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nate and phosphate on arsenic
release from mining-impacted sediments in the
Cheyenne River watershed, South Dakota, USA†

Cherie L. DeVore,a Lucia Rodriguez-Freire, b Abdul Mehdi-Ali,c

Carlyle Ducheneaux,d Kateryna Artyushkova,e Zhe Zhou,f Drew E. Latta, f

Virgil W. Lueth,g Melissa Gonzales,h Johnnye Lewisi and José M. Cerrato *a

The mobilization of arsenic (As) from riverbank sediments affected by the gold mining legacy in north-central

South Dakota was examined using aqueous speciation chemistry, spectroscopy, and diffraction analyses. Gold

mining resulted in the discharge of approximately 109 metric tons of mine waste into Whitewood Creek (WW)

near the Homestake Mine and Cheyenne River at Deal Ranch (DR), 241 km downstream. The highest

concentrations of acid-extractable As measured from solid samples was 2020 mg kg�1 at WW and

385 mg kg�1 at DR. Similar sediment mineralogy between WW and DR was identified using XRD, with the

predominance of alumino-silicate and iron-bearing minerals. Alkalinity measured in surface water at both sites

ranged from 1000 to 2450 mg L�1 as CaCO3 (10–20 mM HCO3
� at pH 7). Batch laboratory experiments were

conducted under oxidizing conditions to evaluate the effects of NaHCO3 (0.2 mM and 20 mM) and NaH2PO3

(0.1 and 10 mM) on the mobilization of As. These ions are relevant for the site due to the alkaline nature of the

river and nutrient mobilization from the ranch. The range of As(V) release with the NaHCO3 treatment was 17–

240 mg L�1. However, the highest release (6234 mg L�1) occurred with 10 mM NaH2PO3, suggesting that As

release is favored by competitive ion displacement with PO4
3� compared to HCO3

�. Although higher total As

was detected in WW solids, the As(V) present in DR solids was labile when reacted with NaHCO3 and

NaH2PO3, which is a relevant finding for communities living close to the river bank. The results from this study

aid in a better understanding of As mobility in surface water sites affected by the mining legacy.
Environmental signicance

This study integrated laboratory experiments with aqueous chemistry and spectroscopy measurements to investigate arsenic (As) speciation and mobilization in
sediments collected from a site in South Dakota affected by the mining legacy. The reaction of sediments with bicarbonate and phosphate can result in the
release of considerable As to solution due to competitive ion displacement. This result has important implications given the alkaline nature of surface waters in
the study site and the relevance of phosphate as a proxy to evaluate the effect of nutrient inputs into the watershed resulting from livestock and agricultural
activities. The presence of labile As from sediments on tribal land should also be considered for the assessment of As exposures.
1. Introduction

Arsenic (As) can naturally occur at a wide range of concentra-
tions in waters world-wide.1 Additionally, anthropogenic
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activities such as mining can impact surface waters and asso-
ciated sediments, causing the occurrence of elevated concen-
trations of As and other co-occurring metals.2 The western part
of the United States has a legacy of over 160 000 abandoned
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mines and represents a particular area of exposure to mine
wastes.3 A variety of adverse health effects ranging from skin
and bladder cancers to cardiovascular and neurological
diseases, have been associated with As exposure, primarily from
ingestion of As-contaminated drinking water.4–6 The World
Health Organization and the United States Environmental
Protection Agency have set a standard of 10 mg As L�1 for
drinking water.7,8

The Cheyenne River watershed is a specic site that has
experienced As release to surface water due to gold mining
legacy.4 Mineral extraction and waste disposal near Lead, South
Dakota directly discharged spent mine tailings into Whitewood
Creek from 1876 until 1977. Approximately 109 metric tons of
tailings containing As and other heavy metals have been
deposited downstream of Whitewood Creek along the Belle
Fourche and Cheyenne Rivers.9 Whitewood Creek drains the
area of Homestake Mine and is a tributary of the Belle Fourche,
which ows into the Cheyenne River.10 Physical and chemical
processes have resulted in substantial transport and deposition
of As-enriched materials within Whitewood Creek, the Belle
Fourche, and Cheyenne River.11,12 Deposits from the mine
wastes, which include sulde and iron minerals, associated
with gold ore and 9.5 metric tons of As in the form of arseno-
pyrite (FeAsS), were found along Whitewood Creek in the 1970s
when production ceased at the gold mine.13 The Cheyenne River
ows to the Missouri River, through the lands of the Cheyenne
River Sioux Tribe (CRST), located 241 km downstream of the
Homestake Mine. There are existing concerns about potential
metal exposures in this community.3

Complex geochemical processes affect the mobilization of As
in the environment. Arsenic release in source waters can result
from the dissolution of iron oxyhydroxides and other metal
oxides.14 Arsenic can occur as As(III) and As(V) under oxidation-
reduction potential (Eh) and pH conditions that are relevant
to most surface and groundwaters.1,15 Usually, these oxidation
states of As are arsenite (As(III)) and arsenate (As(V)), and the As
speciation is important due to the higher toxicity and enhanced
the mobilization of As(III).1,16 Under reducing conditions,
soluble As concentrations can be affected by desorption of As
from dissolution of iron (Fe) and manganese (Mn) oxides and
the sorption or co-precipitation of As with carbonates and
sulde minerals. These geochemical factors differ from those
inuencing soluble As concentrations under oxidizing condi-
tions. For example, arsenopyrite is unstable under surface
oxidizing conditions.17 The most frequently observed product of
arsenopyrite weathering is scorodite (FeAsO4$2H2O). Other
products of arsenopyrite oxidation are arseniosiderite [Ca2-
Fe3(AsO4)3O2$3H2O] and jarosite (KFe3(SO4)2(OH)6).12 Amor-
phous hydrous ferric arsenate-sulfate, pharmacosiderite
[KFe4(AsO4)3(OH)4$6–7H2O], and arsenolite (As2O3) are less
common products.11 Arsenic can be associated with jarosite,
which is thermodynamically unstable at circumneutral pH.
Jarosite dissolution can cause the release of metals in water at
specic pH and redox conditions.18,19

Interactions at the mineral-water interface play a funda-
mental role in controlling As transport. Arsenate can form
inner-sphere surface complexes on both amorphous aluminum
This journal is © The Royal Society of Chemistry 2019
(Al) and Fe oxide, while arsenite forms both inner- and outer-
sphere surface complexes on amorphous Fe-oxides.20 In cir-
cumneutral environmental conditions, the reduction from
arsenate to arsenite can be important for As release, especially
since arsenite adsorbs much less strongly to Fe and Mn
oxides.21,22 Additionally, the presence of similar high-affinity
anions for surface sites on Fe-oxides, such as phosphate,
silicic acid, and bicarbonate can contribute to the mobility of
As.16,23–25 Phosphate is particularly effective at competing with
arsenate for sorption sites on Fe oxide minerals.26 Previous
adsorption studies with carbonate and phosphate have focused
on groundwater environments with the assumption that native
phosphate in the subsurface is very low, so in these cases,
equimolar phosphate with As(V) will not interfere with the
adsorption of As(V) in groundwater systems.27 However, phos-
phate concentrations suppressed As(V) adsorption onto alluvial
sediments when it was present at concentrations that were 10
times higher than that of As(V).27 Thus, competitive ion
displacement and mobilization of As in the presence of phos-
phate represents a mechanism of release and transport into the
aqueous phase.28 Areas with nutrient mobilization via agricul-
tural runoff and phosphate-based fertilizers can be at risk for As
mobilization.29 In addition, carbonate ions can play a role in
contaminant retention and release via competitive adsorption.
An investigation of bicarbonate (HCO3

�) in groundwater found
that concentrations of released As from subsurface core sedi-
ment strongly depended on concentrations of HCO3

�, with
enhanced mobility at higher concentrations.30 In addition,
carbonate concentrations modeled aer typical values found in
Bangladesh (0.01 M) aer receiving considerable attention in
the past two decades,24 is only half the concentration of
carbonate observed in South Dakota due to the alkaline nature
of regional soils.11

Surface complexation models and adsorption studies have
been used to predict As mobilization in groundwater environ-
ments.28,30,31 Some have combined these models with experi-
mental data,32 but there is still a lack of eld studies conrmed
by experimental data. While there is extensive literature on As
mobilization, many of the experimental and environmental
conditions do not apply to the Cheyenne River. First, many
studies have focused on the mobilization of As from enriched
sediment and pore waters at the Eh range found in groundwa-
ters.22,33–37 Arsenic release into groundwater can be due to anoxic
conditions that may interfere with the stability of Fe-
oxides.15,38–40 However, fewer studies have emphasized better
understanding As mobilization in surface oxidizing environ-
ments. Second, leaching of As into groundwater by carbonation
of As sulde minerals was reported, but this process may not
apply to both the surface water conditions and specic As
minerals present in mining ore deposits along the Cheyenne
River.25 This river is a relevant surface water source for the
Cheyenne River Sioux Tribe and has high alkalinity values
ranging from 1000 mg L�1 (10 mM) to 2400 mg L�1 (24 mM) as
CaCO3 near the mine waste source. There are not many eld or
laboratory studies in the literature that have been conducted to
evaluate the effect of well-buffered surface waters at such high
alkalinity levels which justies the need for the present study.
Environ. Sci.: Processes Impacts, 2019, 21, 456–468 | 457
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The objective of this study is to investigate the effect of
competing environmentally relevant anions on the release of As
from solids collected from the Cheyenne River watershed
exposed to surface oxidizing conditions. We integrated labora-
tory experiments with aqueous chemistry and spectroscopy
measurements to investigate As speciation and mobilization in
sediment collected from Whitewood Creek (near the mine
source) and Cheyenne River (241 km downstream on tribal
land). A novel aspect of this study consists on the investigation
of chemical mechanisms that affect As release under surface
oxidizing conditions with high concentrations of HCO3

� (20
mM), attempting to represent the alkaline nature (10–20mM) of
the Cheyenne River andWhitewood Creek. We also investigated
the competing effect of phosphate (PO4

3�) on As mobilization
in As-bearing soils collected from land that is used for agricul-
ture and livestock. The results of this study have relevant
implications for informing tribal and regulatory decision
makers, as well as environmental risk assessments and miti-
gation efforts for communities located near abandoned mine
wastes with similar characteristics to those observed in the
Cheyenne River.
2. Study area

The Cheyenne andMoreau River watersheds lie within the Great
Plains physiographic province. The Cheyenne River Indian
Reservation lies on a gently northwest dipping ank of the
Williston watershed in north-central South Dakota. The area of
the Reservation is approximately 10 956 km2 and encompasses
Dewey and Ziebach Counties. The topography of the Reserva-
tion is largely rolling upland that has been eroded by the Mis-
souri River and its tributaries.41 About 85 percent of the land
area is native grass and is used primarily for grazing livestock.
The Cheyenne and Moreau Rivers are the largest rivers
traversing the Cheyenne River Sioux Tribe (CRST) Reservation.
Fig. 1 Map of the study area in north central South Dakota.

458 | Environ. Sci.: Processes Impacts, 2019, 21, 456–468
The Cheyenne River forms the southern boundary of the
Reservation and is the largest tributary to the Missouri River
within South Dakota (drainage area of about 66 045 km2). The
Cheyenne River originates in eastern Wyoming, ows southeast
around the southern Black Hills, and then ows northeast
across South Dakota to its mouth at Lake Oahe. The Cheyenne
River is joined by the Belle Fourche River approximately 24 km
southwest of the Reservation boundary. The Belle Fourche River
ows northeast in Wyoming and then ows southeast around
the northern Black Hills to its conuence with the Cheyenne
River in South Dakota. The Belle Fourche River is the largest
tributary to the Cheyenne River and drains about one-third of
the entire Cheyenne River Watershed.42 The Whitewood Creek
is a major tributary of the Belle Fourche River. Throughout the
study, we refer to the upstream source as WW (Whitewood
Creek) and downstream sample on tribal land as DR (Deal
Ranch) (Fig. 1).
3. Materials and methods
3.1 Materials

During 2016, we collected water and sediment samples from the
study area in the locations indicated in the map in Fig. 1. In
June 2016, two water samples from the Cheyenne River
(impacted by the Homestake Mine), and two samples from the
Moreau River (not impacted by the Homestake Mine) were
analyzed for pH, alkalinity, anions, and total and dissolved
elements (see section 3.2 for details on methods for anions and
total and dissolved elements analyses). A second sampling trip
was conducted in September 2016 to collect water samples
upstream of the Cheyenne River, Belle Fourche River and
Whitewood Creek close to the Homestake Mine. For each
sample, one liter of surface water was collected using a clean
polypropylene Nalgene bottle and preserved with 2% trace
metal grade nitric acid (HNO3

�). Water samples were ltered
This journal is © The Royal Society of Chemistry 2019
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using a 0.45 mm Basix lter®, and a portion of the volume was
ltered using a 0.22 mm Basix lter® in the laboratory. Bottles
were rinsed three times with sample water in the eld before
lling and sealing with no headspace. Samples were cooled to
4 �C and shipped for analyses to the University of New Mexico
(UNM). Field parameters were measured using a YSI 650 MDS
pH/temp/conductivity probe and calibrated on the day of
sample collection. The global positioning system (GPS) coordi-
nates were collected at each site location (see Table S1 in the
ESI†).

Sixteen sediment samples were collected from the river bank
prole at co-located sites in June 2016 from Fig. 1. Ten addi-
tional sediment samples were collected upstream of the Chey-
enne River, Belle Fourche River and Whitewood Creek in close
proximity to the Homestake Mine in September 2016. A hand
trowel was rinsed with 10% nitric acid solution and used to
collect half a gallon of sediment from the river bank and bed.
Samples were placed in one-gallon plastic bags and cooled to
4 �C for shipment with water samples to UNM. Throughout the
study, we refer to the upstream source as WW (Whitewood
Creek) and downstream sample on tribal land as DR (Deal
Ranch). The authors were escorted by the CRST Department of
Environment and Natural Resources staff while conducting
sampling. Travel and time constraints to South Dakota by UNM
collaborators reduced the number of sampling events and
possible sampling locations.

3.2 Solution chemistry analyses

Aqueous elemental analyses for this study were performed
using inductively coupled optical emission spectrometry (ICP-
OES) (Perkin Elmer Optima 5300DV) and inductively coupled
plasma-mass spectrometry (ICP-MS) (Perkin Elmer NexION
300D-Dynamic Reaction Cell) in aqueous solutions for trace
element content (As, Cr, Fe, Mn, and U). Samples for ICP-MS
were ltered using a 0.45 mm Basix lter and preserved with
2%HNO3

�. A Thermo Fisher Scientic Ion Chromatogram (ICS-
1100) was used to analyze 0.45 mm non-acidied water samples
for major anion concentrations. Arsenic speciation was char-
acterized using a Flexar 400 High-Performance Liquid Chro-
matography (HPLC) coupled with ICP-MS for As(III) and As(V)
species. Samples were stabilized with a mobile phase solution
(0.5 mM EDTA, 1 mM TBAoH and 1% MeOH) adjusted to pH 7
(�0.01). A CAPCELL PAK C18 column (250 mm � 4.6 mm, 5 mm
particle size) was used for the separation of target As species. All
reagents used in the experiments and analyses were analytical
grade unless otherwise mentioned. Additional information
about the HPLC-ICP-MS analyses can be found in ESI (Table
S2†).

3.3 Solid characterization analyses

Sediment samples were dried for 12 h at 60 �C in a controlled-
temperature oven. Dried sediment samples were crushed and
homogenized using a shatterbox. One gram of the dried sedi-
ment was weighted and added to a 50 mL digestion tube. All
samples were acid digested (2.0 mL HNO3 (UHP) + 1 mL HCl
(UHP)) in triplicate to determine extractable elemental
This journal is © The Royal Society of Chemistry 2019
concentrations. The mixture was digested for 60 min at 65 �C
and then for an additional 60 min at 80 �C. Digested samples
were diluted with deionized water to 25 mL. The digested and
diluted samples were ltered through a 0.45 mm lter to remove
any particulate matter for aqueous elemental analyses. Loss on
Ignition (LOI) was used to estimate the organic matter content
in sediment samples. Five grams of sample were weighed and
dried at 104 �C for 12 hours. A calculation was made for mass
loss difference aer drying temperature increase from 104 �C to
550 �C for 5 hours (h).

Dried solid samples from eld and laboratory analyses were
analyzed using X-ray photoelectron spectroscopy (XPS), X-ray
powder diffraction (XRD), X-ray uorescence (XRF) and
Mössbauer spectroscopy. Measurements of X-ray uorescence
(XRF) were conducted to determine bulk elemental composition
using a Rigaku ZSX with a rhodium X-ray rube that can be
operated from 200 to 4000 watts (End window, Rh-anode, 4 kW,
60 kV). A Kratos AXIS-Ultra DLD X-ray Photoelectron Spec-
trometer was used to acquire elemental composition and
oxidation states at the near surface (5–10 nm) of the solids. Pure
(99%) Au powder was put onto samples for charge correction.
Three areas per sample were analyzed using monochromatic Al
Ka source and charge neutralization. CASAxps was used to
process the spectra. The spectra were calibrated by adjusting
the position of Au 4f spectra to 84 eV. Shirley background was
used for Fe 3p and As 3d spectra processing. Fe 3p spectra were
tted with two symmetrical peaks due to Fe(II) and Fe(III). As 3d
spectra were tted with two symmetrical peaks due to As(III) and
As(V) with each of them having a doublet separated by 0.77 eV.
The positions of the peaks was determined previously from
references materials analyzed and reported.43

A PanAnalytical XPert Pro Diffractometer was used for X-ray
diffraction (XRD) analyses using CuK radiation for mineral
identication of sediment samples. Samples were mounted in
a rotating stage and were scanned from 5 to 70 degrees using
0.008 (�2q) step size and 40.0 s scan step time. The XRD patterns
were interpreted using PANALYTICAL X0PERT HIGHSCORE
PLUS soware. Mössbauer spectra were collected in trans-
mission geometry with a constant acceleration drive system
(SEE Co., Inc.) and a 57Co(Rh) source. The temperature was
controlled in a Janis gas-exchange closed cycle cryostat down to
a sample temperature of 15 K. Data were calibrated with an a-Fe
foil at room temperature and t with the Recoil soware
package using Voigt lineshapes. Quadrupole shi parameters
are reported as 23, which is twice the parameter epsilon_0 in
Recoil.
3.4. Laboratory experiments

Laboratory batch experiments were performed to evaluate the
reaction of As in sediments from WW and DR with bicarbonate
and phosphate concentrations relevant to the environment of
the Cheyenne River Watershed. Batch reactors were operated in
triplicate using deionized water, sodium bicarbonate (NaHCO3)
stock solutions (0.2 mM and 20 mM) and sodium phosphate
(NaH2PO3) stock solutions (0.1 mM and 10 mM), which were
prepared based on aqueous chemistry results and literature
Environ. Sci.: Processes Impacts, 2019, 21, 456–468 | 459
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review of the Cheyenne River.11 Five 100 mL centrifuge tubes
were labeled for 20 mM NaHCO3; een 100 mL for 0.2 mM
NaHCO3 and 5 for DI water control. Five grams of driedWW and
DR sediment was added per 100 mL centrifuge tube. A total of
een 100 mL centrifuge tubes was placed on a bench rotator
for 96 h at 30 rpm. A volume of 3 mL of sample was collected at t
¼ 0.5, 1, 2, 4, 6, 12, 24 and 96 h. Volume and pH were recorded
at each time step. Samples were ltered using a 0.22 mm lter
and cooled to 4 �C. 0.5 mL of sample was immediately placed in
a 1.5 mL plastic HPLC vial and preserved in mobile phase
solution to keep stable until aqueous elemental analyses were
conducted.
4. Results and discussion
4.1 Elemental composition of solid and water quality data
from the site

Elevated As concentrations were measured in sediments in
Whitewood Creek (WW) near the Homestake Mine, but also 241
km downstream in the Cheyenne River Sioux Tribe Reservation.
Arsenic concentrations as high as 2020 mg kg�1 were measured
in the sediments at WW. The WW ows into the Belle Fourche
River and eventually into the Cheyenne River where high As
concentrations were measured in the riverbank sediments.
Arsenic concentrations in riverbank sediments more than 161
km downstream of the mine on tribal land at Deal Ranch (DR)
and Cherry Creek were in the range of 90–394 mg kg�1 (Table 1).
The As concentrations in these sediments exceed the regionally
established background concentration of 10 mg kg�1, and it is
in agreement with a 1989 USGS study which reported similar
values in the Belle Fourche (>3500 mg kg�1) and the Cheyenne
River (>530 mg kg�1) solids.4 However, low As concentrations
were measured in the Moreau River, ranging from 7.4–14 mg
kg�1, which was chosen as a reference location because it is not
hydrologically connected to the Homestake Mine. Elemental
bulk composition measured in sediments by XRF detected
higher Fe and As content than acid extractable concentrations.
Silicates are not readily dissolved by Aqua regia,44 which might
explain the differences between XRF and acid digestion anal-
yses for Fe in the samples (Table 2). The organic matter content
in our samples was estimated by LOI and the mass loss
observed in our sample was 2.23–2.99 (�0.005–0.006)%. The
mass loss is likely attributed to the volatilization of organic
matter within the sample. A previous study measured LOI at
Table 1 Summary of As concentrations in sediments (mg kg�1) downstr

Site ID Site River

WW Whitewood creek Whitewood creek
BF/WW Belle/Whitewood Belle Fourche
DR Deal Ranch Cheyenne River
CC Cherry Creek Cheyenne River
RL Ross Lawrence Moreau River-refere
TB Thunder Butte Moreau River- refer

a NC ¼ not hydrologically connected to Cheyenne River.
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three sites along the Cheyenne River and were in the range of
0.5–1.0%,11 similar to the measurements in this study. The
organic matter content found near the Cheyenne River is lower
than what has been observed in other environmental systems.
For instance, the LOI in agricultural soils is reported to be 65%
and it ranges from 7% to 9% in soils that have been exposed to
wildres.45,46 These results suggest that, although mining
operations have ceased for many decades, accumulation of As-
impacted sediments has occurred on tribal land.

While the sediment concentration of As in the sediments
was elevated, relatively low As concentrations were detected in
surface waters at different locations along the Whitewood
Creek, Belle Fourche River, Cheyenne River and Moreau River
(Table 2). For instance, As measurements in surface water
ranged from 2.25–62.2 mg L�1 in Whitewood Creek (WW) near
the mine waste, and ranged from 3.74–5.84 mg L�1 (DR, CC)
downstream along the Cheyenne River. The As concentrations
in waters from the Moreau River ranged from 1.38–2.06 mg L�1.
Additional samples were collected between WW and DR along
the Belle Fourche River and were comparable to values
measured in the Cheyenne River.11,47 The results from this study
at Whitewood Creek are consistent with As measurements in
a previous study, where concentrations vary between about 20
and 80 mg L�1 during the year in response to variations in
groundwater inow and dilution.4 As a reference for freshwater
sources, aquatic life chronic level criterion continuous
concentration is 150 mg As L�1.48

Additional water quality data were collected in these surface
waters that are relevant to describing conditions that may
mobilize metals in the environment. The pH in Whitewood and
Belle Fourche Rivers closer to the mine waste ranged from 8.21–
8.90 and alkalinity values ranged from 1342–2650 mg L�1 as
CaCO3. The pH in the Cheyenne River 241 km downstream of
Homestake Mine ranged from 7.69–8.32, with alkalinity 580–
1000 mg L�1 as CaCO3 (Table 3). These alkalinity values are
relatively high considering that this is a surface water source;
the range of alkalinity values measured in this study are char-
acteristic of waters associated with alkaline soils from this
region of South Dakota.11 The major-ion composition of the
water results from the cumulative effects of the interaction with
alluvial aquifers, underlying shale units and transported mine
waste. Sodium and calcium are the predominant cations, and
sulfate is the predominant anion. Sulfate concentrations exceed
the secondary drinking-water standard of 250 mg L�1 at all
eam of the Homestake Mine

Distance fromMine (km) As (mg kg�1)

0.49 2040 (�118)
5.70 18.2 (�1.52)
230 235 (�119)
237 394 (�54.7)

nce aNC 14.1 (�1.85)
ence aNC 7.40 (�0.79)

This journal is © The Royal Society of Chemistry 2019
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Table 2 Summary of Fe and As concentrations in sediments measured by XRF and acid digestions

WW XRF (mg kg�1) WW acid-extractable (mg kg�1) DR XRF (mg kg-�1) DR acid-extractable (mg kg�1)

Fe 199 143 (�2578) 34 541 (�12 186) 95 156 (�256) 244 (�9.10)
As 4584 (�20) 2040 (�118) 1008 (�8.5) 235 (�119)

Table 3 Summary of As and alkalinity concentrations, and pH in surface water from Whitewood Creek to Cherry Creek

Site ID Site Name River Total As (mg L�1) Alkalinity mg L�1 (mM) as CaCO3 pH

WW Whitewood Creek Whitewood Creek 62.16 2650 (2.7) 8.50
BF Belle Fourche River Belle Fourche 19.0 2867 (28.7) 8.21
BF/WW Belle Fourche/Whitewood Belle Fourche 2.25 1342 (13.4) 8.90
WA Wasta Cheyenne River 6.68 1647 (16.5) 7.39
BR Bridger Cheyenne River 6.10 1464 (14.6) 8.30
DR Deal Ranch Cheyenne River 5.14 720 (7.2) 7.82
CC Cherry Creek Cheyenne River 5.84 1000 (10) 7.69
RL Ross Lawrence Moreau River 1.47 580 (5.8) 8.32
TB Thunder Butte Moreau River 2.05 164 (1.6) 8.23
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sampling sites,42 and range from about 1100 to more than
2500 mg L�1. The sources of sulfate in the alluvium can be
attributed to both the shale and mine tailings.49
4.2 Laboratory batch experiment: reactivity of As with
bicarbonate

The release of As was investigated in batch experiments reacting
sediments (WW, DR) using HCO3

� (0.2 mM and 20 mM) and
PO4

3� (0.1 mM and 10 mM) under surface oxidizing conditions.
Note that concentrations used in previous studies for bicar-
bonate found in typical groundwaters are too low to be repre-
sentative of Cheyenne River's surface water environment.24,27

Thus, the bicarbonate concentrations and pH selected for this
study are characteristic of WW and DR surface waters. Also,
phosphate was added to the experiment as a proxy to evaluate
the effect of nutrient inputs into the Cheyenne River watershed
resulting from livestock and agricultural activities in the area.
The goal of these experiments is to use controlled laboratory
settings to better understand processes that could be relevant to
the mobilization of As in the study site.

Increasing bicarbonate concentrations promote As mobili-
zation from the sediments (Fig. 2). Low bicarbonate
Fig. 2 Release of As(V) after reaction of sediments reacted with de-ionize
for: (A) Whitewood Creek (WW) and (B) Deal Ranch (DR).

This journal is © The Royal Society of Chemistry 2019
concentration (0.2 mM) representing typical values found in
drinking waters (0.2–2.0 mM as CaCO3) released a maximum of
2.4 mg L�1 As(V) in WW near the mine (Fig. 2A) and a maximum
of 48 mg L�1 as As(V) downstream of themine at DR (Fig. 2B) over
a period of 96 h. No As(III) was released with either treatment
and uctuations within 1 pH unit (7.34–8.23) were observed
(Fig. S1†). The highest bicarbonate concentration (20 mM)
emulating the high alkalinity measured in the Cheyenne River
(1000 to 2100 mg L�1 as CaCO3, about 10–20 mM) mobilized
a maximum of 14 mg L�1 As(V) fromWW sediments (Fig. 2A) and
a maximum 204 mg L�1 As(V) was released from DR sediments
(Fig. 2B). Additionally, a control without bicarbonate (only DI
water) was conducted in parallel and As(V) concentrations were
below 100 mg L�1. Hence, the results from this experiment
suggest that the presence of bicarbonate in surface water could
cause As mobilization from the sediments.

The presence of carbonates in groundwater systems with
adsorbed As has been examined in previous studies that inte-
grated controlled laboratory experiments with surface
complexation modeling.21,26,50,51 A slight decrease in arsenate
adsorption was observed at pH 7.75–8.00 in early reaction times
in one study. This decrease in As adsorption could be due to the
d water (DI control), 0.2 mM, and 20mM sodium bicarbonate solutions
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increased negative charge at the surface of ferric oxides such as
hematite caused by adsorbed carbonate.52 In addition, the
importance of carbonate-complexes on up to 70% of ferrihydrite
surface sites in the subsurface was illustrated in surface
chemistry models.30 There are relevant implications for As
mobility in groundwaters where these complexes can either
enhance or suppress adsorption.31,53 The competitive effect of
carbonates has been mostly studied in batch experiments
reacting synthetic solid samples with solutions having chemical
characteristics similar to those in groundwater.25,30,54 These
observations are important to consider, given the abundant
carbonate minerals interacting with the alluvium and overlying
surface water.49 Future studies are necessary to investigate
surface complexation reactions in natural surface water
systems. Additional experiments were conducted to evaluate the
release of As aer reaction with phosphate, a known chemical
analog of arsenate (note the similarities in pKa values indicated
in Table S3†) and a proxy for nutrient inputs into the surface
waters evaluated in this study.

4.3 Batch experiment: reactivity of As with phosphate

The release of As(V) was at least 10-times higher aer reacting
mine waste solids with phosphate, compared to the experi-
ments with bicarbonate. Our experiments were conducted with
a low (0.1 mM) and high (10 mM) phosphate concentration. The
low concentration was selected because phosphate measured in
the surface water was not detectable during our eld sampling
at sites shown in Fig. 1. However, previous monitoring activities
conducted by the CRST Environment Department have reported
total phosphorus concentrations in the range of 0.17–
3.4 mg L�1 (0.01–0.24 mM).41 Most of the land base in the
Cheyenne River watershed is dedicated to livestock purposes
and several irrigation areas exist within the basin. Previous
Fig. 3 Release of As(V) after reaction of sediments with de-ionized wate
Whitewood Creek (WW) high & low phosphate (B) Whitewood Creek
phosphate and (D) Deal Ranch (DR) zoomed into low phosphate.

462 | Environ. Sci.: Processes Impacts, 2019, 21, 456–468
studies have used a range of 0.57–16.67 mM PO4
3� in micro-

cosm studies with P amended contaminated soil to understand
the inuence of phosphate on As leaching.29,55 The 0.1 and
10 mM concentrations selected for our study are similar to the
treatments in the batch and column experiments with P and As-
amended soils from these previous studies29,55 A maximum
release of 1.6 mg L�1 As was observed in experiments reacting
0.1 mM phosphate withWW solids (Fig. 3B) and the range of pH
changes during this experiment were 6.90–8.25 (�0.01–0.16)
(Fig. S2†). The release of As in this experiment is a relatively low
concentration as it only represents 0.03% of the total As in the
solids. However, a maximum concentration of 244 mg L�1 As was
observed in experiments reacting 0.1 mM phosphate with DR
solids (Fig. 3D), which is more than two orders of magnitude
higher than the As released from WW solids.

Experiments reacting sediments with a higher phosphate
concentration (10 mM) released a maximum of 6056 mg L�1

from WW (Fig. 3A) and 3939 mg L�1 from DR (Fig. 3C). More
than 95% of the total As was in the form As(V). A minor fraction
was released as As(III) with the phosphate treatment (10 mM)
and the range of pH during this experiment was 5.58–6.59
(Fig. S1†). Compared to the bicarbonate treatment where no
As(III) was detected, phosphate released As(III) in the range of 1–
5 mg L�1. A maximum of 4.89% As(V) of the solid concentration
was released with the PO4

3� treatment from WW solids
compared to 0.025% with bicarbonate. A maximum of 33%
As(V) was released with the PO4

3� treatment from DR solids,
compared to 1.33% with the bicarbonate treatment (Table 4).
Although more total As concentration (2040 mg kg�1) was
measured in WW sediments, solids from DR (285 mg kg�1)
mobilized more As(V) on a mass basis. Our results using eld
solids suggest that As(V) is more easily released from DR solids
compared to WW solids aer reaction with DI water,
r (DI Control), 0.1 mM, and 10 mM sodium phosphate solutions for: (A)
(WW) zoomed into low phosphate (C) Deal Ranch (DR) high & low

This journal is © The Royal Society of Chemistry 2019
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Table 4 Percentage of Asmobilized fromWhitewoodCreek (WW) and
Deal Ranch (DR) sediments after reaction with bicarbonate, phosphate
and de-ionized water

Total As
(mg kg�1)

% mobilized
with HCO3

% mobilized
with PO4

�3
% mobilized
DI Control

WW 2040 0% 4.9% 0%
DR 235 1.3% 33% 0.7%
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bicarbonate and phosphate solutions. Additional analyses of
the solids are discussed in later sections to help us understand
As release under these experimental conditions.

It is known that the adsorption of As(V) and As(III) onto Fe-
oxides can be inuenced by the presence of competing anions
in the system and their relative binding affinities. Competition
for surface sites between similar anions inuence adsorption
processes by changing electrostatic charges at the solid
surface.28 Our results indicate that As release is favored by
competitive ion displacement with 10 mM PO4

3� compared to
20 mM HCO3

�. This is likely due to the displacement of
HAsO4

2� related to the higher affinity of the solid surface for the
dominant species HPO4

2�, which has a more negative charge
than HCO3

�. Since less than 5% As(III) was released into solu-
tion, the As likely occurs as weakly bound As(V) at the surface of
the sediments. It is possible that inorganic phosphorus asso-
ciated with livestock runoff could be an important factor for
mobilizing surface-bound As in Cheyenne River sediments,
Fig. 4 XRD patterns and atomic weight% of Whitewood Creek (WW) an

This journal is © The Royal Society of Chemistry 2019
mainly aer storm events. The potential for nutrient runoff to
affect As release is an important factor to consider based on the
results from these experiments with phosphate.

Previous studies have shown the effects of phosphate on the
decrease of arsenate adsorption by reacting synthesized iron
oxide solids with As solution concentrations synthesized in the
laboratory.28,53 The dominance of As(III) released using similar
concentrations of competitive anions used in this study
(22.7 mM CO3 and 0.25 mM PO4

3�) was measured. Solids from
one study were synthetic iron coated sands operated in
controlled column experiments. The distribution of As species
released from this study can be used to show the effects of
different surface sites from eld derived solids compared to
synthesized materials. Experimental data using a synthesized
iron oxide-based sorbent showed the individual and competi-
tive adsorption of As(V) and HPO4

�2.26 The addition of 129 mM
phosphate to a suspension with 6.67 mM As(V) (926 mg L�1)
induced desorption of As(V). In addition, a 10-fold molar mass
of phosphate to arsenate suppressed arsenate adsorption in
experiments conducted with unsaturated alluvial sediments
from a recharge pond in Antelope Valley, CA.27

Chemical equilibrium modeling (MINEQL) used to simulate
aqueous species (solids not considered) in this system under
relevant laboratory and eld conditions indicated that HPO4

2�,
HAsO4

2�, H2AsO4
�, and HCO3

� were the predominant species.
Considering the complex speciation of As(V) in sediments and
its reactivity with naturally occurring anions, modeling results
suggest that HCO3

� and HPO4
2� should be considered to

understand As mobilization in the Cheyenne River and other
d Deal Ranch (DR) sediments.
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environments with similar characteristics at pH 7. Additional
analyses were conducted to further investigate chemical
characteristics of unreacted and reacted solids from these
experiments.
4.4 Solid analyses

4.4.1 X-ray diffraction (XRD). Patterns from XRD analyses
showed that the predominant mineralogy of the sediments
are very similar between the two sample areas (WW and DR)
and contain predominately alumino-silicate and iron-
bearing minerals including, 75–77% quartz (SiO2), 6%
chlorite (Mg,Fe2+,Fe3+,Mn,Al)12[(Si,Al)8O20](OH16), 7%
biotite [K2(Mg,Fe)6–4(Fe,Al,Ti)0–2O2–3O20](OH,F)4), 4–8% feld-
spar ((Na, K, Ca)[Al1–2Si2–3O8]), and 2% grunerite
((Mg,Fe,Mn)7[Si8O22](OH)2) (Fig. 4). These minerals are
important for understanding anion retention on solid
surfaces since As has an affinity to react with alumino-silicate
and iron oxide minerals as reported in other studies.56

Although the mineralogy from these sites is similar, some
differences were observed as seen in the small amounts of
gypsum (�4%) at WW which is lacking at DR and the presence
Fig. 5 High-resolution XPS spectra for oxidation state percent content in
before and after reaction with phosphate for: (A) Fe (based on fitting of Fe
resolution spectra).

464 | Environ. Sci.: Processes Impacts, 2019, 21, 456–468
of calcite (�2%) at DR not seen at WW. In addition, the DR
site contains about twice as much feldspar in the sediment
(�8%) compared to WW.

4.4.2 X-ray photoelectron spectroscopy. Solids were
analyzed using XPS for detecting changes in oxidation state in
the top �5 nm of the surface before and aer reaction with the
higher PO4

3� concentration (10 mM) in batch experiments over
96 h. The presence of PO4

3� inuenced change in As speciation
in the surface of the sediments (Fig. 5). Before the reaction with
PO4

3�, a similar distribution of oxidation state was observed for
both sediments with 70% As(V) and 30% As(III). These analyses
indicate that As(V) is the predominant oxidation state in the
near surface region of these sediments. Arsenate and PO4

3� can
form similar bonds at the solid surface because of their similar
chemistry.28 These XPS results coupled with results obtained
from the batch experiments suggest that As(V) is more weakly
bound to DR solids and can be more easily mobilized than WW
with PO4

3�, even though WW has a higher solid concentration
of As. Although the relative affinity of As(V) and As(III) can
depend on solution composition, the characteristics of iron
oxides must also be taken into consideration.16 The content of
Fe(II) ranged from 64–72% in sediments from WW, indicating
sediment samples fromWhitewood Creek (WW) and Deal Ranch (DR)
3p high-resolution spectra); and (B) As (based on fitting of As 3d high-

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Mössbauer spectra of (a) Whitewood Creek (WW) and (b) Deal
Ranch (DR) sediments collected at a temperature of 15 K.

Paper Environmental Science: Processes & Impacts

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Fe

br
ua

ry
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

1/
28

/2
02

5 
2:

33
:3

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the predominance of pyrite and other solids containing reduced
Fe close of the mine as shown in another study.11 However, the
Fe(III) observed in DR was two-fold higher compared to WW
sediments, indicating that the oxidizing conditions in the
Cheyenne River could cause the prevalence of Fe(III) down-
stream of the mine. An increase in Fe(III) was detected by XPS
aer reaction with phosphate. These XPS data indicate that
Fe(III) is more prevalent in the surface of these solids due to
competitive displacement between As(V) and PO4

3�. Additional
analyses were pursued to better understand Fe speciation in
sediments.

4.4.3 Mössbauer spectroscopy. To characterize the Fe-
bearing minerals in the Whitewood Creek and Deal Ranch
Table 5 Summary of Mössbauer spectral parameters derived from fittin

Sample Component
Relative
area (%)

Center shi,
CS (mm s�1)

Whitewood Creek (WW) Fe(II) doublet 27 (0.2) 1.26
Fe(III) doublet 10 (0.4) 0.45
Fe(III) sextet 63 (0.4) 0.50

Deal Ranch (DR) Fe(II) doublet 18 (0.1) 1.27
Fe(III) doublet 27 (0.3) 0.45
Fe(III) sextet 56 (0.4) 0.51

a value in parenthesis reects the error (1s) in determination of the relativ
c s(D) ¼ standard deviation of quadrupole splitting component. d s(H) ¼
constant during tting.

This journal is © The Royal Society of Chemistry 2019
sediments, we collected Mössbauer spectra on the bulk sedi-
ments (Fig. 6). Fitting the Mössbauer spectra (Table 5) of the
WW and DR samples revealed that the Fe mineralogy was
similar in both sediment samples, with each sample having
a Fe(II) doublet (center shi (CS) ¼ 1.26 mm s�1, quadrupole
splitting (QS) ¼ 2.8 mm s�1), a broad Fe(III) doublet (CS ¼
0.45 mm s�1, QS ¼ 1.6 and 0.88 mm s�1, respectively), and
a magnetically ordered Fe(III) sextet (CS ¼ 0.5 mm s�1, 23 ¼
�0.22 to�0.26, and the hyperne eld (H)�42–43 T). The Fe(II)
and Fe(III) doublets have Mössbauer spectra consistent with
a number of minerals, including Fe in clay minerals and
primary silicates, as well as magnetically unordered amorphous
or nanocrystalline Fe(III) phases.57,58 This is consistent with the
identication of aluminosilicate and Fe-bearing minerals with
XRD. Themajor differences between the two spectra are that the
WW sediment contains more of a Fe(III) sextet (63%) with
Mössbauer parameters closely matching goethite than the Deal
Ranch sediment (56% goethite).58 A larger relative area of Fe(II)
doublet (27% for WW, and 18% for DR) concomitant with
a decreased area of Fe(III) doublet (10% in WW and 27% in DR)
in the Whitewood Creek sediment was also measured. In
contrast with surface specic Fe speciation provided from the
top 2–3 nm by XPS, the WW sample has much lower Fe(II) in the
bulk as determined by Mössbauer (27%) in comparison to 73%
of Fe(II) detected at the surface. The DR sample has more
homogeneous Fe chemistry with a similar amount of Fe(II)
detected at the surface by XPS (26%) and in the bulk by
Mössbauer (18%).

The presence of goethite identied by Mössbauer spectros-
copy in sediments from WW and DR is relevant as this could
explain the association of As in these sediments. For example,
the association of As and goethite has been widely reported in
the literature.16,59–62 Given the similar bulk mineralogy of the
two sediments, as observed by Mössbauer spectroscopy, the
following explanations for As release are plausible and include:
(i) different As-binding minerals present in the two sediments
(e.g. a different surface or Fe-As mineral), (ii) different surface
Fe-to-PO4/CO3 ratios in the two sediments during extraction,
and (iii) greater potential for As(V) occlusion within Fe minerals
or Fe mineral aggregates in the WW sample making As poorly
extractable.63 Additionally, the potential for Fe and As inu-
enced by interactions with natural organic matter (NOM) is
g the 15 K sediment spectraa

Quadrupole splitting,
QS or 23 b (mm s�1)

s(D)c

(mm s�1)
Hyperne eld,
H (Tesla)

s(H)d

(Tesla) cn
2

2.82 0.51 N/A N/A 3.72
1.63 1.23 N/A N/A
�0.22 43.4 13.66
2.78 0.35 N/A N/A 1.22
0.88 0.67 N/A N/A
�0.26 42.3 20.91

e area for each component. b 23 ¼ quadrupole shi parameter in sextet.
standard deviation of hyperne eld component, * ¼ parameter held
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possible. However, detailed mechanistic studies of NOM are
challenging in environmental systems due to the heterogenous
nature of NOM and the estimated organic content in our
samples is only 2–3%.64 Based on our present data, we cannot
denitely conclude which of these or other potential mecha-
nisms affect anion-induced As release in the WW and DR
sediments.

5. Summary and conclusions

This study evaluated the concentration and reactivity of As in
sediments impacted by an abandoned gold mine (Homestake
Mine), in the Whitewood Creek (near the mine) and in the
Cheyenne River (241 km downstream and inside the Cheyenne
River Sioux Tribe reservation). This study suggests that the
presence of environmentally relevant ions, bicarbonate and
phosphate, can favor the release of As, through competitive ion
displacement. More specically, the highest As release was
observed in batch experiments aer reaction of mine waste
solids with 10 mM sodium phosphate, which released 30 times
as much as 20 mM sodium bicarbonate. However, a consider-
able release of As was observed aer reaction with 20 mM
bicarbonate, which has important implications for water quality
conditions of the Cheyenne River.

These results are relevant given that As release to water
sources continues to be a concern in CRST and in many other
communities located near mine waste sites. For instance, the
high alkalinity (ranging from 1000 to 2650 mg L�1 and 10–
26 mM as CaCO3) in the Cheyenne River and Whitewood Creek
could affect As reactivity. In the current study, the reaction of
mine waste sediments with 20 mM bicarbonate in batch
experiments resulted in a maximum release of 240 mg L�1 of
As(V). In addition, the role of inorganic and organic phosphorus
on As release into surface water sources is an important
consideration. For example, in the current study, the reaction of
10 mM phosphate with mine waste solids resulted in the release
of up to 6900 mg L�1As(V). Land use within CRST boundaries
includes 85% livestock use and agricultural activities, so the
potential for the effect of organic and inorganic phosphorus on
the release of As from sediments aer runoff events should be
considered. More research is necessary to better understand the
effect of agricultural inputs on As reactivity in sediments from
CRST.

Though As can be released by changes in associated Fe
mineralogy and reductive dissolution, this study also suggests
that the mobilization of As can be affected by phosphate and to
some extent bicarbonate by competitive ion displacement of
weakly bound As(V) at the surface of the solids. This is an
interesting nding given that, although the DR solids have
lower total As, the concentrations of As(V) mobilized aer
reaction with bicarbonate and phosphate are considerable. The
presence of labile As(V) from sediments is relevant to consider
in the assessment of As exposure to the local community.
Existing literature has indicated that As has the affinity to
associate with goethite in environmental systems. Given that
Mössbauer analyses indicate that goethite is present in samples
from WW and DR, it is likely that goethite plays an important
466 | Environ. Sci.: Processes Impacts, 2019, 21, 456–468
role in As binding in these sediments. However, additional
research is necessary to better understand the specic binding
mechanisms for As in sediments from our system.

The Cheyenne River watershed continues to receive sedi-
ment loads from upstream, and the alterations of As as a func-
tion of sediment burial and redox transformations can be an
important component of As release. Therefore, future investi-
gations of redox processes can aid in our understanding of As
mobility in the riverbank prole along the Cheyenne River,
where the community of CRST harvests fruiting trees and
medicinal plants. Additional studies are necessary to better
understand the effect of microbial and plant processes on As
mobility. The results of this investigation on As reactivity have
important implications for environmental exposure and risk
assessments.
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