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Abstract

Urbanization and agriculture are two key factors that place demands on water resources
and serve as sources of anthropogenic pollution into inland waterways. The San Antonio River,
which is sourced from a karst aquifer, plays an.important recreational and scenic role, yet effective
management is often hampered by the lack of understanding of the chemical characterization of
the water system. The karst-dominated Edwards Aquifer watershed in south-central Texas is an
ideal watershed to understand water-rock interaction (carbonate dissolution) and anthropogenic
impact on our water resources.-In order to understand groundwater-surface water interactions, we
made chemical and isotopic measurements over a 17-km stretch of the San Antonio River
beginning at the headwater sanctuary and moving downstream. The chemistry of the headwaters
and at'along the longitudinal profile of the river showed that the Edwards Aquifer is dominated by
Ca?*, Mg?* and HCOs' ions resulting from carbonate dissolution. The carbon isotopic signature of
dissolved inorganic carbon (8'3Cpbic) showed that the Edwards Aquifer is in chemical and isotopic
equilibrium with soil COz(). The relationships between 3**Cpic and solutes (Cl-, Na*, F, NOs")

showed that anthropogenic sources of these solutes are associated with low 8%Cpic values,
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indicating that carbon isotopic composition of dissolved inorganic carbon can be a useful tracer
for contaminants in the environment. The anthropogenic inputs into the San Antonio River were
sourced mainly from effluents of the San Antonio Zoo, waste discharge from the River Walk in
downtown San Antonio and from fertilizers and animal waste in the less urbanized section of the
sampled area (Mission Concepcion to Mission Espada). To protect and sustain the water quality

of urban waterways and karst aquifers, urban sewage and effluents must be treated and.controlled.

Key words: Karst aquifer, groundwater-surface water interaction, urbanization, carbon isotope,

San Antonio River
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Introduction

In the U.S., as much as 20% of the land surface is karst and 40% of the groundwater used
for domestic supply comes from karst aquifers. Karst formations are composed of soluble
carbonate rocks that would dissolve to produce large voids and conduits. These large voids and
conduits will make the system susceptible to contamination because of the rapid transport of
groundwater through the high-porosity and highly-permeable aquifer material with.almost no
filtration, sorption, or degradation of dissolved particulate matter (He et al. 2019; White 2018).
Karst systems play a critical role in nutrient cycling in the Earth’s-surface environments and
because of the presence of huge solution cavities, they serve as a.conduitto the transportation and
transformation of heavy metals and other nutrients such as NOs which might pose a serious threat
to drinking water supplies in lakes, rivers, springs and streams. In south-central Texas, the Edwards
Aaquifer is a karst watershed featuring one of the most productive aquifers in the U.S., supporting
water supply and agriculture for over 3'million people and 40 rare or endangered species (Edwards
Aquifer Authority 2014). The Edwards Aquifer recharges rapidly because its recharge-zone is
characterized by the presence of sink=holes and disappearing streams (Sharp and Banner 1997;
Opsahl et al. 2018). As a'result, the water quality of the Edwards Aquifer is highly susceptible to
contamination from nutrients and pesticides derived from anthropogenic sources and has been
designated sole-source aquifer (U.S. Environmental Protection Agency 2017a).

The San Antonio River, whose headwater and the upper segment of the river basin passes
through a densely populated urbanized area (the City of San Antonio, Texas, USA), overlays the
artesian zone of the Edwards Aquifer. Water flows not only in the open channel of a river but also
through the interstices of river-channel bank sediments, thus creating a mixing zone with

intensified biogeochemical activity with groundwater, referred to as the hyporheic zone (Triska et
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al. 1993). The chemistry of the aquifer is influenced by factors such as flow routes and ground-
water residence times (e.g., Banner et al. 1996), soil type (e.g., Li et al. 2021), and land use (e.g.,
He and Wu 2019; He et al. 2020). These will eventually result in groundwater and surface water
in some parts of the aquifer to contain higher than normal concentrations of nitrate, chloride, heavy
metals and metalloids. The spatial distribution of elevated contaminant levels in groundwater
relative to land use will indicate some correspondence between contamination and those parts of
the aquifer where urban development has been the heaviest. Conservative tracers such as K, Cl,
and stable isotopes of carbon are important proxies that will be used te-understand groundwater-
surface water interactions (Li et al. 2016a; Zhang et al. 2022). The residence time of water in a
drainage basin and the time it is in contact with mineral surfaces.is extended after the water first
enters a stream, lake, or wetland (Sophocleous 2002). In the case of the Edwards Aquifer, the
extended residence time results in the dissolution of the chemically reactive carbonates. The high
hydraulic conductivity associated with. the Edwards Aquifer transports subsurface flow with
physicochemical properties similar to the aquifer materials into the San Antonio River watershed.
Therefore, the quality of the river water is profoundly influenced by the dissolved constituents of
the aquifer materials. The introduction of high concentrations of Ca?*, Mg?*, and HCOs ions
resulting from the.dissolution of limestone (CaCOs) and dolomite (CaMg(COs)2) could further
complicate the identification of possible anthropogenic pollution of the Edwards Aquifer because
the type-of groundwater discharging into the upper San Antonio River could move from a Ca-
HCOs3 or Ca(Mg)-HCOs type to a Ca-Cl (NOz7) or Ca (Mg)-Cl (NOs) type, and Ca-Cl (+NOs™ +
S04%) or Ca (Mg)-Cl (+NOs- + SO4*) type, indicating anthropogenic-related increases in NO3',

CI- and SO4* concentrations within the watershed (e.g., Jiang et al. 2009). Identifying the sources
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and dynamics of water and its constituents within the stream is a key component of managing the
resources.

Stable isotopes have become a powerful tool in understanding the biogeochemical
processes during groundwater-surface water interaction (Kendall 1998; Cook and Herczeg 2012;
Li et al. 2016a; Zhang et al. 2022) complementing conventional physical water quality parameters
(pH, temperature, alkalinity, and conductivity) and chemical constituents (inorganic ions).
Researchers investigating biogeochemical processes in agro-, groundwater-, and surface-water
systems have used stable isotopes of carbon to investigate nutrient flow.and capture between
systems (Faure 1986; Kendall 1998; Hoefs 2004; Hosono et al.. 2009, 2011). Carbon isotope of
dissolved inorganic carbon (83Cpic) in carbonate species (H2CO3, HCO3 and COs’) have been
used to study carbon evolution and cycling in in-land water systems (Abongwa and Atekwana
2015; Abongwa et al. 2016). It is regarded-as.a reliable tracer method to reduce the uncertainty
when multiple sources of carbon coexistin a water-body (Breas et al. 2002), as the isotopic analysis
of carbon sources can be a valuable statistical tool for data interpretation, especially when it is
examined in combination with the data of other stable isotopes and chemicals (Wen et al. 2020).
Therefore, carbon isotope technique have been applied to study the geochemical flux in karstic
aquifers (Jackson and Polk 2020), hydrochemical monitoring of urbanized karst water (Wu et al.
2018; Xiao et al. 2020), and the transport of inorganic and biogenic organic carbon across the
geochemical boundaries in a karstic aquifer system (Hutchins et al. 2013).

The active hydraulic conductivity also poses a serious threat to the water quality of the
aquifer flow when the surface water is being contaminated. For example, in the midst of the rapid
urbanization experienced in the San Antonio area, numerous studies have focused on improving

the spatial and hydrogeological modeling tool for the assessment of stormwater runoff concerning
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rainfall-runoff correlation (El Hassan et al. 2013; Zhao and Gao 2016), nutrients transport (El
Hassan et al. 2016) and pathogens distribution (Puri et al. 2009) in various segments of the
watershed. Concerning water quality deteriorated by anthropogenic activities, Jiann et al. (2013)
reported that the San Antonio River was characterized by high concentrations of
ethylenediaminetetraacetic acid, total dissolved phosphate, and suspended matters. More recently,
the U.S. Geological Survey performed a seven-year study (2010 to 2016) to better understand how
water quality changes under a range of hydrologic conditions and in contrasting land-cover settings
(rural and urban) in the San Antonio segment of the Edwards Aquifer (Opsahl et al. 2018)
encompassing sampling and analyses of stable isotopes, nutrients, and pesticides covers sampling
sites at various sources and sinks. Elevated NO3™ concentrations showed that the Edwards Aquifer
is contaminated by pesticides and its vulnerability is affected by geology and anthropogenic
activities within the watershed.

This research focuses on examining the water quality of the intensely urbanized stretch of
the San Antonio River, impacting more than 3 billion dollars of tourist industry for the city every
year (Nivin 2014). Because of its-heavy economic value, the river stretch is also prone to
contamination from multiple sources with significant public health implications. . The physical,
chemical and isotopic data were collected from both the river and the artesian springs upstream of
the watershed. For the purposes of water quality management in urbanized areas in karst terrain,
the hydrogeochemical characteristics of the groundwater and surface water was investigated.
Specifically, the sources of pollution in the various segments of the urbanized stretch of the San
Antonio River were characterized by examining the §3Cpic data, combined with the concentration

profiles of the metals, alkalinity and nutrients.
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Methods
Study Area
Climate, geology, and hydrogeology

The climate of the study area which is located in South Central Texas has a humid
subtropical climate. Central Texas is made up of hills and rivers and ranges from semi-arid.in the
western part to subtropical in the rest (Bhatia et al. 2020). Summers are hot and ‘humid, while
winters are mild. Average annual rainfall is in the range of 533 mm in the west to 889mm in the
rest of the region. Higher elevations have coniferous tree cover and receive more rainfall than the
river valleys that comprise of deciduous trees.

The rocks exposed within the study area are the outcrops of the Trinity and Edwards
Groups and the overlying Washita, Eagle Ford, Austin, and Taylor Groups in Hays County. The
rocks are sedimentary and formed during the.Cretaceous age (Hamilton et al. 2008). The study
area is karstic, and characterized by sinkholes, caves, and underground streams that allow rapid
infiltration of surface waters to the subsurface. Faulting in the study area is primarily from an
Oligocene and early Miocene age extensional fault system known as the Balcones fault zone. The
Balcones fault zone generally trends southwest to northeast in southcentral Texas. The faults are
vertical to near vertical with normal throw, are en-echelon, and are mostly downthrown to the
southeast.

The Edwards Balcones Fault Zone forms the Edwards Aquifer in south-central Texas
(Figure 1a) spanning over two million acres in the area. Regional groundwater flow in the aquifer
is to the northeast with natural discharge occurring springs and groundwater supply wells. The
regional hydrologic conditions are determined by the discharge and geochemistry of the springs

and groundwater-supply wells. The hydraulic conductivity transitions from an unconfined,
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hydrologically-active freshwater system (90-900 cm/d) to confined, basinal brackish water flow
(1-2 cm/d) (Sharp 1990), divided by a narrow strip of lithological deformation zone (Figure 1b).
The freshwater part (up-dip) is approximately 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, with only diffuse freshwater flowing across the down-dip
(Groschen and Buszka 1997). Several artesian springs along the Edwards Aquifer’s discharge zone
allow the groundwater to feed into natural streams. The Edwards limestone ‘is between 300-700
feet thick, outcrops at the surface in a narrow band, is tilted downward-toward- the south and east,
and is overlain by younger limestone layers and thousands of feet of sediments. Some aquifers,
such as those composed of sand or gravel, are relatively uniform throughout and so are
called homogenous aquifers. But the Edwards ds actually’ a group of limestones, each with
different characteristics, so it is not homogenous at all - it is a highly heterogenic aquifer.

Low permeability overlying units are a barrier to vertical flow with upland streams flowing
to the south and east, and their watersheds defining the Edwards Aquifer contributing zone (Figure
1a). Losses as much as 85% have been recorded as streams crosses the recharge zone, and other
contributions to recharge have been via directed and distributed in-stream methods contributing

15% - 35% (Slade et al. 1986; Lindgren et al. 2004).

Sampling. locations

The study area was an ~17 km stretch of the upper San Antonio River, starting from its
headwater — locally known as the Blue Hole (29°28°7.66”N, 98°28°2.76”W), an artesian spring
feeding into the San Antonio River — to Mission Espada (29°22°12.46”N, 98°27°26.55”W), as

shown in Figures 1 and 2.
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Over the sampling distance along the upper San Antonio River, samples were collected at
the Brackenridge Park, ~1 km downstream of the Blue Hole and hosts the San Antonio Zoo. At
the San Antonio Zoo, about 7.5 million liters of water pumped daily from the Edwards Aquifer is
used once for the animals and then discharged into the San Antonio River at Brackenridge Park
after ultra-violet disinfection. To focus on the pollution that might originate from the zoo, samples
were collected at three different points along the San Antonio River within Brackenridge Park.
Samples were also collected along the downtown stretch of the San Antonio River'serving as a
recreation resource to the local tourism industries. At about 8 km downstream.from the Blue Hole,
the San Pedro Creek meets the San Antonio River at Mission.Concepcion. To understand the
pollution sources introduced into main channel of the San Antonie River by the tributary, samples
were collected upstream into San Pedro Creek for over 0.5.km. Another sampling location was
selected at the outlet of the San Pedro Creek-Tunnel, aflood diversion structure with 1.8 km in
length further upstream of the San Pedro Creek. The final samples were collected throughout the
~9 km from Mission Concepcion to Mission Espada, a stretch that was a less populated section of
the upper San Antonio River.

Sample collections were made during the wet season in the month of June 2019 and the
method of sample collection was by grabbing water samples along the flow path of the San Antonio
River over a17 kmestretch from the Blue Hole to Mission Espada (Figure 2). The samples were
collected.during the wet season at a time when the San Antonio River is recharged predominantly
by groundwater. Careful consideration was taken such that samples were collected at a period
when precipitation had not occurred for about a week so as to minimize rain-water dilution effect.
During the dry season, the river water in the San Antonio River is reclaimed water as the

groundwater levels are generally too low to recharge the aquifer. All samples were collected on a



204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

single day from 8 am to 8 pm on June 14, 2019. The first 14 samples were collected in the more
urbanized section of the river over a distance of ~9 km (Blue Hole to Mission Concepcion) and
the remaining six samples were collected from a less urbanized area with limited agricultural
activity from Mission Concepcion to Mission Espada over the last ~8 km of the sampling distance.
The sampling at upstream into San Pedro Creek for ~0.5 km from the San Antonio River-San
Pedro Creek confluence was conducted to investigate the potential influence of river dilution on
metal evolution within an urbanized watershed.

Prior to collecting samples in the field, measurements of temperature; pH and conductivity
were made using a Yellow Springs Instrument (YSI, Ohio, USA) multi-parameter probe calibrated
to manufacturer’s specifications. Water samples collected in the field were filtered through 0.45
pm nylon syringe filters. Alkalinity was measured immediately after sampling by acid titration
(Hach Company 1992). Samples for anions and.cations were collected in high density polyethylene
bottles; the cation samples were acidified to a pH-<2.0 using high purity HNOs. Anions (F, CI,
and NOgs) were analyzed using a Dionex Aquion ion chromatograph system (Dionex, California,
USA). Cations (Ca?*, Mg?*, K*and'Na*) and metals and metalloids (As, Sr and Ba) analyses were
conducted following USEPA Method 200.7 (U.S. Environmental Protection Agency 1994), using
an Agilent 725 inductively coupled plasma-optical emission spectroscopy (ICP-OES) at the
University of'Houston’s ICP-Analytical Laboratory and Agilent Facility Center.

The analyses of stable isotopes of dissolved inorganic carbon (DIC) (§3Cpic); N from total
nitrate (8:°Nnos-); O from total nitrate (§80Onos-); H from water (8DH20); O from water (8*2OH20)
and Sr from water (8%/Srr20) were conducted at the Isotope Science Laboratory of the University

of Calgary. The stable isotope ratios are reported in the standard delta (8) notation in per mil (%o):

5 (%o0) = <(:L:ld) -1 ) [1]

10
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For all isotopic samples, precision and accuracy as 1-sigma of (n=10) was 0.2.

The computer program PHREEQC Version 2.8 (Parkhurst and Appelo 1999) was used to
calculate the pCO2 using pH, temperature and alkalinity and to calculate the temporal equilibrium
concentrations in the carbonate species H2CO3z, HCOs™ and COs? during carbon evolution. The
computer program PHREEQC was also used to calculate the saturation state with respect to calcite

using pH, temperature, and alkalinity and Ca?* concentrations.

Results and Discussion
Water quality parameters

The physical and chemical constituents (cations, /metals, and anions), carbon isotopic
enrichments, and carbonate supersaturation, along the length of the upper San Antonio River
studied are plotted in Figure 3. All numerical. data corresponding to the sampling locations are
compiled in Table 1.

The San Antonio River is in a humid sub-tropical region, and being an urban river, it shows
variation (10-40%) in its physical parameters when compared to unperturbed natural streams. The
San Antonio River showed substantial variations and characteristics in pH (Figure 3a), alkalinity
(Figure 3b) and conductivity (Figure 3c), in its upper-urban channel. For example, the pH slightly
fluctuated between 6:99 and 7.28 for the first ~7 km of the sampling distance, and dropped to 6.5
just outside downtown San Antonio (7.33 km). The pH of the San Pedro Creek was generally
slightly lower, 7.08 averagely compared to a 7.14 average for the San Antonio River. Beyond the
San Antonio River-San Pedro Creek confluence point, the pH dropped from an average of 7.1 to
6.85 for the remainder of the sampling distance (Figure 3a). The alkalinity exhibited a similar

pattern, fluctuating between and 249 mg/L 258 mg/L for the first ~8 km. The alkalinity at the San

11
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Pedro Creek sampling sites was significantly lower, averaging 218 mg/L as compared to 253 mg/L
for the rest of the samples. Beyond the confluence point, the alkalinity decreased marginally from
an average of 253 mg/L to 248 mg/L (Figure 3b).

The conductivity generally showed a steady increase over the sampling length. There was
a marked decrease, however, from 845 uS/cm at the Blue Hole to 510 ps/cm immediately
downstream (17 m) of the Blue Hole, indicating a rapid loss of dissolved salts when groundwater
containing high mineral content discharged into surface water. Additionally, the ‘average
conductivity of the San Pedro Creek was recorded at 632 uS/cm, higher.than the 592 puS/cm
average recorded for the rest of the sampling sites. (Figure 3c). Evidently, the change of these
water quality parameters revealed that various streams of water contributed to water flow in the
main channel along the sampling length, particular those from the San Pedro Creek. Similar
observations also applied to many of the chemical constituents shown in Figures 3d — 3h (cations),
Figures 3i — 3j (trace metals), and Figures 3k —:3m (anions). Dissolved carbonates result to a
system that shows overall enrichment in 8*3C (Figure 3n), with the accompanying CO2 exsolution

result to supersaturation and calcite precipitation (Figure 30).

Carbonate dissolution and natural solute contribution

The groundwater chemistry in karst aquifers is controlled by carbonate dissolution,
influenced predominantly by the partial pressure of CO2 (pCO3), temperature, and pH conditions
(Bakalowicz 2005). The positive correlations shown between Ca?* and pCO: (Figure 4a) and
between Slcarcite and pCOz2 (Figure 4b) indicate that the carbonate dissolution, which is closely
related to local pCOz, is responsible for the natural sources of solutes introduced into the Edwards
Aquifer and eventually into the upper San Antonio River. The 6**Cpic detected in the San Antonio

River is either introduced through soil CO2 or from carbonate dissolution. The relationship

12
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exhibited between 8**Cpic vs. pCO2 (Figure 4c) was not meaningful (neither strongly positive nor
negative correlated), suggesting that the sources of carbon isotopes into the San Antonio River are
variable. Calculated saturation indices (SI) showed that the San Antonio River was supersaturated
with respect to calcite (Figure 30), and that the continuous reduction in the concentrations of Ca?*
over distance (Figure 3d) was partially caused by the precipitation of calcite on the bed of the San
Antonio River that scavenged and sequestered solute Ca?*. The concentrations of .Ca?* were
weakly correlated with Slcarcite, Showing an R? = 0.032 (Figure 5a), indicating'that while Ca?* was
being scavenged from the system by calcite precipitation, the extremely supersaturated state did
not show any increasing supersaturation values. The continuous introduction of carbonate species
(HCOs™ and COs?%) into the San Antonio River show a samewhat strong correlation with Ca?*
(Figure 5b) resulting from the continuous dissolution of carbonate rocks through three parallel
reactions (equations 2-4) during rock-water interactions (Plummer et al. 1987; Chou et al. 1989;

Wollast 1990):

CaMg(CO3)z + 2H* ——» 'Mg?* + Ca2* + 2HCOg 2]
CaMg(COs)z + 2H,CO3 —=ty  Mg?* + Ca?* + 4HCO3 [3]
CaMg(COs)s —=—> Mg?* + Ca?* + 2CO3% [4]

The cations for the. San Antonio River can be explained through groundwater — surface water
interaction between the Edwards Aquifer and the upper San Antonio River because the aqueous

system'is.dominated by Ca?*, Mg?* and HCOs™ concentrations.

The Evolution of Sr, Ba and As in the San Antonio River
The impact of water-rock interaction into the overall characterization of the San Antonio

River water showed influence of sedimentary rocks by the release of Sr>* and Ba?". Figures 3h —

13
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3j show the concentration profiles of Sr, Ba, and As along the sampling distance. The concentration
of the three constituents shared a similar pattern, despite the scale of Sr concentration was one
order of magnitude greater than that of Ba and two orders of magnitude greater than that of As.
They generally increased over the stretch between the Brackenridge Park and past downtown, and
fluctuate at the San Pedro Creek confluence. Different from Sr and Ba, however, As concentration
continued to increase over the latter segment of the sampling distance (Figure 3J).

Strontium is relatively soluble and common in carbonates groundwater ‘where their
occurrence is likely due to the mineralogical substitution of Ca by Sr.in the carbonate rocks that
make up the Edwards Aquifer (e.g., Musgrove 2002; Musgrove 2021). ‘Sr concentrations ranged
from 0.61 to 0.80 mg/L within the upper San Antonio River, with relatively higher concentrations
in areas of higher river discharges. Relatively higher river discharges of about 2.2 m%s and 2.5
m3/s were recorded in downtown San Antonio. (River Walk) and from Mission Concepcion to
Mission Espada, respectively. This result indicates that the base flow component of the San
Antonio River plays a unique role as higher discharges will release constituents along the river
path. Furthermore, the relatively high'Sr concentrations in the San Antonio River was observed
with neutral pH, as reflected by the carbonate’s ability to buffer the system to neutral values. The
elevated conductivity: of ‘850 ps/cm at the discharge point indicate a long travel path or
groundwater residence time that promotes an extensive water-rock interaction and an elevated Sr
in groundwater.

Ba concentrations were significantly higher than As throughout the sampling distance, with
Ba concentrations ranging from 0.056 mg/L to 0.061 mg/L and As concentrations ranging from
0.55 pg/L t0 0.93 ug/L (Table 1). The relationship between Ba and As have been reported in wells

with higher influence of the marine environment (e.g., Méndez-Rodriguez et al. 2013). Ba is a
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biogenic element found in marine sediments in the form of carbonate, and in solution, Ba tends to
associate with As at pH 7.47 - 7.66, forming BaHAsO4-H20 and Bas(AsOa)2 (Zhu et al. 2005).
The pH of the San Antonio River over the sampling distance ranged from 6.50 to 8.08, providing
the physiochemical conditions required to remove As from aqueous solutions. The marine
influence on the host rocks of the Edwards Aquifer probably acts as a natural control to help
maintain As in a precipitated form, thereby, implying that the Ba-As relationship with the San
Antonio River basin results from natural conditions. Sr, Ba and As have similar chemical
properties and were correlated along the various zones of the San Antonio River, with relatively
higher concentrations at the Blue Hole and from Mission Concepcionto Mission Espada. The
concentrations of Sr, Ba, As, and conductivity were highly correlated in the last ~ 10 km of the
sampling distance. This observation implies that high evaporation and relatively higher river
discharges of 2.5 m%/s played an important role.in balancing their concentrations as the base flow

of the river increased the erosive capability and also re-introduced ions into the system.

Na*, CI, NOs and F sources and contribution

The CI- concentrations (Figure 3d), showed a marginal increase from 50.4 mg/L to 57.6
mg/L from the first. 7.33 km up to the confluence point of the San Antonio River-San Pedro Creek,
and remained steady for the remainder of the distance. The average Cl- concentrations near the San
Pedro Creek did not fluctuate as much as other chemical constituents measured. In contrast, as
shown ‘in Figures 3l and 3m, both the NOs  and F concentrations, respectively, showed a
continuous decrease over distance. NOgz, in particular, decreased sharply from 12.0 mg/L at the
Blue Hole to 6.4 mg/L at Mission Espada. Marked concentration fluctuations were once again seen

for samples taken near San Pedro Creek confluence.
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The equivalent ratio of Cl:Na* is expected to be 1:1 if those ions are generated solely by
the dissolution of evaporite minerals such as halite (Sami 1992; Amantha and Chandrakanta 2014;
Li et al. 2016b). Walter et al. (1990) made measurements of 143 samples from the Midwestern
United States, and showed that the CI:Na* ratio resulting from halite dissolution from ~ 1:1. In
this case, we obtained a Cl":Na* ratio of 5:1, 3:1 and 2:1 from the various stretches of the sampled
distance, namely: Blue Hole to confluence point, confluence zone, and the last ~9 km, respectively.
Graff et al. (1966) made measurements of 39 samples in the Midwestern Basin of the United States,
and had ClI:Na* ratio of ~2:1, and similar ratios were reported in the-sampling zone beyond the
Confluence point (i.e., the ~ 9 km of the sampling distance) as stated above. The variations in the
Cl:Na* ratio along the various stretches of the San Antonio River suggests a mixed source
contribution of CI- and Na* into the river. It is suggested that.the source of groundwater in the up-
dip section of the Edwards Aquifer is an‘evolved meteoric water: groundwater composition
resulting from freshwater interaction with carbonate and evaporite rocks of the Edwards Aquifer
(Sharp 1990; Oetting et al. 1996). CI- is a conservative ion — one that does not take part in
weathering reactions — and it is likely introduced into the natural environment by anthropogenic
sources, such as agricultural chemicals (potash or KCI), domestic sewage containing table salts,
animal manure, and. Clz disinfection treatment of tap water (Sherwood 1989). Panno et al. (2006)
collected and“made measurements of Na* and CI- ions from 128 samples mainly from lllinois,
United States, and showed that the sources of Na* and CI within the basin varied and it is
contributed mainly from landfill leachate, septic tank effluent, animal waste and road salts. The
relationship between (a) Cl-and F, (b) CI- and NOs", and (c) Cl- and Na* are illustrated in Figure
11, which indicates relatively high concentrations of Cl-, Na*, NOs and F in the San Antonio

River. The relatively high concentrations of Cl- and Na* measured could result from both the
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groundwater (originating from halite dissolution) and from human activities in both residential and
agricultural areas of the watershed and these relatively observed increases in Cl- and Na* in the
downtown area mirrors the relatively high river discharges of 2.2 m%s at the River Walk
(downtown). Saline basinal fluids from down-dip section of the aquifer makes its way to the upper
section of the San Antonio River via vertical and horizontal pathways of the high-angle normal
faults of the Balcones Fault Zone (Oetting et al. 1996). The positive correlation between Cl- and
Na* (R? = 0.79) indicates that they have similar sources, which could be a mixture from evolved
groundwater and from domestic sewage that could contain table salts and also predominantly from
halite dissolution.

The NOs™ concentrations were relatively high at the headwater sanctuary (Blue Hole) with
a concentration of 12.04 mg/L (Table 1) indicating that the major source of contribution of NO3’
in the San Antonio River is from groundwater.recharge. Fertilizers are used commonly in urban
and residential landscape, the extent of which is increasing as population grows. There has been a
combined population growth of ~ 11% at the upgradient of the regional aquifer flow path (U.S.
Census Bureau), which is in line with almost 42,500 kg of N applied over the recharge zone
(Turner 2012). Musgrove et al. (2016) determined that the sources of NOs" in the contributing and
drainage zone of the Edwards Aquifer trended from the boundary between soil NO3s™ and human
and animal waste into the human or animal waste NOz™ field, indicating contribution from both
sources. Results from Kendall et al. (2008) showed that denitrification, which is the microbially
mediated process of NOs™ reduction, contributed to low NOs™ concentrations in stream samples.
This potentially accounts for the relatively low NO3s™ concentrations in the last ~10 km of the
sampling distance on the San Antonio River and these low concentrations were recorded with

relatively high discharge measurements of 2.2 m3/s at the River Walk (San Antonio Downtown),
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which further increases to 2.5 m3/s at Mission Espada (end of sampling distance) as opposed to
low discharged measurements of 0.8 m%/s at the confluence point and 0.43 m?/s for the San Pedro
Creek. The low discharge measurements could indicate that there is less groundwater recharging
San Pedro Creek and San Antonio River at the confluence point, thereby resulting in reduced
concentrations and increased dilution effect of the constituents, such as NOs. The NOs
concentrations dropped from 12.04 to 9.11 mg/L for first 17 m and then increased markedly from
9.11 to 11.37 mg/L in Brackenridge Park (Figure 3lI). The marked increase in'NOs™ concentration
at Brackenridge Park could be attributed to the San Antonio Zoo as the'water.used within the zoo
exhibits is discharged into the San Antonio River, and while treated to.remove pathogens via ultra
violet disinfection, could contain nutrients from animal manure. The very strong positive
relationship exhibited between CI- and NOs™ (R? =0.78) indicates a mixed source of NOz", like CI-
, Into the San Antonio River. The trend of F-.concentration across the study area exhibited the same
behavior as NOs', showing an overall continuous decrease in concentration throughout the sampled
distance (Figure 3m), suggesting that groundwater at the headwater sanctuary of the San Antonio
River is the main contributor of Frinto the San Antonio River. While the NOs™ concentration is
attributed mainly to anthropogenic contamination, it is suggested that some of the F could
originate from natural processes (Faroogi 2007; Young et al. 2010; Li et al. 2019; Liu et al. 2021).
The Edwards Aquifer which has saline deposits is characteristic of the inland-sea environments
present throughout west Texas during the Permian and Cretaceous Periods, thereby, suggesting a
marine source of F into the Edwards Aquifer (Hudak 1999). The positive relationship exhibited
between CI- and F- (R? = 0.38) indicates a mixed source of F-, like CI-, into the San Antonio River.
This can be attributed to both natural (saline rocks) and anthropogenic sources such as fertilizer

use. The negative trends exhibited between Cl- and F (Figure 6a) and Cl- and NOgz" (Figure 6b)
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show that the sources of both NOs™and F could be similar (anthropogenic), whereas a major source
of CI- contribution could be from halite dissolution. The positive relationship between Cl- and Na*
(Figure 6c¢) show that both ions are sourced from the dissolution of saline rocks that compose the

karst matrix of the Edwards Aquifer.

Carbon isotopic evolution and anthropogenic pollution

Figure 3n shows that the §3Cpic continuously decreased from -7.96 %o to -9.40 %o for the
first 7.33 km and averages -8.27 %o for the San Pedro Creek which was slightly higher than the
average of -8.66%o measured for the San Antonio River before the confluence point. Beyond the
confluence point, the §!3C of the San Antonio River continuously.enriched from -9.40 %o to -8.48
%o for the rest of the sampling distance.

In carbonate aquifers such as the<Edwards Aquifer, the main source of DIC in the
groundwater is through carbonate dissolution and-soil COz2(g). The measured §'3Cpic of the water
at the headwater sanctuary (Blue Hole) of the San Antonio River was -7.96%o (Table 1). Soil CO2()
has a §'3C of about -25%o (Deines, 1980) with an equilibrium fractionation factor of 7.9%o at 25
°C (Mook et al. 1974). If the DIC were sourced solely from soil COz(), then the water at the Blue
Hole should have had a 8Cpic of about -18%o. It is reported that the 8**Cpic of marine and
freshwater carbonates can range from -1.5%o0 to +2.0%o. (Keith and Weber 1965). Using an
equilibrium fractionation factor of 7.9%o (Mook et al. 1974), a 3'3Cbic of 6.5%o to 10%o could be
observed at the headwater sanctuary of the San Antonio River. Dandurand et al. (1982) reported a
813Cpic of -15%o from water sourced by a combination of both soil CO2(g) and carbonate dissolution
in the unsaturated zone of an aquifer. If it is assumed that the Edwards Aquifer groundwater has

equilibrated with soil CO2(g), then with the application of a fractionation factor of 7.9%0 (Mook et

19



435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

al. 1974) the 83Cpic is expected to be around -7.0%o. The dissolution of carbonates and soil
respiration to produce HCOs™ at the measured pH (7-8) will cause kinetic isotopic enrichment in
the range of -0.4%o +0.2%o to -3.4%0 £0.4%0 at 25°C (Turner 1982). The chemical transformation
of CaCOs(s) 2 HCO3'(aq) =2 CO2aq) Will change the isotopic composition of the Edwards Aquifer
groundwater to the point of chemical and isotopic equilibrium, such that the resulting carbon
isotopic composition of the Edwards Aquifer groundwater at the discharge points of the headwater
sanctuary of the San Antonio River (the Blue Hole), will suggest that the DIC in the groundwater
is sourced from carbonate rocks and soil COz() (e.g., Kendall et al. 2014). Since the Blue Hole is
the headwater source of the San Antonio River, and the isotopic fractionation indicates equilibrium
conditions between the soil CO2 and aquifer materials, it indicates that the San Antonio River is
discharged from the up-dip section of the aquifer as shown with the relatively high concentrations
of Ca, Mg and HCO3s" which makes up the carbonate host rock.

The oxidation and decomposition of organic matter releases isotopically light COz(), and
research has shown that the oxidation of organic matter results in a decrease in §*3Cpic (Vitoria et
al. 2008). Therefore, the 5'3Coicin rivers that are fed predominantly by groundwater can be a proxy
and useful tracer for groundwater pollution sourced from anthropogenic processes. The '3Cpic
decreased from -7.95%o at the headwaters to about -8.95%o at Brackenridge Park where the San
Antonio Zoo/is housed. The decrease in the §*3Cpic could result from oxidation and decomposition
of organic waste released into the San Antonio River from the zoo. Relatively low §'Cpic (-8.61%o
t0 -9.41%o) were measured at the River Walk, in downtown San Antonio, indicating that increased
urban impacts such as stormwater runoff, gasoline leaks, and releases from tour boats within this
zone could be introducing organic pollution into the river. The enriched §'*Cpic values observed

for San Pedro Creek (-7.71%0-7.90%o0) indicate that there is less organic waste introduced into the
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creek than the San Antonio River, as up to this point, the creek travels through concrete tunnels
dug in shale-clay layers as a means of flood control within the city of San Antonio. Beyond the
San Antonio River-San Pedro Creek confluence point, the *3Cpic of the San Antonio River were
relatively low ranging from -8.4%o to -8.95%o, from Mission Concepcion to Mission Espada (final
~9 km of the sampling distance). This represented the section of the San Antonio River with,
relatively high flow (~ 2.5 m?%s); low residential density; and small scale agricultural activity,
indicating that fertilizer use and decomposition of organic waste could be‘responsible for the
relatively low 8**Cpic recorded. Li et al. (2010) showed that groundwater in.residential areas with
higher anthropogenic sources would produce more negative 53Cpic values. High concentrations
of NOz™ produced more negative values of **Cpic especially.around the zoo (Figure 7a). The River
Walk (downtown San Antonio) with recorded flows of ~2.2'm%/s and the less urbanized section
(from Mission Concepcion to Mission Espada) of the sampling distance characterized by low to
high flow from 0.4 m3s to 2.5 m?%s, respectively, show relatively high concentration values of
anthropogenic ions. The relationship between §'Coic vs. CI- (Figure 7b) shows that water with
high concentrations of Cl- produce meore negative values of §*3Cpic, suggesting that CI- in the San
Antonio River are also sourced partly through anthropogenic activities. A relationship exhibiting
a greater negative 5'3Cpic'with higher [Na*] values was observed along the entire stretch of the
San Antonio River;although the San Pedro Creek showed a less negative §**Cpic vs. high [Na*]
concentration due to the presence of shale-clay beds and concretes over which the San Pedro Creek
flows (Figure 7c). The stretch of the San Antonio River from Mission Conception to Mission
Espada is dominated by high evaporation as reflected in the relatively higher conductivity values.
The relationship between §'3Cpic and conductivity reflect more negative §*3Cpic values, indicating

that equilibrium fractionation of the carbon isotopes is overshadowed by the more negative values
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derived from agricultural sources. Additionally, in the upper reaches of the San Antonio River
where carbonate concentration is controlled predominantly by groundwater carbonates, the more
enriched 8%Cpic values are due to kinetic fractionation resulting from COz(g) evasion and from
calcite dissolution due to water-rock interaction. Anthropogenic activities can therefore, affect the
DIC concentrations in aqueous systems by lowering the §3Cpic in groundwater and surface water
as evident in these results generated through the Edwards Aquifer — San Antonio River interaction.

Since part of the Na* in the San Antonio River is derived from the weathering of the host
rock (evaporite deposits) and other silicates, it is expected that a strong-correlation between Na*
vs. Sr?* is established since Sr is mostly associated with marine carbonates that serve as host rock
of the Edwards Aquifer. However, the large variation and weak correlation (R? = 0.09) between
Na* vs. Sr?* (Figure 8), suggests a strong anthropogenic input of Na* into the San Antonio River,
since relatively lower Na* values were recorded for the'headwater sanctuary of the San Antonio
River (9.5 mg/L), indicating that anthropogenic sources of Na* into the surface and groundwater
of the Edwards Aquifer watershed are not associated with radiogenic Sr in the San Antonio River.
The sources of anthropogenic input.of Na* into the San Antonio River could be from atmospheric
deposition and water softeners (e.g., Kelly et al. 2008). Contributions of ions into the San Antonio
River are therefore, mostly dual sourced from anthropogenic activities and natural sources (Figure

9).

Conclusions
The water samples collected from the headwater (Blue Hole) and along the San Antonio
River was characterized by relatively high Ca?*, Mg?*, Na*, CI- and NOs" concentrations. These

ions were combined with 813Cpic to evaluate the source of the solutes in this karst watershed. The
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results showed that the contributions of ions in the watershed are controlled by both natural and
anthropogenic processes. While Ca?* and Mg?* were derived from carbonates weathering, Na* and
Cl- were sourced both from dissolution of halite beds in the down-dip section of the Edwards
Aquifer and from salts discharged from households in the downtown area. The NOs™ concentration
was attributed to be sourced through effluent discharge and F~ concentrations were sourced through
fertilizer use.

The relationships between 3%Cpic vs. solute concentrations exhibited a behavior that
suggested that high extents of anthropogenic sources are associated with-low.8*Cpic values. With
this, we showed that the relatively high NOs™ concentrations in Brackenridge Park is attributed to
the effluent resulting from the San Antonio Zoo, and that the high CI- concentrations measured at
the River Walk (downtown San Antonio) is likely from household waste from business and other
effluents introduced into the San Antonio River. Low 8*3Cpic vs. high NOz™ in the less urbanized
stretched (Mission Concepcion to Mission Espada) indicated the use of fertilizers, denitrification
and animal waste introduction into the San Antonio River.

This work showed that the relationship between 8'3Cpic vs. solutes can be used to trace the
source of both natural and anthropogenic pollution into an urbanized river. This is a valuable tool
for identifying sources of both water and constituents to the stream. By identifying sources of
water, water resource managers are able to identify best practices for protecting the quantity and
quality of source waters. Furthermore, it provides additional information on the dynamics of
constituent fate and transport throughout the groundwater-surface water system. This will
contribute to the development of tools, such as modeling and simulation of these systems, to aid

stakeholder driven decision processes.
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Antonio River, spanning from the headwaters sanctuary to Mission Espada.

Figure 3: Graphs showing the physical, chemical, carbon isotopic (5*3C), and calculated saturated
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Na* (c).

Figure 7: Relationships between §3Cpic vs. NOs ions (a); 8**Cpic vs. Cl-ions (b), and 53Cpic
vs. Na* ions (c), for the various stretches of the San Antonio River and San Pedro Creek.

Figure 8: Relationship between Na* vs. Sr?*ions showing a weak positive correlation between
the ions.

Figure 9: Longitudinal display of the San Antonio River from the Blue Hole to Mission Espada,
showing the relationship between 33Cpic and solutes sources and concentration.
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from the:-Headwater Sanctuary to Mission Espada.
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Table 1: Physical, chemical and carbon isotopic (613Cp,c) parameters of the ~17- km sampled urban-stretch of the San Antonio River from the Headwater Sanctuary to Mission Espada.

Site Distance Latitude Longitude pH Alkalinity  Conductivity Ca K Mg Na As Sr Ba F cr NO,” 8Coic
km N w (mg/L asHCO;) us/cm mg/L mg/L mg/L mg/L ug/L mg/L mg/L mg/L mg/L mg/L %o
Blue Hole (Headwater Sanctuary) 0.00 29°28'7.66" 98°28'2.76" 6.99 258.0 845 55.61 0.90 14.85 9.59 0.55 0.61 0.057 0.78 50.4 12.0 -7.96
University of the Incarnate Word Campus 0.17 29°28'2.32" 98°28'4.06" 7.08 248.4 510 56.68 1.05 14.72 10.29 0.71 0.61 0.058 0.87 48.7 9.1 -8.5
Brackenridge Park (San Antonio Zoo) 0.97 29°27'41.25" 98°28'22.40" 7.23 249.6 540 55.72 1.36 14.89 13.05 0.66 0.64 0.058 0.73 53.0 11.4 -8.45
Brackenridge Park 1.70 29°27'20.12" 98°28'35.12" 7.06 250.8 530 54.54 1.39 14.75 12.98 0.64 0.63 0.057 0.74 53.6 11.5 -8.95
Brackenridge Park 2.24 29°27'4.74"  98°28'44.90" 7.13 258.0 540 55.22 1.42 14.83 13.19 0.62 0.64 0.057 0.7 53.7 11.7 -8.87
Outside of Brackenridge Park 2.80 29°26'47.17" 98°28'51.60" 7.2 255.6 540 53.29 1.42 14.93 13.37 0.63 0.64 0.056 0.69 53.9 11.6 -8.5
Outside Downtown, San Antonio 3.07 29°26'38.18" 98°28'53.61" 7.14 252.0 580 54.73 1.46 15.19 13.81 0.64 0.64 0.058 0.68 39.4 11.3 -8.61
Downtown, San Antonio (River Walk) 5.00 29°25'45.94" 98°29'33.24" 7.16 253.2 580 54.79 1.56 15.58 15.45 0.71 0.67 0.061 0.64 53.3 10.3 -8.6
Downtown, San Antonio (River Walk) 5.37 29°25'31.65" 98°29'31.92" 7.28 249.6 660 54.38 1.61 15.62 15.68 0.72 0.68 0.060 0.66 53.2 10.1 -8.75
Downtown, San Antonio (River Walk) 7.33 29°24'25.13" 98°29'39.53" 6.5 258.0 600 54.86 2.52 15.98 23.62 0.87 0.80 0.060 0.55 57.6 9.5 9.4
San Pedro Creek (Mission Concepcion) 8.98 29°23'31.41" 98°29'49.37" 7.02 216.0 650 53.20 1.84 15.58 18.14 0.78 0.73 0.060 0.64 55.5 9.7 -8.71
San Pedro Creek (Mission Concepcion) 9.09 29°23'31.86" 98°30'3.25" 7.11 210.0 620 41.92 1.66 14.55 28.64 0.73 0.63 0.054 0.58 53.3 6.3 -7.71
San Antonio River-San Pedro Creek Confluence Point 8.99 29°23'38.52" 98°30'11.96" 7.13 198.0 640 41.44 1.65 14.44 28.15 0.91 0.63 0.056 0.56 53.7 6.2 -8.13
San Antonio River, Mission Concepcion 9.07 29°23'34.86" 98°30'9.51" 7.13 234.0 640 42.35 1.64 14.47 28.68 0.93 0.63 0.055 0.62 53.6 6.3 -7.95
San Antonio River 9.17 29°23'26.23" 98°29'54.64" 7.02 234.0 610 50.94 1.96 15.37 20.74 0.69 0.72 0.059 0.58 55.4 8.8 -8.86
San Antonio River 9.27 29°23'22.86" 98°29'54.79" 6.57 244.8 620 51.11 1.91 15.28 20.09 0.72 0.72 0.059 0.57 55.5 8.9 -8.95
San Antonio River 9.47 29°23'16.25" 98°29'55.73" 6.96 252.0 620 50.90 1.86 15.45 20.38 0.74 0.73 0.060 0.57 55.5 8.7 -8.56
Mission San Jose 10.97 29°22'12.46" 98°28'32.52" 6.93 252.0 630 49.72 1.70 15.19 20.04 0.78 0.68 0.059 0.59 54.6 8.1 -8.67
Mission SanJuan Capistrano 14.89 29°20'5.18"  98°27'26.55" 6.96 246.0 640 48.28 1.69 15.27 19.60 0.86 0.69 0.059 0.59 54.3 7.3 -8.6

Mission Espada 16.64  29°19'10.65" 98°26'55.40" 6.9 248.4 640 47.52 1.76 15.18 21.33 0.93 0.68 0.058 0.59 55.2 6.4 -8.48
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Figure 1: Map of the USA showing the location of Texas
and the Edwards Aquifer (a); map of Texas showing the
location of San Antonio (Bexar County, TX), the San
Antonio River and its adjacent streams overlaying the
artesian zone of the Edwards Aquifer (arrows indicate the
flow path of the aquifer) (b), and a googled-earthed map
showing the longitudinal distance of the ~17 km sampled
stretch of the San Antonio River spanning from the
headwater (Blue Hole [BH]) at the University of the
Incarnate Word [UIW] to Mission Espada (c).
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Figure 2: GIS-generated map showing the sampling locations along the urban reach of the San Antonio
River, spanning from the headwaters sanctuary to Mission Espada.
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Figure 3: Graphs showing the physical, chemical, carbon isotopic (6!3C), and calculated saturated indices of calcite (S7,,,.;.) parameters over the sampling
distance in the San Antonio River and San Pedro Creek (circled).
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