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Oil and gas (O&G) extraction generates large volumes of produced water (PW) in regions that are often

water-stressed. In Wyoming, generators are permitted under the National Pollutant Discharge

Elimination System (NPDES) program to discharge O&G PW for beneficial use. In one Wyoming study

region, downstream of the NPDES facilities exist naturally occurring wetlands referred to herein as

produced water retention ponds (PWRPs). Previously, it was found that dissolved radium (Ra) and organic

contaminants are removed within 30 km of the discharges and higher-resolution sampling was required

to understand contaminant attenuation mechanisms. In this study, we sampled three NPDES discharge

facilities, five PWRPs, and a reference background wetland not impacted by O&G PW disposal. Water

samples, grab sediments, sediment cores and vegetation were collected. No inorganic PW constituents

were abated through the PWRP series but Ra was shown to accumulate within PWRP grab sediments,

upwards of 2721 Bq kg�1, compared to downstream sites. Ra mineral association with depth in the

sediment profile is likely controlled by the S cycle under varying microbial communities and redox

conditions. Under anoxic conditions, common in wetlands, Ra was available as an exchangeable ion,

similar to Ca, Ba and Sr, and S was mostly water-soluble. 226Ra concentration ratios in vegetation

samples, normalizing vegetation Ra to sediment Ra, indicated that ratios were highest in sediments

containing less exchangeable 226Ra. Sequential leaching data paired with redox potentials suggest that

oxic conditions are necessary to contain Ra in recalcitrant sediment minerals and prevent mobility and

bioavailability.
Environmental signicance

Benecial reuse of oil and gas produced water in the U.S. is increasingly being considered outside the oil and gas industry. Though study site TDS concentrations
of produced water discharges were low, downstream SO4, Cl and Na concentrations exceeded livestock drinking water guidelines. Similarly, though discharges
contained low dissolved total radium concentrations, radium signicantly accumulated in sediments downstream. Wetlands can act as a contaminant sink for
radium if kept oxic, potentially providing a low-cost and sustainable produced water polishing treatment. Wetland vegetation signicantly accumulated radium-
226 upwards of 880 Bq kg�1. Because cattails remain an important food source for some mammals, the observed radium accumulation in wetland vegetation
could provide signicant radium exposure to local wildlife if proper exclusion methods are not employed.
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Introduction

Oil and gas (O&G) produced water (PW) is the largest byproduct
the industry generates with an estimated 3 billion m3 PW per
year1 – domineering volumes of oil and gas extracted, frequently
by magnitudes. The economic decision for continuing O&G well
production is oen based on the total dissolved solids (TDS)
composition and regionally available options for PW disposal:
industry recycling, deep well injection, benecial use, or surface
water discharge. Deep well injection is the most common
disposal option (>90%) for U.S. unconventional PW, although
the practice is increasingly criticized for creating large decits
in local water cycles2,3 and induced seismicity.4 Treatment of PW
Environ. Sci.: Processes Impacts, 2021, 23, 501–518 | 501
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can range from U.S. $1–15 m�3 (ref. 5) and is necessary when
considering industry recycling, benecial use or surface water
discharge. Currently, only Wyoming and Pennsylvania allow for
the disposal of treated PW to surface water streams, although an
increasing number of states are seeking legislature approval of
the practice.

As encompassed in the term “water-energy-food nexus”, O&G
extraction activities oen occur in regions that experience
extreme water stress, such as Western U.S. shale basins (i.e.
Bakken, Niobrara, Permian, and Eagle Ford).2 In such areas, PW
can contribute a signicant volume of water to local agricultural
economies. Preventing permanent loss of water from local water
cycles in arid and semi-arid regions, where water is arguably
a more valuable commodity than oil or gas and at times a legal
challenge, remains an important turning point for the future of
the O&G industry. Government foresight by the U.S. Geological
Survey, U.S. Department of Energy, and U.S. Environmental
Protection Agency to recycle and reuse PW is evidenced in the
recent increase in related research requests for proposals and
plans.6–9 Western U.S. states benecially reuse PW for agricul-
ture and wildlife propagation under the NPDES exemption 40
CFR § 435 Subpart E. Irrigation studies have reported diverging
results on the use of PW on soil and plant health. Kondash et al.
(2020) established no signicant differences in soil chemistry
other than elevated boron and sodium between the use of
blended O&G PW or regional groundwater as irrigation in Cal-
ifornia's Central Valley.10 However, another recent study sug-
gested that O&G PW blended with freshwater led to reduced soil
health, reduced crop health, and a signicant shi in the soil
microbial community between irrigation treatments.11

Furthermore, several produced water studies have reported
ecotoxicity to Daphnia magna, rainbow trout, and fatmucket
(Lampsilis siloquoidea) freshwater mussels including oxidative
stress, physical immobility, and mortality.12–15

Wyoming has approximately 500 NPDES facilities for the
disposal of PW permitted through the benecial use exemption,
though during the height of coalbed methane (CBM) produc-
tion in Wyoming, the number of permitted facilities was greater
than 1000. A remote study region in Wyoming described
previously by McDevitt et al. (2019, 2020b) andMcLaughlin et al.
(2020a, 2020b) includes PW discharges to ephemeral draws and
downstream vegetated produced water retention ponds
(PWRPs). Some of the PWRPs were created in partnership with
the U.S. Fish and Wildlife Service to provide habitat for migra-
tory birds and other wildlife and other PWRPs that have natu-
rally formed from years of periodically saturated soils.16–19

McDevitt et al. (2020b) characterized seven NPDES discharges of
PW, respective discharge streams, and two regional perennial
rivers utilizing stable isotopes d18O, d2H, d34SSO4, d7Li and
radiogenic 87Sr/86Sr. Isotopic signatures supported evaporation
of PW along all discharge streams and oxidation of PW-derived
sulde gas within the discharge stream leading to increasing
SO4 concentrations. McLaughlin et al. (2020a, 2020b) described
one NPDES discharge and its PW ephemeral stream in detail
regarding degradation of organic contaminants with increasing
distance downstream associated with decreasing mutation
rates in yeast cells.18,19 The current study was conducted based
502 | Environ. Sci.: Processes Impacts, 2021, 23, 501–518
on guidance from results of previous studies that indicated
higher distance resolution within the PW streams near NPDES
discharges was necessary to understand contaminant seques-
tration. Additionally, Ra removal mechanisms related to the
existence of PWRPs within the PW stream were acknowledged
data gaps. Other regional studies reported issues associated
with inefficient oil–water separation systems in Wyoming that
discharged remnant oil into downstream wetlands, which led to
mortality of wildlife, namely birds.20 It was also noted that Ra
accumulated in some Wyoming PW wetland sediments and
through the aquatic food chain with upwards of 1110 Bq kg�1 in
vegetation and 37 Bq kg�1 in bird bones.21

McDevitt et al. (2019) reported that even low Ra activities in
uids that were discharged to the ephemeral draws in this study
region of Wyoming led to signicantly elevated sediment Ra
activities compared to background sediments, upwards of 50
times higher.16 Moreover, McDevitt et al. (2019) found that, near
a discharge, approximately 75% of the sediment Ra was asso-
ciated with sediments comprising >97% calcium carbonate
minerals. However, only 5% of the annually discharged Ra was
attenuated within 100 m of the discharge, indicating mobility
and transport of the remaining 95% of the annual Ra load,
either as an aqueous species or more likely ne particle-
associated. The PW stream Ra sediment activities were,
however, attenuated to background levels within 2 km of one
NPDES discharge and within 30 km at another NPDES
discharge. Geochemical modeling from McDevitt et al. (2019)
indicated the dominance of Ra attenuation with distance by co-
precipitation with carbonate minerals and to a lesser extent
with sulfate minerals in the form of barite solid solutions.16

From McDevitt et al. (2019) it was recommended that the
study site NPDES treatment facilities include construction of
polishing wetlands or ltration ponds just below the discharge
into the PW stream, which would allow for establishment of
chemical and equilibrium conditions (i.e. temperature cooling,
increased oxygen concentrations, oxidation of sulde gas to
sulfate in situ) that would reduce transport of Ra downstream.
With the use of 87Sr/86Sr and d34SSO4, it was noted that sulfate
concentrations increase with distance from both evaporative
effects and the oxidation of sulde gas.17 Elevated sulfate
concentrations above 1000 mg L�1 pose problems for dairy
cows22 while concentrations below 1800 mg L�1 are recom-
mended for Wyoming livestock to minimize the possibility of
acute mortality.23

Anoxic conditions are commonly found at depth in satu-
rated, organic wetland sediments, where organic matter is
a driving reductant. Reductive dissolution and subsequent
release of sorbed or incorporated cations, such as Ra, would
occur in the order hydrous Mn oxide (HMO) > hydrous Fe oxide
(HFO) > sulfate minerals.24,25 Additionally, bacterial enrichment
cultures of Marcellus PW indicated the potential for halophilic
anaerobic bacteria from the genus Halanaerobium to etch pits
into barite minerals that increase the rate of its dissolution and
subsequent release of any impurities back to the water
column.26–29

Issues related to the release of Ra from sorbed or incorpo-
rated mineral structures leads to the question whether wetlands
This journal is © The Royal Society of Chemistry 2021
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or PWRPs may in fact provide a sustainable sequestration
system for preventing mobility of Ra downstream. Inherent
benets to created or enhanced wetlands for wastewater treat-
ment include achieving highly efficient contaminant removals
through physical (increased retention time, settling, volatiliza-
tion), chemical (oxidation, precipitation, adsorption, ion
exchange) and biological (biodegradation, phytodegradation,
evapotranspiration, plant uptake) means.30 Reported radionu-
clide removals on created wetlands studied in Wyoming were
only effectively achieving effluent goals 30% of the time, though
removal mechanisms were not investigated in detail.31

Wetlands also provide valuable wildlife habitat in semi-arid and
arid regions where water is an otherwise scarce commodity.20

Passive treatment by wetlands, namely free water surface
designs, provides economically favorable returns compared to
more elaborate treatment systems developed for PW such as
advanced oxidation processes, electrocoagulation, membrane
separation and distillation etc.32–35 The reduced costs associated
with treatment wetlands, deduced from passive acid mine
drainage (AMD) systems, stems from their reduced labor,
reduced operational expertise, reduced chemical inputs, low
maintenance necessary in remote regions, and lack of power
requirements.36–40

While the vegetation species present within a treatment
wetland can introduce different reduction and oxidation (redox)
conditions, it is apparently more important that a dense stand
of vegetation is established.30 Giant bulrush (Schoenoplectus
californicus) are commonly used in treatment wetlands for
maintaining negative sediment redox potentials as they
produce minimal radial oxygen loss within the root zone.41–43

These anoxic conditions facilitate a habitat favorable for
promoting dissimilatory sulfate reduction (�100 to �250 mV)
which is conducive for the precipitation of recalcitrant sulde
minerals that can act as a sink for incorporation of metal
impurities.44 Conversely, cattails (Typha), notably the species
Typha angustifolia, generate substantial radial oxygen loss
within the rhizosphere which provides a conducive habitat for
heterotrophic aerobic bacteria (HAB) (>100 mV).42,45

The objectives of this study were to (1) determine the efficacy
of the PWRPs downstream of the NPDES discharges for
removing Ra and other TDS components necessary for
enhanced benecial use, (2) gain a greater understanding of Ra
sediment associations within PWRPs and with depth under
anoxic conditions. The rst two objectives are necessary to (3)
identify PWRP functions that could be enhanced for optimal
polishing of PW near the NPDES discharges to best protect
human and ecosystem health downstream.

Materials and methods
Site description

This study took place in remote O&G elds in Wyoming that are
dominated by semi-arid sagebrush drainage regions that ulti-
mately discharge to two larger perennial rivers fed by moun-
tainous upstream regions. The study region receives an average
of 230 mm of precipitation annually (http://www.climate.gov).
The O&G elds are simultaneously utilized for cattle rangelands
This journal is © The Royal Society of Chemistry 2021
and wildlife habitat. O&G extraction is regionally well-
established with development of some of the major forma-
tions occurring in the 1950s. Due to increasing age of formation
development and enhanced oil recovery processes ushing the
formations, regional PW to O&G ratios (upwards of 116 from
one permit) are much higher than the average US ratios of 7–10
barrels of PW per barrel of O&G.46 In accordance with wildlife
propagation as a benecial use exemption under 40 CFR § 435
Subpart E, the U.S. Fish and Wildlife Service were involved in
creating PWRPs for migratory birds within the discharge C PW
stream (Fig. 1). The term wetland is used loosely within this
study (both from a regulatory and ecological perspective) to
describe the ponding and vegetated conditions within the PW
discharge streams. O&G operators are not responsible for
maintaining the wetlands once PW discharges and, thus,
stream ows cease. Therefore, the wetlands are not legally
dened as such under the Clean Water Act Section 404 and are
instead referred to as PWRPs throughout.

Three O&G PW treatment facilities, referred to as discharge A
(DA-D), discharge B (DB-D), and discharge C (DC-D), and their
naturally-dry ephemeral discharge receiving streams were
sampled in November 2018 (Fig. 1). A total of 19 GPS-located
sites were sampled including 5 PWRP sites, 1 playa lake, and
1 control site wetland (CSW) not impacted by O&G produced
water discharges. “D” denotes the discharge outfall, “W”

denotes within the PWRP, and “US” and “DS” denote location
upstream and downstream, respectively. DB-100 m and DC-
100m denote a sample that was taken 100 m downstream of
the respective discharge (DB-D and DC-D). Site specicity is not
disclosed in agreement with private landowner and O&G oper-
ator access. These study sites have been previously described in
detail by McDevitt et al. (2019, 2020b) in which, DA-D was
referred to as DB-4.0, DB-D as DB-2.0, and DC-D as DC-1 (Table
S1†).16,17 Amore detailed site description is included in the ESI.†

Treatment at all three facilities (DA-D, DB-D and DC-D) was
similar. According to the NPDES permits, uids from the wells
ow into a three-phase separator (oil–gas–water) fromwhich the
PW ows through a series of settling/skim ponds for oating oil
removal prior to NPDES discharge to surface water. Facility DA-
D discharges an average 1.5 million L treated PW per day, DB-D
discharges an average 310 000 L treated PW per day, and DC-D
discharges an average 4.5 million L treated PW per day. Study
site PW effluents are low TDS (�1000–4000 mg L�1) compared
to most U.S. produced waters. Discharge regulations are limited
to specic conductance of 7500 mS cm�1, TDS of 5000mg L�1, Cl of
2000mg L�1, SO4 of 2500mg L�1, 226Ra of 2.22 Bq L�1 (60 pCi L�1),
oil and grease of 10mg L�1, and a pH range of 6.5 to 9.While it was
not quantied, sulde in regional produced waters was an issue at
all discharges sampled and required use of personal monitors in
previous sampling campaigns. From permits, estimated annual
sulde (as H2S) loads were 66 800 kg per year for DA-D, 6900 kg per
year for DB-D, and 133 000 kg per year for DC-D.
Field sampling

Field sampling represents a snapshot in time of water and
sediment chemistry and vegetative uptake since only one
Environ. Sci.: Processes Impacts, 2021, 23, 501–518 | 503
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Fig. 1 Map of the remote study region in Wyoming O&G fields. Three NPDES facilities (DA-D, DB-D, DC-D) and their PWRP complexes were
studied. Water, sediment, and vegetation samples were collected in November 2018.
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sampling event took place in November 2018, limiting
seasonal or long-term interpretation of results. Hanna probe
measurements (temperature, SC, DO and pH), water samples
and grab sediment samples were collected at all 19-GPS
located sites. Water samples were collected using 0.45 mm
cellulose acetate membrane syringe lters and additionally
preserved to a pH < 2 with trace-grade nitric acid for cation
and trace metal analysis.

Four-inch diameter push-tube cores were collected (n ¼ 5) of
varying depth adjacent to grab sediments (DA-W1, DC-W1, DC-
W2, DC-PLAYA, CSW). Vegetation in the form of roots, leaves
and seeds, where possible, were collected in coordination with
sediment cores (n ¼ 11). Cattail (Typha) vegetation was
preferred for collection, but in areas where there were no cat-
tails, existing vegetation in the form of grasses or bulrush
sedges (Cyperaceae) was collected.
504 | Environ. Sci.: Processes Impacts, 2021, 23, 501–518
All samples were contained in coolers on ice until shipment
to the laboratory where water samples and grab sediments were
then refrigerated to 4 �C and sediment cores and vegetation
were kept frozen until analysis. Additional eld sampling
details are included in the ESI.†
Laboratory analysis of samples

Filtered water samples were measured for major anions (Cl,
SO4, Br, NO3, PO4) by ion chromatography (IC) and ltered,
acidied water samples were measured for major cations and
trace metals by Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES). Check standards, USGS M-228 and T-
235, standard reference samples for ICP-OES, and duplicate
samples were measured every 10 samples and were within 2%
RSD for each analyte measured.
This journal is © The Royal Society of Chemistry 2021

https://doi.org/10.1039/d0em00413h
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Grab sediments were dried, crushed and measured by
gamma spectrometry on a Canberra small anode germanium
gamma ray spectrometer (SAGe). 226Ra activity was measured as
the average of the three daughter product activities: 295.22,
351.93 and 609.31 keV peaks, while 228Ra was measured via the
911.20 keV 228Ac peak. Grab sediments were also analyzed for
total carbon (TC), total inorganic carbon (TIC), and by differ-
ence, total organic carbon (TOC), at Colorado State University
and methodology details are included in the ESI.†

Sediment cores were extracted from push tube cores while
frozen and cut into 2 cm depth intervals. Immediately
following, frozen sediment sections were transported into an
anaerobic chamber for further processing. Frozen sediments
thawed within the anaerobic chamber and were then removed
for centrifugation at 10 000 RPM for 20 minutes at 4 �C. Back
inside the anaerobic chamber, porewaters were extracted
utilizing 0.45 mm cellulose acetate membrane syringe lters.
Dissolved oxygen, temperature, pH, conductivity, and
oxidation-reduction potential (ORP) were measured in the
porewaters. Remaining wetsediments were frozen until dry by
freeze drier. Dry sediments were then processed similarly to
grab sediments and analyzed by gamma spectrometry. Pore-
waters were measured for major anions, cations and trace
metals by IC and ICP-OES.

A select subset of sediment core samples (n ¼ 15, 3 depths/
core) were subjected to an operationally dened 5-step leach-
ing procedure modied from previous studies to understand Ra
associations within PWRP sediments.16,47,48 A solution to sedi-
ment ratio of 20 : 1 was employed to remain within detection
limits for major cation analysis of leachates by ICP-OES. The
leach steps were as follows:

(1) Ultra-pure distilled water and shaking for 24 hours tar-
geting soluble salts.

(2) 1 M ammonium acetate buffered to pH 8 by ammonium
hydroxide and shaking for 12 hours targeting exchangeable
cations.

(3) 0.1 M sodium pyrophosphate (Na4P2O7) and shaking for
12 hours targeting organic matter-sorbed cations.

(4) 8% trace grade glacial acetic acid and shaking for 12
hours targeting carbonates by dissolution.

(5) 0.1 M trace grade hydrochloric acid and shaking for 12
hours targeting iron and manganese oxides and iron sulde
minerals by dissolution.

The sediment residue remaining aer the nal leaching step
is operationally assumed to maintain recalcitrant sulfate
minerals such as barite that could coprecipitate Ra. Aer each
step, samples were centrifuged, leachates ltered, and solid
residues dried and measured for 226Ra and 228Ra by gamma
spectrometry. A subset of these sediment samples (n ¼ 8) was
analyzed by X-ray diffraction (XRD) for mineralogy. Additional
details are included in the ESI.†

Vegetation samples were thawed, cleaned using ultra-pure
distilled water baths and Triton™ X-100 surfactant.49 Vegeta-
tion was separated into roots, leaves/stems, and seeds, if
present, freeze dried and measured by gamma spectrometry for
226Ra and 228Ra. Additional vegetation preparation details are
included in the ESI.†
This journal is © The Royal Society of Chemistry 2021
Results & discussion
Inorganic water chemistry

The PW effluent concentrations from three NPDES facilities
were within regulatory limits for permitted discharges for all
inorganic constituents measured (Table S2†). McDevitt et al.
(2020) presents a more comprehensive dataset of these
discharges and their PW streams that included 10 sampling
events from 2013–2016. From that data, and in agreement with
data presented herein, the dominating compositions of these
PW effluents are SO4 and Na, followed by Ca. The high SO4

compositions of these O&G effluents set them apart from brines
of much higher TDS and Cl content as in the Appalachian Basin
as well as other Western U.S. formations such as the Williston
Basin in North Dakota.48,50,51 Discharges A and B had much
higher TDS concentrations compared to discharge C. SO4

concentrations were approximately 1800 and 2000 mg L�1 in
both DA-D and DB-D, respectively, while DC-D SO4 concentra-
tions were much lower around 460 mg L�1. CSW SO4 and Cl
concentrations were, as expected, lower with 318 mg L�1 and
6 mg L�1, respectively. Cation composition at CSW was domi-
nated by both Ca (44 mg L�1) and Mg (41 mg L�1). Notably, as
previously reported, Ba and Sr concentrations are comparably
low in these study site PW effluents compared to other O&G
formations;16,17,52–54 Ba concentrations remained near detection
limits the entire sampling transect (<0.01 mg L�1). Ba concen-
trations in DC-D effluents (0.14 mg L�1) were approximately
double those of DA-D (0.04 mg L�1) and DB-D (0.05 mg L�1). Sr
concentrations at all sites ranged between 2 and 10 mg L�1 with
all three discharge Sr concentrations around 5 mg L�1. Because
of high SO4 concentrations, barite and celestite precipitation
may occur prior to PW discharge leading to reduced dissolved
Ba and Sr concentrations.

Major anions and cations (SO4, Cl, and Na) in PW streams
DA and DB increase with distance downstream (Fig. 2). McDe-
vitt et al. (2019) determined solute concentration factors for SO4

upwards of 2.5 within 1 km of DC-D and DB-D. Similarly, SO4

concentrations in this study more than doubled from DA-D to
DA-DSW2 approximately 2 km downstream. It is important to
note that assessing SO4 concentrations alone, treated produced
water from DA-D and DB-D is not suitable for use as a sole
source of livestock drinking water which is recommended to
have SO4 concentrations less than 1000 mg L�1.22,23 During
sampling events, livestock were observed drinking water near
DA-D and DC-D and a herd of pronghorn were observed
drinking water near DA-D. It is not known if the wildlife and
livestock use these PW discharges as a sole drinking water
source year-round. Additionally, Cl concentrations from DA-D
and DB-D, and along the entirety of the DB PW stream, are
elevated above recommended livestock drinking water guide-
lines of <250 mg L�1. Sodium concentrations from DA-D and
along the entire DA PW stream are elevated above the livestock
guideline of <1000 mg L�1. Constant 87Sr/86Sr along the PW
streams supported evaporation leading to concentrations,
within regulatory limits at the outfall, that exceeded both
drinking water standards and agricultural guidelines
Environ. Sci.: Processes Impacts, 2021, 23, 501–518 | 505
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Fig. 2 Major ions (Cl, SO4, Na and Ca) plotted versus distance from the respective NPDES discharge. Gray bars on the plots indicate the presence
of a PWRP. The light-yellow bar indicates the presence of a playa lake (DC-PLAYA) created from a diversion of the DC PW stream.
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downstream.17 Currently, regulations only apply to PW dis-
charged at the NPDES outfall and do not apply to the PW post-
discharge. Monitoring and reporting of NPDES effluents are
conducted in accordance with individual permits that can vary
by NPDES discharge. Surprisingly, on a ner DC PW stream
distance scale (more sample points <15 km from DC-D),
concentrations for major ions did not increase as appreciably
as previously reported.16–18 SO4 concentrations increased
approximately 135 mg L�1 from DC-D to DC-DSW2 (�6 km
downstream). This could be due in part to the time of year
(November) sampled. Although the DA PWRPs were covered in
a sheet of ice during sampling, the DA PW stream increasing
TDS concentrations indicate the most evidence for evaporation.
Overall, major anion and cation data do not indicate abatement
(via coprecipitation) of these PW effluent constituents with ow
through the existing PWRPs.

Oxidation of hydrogen sulde gas is likely occurring along
the PW streams which was supported by decreasing d34SSO4 with
increasing distance from the discharges.17 Hydrogen sulde is
a regulated effluent parameter at DA-D and is known to be
elevated at both DB-D and DC-D. A constructed wetland for PW
treatment in the Pitchfork Field in Wyoming noted SO4

concentrations increasing through the wetland as hydrogen
sulde concentrations decreased.31 Oxidation of hydrogen
sulde gas to elemental sulfur occurs in the presence of oxygen,
506 | Environ. Sci.: Processes Impacts, 2021, 23, 501–518
which increased with distance in the PW stream (Fig. S1†).
Elemental sulfur (S) can then be efficiently oxidized under
aerobic conditions by chemolithotrophs to SO4, which may play
a role in increasing SO4 concentrations with distance down-
stream. To round out the S cycle, SO4 transported to anoxic
conditions can then be reduced through dissimilatory SO4

reduction by sulfate-reducing microorganisms where SO4 acts
as the terminal electron acceptor and yields sulde. Sulde can
precipitate key recalcitrant minerals known to sorb metals in
wetland or anaerobic systems.31,42,55 Under anoxic conditions,
up to approximately 35% SO4 reduction, calcium carbonate
minerals can be undersaturated and unstable due to the
oxidation of organic matter which releases CO2, causing
a decrease in pH.56 Sulfate reduction can account for upwards of
50% carbonate mineral dissolution.57 Sulde (which can accu-
mulate in sediments with low Fe concentrations) oxidation
releases protons also contributing to a decrease in pH, poten-
tially causing further carbonate mineral dissolution.

Most interesting is a nding from Caswell et al.31 (1992)
where the oxidation of sulde to sulfate under aerobic condi-
tions by oxygenic/anoxygenic photosynthetic cyanobacteria
removes CO2 from the water, increasing the pH and adding
dissolved oxygen. This in turn increases the carbonate mineral
saturation index and can lead to the common formation of
carbonate terraces that we most noted at sites DA-D and DB-D
This journal is © The Royal Society of Chemistry 2021
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and comprised the majority of sediments collected near NPDES
discharges in McDevitt et al. (2019).16 The most common
microorganisms responsible for this phenomenon are from the
genus Chloroexus and Oscillatoria. From a companion study,
microbial abundance data derived from 16S rRNA gene
sequencing indicated Chloroexia was the most dominant taxa
present at DC-D (19%) and DC-100 m (35%) (Fig. S2†).58 Smaller
abundance of this taxa was observed at sites DA-W1, DA-W2 and
DB-D. DA-D could have relatively high abundance of Chloro-
exia too, but amplication issues with samples from that site
limits any conclusions. On the other hand, Deltaproteobacteria
were also present in high relative abundance at most PW stream
sites, though this abundance increased with distance along the
DC PW stream.58 Deltaproteobacteria species (beyond the scope
of this study and companion study) Desulfovibrio cuneatus and
Desulfovibrio desulfuricans, have previously been documented to
reduce barite minerals containing 226Ra, releasing a small
fraction (<0.1%) of the Ba and similarly trending 226Ra to the
water column.28
Grab sediment Ra activities and attenuation downstream

McDevitt et al. (2019) reported low average dissolved total Ra
(226Ra + 228Ra) from 2013–2016 in NPDES effluents from DA-D
as 0.29 Bq L�1, DB-D as 2.12 Bq L�1, and DC-D as 0.43 Bq L�1

which led to elevated radium activities in near-outfall sediments
compared to downstream and background sites.16 In this study,
Fig. 3 226Ra and total Ra (226Ra + 228Ra) activities plotted versus distance
the horizontal dashed line is set at 259 Bq kg�1 (185 Bq kg�1 above backgr
the light-yellow bar indicates the playa lake (DC-PLAYA) diversion on th

This journal is © The Royal Society of Chemistry 2021
radium activities in grab sediments at all NPDES discharges
were elevated above background sediments collected at CSW (44
� 0.59 Bq kg�1 226Ra, 90 � 4.18 Bq kg�1 total Ra) (Fig. 3 and
Table S2†). Additionally, all NPDES discharge sediments, and
many PW stream sediments, were elevated compared to the EPA
Action Level (40 CFR 192) threshold for the upper 15 cm of
sediments where 226Ra sediment activities cannot exceed 185
Bq kg�1 above background activities (�74 Bq kg�1). This action
level is thus approximately set at 259 Bq kg�1. The highest
measured total Ra sediment activity was sampled from DB-100
m upwards of 4289 � 68 Bq kg�1, higher than what was previ-
ously observed by McDevitt et al. (2019) around 3500 Bq kg�1.
DC-D sediments had signicantly less Ra activity than DA-D and
DB-D, reecting activities (648 � 33 Bq kg�1 total Ra) similar to
what was previously reported for this site sampled in 2016.16

The lower DC-D sediment Ra activity may relate to reaching the
sediment capacity to incorporate or sorb more Ra since
a previous Ra mass balance estimated that 95% of the annual
Ra load was transported beyond 100 m from the discharge.16

With increasing distance downstream of the discharges, Ra
attenuation proles at the higher sampling resolution in this
study do not appear similar to those in McDevitt et al. (2019).
Previously, Ra attenuation proles along the PW stream tran-
sect reected a trend reminiscent of sorption behavior as
a removal mechanism. On this ner distance scale, Ra activities
are elevated within every PWRP sampled apart from DC-W1 and
from the respective NPDES discharge. The EPA action level indicated by
ound sediment activities (�74 Bq kg�1)). Gray bars indicate a PWRP and
e DC PW stream.

Environ. Sci.: Processes Impacts, 2021, 23, 501–518 | 507
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Fig. 4 DC-W1 and DC-W2 sediment core porewater major ion concentrations, sediment Ra activities (226Ra and total Ra), and 228Ra/226Ra
activity profiles with depth. See Fig. S3† for scaled Ca, Mg, Ba and Mn profiles.
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DA-W2, which was largely unvegetated and more akin to a large
pond. Likely, the PWRPs that exhibit relatively elevated Ra
activities are trapping ne Ra-associated particles that settle
and accumulate to activities higher than both sediments
collected upstream and downstream. Upon accumulation, the
ne particles may then be buried, chemically or biologically
transformed, and sorbed/incorporated species potentially made
available for plant root uptake. While total suspended solids
(TSS) data was not collected, anecdotally, water samples were
much easier to lter at the outfall of the PWRPs than water
samples collected upstream or within.

The bioavailability of the Ra in the sediments is a function of
the Ra phase – whether sorbed, co-precipitated, aqueous, and
ultimately to what it may be sorbed or incorporated (i.e. clays,
organic matter, HMO, HFO, SO4 or CO3 minerals).59 From
508 | Environ. Sci.: Processes Impacts, 2021, 23, 501–518
McDevitt et al. (2019), Ra was signicantly associated with
calcium carbonate sediment compositions. As grab sediment
TC, TIC, and TOC data would suggest (Table S3†), Ra sediment
activity proles with distance trend in accordance with the TC-
dominating TIC compositions.58 The only location where the
trend does not hold is DC-USW2, DC-W2 and DC-DSW2 where
Ra sediment activities follow that of TOC concentrations (as %
dry weight) which dominate the TC compositions (upwards of
only �4%). PWRP (DA-W2, DB-W1, DC-W1 and DC-W2) sedi-
ment TOC compositions were higher compared to respective
upstream and downstream sediments. Organic matter sorption
of Ra is less studied than other sorption or coprecipitation Ra
attenuation mechanisms. However, studies have shown that Ra
was enriched in soil organic matter and that organic matter was
able to sorb 10 times more Ra than clay minerals.59–61
This journal is © The Royal Society of Chemistry 2021
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Ra associations in PWRP sediments with depth

Understanding Ra associations within O&G PWRP sediments,
and any changes in those associations with depth and
distance downstream, is valuable information for regulators
and operators seeking better system designs for Ra treatment.
Regionally, Ra associations will differ based upon varying PW
chemistry, varying equilibrium conditions and varying
nutrient cycling behavior. In the study site region, high PW
SO4/H2S discharges lead to the dominating importance of the
S cycle for discussing Ra associations. SO4 concentration
proles vary with sediment core depth in PWRPs DC-W1, DC-
W2, and DC-PLAYA (Fig. 4, 5 and Table S4†). DC-PLAYA SO4

concentrations increase with depth, DC-W1 SO4 concentra-
tions remain elevated at depth, and DC-W2 SO4 concentra-
tions decrease approximately two magnitudes from the upper
Fig. 5 DC-PLAYA and CSW sediment core porewater major ion conce
activity profiles with depth. See Fig. S3† for scaled Ca, Mg, Ba, and Mn p

This journal is © The Royal Society of Chemistry 2021
to lower sediment sections (1100 to 9 mg L�1, respectively).
The difference in the prole trends with depth between DC-
W1 and DC-W2 may be evidenced in microbial community
differences as indicators of redox conditions. Chloroexia had
a higher abundance in more upstream DC PW stream grab
sediments, where sulde concentrations were higher and
dissolved oxygen concentrations were lower compared to
downstream water samples (Fig. S2†). With increasing
distance downstream of DC-D, SO4 and DO concentrations
increase (Table S4†) while Deltaproteobacteria abundance in
surface sediments increased. The depletion of SO4 concen-
trations in the DC-W2 sediment core agree with this microbial
community respiration, assuming the surface sediment
microbial community remains similar at some depth in the
sediment prole. The DC-W2 core porewater Fe and SO4
ntrations, sediment Ra activities (226Ra and total Ra), and 228Ra/226Ra
rofiles.

Environ. Sci.: Processes Impacts, 2021, 23, 501–518 | 509
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concentrations follow opposite trends at what appears may be
the O2/H2S interface from redox data (Fig. 4 and Table S4†).
This trend may indicate that as SO4 is reduced under anoxic
conditions, iron oxide minerals are also reduced, releasing Fe
as a dissolved species. While the Fe core prole is irregular,
the highest Fe porewater concentrations correlate with the
lowest porewater ORP measurements. The subsequent dis-
solved Fe concentration decrease with depth potentially
indicates formation of iron sulde minerals. Dissolved Mn
porewater concentrations (Fig. S3 and Table S4†) follow
a relatively similar trend to dissolved Fe both with notable
concentration increases at 4 cm and 10 cm depths where
corresponding ORP measurements indicate reducing condi-
tions. In that case, Ra may be released from small amounts of
sulfate minerals and sorbed by organic matter or iron sulde
mineral surfaces as demonstrated in previous studies.62

CSW sediments near the core surface represent anoxic
conditions (<0 mV) (Fig. 6 and Table S4†) and ORP gradually
increases with depth. CSW SO4 concentrations increase with
the corresponding ORP increases to concentrations that are
a magnitude larger than all other core porewater SO4

concentrations. CSW Na–SO4 type porewaters reached
conductivities upwards of 20 mS cm�1 at 25 cm depth. This
nding was surprising due to the low conductivity of the CSW
surface water sample (0.90 mS cm�1, 81 mg L�1 Na, and
318 mg L�1 SO4).

It is not easily discernible from porewater concentrations
and Ra sediment activity trends if there are signicant corre-
lations for Ra sequestration (Table S4†). DC-W1 Ra proles
remain fairly consistent with depth except for a small decrease
at �10 cm associated with an increase in many of the ions
thought to be correlated to Ra attenuation by sorption or
coprecipitation: Fe, Sr, Ca, and SO4.16,62–65 DC-W2 Ra proles
decreased only slightly with depth. Notably, sediment Ra
Fig. 6 DA-W1 sediment core porewater major ion concentrations, sedim
with depth. See Fig. S3† for scaled Ca, Mg, Ba and Mn profiles.

510 | Environ. Sci.: Processes Impacts, 2021, 23, 501–518
activities with depth in DC-W1 and DC-W2 sediments are nearly
as elevated (�1000 Bq kg�1 total Ra) as the DC-D discharge core
collected in October 2016, despite being located almost 2 km
and 5 km downstream, respectively.16 All PW stream cores, DA-
W1, DC-W1, and DC-W2 have Ra sediment activities at depth
that exceed those measured in the CSW background core
(highest total Ra measured 153 Bq kg�1 at 16–18 cm depth). DC-
PLAYA sediment Ra activities are only slightly elevated above
those of the CSW core (highest total Rameasured 226 Bq kg�1 at
DC-PLAYA 4–6 cm depth). DA-W1 total Ra activities, however,
were twice as elevated as those of DC-W1 and DC-W2 near the
surface (upwards of 2460 Bq kg�1) and decreased to approxi-
mately 200 Bq kg�1, within a shallow depth of 14 cm, to less
than the EPA Action level threshold (Fig. 6). This decrease could
be associated with plant root uptake at a depth of approximately
15 cm as there were dense stands of cattails present at site DA-
W1.66 Ca porewater concentrations in DC-W1 are about half
those of the 2016 DC-D core. Sequential leaching in McDevitt
et al. (2019) conrmed calcium carbonate compositions of
sediments decreased signicantly with increasing distance
downstream. The 228Ra/226Ra ratio proles in both the CSW and
much of the DC-PLAYA cores indicate a ratio (�1) indicative of
background sediments not impacted by disposal of O&G
PW.67–70 Reference site grab sediment samples from McDevitt
et al. (2019) 228Ra/226Ra ratios ranged from 1.3–1.7. All other
cores represented ratios <1 and potentially indicate contribu-
tion of O&G PW 226Ra.
Ra association and characterization through operationally-
dened sequential leaching

An operationally-dened sequential leaching procedure was
completed to more quantiably identify Ra sequestration
mechanisms (Fig. 7). DA-W1 represents the closest sampling
ent Ra activities (226Ra and total Ra), and 228Ra/226Ra activity profiles

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 Leaching data for select sediment core depth. Ra was analyzed post-leach step on solid sample residues. Data is presented as residue
activity (Bq) normalized to the initial activity and is also presented in Table S5.†
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site to the DA-D outfall. As hypothesized based on ndings from
McDevitt et al. (2019), the upper-most leached core sediments
(DA-W1 2–4 cm) lost the most Ca and Ra during the carbonate-
targeted leaching step of all sediments sequentially leached
This journal is © The Royal Society of Chemistry 2021
(39% Ra loss) (Table S5†). This result was expected due to the
vast carbonate terraces present at this site and the �50% sedi-
ment mass dissolved during this step. With increasing depth in
the DA-W1 core prole, Ra association with the exchangeable
Environ. Sci.: Processes Impacts, 2021, 23, 501–518 | 511
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fraction of clays and organic matter increased. This trend was
correlated with loss of the most sediment Sr and Ba in the
deepest core section during the exchangeable ion-targeted leach
step. In contrast to the more oxic upper two sediment sections,
anoxic DA-W1 12–14 cm lost the majority of sediment Fe in the
oxide/sulde-targeted leaching step and the majority of its S in
the soluble salts-targeted step. Redox potential differences
within the same sediment core offer insights that anoxic
conditions may cause more recalcitrant minerals (SO4 > CO3)
formed under oxic conditions to become unstable,56 re-
solubilizing sorbed or incorporated Ra.

DC-D grab sediment leach data presented in McDevitt et al.
(2019) indicated that 75% of the sediment Ra was associated
with carbonate minerals which constituted >97% of the sample
mass. In that study, sediment Ra along the 30 km transect could
be adequately modeled assuming all Ra was incorporated or
sorbed onto calcium carbonate solid solutions. This was due to
the precipitation of approximately 3 orders of magnitude more
calcium carbonate mass than sulfate solid solutions. DC-W1
and DC-W2 PWRP cores lost little Ra within the carbonate-
targeted leaching step, even from surface sediments, though
calcite and dolomite PHREEQC-calculated16 saturation indices
generally indicated supersaturation throughout both cores
(Fig. S4†). For the PHREEQC calculations, bicarbonate
concentrations were estimated from the porewater charge
balance differences. From XRD analysis, DC-W1 core sedi-
ments, notably those at the sediment surface, indicated domi-
nance of calcium carbonate minerals comprising upwards of
75% (Table S6†). Oxic DC-W1 core sediments still maintained
>50% of the sediment Ra aer steps 1–5, with one section (DC-
W1 13–15 cm) still maintaining �85% of the sediment Ra aer
all 5 steps (the greatest percentage of Ra maintained of all
sediment sections analyzed). Any remaining Ra aer all leach
steps is operationally assumed to indicate the sequestration of
Ra in relatively recalcitrant minerals such as barite (SO4 > CO3).
XRD of the DC-W1 13–15 cm leach residue supported the
presence of remnant calcium carbonate minerals but did not
detect sulfate minerals, though amorphous sulfate mineral
compounds would not have been detected by XRD. From
PHREEQC saturation indices, DC-W1 porewaters indicated
supersaturation of barite throughout the sediment core (celes-
tite was undersaturated), whereas DC-W2 porewaters indicated
undersaturation of barite from 16–20 cm in depth. XRD indi-
cated trace amounts of barite or celestite in both cores at some
depths but less than 1% composition in quantied analyses
(Table S6†). Anoxic DC-W2 PWRP conditions indicate Ra asso-
ciations within the more labile exchangeable ion fraction of
sediments (>50%), in coordination with large mass losses of Ca
(much less than in DC-W1 core sediments), Ba, and Sr during
the second leaching step. XRD analysis indicated DC-W2 sedi-
ments comprised larger amounts of clay minerals such as
montmorillonite and illite, known to sorb large amounts of Ra.
Sorption of Ra by clay minerals is enhancedwhen large amounts
of quartz and other silicates are present, also supported by XRD
analysis (Table S6†).59,71,72 This may also be partly due to the
more reducing conditions that cause the release of Ra from
small amounts of more unstable calcium carbonate or sulfate
512 | Environ. Sci.: Processes Impacts, 2021, 23, 501–518
minerals (the majority of sediment S lost during leaching
occurred in step one targeting soluble salts). Themore oxidizing
conditions in DC-W1 indicate Ra may still be incorporated in
a sulfate/carbonate mineral (majority of sediment S lost during
leaching occurred in step four targeting carbonate minerals).
Sulde minerals were not detected at quantiable levels by XRD
in any samples and could not bemodeled with PHREEQC due to
a lack of sulde porewater concentration. However, the incon-
sistency in Fe(OH)3 saturation within the DC-W2 core (Fig. S4†)
paired with labile, water-soluble S and anoxic conditions,
potentially demonstrate that sulfate reduction is causing sulde
accumulation in the low Fe sediments without the formation of
sulde minerals.57 DC-PLAYA surface sediments behaved more
similarly to DC-W2. However, one depth section (DC-PLAYA 14–
16 cm), corresponding with a spike in Fe porewater concentra-
tion and an increasing SO4 concentration, maintains 61% of the
sediment associated Ra aer all leach steps 1–5.

CSW sediments with depth maintained a maximum of 36%
of the sediment Ra although conditions were increasingly
oxidizing with depth beyond 8 cm and SO4 concentrations in
porewaters were high (upwards of 24 000 mg L�1 at a depth of
24 cm). CSW sediment porewater concentrations, however,
demonstrate Ba concentrations below detection, limiting ther-
modynamic favorability of barite coprecipitation of Ra. Anoxic
sediment core sample CSW 2–4 cm relatively lost the most Ra of
all samples aer leaching step two targeting the exchangeable
fraction of the sediment. However, the original 226Ra activity
was only 57 Bq kg�1 and represents an original activity over
a magnitude less than some of the PWRP core sediments. All
three sediment core depth CSW leachates indicate S sediment
concentrations were easily leachable and between 77% and 88%
S mass loss occurred during the application of ultra-pure
distilled water, while Ba, Sr, and Ca were mostly leached as
exchangeable ions. Sequentially leached CSW sediments indi-
cated large counting errors associated with Ra gamma
measurement due to low original sediment activities and the
small mass of sample.

Overall, sequential leaching data indicates that organic
matter sorption of Ra may not be as signicant in attenuating
downstream sediment Ra activities as originally hypothesized.
While some of the organic matter-sorbed Ra could have been
lost during the second leaching step targeting exchangeable
ions, the lack of a clear association between Ra and organic
matter may be due in part to the overall low TOC sediment
compositions (measured in grab sediments) even within PWRPs
(Table S3†). The highest TOC composition was only approxi-
mately 4% in DC-W2 grab sediment, compared to other re-
ported PWRP sediment ranges (14–50% organic matter73) that
signicantly sorbed 228Ra (upwards of 30%) and smaller
amounts of 226Ra (upwards of 3%). From Dowdall and O'Dea
(2002), there was no signicant difference between 226Ra activ-
ities within the easily oxidizable organic matter fraction or the
iron oxide fraction of the soils. Additionally, carbonate minerals
at the sediment surface and near discharges represent a major
sink for Ra.16,74–77However, with increasing sediment depth, and
with increasing distance from the discharge, carbonate
minerals decrease in Ra sequestration importance, as was also
This journal is © The Royal Society of Chemistry 2021
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deduced with increasing distance from NPDES discharges by
McDevitt et al. (2019). Ultimately, for ecological and human
health, it would be ideal if Ra was mostly associated with sulde
minerals (determined with relatively how much Ra is lost
during leach step 5), or even more recalcitrant, sulfate solid
solutions such as (Ba,Ra)SO4 or (Ba,Sr,Ra)SO4 (determined with
relatively how much Ra remains aer step 5).78–80 These solid
solutions represent a Ra sink that is more difficult to dissolve
under rapidly changing equilibrium conditions, and thus
prevents Ra mobility and bioavailability within the PW streams.

Vegetative uptake of Ra from produced water for benecial
use

From vegetation samples analyzed for Ra accumulation, back-
ground wetland (CSW) cattail roots accumulated much less
226Ra (7 Bq kg�1 dry weight) compared to vegetation collected
from areas impacted by PW discharges (upwards of 880 Bq kg�1

dry weight) (Table S7†). The slope of the linear correlation of
226Ra in the plant material to 226Ra in the substrate represents
the concentration ratio (Cr), dened as the Ra activity in Bq kg�1

dry weight in the plant material to Ra activity in Bq kg�1 dry
weight of the sediment. Ra activity in the sediment section at
5 cm depth was utilized in the calculation as previous studies
indicate all roots are within 0–20 cm depth for Typha species
that have deeper root systems than grasses with highest rooting
density at depths 0–2.5 cm.81–83 It is important to note that it has
been shown that plants accumulate Ra more in roots > stems >
shoots > leaves as can be evidenced at most study sites with the
exception of DA-W1, DB-100 m, DB-W1 where leaves > roots.

It has been debated whether Ra in the plant increases line-
arly with Ra in the substrate, as a constant concentration ratio
would assume, or whether it plateaus at some maximum.66,84,85

Our data indicate that in general, Ra in the plant increases with
Fig. 8 (A) Log of the 226Ra activity in plant anatomy versus log sediment
and (B) Exchangeable-normalized Cr for

226Ra versus percentage exchan
corresponding core section or as reported in McDevitt et al. (2019). Dat

This journal is © The Royal Society of Chemistry 2021
Ra in the substrate and a plateau in root samples may be
reached (Fig. 8A). The assumption of linearity in soil to plant
transfer factors was previously supported when contaminant (U,
Th, 226Ra) activities utilized in the regression were wide ranging
(�2 magnitudes).86 Previous studies theorized that Cr decreases
as a function of substrate concentration due to saturation
phenomenon by Ca and other exchangeable alkaline earth
metals at plant roots limiting Ra adsorption and its biological
uptake rate.84,87 Additionally, the strong negative correlation
between the partitioning coefficient (Kd) and Cr for contami-
nants (Cs, Se, I, Pb and U) indicated the importance for
considering the ions available in soluble form, not total soil
concentration.85 Madruga et al. (2001) demonstrated the need to
consider the exchangeable ion fraction of the total soil
concentration that is bioavailable to plants and that Cr values
calculated based on the exchangeable 226Ra were an order of
magnitude higher than those based on total soil 226Ra activi-
ties.88 From our leaching data step two, utilizing 1 M ammo-
nium acetate to ush exchangeable Ra, Cr-exchangeable values for
the plant material were calculated and range from 1.3 to 11
times larger than the respective total sediment 226Ra Cr. Cr-

exchangeable values decrease with increasing percentage of
exchangeable 226Ra (Fig. 8B), similar to ndings by Simon and
Ibrahim (1990) and Williams (1982). While the exchangeable
ion fraction is an important consideration for bioaccumulation,
no signicant effect of soil type was observed on the Ra Cr.66

Decreasing Ra Cr-exchangeable as a function of increasing
exchangeable sediment Ra, indicates that the more bioavailable
the Ra in the sediment, the less the plants are acting as a Ra
sink, which may have implications for increased Ra transport.

The ERICA Assessment Tool89 was utilized to estimate radia-
tion dosing to vascular plants and other aquatic life based on
default Cr values (Bq kg�1 (fresh weight) divided by Bq L�1 of
226Ra activity from the 5 cm section of the respective sediment sample
geable sediment 226Ra measured during leaching step two in the 5 cm
a is also presented in Table S7.†
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water) and Kd value (L kg�1). At all sites, including background
CSW, insect larvae, mollusks and zooplankton exceeded the rec-
ommended conservative weight absorbed dose (10 mGy h�1),
amphibians and birds exceeded the recommended dose at all
PWRP sites, and mammals did not exceed the 10 mGy h�1 at any
study sites. It is important to note that study site Kd values
(�420 L kg�1) determined from discharge permit aqueous Ra
activities and measured sediment activities were approximately
34 times smaller than the default ERICA Kd value of 14 000 L
kg�1. The Kd and Cr values are highly dependent on water
chemistry, soil composition (clays, Ra-incorporating minerals,
Ra-sorbing minerals), and redox parameters which affect the
bioavailability of Ra. Despite adjusting the Kd value to calculated
values, predicted vascular plant Ra accumulation at DC-D (�570
Bq kg�1 dry weight) greatly exceeded measured plant Ra accu-
mulation (�76 Bq kg�1 dry weight), and thus overestimated
vascular plant dosage. As a big-picture, consolidated, adjustable
tool ERICA can provide a rapid assessment of potential negative
consequences to aquatic life but results should be conrmed by
training the tool withmeasured values prior to potential decision-
making.

Cattails provide a main food source and nesting habitat for
muskrats (Ondatra zibethicus). A previous study reported signi-
cant 226Ra accumulation in cattail vegetation downstream of
uranium tailing drainage and local muskrat bones (mean of 344.9
Bq kg�1, n ¼ 36) compared to two control sites (mean of 80.3 Bq
kg�1, n ¼ 9).90 Muskrats are currently experiencing widespread
population declines in North America.91 Assuming the average
mass of a muskrat is 1.14 kg,92 a muskrat consumes approxi-
mately one-third of its body weight in cattail vegetation daily, and
the highest total Ra measured in cattail vegetation was 150 Bq
kg�1, we estimate a maximum daily muskrat Ra activity intake of
57 Bq per day. Compared to the cattail vegetation reported at
background site CSW of 7 Bg kg�1, a muskrat could be estimated
to consume 2.7 Bq per day, approximately 20 times less than the
highest PWRP site. Estimated mean Cr-wo/soil (Ra in whole
organism (Bq kg�1 fresh weight)/Ra in soil (Bq kg�1 dry weight))
for Ra in herbivorous mammals is 6.1 � 10�3.93 Utilizing the
highest soil total Ra activity in this study of 4289 Bq kg�1 we
conservatively estimate whole organismmuskrat Ra activity as 26
Bq kg�1. Further, by multiplying whole organism Ra activity by
a factor of 38 (ref. 93) we can estimate Ra activity in the muskrat
tissue as 994 Bq kg�1. From ERICA, 994 Bq kg�1 fresh weight
would lead to an estimated weight absorbed dose of 142 mGy h�1,
a range in which mice populations reportedly experienced
decreased fecundity and decreased early survival rates and male
pig fertility signicantly decreased. Ra incorporated into animal
tissues can pose severe health issues due to radioactive decay
linked to lung and bone cancers.94 In terms of Ra sequestration,
substantial uptake of Ra in cattails and other plants does not
represent an ideal treatment mechanism if plants are allowed to
be consumed by wildlife.

Conclusions

In this remote region of Wyoming, annually, billions of Bq of
radium activity are permitted for release to ephemeral draws
514 | Environ. Sci.: Processes Impacts, 2021, 23, 501–518
that represent consistent sources of low-level Ra contamination
to sediments. PWRPs downstream provide a successful treat-
ment for the oxidation of PW organic contaminants which were
observed to degrade with distance downstream in a companion
study.58 However, inorganic PW concentrations, namely Na, Cl,
and SO4 were not reduced throughout the PWRP series down-
stream of NPDES discharge outfalls; instead, SO4 concentra-
tions increased substantially downstream of discharge A. Ra,
specically, was observed to accumulate more within PWRP
sediments compared to sediments collected at the respective
PWRP outfall, indicating PWRPs may provide a sink for
capturing ne particle-associated Ra. Unlike previous ndings
of Ra associated with grab sediment carbonate minerals near
NPDES discharges, Ra was less associated with carbonate
minerals both with depth and with increasing distance down-
stream of discharges. The decreasing association of Ra with
carbonate minerals could offer a preferred, long-term, Ra
sequestration mechanism if incorporated into sulfate minerals
(best) or recalcitrant iron sulde minerals (redox-controlled).
Samples that were leached and retained the most Ra aer
leaching steps 1–5 (i.e. DC-W1) also corresponded with samples
that had the most oxic porewater measurements. Anoxic PWRP
conditions likely induce instability in both sulfate and
carbonate minerals as could be seen in the bulk loss of Ra, Ba,
Sr, and Ca in the exchangeable ion-targeted leach step and the
loss of S in the water-soluble ion-targeted step. Microbial
community and vegetation community changes may induce
some of the varying redox conditions both with depth and
distance downstream. The correlation between Ra recalcitrance
and oxic conditions supports the treatment need for PWRPs to
remain oxygenated for best Ra capture and bioavailability
prevention.

Moving forward, treatment optimization can likely occur by
maintaining one aerobic polishing PWRP near the NPDES
discharge outfall, which already contain a series of settling
tanks or ponds prior to discharge of net alkaline PW.40 Ideally,
this wetland would allow for volatilization of remaining
hydrogen sulde gas post-treatment, increase in DO, and ample
retention time for Ra-associated particle settling. A small baffle
could be installed to allow aeration through a waterfall and
a dense stand of cattail vegetation could be transplanted to aid
in maintaining oxic redox conditions. Cattail vegetation in this
location would require a physical barrier to prevent wildlife
consumption and habitat use. Upkeep on this aerobic PWRP
could include ORP readings in real-time by low maintenance,
solar-powered sensors in sediments within the PWRP to ensure
oxidizing conditions and grab sediment sample collection from
the PWRP outfall to ensure low Ra activities and minimal
mobilization. Should redox conditions change from oxic to
anoxic, and Ra activities downstream of the PWRP increase,
sediments within the PWRP may need additional oxygenation.
Passive Ra treatment by oxic wetlands can provide a relatively
cheap addition to minimal PW treatment intended for bene-
cial use occurring in remote regions of Wyoming; however, it is
imperative that conditions remain oxic for Ra sequestration
that best protects downstream human and ecological health.
This journal is © The Royal Society of Chemistry 2021
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