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A B S T R A C T

Centralized waste treatment facilities (CWTs) in Pennsylvania discharged wastewater from conventional and
unconventional oil and gas (O&G) wells into surface waters until 2011, when a voluntary request from the
Pennsylvania Department of Environmental Protection (PA DEP) encouraged recycling rather than treating and
discharging unconventional O&G wastewater. To determine the effect of this request on the occurrence of ra-
dium in streams, we sampled sediments at five CWTs that processed conventional O&G wastewater from 2011 to
2017 and compared results to published data. Despite the policy change in 2011 that reduced disposal of un-
conventional wastes (i.e., Marcellus) to surface water in Pennsylvania, the continued disposal of conventional O
&G wastewater led to elevated radium activities in sediments at the point of discharge that were often hundreds
of times higher than background. While these elevated activities were also present in downstream sediments
(1.5× higher than background), the elimination of unconventional O&G wastewater disposal through the CWTs
since 2011 decreased radium loading to the stream by approximately 95%.

Sequential extractions and geochemical modeling using PHREEQC indicate that radium likely co-precipitates
with barite or barite-celestite solid solutions and accumulates in the sediment as treated O&G effluent enters the
stream. Adsorption of “exchangeable” radium, barium, and strontium on hydrous iron and manganese oxide
coatings on fine-grained stream sediments is an important radium sequestration mechanism further downstream
that can decrease the cation concentrations and potential for radio-barite co-precipitation. Radium downstream
of CWTs was more abundant and more available for dissolution and desorption than radium in upstream se-
diments.

1. Introduction

Oil and gas (O&G) production in Pennsylvania generates billions of
liters of wastewater per year that has high concentrations of total dis-
solved solids (TDS), heavy metals, and naturally occurring radioactive
material (NORM) (Dresel and Rose, 2010; Kargbo et al., 2010; Osborn
and McIntosh, 2010; Rowan et al., 2011; Wilson and VanBriesen, 2012;
Haluszczak et al., 2013; Akob et al., 2015; PADEP, 2016a, b). When O&
G wastewater is treated in centralized wastewater treatment facilities
(CWTs) and discharged to surface waters, it can impact water quality
and cause elevated activities of radium in sediments (Kargbo et al.,
2010; Gregory et al., 2011; Wilson and VanBriesen, 2012; Ferrar et al.,
2013; Warner et al., 2013; Brantley et al., 2014; Vengosh et al., 2014;
Harkness et al., 2015). Radium is a radioactive alkaline earth metal that

is found naturally throughout the environment in low activities (e.g.,
78–100 Bq/kg combined radium in New York State soils) (NYDEC,
1999) but can increase cancer risks at higher concentrations, especially
when ingested in drinking water (International Atomic Energy Agency,
2014). Radium-226 and radium-228 (226Ra and 228Ra), two isotopes of
radium, are persistent environmental pollutants with half-lives of 1600
and 5.75 years, respectively (International Atomic Energy Agency,
2014). The US Environmental Protection Agency (USEPA) established a
maximum contaminant level of 0.185 Bq/L (5 pCi/L) combined radium
in public drinking water, where combined radium is defined as the sum
of 226Ra and 228Ra (USEPA, 2000). Generally, radium may be expected
to precipitate or sorb with other alkaline earth cations in the environ-
ment. In a freshwater aquifer and associated surface waters, radium
could be in the aqueous form (primarily as Ra2+, and associated
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complexes, including RaOH+, RaCl+, RaCO30, RaSO40, etc.); sorbed to
iron oxide (ferrihydrite, goethite), manganese oxide (manganite, to-
dorokite, birnessite), clays (kaolinite, illite, muscovite), and organic
matter; or co-precipitated with barite (BaSO4), celestite (SrSO4), or al-
kaline earth carbonates such as witherite (BaCO3) and strontianite
(SrCO3) (Ames et al., 1983a; Langmuir and Riese, 1985; International
Atomic Energy Agency, 2014; Sajih et al., 2014). Radium commonly co-
precipitates with barite, celestite, and (Ba,Sr)SO4 solid solutions during
the O&G treatment process through the addition of sulfate (Zhang et al.,
2014). The sulfate compounds, particularly barite and associated solid
solutions, are relatively insoluble with a low bioaccumulation risk
(Menzie et al., 2008).

Wastewaters from O&G wells in the Appalachian Basin generally are
brines with higher activities of total radium compared to freshwater.
However, radium activities vary depending on the origin of the O&G
wastewater (Rowan et al., 2011, 2015; Blondes et al., 2017; Lauer et al.,
2018). The wastewaters from unconventional O&G wells in the Appa-
lachian Basin generally have higher radium activity (e.g., 91 Bq/L for
Marcellus Shale) than wastewaters from conventional gas formations
(median=27 Bq/L) (Rowan et al., 2011, 2015). Unconventional re-
servoirs also have higher parent 238U/232Th ratios than conventional
formations resulting in lower 228Ra/226Ra ratios (median value of 0.19)
in unconventional wastewater compared to conventional wastewater
(median value of 1.04) (USEPA, 2011; Warner et al., 2013; Hladik et al.,
2014; Harkness et al., 2015; PADEP, 2016a, b; Lauer et al., 2018) or
typical groundwater from sandstone aquifers (Vengosh et al., 2009;
Szabo et al., 2012). Thus, 228Ra/226Ra ratios are useful for distin-
guishing conventional and unconventional wastewaters (Rowan et al.,
2011, 2015) which are otherwise similar in terms of major element
chemistry (Chapman et al., 2013; Haluszczak et al., 2013). The ratios
have been used to help determine the sources of contamination in both
accidental spills and at disposal sites (Hladik et al., 2014; Akob et al.,
2016; Cozzarelli et al., 2017; Lauer et al., 2018).

In Pennsylvania, prior to 2011, publicly owned treatment works
(POTWs) for domestic sewage and CWTs were permitted through the
National Pollutant Discharge Elimination System (NPDES) and accepted
both conventional and unconventional O&G wastewater.
Unconventional O&G wastewater discharged through NPDES permitted
facilities peaked in 2009 and decreased thereafter, following reports of
elevated concentrations of bromide and associated organohalide com-
pounds in source water intakes downstream of treatment facilities in
western Pennsylvania (Hladik et al., 2014; Good and VanBriesen,
2016). In April 2011, the Pennsylvania Department of Environmental
Protection (PA DEP) requested that O&G producers stop disposing
produced water from unconventional shale development at wastewater
treatment facilities with NPDES permits (Ferrar et al., 2013; Good and
VanBriesen, 2016). Operators largely complied with this request and, as
a result, O&G wastewater discharge to surface water decreased by 50%
from 2011 to 2014 while the use of recycled O&G wastewater for hy-
draulic fracturing dramatically increased (Burgos et al., 2017). Despite
these changes in the management of unconventional wastewaters,
conventional wastewater continues to be accepted at CWTs and dis-
charged to surface water through NPDES permits.

Although O&G wastewaters are treated at NPDES permitted facil-
ities, concentrations of radium are generally found to be elevated in
downstream river sediments (Warner et al., 2013; PADEP, 2016a, b;
Burgos et al., 2017; Lauer et al., 2018). In 2011, 2012, sediments at a
CWT effluent discharge in Blacklick, PA contained radium activities
200 times greater than concentrations upstream; however, that study
only investigated one facility and did not collect samples more than
1800m downstream of the discharge (Warner et al., 2013). Sediment
samples collected near the discharges of multiple CWT facilities after
2011 have higher 228Ra/226Ra ratios than earlier samples, which in-
dicate that conventional O&G wastewater discharged from 2011 to
2017 contributed to radium accumulation in sediments (Lauer et al.,
2018). Sediments would be expected to contain the lower 228Ra/226Ra

ratios if the elevated residual radium was from past disposal practices
containing conventional O&G wastewater (Lauer et al., 2018). Two
studies conducted by PA DEP contractors also reported elevated radium
activity in sediments collected from discharge points at three CWT sites
in 2010, 2013, and 2014 (USEPA, 2011; PADEP, 2016a, b). Ad-
ditionally, in 2015, researchers observed radium activities 3 to 4 times
background activities in a sediment core from the Conemaugh River
Lake, 19 km downstream of a CWT that treated unconventional was-
tewater (Burgos et al., 2017). Other investigations of sediments col-
lected from discharge points of five POTWs in western Pennsylvania
that accepted O&G wastewater did not document radium significantly
elevated from background concentrations (Skalak et al., 2014). Al-
though previous studies have demonstrated increased radium activity
at the point of CWT discharges, no study has evaluated the distribution
(a) at a larger spatial scale (b) the temporal nature of the changes
downstream and (c) the mineralogy and ultimate mobility of the ra-
dium in the sediments.

The goals of this project were: (1) to characterize radium activities
and distribution over an extended 58 km transect upstream and
downstream of O&G wastewater treatment facilities for evidence of
watershed-scale impacts, (2) to assess if the 2011 request from the PA
DEP to recycle unconventional O&G wastewater rather than dispose it
at CWTs resulted in decreased radium activities in sediments at the
points of discharge, and (3) to determine the solid-phase associations
and potential mobility of radium in the sediment upstream and down-
stream of the treatment facilities.

2. Materials and methods

2.1. Sample Collection

We collected grab sediment samples from the upper 5 cm of the
sediment surface upstream, downstream, and at the point of discharge
from five NPDES- permitted O&G wastewater discharges in western
Pennsylvania that discharge to Blacklick Creek (CWT-A and -B), the
Conemaugh River (CWT-C), and the Allegheny River (CWT-D and -E).
All the facilities, excluding CWT-B, reported accepting unconventional
O&G wastewater from 2007 to 2011. CWT-B reported accepting only
conventional O&G wastewater. The sediment sampling avoided large
boulders or gravel that were present at some facilities. Sediment sam-
ples near the point of discharge were collected in duplicate during
multiple sampling events from 2011 to 2017 at locations within 1–5m
of the discharge pipe depending on both water flow conditions and the
presence of boulders. Separately, the Blacklick Creek transect (58 km)
consisted of samples (total n= 80) collected in August 2016 (n=40),
December 2016 (n=8), or July 2017 (n=32) (Fig. 1). These samples
were collected from the right bank of the stream every kilometer
(± 100m) along the transect. Samples were typically collected in
1–10 cm water depth.

2.2. Radium Measurement

Sediment samples were dried in an oven at 60 °C, ground to
homogeneity using a mortar and pestle, and sieved through a 1.18mm
sieve. Samples were then packed into 20mL high-density polyethylene
scintillation vials. Prior to measurement, vials were sealed and taped for
a minimum of 20 days to allow 226Ra daughter decay products (222Rn,
214Pb, and 214Bi) to reach secular equilibrium (Parekh et al., 2003). For
CWT effluent samples, radium was extracted by BaSO4 precipitation,
collected on filter paper and then measured. For sediment samples
collected prior to 2016, 226Ra and 228Ra were measured on an ultra-low
background broad energy germanium (BEG) detector manufactured by
Canberra Instruments located at Dartmouth College Short-Lived
Radionuclide Laboratory in Hanover, NH.

For sediment samples collected after 2016, radium was measured
with a small anode germanium detector (SAGe) manufactured by
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Canberra Instruments located at Penn State University's Tracing Salinity
with Isotopes (SALTS) lab. Additional details regarding radium mea-
surement methods are in the Supplemental Information section. All
samples were measured in the same vessel geometry as the calibration
standards uranium ore tailings (UTS-2, UTS-3, and UTS-4) obtained
from Canadian Certified Reference Material Project through Natural
Resources Canada with certified 226Ra and 228Ra activities of 5.6 Bq/g
and 1.0 Bq/g, respectively. The UTS standards had a similar density
(1.47 g/mL) compared to prepared samples (1.1–1.47 g/mL). Samples
were measured until counting uncertainty errors were less than 5% for
each energy, typically between 6 and 24 h.

2.3. Sediment Characterization

The grain size distribution of a subset of dry sediment samples post-
pulverization was measured by sieving and measuring the mass that
passed through each sieve. Sediments were sieved into three sizes:
coarse sands (> 300 μm), fine sands (300–45 μm), and silts and clays
(< 45 μm). The mineralogy of the sediments was analyzed by quanti-
tative X-ray diffraction (XRD) using a X'Pert PRO MPD located in the
Materials Characterization Lab at The Pennsylvania State University
and Jade software. Scanning Electron Microscopy (SEM) and Energy
Dispersive X-ray Spectroscopy (EDS) were done using a FEI Quanta 200
Environmental SEM and Aztec software.

Radium distribution in selected sediment samples (n=4) from
upstream, at the point of discharge of CWT-A, and downstream of CWT-
B was determined with a four-step sequential-extraction procedure
(Stewart et al., 2015; Tasker et al., 2016). The procedure was performed
in duplicate and targeted (1) soluble salts using ultrapure water; (2)
surface exchangeable and low-charge interlayer cations using ammo-
nium acetate buffered to pH 8; (3) carbonate minerals using 8% acetic
acid; and (4) high-charge interlayer cations, partial silicates, and oxides
using 0.1M hydrochloric acid. The aqueous solutions were added to
sediments at a 20:1 vol:mass ratio. The first extraction was shaken for
24 h and the second, third, and fourth were shaken for 12 h. Selected
extracts were analyzed for major cations and trace metals (see

supplemental material). Following each leaching step, the solid residue
was rinsed and centrifuged 3 times with ultrapure water. Then, the
sediments were freeze dried and the radium activity was measured
before proceeding to the next extraction step.

Radium sorption experiments were conducted on a subset of dry
sediments collected upstream of CWT-A and CWT-E. Sediments were
sieved to less than 1.18mm and then mixed with a brine collected from
a conventional gas well containing 115 ± 4 Bq/L 226Ra and 27 ± 1
Bq/L 228Ra. The sediment (20 g) was mixed with 200mL of diluted
brine (50×, 25×, and 5× dilution) for 24 h on a shaker table. The
sediments were rinsed three times with distilled water following the
application of the diluted brine and then freeze dried. Radium activity
in the dried sediments was measured prior to and after brine applica-
tion to determine radium sorption.

2.4. Statistical Analysis

The statistical program R (version 3.1.2) was used to conduct
Kruskal- Wallis tests, regressions, and pairwise Wilcoxon rank sum tests
with Bonferroni corrections for multiple comparisons. Values to the
fourth decimal point were used to conduct Wilcoxon rank sum tests.
The Blacklick Creek and Conemaugh River streambed sediment data
from sampling in 2016 and 2017 was combined and then divided into
three sections: upstream of all CWTs (U, n=18), downstream of CWT-
A (A, n=12), and downstream of CWT-B (B, n= 46). The point of
discharge at CWT-A was omitted from these sections to prevent the high
radium activity value from skewing the mean for the downstream
segments. The point of discharge of CWT-B was not readily accessible,
but we estimate the nearest sample point to the discharge pipe to be
approximately 1 km downstream.

2.5. Geochemical Modeling Methods

The aqueous geochemical program, PHREEQC (Parkhurst and
Appelo, 2013), was used to compute aqueous and surface speciation
and potential for selected minerals to precipitate as pure phases or solid

Fig. 1. Location of CWTs and POTWs that
accepted O&G wastewater (yellow trian-
gles) in Pennsylvania. Five CWTs were
sampled during this study (red triangles),
including a detailed transect that collected
80 sediment samples over roughly 58 km of
stream length that included locations both
above and below three CWTs (A, B and C).
CWT is centralized waste treatment facility;
POTWs is publicly-owned treatment works.
(For interpretation of the references to
colour in this figure legend, the reader is
referred to the Web version of this article.)
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solutions from the median CWT-A effluent and associated upstream and
downstream waters. To evaluate the attenuation of radium by dilution
and chemical interactions after discharge of the effluent, samples re-
presenting the point of discharge at CWT-A and the upstream water of
Blacklick Creek were mixed in various proportions (up to 10% CWT-A
by volume), consistent with the relative flow volumes of the river and
NPDES discharge during high-to low-flow conditions (Table S8). Four
different scenarios were simulated, all with the same range of mixing
fractions (Table S9) and initial water chemistry (Table S10): (1) con-
servative mixing, (2) mixing plus precipitation of pure mineral phases,
(3) mixing plus precipitation of pure and solid-solution phases, and (4)
mixing, mineral precipitation, and adsorption of radium, barium,
strontium, and other ions by hydrous ferric oxide (HFO) and hydrous
manganese oxide (HMO). The potential for co-precipitation of radium
with barium was evaluated assuming ideal, binary (Ba,Ra)SO4 solid
solution of barite and RaSO4. Thermodynamic data from “wateq4f.dat”
(Ball and Nordstrom, 1991) were supplemented with additional data for
radium species and phases from Langmuir and Riese (1985) and
“sit.dat” (Giffaut et al., 2014) provided with PHREEQC. Sorption of
cations and anions on HFO considered the monoprotic, diffuse double
layer (MDDL) model of Dzombak and Morel, (1990) with surface
binding coefficients for radium and barium reported by Sajih et al.
(2014). Sorption of cations including barium and strontium on HMO
considered the MDDL model of Tonkin et al. (2004). The binding
coefficient for radium on HMO was estimated using its first hydrolysis
constant and linear free energy relation (LFER) reported by Pourret and
Davranche (2013) based on the data of Tonkin et al. (2004).

A second set of PHREEQC models simulating the adsorption of ra-
dium, barium, and strontium by HFO and HMO was developed to de-
monstrate potential interactions (competition) between the formation
of (Ba,Ra)SO4 solid-solution and adsorption of Ra, Ba, and Sr as a
function of pH, solute concentrations, and sorbent mass and composi-
tion. Two solution concentrations were considered based on previous
simulated mixtures of CWT-A and Blacklick Creek (1) 1% CWT-A and
(2) 10% CWT-A. Either HFO or HMO was specified as the sorbent
surface for a range of different masses per liter of solution:
0.010 g–1.0 g. Adsorption simulations included precipitation of (Ba,Ra)
SO4 solid solution. The four modeled scenarios demonstrate (1) po-
tential for elevated radium in solution, absent precipitation or adsorp-
tion reactions, (2) potential for pure phases to limit barium, strontium,
and radium concentrations; (3) potential for solid solutions to limit
barium and radium concentrations, and (4) interplay between pre-
cipitation and adsorption as possible controlling processes of barium,
strontium, and radium. Example PHREEQC codes used for both sets of
simulations and selected graphical results are included with
Supplemental Information.

3. Results and discussion

3.1. Temporal Radium Activities in Sediments

Despite the decrease in discharge of unconventional O&G waste-
water from treatment facilities to streams, radium activity in sediments
at the point of discharge at three treatment facilities remained elevated
after 2011 (Fig. 2 and Fig 3). Sediments near the point of discharge at
CWT-A and CWT-D had the highest total radium activities in 2014 with
15,000 ± 200 Bq/kg and 24,600 ± 740 Bq/kg, respectively (Fig. 2).

In 2015, CWT-A underwent remediation where sediments were re-
moved from the streambed at the point of discharge for roughly 10m
into the stream and 200m downstream (Fig. S1). Prior to remediation,
the radium activity at CWT-A was greater than 7400 Bq/kg (Fig. 2) with
228Ra/226Ra ratios from 0.22 to 0.47. Following remediation, sediments
collected at the point of discharge of CWT-A in 2016 contained radium
activity of 407 ± 15 Bq/kg and then in 2017 sediments contained
1591 ± 22 Bq/kg. Although the remediation was effective in reducing
radium concentrations at CWT-A, the subsequent increase in radium at

the discharge suggests that the stream may require remediation again in
the future since radium activities are above the USEPA limits of 5 pCi/g
(185 Bq/kg) above background. At the point of discharge of CWT-A, the
228Ra/226Ra ratios in sediments increased from 0.58 in 2016 to 0.82 in
2017, suggesting conventional O&G wastewaters with higher
228Ra/226Ra were the source.

Compared to the other facilities, CWT-E had low radium accumu-
lation with 48 ± 4 Bq/kg being the highest radium concentrations
measured in 2017. These low measurements could result from various
factors such as low activities in the effluent at the facility because of
better treatment or variability over time in the treatment performance
for removing metals as observed previously (Ferrar et al., 2013). It is
important to note that another previous study found higher activity at
the point of discharge for CWT-E (Lauer et al., 2018), indicating there is
large variability in radium activity at small temporal or spatial scales.

The radium activity at CWT-D decreased in 2017 but was
4810 ± 111 Bq/kg which is well above regulations that designate 185
Bq/kg above background as a standard for land surfaces impacted by
radioactive waste materials (40 CFR §Section 192.12) or materials that
can be landfilled [(ORC § 3734.02 (P)(2)]. Overall, the results de-
monstrate that both conventional and unconventional wastewater in-
creased radium activities in sediments at three CWTs (Fig 2 and Fig. 3).
Despite the apparent increase in radium at CWT-A following 2011, our
estimates suggest that activities would have been much higher if fa-
cilities had continued to accept unconventional O&G wastewater.
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Fig. 2. Total radium (228Ra+226Ra) in surficial sediments collected at three
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discharge indicates distance upstream whereas a positive distance indicates
distance downstream from the discharge.
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3.2. Wastewater and Surface Water Characterization

We estimated the 226Ra loads from CWT-A and -D during
2011–2015 using effluent radium activities reported by the USEPA
(USEPA, 2011) and disposal data reported on the PADEP O&G reporting
website for two scenarios: (1) the actual discharge and (2) the discharge
if facilities had continued to accept unconventional wastewater. The
volumes of unconventional and conventional O&G wastewater accepted
at five CWTs, including CWT-A and CWT-D, from 1995 to 2015 are
shown in Fig. 3. We assumed the discharge volumes for scenario 2 were
the mean of the volumes during the time CWTs were accepting un-
conventional O&G wastewater (2008–2011). Based on these assump-
tions, CWT-A and CWT-D would have discharged ∼80% and ∼120%
more O&G wastewater without the voluntary request from the PA DEP.

Due to the uncertainty in predicting discharge volumes from the
CWTs and effluent radium concentrations over time, we acknowledge
that there are uncertainties in radium load estimates from the CWTs.
For CWT-A, the mean 226Ra activities were 2 Bq/L (n=2) prior to 2011
and 0.1 Bq/L (n= 12) during 2011–2015. The activities modeled for
CWT-D were 4 Bq/L (n=2) before and 0.3 Bq/L (n= 1) after the fa-
cility stopped accepting unconventional wastewater. The data suggest
that the elimination of unconventional O&G wastewater after 2011 may
have reduced 226Ra loads by ∼95% of the pre-2011 load. Due to high
standard deviation in reported effluent activities and NPDES reported
discharge volumes, calculated reductions are imprecise but suggest the

2011 policy change resulted in notable decreases in the volume of
unconventional O&G wastewater and associated radium discharges to
streams.

3.3. Spatial Distribution of Radium in River Sediments

The mean radium activity in the section upstream of CWT-A (U) was
102 ± 4 Bq/kg which is consistent with reported background values in
New York and Pennsylvania (NYDEC, 1999; Warner et al., 2013). At the
CWT-A point of discharge, the average total radium activity of the two
samples was 420 ± 14 Bq/kg (Fig. 4). Sections A and B, downstream of
CWT-A and CWT-B, respectively, had mean total radium activities of
96 ± 4 Bq/kg and 149 ± 6 Bq/kg.

Section B had significantly higher mean radium activity than sec-
tions A and U (p < 0.01). Sections U and A (excluding the point of
CWT-A discharge) were not significantly different. Note that these
samples were collected following the 2015 remediation of CWT-A. The
remediation removed sediments that were noticeably impacted and
reported in 2013 (Warner et al., 2013). The mean 228Ra/226Ra ratios
were 1.33 ± 0.21 σ in section U, 0.69 ± 0.16 σ at the point of dis-
charge of CWT-A, 1.29 ± 0.14 σ in section A, and 1.21 ± 0.18 σ in
section B (Table S5). The 228Ra/226Ra ratios were significantly lower
(p= 0.05) in section B than U. This lower ratio in section B combined
with higher activity is consistent with radium from O&G wastewater.

Radium activities in the sediments of two other background sam-
pling locations, Two Lick Creek and upstream Conemaugh River, were
lower than section B (Fig. 4) and likely did not contribute to the high
radium activities observed. The elevated radium activity in section B
could possibly be from a combination of CWT-A, which has a history of
radium pollution (Warner et al., 2013) and CWT-B which only accepted
conventional O&G wastewater. Section A was not significantly different
than section U, likely due to the remediation at CWT-A that removed
sediments with elevated radium. The discharge pipe of CWT-B was not
observed during sampling and therefore no samples were collected di-
rectly from the point of discharge that might indicate elevated radium
(or little/no radium). Therefore, the large transect of sediment indicates
that O&G wastewater disposal may have watershed scale impacts on
radium concentrations in sediments, but the overall increase is rela-
tively small (44–52 Bq/kg).

Besides O&G wastewater discharge from the CWTs, elevated levels
of radium in stream sediment could be caused by O&G brine spreading
on roads, coal-mine drainage and associated sediment, ash generated
from combustion processes, or physical processes that increase the
amount of fine-grained materials, which preferentially sorb radium
(Centeno et al., 2004; Crespo et al., 1993; International Atomic Energy
Agency, 2014; Lauer et al., 2015; Burgos et al., 2017; Tasker et al.,
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2016). All these mechanisms are active in the Blacklick-Conemaugh
waterway and could be partially responsible for the higher radium
activities observed in section B. Indiana County used O&G brine on
roads for dust suppression and deicing (PADEP, 2016a, b). Though
Blacklick Creek is impacted by coal mine drainage upstream of all three
CWTs sampled, mine drainage is not expected to be a source of radium
since measured radium activities (Warner et al., 2013) and barium and
strontium concentrations (Cravotta, 2008) are very low. Additionally,
abundant HFO and HMO in surficial sediments can sequester the ca-
tions from Homer City Generating Station, a coal fire plant, is located
within a few miles of the sampling transect on Conemaugh River. Coal
combustion residuals in the Appalachian region have a mean
228Ra/226Ra ratio of 0.67 which could contribute to the lower ratio seen
in section B (Lauer et al., 2015). The Conemaugh River Dam created a
low-energy zone that caused fine-grained sediments to accumulate
(Burgos et al., 2017). The 31 km section of Conemaugh River where we
observed elevated radium activity may be affected by O&G wastewater
disposal plus additional factors, noted above, though those processes
have been active far longer than the disposal of unconventional O&G
wastewater and presumably stream sediment radium concentrations
have already equilibrated with the other processes active for much
longer duration.

3.4. Sediment Characterization and Radium Distribution

We characterized the occurrence and distribution of radium in
various sediment components by particle-size separation, sequential
extraction, and exposure to O&G brine (sorption experiments). The
mineral and elemental components of the sediments as determined by
XRD, EDS, and chemical analysis of extracts suggest that radium could
be present in association with relatively inert forms, such as barite, and
more labile (adsorbed) forms, such as clays (kaolinite, muscovite) or
oxides (HFO, HMO).

Radium was associated primarily with fine-grained silts and clays
(p < 0.01, R2= 0.76), which have greater unit surface area than
coarse sediments. The percent silt and clay composition increased with
distance downstream (Fig. 5); section B had a greater fraction of silts
and clays than section U (p=0.04) or A (p=0.01). Thus, transport
and deposition of fine-grained sediment could account for the greater
mean radium activities in section B compared to upstream sections.

Sediments were composed primarily of relatively inert silicates,
including quartz, muscovite, and kaolinite (Fig. 6), with minor clino-
chlore and goethite. Muscovite, present in all samples analyzed, can

sorb substantial amounts of radium and has a higher affinity for radium
than kaolinite (Beneš et al., 1986). Kaolinite can rapidly sorb radium
from surface waters but the bonding is weak and easily reversible
(Ames et al., 1983b; Beneš et al., 1985). Quartz has a negligible impact
on radium sorption (Beneš et al., 1984). Nevertheless, goethite and
other HFO coatings on any of these mineral surfaces, particularly the
fine-grained particles that have high unit surface area, could sorb ra-
dium and other alkaline earth cations, particularly at near-neutral pH
values (Ames et al., 1983a; Dzombak and Morel, 1990; Tonkin et al.,
2004; Sajih et al., 2014).

Barite, celestite, or barite-celestite solid solution ((Ba,-Sr)SO4) were
detected by XRD of sediments only at CWT-A (Fig. 7); XRD could not
distinguish between the sulfate phases. No sulfate minerals were de-
tected by XRD of sediments collected upstream or downstream of CWT-
A. The EDS images of sediments collected in 2017 at the point of dis-
charge of CWT-A indicate that barium, strontium, and sulfur frequently
were co-located (Fig. S3). Barium and sulfur were also co-located in
sediments collected in 2014 at CWT-A, but without strontium, which
may suggest primarily barite precipitation (Fig. S2). Neither barium nor
strontium was detected by EDS of sediments collected in 2016 upstream
or downstream of CWT-A (Fig. S4). Further study is needed to define
spatial and temporal variations in the mineral distribution and com-
position in the stream environment in conjunction with changes in
streamflow and effluent volume and composition.

Radium in the sediment samples of our study was primarily asso-
ciated with the recalcitrant solid fraction that remained after the
completion of four progressively more aggressive leaching steps
(Fig. 7). The percentage of recalcitrant radium was 86% for upstream
sediments, 85% for sediments at CWT-A discharge, and 62% in section
B sediments. The recalcitrant radium could be associated with barite;
barite would not be dissolved by the leaching solutions used (Stewart
et al., 2015) and may not have been sufficiently abundant to identify by
XRD. Exchangeable radium was mobilized from sediments by ammo-
nium acetate at the point of discharge of CWT-A (7%) and the down-
stream section B (9%) (Fig. 7). Stewart et al. (2015) reported that the
ammonium acetate extraction step consistently mobilized the majority
of barium in the samples of Marcellus Shale and associated rocks they
investigated (implying substantial amounts in labile ion-exchange). In
our study, radium also was mobilized (1) from “carbonate” phases by
acetic acid, which accounted for 12% upstream, 4% at CWT-A dis-
charge, and 8% for section B and (2) from “acid-soluble” phases dis-
solved by 0.1M HCl, which accounted for 21% of radium in section B
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CTW-B (B). Dashed lines represent regression lines.
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compared to 2% upstream and 4% at CWT-A discharge. Stewart et al.
(2015) reported the acetic-acid extraction step consistently removed
the majority of manganese, the acetic acid and HCl steps removed the
majority of iron, and the HCl step removed the majority of aluminum.
Metals mobilized from sediments collected from the point of discharge,
downstream, and upstream were consistent with the Stewart et al.
(2015) results (Table S7).

The sequential extractions indicate that radium in the downstream
sediments could occur as readily exchangeable ions on surfaces and in
interlayer sites of clays, HMO, and HFO. Acidic pH (common with large
rain events and spring snowmelts) could promote the release of radium
and other cations from exchange sites, but not from more recalcitrant
barite. These results are consistent with Landa and Reid (1983) and
suggest that the radium downstream of CWTs is more abundant and
more labile than radium in upstream sediments.

To examine the possibility of radium adsorption to stream sediments
following disposal to surface water, we conducted adsorption experi-
ments with a conventional O&G brine collected from the Appalachian
Basin Oriskany Formation (see Supplemental Information). After ex-
posure to different dilutions of conventional O&G wastewater, the ra-
dium activities in upstream sediments from CWT-A and CWT-E in-
creased by 52–64% for 5× dilutions, 22% for 25× dilutions, and no
detectable increase for 50× dilutions (Fig. 8). The sorption and se-
quential extraction experiments indicate that some of the radium from
O&G wastewater is sorbing to sediments or precipitating into mineral
phase(s) that are capable of leaching radium under selected geochem-
ical conditions.

3.5. Geochemical Modeling

The PHREEQC simulations of potential reactions after mixing the
CWT-A effluent in various proportions with stream water of Blacklick
Creek indicate aqueous radium could feasibly be attenuated within the
stream by dilution, co-precipitation with a predominantly barite solid
solution, and adsorption by HFO and HMO (Fig. 9, additional details in
S9 and S10). The models for conservative mixing (Fig. 9a–b) indicate
that all the mixtures have near-neutral to alkaline pH with a saturation
index (SI) for barite or (Ba,Ra)SO4 solid solution that is greater than or
equal to 0 (indicating potential for precipitation). Celestite has a SI
greater than or equal to 0 for the mixtures containing 95% or less up-
stream water. Thus, co-precipitation of radium with barite (and barite-
celestite) solid solutions is indicated as a feasible mechanism of radium
sequestration under conditions without sorbent, or with a moderate
mass of sorbent per liter of solution (1000mg/L HFO and 100mg/L
HMO) (Fig. 9c–d). Sediments in the upper 50-cm of core samples from
Conemaugh River Lake have manganese and iron concentrations on the
order of 1–10 percent, with Fe:Mn ratios as high as 10:1 (Burgos et al.,
2017).

The mixing models (Fig. 9) and the companion adsorption models
(Figs. 10, S11, and S12) indicate that co-precipitation and adsorption
processes can operate simultaneously in the environment (Kondash
et al., 2014), which combined may increase the total amount of radium
sequestered. Without sorbent present, precipitation of (Ba,Ra)SO4 is
indicated to remove more than 85% of barium and 75% of radium from
all the mixtures (Figs. S9 and S10). In contrast, where HFO and HMO
coat fine sediment surfaces in contact with the water, adsorption of
radium by HFO and HMO may account for substantial attenuation,
particularly from more dilute waters that cancan occur during high-
streamflow conditions or with increased distance downstream from the
radium source. The models demonstrate that adsorption of barium and
strontium can add to the removal of these ions, but also can lead to
undersaturation of the aqueous solution with respect to barite, celestite,
and associated solid solutions. In that case, adsorption becomes the
dominant radium sequestration process (Figs. 9 and 10).

Generally, adsorption of the alkaline-earth cations by HMO is ef-
fective at acidic to neutral pH, whereas that by HFO becomes effective
at near-neutral to alkaline pH (Fig. 10 and S11 and S12). For the
modeled sorbent mass ratio of 1000:100 HFO:HMO and mixing ratio of
1:99 CWT-A:streamwater (representing high-streamflow or far down-
stream conditions), adsorption by HMO is indicated to remove as much
as 40% of radium, 95% of barium, and 75% of strontium relative to the
total concentrations in the initial mixture at near-neutral pH (Fig. 10b).
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Decreasing HMO decreases the fraction adsorbed while increasing that
precipitated as (Ba,Ra)SO4 at the same pH (Figs. 10c,d, S12, and S13).
With increased fractions of CWT-A effluent indicated by a mixing ratio
of 10:90 (representing low-streamflow conditions or close to the ef-
fluent source), the concentrations of aqueous Sr, Ba, and Ra increase,
leading to greater potential for their precipitation as sulfate compounds
in addition to their attenuation by adsorption (Figs. 10a,c, S12, and
S13).

Despite the superior capacity of HMO to adsorb Ra and Ba relative
to HFO and its potential ability to decrease Ba concentrations to levels
below saturation with respect to sulfate compounds, HMO can dissolve
readily at about pH 4.5, where HFO and sulfate minerals could remain.
Such acidic pH conditions and decreased ion concentrations can de-
velop intermittently during high-flow events (episodic acidification,
spring snowmelt). Strongly acidic or reducing conditions, which can
develop in buried sediments, can mobilize sorbed ions through deso-
rption, (competition with H+ or dissolving Mn+2,+3,+4 or Fe+2,+3

ions) or reductive dissolution of HFO and HMO. Where organic matter
in sediments is the driving reductant, reduction at near-neutral pH
generally would proceed in the sequence of HMO, HFO, and, finally,
sulfate compounds (Appelo and Postma, 2005). Under extremely re-
ducing conditions, halophilic anaerobes can mobilize the radium and

associated cations from sulfate compounds (Ouyang et al., 2017).
Although carbonate minerals were not detected in sediment samples

by XRD, presumably because of low abundance, the sequential extrac-
tions indicated some radium was mobilized from carbonate phases by
acetic acid (Fig. 5). The EDS images (Figs. S2- S8) indicated an asso-
ciation among Ba-Sr-S for some particles, additional Sr in other particles
(not associated with Ba or S), and, in some samples, Ba-S associations
were indicated where Sr was not detected. Strontianite (SrCO3), calcite
(CaCO3), and aragonite (CaCO3) were indicated to be supersaturated
for the conservative mixtures containing as little as 0.1% CWT-A
(Fig. 9b). Thus, precipitation of radium with aragonite, calcite, and/or
strontianite solid solutions could be another mechanism for attenuation
of radium (Langmuir and Riese, 1985). Nevertheless, with increasing
dilution of the CWT effluent by streamwater, the potential to pre-
cipitate sulfate and carbonate minerals diminishes, and adsorption of
Ra+2 and other cations by HMO and HFO becomes more important
(Figs. 9 and 10). Widespread coal-mining activity in the Appalachian
Plateau is a common source of aqueous iron and manganese, which
oxidize and precipitate as HFO and HMO, forming ubiquitous coatings
on streambed sediments (Cravotta, 2008); natural weathering processes
in other environments also form HFO and HMO.

Despite their apparent ability to realistically simulate

Fig. 9. PHREEQC simulation of the mixing of CWT-A effluent with Blacklick Creek streamwater: (a–b) conservative mixture without mineral precipitation or
adsorption; and (c–f) equilibrium precipitation of pure phases and (Ba,Ra)SO4 solid solution and adsorption by 1000mg/L hydrous ferric oxide (HFO) and 100mg/L
hydrous manganese oxide (HMO). Variable concentration units are displayed for sulfate (SO4, mg/L), chloride (Cl, mg/L), strontium (Sr, μg/L), barium (Ba, μg/L),
and radium (Ra, pg/L). (e) Aqueous concentrations of barium (Ba, mg/L), strontium (Sr, mg/L), and radium (Ra, pg/L) removed from mixture by precipitation or
adsorption and (f) corresponding percentage removed compared to conservative mixture. The fraction sorbed is indicated by difference between open and closed
symbols for a given mixture. Minerals specified to precipitate upon reaching saturation include calcite (CaCO3), dolomite (CaMg(CO3)2), gypsum (CaSO4:2H2O),
amorphous ferric hydroxide (Fe(OH)3, “HFO”), manganite (MnOOH; “HMO”), amorphous aluminum hydroxide (Al(OH)3), barite (BaSO4), witherite (BaCO3), ce-
lestite (SrSO4), and strontianite (SrCO3). Note that the fraction of CWT-A in the mixture is difference between the streamwater fraction and 1.0; the streamwater
fraction generally increases downstream of the point of discharge at CWT-A.
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environmental processes that can attenuate aqueous radium in a stream
system, the geochemical equilibrium models presented herein have
limitations. For example, the models consider an ideal binary (Ba,Ra)
SO4 solid solution and only consider two types of sorbents. In fact, Ra
may precipitate with more complex ternary solid solutions, such as
(Ba,Sr,Ra)SO4, over a wide range of temperatures (Vinograd et al.,
2018a, 2018b). Such ternary phases can be modeled as non-ideal phases
using PHREEQC (Rodríguez-Galán and Prieto, 2018); however, our
understanding of the precise compositions of the Ra-bearing phases in
our study is limited. We used a simplified representation of the (Ba,Ra)
SO4 solid solution based on other reports. Specifically, Vinograd et al.
(2018a) reported a small quantity of RaSO4 added to a Sr-rich solid
solution results in nucleation of the binary (Ba,Ra)SO4 solid solution.
Furthermore, Zhang et al. (2014) reported that the removal of radium
by interaction with barite or (Sr,Ba)SO4 were similar, and Rosenberg
et al. (2018) reported the removal of radium during seawater eva-
poration could be modeled adequately by precipitation of a binary solid
solution of RaxBa1-xSO4. Our models also considered the potential for
adsorption of radium, barium, and strontium by HFO and HMO, for
which binding constants were available. We did not attempt to evaluate
potential for adsorption by organic matter or various silicates. Because
adsorption is sensitive to the mass and type of sorbent plus the ion
composition, pH, and redox state of the solution, which affect HFO and
HMO stability, the role of adsorption in the sequestration and release of
radium is more difficult to predict and more variable than that of sul-
fate mineral precipitation. Lastly, our models assumed instantaneous
reaction to equilibrium with respect to the specified mineral and solid-
solution phases. Kinetic factors may need to be considered for accurate
portrayal of dynamic systems. Regardless of such limitations, the em-
pirical evidence from sequential extractions and brine-exposure ex-
periments with radium-bearing sediments combined with geochemical
modeling demonstrate the potential importance of both co-precipita-
tion and adsorption processes for radium removal from the aqueous

phase. Sequestration of radium into sediment is favored at the typical
wastewater:streamwater ratios, but an increase of radium in the sedi-
ments is thus also an outcome.

3.6. Implications

Despite the policy change in 2011 that reduced disposal of un-
conventional wastes (i.e., Marcellus) to surface water in Pennsylvania,
the continued disposal of conventional O&G wastewater has led to
elevated radium activities in sediments at the point of discharge (Lauer
et al., 2018). Elevated radium activities were observed in sediments at
multiple facilities at similar or higher activities than those observed in
previous studies (USEPA, 2011; Warner et al., 2013; Burgos et al.,
2017). At a single facility (CWT-A) where we studied the distribution of
radium in sediments over a 58 km transect, we observed a statistically
significant increase in radium activities (∼1.5× background) up to
31 km downstream of the discharge point, indicating greater range of
the spatial distribution of elevated radium in the sediments than pre-
viously observed (Warner et al., 2013). Importantly, while remediation
at this same facility (CWT-A) in 2015 led to lower activities in sedi-
ments at the point of discharge, the reduction was temporary, and ac-
tivities are again elevated (10–20× background) at the point of dis-
charge in 2017. In addition, Ra concentrations may also continue to
increase downstream.

Our observations of both mineralogy in the sediments and modeling
of dilution of CWT-A effluent combined with model geochemical re-
actions (co-precipitation, adsorption) confirm that radium likely co-
precipitates with barite and barite-celestite as the treated effluent en-
ters the stream and accumulates in the sediment there, leading to the
observed elevated activities. Adsorption of “exchangeable” radium is
also indicated to be an important mode of occurrence in downstream
sediments, particularly where fine-grained sediment and associated
sorbents (HFO and HMO) are available, the concentrations of sulfate

Fig. 10. Effects of pH, solute concentrations, and sorbent mass and composition (HFO, HMO) on attenuation of radium, barium, and strontium. Results of PHREEQC
simulations are indicated for (a, c) 10:90 mixture of CWT-A effluent with streamwater or (b, d) 1:99 mixture in contact with (a, b) 1000mg/L HFO and 100mg/L
HMO, or (c, d) 1000mg/L HFO and 10mg/L HMO. The percentage of radium removed as the solid solution, (Ba,Ra)SO4 (%Ra_SS), is shown for comparison with that
adsorbed by HFO and HMO. Note that adsorption of barium can decrease the amount of (Ba,Ra)SO4 precipitated.
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and other solutes are diluted, and pH is near-neutral.
In conclusion, disposal of both conventional and unconventional O&

G wastewater at multiple facilities to streams in Pennsylvania leads to
accumulation of elevated radium activities in sediments. Transport of
the sediment-bound radium, primarily as recalcitrant barite and barite-
celestite solid solutions and secondarily as a surface-exchangeable ca-
tion, is apparent many kilometers downstream from the wastewater
source. The radium co-precipitated with sulfate minerals or sequestered
by adsorption generally is not bioavailable, but could be remobilized to
more bioavailable aqueous species under reducing or acidic conditions,
with the adsorbed fraction more likely to be released with minor
changes to pH or oxidation-reduction potential. Thus, the radium ac-
cumulated in stream sediments at and downstream of O&G wastewater
discharges implies the possibility of persistent environmental and
human health concerns.
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