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ABSTRACT

Torﬁ Green County Iies‘in the discharge zone of fhe Permian B‘asi‘n regional
flow syste'm in Wes’tr Texas. Hydrochemical facies and ionic ratios of major
chemical constituents indicate that much of the saline ground water in the area is
a mixtere of subsurface brine flowing eastward from the Permian Basin and locally
recharged, shellowly circulating meteoric water. Aquifers that contain relatively fresh
water in outcropping Paleozoic rocks contain brine and hydrocarbons as shallow as
200 to 900 ft (60 to 270 m) just tens of miles to the west. Chemical composition
of ground water is strongly associated with the outcrop of Paleozoic formations
from" which briﬁe is discharged.

Three major mechanisms for mixing of subsurface brine and shallow ground
water could be documented by test drilling but is not reflected in the chemical
composition of the mixtures because of the chemical similarity between natural
brine in shallow units and brine that flows into the shallow subsurface from the
deeper Coleman Junc'tion Formation via insufficiently plugged holes. (1) The
presence of brine and thus of natural discharée at shallow depth belowithe base of
fresh water in the Permian San Angelo Formation of central Tom Green County
was proven by test drilling. (2) Abandoned expleration holes allow upward flow of
brine where depths of surface casing and plugs are less than the base of fresh
water. ‘Seepage of brine from the overpressured Coleman Junction Formation into
the shallow subsurface was observed in one hole and is suggested: by test drilling
in another. (3) Lkeaching of salt from soil underlying former brine-disposal sites is
an ongoing process even 20 years after discontinuation of the brine disposal-

method. Water samples collected during drilling into former pits were highly
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~~ABSTRACT-

Tom‘ Green County lies in: the,dlscharge zone of the Permian Basin regional
flow system in West Texas. Hydrochemical fac‘les_and ionic ratios of major
chemical constituents indicate that much of the saline ground water in the area is
a mixture of subsurface brine flowing eastward from.the Permian Basin and locally
‘rechar‘ged‘. shallol/vly circulating‘ »meteoric "V\'la,ter,:. ‘Aquifers‘ t'hat'contain relatively fresh
vrrater in outcropping Paleozoic rocks c10ntain brlne and hydrocarbons as shallow as
200 to 900 ft (60 to 270 m) vlust tens ‘ofhrmiles to the west. Chemical composition
of ground water is strongly assocrated Wlth the outcrop of Paleozmc formatlons
from Wthh brine is discharged. | i i

| ‘Three major mechanlsms for 'mixing; of subsurface- brine and shall.o\:/v’ ,g'ro'»un-d,".'
Water could be dOcumé‘n:ted by test drilling but is not reflected in the‘ifc'h'ernl'c‘al
composition of the mixtures because of the bchemic_al similarity between natdral
brine in shallow units and brine that flows into -the shallow subsurface from the
deeper Coleman Junctlon Formatlon via msufflcrently plugged holes (1) The
'presence of brine and thus of natural dlscharge at shallow depth below the base of .
fresh water in the Permlan San Angelo Formation of central Tom Green County

was p‘roven by test drllllng | (2) Abandoned exploration holes aIlow upward flow of
brine where depths of surface casmg and plugs are less than the, base of fresh
water.l Seepage of brine from the overpressured Coleman Junction Formatron mto i

the shallow subsurface was observed in one hole and is suggested by test drlllmg

in another. (3) Leaching of |salt from sorl underlymg former brine- drsposal sites is
an ongoing process even 20 years after drscontmuatron of. the brine disposal-

- method. Water samples collected durlng drllllng into former p|ts were hrghly £



saline. The presence of a fourth mixing mechanism of brine and shallow ground
water via abandoned water wells could not be proven. No records exist on deep
water wells that were drilled into saline portions of aquifers and that were
abandoned without plugging.

Geochemical differentiation between shallow subsurface brine and brine from
deep Pennsylvanian reservoirs as well as identification of mixing between shallow
ground water and the shallow brine system was made possible by (1) using
bivariate plots of Ca, Mg, Na, and SO4 concentratiohé and of Br/Cl ratios versus
chloride concentrations, (2) using bivariate plots of Cl/SO, ratios versus S0,
concentrations and versus Na/Ca ratios, and (3) determining anomalous
hydrochemical facies. Organic acids, isotopes of hydrogen, oxygen, carbon, and
sulfur, and minor and trace constituents other than bromide did not provide

significant information in this study.
INTRODUCTION

Saline to brackish ground water is found in many water wells in the Concho
River valley of West Texas. Richter and. Kreitler (1985) determined that poor-
quality water in Tom Green, Runnels, and Concho Counties (fig. 1) might be due
to natural discharge of subsurface brines, upward movement of brine across
confining beds through unplugged water wells and oil wells into aquifers, seepage
of saline water from rocks beneath former brine-disposal pits, and evaporative
concentration of ground water from shallow water tables that have risen in
response to changed agricultural landscaping and increased recharge. Many ground-
water samples having high salinity from western Tom Green County appeared to

be influenced by mixing of fresh water and subsurface brine. A common concern
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Figure 1. Simplified geologic map of Concho River watershed (modified from
American Association of Petroleum Geologists, 1973)



is that recent changes in ground-water salinity might be due to oil field activities,
such as seepage from abandoned brine-disposal pits and from oil wells with leaky
casihgs. |

This investigation was designed to characterize chemical variations in fresh
ground waters and subsurface brines in Tom Green and eastern Irion Counties,
Texas, to characterize ground water associated with possible sourceé of saline
‘water, a‘nd to develop diagnostic hydrochemical tools to recognize and locate
sources.of saline ground water in shallow aquifers.. Regional and.local
hydrogeologic controls on natural occurrence of saline water in the study area must
be understood to establish a baseline for documenting anthropogenic salinity
effects. Sélinity and hydrochemical facies distributions in shallow ground waters
are examined, chemical variations arﬁong subsurface brines are discussed, and
chemical similarities Between shallow ground waters and subsurface brines are
indicated. We use the term "'shallow ground water” to refer to potable water
supplies in aquifers at depths of less than about 400 ft (120 m). “"Subsurface
brine” refers to water of high salfhity typi‘cally associated with oil fields and

commonly occurring ‘at depths o‘f‘greate‘r than 1,000 ft (300 m).
Hydfo'geologic Setting

The study area in Tom Green and eastern Irion Counties (fig. 1) is at the
eastern edge of the Southern Great Plains physiographic prévince. Th“e Sou‘thern
Great Plains is inclined to the southeast from altitudes of 6,000 to 8,000 ft (1.800
to 2,400 m) in eastern New Mexico to altitudes of 1,500 to 2,000 ft (450 to 600

m) in Central Texas. Physiography of the study area includes flat alluvium-floored



valleys, formed by the Concho River and its tributaries, sebarated from the gently
rolling, dissected upland of the Edwards Plateau by an escarpment with a
maximum height of approximately 100 ft (30 m). |

Cretaceous carbonate rocks that underlie the Edwards Plateau in the study
" area unconforma‘bly overlie Permian sandstone, carbonate rock, and shale, which
were deposited on the eastern shelf of the Midland Basin and which dip. to the
west. The Comanche Peak limestone of the Fredericksburg Group and the Antlers
sandstone of the Trinity Gro‘up form two interconnected équifers in Cretaceous
rock. Potable ground waters also éré produced from aquifers in the Permian Clear
Fork and Pease River Groups (table 1); the Permian groups in many areas of the
Concho River valley are cbvered by Pleistocene and Quaternary alluvium (Willis,
1954; Lee, 1986).

Drilling for and production of oil started in the area in the early 1900's. Oil
and oil shows were originally encountered at depths as sha"ow as 43 ft (13 m)
below land surface (Udden and Phillips, 1911). At present, oil and gas is produced
from Paleozoic rocks at depths ranging from as shallow as 900 ft (270 m) in
Permian formations to greater than 6,000 ft (1,800 m) in Ordovician rocks.
Subsurface brine is prevalent throughout the Paleozoic section at varying depth
below land surface. Seepage-of salt water from this section at land surface is
widespread but not;. just a recent phenofnenon. The occurrence of salt water at and
near land $urface was reported as ez;rly as 1911 (Udden and Phillips, 1911). Upper
Permian rocks that compose fresh-water aquifers beneath the Concho River valley
contain brine and hydrocarbons just tens of miI‘es west of the study area in the
subsurface (McNeal, 1965; Core Laboratories, 1972). For example, figure 2 shows

that salinity of subsurface water in the Upper Permian San Andres (Blaine)



Table 1.

and eastern Irion Counties,

Generalized stratigraphic chart for Tom Green

System Series Group Formation Lithology
Quaternary Holocene alluvium
Pleistocene Leona caliche and gravel
Washita Buda argillaceous |imestone
Edwards | imestone and dolomite
Cretaceous Comanchean |Fredericksburg [ Comanche Peak | imestone
' : Walnut mar| and clay
Trinity Antlers sandstone and shale
Upper Triassic Dockum undifferentiated sandstone and shale
Ochoan Quartermaster |undifferentiated sandstone and
gypsiferous shale
Whitehorse undifferentiated sandstone and

Guadalupian

gypsiferous shale

San Andres (Blaine)

sandstone

Pease River San Angelo sandstone, gypsum, an
dolomite
Choza shale and dolomitic
| imestone
Permian Clear Fork Vale shale and dolomitic
| imestone
Arroyo shale and marly
. | imestone
Leuders | imestone and dolomite
Leonardian Talpa
Grape Creek
Wichita- Bead Mountain | imestone and shale
Albany Jagger Bend-Valera |
Elm Creek ’
Admiral
Coleman Junction
Wolfcampian
Cisco | imestone and
Virgilian shale
Missourian |[Canyon : | imestone
Pennsylvanian | Desmoinesian|Strawn undifferentiated | imestone and shale
» Atokan sandstone,
Bend shale, and
Morrowan | imestone
Lower
Ordovician Ellenburger "Ellenburger" dolomite

Modified from Barnés (1972, 1974), American Association of Petroleum
Geologists (1973), and Lee (1986)
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Formation varies from 50,000 mg/L in eastern Irion County to more thén 200,000
vmg/L in the Midland Basin to the west.

The inflﬁence of regional and local topographic relief on ground-water flow
paths (Toth, 1978) must be understood to distinguish correctly between naturally
occurring saline waters and salt-water contamination in Tom Green and eastern
Irion Counties. Regional topographic rélief across the Southern Great Plains imposes
a hydrodynami.c_gradient on subsurface brine in Paleozoic rocks (McNeal, 1965;
Dutton -and Orr, 1986; Wirojanagud and ofhers, 1986). Potentiometric surfaces of
subsurface brines are inclined toward the east, indicating‘potential for eastWard
~ fluid flow toward formation outcrops (fig. 3). Eastward flow of subsurface water
across the Eastern Shelf probably influenced migration bf hydrocarbons into
reservoirs. The éastward flow during the ‘past several million years also has
probably transported subsurface brine to near land ‘surface‘, where the brine mixes
with Ioca"y recharged, shallowly circulating water. =~ Richter and Kreitler (1986)
showed that brine af shallow (100 ft [30 m]) depths in the southern part of the
Rolling Plains northwest of the study. area are derived from deep parts of ‘the
Permian Basin. Comparison of potentiometric surfaces of hydrostratigraphic units
in Paleozoic rocks mapped by McNeal (‘1965) in Tom Green and eastern lrion
Counties indicates that there is potential for movement of subsurface brine upward
across confining layers toward discharge sites if pathways exist, such as throug.h
fractures and unplugged boreholes. Potentiomét'ric su‘rfaces of subsurface brines in
the study area genberally are close to land surface in the Concho River valley.
This is consistent with observatibns that brine in the Permian Coleman Junction‘

Formétion (table 1), at approximate depths of 1,500 ft (450 m) just east of Tom

Green County to 3,000 ft (900 m) in eastern Irion County, rises to near or
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somewhat above land surface in old well bores (Richter and Kreitler, 1985).
Potentiometric surfaces of shallow aquifer units are inclined towards the
Concho River and its tributaries (Lee, 1986). reflecting topographic control on flow
directions of shallow ground water. Lee (1986) reported that hydraulic head of
ground water increases downward from land surface beneath the Concho River and
decreases downward beneath the floodplains and plateaus adjacent to the river.
This pattern indicates that the rocks of the Edwards Plateau are local recharge
areas and that .ground—water discharge occurs primarily in the valleys of the
Concho River and its tributaries. ~Subsurface brine in the Southern Great Plains
regional ground-water flow system also probably discharges at low elevations in the
Concho River valley, influencing ground-water quality in surface-water bodies and

fresh-water aquifers.
Methods and Data

In this study, we used data on the chemical composition of subsurface brine
collected at oil wells and shallow ground water at existing water wells and
specially drilled test wells as well as existing chemical data compiled from reports
and computer files. To document local variation and hydrogeologic controls on
ground-water quality, chemical analyses and production-zone elevations of 646
samples of ground water in Tom Green and eastern Irion Counties (app. 1) were
compiled from Work Projects Administration (1941), Willis (1954), Pool (1972),
Richter and Kreitler (1985), Lee (1986). and computerized and open-file records of
the Texas Natural Resources Information System. Well locations were digitized

with Universal Transverse Mercator (UTM) coordinates from base maps.
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Reported analyses of the chemical composition of ground water vary in
completeness and in conditions of Sample treatment. = Temperature, pH, and
alkalinity were not always measured on site and therefore are unreliable
measurements of in situ values: pH commonly is not reported (app. 1). The
charge balance of anions and cations is almost always e\}(act, indicatihg that
sodium and potassium were determined together by calculating the difference (Hem,
1985, p. 164).

Seventeen subsurface brines were collected during two weeks in May and June
1986 to establish whether chemical kcomposition of water differs in oil and gas
fields in Tom Green and eastern Irion Counties (fig. 4) aind whether diagnosfic
tracers of fo‘rmation—spec‘ific brines could be identified. Brines from the same
formation were taken from different fields, but only one sample was collected at
each field. Care was taken to avoid sampling wells where natufal Subsurface brine
may have been contaminated by injected salt water. Files at the Central Records
Office and at the San Angelo District Office of the Railroad Commission of Texas
were reviewed to locate wells used for salt-water injection for disposal or for
secondary oil recovery between 1965 and early 1986. All fields that p‘roduce oil
from the San Andres and San Angelo Formations in the study area contain some
salt-water-injection wells. To collect ground-water brine that is representative of
these formations, wells as far as possible from injection wells were sampled.

Shallow ground—w‘ater samples were collected during April and May 1987. A
commercial analytic‘ laboratory in San Angelo, Texas, provided recent chemical
analyses of ground water that formed the basis of a sampling program for shéllov_v
saline ground waters. Of more than 1,000 samples that were analyzed between

1977 and 1987, 30 samples with chloride concentrations greater than 2,000 mg/L
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EXPLANATION 0

B Depth (ft) of oil shows

A Depth (ft) to saline ground water

. sampled oil well , QA 8320
(7 oil field

Figure 4.  Oil and gas fields in Tom Green and eastern Irion Counties. Also
' shown is early evidence of shallow oil and salt water (Udden and

Phillips, 1911).
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were identified. Nine of these 30 sites were resampled. Another four samples were
obtained from water wells where salinity reportedly had increased.

~Six test holes were drilled by air-rotary method for collection of shallow
ground-water samples from below the base of fresh water. Test holes were drilled
at sites where salt water had been previously encountered by the land oWners
during wéter—well drilling. After samples were collected, test wellé were entirely
fiII‘ed with cement. Eight water samples were obtained from 5 test holes; one test
hole was dry. Nonsaline water-bearing units encountered during drilling weré
sealed after a sample was taken, and then drilling continued. Test holes were also
drilled by air-rotary method at three abandoned brine-disposal pits. Soil samples
were obtained in 5-ft (1.5-m) and in 10-ft (3-m) intervals during drilling, and
water samples were collécted from the shallowest water encountered. Soil samples
were weighed, stored in preweighed plastic cups with screw-on caps, and kept on
ice in the field before chloride concentration and moisture content were determined
in 'the. laboratory.

Concentrations of chemiéal constituents are feported in the tablbesﬁ as
milligrams per liter (‘mg/L) and are plotted in dimensions of mg/L and
milliequivalents per liter (meq/L). Dimensions of meq/L are calculated by
multiplying molar concentrations of an individual constituent by its valence and are
used for control of charge balance of a water analysis (control of accuracy).
Conversion factors from mg/L‘to meq/L are listed in appendix 2.

Drillers” logs and plugging reporté for abandoned oil exploration boreholes were
used to evaluate pollution haiards of upward-flowing subsurface brines. An

abandoned dry hole was selected for test drilling to test the accuracy of plugging
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reports and to determine effectiveness of plugging. After a permit for reentering
and replqgging had been obtained from the Railroad Commission of Texas, the
surface plug was drilled out, and plug thickness and position were compared with
‘those of the original plugging report. A test hole 150 ft (45 m) down gradient
from the hole was drilled to test for brine leakage from the abandoned borehole.

To assess the potential for salt-water pollution from formér brine-disposal pits,
the amount of subsurface brine disposed in unlined pits in the study area during
1950 to 1969 was estimated by multiplying reported volume of oil production by
water /oil ratios for various leases in the study area. Two independent estimates
of water/oil ratios were made: one was based on 4 representative years of data
reported in Form W-10, Oil Well Status Report of the Railroad Commission of
Texas; the other was derived from brine-production data contained in three
operator surveys conducted by the Railroad Commission of Texas. Response to
the salt-water surveys was voluntary and may be less complete than Form W-10
data. Water/oil ratios were calculated for individual leases from Form W-10 data
and then averaged: ratios from salt-water surveys are averages of total water and
oil produced (table 2).

Sampling Technique

Similar methods were followed for collection and treatment of both subsurfaée
brine and shallow ground water: methods differed only in the need to remove oil
from subsurface brine. The proportion of gas, oil, and water produced from
sampled oil wells varied among ﬁelds. The water/oil ratio in fluid produced from

some fields is high enough that adequate sample volume could be separated from
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Table 2. Data used to estimate amount of salt water
produced from oil and gas fields
in Tom Green ‘and lrion . Counties, 1950-1969.

Water/Oil Ratios From W-10 Forms (bbl/bbl)

1953 1058 1964 1969
arithmetic average 0.94 0.56 0.68 1.37
arithmetic median 0.09 0.07 0.19 0.18
geometric mean ‘ 0.05 0.02 - 017 0.18
mean + 1 standard deviation 1.45 0.77 1.62 2.18
mean - 1 standard deviation 0.002 0.001 0.017 0.014
sample size 15 15 22 29

Water/Oil Ratios From Salt-Water Surveys

1957 1961 1967
brine production be1 3,434 2,285,129 2,397,417
oil production bbl 2,576,564 2,208,644 2,908,602
water/oil_ ratio (bbl/bbl) , 0.001 1.035 - 0.824

Cumulative Oil Production (1,000 bbl)1

1953 1958 1964 1969
0,428 17,458 30.726 42,220

Cumulative Brine iProduction (1,000 bbl)

Water/Oil_Estimate 1953 1958 1964 1969

arithmetic average 6,042 9,776 20,893 57,841
arithmetic median 578 1,222 5,838 7.580
geometric mean 321 ‘ 349 5.223 7,580
mean + 1 standard deviation 9,320 13,443 49,776 92,040
mean - 1 standard deviation 13 17 522 591

! From Annual Reports of the Oil and Gas Division, Railroad Commission
of Texas. ‘
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oil at the wellhead. At other fields with lower water/oil ratios, samples were
taken from a separator tank. Sampling followed methods for collection of oil field
waters recommended by Lico and others (1982). Oil and water mixtures were -
collected in a 1-gal bucket with a drum tap inserted in its side. Up to five
minutes was generally enough time for oil and water to separate; the water then
was drained from the drum tap through a glass-wool-lined funnel into a filter
chamber; the glass wool rehnovéd any remaining oil. Waters were filtered (A/E-
type glass filter or 0.45-um membrane filter) under Nz—gas pressure to remove
suspended solids and partjculateé. Acid-washed sample bottles ‘were filled from the
stream of water leaving the filter.

Temperature was measured in the fluid stream being sampled at the wellhead
or separator tank. Alkalinity and pH of some samples were measured at the well
site; malfunction of the field pH meter required measurement of alkalinity and pH
of nine samples approximately 3 to 8 hours after collection. Standard sample
treatment immediately after collection preserved unstable constituents for chemical
analysis. Samples for cation analysis were acidified with 5 mL of 6N HCI per
500-mL sample. Fifty mL of ammonical SrCI2 (Gleason, 1969) were added to 1-L
sample for precipitation of SrCO3 and analysis of s13¢. Samples for analysis of
63*S of dissolved sulfate were acidified with 5 mL of 6N HCl per 500-mL sample
and 5 mL of 5% Cd-acetate were added to prevent any dissolved sulfide ions from
oxidizing to sulfate. Samples for 6180 and 6D were collected in 250-ml glass
bottles with screw-on caps. All oil field brines and 10 ground-water samples were
analyzed for aliphatic acid (carboxylic acid) anions (acetate, propionate. butyrate,
and valerate). These samples were collected in 250-ml bolyethylene bottles and
treated in the field with several drops of 5% HgCI2 to inhibit biological alteration

of organic acids.
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RESULTS
Salinity . Distribution

Richter ahd Kreitler (1985) and Lee (19‘86) recognized that patterns of high
chlorinity changed in Tom Green County between the 1940's and 1970'3.‘
. Distribution of salinity in Tom Green and eastern Irion Counties was reanalyzed in |
this study to determine if salinity patterns correlate with‘formation lithology and
local physiography. Figures 5 through 7 show that total dissolved solids tends to
be less than 500 mg/L in the Cretaceous limestones of the Edwards Plateau
(fig. 1) but greéter than 1,000 mg/L in Concho River valley alluvium and
subéropping Permian formations. There ‘are numerous water samples from wells in
the valleys with total dissolved solids of more than 10,000 mg/L. Salinity of
ground waters sampled prior to 1942 show a strong stratigraphic association with
the outcrop and subcrop of Permian formations, which strike northeast across the
study area (figs. 1 and 5). Salinity distribution mapped from water samples
collected between 1942 and 1954 (fig. 6) and between 1955 and 1980 (fig. 7)
appeafs to be less strongly controlled by Permian strata. Overall salinity in the
Concho River valley appears to have increased from pre-1942 to the early 1950’s
and then decreased during the 1960’s and 1970's. The exact salinity patterns are
affected by davta availability because different sets of water analyses were used for
each map; changes in county-wide salinity distributions mighf not reflect changes

in water quality at any one well.
Hydrochemical Facies

Hydrochemical facies distributions reflect rock type and sample position along

ground-water flow paths. Hydrochemical facies are named for the ions that
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Prior to 1942

0 . 20mi

o s 30km Qag338

Figure 5. Total dissolved solids in ground water in Tom Green and eastern
Irion Counties collected prior to 1942. Variable contour interval (500-
1.000-2,000-3.000-10,000-50.000 mg/L). '
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1942-1954
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(‘l 19 29 mi

0 IS 30 km QA 8337

Figure 6.  Total dissolved solids in ground water in Tom Green and eastern

Irion Counties collected between 1942 and 1954. Variable contour

' interval (500-1.000-2,000-3,000-10.000-50,000 mg/L).
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After 1954

Figure 7.  Total dissolved solids in ground water in Tom Green and eastern
Irion Counties collected after 1954. Variable contour interval (500-
1,000-2,000-3.000-10.000-50.000 mg/L).
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account for at least 50 percent of total equivalent concentration as depicted in
Piper diagrams (Back, 1966). Mixed-cation and mixed—énion hydrochemical facies
are waters in which no one cation or anion is dominant (fig. 8). Major
hydrochemicél facies in Tom Green and Irion Counties include Ca—H.CO3. Na-HCO3,
and ‘mixed-cati‘on—HCOs types in limestones of the Cretaceous Trinity and
Fredericksburg Groups:; mixed-cation-Cl, mixed—cation—SO4, and mixed-cation-mixed-
anion types in the Pleistocene Leona Formation and other 'Qu‘aternary carbonate
g‘ra\‘/els and sands beneath the Céncho River valley; and Na—CI and Ca—SO4 types
in Permian San Angelé. Vale, and Arroyo Formations (table 1) that subcrop
beneath Pleistocene alluvium in the Concho River valley (fig. 9). In addition, Na-
Cl. Ca-SO,. Ca-mixed-anion, and Na-mixed-anion hydrochemical facies are locally
present in western Tom Green and eastern Irion Counties and are geographically
anomalous owing to ‘their position within large areas dominated by other

hydrochemical facies (fig. 8).
Chemical Composition of Shallow Waters with High Chlorinity

Richter and Kreitler (1985) stated that sources of salinity can be most readily
detected in waters with high total dissolved solids (.TDS). Therefore, sampling
conducted during this study emphasized waters with relatively high concentrations
of TDS. |

TDS of specially sampled shallow ground water ranged from 832
to 5,332 mg/L, and chloride ranged from 200 to 2,100 mg/L (table 3).
Concentration.ranges in these samples do not reflect normal water quality of
ground water in Tom Green County but represent the most saline waters found at

existing water wells. In contrast, samples from previous water-resource
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Figure 8. | Piper diagrams of hydrochemical facies in shallow ‘aquifers in Tom
Green and eastern Tom Green County. (a) Ca~HCO3. (b) Na-, Mg-,
and mixed-cation-HCO,. (c) Ca-SO,. (d) Na-Cl and Ca-Cl. (e) Ca-
and Na-mixed-anion. (f) Mg- and mixed-cation-mixed-anion‘. Mg- and

mixed—cation-SO4. and Mg- and mixed-cation-Cl.
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Figure

H1TE=

=

1) 4

9.

EXPLANATION
HYDROCHEMICAL FACIES

Ca 'HCO3

Na-,Mg-, and Mixed=cation~HCO4
Ca-504

225 Na-Cland Ca-C)

Ca-"and Na-Mixed—-anion

DR Mgf and Mixed ~cation=-C1,Mg- and Mixed-
cation-SO  dand Mg~ and Mixed=-cation—
Mixed-anion

Map of hydrochemical facies in shallow aquifers of Tom Green and
eastern lIrion County. Isolated occurrences of Na-Cl, Ca—SO4. and
Na— and Ca—mixed-anion hydrochemical facies are anomalous within
regions dominated by Ca-HCO3 and Na— and l\/lixed-catiori—HCOs'
facies in western Tom Green and eastern Irion Counties and suggest

contamination by oil field brine. Well locations of samples shown in

ﬁgures' 5to7.
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investigations (for example, Willis, 1954, and Lee. 1986) predominantly have low
TDS. Hydrochemiéal facies of these samples include Ca-HCO3. mixed-cation-Cl, and
Nva-Cl types.

Occurrence of salt watervat shallow depth is not ‘a recent phenomenon, having
been noted in Tom Green County during the early 1900's (Udden and Phillips,
1911). The San Angelo Formation has long been known to contain salty water at
shallow depth. To obtain undisfurbed ‘g‘round—water samples from the San Angelo
Formation, two test holes (no. 4 and no. 5 table 3 and fig. 10)‘ were drilled at or
near the SanbAngeIo Formation outcrop (fig. 1). Water samplt?s obtained from
thése test holes had high chloride concentrations. Chloride concéntrations in test
hole no. 5, drilled next to a tributary of Red Arroyo in San Angelo‘, increased from
6.430 mg/L at 7-ft (2-m) depth to 33,140 mg/L at a 68-ft (20-m) dépth below
land surface. Twelve hours affer this ‘well was drilled, hydrogen-sulfide brine started
flowing at land surface from 68 ft (20 m) below land surface. In test hole no. 4,
also drilled within the city of Sa.n Angelo, water with a chloride content of 5,280
mg/L (no. 4, table 3) was encountered at 58 ft (17’ m) below land surface.

Chloride is the dominant anion in all samples but 6ne (no. 1, table 3) that
were collected from water wells during this study (fig. 11). The two waters with -
the lowest salinity (no. 1 and no. 2) also have among the lowest proportions of
dissolived sodium and chloride (fig. 11). I\/Iosf samples with low TDS reported for
Tom Green County are Ca—HCO3 or mixed—anion—HCO3’types, not Na-Cl types
(compare figs. 5-7 Withi fig. 9). Sample no. 6 (table 3), having a relativély high
sulfate concentration and a Mg/Ca ratio greater than one, has an unusual chemical
| composition compared with that of other samples. This sample was obtained from

a water well that is located west of the Middle Concho River just north of
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Figure 10.  Location of test sites at which water sarriples were obtained.
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Figure 11.  Piper diagram of hydrochemical facies of chloride-rich -and other

ground-water samples collected during this study.
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Highway 67 (between San Angelo‘ and Tankersley. fig. 10). Taken from a land
surface elevation of approximately 30 ft’ (9 m) above the nearby Middle Concho
River and a well depth of 50 ft (15 m). this water sample probably constitutes a
mixture of local ground water and river water. The other water samples range
from a mixed: cation-chloride hydrochemical facies to a Na-Cl faciesz (fig. 11).
Calcium, magnesium, and sodium concentrations in water-well samples increase
with increasing chloride concentrations (fig. 12). The covariance between the
cationic and chloride ionic concentrations is small. The Br/Cl ratios vary widely
and decrease with increasing chloride concentration (fig. 12). In plots of chemical
constituents of water-well and test-hole samples, ratios of Ca/Cl, Na/Cl, and K/CI
seem to be fairly constant over the range of chloride concentra»tions (figs. 13 and
14). Ratios of.SO4/CI and Mg/Cl of test-hole samples ‘vary considerably over the

“range of chloride concentrations (figs. 13 and 14). Test-hole and water-well

samples show distinctly different Br/Cl ratios (fig. 14).
Chemical Characterization of Brines

Chemical and isofopic c‘ompositions of 17 subsurface brines collected from oil
wells in Tom Green and eastern lIrion Counties are listed ‘in table 4. The brines do
not form distinct groups or associations but appear as a continuous array
(fig. 15). One end member of the ar\ray‘(SA), repres’ented by San Andres, San
Angelo, and Clear Fork brines, plots close to the meteori.c water line and is
“isotopically similar to shallow ground waters measured by Richter and Kreitler
(1985). Brine samples from the Canyon and Strawn fields define another end

member (C/S) in this and subsequent plots. This end member plots to the right
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EXPLANATION
Oom . Subsurface brine
oe Shallow ground water

Figure 15.  Variation in 6D and 6180 in brines and shallow ground water from
Tom Green, eastern Irion, Concho, and Runnels Counties. Brine end
members marked by: SA - San Andres/San Angelo/Clear Fork, C/S -
Canyon/Strawn, and W - Wolfcamp. Line shows meteoric water line
defined by 6D = 10 + 8 620 (Craig, 1961).
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of the meteoric water line; the Wolfcamp sample (W) plots particularly far from
the meteoric water line. Differences between end members defined by samples
from the Permian units and Pennsylvanian units do not simply reflect differences
between shallow and deep waters, however, because two deep Strawn samples
(Eliza Baker North and H-J, samples 5 and 17 [table 4]) are similar to the San
Andres/San Angelo/Clear Fork end member. Most shallow ground-water samples
plot closer to San Andres/San Angelo/Clear Fork samples than to deep Canyon
and Strawn samples.

The Br/Cl ratio in subsurface brines increases with increasing chloride
concentration and shows end members similar to those of previous pIots (fig. 16)
The Br/Cl ratio of the Canyon/Strawn end member is similar to that of.»most
deep-basin brines (Whittemore, 1984; Richter and Kreitler, 1986). The San
Andres/San Angelo/Clear Fork subsurface brine end member has a Br/CII ratio
similar to that derived from halite dissolution. In contrast, the Br/Cl ratios of
shallow ground waters from Tom Green, Runnels, and Concho Counties decrease
with increasing chloride concentration. Ground-water samples with the highest
chlorinity and lowest Br/Cl ratio plot near the San Andres/San Angelo/Clear Fork
subsurface brine end member (fig. 16).

Alkalinity, which is the ability of a water to neutralize acid, may distinguish
brine sources from shallow and deep oil fields. Alkalinity of subsurface brine at
depths of 1,000 to 1,800 ft (300 to 550 m) in San Andres and San Angelo oil
fields is due to dissolved bicarbonate ions; alkalinity of brine .in deeper
Pennsylvanian and in Wolfcamp fields is primarily due to dissolved sHort-chain
aliphatic acid (carboxylic acid) anions (table 4). Acetate and propionate ions

account for 61% to 98% of total organic carbon (TOC) in samples with organic
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Figure 16. -~ Br/Cl ratios in subsurface brines and shallow ground waters in Tom

"Green, eastern Irion, Runnels, and Concho Counties. Brine end
members SA, C/S. and W as identified in figure 15.
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ions; analytic error and possible presence of orga_nic iohs other than the aliphatic
acid anions account for the discrepancy.

Acetate concentration varies directly with 5180 (fig. 17). The San Andres/San
E Angelo/Clear Fork end member has low acetate concentration, high bicarbonate
allkalinities, and“the mos<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>