4.53

NH,4

<0.2
<0.20

NA
NA
NA
0.2
0.2
<0.4
<0.2
<0.2
1.07
<0.20

0.57

Cs

<0.2
NA

NA

NA

NA
<0.2
<0.4
<0.2
<0.2

NA

NA
NA

NA

Hg

<2
NA

NA
NA

NA
<2

RLA

NA

NA

NA

NA

U

(ug/L) Cyanide Sulfide

<0.2
NA

NA
NA
NA
2.8
3.4
2.2
0.3
NA
NA
NA

NA

<0.01
NA

NA
NA
NA
NA
NA
NA
<0.01
NA
NA
NA

NA

<0.05
NA

NA
NA
NA
NA
NA
NA
<0.05
NA
NA
NA

NA

TOC

41.4
NA

NA
NA
NA
NA
NA
NA
19.2
NA
NA
NA

NA



Appendix 3. Isotopic compositions of ground waters.

$13C .

BEG

ID

22
22
22
22

91
94
95
96

97
97
97
.97
97

106
106
106
106
106
106
106

112
113
114
114
114
115
116
116

116
116

72
73
98
98
98
99

107
107

107

Date

10/5/88
3/16/89
4/24/89
11/17/89

- 4/28/89
10/3/89
6/30/88
6/30/88

6/30/88
10/6/88
1/26/89

5/2/89
8/17/89

1/22/86
6/29/88
10/5/88
1/26/89
5/3/89
8/15/89
11/18/89

2/13/86
2/11/86
2/12/86
7/6/88
10/6/88
2/14/86
2/13/86

- 1/18/89

5/3/89
8/23/89

11/17/89
11/19/89
5/11/89
8/17/89
"11/18/89
12/5/88
1/22/86

6/29/88
9/26/89

Modern carbén

13.40

21.90

27.20

5.97
7.40

10.10

43.00
36.90
60.00
61.08
61.80

' 9.60

8.90

11.90

24.50

16.60

(%)
NA
P
P
P

+0.7

+0.37

+0.42
+0.80
+1.8

+0.36
+0.36
+0.30

+£0.70
NA

+0.70

(%)

NA
P

-12.9
-5.30
-6.50

-5.80.

-5.40

-4.36
-5.30
—4.40
—4.80

NA

NA
NA

NA

NA
NA

-8.00
-9.40
-11.30
-11.10
-10.80
-7.90
-7.80
-6.50

-6.50
NA

Tritium 5180
(TU) (%0)
_ Diablo Plateau Aquifer
NA ‘NA
0.14 -79
0.00 -7.4
- -0.09 p
1.10 -8.3
1.22 P
0.00 -8.0
5.61 -8.1
0.62 9.8
0.53 NA
0.59 -10.5
0.51 -10.3
NA p
<0.80 -7.5
“'NA 8.3
NA NA
2.64 6.8
2.85 -7.0
NA P
NA P
11.80 71
3.74 -7.7
20.67 -7.5
14.00 -7.6
11.60 NA
0.50 -10.7
1.52 -8.0
0.00 9.0
0.40 9.4
NA P

-9.10
—6.30
-8.70
NA
NA

P
-16.80

NA
-13.0

Hueco Bolson Aquifer

65

-0.04
0.02
0.60

NA
NA
NA
<0.80

NA
-0.03

P
P

7.4

-7.5

-8.0
-0.5

| 3D
(%0)

‘ Z
R IR

=52.0

-56.0

-71.0
NA

-58.0

-58.0

NA

o~ BavRavla-]

-50.0
-58.0
-54.0
-49.0

-83.0

-62.0

ja~Bav s~

o o YO

-59.0
-28.5

3348
(%0)



Appendix 3. (continued)

BEG
ID

. 108
108
108
108
108
108
108

111
111
111

111 .
111 -

126
126
126
126

126

92
92

93
93
93
93
93
93

108
109

110
110
110
110
110
110
110

Date

1/21/86
7/1/88
10/4/88
1/17/89
5/1/89
8/16/89
11/17/89

1/22/86
7/6/88
10/5/99
5/2/89
8/22/89

4/23/86
1/19/89
4/27/89
8/23/89
11/19/89

5/6/86
6/28/88

7/5/88
10/4/88
1/17/89

' 4/27/89

8/16/89
11/16/89

1/21/86 -

1/21/86

1/21/86
7/5/88
10/5/88
1/18/89
5/1/89
8/16/89
11/16/89

NA = not analyzed
P = analysis pending

Modern carbon
(%)

61.00
43.50

52.30

56.30
63.20

21.80
20.90

25.90

°3.30

87.64

'51.85
52.90
50.10

51.0

116.00
109.00

112.70

107.60
112.80

+0.42
+1.80
+1.3
+1.00
+0.70
NA
NA

+0.80
NA
+0.70
NA

NA
NA

NA
+1.04

+1.08
+0.70
+0.60
+0.60
NA
NA

NA
NA

+0.72 7

+1.00
+0.70
+0.50
+0.70

NA

: 5136 i

(%0)

-9.60
-9.40
-9.20

-9.20°

-8.90
NA
NA

-10.10
-8.20
NA
-7.90
'NA

-18.10

NA
NA

NA
-9.41

-8.16
-8.40
-8.00
-8.00

NA
NA
NA

-12.00
-11.90
-11.10
-10.80
-11.20

NA

NA

Rio Grande Aquifer

66

Tritium |

(TU)
<0.80
0.35°
<0.08
NA
0.18
NA
NA

<0.80
0.10
NA
0.00
NA

'3.30
0.28
0.25
NA
NA

NA
10.90

5180 |

9.2
-9.2

NA
5.5

S.5

NA
6.7
NA
NA

1.1
16.9

4.7
6.0
NA
6.2
3.5
NA
NA



