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Salinization of global freshwater resources is a concerning health and economic issue of the 21st century and re-
quires serious management and study to understand how, and by what mechanism, Total Dissolved Solids (TDS)
is changing in major watersheds. Oil and gas (O&G) produced water is a complex and saline (10-300 g/L TDS)
wastewater often disposed to surface waters post-treatment. However, in western U.S. states, beneficial use of
minimally treated O&G produced water discharged to ephemeral streams is permitted through the USEPA Na-
tional Pollutant Discharge Elimination System (NPDES) for agriculture and wildlife propagation. In a remote Wy-
oming study region, beneficial use of O&G NPDES effluents annually contributes 13 billion L of water to surface
water resources. The primary O&G TDS constituents are sulfate and sodium followed by chloride and calcium.
Significant TDS increases from 2013 to 2016 in a large perennial river (River C) impacted by O&G effluent dis-
posal, slight TDS increases in a perennial river (River B) and chronically elevated TDS (upwards of 2500 mg/L)
in a smaller tributary (Tributary A) comprised mainly of O&G effluents led to an investigation of O&G impacts
to surface waters in the region. Chloride-normalized metal ratios such as Br/Cl and 6*H and 620 distinguished
evaporation as the mechanism for increasing TDS derived from O&G on Tributary A, which is causing O&G efflu-
ents that meet NPDES regulations to not only exceed outfall regulations downstream where it is beneficially used
for irrigation and drinking water but also exceed aquatic life and livestock recommended limits. 87Sr/%Sr and
§>4Ss04 suggested minor impacts from O&G TDS loading on River C but also support an additional salinity source,
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such as streambed geological controls, the cause of significantly increasing TDS. While lithium isotopes provided
insight into the O&G effluent origin (6’Li ranged 9-10%.) and water-sediment interactions along O&G effluent
streams, they did not function as distinct salinity tracers in the larger downstream rivers. This study suggests a
multi-isotope (37Sr/%6Sr and 6>#Sso4) approach is often necessary for fingerprinting salinization sources and de-
termining best management practices because multiple salinity sources and environmental mechanisms may
need to be identified to protect water quality.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Salinization of freshwater threatens human and ecological health,
agricultural yields, economics of energy production, and drinking
water security on a global scale. Salinization refers to the increase in
Total Dissolved Solids (TDS) in water associated with increasing inor-
ganic ion concentrations. Salinization of surface water can be a natural
phenomenon where salts sourced from the weathering of aquifer min-
erals or dissolution of evaporites are leached from the unsaturated zone
of soils into shallow groundwater or ephemeral streams. However, in
many cases, anthropogenic point sources (i.e. oil and gas (O&G) pro-
duced water discharges, wastewater treatment facility outfalls) and
non-point sources (i.e. agricultural return flows, road deicing) enhance
the extent and speed of natural salinization processes (Vengosh, 2013).
Kaushal et al. (2018a, 2018b) noted the continental scale of the “salini-
zation syndrome” in coordination with the less discussed alkalinization
of surface waters - the primary causes of increasing salinity being agri-
culture, road deicing, resource extraction and land clearing (Cafiedo-
Argiielles et al., 2013; Kaushal et al., 2018a, 2018b; Williams, 2001).

Clearing of land can disturb native soils and increase natural
weathering rates leading to increased alkalinity in streams from in-
creased carbonate dissolution or ion exchange processes (Vengosh,
2013). Annually applying tens of thousands of metric tons of road salt
as well as commercial and O&G brines for dust suppression and deicing
have led to chloride concentration increases in Midwestern and North-
eastern U.S. metropolitan areas (Kaushal et al., 2018b). In these regions
baseline chloride concentrations are frequently greater than the maxi-
mum recommended chronic exposure limit for the protection of fresh-
water life of 230 mg/L and secondary U.S. Environmental Protection
Agency (EPA) drinking water standard of 250 mg/L (Corsi et al., 2015;
Dugan et al,, 2017; Kelly et al., 2005; Tasker et al., 2018). Chloride con-
centrations greater than this recommended limit for aquatic life were
observed to cause aquatic plant mortality and inhibit reproduction, as
well as facilitate establishment of invasive and halotolerant species
leading to loss of biodiversity (James et al., 2009). The EPA and Wyo-
ming secondary standard for TDS in drinking water is 500 mg/L, with
a recommended safe limit of 500 to 2000 mg/L for agricultural use,
and <2500 mg/L for livestock drinking water (Pick, 2011). Freshwater
fish populations typically survive in TDS concentrations <1000 mg/L;
however, lower TDS levels may be toxic to specific species depending
on the concentrations of specific ions such as SOy, Cl, or Br (Raisbeck
et al., 2008; Weber-Scannell and Duffy, 2007).

Wastewater disposal from both domestic and industrial sectors con-
tributes salinity to receiving water bodies (Chetelat and Gaillardet,
2005; Daugherty et al., 2010; Vengosh et al., 2014; Warner et al.,
20134, 2013Db). Corrosion of infrastructure linked to elevated salt con-
centrations among other factors not only has the potential to release
lead and copper from pipes into drinking water but can also cause ex-
pensive pipe failure replacements (Kaushal, 2016; Stets et al., 2018).

0&G extraction in the United States generates 21 billion barrels
(3.3 trillion L) of wastewater annually of which approximately 84% is
reinjected into formations either for disposal or for enhanced oil recov-
ery (EOR) processes (Clark and Veil, 2015). The remaining 16% is poten-
tially discharged to freshwater receiving streams, evaporated and
concentrated, while approximately 1% is beneficially used in semi-arid
western states permitted through the National Pollutant Discharge

Elimination System (NPDES) under 40 CFR § 435 Subpart E for irriga-
tion, livestock watering and wildlife propagation. Wyoming generates
approximately 2.18 billion barrels (346 billion L) of produced water an-
nually with approximately 600 O&G NPDES-permitted facilities under
the beneficial use exemption (Clark and Veil, 2015; Guerra et al.,
2011). In light of expected increases in produced water volumes, the
EPA and U.S. Department of Energy (DOE) are currently seeking com-
ments on a study regarding expansion of the beneficial use provision,
which seeks alternatives to surface water disposal (EPA, 2018;
Kondash et al., 2018).

Produced water chemistry varies as a function of geologic location
and production history and is often a highly saline solution causing con-
cern for drinking water intakes and aquatic life downstream (Blewett
et al, 2017, 2018; Dresel and Rose, 2010; Geeza et al., 2018;
McLaughlin et al., 2020a; Wilson and Vanbriesen, 2012). Sediment ac-
cumulation of radium associated with carbonate and sulfate precipitates
downstream of O&G effluent surface water disposal act as a secondary
salinity contaminant source under slight chemical equilibrium alter-
ations (McDevitt et al., 2018; Van Sice et al., 2018). There are few studies
on beneficial use of produced water in the western U.S., though use of
coal bed methane and O&G produced water for irrigation, a major spill
in the Williston Basin, and presence of persistent organic contaminants
kilometers downstream of discharges have been reported (Bern et al.,
2013; Cozzarelli et al., 2016; Lauer et al., 2016; McDevitt et al., 2018;
McLaughlin et al., 2020b; Sedlacko et al., 2019).

Utilizing high salinity wastewater for irrigation in semi-arid regions
can result in secondary salinization as a result of evaporation leaving be-
hind residual salts in the soil, which inhibit the germination of plants
and diminish growth and yields of crops (Hoffman et al., 1983). High so-
dium adsorption ratios (SAR), a measure of the concentration ratio of
sodium ions to calcium and magnesium ions, are an observed issue in
Wyoming produced waters, and can lead to deficiencies in crop potas-
sium, magnesium and calcium due to sodium competition for plant
root uptake (Bern et al., 2013). Likewise, high boron concentrations, as-
sociated with high salinity O&G produced water, are damaging to some
crop species above 0.75 mg/L (Ayers and Wescot, 1994; Vengosh, 2013).

Salinity increases in a major river basin in Wyoming receiving dis-
charge of minimally treated O&G produced water (referred to through-
out as effluent) under NPDES beneficial use permitting were studied
from 2013 to 2016. To understand the mechanism of salinization and
to gauge potential environmental impacts anthropogenic salinity
sources such as O&G effluent, agricultural return flows, evaporite disso-
lution, and cation exchange were investigated. Natural mechanisms
such as stream flow, evaporation, and precipitation-dissolution of
minerals were simultaneously monitored. Standard elemental
geochemical techniques as described in other studies might fail to fin-
gerprint a definitive salinity source and instead a combination of mech-
anisms and potential sources (Lgourna et al., 2014; Vinson et al., 2013;
Warner et al., 2013b). This critical water management knowledge gap
necessitates utilizing a regional multi-isotope approach (*H/'H,
180,160, 87sr/86sr, 7Li/%Li, 34S/32S) to fingerprint salinity and water
sources as has been demonstrated in eastern U.S. studies related to
0&G wastewater disposal (Chapman et al., 2012; Phan et al., 2016;
Warner et al,, 2014).

Strontium isotopes (87Sr/%%Sr) are an excellent tracer of salinity
sources as they do not significantly fractionate due to environmental
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reactions, meaning co-occurring cation removal mechanisms such as
cation exchange do not reduce their effectiveness. Strontium exhibits
similar chemical and environmental behavior to calcium, which allows
strontium isotopes to distinguish high sulfate concentrations derived
from O&G discharges from native evaporite gypsum (CaSO,4). Anthropo-
genic activities such as O&G extraction or agriculture can increase disso-
lution of gypsum from native soils, such as another Wyoming study
concluded, although no isotopic analysis was performed (Bern et al.,
2015). O&G discharges often have a narrow 87Sr/8%Sr range that is dis-
tinct compared to background river water allowing strontium isotopes
to be used as an identifier of salinity sources, helping understand the or-
igin of changes to downstream water chemistry (Chapman et al., 2012;
Harkness et al., 2017; Warner et al., 2013a).

Lithium is released from clay mineral exchange sites due to fresh
water injected into O&G formations as part of hydraulic fracturing or en-
hanced oil recovery processes (Barth, 1993; Macpherson et al., 2014;
Warner et al., 2014). Because lithium concentrations are often elevated
at NPDES facilities compared to surface waters, ’Li/®Li ratios have poten-
tial to provide a strong tracer of O&G effluent contamination in down-
stream rivers. Lithium concentrations in O&G produced waters vary
widely, up to >300 mg/L usually correlated with high chloride concen-
trations, while global river waters range from 1 to 50 ug/L
(Macpherson et al., 2014; Phan et al., 2016; Warner et al.,, 2014). Global
river water &’Li generally ranges from 16 to 29%. (Huh et al., 1998)
while reported O&G conventional brines range from 10 to 25%. and
Marcellus brines from 6 to 10%. (Phan et al., 2016; Warner et al,,
2014). Lithium behaves differently than some other isotope systems in
that the lighter ®Li partitions into sediments, is incorporated into the
structure or sorbed onto clay minerals and metal oxyhydroxides, and
a small fractionation is associated with incorporation into mineral pre-
cipitates such as calcium carbonates leaving the aqueous phase
enriched in ’Li (Hindshaw et al., 2019; Marriott et al., 2004; Millot
et al., 2010; Vigier et al., 2008). In our study area we expect the O&G ef-
fluent &’Li at the discharge to not only be distinct from surface waters,
but could also increase with distance downstream from the NPDES facil-
ity on the effluent stream due to removal of °Li by sorption and mineral
precipitation. To the authors' knowledge, no comprehensive studies on
lithium isotopes, concentrations, and transport behavior in rivers have
been completed in the region.

Sulfur isotopes (34S/22S) are useful for determining the age of marine
sulfur deposits. The two major mineral sources of S are pyrite in shales
and organic rich sediments containing sulfate reducing bacteria, and
gypsum deposits in limestones (Claypool et al., 1980). Dissolution of
evaporites such as gypsum causes minimal fractionation of 34S/3%S so
the ratio can be used to track the source of S (Porowski, 2014). For ex-
ample, Tertiary deposits range in 64 from +21 to +23%. whereas Ju-
rassic deposits range from +15 to +17%. (Claypool et al., 1980).
Sedimentary sulfate typically has a higher §>*S of +17%. similar to the
modern ocean of +20%. whereas sedimentary sulfide has a lower §4S
of —18%. (Sharp, 2007).

This study took place in a remote region of Wyoming that contains
large O&G fields in upstream sagebrush drainage regions, utilized for
cattle and wildlife rangelands, where O&G effluents are ultimately
discharged downstream into two major perennial rivers (River B and
River C) and a smaller tributary (Tributary A). Increasing TDS down-
stream of confluence points in the larger rivers caused concern and mo-
tivated synoptic sampling. The objective of this study is to determine
the source of salinity increases in the three neighboring watersheds.
This will be accomplished by (1) analyzing major and trace element ra-
tios in O&G effluent, (2) investigating stable isotopes in water for evap-
orative effects on NPDES effluent streams and larger rivers, and
(3) tracing sources of salinity utilizing 87Sr/25Sr, 7Li/SLi, and 2*S/*2S ra-
tios as contamination fingerprinting tools. The multi-isotope approach
(Bouchaou et al., 2008; Lgourna et al., 2014; Szynkiewicz et al., 2012;
Vengosh, 2013; Vinson et al., 2011; Warner et al., 2013c) can also poten-
tially provide a proof of concept that isotopic tracers of O&G can be

applied in semi-arid regions with multiple potential salinity sources
such as agriculture, domestic wastewater, O&G, dissolution of local
soils, and coexisting environmental mechanisms such as evaporation,
chemical precipitation and dissolution, and ion exchange.

2. Materials and methods
2.1. Study site description & field sampling

Three neighboring Wyoming watersheds (A, B, C) were sampled
at 30 GPS-located sites ten times from 2013 to 2016 in May and No-
vember 2013, May, July, and October 2014, July and October 2015,
and June, August, and October 2016 (Fig. 1). Ten sites were sampled
along the larger Tributary A (A1, A2, A3, A4), River B (B1, B2, B3) and
River C (C1, C2, C3) with Sites A1, B1 and C1 reflecting a sample site
upstream of the confluence between the O&G effluent streams and
Tributary A, River B and River C, respectively. Seven O&G NPDES dis-
charge effluents were sampled (DA-1, DA-2, DA-3, DB-1.0, DB-2.0,
DB-4.0, DC-1) and are designated with a “D-.” Three were located
in watershed A and contributed to Tributary A (DA-1, DA-2, DA-3),
three were in watershed B and contributed to River B (DB-1.0, DB-
2.0 and DB-4.0) and one was in watershed C which contributed to
River C (DC-1). Nine O&G discharge effluent stream sites were sam-
pled downstream of the NPDES discharge point but upstream of the
confluence point with the larger river (DA-4, DB-1.1, DB-2.1, DB-
2.2, DB-3, DB-4.1). Two domestic groundwater wells were sampled
for local groundwater impacts (Well 1 and Well 2). A Reference Trib-
utary (Reference) was sampled to provide information on a true
ephemeral stream unimpacted by O&G development and produced
water discharges and remained dry for the majority of the study.
Finally, an upstream background site (UDB-1.0) was sampled
upstream of all known NPDES discharges on River B effluent stream.
In subsequent figures within the text, distances are designated
as negative and positive relative to the confluence point between
0&G effluent streams and the larger receiving river (i.e. negative
distance = upstream and positive distance = downstream of the
confluence point). Specific locations remain undisclosed in coordina-
tion with access agreements with private landowners. McDevitt et al.
(2018) previously described the study region with a focus on radium
accumulation characterizations and mechanisms and McLaughlin
et al. (2020b) described the DC-1 NPDES effluent stream with
regards to organic pollutants and toxicity (McDevitt et al., 2018;
McLaughlin et al., 2020a, 2020b).

In watershed A and C drainage areas, the NPDES facilities were the
major water source for the ephemeral streams and thus no true back-
ground sample site existed. Areas located close to the perennial rivers
were irrigated by utilizing dams and diversion channels to support
grass hay fields, especially prevalent along River B. Much of the base
stream flow in the produced water ephemeral streams is sourced from
the NPDES-permitted O&G facilities and flows through well-drained
tertiary and quaternary deposits comprised upwards of 20% calcium
carbonate and 5% gypsum. Upstream River B and C soils contained
even larger amounts of calcium carbonate upwards of 40% and gypsum
upwards of 15% (NRCS, 2019).

O&G extraction in the region is well-established with develop-
ment of some of the major formations dating back to the 1950s. Ex-
traction wells studied were vertically drilled and hydraulically
fractured for increased permeability and enhanced oil recovery
(EOR). Five formations are the major reservoirs of O&G within the
study area, but O&G reservoirs are present in nearly every formation.
The five major reservoirs, from youngest to oldest are Mesaverde,
Nugget, Chugwater, Phosphoria, and Tensleep. Due to the age of
the geologic formations and history of O&G in the region, most of
the many O&G formations produce large volumes of wastewater
per barrel of oil equivalent, creating an excess of water that must
be treated prior to discharge. In the US, average O&G wells produce
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Fig. 1. Map of the study region located in Wyoming, USA. 30 GPS-located sites including 7 NPDES facilities within 3 O&G fields were sampled during 10 sampling events from 2013 to 2016.
The NPDES discharges were located in dry upstream drainage regions and emptied into 3 larger rivers, A, B, and C. Tributary A is a smaller tributary channeling mainly produced water
while River B and C represent large perennial rivers in the region with headwaters in upstream mountain regions. Approximate mountain ranges, cattle rangeland/sagebrush and
irrigated agricultural land were drawn from aerial satellite images. A) and B) illustrate the confluence points of River B and River C with their respective produced water stream drainages.

7-10 barrels (1111-1588 L) of produced water to every barrel of oil
generated (Guerra et al., 2011). In this region of Wyoming, from re-
ported permit ratios, some wells are producing over 100 barrels
(15,900 L) of produced water for every barrel of oil. Beneficial use ex-
emptions of these produced waters allow companies to continue to
operate because production would likely be economically unviable
if added treatment was required prior to discharge to the environ-
ment. The 6 actively operating O&G NPDES discharges in this study
alone cumulatively discharge approximately 7.9 million gal per day
(29.8 million L per day) of produced water or 2.9 billion gal per
year (10.9 billion L per year) (McDevitt et al., 2018).

According to their permits, NPDES facilities treated produced water
using basic oil-gas-water separation technologies (pressure chamber,
three phase separator, and heater treater) and a series of settling and
skim tanks/ponds where excess oil could be removed prior to discharge
to frequently dry ephemeral stream beds. Inorganic discharge regula-
tions for the NPDES facilities are limited to specific conductance of
7500 pS/cm, TDS of 5000 mg/L, chloride of 2000 mg/L, sulfate ranging
between 2500 and 3000 mg/L depending on the permit accessed,
radium-226 of 60 pCi/L, and a pH range between 6.5 and 9.

Stream gauge discharge data for all three river systems for the
years 2013 to 2016 was accessed through the publicly available
USGS National Water Information System (https://waterdata.usgs.
gov/nwis/rt). USGS stream gauge stations located in the larger Trib-
utary A, River B and River C indicated consistent flows across sam-
pling events apart from June 2016 which represented an outlier
peak flow on River B and River C likely due to heavy snowmelt
from mountainous headwaters. Stream gauge discharge statistics
are included in Figs. S1 and S2.

Specific conductance, pH, temperature, and dissolved oxygen were
measured in the field at each location using a Hydrolab field meter.
Water samples were collected and field filtered with 0.45 pm cellulose
acetate membrane filters and stored for cation and trace metal analysis
using nitric acid to a pH <2. All samples were also stored in sealed, plas-
tic bags in coolers with ice after collection and in a refrigerator at 4 °C in
the laboratory. Field duplicates were collected for data quality
assurance.

2.2. Surface water analysis

Major cations were measured by Inductively Coupled Plasma Optical
Emission Spectrometry (ICP-OES) and trace metals by Inductively
Coupled Plasma Mass Spectrometry (ICP-MS). Major anions (bromide,
chloride, fluoride, and sulfate as SO3~) were measured by lon Chroma-
tography. Bicarbonate was measured by titration. Samples from May
and October 2013 were not measured for alkalinity in the laboratory.
For this subset of samples alkalinity was estimated by calculating the
concentration from the cation-favored charge balance difference.

Oxygen and hydrogen stable isotopes of August and October 2016
water samples were measured on a LGR model DLT-100 laser water iso-
tope analyzer located at University of North Carolina at Charlotte and re-
ported as per mil ratios (%.) relative to Vienna Standard Mean Ocean
Water (VSMOW). The results were then plotted relative to the global
meteoric water line and local meteoric water line reported for Wyoming
(Craig, 1961; Kendall and Coplen, 2001).

Prior to isotope measurement, strontium and lithium concentrations
in a subset of surface water samples were measured on the Thermo
Xseries Il Inductively Coupled Plasma Mass Spectrometer (ICP-MS) lo-
cated at the Penn State University Energy and Environmental Sustain-
ability Laboratories (EESL) to achieve lower detection limits.

Radiogenic strontium isotopes (37Sr/%5Sr) were determined at Penn
State by processing 250 ng of strontium in October 2016 water samples
(n = 24). Samples were dried in Teflon vials at approximately 70 °C
until no moisture remained before re-dissolving the sample in 1 mL of
2 N double distilled trace nitric acid. Samples were then purified concur-
rently with 250 ng Sr from IAPSO seawater standard and NIST SRM 987
using a prepFAST and Eichrom strontium-specific resin columns. Yield
check aliquots were drawn from prepFAST permeate to process
10 pg/L in 8 mL of 18.2 MQ-cm water and measured on the Thermo
Xseries Il ICP-MS. Yield checks confirmed >98% mass recovery through
the column. 87Sr/8%Sr ratios in samples and standards were measured
on the ThermoFisher Scientific Triton Plus thermal ionization mass
spectrometer (TIMS) also located at Penn State University EESL. During
measurement SRM 987 87Sr/86Sr was 0.710261 4 8E-6 (2SD) compared
to an expected 0.710254 and IAPSO &Sr/%6Sr was 0.709177 + 6E-5
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(2SD) within the expected range of 0.709134-0.7093. Long-term labo-
ratory average 87Sr/86Sr of SRM 987 is 0.7102622 + 9E-6 and long-
term average 37Sr/36Sr of IAPSO is 0.7091928 + 9E-6.

Lithium isotopes (”Li/°Li) were also measured at Penn State on Octo-
ber 2016 water samples (n = 24) by chemical separation of lithium
using cationic resin (2 mL resin bed of AG50W-X12, 200-400 mesh in
a 9 cm high Bio-Rad column with a hydrophilic frit) and 0.2 N HCL
150 ng of lithium was processed in each sample. Sample volumes
were then dried on a hotplate in Teflon vials at approximately 70 °C be-
fore re-dissolving in 0.2 mL of double distilled 0.2 N HCl for column
loading. Yield check aliquots were drawn from permeate and measured
on the Thermo Xseries Il [CP-MS and indicated >96% mass recovery
through the column. Duplicate samples were processed and while one
sample yielded 96% recovery, the other yielded 100% and their 6’Li
were 9.99%. and 9.55%. within +0.5%. (2SD). Because of this we in-
cluded the 96% yield sample. Only four of the 24 samples yielded <98%
recovery. Yield percentages were included in Table S1. Li/5Li ratios in
samples and standards (Alfa Asar and SRM 3129a) were run simulta-
neously on the Neptune multi-collector ICP-MS located at Penn State
University EESL. Samples were bracketed by 2 blanks and 2 IRMM-16
standards (NIST replacement for LSVEC) for a blank correction and to
calculate the 8”Li as a per mil deviation from the IRMM-16 standard.
IAPSO seawater method standard produced an isotopic composition of
30.62 + 0.33% (2SD). Average SRM 3129a &’Li was 6.41 + 0.36%.
(2SD) (n = 15) and average Alfa Asar was 80.85 + 0.24%. (2SD)
(n = 14). The analytical precision for 6’Li was <0.5%o (2SD).

Sulfur isotopes of sulfate (34S/32Sg,4) were measured on the October
2016 sampling event surface water samples (n = 18) at the Stable Iso-
tope Laboratory, University of Tennessee. Samples were filtered and
acidified to pH 3 using HCI to remove bicarbonate/carbonate ions and
avoid precipitation of witherite (BaCO3). 10 mL of 10% barium chloride
solution was then added to precipitate dissolved sulfate via barite
(BaSO,) precipitation (for most samples this was achieved by precipi-
tating 10-50 mL of sample, though background river samples required
atleast 1 L of sample) to obtain at least 0.5 mg of BaSO, for isotope anal-
ysis. Precipitate was rinsed several times in order to remove chloride
and other ions and then dried between 80 and 100 °C. The precipitate
was then packed into a tin capsule with 1-5 mg of vanadium pentoxide
(V,05) to allow for a complete combustion of the sample inside the
Costech elemental analyzer (EA) coupled to a Delta Plus XL IRMS. The
analytical precision for 6>S was <0.3%. and the standard used to nor-
malize ratios was V-CDT (Canon Diablo Triolite).

Delta values for both lithium and sulfur isotopes of sulfate were cal-
culated as per mil deviation from the respective standard using the fol-
lowing formula:

Radosample
Ranostandard

6(%o) = ( —1) +1000 (1)

2.3. Data analysis and statistics

Field duplicate samples were collected and analyzed for 19 samples.
Major anions and cations were within 2% RSD for all samples with a few
exceptions for F, K, and Ba at concentrations near the detection limit.
Samples with major anion/cation charge balances >15% difference
were not included in the statistical analysis. There were four samples
out of 247 total samples (<2% of samples) that did not meet this crite-
rion, two of which were located at the Reference sample site due to a
lack of available water sample for anion IC analysis as well as DB-4.1
in July 2014 and DA-3 in October 2015. 60 samples had charge balances
>5% - 16 samples within 6% difference, 39 samples between 6 and 10%
difference and 5 samples between 10 and 13% difference. Of those, 32
samples were collected on River B and C with low TDS and higher alka-
linity compositions, making measurement challenging (Fritz, 1994).

USGS Produced Water Database data for all regional O&G formations
was filtered similarly to surface water samples, keeping only data points
within 15% charge balance difference. For simplicity, dominant cation
and anion compositions were analyzed and used to determine forma-
tion water types. This process was also used to analyze the water
types of the streams studied. Anions/cations comprising 50% or more
of the total anion/cation milliequivalents were classified as dominant,
and if a second anion/cation was >30% of the total anion/cation
milliequivalents it was also listed in the water type characterization.
Standard water type characterization (Back, 1960) was also completed
and included in Table S1. Regression analysis, ANOVA, Pairwise
Wilcoxon rank sum, and Kruskal-Wallis rank sum statistical tests for
significance were determined using R statistical software (Version
0.99.486).

3. Results and discussion
3.1. Characterization of NPDES effluent discharges

From water sample data (Table S1), Tributary A NPDES discharges
(DA-1, DA-2 and DA-3) are characterized by Ca-Na-HCO3-SO4-Cl and
Ca-Na-S04-CI-HCO5 water types. River B and River C NPDES discharges
(DB-2.0,DB-4.0 and DC-1) are dominated by water types enriched in so-
dium and sulfate. NPDES discharge DB-1.0 was the only NPDES dis-
charge to be enriched more in chloride than sulfate and had the
highest TDS measured in the study upwards of 10,000 mg/L, though
this facility ceased discharging O&G effluents in the latter half of the
study. Water type is an important O&G effluent characterization differ-
ence compared to the regional River B and C water types distinctly
enriched in Ca-Na-HCOj3 type waters likely derived from calcium car-
bonate and gypsum-rich riverine sediments and drainage area soils
(NRCS, 2019). The majority of the sampled effluent water types do not
represent the more common sodium-chloride water types that domi-
nate western, and eastern, produced waters (Guerra et al., 2011).
From NPDES permits, multiple formations were drilled within the
same O&G field and processed at a given NPDES facility. NPDES facilities
DA-1, DA-2 and DA-3 processed produced waters derived from the
Madison, Tensleep, Phosphoria, Embar, Dinwoody and Amsden forma-
tions. NPDES facilities contributing to River B and C derived produced
waters mainly from the Nugget, Tensleep and Phosphoria formations.
Compiled, charge balanced, USGS Produced Water Database data for
the regional O&G formation water chemistry, pre-treatment, is included
in Table S2. A stratigraphic column of regional formations is included in
the Supplemental Information.

In general, NPDES effluents from DA-1, DA-2, DA-3 and DC-1
(though most were on average above 1000 mg/L) exhibit lower TDS
concentrations than their published USGS pre-treatment produced wa-
ters, potentially due to surface water dilution during formation flushing
processes in EOR and scaling within the oil-gas-water separation pro-
cess. However, NPDES discharges DB-1.0, DB-2.0 and DB-4.0 exhibit
TDS concentrations (all approximately >4000 mg/L) similar to USGS
published formation data even after treatment. Produced water treat-
ment in the study region is not intended for inorganic treatment prior
to discharge. The high TDS concentrations in NPDES effluents may
cause issues for downstream water quality and intended beneficial
uses with natural mechanisms potentially enhancing TDS concentra-
tions further.

3.2. Salinity increases with time and distance

TDS was plotted versus time (2013-2016) for the most downstream
sample site on each of the larger streams (A4, B3 and C3) (Fig. 2A) and
the most upstream sample site (A1, B1 and C1) (Fig. 2B) including the
TDS data collected during the outlier peak June 2016 discharge. Though
the outlier peak flow in June 2016 represents natural discharge varia-
tion, plots and statistics excluding the peak June 2016 flow are included
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Fig. 2. TDS concentrations plotted versus time including June 2016 peak flow data for (A) downstream river sample points (A4, B3, C3) and (B) upstream river sample points (A1, B1, C1).
While TDS concentrations increased in both River B and C, only River C downstream at C3 experienced a significant increase in TDS from 2013 to 2016. Note that the upstream Tributary A
sample is not a true upstream site with respect to the O&G produced water stream confluence.

in Fig. S3 for a representative comparison of synoptic sampling condi-
tions. All major and trace element data is included in Table S1. Tributary
ATDS concentrations did not significantly change with time (p > 0.05)
though its concentrations remained a magnitude higher than in River
B and C, upwards of 2500 mg/L - 5 times the drinking water TDS sec-
ondary standard and approaching the upper limit of what is considered
safe for agriculture. River C, however, had a TDS concentration of
70 mg/L during the first sampling event in 2013, then values were be-
tween 200 and 375 mg/L in 2013-2015. A TDS value of 70 mg/L was
also recorded in June 2016 during a peak flow, followed by the two
highest TDS values recorded in the study in August and November
2016 upwards of 532 mg/L.

Though Tributary A did not have significant TDS increases with time,
there were significant increases in TDS with increasing distance down-
stream (A1 to A4) from an average 1438 mg/L at Al to an average
1757 mg/L at A4 (p<0.01 and R? = 0.41). Chloride, sulfate, sodium, cal-
cium, and hardness increased significantly with increasing distance
downstream on Tributary A (p < 0.05). Though average concentrations
of major anions and cations consistently increased on River B from up-
stream site B1 to downstream site B3 (average TDS increased from 98
to 199 mg/L) for all sampling events, no increases were determined sta-
tistically significant with distance. In addition to increasing TDS with
time, River C TDS also increased with distance downstream of the
0&G effluent stream confluence from upstream C1 average 145 mg/L
to 295 mg/L downstream at C3 (p < 0.01, R* = 0.28). River C sodium,
sulfate, fluoride, magnesium, strontium, and manganese concentrations
statistically increased with increasing distance from C1 to C3 (p < 0.05).
However, no significant differences were determined for calcium or
chloride. Another study located in Wyoming described increasing TDS
concentrations in rivers driven by calcium, magnesium, and sulfate,
likely sourced from dissolution of native soils caused by increased soil
erosion from watershed-scale O&G development (Bern et al.,, 2015).
Tributary A TDS concentrations upwards of 2500 mg/L are unacceptable
for use a drinking water source. Wells 1 and 2 indicate salinity impacts
from the losing nature of the bordering NPDES effluent stream with TDS
averages between 800 and 1200 mg/L, almost two times the secondary
TDS standard. Significant TDS increases with distance pose serious ques-
tions for reservoir water quality as a municipal drinking water source
that is located downstream.

The high TDS concentrations mainly comprised calcium, sodium,
and sulfate as presented by the strong linear relationships in Fig. 3.
Strontium correlated strongly with calcium concentrations (Fig. 4A),
boron with chloride (Fig. 4B), and lithium with sodium when grouped
by watershed. Sodium and sulfate pose issues for agricultural O&G ben-
eficial use. Irrigation with elevated sodium can cause increasing Sodium
Absorption Ratios (SAR), which can inhibit crop yields and irrigation ef-
ficiency (Bern et al,, 2013). Livestock drinking water elevated in sulfate
and sulfides can cause diarrhea and even mortality at concentrations

above 2000 mg/L (Cammack et al., 2010; Gould et al., 1991; Kandylis,
1984). Currently, sodium concentrations are not monitored within
NPDES regulatory limits and sulfate concentrations regulated between
2500 and 3000 mg/L are above what is considered chronically safe for
livestock that frequently range in close proximity to the NPDES outfalls.
Additionally, sulfate concentrations increase along the NPDES effluent
stream with three-fold increases from NPDES site DC-1 to effluent
stream site DC-4 approximately 32 km downstream and with 1.5-fold
increases between NPDES site DB-2.0 to DB-2.2 only 2 km downstream.
NPDES regulatory limits to date do not take into consideration potential
evaporative effects along effluent streams post-discharge in a semi-arid
environment.

Linear regressions were performed of measured TDS concentrations
for each stream's most downstream sample point (all of which best cor-
related to the stream gauge location) against the USGS stream gauge
flow data for sampling events. For all three stream systems no signifi-
cant relationship was established between stream flow and TDS both in-
cluding and excluding the outlier June 2016 discharge data (p > 0.05).
Though more robust analyses can be completed on the concentration-
discharge relationships, as evidenced in other regional studies, there
are no USGS stream gauges recording any chemical parameters in the
study region (Clark, 2012; Clark and Davidson, 2009). The absence of
continuous specific conductance measurements is a major challenge
in this region and leads to our limited synoptic sampling dataset of 10
sample dates over 4 years, making cause and effect analysis difficult uti-
lizing more traditional geochemical techniques (Bern et al., 2015).

Many major U.S. watersheds experience pH increases simulta-
neously with salinization (Kaushal et al., 2018b). In this study, pH did
not change significantly with time at downstream river sites (A4, B3
and C3) and instead fluctuated within a narrow range for all three
study streams as seen in Fig. S4. Tributary A (all sites A1-A4) experi-
enced a significant decrease in alkalinity with time (not distance)
from 2013 to 2016, (p < 0.05, R? 0.11), opposite nationwide
salinization trends with increasing alkalinization (Fig. S5). River B (all
sites B1-B3) experienced no significant changes in hardness (as
CaCO0s) nor alkalinity from 2013 to 2016. However, River C (all sites
C1-C3) which exhibited the largest TDS increase with time in this
study, increased significantly in both alkalinity (p < 0.05, R> = 0.11)
and hardness (p < 0.05, R?> = 0.17) with time, similar to published sali-
nization syndrome trends (Kaushal et al., 2018b). Additionally, alkalin-
ity and hardness significantly increased with distance in River C.
Average alkalinity concentrations increased from 84 mg/L at C1 to
122 mg/L at C3 (p < 0.05, R?> = 0.14) and average hardness concentra-
tions increased from 113 mg/L at C1 to 196 mg/L at C3 (p < 0.01,
R? = 0.23). This observation also agrees with another Wyoming study
that found coal-bed methane impacted watersheds such as the Powder
River had increasing alkalinity due to the added discharges of sodium
and bicarbonate to streams (Clark, 2012).
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Fig. 3. Natural log of (A) SO4, (B) Sr, and (C) Ca + Na concentrations plotted versus the natural log of TDS and (D) natural log of Ca 4+ Na concentrations versus natural log of SO4
concentrations indicate the major individual contributing ions to TDS are SO,4, Ca and Na with strong linear correlations. Sr, in general, is not a major component of the high TDS
measured. (E) Li tracks closely with Na indicating Li potentially provides a good source tracker of Na sources.

3.3. Br/Cl and B/Cl molar ratios and 680 indicate evaporation

Many salinization studies have utilized the conservative environ-
mental behavior of Br, B and Cl to elucidate salinity sources, especially
for chloride driven salinization (Bouchaou et al., 2008; Lgourna et al.,
2014; Vengosh, 2013; Warner et al., 2013b). O&G NPDES effluents
(DA-1, DA-2, DA-3, DC-1 and DB-2.0) had Br/Cl molar ratios ranging
from 0.0003 to 0.014, much wider ranging than those reported from Ap-
palachian O&G brine ranging from 0.0024 to 0.0076 (Warner et al.,
2012). It should be noted that reliable Br measurements above detec-
tion were only included for samples collected in August and November
2016 and may not fully represent all sampling conditions. Downstream
river (C2, C3 and B2, B3) and upstream drainage (UDB-1.0) sample sites
reflected higher Br/Cl molar ratios than NPDES discharges and effluent
streams, upwards of 0.056 and 0.084, respectively. Groundwater wells
reflected Br/Cl molar ratios on average 0.011, aligning with the effluent
stream at site DB-1.1 with a Br/Cl molar ratio of 0.016 and indicating
mixing and/or contribution from the nearby O&G effluent stream.
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Fig. S6 illustrates the inverse relationship between Br/Cl molar ratios
and, interchangeably, TDS or Cl concentrations on River B and C while
Tributary A samples plot similarly to the low Cl, high TDS O&G effluents
with low Br/Cl molar ratios. The clear distinctions between River B and C
Br/Cl and O&G effluents allows for calculation of end member mixing
curves (Fig. 5) from which <1% of O&G effluent mixing is impacting
the Br/Cl molar ratios of River B and <5% in River C. As TDS increased
with distance along Tributary A, Br/Cl molar ratios remained consis-
tently low, likely indicating evaporation of O&G effluent as the source
of Tributary A salinization 60 km downstream of NPDES discharges
(Fig. 6). Tributary A TDS increased with distance downstream consis-
tently each sampling campaign (Fig. S7). River B and C do not exhibit
trends as clear as in Tributary A, likely due to mixing with the estimated
small water contributions from high TDS O&G effluent streams (Fig. S8).
Log transformed Br/Cl molar ratios were plotted versus distance for
comparison (Fig. S9) and reflect similar trends with less variability in
Br/Cl molar ratios plotted along River B and C. Log transformed Br/Na
and Br/SO,4 molar ratios were also plotted versus distance to reflect

0 1000 2000
Cl (mg/L)

3000

Fig. 4. (A) Strontium versus calcium and (B) boron vs chloride concentrations correlate linearly when categorized by larger Tributary A, River B and River C and their subsequent NPDES
discharges and effluent streams. Reference site, background UDB-1.0, groundwater (GW) wells, and River B and C have low concentrations of all constituents while NPDES discharges and
0&G effluent streams have relatively higher concentrations of all ions. Note that Tributary A sites plot similarly to the Tributary A NPDES discharges and effluent stream. Boron

concentrations are especially elevated in effluents draining into River B and C.
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Fig. 5. Molar ratio Br/Cl versus chloride concentrations were plotted as individual watershed groupings. End member mixing curves were calculated from NPDES discharge DC-1 and
upstream River B site B1 for the Tributary mixing line. DC-1 and background site UDB-1.0 were used to calculate the end member mixing line. Site UDB-1.0 had the highest Br/Cl ratio
associated with low chloride concentrations. 1,5,10 and 90% mixing between O&G effluent and end member water were also plotted. Mixing curves indicate that the Br/Cl ratios
observed in the larger River B can be attributed to <1% O&G effluent mixing and between 1 and 5% in River C. GW wells indicate approximately 10% or greater mixing with O&G
effluents. Note that Tributary A sites (A1-A4) plot similarly to NPDES facilities and effluent streams.

other major TDS components (Fig. S10). Both Na and SO4 increase
downstream, with higher increases in Na than SO, relative to Br. This
could indicate ion exchange of Ca for Na or an additional salinity source
downstream, notably in Tributary A and River C.

B/Cl molar ratios of all NPDES discharges ranged between 0.01 and
0.03 while all sites but background drainage sample site UDB-1.0
(0.13-0.16) fell in a similar range. Boron concentrations were elevated
at NPDES discharges, especially those draining into River B (upwards
of 5 mg/L), while Tributary A discharges and downstream river sites
contained <1 mg/L B. Utilizing B/Cl and Br/Cl ratios a plot was recreated
from Vengosh (2013) to try and fingerprint different sources of chloride
concentrations (Fig. S11). Most samples fell within a bracket indicative
of precipitation while River B and C O&G effluent fell within a bracket in-
dicating hydrothermal waters, or simply waters having undergone
water-rock interactions. Hydrothermal springs are present in this re-
gion of Wyoming and could be influencing the signatures of O&G forma-
tion water. Tributary A O&G discharges likely represent EOR processes
and match the chloride signature of the local water being used to
flush the O&G formations.

Additionally, the stable isotopes of oxygen (5'20) and hydrogen
(8%H) in water were plotted in relationship to the global meteoric
water line (GMWL) (8°H = 8 (6'®0) + 10) (Craig, 1961), and the
local meteoric water line (LMWL) reported for Wyoming by Kendall
and Coplen (2001) (8%H = 5.3 (6'%0) - 39.2) (Fig. 7). The LMWL plots
with a lower slope than the GMWL indicating regional evaporation
due to the semi-arid climate. In general, the NPDES discharge samples
exhibit more varied 8'®0 and 6°H than do the stream samples. For ex-
ample, 5'20 of O&G effluent samples within watershed B ranged from
—18.21%. to —13.49%. (data from August to October 2016), while
River B samples ranged from —16.38%. to —15.70%. (August 2016
data only). Similarly, 580 of O&G effluents within watershed C ranged
from —20.27%. to —12.44%. (August 2016 data only), whereas River C
waters fell within the narrow range of —16.33%. to —15.62%. (August
and October 2016 data). Overall, this implies that none of the O&G efflu-
ent streams in watersheds B or C is a volumetrically large water contri-
bution to River B or C (but does not rule out significant solute

contributions), and also that Rivers B and C are not highly affected by
downstream evaporation. In contrast, 580 values of Tributary A stream
waters are closer and more consistent to watershed A's O&G effluent in-
puts than were seen elsewhere in the study region (O&G effluent inputs
—19.41%. to —18.74%,, Tributary A —19.19%. to —17.06%.). This sug-
gests that other water inputs are not needed to produce the isotopic
composition of Tributary A, although inputs of water derived from
lower-elevation and/or summer precipitation, if they occurred, could
also contribute isotopically enriched water to a stream. In addition, rel-
atively constant Br/Cl molar ratios with distance on Tributary A provide
no evidence of additional water inputs beyond O&G effluents. Rivers B
and C align in their isotopic signature and plot closely with the LMWL,
whereas Tributary A appears to plot slightly below or to the right of
the LMWL, consistent with being more evaporated than regional river
water. Moreover, the farthest downstream water sample in Tributary
A exhibits the most enriched isotopic signature of watershed A in both
August and October 2016, consistent with downstream evaporation in
Tributary A. From Br/Cl molar ratios, 6'20 and §°H evaporation along
Tributary A is causing O&G effluents, that meet NPDES regulations at
the outfall, to not only exceed outfall regulations downstream where
beneficial use of O&G effluent mainly occurs for irrigation and drinking
water but also exceed aquatic life and livestock recommended limits.
The larger perennial Rivers B and C dilute the effluent and aid in
counteracting significant impacts to TDS from smaller volumetric con-
tributions from O&G effluent streams. During periods of low river flow
or periods of high NPDES effluent discharge, TDS impacts from O&G ef-
fluent streams could be exacerbated and require future monitoring.

34. Major elemental molar ratios, 8Sr/%Sr, and 6>*Sso4

Ions of significance (Na, SOy, B, Sr and Ca) were normalized to con-
servative Cl for River C and River B (Figs. 8 & 9, respectively). While all
major TDS constituents increased with distance between site C1 and
C3 on River C, only SO4 (51 to 136 mg/L), Na (10 to 25 mg/L) and Mg
(9 to 18 mg/L) increased significantly (p < 0.05). These results remain
consistent with Cl-normalized molar ratios. Na/Cl and SO,4/Cl molar
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Fig. 6. Tributary A (A) TDS and (B) Br/Cl molar ratios plotted versus distance relative to the
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increases with distance downstream of O&G discharges to the extent that downstream
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2016 sampling events. Identical plots for River B and C are included in the Supplemental
information.

ratios increase from C1 to C3, opposite expected results if O&G effluent,
with low Na/Cl and SO,4/Cl molar ratios, caused elevated downstream
River C TDS concentrations. B/Cl and Sr/Cl molar ratios also increase
with distance downstream on River C, opposite of the expected influ-
ence from O&G effluent with lower ratios. River C O&G effluent stream
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Fig. 7. Stable hydrogen and oxygen isotopes of water in each river or effluent stream are
plotted relative to the global and local meteoric water lines determined for Wyoming.
For all sites except two (River B DB-2.0 effluent stream), August 2016 data is shown.
River B DB-2.0 effluent stream represents data collected in October 2016 due to not
sampling the sites in August. Single-point effluent discharges are not plotted.
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Fig. 8. Chloride normalized molar elemental ratios (A) Na/Cl (B) Sr/Cl (C) Ca/Cl (D) SO4/Cl
and (E) B/Cl plotted versus distance from the confluence of River C and River C NDPES O&G
discharges. Note that while there seem to be little impact on the River C site from
upstream of the confluence to just below (C1 to C2), notably a slight decrease in the Sr/
Cl and Ca/Cl ratios, downstream site C3 indicates an additional salinity source which is
increasing the Na/Cl, SO4/Cl, Sr/Cl and B/Cl ratios not aligned with the lower O&G molar
ratios.

molar ratios (Na/Cl, Sr/Cl, Ca/Cl, SO4/Cl, B/Cl) remain relatively consis-
tent with increasing distance from the NPDES discharge confirming fur-
ther the importance of taking evaporative effects into account in NPDES
discharge limitations. Ca/Na molar ratios decrease downstream on River
C though Ca concentrations did not significantly increase with distance,
indicating dissolution of gypsum is not the only source of increasing TDS
and instead an additional Na source or ion exchange of Ca for Na
(Fig. S12). Jin et al. (2010) reported increased calcite precipitation in a
Wyoming stream impacted by increased calcium and sulfate concentra-
tions derived from gypsum dissolution, a phenomenon that could
explain decreased Ca/Na molar ratios. Though River B average concen-
trations of Na, SO4, Ca and Mg increase only slightly with distance
downstream from B1 to B3, no increases were significant (p > 0.05).
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Fig. 9. Chloride normalized elemental molar ratios (A) Na/Cl (B) Sr/Cl (C) Ca/Cl (D) SO4/Cl
and (E) B/Cl plotted versus distance from the confluence for River B. Note that ratios for
the NPDES discharges are all lower than background and larger river ratios. Note that
River B ratios remain relatively consistent from upstream to downstream of both
confluences with O&G effluent streams.

Concurrently, Na/Cl, SO4/Cl, Sr/Cl and Ca/Cl remain consistent from up-
stream to downstream with seemingly little observable impact from
O&G effluent TDS components leading to the need for 87Sr/%%Sr as a sa-
linity tracer. Ca/Na molar ratios increase along both O&G effluent
streams likely indicating soil gypsum dissolution, cation exchange of
Na for Ca, or mixing with higher background UDB-1.0 waters.
87Sr/%5Sr for River C NPDES discharge, DC-1, was 0.70964 and
remained consistent along the length of the O&G effluent ephemeral
stream, indicating evaporation of O&G effluent increasing TDS prior to
the confluence with River C (Fig. 10). In other studies on O&G produced

water impacts 87Sr/%6Sr was used to distinguish specific formation
sources. For example, the Marcellus Shale displayed lower ratios
(0.710-0.711) than those observed in conventional produced waters
in the same region and other sources of contamination such as acid
mine drainage (0.7145-0.7146) (Chapman et al., 2012; Warner et al.,
2013a). River C 87Sr/36Sr upstream at C1 was 0.71092, which decreased
to 0.71078 after the O&G confluence at C2, reflecting impacts from
mixing with the low 87Sr/8Sr signature from DC-1. Conservative mixing
calculations estimate this mixing was low, with only 1% mixing of a DC-
1 O&G signature with upstream C1 (Fig. 10C). However, farthest down-
stream C3 87Sr/35Sr likely reflects a salinity source other than O&G efflu-
ent as the ratio increases to 0.71223, more like the downstream River B
ratio of 0.71225. Fertilizers have reported radiogenic 8”Sr/%6Sr around
0.715 (Bentley, 2006) which could be sourced from agricultural return
flows causing increasing 8Sr/2Sr in the downstream River B and C. Dis-
solution of gypsum soils can likely be negated as a possible source of cal-
cium because they exhibit less radiogenic ratios ranging from 0.70698
to 0.70778 (Denison et al., 1998). Background UDB-1.0 surface waters
originating from the drainage regions, enriched in calcium carbonate
minerals, reflected much lower 8”Sr/6Sr of 0.70844, similar to values re-
ported in a creek in the Williston Basin and in the Juniata Creek in Penn-
sylvania, areas underlain by thick accumulations of limestone similar to
the study area (Cozzarelli et al., 2016; Geeza et al,, 2018). 87Sr/%5Sr rang-
ing from 0.707 to 0.709 also reflect values reported for marine lime-
stones and dolomites sourced from the Phanerozoic era (Bentley,
2006). River B O&G effluent reflected slightly higher 87Sr/%5Sr to that
of DC-1 with 0.71016-0.71050. Upstream River B, B1, 37Sr/%°Sr was
0.71281 which decreased after the first confluence at B2 to 0.71228
and decreased again after the second confluence to 0.71225 at B3
(Fig. 11). While both O&G discharges and background waters reflect
low 87Sr/86Sr compared to River B surface water, the O&G discharges
have Sr and Ca concentrations of approximately 9 mg/L and 300 mg/L
compared to average background of 1 mg/L and 84 mg/L, respectively.
Conservative mixing calculations estimate <1% mixing with O&G efflu-
ents impacting downstream River B sites B2 and B3 (Fig. 11C). The
87Sr/%5Sr mixing calculations agree with those derived from the Br/Cl
molar ratios. In the O&G discharges upstream of Tributary A 87Sr/25Sr
ranged from 0.70878 to 0.70957 (Fig. S13). Tributary A 87Sr/%6Sr varied
little between 0.70868 and 0.70879 over a 60 km distance, indicating
evaporation of O&G effluent increased Sr concentrations and not an ex-
ternal source.

Sulfur isotope composition of sulfate (5>#Sso,) in the surface waters
may help further distinguish the non-O&G salinity source in the down-
stream River C. Dissolution of evaporites and rocks does not signifi-
cantly alter the sulfur isotopic composition, and there is a vast
difference between the §>4S of sulfates and sulfides. Therefore, sulfur
isotopes can be used as a tracer of sulfate ions with respect to sulfate
contributions from evaporite dissolution, oxidation of hydrogen sulfide
and/or sulfide minerals, and mixing of waters with different sulfur iso-
topic compositions (Clark and Fritz, 1997; Porowski, 2014;
Szynkiewicz et al., 2012). The O&G NPDES discharges upstream of
River C and B had 63%Sgq, of +19.8 and +22.1%. respectively, reflecting
similar §>*Sgo4 values reported in a petroleum study for similar forma-
tion waters (Figs. 10B & 11B) (Vredenburgh and Cheney, 1971). How-
ever, these discharges were sourced from Permian, Triassic and Upper
Cretaceous formations and reflect higher >#Sso, compared to the
§2Ss04 of global Permian marine evaporites such as gypsum and anhy-
drite (+10.5 to +15%) (Claypool et al., 1980). The 63*Sgo4 of Tributary
A NPDES discharges ranged between +15 and +17%. consistent with
the range of 6>4Sso, reported for the Pennsylvanian and Mississippian
formations in Wyoming (Vredenburgh and Cheney, 1971). All O&G ef-
fluent ephemeral streams indicate significantly lower 6>Sgq,4 prior to
mixing at the river confluence. Because all NPDES discharges had high
hydrogen sulfide concentrations the lower §>*Sgo4 of O&G effluent in
the stream is likely due to oxidation of hydrogen sulfide gas. The ex-
pected §3%Sso4 range from oxidation of hydrothermally-derived
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depleted 5>*Ssoy4 in the range of global river waters at +4.7%.

hydrogen sulfide is —26 to —3%. (Szynkiewicz et al., 2015). After
mixing at the confluence, the Tributary A sulfate concentrations in-
crease while §>Sso, remains relatively constant for nearly 60 km, reiter-
ating evaporation (+8.7 to +8.2%.) (Fig. S13B). The 6>#Sso4 of River B
decreases from upstream to downstream by 1%., though the 6>#Sso4
stays in the range of meteoric waters and terrestrial evaporites (+3.7
to +4.7%o). The §>*Sso4 of River C upstream remains +4.7%. but down-
stream C3 §>%Sso4 decreases to approximately —4%., indicating poten-
tial contribution of sulfate from dissolution of shale-derived deposits
enriched in biogenic sulfides with negative 6>%Sgo, values (Lueth et al,,
2005). A large percentage of stream sediments located downstream
are derived from the local sandstones and shale, known to be enriched
in sulfide minerals with lower §>#Sso, (NRCS, 2019; Porowski, 2014).
Terrestrial evaporites fall within a wide 6>*Sgo4 range of —15 to
+10%, so the decrease in 6>*Sso4 and increase of TDS could also be a
function of increased soil erosion or overland irrigation flow contribut-
ing to River C (Porowski, 2014). 37Sr/%%Sr and 6°4Ssq,, together, further
demonstrate that the Tributary A salinity source is O&G effluents and
that Rivers B and C are slightly impacted from O&G effluent (<1%).
River C downstream TDS increases are likely due to enhanced soil ero-
sion or agricultural return flows.

3.5. Li isotopes as a salinity tracer

Lithium provided a clearer distinction between NPDES discharges
and the larger rivers with all discharges elevated at least an order of
magnitude and up to three orders of magnitude in Li concentrations
(i.e. 2.2 mg/L at DB-2.2 vs vs 0.014 mg/L at UDB-1.0 vs 0.004 mg/L at
B1), tracking strongly with chloride concentrations. Lithium isotopes
for NPDES discharges had a &Li tightly between 9 and 10%. except for
DA-2, which had a 6’Li of 12.3%.. The only NPDES discharge that was

not analyzed for &’Li was DB-4.0 because no water samples were
collected there beyond 2014. However, its O&G effluent stream site
DB-4.1 was analyzed and had the highest &’Li measured of 22.0%., indi-
cating a different O&G formation source than other NPDES discharges
represented, a different treatment process, and/or enhanced water-
rock interactions along the effluent stream (i.e. adsorption onto clay or
coprecipitation with clay and other secondary minerals). Additionally,
Li isotopes have a negative correlation to temperature with lower &’Li
associated with higher temperatures as could be the case for the 6’Li
measured at most NPDES discharges (i.e. DC-1, DB-2.0) in the range of
hydrothermal waters (Macpherson et al., 2014). The produced water
treatment in a heater treater system could also alter the original pro-
duced water §7Li, causing a decreased &’Li in the NPDES effluent
discharged to the effluent stream (Macpherson et al., 2014b). Fig. 12 de-
picts the &’Li changes with distance. Tributary A exhibits an increase in
&’Li. °Li has been observed to fractionate by incorporation into calcite
and aragonite minerals, in addition to adsorption or co-precipitation
with clay and other secondary minerals, which subsequently remain
significantly depleted compared to their enriched seawater growth so-
lution (Marriott et al., 2004). Carbonate mineral precipitation is a dom-
inating mechanism on the O&G effluent ephemeral streams with some
grab sediments at NPDES discharges comprised of >97% calcium carbon-
ate (McDevitt et al., 2018). Background UDB-1.0 &’Li was higher com-
pared to NPDES discharges with a 6”Li of 14.8%.. Rivers B and C did
not demonstrate as clear of a 8’Li increase with distance downstream,
indicating its limited application as a salinity tracer. Murphy et al.
(2019) recently reported the limitations of &’Li as a salinity tracer due
to groundwater inputs to rivers but reported maximum Li concentra-
tions were magnitudes less than observed in this study, in a watershed
receiving more precipitation, and over 1000 km downstream. Qi et al.
(2019) more similarly found that 6’Li was useful as a salinity source
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depleted 5>#Sso,4 in the range of global river waters.

fingerprinting tool but fractionation ultimately limits salinity tracing
capabilities.

4. Conclusions

Each of the three watersheds presented in this study represent dif-
ferent mechanisms and salinity sources responsible for their elevated
TDS or increasing TDS concentrations with distance downstream and/
or time. Because these watersheds ultimately contribute to a drinking
water supply and O&G effluent is discharged as beneficial use for agri-
culture, further investigation proved necessary in order to best
pinpoint salinity sources in the region. By using elemental ratios and a

variety of isotopic systems as salinity tracers the critical water manage-
ment knowledge gap was narrowed and led to a better understanding
of beneficial use of O&G produced water in a semi-arid environment
where much of the beneficial use is practiced in the U.S. Tributary A is
an O&G effluent stream along its entire length that experiences evapo-
ration and concentrates O&G effluent that, at its source, would not be
a major cause for concern to discharge, with regards to TDS. Down-
stream, Tributary A is not a suitable drinking water source due to high
TDS concentrations upwards of 2500 mg/L, above the recommended
limits as a water source for irrigation, and nearing limits recommended
for livestock drinking water. Elemental ratios and strontium isotopes
were sufficient for determining the source of salinity on Tributary A.
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River B which has increasing TDS (though not statistically significant)
was impacted only slightly from O&G discharges. Elemental ratios and
strontium isotopes were necessary for identifying impacts which indi-
cated much <1% mixing of O&G effluent and River B to cause only slight
changes to the 87Sr/56Sr. In the future, if the volume of O&G effluent
discharged increases, there is the potential to observe significant in-
creases in TDS in River B from high TDS loads currently buffered by
large dilution factors. Significantly increasing TDS in River C is most
likely due to agricultural irrigation runoff or soil erosion downstream.
Elemental ratios, strontium isotopes, and sulfur isotopes, combined, in-
dicated slight O&G effluent impacts in River C but likely eliminated O&G
as the source of worrisome TDS increases. Without strontium or sulfur
isotopes O&G as a source of salinity downstream on River C may have
been considered since elemental ratios were not adequate to confirm
an alternative salinity source. Wherever multiple salinity sources and
environmental mechanisms affect water quality, large tool kits are re-
quired in order to fingerprint sources and to understand how to best
manage water supplies. The large tool kit becomes more imperative in
semi-arid and arid areas where freshwater supplies are not ubiquitous.
Salinization is a global phenomenon and issue for human and environ-
mental health, energy production, agricultural yields, and the econom-
ics of drinking water supply. Utilizing an isotopic tool kit when
elemental ratios prove inadequate prior to stakeholder disputes may
be necessary to ensure the stability and longevity of global freshwater
resources.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.137006.
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