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Abstract

This study investigated the biogeochemistry of uranium (U), and the co-occurring elements nickel (Ni) and arsenic (As), in
colloids and sediments from two meromictic mine pit lakes that have considerably different depths and geochemistry. In order
to characterize the processes controlling metal speciation and cycling in the pits, the distribution and speciation of the elements
in colloidal size fractions were analyzed using micro- and ultrafiltration in combination with transmission electron microscopy.
Sediment traps collected fresh sediments over the course of one year below the chemocline of the pit lakes and were subse-
quently analyzed by scanning electron microscopy (SEM) for morphology and chemical digestions. The most common parti-
cles found in the shallower pit consisted of Ca-O and Fe-O colloids, while the particles in the deeper pit were composed of Ca-S-
O. Filtration results showed a higher abundance of metals in larger colloidal fractions in aged samples, suggesting that colloids
can act as metal accumulators. Sediment traps showed the formation of Fe-O, Fe-S, Al-Si, and Ce-P phases, which were
observed to sorb U andNi. The overall U removal was calculated to be 0.9 g/m2/year in both pits, despite considerably different
geochemical conditions between the two, and the maximum removal rates for As (shallow pit) and Ni (deeper pit) were 4.7 g/
m2/year and 0.6 g/m2/year, respectively. Bottom sediments were also collected from both pits, and characterized using sequen-
tial extractions, SEM, synchrotron-based X-ray absorption spectroscopy and Laue diffraction techniques. These techniques
showed that the stability of metals in the sediment follows the order Ni < U < As. Nickel, found in the exchangeable and acid
soluble fractions, could be easily mobilized by changes in aqueous ionic strength and pH. Similarly, pH and redox changes in
the water may strongly affect U, due to its dominance in the acid soluble and reducible sediment fractions. U(VI) mineral phases
confirmed by spectroscopy and Laue diffraction, such as vandendriesscheite and monazite, which were likely associated with
the oxidizable sediment fraction, may increase overall U stability. Arsenic was more strongly bound to the sediments and
mostly present in the oxidizable and residual (highly recalcitrant) fractions. The collective results demonstrate the importance
of colloidal particles for metal sequestration processes and their potential importance on microbial communities in pit lakes,
highlighting the need for improved characterization of colloids in environmental studies.
� 2019 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

More than 180 meromictic pit lakes exist around the
world in variable climates and geographical settings
(Gulati et al., 2017). Such lakes have a permanently strati-
fied deep water layer (monimolimnion) that does not mix
with the upper water layer (mixolimnion). The development
of this stratification is aided by the small surface area to
maximum depth ratio, groundwater and surface water
inflows and climatic factors (Pieters and Lawrence, 2014).
Pit lakes, created by open pit mining, can become meromic-
tic naturally or by artificially-induced means. In both cases
meromixis can promote the removal of metal contaminants
from the mixolimnion through metal and metalloid cycling
at the chemocline, the highly dynamic boundary between
the mixolimnion and the monimolimnion, which can have
large physicochemical gradients. Metals can be transported
from the mixolimnion into the monimolimnion and become
trapped in the latter due to its permanent stratification, and
eventually these metals can be sequestered into the pit bot-
tom sediments due to saturation- or nucleation-induced
precipitation (Soni et al., 2014; von Gunten et al., 2018).
The development of anaerobic conditions within the moni-
molimnion can also promote the reductive immobilization
of certain metal species. Overall, such mine pit lakes can
sequester significant amounts of metals and metalloids in
their sediments (Gulati et al., 2017). These can eventually
become sources of contaminants themselves, thus impact-
ing the quality of surrounding groundwater (Neves and
Matias, 2008).

Colloid chemistry and interactions are critical aspects of
metal and metalloid cycling, and understanding the extent
to which colloids can sorb and transport metals is essential
for determining their role in the functioning of meromictic
pit lakes as a decommissioning measure. Colloids are gener-
ally defined as particles with a size range between 1 nm �
10 mm. Gustafsson and Gschwend (1997) further defined
colloids as ‘‘any constituent that provides a molecular
milieu into and onto which chemicals can escape from the
bulk aqueous solution, while its vertical movement is not
significantly affected by gravitational settling.” This defini-
tion considers metals adsorbed and absorbed by non-
settling mineral particles, humic substances, and non-
motile microorganisms, but excludes metals complexed by
organic acids, as those are generally considered to be truly
dissolved. Colloidal particles can act as reaction centers,
which lower kinetic energy barriers, as demonstrated by
the reduction of U(VI) by small hematite colloids (Liger
et al., 1999). Some metals, when sorbed to colloids, can
be mobilized under conditions previously thought to pre-
vent their mobilization, as shown for reduced and generally
insoluble U(IV) in an anoxic environment of a uranium (U)
contaminated peat bog (Wang et al., 2013). Similarly, Pu
(III) and Pu(IV) mobility in natural aquatic systems was
increased through colloidal transport and, consequently,
less Pu was adsorbed to the solid phase (Nelson et al.,
1985). The eventual accumulation of colloidal particles
and subsequent formation of precipitating particulates
can remove metals from the aqueous medium via a scaveng-
ing process referred to as ‘‘colloidal pumping” (Honeyman
and Santschi, 1991; Dai et al., 1995). Such processes oper-
ate on longer time scales and can contribute to removal
of metals from the mixolimnia of meromictic lakes, leading
to an accumulation of trace metals in bottom sediments
(von Gunten et al., 1997, Castro and Moore, 2000,
Pelletier et al., 2009). This can, in turn, increase metal tox-
icity to benthic fauna (Cain et al., 2013; Croteau et al.,
2013).

Although colloidal particles and their importance for
metal and metalloid cycling has been investigated in rivers
(e.g., Dai et al., 1995; Ross and Sherrell, 1999) and wetlands
(e.g., Pokrovsky et al., 2005; Wang et al., 2013), studies
regarding their behavior in lakes are limited (e.g., Gimpel
et al., 2003). Colloidal metal transport is particularly under-
studied in artificial lacustrine systems, such as mining pits,
where contaminant-loaded colloids may form more readily
due to elevated concentrations of metals in pit water. These
colloids may have high mobility in groundwater due to
fractured, freshly weathered bedrock and a recently per-
turbed local hydrogeology (Ryan and Elimelech, 1996). In
addition, colloidal abundance can increase due to local sur-
face runoff and related soil disturbances. In a mining envi-
ronment, revegetation during land reclamation may
provide a fresh input of low molecular weight organic acids
that can promote colloid formation (Slowey et al., 2007).
Such organic acids can additionally liberate metals from
waste rock, leading to a concomitant increase in metal con-
centrations and colloids.

To investigate colloidal processes and metal sequestra-
tion in meromictic lakes and their relevance as a decommis-
sioning strategy, we studied two artificial meromictic pit
lakes formed by open pit mining and located at the decom-
missioned Cluff Lake uranium mine in Northern Saskatch-
ewan, Canada (Fig. 1). Today, these lakes, the shallower D-
pit and the deeper DJX-pit, are distinct from each other in
terms of both chemistry and geometry due to the host rock
and ore geology, basin shape and mining and remediation
history (von Gunten et al., 2018). A study by Dessouki
et al. (2005) investigated the DJX-pit in its early stage of
flooding and demonstrated that active fertilization and
microbial growth could decrease contaminant metal con-
centrations in the mixolimnion. A more recent study inves-
tigated the aqueous biogeochemistry of the two pits and
showed that some contaminants in the water were associ-
ated with Fe oxyhydroxides and Al-containing colloids
(von Gunten et al., 2018). However, the nature of those col-
loids, their morphologies and their role in metal and metal-
loid sequestration has not been investigated. Furthermore,
the contaminant sequestration potential and long-term sta-
bility in the sediments of the two pits is unknown. To fur-
ther understand these relationships and their net effect on
sequestration in reclaimed pit mines, we investigated the
biogeochemistry of metal contaminants (with U, nickel
(Ni), and arsenic (As) being of major concern) in the two
pit lakes at Cluff Lake, using water filtrations, sediment
traps, electron microscopy techniques, sequential extrac-
tions of bottom sediments (Tessier et al., 1979; Pichler
et al., 2001; Kipp et al., 2009), and synchrotron-based
X-ray spectroscopy and Laue diffraction. This study reveals
how metal transport by colloidal particles can promote



Fig. 1. Sampling locations in and around the two pit lakes (D-pit and DJX-pit) at Cluff Lake, northern Saskatchewan, Canada.

294 K. von Gunten et al. /Geochimica et Cosmochimica Acta 265 (2019) 292–312
metal sequestration in pit lakes and provides estimates for
metal removal rates in these systems. Furthermore, new
insights into the stability of metals in sediments and impor-
tant secondary minerals are discussed.

2. MATERIALS AND METHODS

2.1. Description of the pits

D-pit, the smaller of the two pits, has a maximum depth
of 28 m and a surface area of 15 400 m2. It was actively
mined for U between 1979 to 1981, and eventually flooded
in 1983 (AREVA, 2013). A chemocline is present at a depth
of 13 m, with an anoxic monimolimnion below that has ele-
vated pH values (pH 7.3–7.9) compared to the mixolimnion
(pH 6.2–6.4). The major metals of concern in this lake were
previously identified as U, with highest concentrations at
the chemocline (up to 131 mg/L), and As, with up to
95 mg/L in the monimolimnion (von Gunten et al., 2018).
The chemocline and the monimolimnion are influenced by
Fe redox processes, suggesting that the biogeochemistry
of the pit bottom is controlled by Fe(III) reduction.

The DJX-pit is deeper (91 m) and has a larger surface
area (85900 m2). It was mined periodically from 1989 to
1997 and allowed to flood in 2002 (AREVA, 2013). The
lake in the DJX-pit lake has two major chemoclines, one
at 18–20 m, and the second between 65 and 75 m, with
stratification being controlled by carbonate dissolution
and precipitation processes. Oxygen is present even near
the bottom of the pit (0.9–1.9 mg/L; von Gunten et al.,
2018), while the pH in the mixolimnion is neutral in con-
trast to the values in the monimolimnion (pH 5.6–6). The
monimolimnion is dominated by sulfate (up to 476 mg/L),
which is in contrast to the D-pit (<0.1 mg/L). Major metals
of concern are U and Ni, with the highest concentrations in
the deeper monimolimnion (1744 mg/L and 2193 mg/L,
respectively). Other metals with elevated concentrations
include Mn, Co, and Zn with concentrations up to 4 mg/
L, 424 mg/L, and 687 mg/L, respectively. A regional ground-
water model (AREVA, 2013) suggests some groundwater
exchange between the DJX-pit and nearby Cluff Lake.
Groundwater wells (e.g., Well 01–18 in Fig. 1) were
installed between the two water bodies to monitor the
groundwater quality. The trace metals U, As, and Ni are
of primary concern in the two pits and were therefore the
primary focus of this study.

2.2. Sampling

In June 2017, water samples were collected from the cen-
ter of the D-pit and the DJX-pit from a boat using a Mas-
terFlex E/S portable sampler (Cole-Parmer) and plastic
tubing. Water was sampled from depths that were chosen
to capture major geochemical changes along the chemocli-
nes (von Gunten et al., 2018). Three depths were sampled in
the D-pit: 5 m (mixolimnion), 13 m (chemocline), and 20 m
(monimolimnion). Four depths were sampled in the DJX-
pit: 5 m (mixolimnion), 20 m (upper chemocline), 40 m
(upper monimolimnion), and 65 m (lower monimolimnion).

To investigate how metals, which may be transported by
groundwater from DJX-pit towards a natural lake (Cluff
Lake), are immobilized in a till-dominated soil, we collected
soil samples and groundwater in the flow path between the
two. The 9 m deep groundwater well 01–18, situated
between DJX-pit and Cluff Lake (Fig. 1) was sampled with
the MasterFlex E/S portable sampler after purging three
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times the well volume according to Vail (2013). Saturated
soil samples from the locations Soil1 (south of DJX-pit,
depth 25 cm) and Soil2 (north of Cluff Lake, depth
80 cm) were collected in June 2018 using a hand shovel
and transported in polypropylene centrifuge tubes. To
understand the potential relationship between the geochem-
istry of U ores and resulting water chemistry, rock samples
(D rock, DJX rock) were collected along the shores of both
pits and U ore samples from Cluff Lake were analyzed as
described below. Further details on the rock and ore sam-
ples are provided in the Supplementary Information (SI).

Bottom sediments were collected from the pit bottoms
using an Ekman dredge. Samples from D-pit were retrieved
in September 2015 from the middle of the pit and are here-
after referred to as D-1 to D-10 (Fig. 1). A new sediment
sample was collected from 22 m depth in June 2017 and
labeled D-22. Sediment samples from the DJX-pit were col-
lected in June 2016 (shallow) and June 2017 (deep) from
depths and locations provided in Table 1. The sediments
were subsampled for analysis (n = 3), stored in polypropy-
lene centrifuge tubes and placed on ice for transport back to
the University of Alberta, where they were subsequently
stored at –20 �C until further processing.

In June 2017, sediment traps were placed in D-pit and
DJX-pit at 17 m and 47 m, respectively. These depths were
selected to be below the upper chemoclines as identified by
von Gunten et al. (2018). The sediment traps were con-
structed from 50 mL centrifuge tubes attached to a PET
funnel (Fig. S10). An aluminum tube was attached below
as a stabilizing weight. The rope holding the trap was
attached to a buoy, which was attached to the center buoy
in each pit. Plastic water logs held both buoys at a constant
distance to prevent the ropes from becoming entangled.
Both sediment traps were recovered after 374 days. In the
DJX-pit, only approximately 25 mL of sediments were
recovered and after detaching the funnel under water, the
tube was capped and sealed with Teflon tape (Fig. S10).
More than 50 mL sediments were found in the D-pit sedi-
ment trap, therefore, to prevent losses, the excess sediments
with additional liquid was poured in additional 50 mL
tubes, which were sealed as described above. Captured sed-
Table 1
Sediment and soil sample information: dates, depths and locations. Ano

Sample name(s) Location

D-1 to D-10 D-pit
D-22 D-pit
D-trap D-pit

DJX-13a, DJX-13b DJX-pit
DJX-12a, DJX-12b DJX-pit
DJX-8 DJX-pit
DJX-4a, DJX-4b, DJX-4c DJX-pit
DJX-68 DJX-pit
DJX-87 DJX-pit
DJX-91 DJX-pit
DJX-trap DJX-pit

Soil1 S of DJX-pit
Soil2 N of Cluff Lake
iments were transported on ice. In the laboratory, samples
were stored in an anaerobic glove box (98% N2 and 2% H2)
prior to processing.

2.3. Colloidal size distribution and microscopy

To investigate the distribution of metals in different col-
loidal size fractions, aliquots of lake water were filtered on
the boat immediately following sampling. Unfiltered ali-
quots were also collected for analysis. Dead-end filters
(0.45 mm and 0.2 mm) were used for separating the larger
size fractions, while reusable ultrafiltration cartridges (Pelli-
con XL, Millipore, 500 kDa and 10 kDa), both fed with the
0.2 mm permeate, were used for separating the smaller size
fractions (Wang et al., 2013). The cartridges were flushed
between the filtrations (50 mL 0.1 M hydrochloric acid,
50 mL 0.1 M sodium hydroxide, 50 mL of ultrapure water)
and then preconditioned with at least 10 mL of the sample.
Filtrations were performed differently in June 2017 and
June 2018. The June 2017 filtrations were performed using
syringes and syringe filters (Agilent) for larger size frac-
tions. As there was a concern that the brief exposure to oxy-
gen might alter the colloidal distribution, the filtrations
were repeated in June 2018 using in-line filters (Waterra)
prepared in a closed, sequential setup, in which permeate
from one filter was subsequently fed into the next without
air exposure. Using the same setup, groundwater from the
well 01–18 (Fig. 1) was filtered in June 2018.

Previous studies on colloids have determined that
changes in temperature can cause colloidal aggregation
and agglomeration, ultimately leading to precipitation
(von Gunten and Schneider, 1991; Tranvik, 1994). In pit
lakes, such as those investigated here, colloids may be
exposed to strong temperature changes at the chemocline
and thermocline, for example, where the 4 �C water of the
monimolimnion comes in contact with warmer surface
water. To determine if this process affects the colloidal size
distribution of metals in the two pit lakes, unfiltered water
samples were collected in June 2017 at several depths into
serum bottles using a nitrogen purged glove bag (Fisher Sci-
entific) in the field (Wang et al., 2013). In order to age the
xic: anaerobically dried for XAS.

Sampling date Depth (m) Anoxic

Sept 2015 not recorded No
June 2017 22 Yes
2017–2018 17 No

June 2016 13 No
June 2016 12 No
June 2016 8 No
June 2016 4 No
June 2017 68 No
June 2017 87 No
June 2017 91 Yes
2017–2018 47 No

June 2018 0.25 No
June 2018 0.80 No
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colloids, these samples were sealed and stored in an anaer-
obic glove box (98% N2 and 2% H2) at room temperature
for one month. Samples were then filtered in the glove
box following the same method as used in the field in
2017 (with syringes). After storing the water samples for
7.5 months in the glove box, precipitates were observed in
samples from D-pit (20 m) and DJX-pit (65 m). The precip-
itates were retrieved by centrifugation (15000 g, 10 min)
and dried at 60 �C. They were then carbon coated and ana-
lyzed by scanning electron microscopy coupled with energy
dispersive X-ray spectroscopy (SEM-EDS) as described
below.

All filtrates were diluted as necessary, acidified to a final
concentration of 2% nitric acid, with the metals then being
analyzed using an Agilent 8800 Triple Quadrupole ICP-MS
as described in von Gunten et al. (2018). Size fraction
ranges were calculated by using the differences between
the larger and the smaller fractions. The June 2018 perme-
ates were also analyzed for the total organic carbon (TOC;
Shimadzu TOC-V analyzer) using the non-purgeable
organic carbon method. To characterize colloidal particles,
transmission electron microscopy (TEM; JEOL JEM-
ARM200CF S/TEM) and energy dispersive X-ray spec-
troscopy (EDS) were performed using water from fresh
samples collected in June 2017. Additional details on col-
loidal size distribution analysis are given in the SI.

2.4. Aqueous U speciation analysis

Because U and other redox sensitive metals have varying
affinities toward colloidal particles depending on their spe-
ciation, it is important to investigate their oxidation states;
however, this poses methodological challenges. Although
thermodynamic speciation modeling is widely applied
(e.g., Ramos et al., 2012), it cannot explain kinetically lim-
ited systems and is prone to large deviations from observa-
tions, especially when colloidal particles are involved
(Gustafsson and Gschwend, 1997). In the two lakes studied
here, the speciation of Fe and As was previously investi-
gated using laboratory techniques (von Gunten et al.,
2018), yet no data were obtained for U. To separate
reduced from oxidized U in the field, we applied the method
developed by Anderson (1984), which exploits the redox
properties of U(III) and U(IV) that cause them to favorably
co-precipitate with lanthanide fluorides, such as LaF3 and
NdF3 under acidic conditions, leaving U(V) and U(VI) in
solution (Foti and Freiling, 1964). Since other ions in the
solution can compete with the fluoride anions, proper cali-
bration of the assay is necessary. Additional details of these
analyses are provided in the SI.

2.5. Bulk analysis of solid samples

Sediments from the sediment traps were mixed in their
containers and the total volume was recorded. The dry
masses of the solids were then determined by air-drying
(under 98% N2 and 2% H2) for a week and weighing. Bot-
tom sediment samples and soil samples were dried at 105 �
C, sieved (<2 mm), and crushed using a mortar and pestle.
Total carbon (TC), total organic carbon (TOC), and total
nitrogen (TN) were analyzed by a Costech Model EA
4010 Elemental Analyzer. Total inorganic carbon (TIC)
was calculated by subtracting TOC from TC. Microbial
communities in the bottom sediments were investigated in
both pits using 16S rRNA gene sequencing. These are
described and discussed in detail in the SI.

Sequential extractions were performed on select bottom
sediments and soil samples according to Tessier et al. (1979)
and Li et al. (1995) to determine the elemental composition
and distribution of various sediment fractions. All chemical
digestion and extraction methods are described in detail in
the SI. Briefly, the sequential extraction method differenti-
ated between the following five fractions: (1) exchangeable,
(2) carbonate-bound (acid soluble), (3) amorphous Fe-Mn-
oxide-bound (reducible), (4) organic matter and sulfide-
bound (oxidizable), and (5) residual. The final fraction
was calculated by subtracting the concentrations of frac-
tions 1–4 from the total concentration obtained by total
digestion. Total digestion was performed by a wet digestion
with nitric acid (HNO3), hydrogen peroxide (H2O2), and
hydrofluoric acid (HF). To prevent evaporation losses with
HF for Si and As (Wang et al., 1997; von Gunten et al.,
2017), a sodium hydroxide alkaline fusion with sodium per-
oxide was applied. During the extractions of a D-pit sedi-
ment (D-10), one sample was sacrificed after each
extraction step for analysis by SEM-EDS (see below) to
observe major changes in U. To distinguish between highly
and poorly crystalline Fe compounds in the residual frac-
tion, weak organic acid extractions with 7–35 mM oxalic
and citric acids were performed (Borggaard, 1992; Joseph
et al., 1996; Larios et al., 2013). Dried sediments from the
sediment traps were finely ground and digested using the
methods described above. All extraction and chemical
digestion solutions were filtered through 0.2 mm nylon syr-
inge filters and analyzed on an Agilent 8800 Triple Quadru-
pole ICP-MS.

2.6. Mineralogy, microscopy and spectroscopic analyses on

solid samples

Bottom sediment subsamples for physical analyses were
dried at 60 �C, sieved (<2 mm), and crushed using a mortar
and pestle. Sediments from traps were dried at 25 �C. Min-
eralogy of the samples was analyzed on a Rikagu Ultima IV
X-ray diffraction (XRD) unit with a cobalt X-ray source
(k = 1.790260). Data was interpreted using the JADE 9.5
software package and the databases: 2013 ICDD, 2015-1
ICSD.

In order to investigate the morphology of the sediments
and potential U accumulation, selected sediments with high
U concentrations from D-pit, DJX-pit, and both sediment
traps were analyzed by SEM-EDS. For this purpose, bot-
tom sediments were embedded into EPO-TEC 301 resin
thin sections of 30 mm thickness on glass slides. Regions
of U accumulation in the thin sections were identified using
SEM-EDS (Zeiss EVO MA 15 and Sigma 300 VP-FESEM)
as described in detail in the SI. Synchrotron-based X-ray
analyses were performed at the Very Sensitive Elemental
and Structural Probe Employing Radiation from a Syn-
chrotron (VESPERS) beamline at the Canadian Light
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Source (CLS) in Saskatoon, Canada with thin sections from
selected D-pit and DJX-pit sediments, and powder samples
for bulk analysis (Feng et al., 2007, 2010). Micro-X-ray flu-
orescence (XRF) maps of the thin sections were collected
using a polychromatic X-ray beam with an energy range
of 2–30 keV and a beam spot size of �3 mm. Samples were
mounted in the focus of the X-ray beam at an angle of 45�
from the horizontal plane. XRF spectra were collected with
a single element silicon drift detector (Vortex-90EX; HITA-
CHI) positioned 45� to the incident X-ray beam in horizon-
tal plane. Laue diffraction patterns were collected from
selected U hotspots using a Dectris Pilatus 1 M Pixel Array
Detector positioned 90� to the incident X-ray beam in ver-
tical plane. Visualization of the maps and correlation calcu-
lations between elements (Pearson’s linear product-moment
correlation) were done using MATLAB R2015b. The Laue
diffraction patterns were analyzed using the XMAS v.6
software (Tamura, 2014).

Micro X-Ray Absorption Near Edge Structure (m-
XANES) at the U LIII-edge, As K-edge, and Ni K-edge were
measured in fluorescence mode using a four-element silicon
drift detector (Vortex-ME4, HITACHI). The energy of inci-
dent X-ray were scanned using a double crystal Si(111)
monochromator (DE/E = 10�4). The detector was posi-
tioned 90� to the incident X-ray beam in horizontal plane.
Samples were positioned in the focus of the incoming X-
ray beam at an angle of 45� in both the vertical and horizon-
tal directions. Five to six m-XANES scans were collected for
each hotspot. Bulk XANES spectra were collected using a
bigger beam of 0.8 mm � 0.8 mm in size. For bulk XANES,
Teflon holders with a 3 mm slot in the middle were used.
Ground sediment samples were packed into the slot and
secured with Kapton tape on both sides. Samples were again
positioned in front of the incident X-ray beam at a 45� angle
with the fluorescence detector positioned 90� relative to the
incident X-ray beam in horizontal plane. Bulk XANES
measurements were performed at the U LIII-edge and the
As-K edge using either a four-element Vortex silicon drift
detector or a liquid nitrogen cooled 13-element germanium
detector (Canberra). For each sample, 5–10 scans at a spot
with the highest absorbance at the corresponding edge
energy were performed. Post-processing of the XANES
spectra was performed using Athena (Demeter 0.9.24 XAS
Processing Software; Ravel and Newville, 2005). The spec-
tra were corrected by the energy shift, normalized, and com-
pared to standard XANES spectra using linear combination
fitting (see SI for more details on VESPERS-related analy-
ses). As there was a concern that the drying procedures
might influence sediment mineralogy, selected sediment
samples from June 2017 were dried at room temperature
in an anaerobic chamber containing 98% nitrogen and 2%
hydrogen. The dried sediments were then immediately pro-
cessed for XRF and m-XANES as described above.

To verify the findings obtained by VESPERS, electron
microprobe analyses were performed using a CAMECA
SX100 microprobe. Selected carbon coated slides from each
pit (bottom sediments) with known U grain locations (from
SEM-EDS) were used. Additional EDS and wavelength
dispersive X-ray spectroscopy were performed to differenti-
ate the overlapping X-ray peaks of S, Pb, As, and Mg.
3. RESULTS

3.1. Water samples

3.1.1. Colloidal distribution of elements

In D-pit, total U concentrations increased from the sur-
face to the chemocline at 13 m to 130–160 mg/L and
decreased again to about 50% of the chemocline value at
20 m depth (Fig. 2). The majority of U in fresh samples
was in the dissolved form. Arsenic gradually increased with
depth to 40–90 mg/L and was distributed over all size frac-
tions. Closer to the surface, larger As-bearing colloids dom-
inated the size fractions, especially those in the 500 kDa-
0.2 mm range. Overall, lower concentrations of As were
detected in June 2018 and a dominance of the 500 kDa-
0.2 mm fraction was observed. This difference could be
attributed to oxidation processes during the brief sample
exposure to the atmosphere that might have occurred in
June 2017. Iron in the D-pit was distributed in a similarly
diverse way as As, ranging up to 51–53 mg/L in total, which
suggests a similar mechanism of colloidal immobilization.
Low concentrations of Ni were detected in the D-pit
(<10 mg/L), with most of it being associated with the
<10 kDa size fraction, with some contributions of the larger
10 kDa-0.2 mm fractions.

U in the DJX-pit also increased with depth and reached
a peak of 1–1.7 mg/L at a depth of 65 m and was domi-
nantly associated with the <10 kDa fraction. Nickel simi-
larly gradually increased up to 1.3–1.9 mg/L, with the
majority of it being in the <10 kDa fraction, indicating
the dominance of small colloids and dissolved species. In
June 2018, colloids in the range of 10–500 kDa carrying
Ni were found. Concentrations of As and Fe were low in
the DJX-pit (1 mg/L and <161 mg/L, respectively), making
it impossible to resolve the colloidal distribution.

A markedly different size distribution was observed for
the aged samples that were filtered after one month of stor-
age at room temperature under anaerobic conditions
(Fig. 2). In the case of U in the D-pit surface water sample,
the smaller 500 kDa � 0.2 mm size fraction became more
dominant than the 0.2–0.45 mm size fraction, which was
opposite of the result observed for the fresh samples. The
distribution of As in the larger fractions (0.2–0.45 mm and
>0.45 mm) modestly increased for all tested D-pit depths.
Ni in the D-pit became abundant in the 10–500 kDa frac-
tion. Iron became more abundant in the <10 kDa colloidal
fraction, replacing the larger 10–500 kDa and 500 kDa-
0.2 mm fractions that were important in the fresh samples.
For aged DJX-pit samples, in some cases more than 50%
of U was detected in the larger colloidal fractions, especially
the 500 kDa-0.2 mm size fraction, again in contrast to the
fresh samples. Colloidal Ni > 10 kDa only started to
emerge at a 6–10% contribution, as compared to between
0–2% in fresh 2018 samples that was primarily due to
0.2–0.45 mm and >0.45 mm fractions. Besides the major ele-
ments of concern, Mo and Al showed notable changes in
colloidal distribution. Molybdenum (up to 86 mg/L) showed
a similar distribution to U, especially in the matured sam-
ples (up to 40% colloidal), which indicated that Mo and
U are exhibiting similar chemical behavior in the



Fig. 2. Colloidal size fractionation results for selected metals. The data is grouped by sampling date and pit (D-pit, DJX-pit). The error bars
represent instrumental errors (ICP-MS, n = 3). Note y-axis breaks for Ni (elevated in the DJX-pit). Data on other elements can be found in
Tables S26–S28.
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DJX-pit. Aluminum in the mature samples was present in
the larger colloidal fractions and in much lower concentra-
tions as compared to fresh water, indicating the aggregation
of smaller Al-bearing colloids and the precipitation of Al-
containing phases.
Filtration results from the groundwater well 01–18 indi-
cated that the major water chemistry is similar to the sur-
face water of the DJX-pit (Fig. 2, Table S28), specifically
for concentrations of Mg, S, K, and Ca. This supports
the hydrogeological model (see AREVA, 2013) that sug-
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gested groundwater flow from the DJX-pit towards Cluff
Lake. Trace metals, such as Ni, Mo, and Mn, were only
present in the <10 kDa fraction, implying that the aquifer
between DJX-pit and Cluff Lake was efficiently removing
colloid-bound metals. Similar aquifer filtering properties
were found by Hollings et al. (1999) in groundwater at
the Rabbit Lake uranium mine. No U was detected in the
water sample from groundwater well 01–18.

3.1.2. Observed precipitates

D-pit precipitates collected from the 20 m sample after the
7.5 month aging experiment (Fig. 3 and Table S23) were rich
in Fe and O, with an average Fe/O molar ratio of 0.2. This
ratio most closely matched the iron hydroxide mass ratio
of a hydrous ferric oxide such as ferrihydrite (Fe(OH)3; Fe/
O: 0.3). The lower ratio could be explained by residual water
in the sample and the presence of other oxides. DJX-pit pre-
cipitates were more diverse. The particles shown in Fig. 3
were rich in Al and Si (8.1 wt% and 10.0 wt%, respectively)
and contained minor amounts of Mg (1.1 wt%), K (2.4 wt
%), and Fe (1.2 wt%). Based on the Al/Si, Al/K, and Si/K
molar ratios, the precipitates are similar to kaolinite (Al2Si2-
O5(OH)4) and muscovite (KAl3Si3O10(OH)2), which were
both also found in the deep (>68 m) sediments of the DJX-
pit. Some particles showed a high abundance of S (10.1 wt
%) and Ca (12.2 wt%) and may be attributed to the precipi-
tation of gypsum (CaSO4�2H2O).

3.1.3. Shape and bulk chemistry of colloids

S/TEM confirmed the presence of colloidal particles in
D-pit at depths of 5 m, 13 m, and 20 m, and in DJX-pit
at 60 m and 65 m, with colloidal particles ranging in size
from 20-300 nm. EDS mapping on selected colloids
(Fig. 4) revealed major differences between colloidal parti-
cles present in the two pits. Colloidal particles found in
the D-pit were dominated by Fe-O and Fe-O-Ca phases,
with minor occurrences of Si-O in the 13 m water sample,
while in the DJX-pit, colloids were mostly Ca-O and Ca-
O-S phases. Although the DJX-pit water is depleted in
Fe, Fe-O particles were detected. Arsenic, Ni, and U con-
centrations were below the detection limit for S/TEM-
EDS imaging of the colloidal particles. No carbon-
Fig. 3. Selected SEM images of precipitates formed at room temperatur
and 65 m water depth, respectively. For EDS composition see Table S23. F
consider spot number 52.
dominated colloids were detected, suggesting a minor role
of organic matter colloids in the two pit lake systems. Fil-
trations and TOC analysis of June 2018 samples confirmed
the lack of larger carbon particles in the D-pit and DJX-pit
surface samples, but showed some 10–500 kDa C particles
in deeper layers of both pits (Fig. S7), suggesting that some
C-rich colloids might be present at these depths having a
similar size distribution as As and Fe.

3.1.4. Aqueous U speciation

In the surface water of the D-pit, both extraction tech-
niques (with Ca and without) demonstrated that U(VI)
was the dominant species (Table S22). The results obtained
with the Ca calibration curve suggest higher U(VI) abun-
dance and seem more reasonable, as the top water layers
of D-pit were well mixed and oxidized and only small
amounts of U(IV) would be expected. At the chemocline,
where the redox conditions change, a transition from U
(VI) to U(IV) was observed and the monimolimnion was
dominated by U(IV). The results for DJX-pit, which does
not become anoxic below the chemocline unlike the D-pit,
suggest that no U(IV) was present in the mixolimnion
and the upper monimolimnion (i.e., DJX-pit water samples
from 5 m, 20 m, and 40 m depths). In the 65 m sample,
about 72% of U was in the U(IV) form.

For some samples, less U precipitated than would be
expected for a pure U-Ca solution based on the calibration
curves. This resulted in some U(VI) values in excess of
100% (127–176%). The presence of certain dissolved species
may interfere with the precipitation behavior of U in the
sample solutions. For example, it is likely that Mg, Sr,
and traces of lanthanides (e.g., Ce) being released from
the solid phase (Table S15) are also competing for F�,
and unlike Ca, they were not included in the calibration.
In addition, the presence of organic matter and stable col-
loids might further influence the calibration and results.
Uranium is known to co-precipitate with Ca (Perry et al.,
1981), which makes it difficult to isolate the effect of Ca dur-
ing NdF3 co-precipitation. Moreover, replicating the sam-
ple solution chemistry in the simulated solutions used to
make up calibration standards is especially challenging.
For these reasons, the obtained results should be inter-
e after 7.5 months from D-pit (left) and DJX-pit (right) from 20 m
or D-pit sample consider spot numbers 18–22. For DJX-pit sample



Fig. 4. Selected TEM images of colloids found in fresh water in D-pit (top) and DJX-pit (bottom).

300 K. von Gunten et al. /Geochimica et Cosmochimica Acta 265 (2019) 292–312
preted with caution, and viewed qualitatively rather than as
a strict quantitative measure of the abundances of U(IV)
and U(VI).

3.2. Bottom sediments

3.2.1. Sediment mineralogy and chemistry

In the bottom sediments, abundant feldspar minerals
were identified, including anorthite, albite, orthoclase, and
microcline (Table S2). The latter three were predominantly
found in DJX-pit samples. Clay minerals present included
muscovite, clinochlore, kaolinite, and illite, with the latter
primarily found in DJX-pit, whereas hematite and dolomite
were present mostly in D-pit samples. Only a few samples
had TC abundances >1% (i.e., D-6: 1.5%, DJX-13a: 2.0%,
DJX-8: 4.2%, DJX-4a: 1.2%, and DJX-68: 1.0%). In these
samples, the TC was dominantly present as TOC.

The distribution of elements in the sediment fractions as
determined by sequential extraction showed substantial dif-
ferences between the two pits, and within DJX-pit large
variations between sample pools (deep vs. shallow) were
also observed (Fig. 5, details in Tables S3–S12). The major
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elements of concern in both pits, U, As, and Ni, were found
in concentrations ranging from 40–1630 mg/g, 10–450 mg/g,
and 100–240 mg/g, respectively. These elevated sediment
concentrations can be explained by the oxidation and
weathering of surrounding bedrock and waste rock (Tables
S2 and S15) containing minerals, such as uraninite and
traces of niccolite, and bravoite (von Gunten et al., 2018).
Fig. 5. Sediment sequential extraction summary for U, As, Ni, Fe, Mn,
(Exch), acid soluble carbonates (Carb), reducible Fe/Mn oxide (Fe/Mn),
(Res). The error bars represent 1 standard deviation (n = 3). Data on m
In both pits, U was mainly present in three fractions: a car-
bonate (acid soluble) fraction (28–77% of total U), an
amorphous Fe/Mn oxide (reducible) fraction (17–50%),
and a residual fraction (1–41%). The Fe/Mn oxide (reduci-
ble) fraction was identified as the major U-bearing phase in
deep sediment sample DJX-68 (32–50%), while in shallow
samples, U was mainly in the carbonate fraction
and Ca. Fraction, from least to most recalcitrant are: exchangeable
oxidizable organic matter/sulfide (OrgC), and the residual fraction
ore elements can be found in Tables S3–S12.
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(67–77%). The residual fraction was less substantial in the
shallow DJX-pit samples (4–13 m depth) with only 1–2%
of total U bound in this phase.

Although not abundant in the water of DJX-pit, As was
present at similar total concentrations in D-pit and the deep
DJX-pit sediment samples. Arsenic was identified mainly in
the residual fraction (29–95%) of the sediments from both
pits, followed by the amorphous Fe/Mn oxide fraction
(3–36%). However, DJX-91 had a relatively large organic
matter/sulfide fraction for As (33%). Phosphorus had a
noticeably similar distribution, as well as total concentra-
tions, to that of As (Tables S3–S12), suggesting comparable
chemical behavior.

Nickel, although present in only trace levels in D-pit
water, had similar total concentrations in the sediments as
compared to the DJX-pit samples. Similar to other transi-
tion metals (Cu, Co, Mn) and S, a considerable fraction
of the total concentration was found in each of the five sed-
iment fractions. In the D-pit and shallow DJX-pit samples,
Ni had a notable presence in the highly mobile, exchange-
able fraction (5–38%) and the acid soluble carbonate frac-
tion (5–42%). The more resilient reducible Fe/Mn oxide
fraction contained 15–62% Ni. Ni in the residual fraction
was only substantial in D-pit and deep DJX-pit samples,
with concentrations varying between 36–64%.

Iron and Ca are important indicators for Fe/Mn oxides
and carbonates, which is why their speciation should also
be considered. Iron was consistently present in the residual
fraction (74–88%) with a smaller contribution from the
amorphous Fe/Mn oxide (reducible) fraction (9–33%). Cal-
Fig. 6. Examples of U-rich grains detected by SEM-EDS. Top: U-Pb ac
monazite grains found in samples D-6 (C) and DJX-13a (D).
cium was mainly present in the residual fractions (28–76%),
except for shallow sediments from the DJX-pit, where the
exchangeable fraction contained more Ca (20–53%).

Extractions with citric and oxalic acids performed on
sediments D-6 and D-9, showed that with 18–35 mM acid,
U and As could be extracted in greater abundances than by
sequential extraction steps 1–4 (Table S16). This indicates
that some of the U and As assigned to the residual fraction
in the sequential extractions may be associated with poorly
crystalline Fe oxide compounds. This was observed for up
to 100% of U and up to 35% of As in the residual fraction,
but not for Ni.

3.2.2. Bulk XANES

Linear combination fitting of synchrotron U L3-edge
XANES data of bulk sediment samples showed that the
majority of U in the D-pit in the sediments was U(VI)
(85%), with the remaining 15% being U(IV) (Tables S18-
S19). Similar results were found in the DJX-pit for the sam-
ples DJX-13a, DJX-8, and DJX-4c, with an average value
of 79% for U(VI) and 21% for U(IV). Arsenic K-edge
XANES for D-pit samples indicated that a little more than
half (58%) was present as reduced As(III), while the remain-
der was As(V) (Table S20). The As(III) proportion in the
DJX-pit sediments was, on average, 29%.

3.2.3. SEM-EDS, m-XANES and Laue diffraction on U-

hotspots

SEM-EDS analysis on sediments collected from the pits
detected U-rich grains ranging in size from 5-50 mm, exam-
cumulations found in samples D-10 (A) and DJX-4c (B). Bottom:
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ples of which are shown in Fig. 6. A summary of the grain
composition (Table S17) is provided in the SI. EDS analysis
indicated that U-rich grains predominantly consisted of O
(37–72%), U (3–22%), and Pb (1–3%). In three grains, up
to 3% Ti was detected. Four grains contained traces of U
and were identified as monazite-(Ce), represented by the
chemical formula (Ce, La, Nd, Th)PO4. In such grains,
Th(IV) can be partially substituted with U(IV) (van
Emden et al., 1997). Sequential extraction of the sediments
indicated that the U-rich grains were dissolved in the fourth
extraction step (hydrogen peroxide and ammonium acet-
ate), as shown in Fig. S4, suggesting that the U was associ-
ated with the oxidizable sediment fraction.

Contrary to bulk XANES results (Fig. S1), U L3-edge m-
XANES (Fig. 7; Fig. S1) on the identified U-grains from D-
pit samples indicated that, on average, 67% of the U was
present as U(IV) with the remaining 33% as U(VI)
(Table S18). Results from anaerobically dried sediments
were similar to those obtained for air dried samples. For
the shallow DJX-pit sediments, 44% U(IV) was measured
(Table S19). Arsenic K-edge m-XANES indicated that the
U hotspots in D-pit samples mounted on glass slides yielded
a generally higher proportion of As(III) (on average 78%)
Fig. 7. VESPERS fit data and Laue diffraction patterns. Left: examples of
sediments, unknown depth) and DJX4c_4_HS2 (DJX-pit bottom sedime
(dashed, red) and the fit components (dotted and dashed, green and pin
diffraction patterns for D9_2_HS3 and DJX91_1_HS2 using the vandend
blue and marked with arrows. (For interpretation of the references to col
this article.)
as compared to the quartz slides (on average 45%), as
shown in Table S20, likely due to background As in the
glass slides having an As(III) fraction of 70%. This means
that only quartz slide samples provided reliable m-
XANES data for As. For one DJX-pit U hotspot (quartz
glass) the data were of sufficient quality to perform fitting,
and the As(III) fraction averaged 33%. Therefore, similar to
the bulk samples, the hotspots generally displayed a rela-
tively strong reduced component that corresponded best
with As(III), with the remaining As component fit to As
(V). Although Ni is not known to be redox sensitive under
common environmental conditions, and the concentration
of Ni was fairly low in the U accumulations, Ni XANES fit-
ting was attempted for four U-hotspots in sample D-10
(Table S21). The averaged XANES curves indicate various
Ni(II) binding environments in the sediments, however, we
were not able to resolve them further (Fig. S3).

In D-pit grains, U correlated strongly with Pb (79%), Th
(63%), and As (69%) (Tables S18–S19). The correlation of
U with Ni was, on average, 54%, and correlations with
Ca and Fe were generally low (22% and 16%, respectively).
In the DJX-pit grains, the correlation between elements was
lower. Uranium correlations with Pb, Th, and As were 41%,
U L3-edge XANES fits on the U hotspots D9_2_HS1(D-pit bottom
nts, 4 m depth). The averaged data (solid line, black), obtained fit
k) are shown. See Fig. S1 for more examples. Right: indexed Laue
riesscheite crystal structure. Not fitted reflections are colored bright
our in this figure legend, the reader is referred to the web version of



Table 2
Concentrations of selected elements in the sediment traps (per g dry
weight) and the corresponding total mass deposited within one year
based on a calculated deposition rate shown in the bottom line. For
more elemental concentrations, see Table S15.

D-pit DJX-pit

mg/g g/m2/year mg/g g/m2/year

Al 15,100 36.1 47,300 29.8
As 1950 4.67 55.3 0.0349
Ca 5440 13.0 7460 4.70
Co 17.0 0.0405 460 0.290
Cu 17.6 0.0420 255 0.160
Fe 223,000 534 45,100 28.4
K 5310 12.7 20,400 12.8
Mg 2880 6.88 15,300 9.61
Mn 2250 5.39 1890 1.19
Mo 19.1 0.0456 207 0.131
Ni 46.5 0.111 896 0.565
P 793 1.90 640 0.403
Pb 15.8 0.0377 29.3 0.0185
S 3830 9.16 20,900 13.2
U 378 0.903 1450 0.913
Zn 12.7 0.0303 176 0.111
Rate (g/m2/year) 2390 630
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14%, and 45%, respectively. Correlations between U and Fe
or Ni in the DJX-pit were similar to grains from the D-pit;
however, the correlation between U and Ca was higher for
DJX-pit grains (46%).

Indexations of Laue diffraction patterns from U miner-
als (Fig. 7) yielded satisfying results for the mineral vanden-
driesscheite, a lead uranyl oxic hydrate (Pb
(UO2)10O6(OH)11�11(H2O)), with a similar crystal structure
to metaschoepite (Burns, 1997). For several grains, a better
indexation was obtained for gauthierite, another lead ura-
nyl oxic hydrate (KPb[(UO2)7O5(OH)7]�8H2O) (Olds
et al., 2017). Results were similar for sediments from both
pits (Tables S18 and S19). Microprobe analysis with wave-
length dispersive X-ray spectroscopy confirmed that the U-
rich grains were generally abundant in Pb, but not S or As
(Figs. S5 and S6). The occurrence of Ti in some grains was
additionally confirmed.

3.3. Soil samples

Sequential extractions on soil samples collected between
DJX-pit and Cluff Lake showed generally low metal abun-
dances compared to the sediment samples. For example, the
soil closer to DJX-pit (Soil1) only contained 6.4 mg/g U and
6.6 mg/g Ni. In this sample, the majority of U (52%) was
found in the carbonate-bound fraction, followed by the
Fe/Mn oxide fraction (30%), similar to the sediments
(Table S13). Nickel and Co were mostly bound to the resid-
ual fraction (58% and 59%, respectively), followed by the
Fe/Mn oxide fraction (22% and 23%, respectively). They
were therefore not as mobile as in the pit sediments where
the exchangeable fraction was larger. Closer to Cluff Lake
(Soil2), even lower concentrations of U and Ni were
recorded at 0.5 mg/g, and 3.4 mg/g, respectively
(Table S14). In this sample, U was found dominantly in
the residual fraction (47%), followed by the carbonate-
bound fraction (25%) and the Fe/Mn oxide fraction
(21%). Nickel (and Co) were distributed similarly to sample
Soil1.

3.4. Sediments from sediment traps

3.4.1. Sediment quantification and chemistry

The sediment traps yielded a total 2.3 g and 0.6 g of dry
sediments from D-pit and DJX-pit, respectively, after
374 days of deployment. Thus, using a sediment trap area
of 95 cm2 (Fig. S10), average deposition rates of 6.6 g/
m2/day (D-pit, 17 m) and 1.7 g/m2/day (DJX-pit, 47 m)
were calculated. In general, the water chemistry matched
a system in equilibrium with the fresh sediments in the
two pits (Table 2). D-pit sediments were found to be rich
in As, Fe, and Mn, compared to the DJX-pit sediments,
which in turn, were more concentrated in bulk elements
such as Al, Ca, K, Mg, S, and the trace elements Co, Cu,
Mo, Ni, Zn, and U.

3.4.2. Mineralogy and SEM-EDS

SEM-EDS analyses on the sediments from sediment
traps revealed that D-pit sediments were dominated by Fe
oxide and Fe sulfide phases (Fig. 8). In addition,
monazite-like grains were detected, which contained lan-
thanides (e.g., La, Ce, Nd) and the actinide Th. These
grains are similar to those that were previously described
in the bottom sediments of the two pits. In DJX-pit, Fe
was not as dominant as in D-pit. Instead, many clay-like
particles were detected. Additionally, Fe sulfide particles
(Fig. 8) were detected, some of which contained Ni (up to
3.9%) and Co (up to 5.0%). One particle, having a compo-
sition similar to an aluminosilicate, showed detectable
amounts of U (0.3%), suggesting that those silicates are
capable of sorbing U from the pit water. Monazite-like
grains, enriched in light-weight lanthanides were also
observed in the DJX-pit.

4. DISCUSSION

4.1. Colloidal transport

The distribution of colloidal metals suggests that in the
fresh water samples the majority of trace metals, such as
U and Ni, were in the dissolved form or associated with
small colloids (<10 kDa). Arsenic, on the other hand, was
associated with colloids >10 kDa, likely Fe oxyhydroxides,
as suggested by similar colloidal size distribution. These
results are similar to those reported by Hollings et al.
(1999), who investigated the colloidal fractions in waters
at the Rabbit Lake U mine. They found that U, Ni, and
As in water with little disturbance (e.g., deeper layers of
tailings pond) were mostly in the fraction <0.02 mm, i.e.,
likely truly dissolved. In the current study, S/TEM-EDS
results indicated that the colloidal pool in D-pit is domi-
nated by Fe-O particles, whereas in DJX-pit, colloids are
mostly composed of Al-Si-Ca-S-O particles. Colloidal aging
at room temperature for one month led to a general shift
towards larger colloids and a decrease in metal concentra-



Fig. 8. SEM-EDS images on selected spots found in the sediments collected by sediment traps in the D-pit (A, B, C) and DJX-pit (D, E, F). C
and F show potential grains of monazite-(Ce). D and E show grains containing Ni, Co, and U. EDS results on those and other grains are
summarized in Table S24.
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tions, presumably the result of flocculation and subsequent
precipitation (Fig. 1). Such shifts are likely to happen in the
pits with time, when colloidal particles are exposed to differ-
ent temperature conditions, especially at the thermoclines
(in close proximity to the chemoclines) where warmer sur-
face water is in contact with deeper, colder water. As sug-
gested by the colloidal pumping theory (Dai et al., 1995),
larger aged colloids are more prone to being removed from
the water column.

As observed in incubated water bottles and the sediment
traps, sediments forming over time in D-pit were dominated
by Fe oxyhydroxides (Fig. 9). In DJX-pit, the sediments
were chemically similar to minerals such as kaolinite, mus-
covite, and gypsum, the latter being predicted to form in the
water column based on thermodynamic modeling (von
Gunten et al., 2018). Gypsum is known to form in leachates
in contact with dolomitic host rocks (Gupta and Singh,
2003), which is the case for both pits. Despite the obvious
chemical differences between the pits, our observations sug-
gest that primarily Fe sulfide phases are efficient in remov-
ing trace metals, such as U, Co, and Ni, from the water
column below the chemocline. This process is known and



Fig. 9. Schematic diagram of colloid formation and transport processes and the corresponding phases and minerals in the two pit lakes D-pit
and DJX-pit. Note: schematic is not to scale.
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was previously described in mining affected lakes (Huerta-
Diaz et al., 1998) and groundwater (Saunders et al.,
2018). Based on calculations done using data from the sed-
iment traps (Table 2), we can estimate that the removal of
U from the water column in both pits is very similar,
0.9 g/m2/year at the corresponding depths, even though
the U concentrations above the deployment depths in the
two pits are clearly different, e.g., <131 mg/L and
<307 mg/L in D-pit and DJX-pit, respectively (von
Gunten et al., 2018). As the DJX-pit sediment trap was dee-
per and the pit has higher aqueous U concentrations, one
may expect a higher rate of U accumulation. However, it
is likely that other U removal processes (discussed below)
in addition to the above-discussed removal by Fe-S phases,
occur in the D-pit, contributing to an overall higher
removal efficiency. Fe-S phases could also play an impor-
tant role in the sequestration of other contaminants, such
as As and transition metals, through sorption and co-
precipitation (Yang et al., 2016; Saunders et al., 2018).
Sequential extractions did not show significant amounts
of oxidizable As, Ni (Fig. 5) or other transition metals,
e.g., Co and Cu (Table S12) in the bottom sediments, frac-
tions that would correspond to amorphous sulfides (Tessier
et al., 1979). However, most of those metals are largely pre-
sent in the residual fraction, suggesting that crystalline sul-
fides might be a potential sink (Poulton and Canfield,
2005).

In D-pit, Fe-O phases may play an important role in
trace metal and metalloid cycling. Such Fe-O might sorb
As (up to 4.7 g/m2/year, Table 2) and with it U, as U is
known to bind to arsenate phases (Gupta and Singh,
2003). Tang and Reeder (2009) observed an increased affin-
ity of U(VI) to aluminum oxides pretreated with As(V).
Such coated Al particles are likely to form in the D-pit envi-
ronment, where an Al removal rate was calculated as
36.1 g/m2/year. In addition, at the investigated sediment
trap depths, more U(IV) might be expected in D-pit com-
pared to DJX-pit, as suggested by the oxidation state mea-
surements of U. Here, U may be present as U(IV)
hydroxide, as the environmental conditions (i.e., ORP:
�263 mV, pH: 7.9; von Gunten et al., 2018), would favor
this species (Langmuir, 1978). In addition, the high abun-
dance of Fe(II) in D-pit supports the presence of U(IV),
as Fe2+ has been shown to reduce U (Du et al., 2011),
favoring its accumulation and precipitation.

In DJX-pit, the removal of U by aluminosilicates
(Wilmarth et al., 2006), which was previously hypothesized
by von Gunten et al. (2018), could indeed be taking place.
Aluminosilicates were observed in the collected sediments
(Fig. 8), and Al and U were found in similar colloidal size
distributions, especially in the deep and aged DJX-pit water
samples (Fig. 2). In addition to U, Mo is also precipitating
in DJX-pit (0.1 g/m2/year) and it is known that Mo oxyan-
ions behave in a chemically similar manner to U oxyanions
(Brassier-Lecarme et al., 1997). Previous studies have indi-
cated that U and Mo both strongly sorb to organic matter
and clay minerals (Morrison and Spangler, 1992), support-
ing the hypothesis that aluminosilicates could be removing
U in DJX-pit. Additionally, under the presence of Fe and
Mn within oxic/suboxic conditions, the formation of Fe/
Mn oxyhydroxides can contribute to the removal of scav-
enged Mo (Algeo and Tribovillard, 2009). Indeed, some
Fe-O colloids were observed in the DJX-pit by S/TEM-
EDS, suggesting that this process might be taking place in
the deep, oxygen-limited DJX-pit water layers. Although
phosphate fertilization experiments by Dessouki et al.
(2005) did not show an increase in Mo precipitation, due
to the low affinity of Mo to biogenic particles (e.g., algae),
our observations suggest that Mo might be affected by col-
loidal pumping because of the sorption to inorganic col-
loidal particles.

In the aged D-pit sample, Ni shifted from mostly dis-
solved species towards colloidal particles of 10–500 kDa,
thereby increasing the potential for Ni removal which was
calculated to be around 0.1 g/m2/year. This process likely
contributes to the low concentration in the monimolimnion
of the D-pit. Although present in much higher concentra-
tions in DJX-pit, the removal of Ni was only 6 times larger,
0.6 g/m2/year. Nickel removal in DJX-pit is likely limited
due to the prevalence of dissolved Ni, even in the stored
and aged samples, which was likely contributed by the
lower pH conditions in the monimolimnion. This observa-
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tion is also supported by the low concentrations of Ni and
its near absence in the residual fraction within the shallow
sediments of the DJX-pit (Fig. 5).

4.2. Sequestration of metals in the sediments

Metals and metalloids precipitating out of the water col-
umn will eventually accumulate in pit lake bottom sediments
(Laird et al., 2014), where their speciation will ultimately
determine their environmental fate. The strong presence of
U in the carbonate fraction suggests the presence of uranyl
carbonates (Vandenhove et al., 2014) or the incorporation
of U in carbonate minerals (Tessier et al., 1979, Abdelouas
et al., 1998). However, the fundamentally different distribu-
tion of Ca compared to U, and XRD results, do not suggest
a significant presence of Ca-bearing carbonates. No carbon-
ate crystals with sorbed or co-precipitated U were found by
either SEM-EDS or Laue diffraction. Similarly,
Vandenhove et al. (2014) did not observe any correlation
between CaCO3 and U within the carbonate fraction.
Instead, this U may be present in the form of uranyl carbon-
ates or hydrated carbonates that are adsorbed to the surface
of silicate minerals (Abdelouas et al., 1998). Uranium in this
carbonate fraction can be considered stable under many
environmental conditions due to the low solubility of car-
bonate minerals under neutral to basic pH conditions
(Troyer et al., 2014). Such conditions prevail in the D-pit,
where neutral pH values exist at the bottom (von Gunten
et al., 2018). However, in DJX-pit, the pH is more acidic
(pH 5.6 below 20 m), which may lead to the remobilization
of solid and suspended carbonates in this lake. In the DJX-
pit, however, the Fe/Mn oxide and residual fractions play a
more significant role for U sequestration. Accordingly, the
Fe/Mn oxide fraction may represent U sorbed to amor-
phous Fe/Mn oxide, while the residual fraction might repre-
sent U incorporated into more recalcitrant, crystalline Fe
oxides, such as hematite (Tessier et al., 1979, Sheppard
and Thibault, 1992; Duff et al., 2002). Hematite was
detected in most D-pit and some DJX-pit samples
(Table S2). The high abundance of U in the Fe/Mn oxide
fraction in the deep DJX-pit samples compared to D-pit
can be explained with the oxic/suboxic conditions in the
deep monimolimnion, which differs from the anoxic moni-
molimnion of D-pit (von Gunten et al., 2018). Therefore,
this Fe/Mn oxide fraction might release U upon the estab-
lishment of anoxia in DJX-pit.

Troyer et al. (2014) investigated U tailings and mining
affected stream and pond sediments (North Cave Hills,
South Dakota, USA) and found that most U was in the
acid soluble carbonate fraction and the reducible Fe oxyhy-
droxide fraction, which is similar to findings of this study.
However, at the toe of the tailings pile, Troyer et al.
(2014) found that the exchangeable fraction was dominant.
In our study, the exchangeable fraction was rather low, sug-
gesting that the sediments do not contain easily mobilized
U. In the two pit lakes at Cluff Lake, the acid soluble (car-
bonates) and Fe/Mn oxide oxides fractions contributed the
most to the U pool in the sediments, which on average
accounted together for 78% of total U (Tables S3–S12).
Arsenic, which was dominant in the two most resilient
fractions (Fe/Mn oxides and residual), should be stable
within the sediments. A similar distribution and total con-
centrations of As were reported by Troyer et al. (2014).
Pichler et al. (2001) analyzed the distribution of metals in
the tailings of another U mine in northern Saskatchewan
and found that As was bound to amorphous Fe oxyhydrox-
ides rather than to crystalline Fe oxides or residual frac-
tions. In the Cluff Lake pits, the amorphous Fe oxide
phase was generally not as important for As as compared
to the residual fraction. Similarities in the distribution of
As and P can be explained by their similar chemical behav-
ior and the possibility of phosphate and arsenate co-
precipitation (Dungkaew et al., 2012). The observed simi-
larities with respect to Fe distributions, would further sug-
gest that As and P are competing for sorption sites on Fe
oxides (Hongshao and Stanforth, 2001).

Similar Ni, Co, and Mn distributions are likely the result
of these metals being associated with Mn oxides (Larsen
and Postma, 1997). Perhaps surprisingly, Ni was not espe-
cially abundant in the deeper sediment samples in DJX-
pit, compared to the Ni-poor D-pit. Complexation with sul-
fate and the depressed pH conditions in the DJX-pit pro-
moted Ni remaining in solution (Larsen and Postma,
1997), an interpretation consistent with previous thermody-
namic modeling (von Gunten et al., 2018). The lower pH
values of the deeper DJX-pit layers (>20 m) could also
decrease the abundance of Ni within the exchangeable frac-
tion in those sediments, as lower pH values may lead to a
decrease in the abundance of negatively charged surface
sites available for Ni2+ sorption. Notable is the absence
of Ni in the residual fraction in shallow DJX-pit sediments.

Sediment chemistry is directly linked to microbial com-
munity compositions (see SI for details). Deeper sediment
communities generally have lower species richness and spe-
cies diversity, likely attributable to higher metal and metal-
loid concentrations and the decreasing abundance of
electron acceptors such as O2, NO3

�, and SO4
2�. Sediment

TOC and Fe concentrations correlating with the bottom
sediment communities in the D-pit, whereas in the DJX-
pit, U concentrations were likely an important driver.

4.3. Importance of the U micro-grains

Both minerals identified in the U-rich grains, vanden-
driesscheite and gauthierite, are alteration products of a
uraninite precursor, which has been found in U mines such
as the Shinkolobwe mine in Congo (Burns, 1997; Olds
et al., 2017) and the Jáchymov mine in Czech Rebuplic
(Ondrus et al., 1997). The majority of the grains were clas-
sified as vandendriesscheite, an early alteration product
(Plášil, 2014), which has the lowest concentration of Pb
(originating from the radioactive decay of U) of all lead
oxide hydrates (Burns, 1997). According to Burns (1997),
due to the accumulation of Pb, this alteration product
requires long-term exposure to oxidizing conditions, and
therefore, it is unlikely that this mineral formed during
the sample recovery and preparation. As some grains did
not show any identifiable Laue diffraction pattern or pro-
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duce a satisfactory fit to a known mineral standard
(Table S18), it can be inferred that some form of non-
crystalline uraninite was present (Alessi et al., 2014), an
assertion confirmed by XANES spectra which indicated
that the predominant oxidation state of U was 4+, with
44–67% U(IV). Bacterial U reduction in the sediments of
the pits might be limited, as traces of oxygen (0.9 mg/L)
and nitrate (1.6 mg/L) in the DJX-pit might be responsible
for the suppression of potential U(VI) reducing organisms
(Finneran et al., 2003). In D-pit, high abundances of Fe oxi-
des might suppress microbial U(VI) reduction through
competition of U(VI) and Fe(III) as electron acceptors
(Wielinga et al., 2000). Therefore, it is likely that the
observed micro-crystals of vandendriesscheite and gau-
thierite are the result of the alterations of detrital uraninite
or amorphous pitchblende in the mining pits, which were
exposed to wet and oxic conditions over 4 years, i.e., during
the mining operations and initial flooding. The dominance
of As(III) in those grains and the high correlation between
As and U (Tables S18–S20) are consistent with previous
findings as vandendriesscheite, and similar uraninite alter-
ation products, can contain up to 1.7% As2O3 impurities
(Deditius et al., 2007). It also suggests that the grains are
not highly matured, as it has been observed that over time
As(III) and As(-I) in flooded mine tailings are generally oxi-
dized to As(V) and form stable arsenates, such as scorodite
(FeAsO4�2H2O) (Warner and Rowson, 2007). This phase
was, however, not identified in our samples. The U-rich
micro-grains seem to generally promote the overall stability
of U, as suggested by the sequential extractions and corre-
sponding SEM-EDS analyses.

Over time, in the Ca- and Si-rich environments of the D-
pit and DJX-pit water-sediment-boundary (von Gunten
et al., 2018), the vandendriesscheite (and possibly gau-
thierite) grains could be expected to form uranophane
(CaU2Si2O11�6H2O) and masuyite (PbU3O10�3H2O) assum-
ing no kinetic barriers (Finch and Ewing, 1991). Masuyite
can further alter to curite (Pb3U8O27�6H2O), kasolite
(PbUSiO6�H2O), and soddyite (U2SiO8�2H2O) in the pres-
ence of silica (Finch and Ewing, 1991). The uranyl silicate
minerals are generally less soluble than uranyl oxic hydrates
or uranyl carbonates (Gorman-Lewis et al., 2008), which
would be beneficial for U stability in the pit sediments. Fur-
thermore, curite would promote the precipitation of uranyl
phosphates (Finch and Ewing, 1991), which are even more
insoluble than uranyl silicates (Gorman-Lewis et al., 2008).
Uranyl phosphates would be more favored in the slightly
acidic environment of DJX-pit deeper water, although, the
formation of the required curite may be suppressed (Plášil,
2014). In D-pit, on the other hand, although the formation
of curite might be favored, the precipitation of phosphates
and/or arsenates could be suppressed by the elevated pHcon-
ditions characteristic in the D-pit (Plášil, 2014).

4.4. Limitations and recommendations

Besides the previously discussed difficulties in determin-
ing U speciation, further limitations should be considered.
First, sediment samples were collected using a grab sampler
from a boat, which provides an averaged sample over a sed-
iment depth of approximately 5–10 cm. Repeated sampling
in the D-pit performed in September 2015 indicated poten-
tially large variations in the total concentrations of major
metals and metalloids, mostly contributed by differing size
distributions of sampled particles. However, the relative
distribution of the elements over the five solid fractions
was always similar (see Figs. S12 and S13), suggesting that
the metal/loid speciation was relatively homogeneous. Still,
our sampling method only allowed for a bulk analysis (i.e.,
not a depth-resolved analysis) of geochemical gradients
within the pit sediments. Second, while the standard devia-
tion between subsamples (e.g., shown in Fig. 5) did not sug-
gest substantial variation within each solid sample, our
sampling techniques likely overlook important gradients
in the microbial communities within the sediments
(Rogozin et al., 2017) and the formation of geochemical
microenvironments where specific mineral phases might
form (e.g., Brantner et al., 2014). Third, sediment traps in
the water columns of the pits were deployed over a period
of more than a year, which allowed us to average out sea-
sonal variations and changes in stratification patterns.
However, the extended sampling period allowed for early
diagenesis/mineralization processes to take place (Meyers
and Ishiwatari, 1993). Those processes may alter the
observed concentrations of TOC, TN, P, and metabolically
involved trace metals because of their mobilization from the
sediments by microbial processes (Bloesch and Burns,
1980). Although long sampling periods are not uncommon
for low-productivity systems (e.g., Hobbs et al., 2010),
future sediment trap studies should consider shorter sam-
pling periods or at least a split between the open-water per-
iod (approximately May-September) and the ice-covered
period (Minnow Environmental, 2019). Such seasonal
investigations could be also combined with the analysis of
colloidal fractions. In our study, water was only sampled
in June, however, AREVA (2013) and von Gunten et al.
(2018) have shown that the pits are highly variable and
developing systems. Although concentrations of elements
in the water column and the major stratification patterns
were not shown to vary significantly between June and
September, they may vary substantially during the ice-
covered period, as temperature changes can alter colloidal
distribution (von Gunten and Schneider, 1991). Fourth, it
is critical to better understand the meromictic behavior of
the two pits. For example, the presence of oxygen in the
monimolinmion of the DJX-pit remains unexplained. Its
depletion might cause dramatic future changes in metal/
loid sequestration and speciation in sediments. Future stud-
ies could include the deployment of automatic data loggers
at various depths to determine the source and seasonality of
oxygen in this pit, and develop a better understanding of
the surrounding hydrogeology, which would aid in making
better predictions of the development of meromixis in these
and other artificial or natural lakes.

5. CONCLUSIONS

The study by von Gunten et al. (2018) deomonstrated
the importance of the Fe redox cycle for the distributions
of U and As in the D-pit. Iron oxyhydroxide formation
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and dissolution at the chemocline promote U(VI) reduc-
tion and U(IV) oxidation by Fe(II) and Fe(III) species,
respectively, a process that causes a U concentration max-
imum near the chemocline. For the DJX-pit, the same
study proposed that the Ca carbonate cycle might be
involved in the stratification of the DJX-pit (around the
upper chemocline). Furthermore, it was proposed that
colloids could contribute to the removal of contaminants
in both pit lakes. Our observations here confirm those
previous findings and help to elucidate the interactions
between colloidal-bound and dissolved contaminants.
For example, our observations support metal sequestra-
tion by colloidal particles in the pits by the colloidal
pumping process (Fig. 9). Trace metals accumulate onto
colloidal particles, such as the newly-discovered Ca-O
and Fe-O particles in the D-pit, and Ca-S-O particles in
the DJX-pit. Colloidal aggregation and precipitation can
then lead to the removal of metals from the water col-
umn, a process that was observed during the laboratory
incubation of pit water samples. Additionally, we
observed that in the two investigated pits, Fe-S particles
were able to sorb trace metals, such as Ni and Co. Alumi-
nosilicates were found to sorb U in the DJX-pit environ-
ment, as was previously suggested by von Gunten et al.
(2018). Although different in their water chemistry, both
pits express a similar precipitation rate for U below the
chemocline of about 0.9 g/m2/year. Our results also pro-
vide insights into the environmental stability of contami-
nants sequestered in the pit bottom sediments, which is
summarized as Ni < U < As. Nickel, having large
exchangeable and acid soluble fractions, could be easily
mobilized by changes in the ionic strength and acidity
of the water. Similarly, pH and redox changes in the
water may strongly affect U in the acid soluble and redu-
cible sediment fractions. Observed U mineral phases, such
as vandendriesscheite, might promote U stability over
longer periods of time. Continuous monitoring of the
pit will allow observation regarding the environmental
stability moving forward, and if necessary, identify if
intervention is required to counter any environmentally
detrimental development. This study demonstrates the
importance of the colloid/sediment interactions in mine
pit lakes and their potential influence on microbial com-
munities and metal mobility, which has significant impli-
cations for the metal and metalloid cycling in other
mining sites that involve open pit mining and that aim
to use pit lakes and bioremediation techniques as decom-
missioning strategies. Results presented here indicate that
colloidal fractions with particle sizes > 0.45 mm might be
overlooked when applying standard monitoring tech-
niques and might not reveal the full extent of metal distri-
bution in pit lake environments.
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Ramos O. E. R., Cáceres L. F., Munoz M. R. O., Bhattacharya P.,

Quino I., Quintanilla J., Sracek O., Thunvik R., Bundschuh J.
and Garcı́a M. E. (2012) Sources and behavior of arsenic and
trace elements in groundwater and surface water in the Poopó
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