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Environmental context. Uraniumandarsenic, two elements of humanhealth concern, are commonly found at
sites of uraniummining, but little is known about processes influencing their environmental behaviour. Herewe
focus on understanding the chemical and physical processes controlling uranium and arsenic transport at an
abandoned uraniummine.We find that the use of sedimentation ponds limits themobility of uranium; however,
pond conditions at our site resulted in arsenicmobilisation.Our findingswill help optimise restoration strategies
for mine tailings.

Abstract. Although As can occur in U ore at concentrations up to 10wt-%, the fate and transport of both U and As at
U mine tailings have not been previously investigated at a watershed scale. The major objective of this study was
to determine primary chemical and physical processes contributing to transport of both U and As to a down gradient

watershed at an abandoned U mine site in South Dakota. Uranium is primarily transported by erosion at the site, based on
decreasing concentrations in sediment with distance from the tailings. Sequential extractions and U X-ray absorption
near-edge fine structure (XANES) fitting indicate that U is immobilised in a near-source sedimentation pond both by
prevention of sediment transport and by reduction of UVI to UIV. In contrast toU, subsequent release of As to the watershed

takes place from the pond partially due to reductive dissolution of Fe oxy(hydr)oxides. However, As is immobilised by
adsorption to clays and Fe oxy(hydr)oxides in oxic zones and by formation of As–sulfide mineral phases in anoxic zones
down gradient, indicated by sequential extractions and As XANES fitting. This study indicates that As should be

considered during restoration of uranium mine sites in order to prevent transport.
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Introduction

With the Cold War came a boom in U mining that left behind a
legacy of environmental problems.[1] At that time, no govern-
ment requirements for mine tailing reclamation were in place.

Unreclaimed tailings left U ore exposed to weathering, resulting
in the spread of U and other metals to surface water, ground-
water and sediments surrounding mine sites.

The North Cave Hills in Harding Country, South Dakota is

one of those unreclaimed Umine tailings sites. Open-pit mining
began at this site in 1955 after U-containing lignite seams were
discovered and continued through to 1967.[2] Because of the

lack of reclamation requirements, loose piles of overburden and
ashed material were left behind, allowing for the release of
heavy metals, metalloids and radionuclides into the surrounding

watershed. Previous work at the site identified the major metals
in sediments in the surrounding watershed to include Cu, Pb, Se,
Th, As, U andV.[3] Of these elements, U andAs have the greatest

potential to threaten the local water supply because of their
redox sensitivity, solubility and their concentration levels at the

North Cave Hills. Uranium and As were previously found in

near-source and watershed sediments above their respective
background concentrations of 4 and 27mg kg�1.[2] Near-source
surface water U and As concentrations as measured by Larson

et al. were above the Environmental Protection Agency’s (EPA)
maximum contaminant levels (MCL), which are 30 and 10 ppb
for U and As.[4] Down gradient of the tailings is a wetland
followed by Crooked Creek that flows to the Bowman-Haley

Reservoir, which is open to the public for recreation (Fig. 1).
Larson et al.[4] have previously shown that heavy metal accu-
mulation in the reservoir is the result of local U mining

activity.[5]

U and As have differences in mobility under similar redox
conditions. Under oxic conditions and environmentally relevant

pHs, U is present as aqueous UVI species, including UO2(OH)2
0

andUO2(OH)3
�.[6]When carbonate and calcium are also present,

UVI can form uranyl-carbonato or uranyl-calcium-carbonato

complexes including (UO2)2CO3(OH)3
�, UO2(CO3)2

2�,
UO2(CO3)3

4�, Ca2UO2(CO3)3
0 and CaUO2(CO3)3

2�.[1,7] These
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complexes have high solubility, limiting UVI adsorption to Fe
oxy(hydr)oxides and sediments when calcium and carbonate
are present.[6,8,9] Under anoxic conditions, U can be present

as molecular UIV, nano-uraninite, or the most stable and least
soluble of the reduced forms, crystalline uraninite (UO2).

[10–13]

Although U is less mobile in its reduced forms than in its

oxidised forms, As is generally more mobile in its reduced
form as AsIII.[14–16] Arsenic can adsorb to iron oxides under
environmental pH as both AsIII (H2AsO3

0) and AsV (H2AsO4
–).[17]

Although AsIII has a greater sorption affinity to iron oxides than

AsV at pH7,AsVbindsmore strongly and is not as easily desorbed
and released into surface waters.[17,18] In addition to having
greater mobility, AsIII is more toxic to humans than AsV.[19]

AsIII–sulfide mineral phases with low solubility, such as realgar
(As4S4) and orpiment (As2S3), can also form under anoxic
conditions, but because Fe–sulfidemineral formation is favoured,

AsIII is most commonly found in its dissolved form.[20,21]

Iron and sulfate biogeochemical cycling can control the
mobility of U and As. Studies of abiotic reduction of UVI by FeII

in soils have shown that UVI can be reduced by adsorbed FeII and

by structural FeIII, to a limited extent.[22,23] Uranium can also be
reduced by precipitated or biogenically produced Fe–sulfide and
by aqueous sulfide under anoxic conditions.[15,24–27] Enzymatic

reduction of UVI has been observed by iron and sulfate reducing
bacteria.[28,29] Although both AsIII and AsV can be adsorbed to
iron minerals, As can be released, not only by desorption, but by

microbial reduction of iron mineral phases, resulting in mineral
dissolution.[30] Arsenic has been shown to be released during
microbial reduction of sulfate to sulfide, resulting in thioarse-

nate formation.[31] In addition, AsV can be reduced by dissimi-
latory metal reducing bacteria or by bacteria as a detoxification
mechanism to form less toxic methylated AsIII.[32–34] Thermo-

dynamically, AsV reduction is favoured over FeIII and sulfate
reduction.[35] Uranium and As may also control the solubility of
each other in the environment. Recently, U and As have also
been found to form uranyl arsenate surface complexes with

aluminium oxide under a range of pHs and uranyl arsenate
aqueous complexes and precipitates under acidic conditions in
the laboratory.[36,37] Little is known about the formation of

uranyl arsenates in the environment, but their effect on mobility
of U and As should be considered in environments where both
elements are present.

Previous studies at the North Cave Hills have tried to
determine controls on U and As transport and fate. Kipp et al.
found that both aerobic and anaerobic processes in sediments
play a role in U and As transport by comparing their concentra-

tions to that of Th – ametal that is not sensitive to environmental
redox changes.[3] Although U and As concentrations fluctuated
with distance from the tailings pile, Th, which was used as a

naturally occurring conservative tracer, steadily decreased sug-
gesting that, in addition to erosion, redox-promoted transport
may be significant.[3] The study also determined that U and As
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were primarily associated with the Fe oxide fraction of collected

soils, further emphasising the need for a better understanding
of Fe controls on U and As fate at this site. Larson et al. looked
at the seasonal variation of U and As speciation in North Cave

Hills sediment pore waters, concluding that seasonal changes
in redox conditions will continue to promote release of U andAs
as a result of reductive Fe oxide dissolution.[4] Aqueous
surface water and pore water Fe, U and As measurements in

Larson et al. complement sediment concentrations determined
in our study.[4]

Although As can occur in U ore at concentrations up to

10wt-%,[37] the fate and transport of both U and As at U mine
tailings has not been previously investigated at any other field
sites. However, U geochemistry has been studied extensively

in Rifle, Colorado and other mill tailing sites.[1,14,38,39] At these
sites, U immobilisation can occur with reduction to UIV or
when UVI forms stable precipitates with, e.g. dissolved phos-
phate.[1,12,40,41] Arsenic mobility at a former U mill site has also

been investigated independently of U mobility. For example,
Stucker et al. discovered that As was released to Rifle, CO,
groundwater during bioremediation of U as a result of, in part,

the formation of thioarsenic species.[31] Donahue and Hendry
studied As transport at a U mill tailing in Canada and found
that As is primarily present as calcium arsenates, which could

dissolve into site pore water resulting in concentrations of up
to 126 ppm As.[37,42] Arsenic was also found to be adsorbed to
ferrihydrite resulting in long-term stability under site condi-

tions, preventing aqueous As transport.[37,43,44] The majority of
these studies have focussed on the geochemistry and stability
of U or As in tailing piles rather than physical and chemical
controls on down-gradient transport of both elements in the

same study.
Because of the dissimilarity of these co-contaminant metal

redox pairs, and because of negative health effects associated

with both U and As, it is essential to understand the processes
that promote the retention and redox transformation of U and
As within mining-affected watersheds such as the North Cave

Hills, South Dakota.[45,46] Thus, the goal of this work is to
determine how sorption and redox processes within various sites
(e.g. tailings pile, sedimentation pond, wetlands, reservoir)
control the down-gradient transport of U and As at an unre-

claimed uranium mine tailing site.

Materials and methods

Study site and sample collection

Samples were collected from nine previously established loca-

tions including the North Cave Hills mine tailings and the sur-
rounding down gradient watershed.[2–4] Locations were selected
based upon variations in redox conditions and U and As con-

centrations in sediments and porewater from past studies (Fig. 1,
Table 1).[2] All samples were collected in late June of 2009, at
the beginning of the rainy season (Fig. S1 of the Supplementary
material). Three samples were collected from the tailings pile,

including the top of the pile (1), the middle of the pile’s eastern
slope (2) and the toe of the pile (3) before entering a sedimen-
tation pond. The collection site at the base of the pile was

selected because of evidence of recent erosion and rainwater
transport. The fourth sampling site is at the inlet to the sedi-
mentation pond located ,0.7-km downstream of the tailings

pile (4). The pond is intended to capture sediment from the
tailings pile to prevent physical transport (erosion) into Pete’s
Creek. The fifth sampling site is at the sedimentation pond’s

outlet pipe draining into Pete’s Creek (5). The next sampling
location is within the sediment deposition zone surrounding
Pete’s Creek referred to as Pete’s Creek Wetland (6), ,2 km

from the tailings pile. Pete’s Creek then connects to Crooked
Creek, which leads into the Bowman-Haley Reservoir, 45-km
down gradient of the tailings pile. The final sampling location is
at the inlet to the reservoir, referred to as Bowman-Haley

backwaters (7).
At the time of sample collection, the oxidation–reduction

potential (ORP) was measured using a handheld meter and

ORP probe (Hanna Instruments 9025, Hanna Instruments,
Woonsocket, RI, USA) by inserting the probe into the moist
soil. The pH of surface waters was measured at sampling

locations where soils were submerged. Two cores were col-
lected at each sampling location, one preserved anoxically for
determination of metal speciation and one collected for deter-

mination of total metal content. Soil cores were collected using a
stainless steel soil corer lined with a polyethylene tube,30 cm
long. Both soil coreswere preserved by immediately capping the
tubes and sealing the caps with wax. The soil cores were then

stored on ice for up to 2 days and transported to an anaerobic
chamber in the laboratory. Because of the loose sediment
material at the Bowman-Haley Reservoir, an anoxic soil core

was not preserved. Anoxic cores were divided into 5-cm sec-
tions by depth and allowed to air dry in the anaerobic chamber.
Once dry, soil samples were ground by mortar and pestle and

passed through a 2-mm sieve. For long-term storage, samples
were transferred into 125-mL airtight crimp-sealed bottles. For
some analyses, samples were homogenised by taking equal
masses of soil from each of the 5-cm sections of each core.

Samples were combined using a mortar and pestle. For the
majority of analyses, the top 5 cm of the soil core were used.

Laboratory methods

Soil texture analysis for homogenised dry samples was per-
formed by Colorado State University’s Soil Testing Laboratory.

The clay-sized fraction of the homogenised dried soils was
separated and prepared for analysis by X-ray diffraction (XRD)
with a Scintag X2 theta-theta powder diffractometer (Scintag,

Inc., Cupertino, CA, USA) with a Peltier detector and Cu X-ray
tube. The X-ray source was operated at 40 kV and 40mA. Sol-
uble salts and carbonates were removed from soils by washing

Table 1. Sampling location information including latitude and longi-

tude coordinates, soil redox measurements (mV) and surface water pH

Site number

(see Fig. 1)

Location

name

Latitude,

longitude

Redox

(mV)

pH

1 Top of the tailings 45850047.1000N,
103828031.9000W

328 –

2 Middle of the tailings 45850047.4000N,
103828028.8000W

237 –

3 Toe of the tailings 45850046.5000N,
103828023.7000W

408 –

4 Sedimentation pond 45850041.3000N,
103828016.3000W

�25 7.1

5 Pond outlet 45850041.0000N,
103828014.3000W

160 –

6 Pete’s Creek wetland 45850043.7000N,
103827031.5000W

�79 7.3

7 Bowman-Haley

backwaters

45857011.9000N,
103817015.3000W

�153 8.6
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with 1M HCl.[47] Soils were washed and centrifuged and the

solution was decanted. This process was repeated several times
until the soil was no longer suspended in solution. Soil was then
transferred into a beaker and 30% H2O2 was added to remove

organic material.[48] The solution was covered with a watch
glass and heated to 70 8Cuntil bubbling had subsided. Soils were
then passed through a 63-mm sieve (mesh size #230) to remove
the sand fraction. The clay fraction was separated from the silt

fraction by centrifuging repeatedly with sodium hexametapho-
sphate at 2min at 55g at 20 8C until the solution remained
clear.[49] Upon isolating the clay-sized fraction, each sample

was treated in three different ways, Mg-saturated air-dried,[50]

Mg-saturated glycerol solvated[51] and K-saturated air-dried[51]

and then filtered onto Isopore membrane filters (5.0 mm, TMTP,

EMD Millipore Corporation, Billerica, MA, USA) and trans-
ferred to microscope slides,[52] allowing for the identification of
smectite, vermiculite, chlorite, mica, gibbsite and kaolinite.

Total sediment metal concentrations were determined by

total digestion of a 1.0-g sample from the top 5 cm of soil cores
by the method described by Soltanpour et al.[53] The resulting
digestions were analysed by inductively coupled plasma mass

spectrometry (ICP-MS) (Perkin Elmer Elan DRC II, Perkin
Elmer, Waltham, MA) for U and As concentrations and induc-
tively coupled plasma optical emission spectroscopy (ICP-OES)

(Thermo Scientific Iris Intrepid II, Thermo Scientific,Waltham,
MA) for Fe. Sequential extractions were performed separately
for analysis of U and As. Extraction procedures for As were

based upon Huang and Kretzschmar.[54] Steps 1, 3, 5, 6 and 7
were respectively performed to extract soluble and exchange-
able, manganese oxide-associated, poorly crystalline Fe and Al
(hydr)oxide-associated, sulfide-associated and crystalline Fe

and Al (hydr)oxide-associated As. To measure concentrations
in the residual fraction, 5mL of concentrated HNO3 was added
to the remaining sediment and heated at 85 8C for 3 h, rather than

using X-ray fluorescence.[42,55] Sequential U and As extractions
were also performed based upon a modified method from
Tessier et al.[56] as described in Salome et al.[42] Extracts were

also analysed for both U and As by ICP-MS. Additional
elemental measurements of the soil samples were performed
using laser ablation inductively coupled plasma mass spectro-
metry (LA-ICP/MS) at the Environmental Molecular Sciences

Laboratory (EMSL), part of the Pacific Northwest National
Laboratory (PNNL) in Richland, Washington. The primary
purpose of the additional measurements was to independently

determine the mineral surface concentration of U and As on
unaltered samples. Soil samples were formed into pellets suit-
able for laser ablation using a conventional shop press. The laser

ablation system employedwas theAnalyte G2,manufactured by
PhotonMachines Inc. (Bozeman, MT, USA). This uses a pulsed
UV excimer laser operating at 193 nm with pulse length less

than 4 ns and a nominal irradiance of up to 4 GWcm�2. For the
results reported here the laser ablation system was operated at
20Hz with a laser ablation area of 20 mm. The laser was moved
in a raster pattern over an ,2mm2 area of the sample and the

resulting ablated particulates were entrained in a flow of He gas
at 0.2–0.5 Lmin�1 and carried to a Thermo Electron Element
2/XR (Thermo Scientific) for measurement of elemental con-

centrations. The Element was set to rapidly scan over several
elements in addition toU including Fe,Mn,As, Sr andBa. These
elements had been independently measured by ICP-OES and

were used as internal standards in combination with an external
standard calibration curve generated by LA-ICP/MS of
NIST610, NIST612 and NIST614 standard reference materials.

Standard deviations for the reported values were,20–25% and

mostly a result of inhomogeneity in the samples.

X-Ray absorption spectroscopy (XAS)

All XAS samples were taken from the homogenised top 5 cm of

the dried soil cores. Samples were analysed at the Stanford
Synchrotron Radiation Lightsource (SSRL) in Menlo Park, CA.
All anoxic soil preparations occurred within an anaerobic
chamber containing 95% N2 and 5% H2. Samples were placed

into a Teflon holder sealed by a Kapton polyimide film to
prevent oxidation while minimising X-ray absorption as previ-
ously described.[57] Extended X-ray absorption fine structure

(EXAFS) spectroscopy was used to characterise Fe mineralogy.
X-Ray absorption near-edge fine structure (XANES) spectros-
copy was performed to determine the valence state of U and As.

XAS was performed at beamline 11–2 (26-pole wiggler), 10–2
(30-pole wiggler) and 7–3 (20-pole wiggler) at SSRL. The ring
operates at 3GeV with a current of 450mA. During data col-

lection, As samples were maintained at a temperature of 5K to
prevent beam-induced redox reactions using an Oxford Instru-
ments CF1208 continuous flow liquid helium cryostat (Oxford
Instruments, Abingdon, UK).[58] Energy selection was accom-

plished with a Si (220) monochromator. All Fe EXAFS spectra
were collected in fluorescence mode with a wide-angle collec-
tion ionisation chamber (Lytle detector). U and As XANES

spectra were collected in fluorescence mode with a 30-channel
Ge detector. EXAFS spectra were collected from �200 to
þ1000 eV around the K-edge of Fe (7111 eV). For U and As,

XANES spectra were collected from�150 to 450 eV around the
LIII-edge of U (17 176 eV) and the K-edge of As (11 876 eV).
Between two and three spectra were averaged for each sample.
U and As spectra were fit by linear combination fitting of nor-

malised XANES spectra in Athena between �20 and þ25 eV
from 17 178 eV for U and �20 and þ35 eV from 11 873 eV for
As.[59] Uranium reference compounds included uranyl acetate

and uraninite.[60] Arsenic reference compounds included AsIII

adsorbed to goethite, AsV adsorbed to goethite[58] and orpiment
(As2S3). Standards of arsenic adsorbed to goethite were pre-

pared according to Amstaetter et al. by adding 1.2mgL�1 of
sodium arsenite and sodium arsenate to a 5.4 g L�1 suspension
of goethite (Bayferrox 920 Z, LANXESS Deutschland GmbH,

Leverkusen, Germany).[58] Orpiment was obtained from the
RRUFF database at University of ArizonaMineral Museum and
was originally fromMercur, Utah. Linear combination fitting of
k3-weighted Fe EXAFS spectra was performed from 3 to 12 k

(Å�1) using Athena.[59] All references were chosen based on
their likelihood of being a soil component. The Fe EXAFS
spectrum of smectite (SAZ-1) was obtained from Dr Peggy

O’Day at University of California, Merced, CA.[61] Compounds
were only included in the fit if the contribution was a fraction
greater than 0.05. Fits were approximately within �5% of the

mole percentages.[57]

Results and discussion

Geochemical characterisation of field site

Soil redox measurements were taken at each of the sampling

locations (Table 1). The redox potential varies from site to site,
with the tailings pile and the pond outlet being oxic to suboxic.
All of the sites that were under surface water were anoxic: the

sedimentation pond, Pete’s Creek wetland and Bowman-Haley
backwaters. pH measurements were only taken at locations
where surface water was present above the sampled soil core

Fate of As and U at an abandoned uranium mine site
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(Table 1). pH readings were 7.1 and 7.3 for near-source sam-
pling locations and 8.6 at the Bowman-Haley backwaters sites.
Previous work at the North Cave Hills has found surface waters
around the area to be between pH 7 and 10 and to have high

alkalinity with CaCO3 concentrations up to 300mgL�1.[2]

Iron is redox sensitive, abundant in soils and known to
influence U and As mobility in soil and sediments.[14] Total

Fe concentrations in the top 5 cm of soil from each sampling
site are shown in Fig. 2. The concentration of solid phase Fe
was greater at sites downstream of the sedimentation pond.

The top, middle and bottom of the tailings pile and the sedi-
mentation pond ranged from 8180 to 9780mg kg�1 total Fe,
whereas the samples collected from the pond outlet, Pete’s

Creek Wetland and Bowman-Haley backwaters contained
14 100 to 17 700mg kg�1 total Fe. The highest concentration
of Fe was measured at the sedimentation pond’s outlet at
20 800mg kg�1. The high concentration at the pond outlet

indicates that dissolved FeII and suspended iron oxides are
accumulating in the pondwater and are then carried downstream
through the pond outlet. Although relatively low aqueous FeII

concentrations (2mgL�1) were measured in the pond by Larson
et al.,[4] oxidative precipitation of dissolved FeII may, in part, be
responsible for accumulation of FeIII oxides at this sampling

location, Pete’s Creek wetland and Bowman-Haley backwaters
sites.[4] Of the total extracted Fe, only 55% was in crystalline
form at the pond outlet compared to 75% in the pond (Fig. S2 of

the Supplementary material). The greater fraction of amorphous
and exchangeable Fe at the outlet compared to that at the pond
suggests that precipitation of amorphous iron oxides such as
ferrihydrite occurs at the outlet (Fig. S2).

The distribution of soil iron minerals was determined by
linear combination fitting (LCF) of EXAFS data in k-space
(Figs S3, S4, Table S1 of the Supplementarymaterial). Based on

LCF-EXAFS, the iron mineral composition at the site is pri-
marily made up of iron-bearing silicates including smectite and
augite. At all three of the tailings pile sampling locations, the

dominant Fe-bearing mineral was smectite (35–54%), whereas
at the down gradient locations the dominant Fe-bearing mineral
was augite (31–86%). In addition to smectite and augite, all of
the spectra were fit including ferrosmectite and goethite.

Goethite, an iron oxyhydroxide, could form by precipitation at

the pond outlet (30%) following dissolution of amorphous
iron hydroxides like ferrihydrite, which can occur in the reduc-
ing environment of the sedimentation pond.[62] Clay X-ray

diffraction resulted in similar diffraction patterns for all of the
sampling sites, confirming the presence of smectite and goethite
in site sediments. Analysis of the clay XRD patterns identified
mica, kaolinite and gibbsite at all of the sampling locations

(Fig. S5 of the Supplementary material).

Geochemical controls on U transport

Uranium surface sediment concentrations vary, based on our
limited number of sampling sites, within the tailings pile, but
are consistently low at all other sampling locations. The high-

est concentration of total U among the sampling sites, as
determined by total digestion, was found at the toe of the tailings
(25mg kg�1). High concentrations may be found there because
of the deposition of sediment resulting from overburden

weathering. All sites downstream of the toe of the tailings have
total U concentrations between 0 and 15mg kg�1 in surface
sediments as determined by total digestion (Fig. 2). In addition

to being determined by digestion, total sediment concentrations
for uranium were determined by laser-ablation ICP-MS
(Fig. S6a). Sediment U concentrations follow the same trend

by site whether determined by total digestion or laser ablation
with the exception of two sites, the top of the tailings (7 and
64mg kg�1 respective to the method of measurement) and the

pond outlet (12 and 33mg kg�1), whichwere both determined to
be greater by laser ablation. LA-ICP/MS determines concen-
tration by ablation of a spot 50 mm in diameter of the sediment
sample, so concentrations may be greater if an area containing

mineralised U was analysed.[63] With the inhomogeneity of the
sediment at the top of the tailings pile, this result is not unex-
pected. Background level U sediment concentrations were

previously determined to be 4mg kg�1.[2] The Bowman-Haley
backwaters site was the only site with U concentrations below
background level as measured by total digestion.

Low sediment concentrations down gradient of the tailings
pile may be the result of the sedimentation pond, either by
serving its purpose to prevent down-gradient sediment trans-
port or by promoting U reduction of dissolved UVI species to

uraninite or to biomass associated molecular UIV (Fig. 2).[13,15]

The redox conditions of the pond promote microbial reduction
of uranyl to uraninite or alternately molecular UIV that is likely

to settle to the bottom of the pond and not be further trans-
ported.[64][13] The chemical structure of UIV could not be
confirmed by the collected XANES spectra. Sediment sulfur

concentrations (measured by Larson et al.[4]) and sediment Fe
concentrations in the pond could allow for the precipitation of
amorphous FeS, following microbial reduction of sulfate and

FeIII oxy(hydr)oxides, which can abiotically reduce uranyl to
uraninite or non-uraninite UIV.[4,13,15,27,65] Because of the low
environmental sediment U concentrations, U XANES spectra
were only obtained for the top of the tailings, toe of the tailings,

pond and pond outlet (Figs S7, S8, Table S2 of the Supplemen-
tary material). Of the collected spectra, the U XANES spectrum
from the pond outlet was fit with the greatest percentage of UIV

(45.1%). Similar to the reduced Fe observed at the outlet, the
presence of UIV at the outlet supports that uranium reduction
is occurring in the pond and uraninite or biomass-associated

molecular UIV is settling out at the outlet. The greater concen-
tration of sediment U determined by LA-ICP/MS than by total
digestion at the pond outlet also supports the presence of
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heterogeneously distributed mineralised UIV or mineral-
associated UVI. Although UIV forms can be oxidised to soluble

UVI with exposure to oxygen, UIV is likely to remain stable in the
pond because oxygen exposure would not occur without signif-
icant mixing of the pond water.

The mineral-associated U in soils as determined by sequen-

tial extractions (Fig. 3a) shows little difference among sites,
indicating that U may be transported down gradient of the
sedimentation pond mainly as sediment-associated U rather

than as dissolved UVI. Sediment-associated U could have been
transported by dust or especially before installation or rehabili-
tation of the sedimentation pond. Sequential extractions show

that U is primarily associated with the carbonate and phosphate
mineral (acid extractable) fraction of sediment at all of the
sampling locations except for the toe of the tailings (Fig. 3a).

Based on the carbonate concentration and pH of North Cave
Hills surface waters, U is most likely associated with carbonate
rather than phosphate, including carbonate minerals such as
calcite and aragonite.[56] Uranium in the carbonate mineral

fraction is likely incorporated into carbonate minerals in source
materials and would not be released down gradient of the pond
because calcite and aragonite have low solubility under the

neutral to basic pH conditions of the sampling locations.[66,67]

Aqueous U concentrations in surface waters (in Larson et al.[4])
support the lack of solubilised U at down gradient sites, with a U

concentration 2 times background level (32.7 mgL�1) measured
at Pete’s Creek wetland and a below background level concen-
tration (5.14mgL�1) measured at the Bowman-Haley back-
waters during summer sampling.[4] Aqueous UVI is expected

to adsorb preferentially to amorphous iron oxides in sediments
rather than to carbonate minerals.[66] At the top of the tailings,
the pond and the pond outlet, the amount of U associated with

the ironmineral fraction increases from the top andmiddle of the
tailings pile, which could indicate that aqueous UVI is adsorbed
to iron oxyhydroxides at those sites.[9,68] The sodium acetate

fraction (iron mineral-associated fraction) of the Tessier et al.
method has also been shown to extract UIV, so increased U
extracted in an iron mineral fraction may also support the

presence of UIV in the pond and at its outlet.[56,69]

Geochemical controls on arsenic transport

Total sediment As at the site does not simply decrease with
distance from the tailings pile, indicating that As transport is

controlled by chemical processes in addition to physical
processes (Fig. 2). Sediment As concentrations measured by
total digestion are similar for near-source sites including the
tailings pile, the pond and its outlet, ranging between 101 and

155mg kg�1, with the exception of the top of the tailings pile
(Fig. 2). The sediment As concentration at the top of the
tailings pile was 346mg kg�1. Surface sediment concentrations

are likely high at this sampling site because of the presence of
As-containing minerals that were brought to the surface during
mining activity. The second highest As sediment concentration

of the sampling locations as measured by total digestion is at
the pond outlet (155mg kg�1). Similar to the U sediment con-
centrations, As sediment concentrations were measured by

both total digestion and laser ablation. Sediment As con-
centrations measured by the two methods follow the same trend
by sampling location with the exception of the sedimentation
pond (Fig. S6b of the Supplementary material). The As con-

centration in the pond was greater when measured by laser
ablation (324mg kg�1) than by total digestion (102mg kg�1).
This is likely attributable to heterogeneous distribution of As in

the pond. Of the sites sampled in Larson et al.,[4] surface water
As concentrations were highest in the pond (1260mgL�1).[4]

Reductive dissolution of Fe oxy(hydr)oxides promotes the

release of adsorbed As and likely occurs under the reducing
conditions of the sedimentation pond, resulting in high aqueous
As concentrations in the pond and high sediment As concentra-

tions at the outlet.[18,35,70] The high fraction of amorphous Fe
measured at the pond outlet (Fig. S2 of the Supplementary
material) supports that reductive dissolution occurs in the pond.
Because AsIII is more readily desorbed fromFe oxides thanAsV,

release of Asmay also occur upon microbial reduction of AsV to
AsIII under the reducing conditions of the pond.[18,33,35] Larson
et al.[4] found the As in pore water at the sedimentation pond to

be 55–93% AsIII during summer sampling, supporting that
microbial reduction and release from sediment is taking place.[4]
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Arsenic mobilised in the pond is transported to down gradient
locations where it is immobilised in oxic zones as AsIII is

oxidised to AsV and adsorption to soil minerals occurs.[33]

Downstream of the tailings pile by 2 km, the Pete’s Creek
wetland site has an As concentration of 87mg kg�1, suggesting

that transport is limited past the pond. Surface water As
concentrations are also lower at the Pete’s Creek wetland site
than at the pond (577mg L�1).[4] At the Bowman-Haley back-

waters site, the sediment As concentration is 2mg kg�1, which is
below the mean background level of 26mg kg�1 established by
Stone et al.[2] In addition, no detectable As was measured in
surface water samples at the backwaters site.[4]

The results of the Huang and Kretzschmar sequential extrac-
tion method indicate that As is primarily found associated
with the poorly crystalline Fe and Al oxides fraction (ligand-

promoted dissolution fraction) for all of the sampling sites with
45 to 80% of total As present in that fraction (Fig. 4).[54] This
fraction may also include amorphous clays minerals, but XRD

of the material remaining after each extraction step would need
to be performed in order to determine with certainty if clay
minerals were dissolved.[54] The other method of extraction

based on Tessier et al. shows that As is primarily associated with
the residual fraction (38–80%), which includes phyllosilicates
(clays) and inosilicates (Fig. 3b).[56] This result indicates that As
may be present at the sampling sites associated with clay

minerals. Although clay minerals have a lower affinity for AsIII

and AsV than Fe oxy(hydr)oxides, they are the dominant
Fe-bearingminerals present inNorth CaveHills’ soils according

to linear combination fitting of Fe EXAFS spectra (Figs S3, S4,
Table S1).[71] Adsorption of As to clays at the pond outlet may
prevent down gradient As transport because complete desorp-

tion of As from clayminerals is not shown to occur under the pH
conditions of the North Cave Hills.[71]

An As–sulfide mineral phase (orpiment) was found to be
present at the top of the tailings pile as determined by As

XANES linear-combination fitting, which implies that As
minerals were brought to the surface during mining (Fig. 5,

Table S3 of the Supplementary material). These As-bearing
minerals release As to down gradient areas during weathering or
oxidative dissolution at the site’s near-neutral pH condi-

tions.[72,73] In addition to the top of the tailings, fits of As
XANES spectra from Pete’s Creek wetland and Bowman-Haley
backwaters, both reduced sampling sites, were improved when

orpiment (As2S3) was included as a reference compound (Fig. 5,
Table S3). Larson et al.[4] determined that formation of orpiment
is thermodynamically favourable at the reduced areas surround-

ing the North Cave Hills based on dissolved AsIII and SO4
2�

concentrations at the Bowman-Haley outlet.[4] Newman et al.
found that precipitation of AsIII–sulfides occurs following AsV

and SO4
2� reduction, both of which are likely to take place under

the redox conditions of the sites.[74] AsIII–sulfides can also form
after adsorbed AsIII is incorporated into the structure of precipi-
tated metal sulfides.[75] Pete’s Creek wetland and Bowman-

Haley backwaters have the highest percentage of AsIII of the
sampling sites (60–70%), so incorporation may take place
(Fig. 5, Table S3). There is no direct evidence for the presence

of metal sulfides at the sites, but the sediment sulfur concentra-
tions in Larson et al.[4] were highest at the Bowman-Haley
backwaters site.[4] Although theAsXANES spectrawere best fit

with an orpiment reference, the specific AsIII–sulfide mineral
could not be identified conclusively without EXAFS informa-
tion. However, EXAFS spectra could not be collected for these
samples due to low environmental concentrations. Examples of

As XANES data and fits can be seen in Fig. S9 of the
Supplementary material.

Environmental implications

The results of this study illustrate that a combination of wet
chemical analysis, XRD and X-ray absorption spectroscopy can
be successfully applied to help elucidate major mechanisms
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controlling the fate and transport of U and As in complex

natural systems such as abandoned mining sites. Here we show
that sedimentation ponds used to prevent physical transport of
U and As from mine tailings are likely to also result in reduc-

tion of UVI and AsV. Reduction of UVI to UIV will further limit
down gradient transport of aqueous U. In contrast, AsV

reduction in the pond is clearly shown to promote aqueous
transport of AsIII as a result of either reductive dissolution of Fe

oxy(hydr)oxides, an important sorbent for As, or direct
reduction of sorbed AsV resulting in formation of aqueous
AsIII. Although As is mobilised within the sedimentation pond

and accumulating at the pond outlet, sediment and surface
water concentrations at the furthest (45 km) down gradient
sampling site, the Bowman-Haley backwaters, are below

background levels.[4] Our findings suggest that As was
immobilised as a result of AsV adsorption to clays or Fe oxy
(hydr)oxides in oxic zones or mineralisation of AsIII to AsIII–
sulfides in anoxic zones such as within Pete’s Creekwetland. In

contrast, the U concentration did not vary much between the
sedimentation pond and the down gradient sites. Although U
was measured in sediments at 2 times background levels at the

Bowman-Haley backwaters site by LA-ICP/MS, U does not
pose a risk to human health at that level by any type of acute or
chronic exposure.[76] In order to better elucidate the molecular

structure and interactions between U and As, and with soil
minerals, high quality EXAFS spectra are needed. However,
this study shows that it can be very challenging to obtain bulk

EXAFS spectra because of low (,100 ppm) environmental
concentrations indicating that future studies should include
micro-focussed XAS techniques in order to obtain an improved
understanding to further advance best managing practices or

reclamation strategies for mine tailings.[77]

Supporting material

Figures showing climate data, results of sequential iron

extractions, Fe mineral distribution, linear-combination fits of
Fe EXAFS, U XANES and As XANES, X-ray diffraction, and
total U and As concentrations in soils are available in the

Supplementary material, which is available from the journal
online (see http://www.publish.csiro.au/?act=view_file&file_id=
EN13129_AC.pdf). Also included are tables summarising
results of linear-combination fitting of Fe EXAFS, U XANES

and As XANES.
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