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Abstract The Edwards Aquifer in south central Texas
(USA) features a distinct fault line defining the fresh-
water and saline water zones. We aim to elucidate the
evolutionary behavior of carbon and sulfur emanating
from deep environments and flowing in surficial envi-
ronment so as to better understand the cycling of these
metals in water environments. To characterize the evo-
lution of carbon and sulfur species in surficial environ-
ment as the fluid emanates from a deep saline aquifer,
we monitored the chemical and isotopic (8'*Cpjc and
5**Ss04) parameters over a 700-m stretch on a stream-
pond system situated on the saline-freshwater line of the
Edwards Aquifer’s artesian zone. A three-tier evolution
process associated with the interaction of a deep saline
fluid with a fresh-ponded water was observed, namely:
A deep fluid control zone characterized by decreasing
pH values and relatively high total dissolved solids

Highlights

» We assessed carbon and sulfur evolution from deep fluids in
surficial environments.

» TDS increases over distance until interaction with fresh surface
water, while pH decreases throughout.

* Carbon evolved by CO, outgassing, whereas sulfur evolved by
microbial metabolism.

» Kinetic fractionation was associated with carbon evolution and
conversion of sulfate to thiosulfate causes sulfur fractionation.

* Three tier-evolution was established: Zone 1, deep fluid control;
Zone 2, mixing area; and Zone 3, freshwater dominance.
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(TDS) concentrations along the stream path; a mixing
zone of the deep fluid and fresh-ponded water where the
TDS concentrations showed a sharp decline and a con-
tinual decrease in pH values; and a fresh-ponded water-
controlled zone with a stable pH value and low TDS
concentrations. The decreasing pH values were a result
of CO, outgassing due to the relatively high CO, partial
pressures (107>>% atm) relative to atmospheric (1073°
atm) in the aqueous system, and the high TDS concen-
trations were attributed to the deep saline fluid emanat-
ing at the well-head. The enrichment in the 5"*Cpyc and
5**Sso4 for the initial stream path reflects the kinetic
isotopic fractionations associated with CO, outgassing
and with the microbial conversion. The zonation of the
evolutionary process indicates that (i) solutes play a
critical role in the evolution of carbon and sulfur in
surficial environment, (ii) kinetic and chemical fraction-
ation are the dominant processes controlling carbon
evolution, and (iii) microbial metabolism primarily con-
trols sulfate fractionation and evolution through the
conversion of sulfate to thiosulfate.

Keywords Deep saline fluids - Surficial environments -
Carbon - Sulfur - Oxygen and hydrogen isotopes - CO,
outgassing - Microbial metabolism

1 Introduction
The Edwards Balcones Fault Zone Aquifer (the Ed-

wards Aquifer) in south-central Texas (Fig. 1) is a
karstic aquifer in which groundwater flows through
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numerous dissolution channels with high permeability.
The Edwards Aquifer has distinct freshwater and saline
water zones, and the downdip limit of the freshwater
zone is known locally as the “bad-water line” (Fig. 1a).
This bad-water line is actually a narrow strip of the
transition zone (ranging from < 1 to about 10 km) that
occurs along the southern and eastern edges of the
freshwater zone where water has been in contact with
limestone for a long time. The hydraulic conductivity
transitions from an unconfined, hydrologically active
freshwater system (90-900 cm/d) to confined, basinal
brackish water flow (1-2 cm/d) (Sharp Jr., 1990). The
downdip limit of freshwater in the aquifer is the approx-
imate surface defined by the 1000 mg/L total dissolved
solids (TDS) concentration. The freshwater (TDS ~
250-300 mg/L) part of the Edwards Aquifer is approx-
imately 370-km long from west to northeast and about
16 to 65-km wide, bounded to the north by the edge of
the recharge zone and to the south and southeast by the
downdip limit of freshwater. At the downdip limit of
freshwater near San Antonio (TX, USA), the top of the
Edwards Aquifer is about 300 m below the land surface,
and the aquifer is about 150-m thick (Groschen &
Buszka, 1997). The confined aquifer is generally sub-
parallel to the bad-water line, with only diffuse fresh-
water flowing across the downdip.
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Fig. 1 Hydrogeologic setting in the San Antonio segment of the
Edwards aquifer system. (a) The approximate boundaries of drain-
age (catchment) zone, recharge zone, and artesian zone. The red
line indicates the “bad-water” line where the “down-dip” fault line
splits the aquifer into unconfined and confined sections. The small
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Different from the freshwater zone where the host rock
is predominately calcitic limestone, the host rock litholo-
gy in the saline water zone contains relatively high con-
centrations of unoxidized organic material, pyrite, gyp-
sum, and celestite (Maclay & Small, 1983; Longman &
Mench, 1978) (Fig. 1b). The low permeability of the
formation limits the extent of mixing between fresh and
saline water, and the long retention time allows the me-
teoric water interaction with carbonate and evaporite
rocks evolving from underlying hydrostratigraphic units
and the Edwards Group, reflected by the characteristic
Na-Ca-Cl composition saline groundwater in a different
area of the saline water zone (Chaudhuri & Ale, 2014).
Notably, in the San Antonio metropolitan area, the high
Ca, Mg, and SO, concentrations in the saline water zone
suggest substantial water-rock interaction with carbonate
and evaporite dolomitic aquifer rocks (Musgrove et al.,
2010). Opsahl and co-workers (Opsahl et al., 2018) also
reported the distinctly higher concentration of Cl and Sr
in an artesian well near the downdip limit of the freshwa-
ter zone, indicating a small extent of mixing with saline
groundwater.

While the presence of freshwater and saline water
interface in multi-porosity karst aquifers is not uncom-
mon across southern US (Musgrove et al., 2014; Budd
and Vacher, 2004; U.S. EPA, 2002), they have mostly
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been studied from the perspective of regional
hydrogeologic characteristics. By comparison, the evo-
lution of deep saline aquifer in a surficial environment
has not been investigated, and there exists a knowledge
gap concerning how freshwater interference would im-
pact the carbonate and sulfate species emanating from a
deep saline aquifer. We hypothesize that freshwater-
saline fluid mixing may create a zonation effect with
respect to the concentration levels of carbonates and
sulfates in the system. However, the kinetic, chemical,
and equilibrium fractionation of carbon and sulfur evo-
lution remains to be verified. Therefore, this study aims
to profile the evolution of major ions and stable isotopes
(8"3Cpyc and 5°*Sgo4) as water quality indicators at a
ranch situated on the immediate saline water side of the
bad-water line, near the southwest corner of Bexar
County, Texas. The carbon isotope of dissolved inor-
ganic carbon (8"3Cpyc) in carbonate species is a reliable
indicator to study the geochemical flux in karstic aqui-
fers (Jackson & Polk, 2020; Abongwa & Atekwana,
2015; Abongwa et al., 2016). Additionally, the presence
of dissolved H,S in saline water has been attributed to
microbial sulfate reduction associated with petroleum
fields along the eastern edge of the aquifer (Oetting
et al., 1996), rendering 5**Sgo4 to be an effective indi-
cator to study sulfate evolution.

2 Study Area

The study site lies within a 103-ha private ranch (29°15’
35.13" N, 98°42'35.13" W) situated about 28 km south-
west of downtown San Antonio, outskirt of the metro-
politan area with predominantly revegetated or undevel-
oped land (Fig. 1a). It is within the narrow transition zone
(bad-water line) at the downdip of Edwards Aquifer’s
freshwater zone. The edge of the Carrizo-Wilcox aquifer
runs across the area at a much greater depth underneath
the Edwards Aquifer. Additionally, the unregulated oil
field brine disposal activities in the early phases of oil
production in the Eagle Ford shale play south of the study
area has been reported to be the main source of CI” and
SO, in the Carrizo-Wilcox aquifer. The saline water
(TDS > 1000 mg/L) has high concentrations of hydrogen
sulfide (H,S) as a result of geologic brine leakage and
possibly also from the nearby oil fields. The 30-year
average (1981-2010) annual precipitation for San
Antonio is 810 mm. However, rainfall is highly variable
in the region, as prolonged dry periods can be punctuated

by intense rainfalls. The ranch represents a compelling
study location as it situates along the lower edge of the
artesian zone of the Edwards Aquifer intersecting with
the lower Carrizo-Wilcox Aquifer, while Medina River
(the major upstream segment of the San Antonio River)
and its tertiary streams channel through the area.

3 Materials and Methods

We collected water samples from 15 locations sequen-
tially totaling a distance of ~ 700 m from the well-head
to a distal point in the lake (Fig. 2). At the well-head (site
#1), we collected samples by opening the tap. For the
rest of the sampling distance, samples were collected by
the grab method, and at each sampling point, we made
in situ physical and chemical measurements. Prior to
collecting the water samples, measurements of temper-
ature, pH, electrical conductivity, and total dissolved
solids (TDS) were made using a Yellow Springs Instru-
ment (YSI) multi-parameter probe calibrated to manu-
facturer’s specifications. Water samples collected were
filtered through 0.45-um nylon syringe filters. Samples
for anions and cation analyses were collected in high-
density polyethylene (HDPE) bottles; the samples for
metal analyses were acidified to a pH < 2.0 using high
purity HNOs.

Major anions (CI~ and SO4>") were analyzed using a
Dionex Aquion ion chromatograph system at the Water
Sciences Laboratory, Texas, A&M University-San
Antonio. Major cations (Ca®*, Mg**, K*, and Na*) and
trace metals (Sr and Ba) analyses were conducted fol-
lowing USEPA Method 200.7 (U.S. Environmental
Protection Agency, 1994), using an Agilent 725 induc-
tively coupled plasma-optical emission spectroscopy
(ICP-OES) at the Soil, Water and Forage Analytical
laboratory at Oklahoma State University. The analyses
of stable isotopes of dissolved inorganic carbon (DIC)
(6"3Cpic); H from water (8Dy00); O from water
(8"®0420); and S from precipitated barium sulfate from
water (5°*Sgo4) were conducted at the University of
Calgary Geosciences, Isotope Science Laboratory (Cal-
gary, Canada). The stable isotope ratios are reported in
the standard delta (8) notation in per mil (%o):

§(%0) = ((%)1 ) (1)
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Fig. 2 Sampling locations of the
study site. The dots indicate the
sampling locations and the line
represents the sampling path
along which the water quality data
are plotted. Land surface samples
were collected from well-heads,
whereas lake samples were
collected by grab sampling just
below the water surface

For all isotopic samples, the precision and accuracy
at 1-sigma for n = 10 was 0.2

The computer program PHREEQC Version 2.8
(Parkhurst & Appelo, 1999) was used to calculate the
pCO, using pH, temperature, and alkalinity. We also
used the computer program PHREEQC to calculate the
saturation state with respect to calcite (SI...i) using pH,
temperature, alkalinity, and Ca* concentrations and the
saturation state with respect to gypsum (Slg,s,,) Using
pH, temperature, and SO,*~ concentrations.

4 Results

The physical, chemical, and stable isotope results are
listed in Table 1.

4.1 pH, Alkalinity, and Total Dissolved Solids (TDS)

The pH, alkalinity, and TDS show a drop in concentra-
tions from the well-head (discharge point at 0 m) to the
first approximately 80 m (Fig. 3a—c). After 80 m, the pH
values show an increase from 7.82 to 7.94 from 80 to
350 m and stay constant beyond that to the end of the
sampling distance (Fig. 3a). The concentrations of alka-
linity increased slightly from 123.40 to 128.90 mg/L
from 80 to 350 m and stayed constant after that to the
end of the sampling distance (Fig. 3b). The TDS con-
centrations increased slightly from 774.84 to
780.00 mg/L from 80 to 350 m and stayed constant after
that to the end of the sampling distance (Fig. 3c). The
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behavior of the physical parameters shows a three-tier
evolutionary stage of sharp decreases in concentrations
from 0 to ~80 m (Zone 1); slight increases in concen-
trations from 80 to 350 m (Zone 2); and constant con-
centration values from 350 m to the end of the sampling
distance, 700 m (Zone 3), as shown in Fig. 3.

4.2 Ca, Mg, Na, and K

The Ca concentrations measured an average value of
197 mg/L for the first ~80 m with no overall increases or
decreases over the 80 m. Beyond 80 m, the Ca concentra-
tions showed a sharp overall drop from 197.30 to 98.80 mg/
L from 80 to 270 m, after which, it showed a slight increase
to 100 mg/L from 270 to 350 m and dropped slightly to
95.30 mg/L at the end of the sampling distance (Fig. 4a).
The Mg concentration showed a minimal increase from
53.40 to 54.20 mg/L for the first ~80 m, after which it
showed a sharp decreased to 37.10 mg/L from 80 to 210 m.
After 210 m, the Mg concentrations decreased slightly from
37.10 to 35.90 mg/L from 210 m to the end of the sampling
distance (Fig. 4b). The Na concentration showed an increase
from 114.30 to 120.40 mg/L for the first ~ 80 m, after which
it showed a sharp decreased to 83.80 mg/L from 80 to
210 m. After 210 m, the Mg concentrations showed a slight
increase to 84.40 mg/L to 350 m, after which it decreased
from 84.40 to 81.00 mg/L from 350 m to the end of the
sampling distance (Fig. 4c). The K concentrations stayed
constant at ~6 mg/L for the first ~80 m, after which it
increased sharply from 6 to 12 mg/L from 80 to 210 m and
stayed constant at 12 mg/L to the end of the sampling
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Fig.3 The pH (a), alkalinity (b), and total dissolved solids (TDS)
(c) concentrations of the samples over distance. The concentra-
tions show a three-tier evolutionary pattern over distance: Zone 1
(0-80 m) is dominated by the deep fluid; Zone 2 (80-210 m) is the
mixing zone of fresh-ponded water and deep fluid; and Zone 3
(210-700 m) is the fresh-ponded water

distance (Fig. 4d). The major ions showed a three-tier
evolutionary stage over distance in almost identical dis-
tances as mentioned under physical parameters in
Section 4.2. We have grouped these evolutionary stages
into three zones: 0-80 m (Zone 1); 80 to 210 m (Zone 2);
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and 210 m to the end of the sampling distance at 700 m
(Zone 3), as shown in Fig. 4.

43 Srand B

The Sr concentrations showed an increase from 7.25
to 7.44 mg/L for the first ~ 80 m, after which it showed
a sharp decrease from 7.44 to 4.15 mg/L from 80 to
210 m. After 210 m, the Sr concentrations showed a
slight continuous decrease from 4.15 to 3.98 mg/L
from 210 m to the end of the sampling distance,
700 m (Fig. 5a). The B concentrations showed a very
minimal increase from 0.44 to 0.45 mg/L from 0 to
80 m, after which its concentration decreased sharply
from 0.45 to 0.28 mg/L from 80 to 210 m. Beyond
210 m, the concentration of B decreased ever so
slightly from 0.28 to 0.27 mg/L from 210 m to the
end of the sampling distance (Fig. 5b). The evolution
ofthe trace metals (Sr and B) shows a three-tier pattern
divided into various zones based on distances, Zone 1
(0-80 m), Zone 2 (80-210 m), and Zone 3 (210—
700 m), as shown in Fig. 5.

4.4 SO,% and CI”

The SO427 concentrations showed a continuous in-
crease from 415.90 to 441.60 mg/L from 0 to 80 m
and sharp decrease in concentrations from 441.60 to
238.0 mg/L from 80 to 210 m. Beyond 210 m, the
SO,% concentrations showed a slow continuous de-
crease from 238 to 228.80 mg/L from 210 m to the end
of the sampling distance (Fig. 6a). The CI” concentra-
tions did not show any major net increase or decrease
for the first ~80 m, staying at an average concentra-
tion of 215.00 mg/L. From 80 to 210 m, the CI”
concentrations dropped significantly from 215.7 to
163.40 mg/L and showed a continuous but slight
decrease from 163.4 to 162.00 mg/L from 210 m to
the end of the sampling distance (Fig. 6b). The anions
also mirrored a three-tier evolutionary pattern over
distances as shown in Figs. 3, 4, and 5.

4.5 513CDIC, 534Ss04, 6180H2O’ and 6Dy0

The 5'3Cp;c showed continuous enrichment from — 1.79
to —0.10%o for the first 80 m, and showed a sharp and
major decrease in the carbon isotopic values from —0.10
to —6.27%o from 80 to 210 m. Beyond 210 m, the
5"3Cpyc continue to decrease from —6.27 to — 6.43%o
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Fig. 4 The Ca®* (a), Mg?* (b), Na* (c), and K* (d) concentrations of the samples over distance, showing the three-tier evolutionary

behaviors

from 210 m to the end of the sampling distance (Fig. 7a).
The 5**Sgou showed a + 1.16 %o enrichment for the first
~20 m from + 19.59 to +20.75%o, after which, the
5**Ss04 values dropped from + 20.75 to +20.07%o from
20 to 80 m. From 80 to 210 m, the 5**Sgp4 showed
marked enrichment from + 20.07 to +23.50%o, beyond
which point, the 8>S0, showed a slight but continued
enrichment from +23.50 to +23.65 %o from 210 m to the
end of the sampling distance (Fig. 7b). The §'%Oyp0
showed continuous enrichment from —4.33 to —3.97%o
for the first 80 m and showed a sharp and major enrich-
ment of + 7.46%o from 80 to 210 m with the §'%0 values
increasing from —3.97 to +3.49%o. Beyond 210 m, the
5'®0 continue to be enriched though slightly, from +
3.49 to +3.57%o from 210 m to the end of the sampling
distance (Fig. 7¢). The 0Dy showed a continuous but
minimal enrichment of 1.22%o from 0 to 80 m with the
values increasing from —25.57 to —24.35%o, after
which, the 6D showed a major enrichment of +
13.25%0 from 80 to 210 m increasing from —24.57 to

+11.10%0. Beyond 210 m, the 6D continued to be
enriched though slightly, from +11.10 to + 10.52%o
from 210 m to the end of the sampling distance (Fig.
7d). The evolutionary behaviors of the stable isotopes
reflect the three-tier pattern exhibited by the physical and
chemical parameters.

5 Discussion

5.1 Hydro-Biogeochemical Characteristics

5.1.1 6"%0y50 and 6Dyy>0 Characterization
of the Three-Tier Evolutionary Trend

The distinct zones and the three-tier evolution observed
are a result of the geo-chemical composition of the deep
fluid as it gets modified during its evolution. Zone 1 is
characterized mainly by deep groundwater that has
evolved from rainfall which recharges the aquifer. The

@ Springer



213 Page8o0f19

Water Air Soil Pollut (2021) 232: 213

Fig. 5 The Sr (a) and B (b)
concentrations of the samples
over distance, showing the three-
tier evolutionary behaviors
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measured 5D and 5'%0 of the deep fluid at the well-head
to the first 80 m (Zone 1) can be compared to the local
meteoric water line (LMWL) relationship defined by the
line 6D =0.85956'%0 — 21.47 (Fig. 8). The calculation
was derived from San Antonio rain samples collected in
January of 2020, and these values show a characteristic
depleted value for recharge with apparently no evapo-
ration effect. As observed, in Zone 1 the 5'%0 values
ranged from —4.33 to —3.97%0 and the 8D values
ranged from —25.57 to —24.35%o which are sitting on
the LMWL. Any variation from the LMWL as we
progressively trace its spatial evolution would therefore
illustrate a modification of the isotopes due to processes
such as mixing, evaporation, or isotopic exchange. Zone
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Distance (m)

2 (80 to 210 m) indicates an area of mixing where the
isotopic signatures begin to modify into lighter isotopes,
with the 5'®0 values ranging from —3.97 to +0.03 %o
and the 8D values ranging from —24.35 to —5.00%o,
indicating some influence from water with a more iso-
topically light isotope (e.g., Hedley et al., 2009). As we
move further away from the well-head into the ponded-
open water surface, the effects of evaporation become
more pronounced and progressively enrich the remain-
ing water in heavy isotopes (6'%0 values ranging from
+3.49 to +3.57%0 and the 8D values ranging from +
10.52 to +11.10%o), resulting in the deep fluid/surficial
and ponded-water evaporative water line (SPEWL) shift
away from the LMWL to produce a lower regression
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Fig. 6 The SO, (a) and CI™ (b) 500
concentrations of the samples Zone 2 Zone 3
over distance, showing the three-
tier evolutionary behaviors
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slope, 5D =4.668'%0 — 5.396 (Fig. 8). The results
(Table 2) by Musgrove et al. (2019) showed that the
confined and transient zone (Fig. 1) of the Edwards
Aquifer all has similar chemical and isotopic parame-
ters, but these parameters get modified as they flow over
land and are influenced by other water sources and by
evaporation. Central Texas climate is subhumid to semi-
arid (Larkin & Bomar, 1983), and this would have
marked effect on the modification of the significantly
lighter isotopes that recharges the aquifer immediately
they are discharge into surface environments. The
ponded water (Zone 3) is exposed to the atmosphere
and therefore affected by the evaporation resulting in the

Distance (m)

enrichment of the water with heavier isotopes as the
lighter isotopes escape from the system.

5.1.2 Carbonate Evolution

Decreasing pH and alkalinity were observed for the first
80 m from the well-head (Fig. 3a and b), and the
decreasing concentrations of HCO;~ were also associat-
ed with decreasing pCO, ) (Table 1). The dissolution of
the aquifer materials resulted in pCO,(, concentrations
(10% atm) being higher than atmospheric (10>-°
atm), causing CO, loss through pressure differential
and leading to decreasing pH and alkalinity. Chemical
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Fig. 7 The carbon isotopic ratio of dissolved inorganic carbon
(6]3CD1C) (a); the sulfate isotopic signatures (63 4SSO4) (b); the
oxygen isotopes of the water samples (5'%0y120); and the hydrogen

reactions (2) to (5) depict the dissolution of CO, in the
form of H,COj that loses protons through acid

isotopic signatures of the water samples (6Dyy20) (d), over distance
showing the three-tier evolutionary behaviors over distance distin-
guished in Zones 1-3

equilibria, resulting in the observed reduction of pH
over distance.

CaCO3(S) + COz(aq) +H,0 —» Ca2+(aq) +2HCO3_(aq)

COz(aq) +H,O——» H2CO3(aq)

HyCO39 —» H'(ag+ HCO3'ag)

HCO3ag — > H'ag) + CO™ag)

To understand the behavior of carbon from deep fluid
carbon-rich water in surficial environments, we need to
determine when carbon is removed from the system.
Several authors (e.g., Dandurand et al., 1982; Pentecost,
1995) have demonstrated that carbon removal from
carbonate-rich waters is controlled by either COy,
outgassing or carbon scavenging from solution via

@ Springer

carbon-mineral precipitation. To elucidate the controlling
factors of carbon evolution in the system, we plotted the
normalized alkalinity (i.e., alkalinity at any time,
alkalinity,, divided by the alkalinity at the discharge point,
alkalinity,) as a function of the pCO,, for the entire
sampling distance (Fig. 9). Doctor et al. (2008) have
demonstrated that decreasing alkalinity and decreasing
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Fig. 8 Plots showing the local 20
meteoric water line (LMWL)

constructed from San Antonio,

TX, rain samples collected by this 10
author between Dec. 2019 and
Jan. 2020 and the deep fluid/
surficial and ponded-water
evaporation line (SPEWL)
constructed from the O and H
isotopes of the surficial fluid and
ponded-water. The result show
that the surficial water is derived
from the groundwater and that the
ponded water has been
significantly modified by -20
evaporation

o

8Dyy50 (%o0)

Zone 1

210 | LMWL[8D=.85956%0-21.617] .~

Zone 2
SPEWL[6D = 4.66826%0 - 5.3962]

Zone 3

@ Surficial/Ponded Water

San Antonio Rain

pCO, are caused by outgassing of excess dissolved
CO, due to the high initial CO,,) concentration in the
solution. We observed a rapid decrease in the alkalinity
and pCO,, for the first 80 m (Zone 1), followed by a
slow decrease beyond the 80-m mark (Zone 2) (Fig. 9).
This result indicates that the amount of dissolved CO5 ()
in a carbon-dominated system is the main control of the
evolution of carbon in such systems. As shown in Fig. 8,
the zone labeled (1) indicates the stretch with high dis-
solved pCOy ), and that labeled with (2) represents the
transition zone (zone of mixing). Beyond this point, the
zone labeled (3) indicates the zone with relatively low
PpCOs), and the trajectory showed that the reduction in
alkalinity values is less steep than in the zone labeled (1).
Beyond the 80-m mark (Zone 2), the system had lost
most of its dissolved COxg) due to COy, pressure dif-
ferentials, resulting in a flattened alkalinity curve in (Zone
3) as observed in Fig. 3b.

Carbonate system parameters can constrain the con-
ditions required for carbonate precipitation, as decreas-
ing pCOy, is associated with increasing carbonate
mineral solubility in pure water systems (e.g., Drever,
1997; Langmuir, 1997; Morse & Mackenzie, 1990).
Fluid mixing and COy ) loss from surficial carbonate-
rich waters are the main drivers of increased calcite
saturation states. As the deep groundwater emerges with
relatively higher pCO, ) concentrations (10%°% atm)
than the atmospheric (107° atm), the exsolution of
COy(q causes the waters to reach approximately 30
times saturation in calcite. Calculated saturation indices
of calcite (Sl.4/cire) showed that the system was

-2 0 2 4 6
6180 (%o)

supersaturated with respect to calcite, suggesting that
the continuous calcite saturation sequestered carbon into
the system through calcite mineral precipitation. This
process leads to decreasing alkalinity values over dis-
tance (Fig. 10a). For the first ~80 m (Zone 1) of the
sampling distance, the degassing of CO, was controlled
mainly by waters derived from carbonate dissolution.
Beyond this point (Zone 2), fluid mixing played a major
role, as there was a sharp increase in the pCOy ) con-
centrations and a sharp decrease in alkalinity. The sys-
tem would suddenly approach a state of equilibrium
(Zone 3) with respect to calcite. The decreasing pCO5(q)
with decreasing SI_values (Fig. 10b) beyond Zone 1
indicates that the loss of carbon is controlled by the
mixing of the ponded water with the emanated ground-
water. The ponded water exhibits low relatively pCO,g)
concentrations and low relatively TDS that is likely also
sourced from rain and the groundwater. Furthermore,
carbonate growth kinetics is inhibited by Mg** concen-
trations (e.g., Suarez, 1983; Zhang & Dawe, 2000).
With a Mg?*/Ca** ratio of ~0.27 for the first ~210 m
(Zone 1) and ~ 0.38 beyond the 80-m mark (Zone 2), the
results show that the concentrations of Mg”* played a
major role in the precipitation of calcite in Zone 1 but a
minimal role in calcite precipitation in Zone 3 as indi-
cated in Fig. 10c.

5.1.3 Sulfate Evolution

The Edwards Aquifer’ saline zone has a mineral com-
position more diverse than that of its freshwater zone.
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Table 2 Selected geochemical and isotopic constituents from five wells in the confined section of the Edwards Aquifer (Musgrove et al., 2019)
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613CDIC 618()HZ() 6])HZ() SImlcite ngypsum

SO4 B Sr
mg/ mg/ upg/L pg/L %o

Mg mg/ Cl

Latitude Longitude pH Temp. Alkalinity TDS Na Kmg/ Ca

Site

Site

%o

Yoo

L mg/ L

mg/L mg/

mg/L

°C

description

-0.06 —2.06

—23.30

—8.97 —42

414

50.0

179 247

105.0 14.0

7 225 334.0 360 10.80 1.20

,-98.63556

29.54178

Confined

PSW1

aquifer/well

PSW2  Confined

=7.70 —4.2 —24.80 -0.01 —2.06

1730

61.5

26.5 33.6

71.0 188

13.30 1.30

,-98.59556 7.2 27 242.0

29.49528

aquifer/well

Z-DED Confined

—4.1 -22.70  —0.08 —-0.10

-9.15

517

58.0

17.5 282

95.0 17.7

11.10 1.50

350

322.0

69 22

29.49528

,-98.59556

aquifer/well
Confined/spring  29.71278

628  —9.21 —4.2 —2330 -2.04 -1.92

72.5

344 14.00 1.40 87.0 17.0 204 39.7

288.0

7.1 235

,-98.13750

Comal

orifice

*PSW public supply well

=30)

The samples were collected from 2013 to 2017 and the results presented are the median (n

Although calcite and dolomite are the dominant mineral
compositions of the Edwards Aquifer’s confined zone,
minerals such as gypsum, anhydrite, celestite, and stron-
tianite are present in lesser amounts in this zone (e.g.,
Opsahl et al., 2018). Circulating water within the rocks
of the confining beds dissolve gypsum and anhydrite,
producing relatively higher concentrations of sulfate.
The concentration of sulfate measured (~416 mg/L) at
the discharge point (0 m) of the study site, which is in
Edwards Aquifer’s confined zone, was about ten times
higher than the averaged maximum measured sulfate
concentration in the unconfined up-dip zone (e.g.,
Opsahl et al., 2018). The sulfate concentrations and the
calculated gypsum saturation index (Slgy,s,m) from
Musgrove et al. (2019), measured from the four wells
(PSW1, PSW2, Z-DED, and Comal 1; Table 2), are of
similar values to the measured and calculated values
presented in this research, indicating that the sources
of the water in the confined section of the Edwards
Adquifer are similar, but the water gets sufficiently mod-
ified during its evolution in surficial environments. In
the surficial environment, the dissolved sulfate concen-
trations increased continuously for the first ~80 m; be-
yond this point, the SO4>~ concentration dropped
abruptly at the 110-m mark before flattening out in the
mixing zone and evaporated influenced ponded water
(Fig. 11a). Sulfate mineral precipitation can scavenge
dissolved sulfate from solutions, sequestering them in
sulfate minerals such as gypsum and anhydrite. How-
ever, calculated saturation indices of gypsum (Slgy,m)
showed that the system was under-saturated with respect
to gypsum, thereby suggesting that the increasing con-
centrations of sulfate in the first ~80 m from the dis-
charge point was controlled by the dissolution of gyp-
sum or anhydrite beds in the aquifer. To show the
relationship between sulfate concentrations and sulfate
mineral precipitation, we plotted the Sly),,q Vs, S0,
concentrations (Fig. 11b). The plot shows that the
under-saturation with respect to gypsum is associated
with both increasing and decreasing sulfate concentra-
tions. Figure 11c, a plot of the concentration of sulfate at
any time (SO,*) divided by the concentration of sulfate
at the discharge point (SO, ) as a function of distance
(i.e., SO4* /SO4* , vs. distance), shows that the increas-
ing sulfate concentration in the first ~80 m (Zone 1) is
due to the high sulfate concentrations emanating from
the discharge point, and that the decreasing concentra-
tion beyond Zone 1 into the mixing area (Zone 2) and
the freshwater (evaporated) pond (Zone 3) is as result of
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-2.25

Fig. 9 Plot of pCOyg vs the
alkalinity concentration at any
time (alkalinity,) divided by the
alkalinity at the well-head
(alkalinityy), i.e., pCOyg) VS.
alkalinity/alkalinity,. The plot
shows an overall decreasing
alkalinity concentration across the
three zones because of the
continuous CO,(, evasion due to
the higher than atmospheric
PCOy, of the system
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fluid mixing with water of lower TDS that has been
diluted by rain.

Sulfate-reducing bacteria are known to be O,-tol-
erant — especially in the absence of H,S — and could
form toxic products with O, when they remain viable
for hours or even days (e.g., Hardy & Hamilton,
1981; Fukui & Takii, 1990). These deep fluids are
often associated with the presence of bacterial mats
on stream beds and well-heads. Several authors (e.g.,
Cohen, 1989; Canfield & DesMarais, 1991) have
reported that the observed microbial mats in oxic
environments were responsible for sulfate reduction.
Therefore, we hypothesize that the presence of both
aerobic and anaerobic bacteria in the oxic environ-
ment over the entire sampling distance has utilized
H,, organic compounds, and sulfur compounds as
electron donors for microaerophilic respiration. This
process would oxidize sulfides to sulfates and result
in the high sulfate concentrations measured at the
well-head and the first ~80 m of the sampling dis-
tance (Zone 1).

5.2 Isotopic Evolution
5.2.1 83Cp,c Evolution

To understand the carbon isotopic (5"3Cpyc) behav-
ior, we plot the ratio of alkalinity/alkalinity, as a
function of §"*Cpc (Fig. 12). We intended to dem-
onstrate how changing alkalinity and isotopic frac-
tionation in a continuously evolving water sample

1.0 15
Alkalinity,/Alkalinity,

would change in an alkalnity-5'>C space (Abongwa
& Atekwana, 2013). We observe a rapid decrease in
the alkalinity accompanied by kinetic isotopic frac-
tionation resulting in a 8'°Cpc enrichment of ~
1.75%0 in Zone 1 (Fig. 12). The accompanied kinetic
isotopic fractionation is due to the loss of excess
COyg as a result of the higher pCO5(, concentra-
tions in the deep fluid compared to that in the
atmospheric (e.g., Mills & Urey, 1940; Usdowski
& Hoefs, 1990). Evasion of CO,,) results in de-
creasing calcite super-saturation to cause a 6'*Cpc
decrease from 0.10 to — 6.43%o as observed after the
80-m mark, as represented in Zones 2 and 3
(Fig. 12). Our results show that, although carbonate
evolution for the deep fluid indicates a supersaturat-
ed system, the main driving force for the carbon
isotopic fractionation is controlled by kinetic equi-
librium fractionation generated by higher concentra-
tions of dissolved carbonate species. In a continuum,
the fractionation of carbonate species in a supersat-
urated carbonate system is controlled mainly by
kinetic isotopic fractionation observed in the zones
labeled as 1 in the figures. Moreover, as the system
becomes diluted with isotopically heavier water
(5"%0 and D) as a result of evaporation, and with
relatively lower dissolved carbonate species concen-
trations, the shifts in fractionation become more
negative (Zone 2; Fig. 12) and then show no frac-
tionation as the curve flattens out in Zone 3 (Fig. 8).
In stages 2 and 3 of Fig. 12, the change in carbonate
species concentrations (decreasing alkalinity

@ Springer



213 Page 140f19

Water Air Soil Pollut (2021) 232: 213

Fig. 10 (a) Plot of calculated
saturated indices of calcite
(SL.gscire) showing that the system
is supersaturated with respect to
calcite across the three zones. (b)
Plot Opr02(g) Vs SIcalcl'Ie
showing calcite mineral
precipitation as COy,, outgasses.
(c) Plot of Mg**/Ca** vs. SLuscire
showing that carbonate calcite
mineral precipitation scavenges
Ca®* from the system
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Fig. 11 A Plot of the 500
concentrations of SO,>” vs. Zone 3 Zone 2
calculated gypsum saturated
indices (Slg,,m) showing that
the system might not be
precipitating gypsum, and a plot
of SO,4>~ concentrations at any = 400
time (S04 ) divided by SO4>~ S
concentration at the well-head 3
(SO47 ), i.e., SO /SO, & °
over distance, indicating that the 8
sharp drop in SO, 300 :
concentrations at Zones 2 and 3 =
.. . S
are due to mixing by relatively N
low sulfate-rich ponded
freshwater (b) ()
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observed in Zone 2) is not accompanied by kinetic
fractionation. We hypothesize that there is very min-
imal loss of CO,) after 80 m because the system is
diluted with less carbonate- rich water; no observ-
able enrichment in kinetic isotopic fractionation is
made. Additionally, because the system is still far
from achieving equilibrium fractionation, carbon
isotopic enrichments cannot shift positively. Several
authors (e.g., Usdowski et al., 1979; Dandurand
et al., 1982) have suggested that equilibrium precip-
itation of calcite should result in a 8"*Cp;c enrich-
ment shift of about 0.9%o¢. Such results were not
observed in this study because the system was high-
ly diluted by carbonate-depleted water.

5.2.2 5**Sgo4 Evolution

The §**Sg04 values of the groundwater at the well-head
were ~20.01%o, indicating that the sulfate in the ground-
water is sourced from evaporites. The results of 5>*Sgos
are very different from meteoric water, which varies
between — 1.4 and + 6.9%o, but similar to the seawater
sulfur isotopic composition of 20.9%o (e.g., Rees et al.,
1978; Rech et al., 2003). To understand sulfur isotopic
fractionation and track its evolution, we plotted the
concentration ratio of time-dependent SO, to its con-
centration at the well-head, as a function of 5°*Sgo4 (i.e.,
SO/ SO/ 4 vs. 5°*Sso4) in Fig. 13. The 5°*Sgos
values showed a slight overall enrichment (~0.3%o) in
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Fig. 12 Plot of carbon isotopic 2
signatures of dissolved inorganic
carbon (8'*Cpyc) vs. alkalinity,/ ZHE S Zone2 L
alkalinity,, showing that CO2 0
outgassing reduces alkalinity ‘
concentration while causing a [ J
positive shift in 5"3Cpyc values in o
Zone 1. Mixing of fresh-ponded g -2 PY o
water with deep fluid in Zones 2 <
and 3 results in a negative shift in =
5"3Cpyc values 2u
w -4
-6 ’
-8
0.000 0.500 1.000 1.500

the first ~80 m (Zone 1), whereas the SO427 concentra-
tion increased from 451 to 442 mg/L. This increase in
sulfate concentration with minimal overall isotopic en-
richment could be attributed to the fact that the system
was not scavenging sulfate from the solution through
sulfate metal precipitation, as shown in Fig. 11a, since
the Sl <0. Beyond the first 80 m, we observed a
sharp enrichment of 5>*Sgo4 from 20.07 to 23.51%, and
the system continued to show enrichment to a value of
23.65%o0 at the end of sampling distance. This sharp
increase in 5**Sgos matches the point where the fresh-
ponded water starts to mix with the sulfate-rich deep

Alkalinity,/Alkalinity,

fluid, resulting in a reduction in sulfate concentration to
the end of the sampling distance as seen in Zones 2 and 3
of Fig. 13. The continuous enrichment of 5**Sso4 beyond
80 m results in a + 2.4%o shift, which could be accounted
for by the microbial reduction of thiosulfate to sulfides.
The overall enrichment of 5**Sgo4 over distance supports
the hypothesis that microbial metabolism is responsible
for the sulfates reduction to sulfides. The broad environ-
mental distribution of sulfate-reducing bacteria (Postgate,
1979) implies that anaerobes could operate in the fresh-
water pond and the mixing zone since some of these
microbes have high oxygen tolerance.

Fig. 13 Plot of sulfate isotopic 24
signature of the water (6348504)
vs. SO /S04, indicating that Zone 2 Zone 1
the concentrations of SO, is in 23
Zone 1 are controlled by
microbial metabolism resulting to
isotopic fractionation and that
sulfate fractionation is almost 'g 22
absent in Zones 2 and 3 because =
of the influence of fresh-ponded ”g
water y
S
o - 'y
° [
g
20 | N L4 ofo
19
0.50 0.75 1.00 1.25
$0,%:/S0,%,
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Fig. 14 Plot of oxygen isotope of 4 ‘
the water (8'0g0) vs. the total
dissolved solids (TDS). The
figure shows that evapo- 2
concentration plays a role in the
increasing TDS concentration
observed in Zone 1, and the
decreasing TDS and enrichment '\'g' 0 [
of 8"®0y0 in Zones 2 and 3 are 9-5
as a result of the mixture of low- g
solute fresh-ponded water with o 5
the deep fluid P}

-4

Zone 3 Zone 2 Zone 1
-6
600 800 1000 1200 1400
TDS (mg/L)

5.2.3 Evaporative Fractionation

The effects of evaporative concentration on the geochem-
ical evolution of deep fluid in surficial environments are
shown in a plot of TDS versus 5% 0mo (Fig. 14). The
results show an increase in TDS with a corresponding
enrichment in 5'®0y,0 for the first ~80 m (Zone 1;
Fig. 14). Beyond this distance, the TDS concentration
decreases with a corresponding enrichment in &'*Oyp0.
This result could be explained by the fact this is the area
(Zones 2 and 3) where relatively limited solutes-rich
fresh-ponded water mixes with the sulfate-rich deep fluid.
The increase in TDS for the first ~80 m (Zone 1) of the
sampling distance exhibits a positive log-normal relation-
ship typical to evaporated river water (e.g., Atekwana
et al., 2016). Thus, the decreasing TDS concentrations
with continuous enrichment in §'*0yp0 (Zones 2 and 3;
Fig. 14) are indicative of the phenomenon that there is
deep fluid dilution by freshwater and no solute addition
through water-rock interactions. The decreasing 5" Cpic
in Zones 2 and 3 (Fig. 12) suggests that the corresponding
fractionation of the isotopes are not controlled by evapo-
concentration (e.g., Farquhar et al.,, 1989; Walker &
Richardson, 1991).

6 Conclusions

The study site locating at the immediate saline water
zone allows the researchers to study how deep fluid

emanating from the Edwards Aquifer’s confined
saline zone evolves in a surficial environment. We
demonstrated that the evolution of carbonates and
sulfates in such fluids in a surficial environment
could be tracked by the accompanying isotopic frac-
tionation resulting from CO,,) evasion, sulfate min-
eral precipitation, microbial respiration, and evapo-
concentration, all within a small stream-pond water
system. Of significance in the evolutionary process
is the role of microbes where, through metabolism,
they convert sulfates to thiosulfates resulting in the
microbial fractionation of sulfate-rich fluids. We
therefore suggest that the evolution of sulfates- and
carbonates-rich fluids in these surficial environments
is controlled primarily by kinetic-isotopic fraction-
ation and microbial metabolism. The role of evapo-
ration in the fractionation process of the §'%0 and
d0D is very pronounced in the enrichment shifts
observed as the deep fluid evolved from the well-
head to the mixing zone and, finally to the freshwa-
ter evaporative water zone. As the studied stream-
pond system is typical of the water supply sources
for ranches and well-owners along the saline-
confined zone of the aquifer, our study also bears
important public health implications concerning the
need for longer retention in surficial environment
and freshwater dilution.
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