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INTRODUCTION

Elevated dissolved uranium (U) concentrations were measured in shallow aquifers at two
locations within the Cold Lake - Beaver River Basin (Figure 1). In 2009 field investigations were
conducted by Alberta Innovates-Technology Futures (AITF) at the two sites to determine if the
sources of dissolved U concentrations to the groundwater were anthropogenic or natural
(Moncur, 2010). The study did not find any indication that elevated dissolved U concentrations
were the result of energy operations or agricultural practices. Total digestion analysis of the clay
till material overlying the shallow aquifers revealed that the till contained solid-phase U
concentrations up to 2.7 mg kg, similar to the range reported in the area (3-5 ppm by weight,;
Andriashek, 2000). Till at both sites show oxidation at depths to 5.8 m and 4.9 m at Site 1 and
Site 2, respectively. This suggested that the primary source of U concentrations to groundwater
in shallow aquifers may be from the weathering of overlying uranium-bearing tills which
release dissolved concentrations of uranium to the adjacent pore waters.

In order to fully understand the source and release of uranium to the till pore water and
underlying aquifers, a detailed mineralogical analysis of the sediments from the two sites near
Bonnyville, Alberta was conducted. This mineralogical study included analyses of till, aquifer
and secondary precipitate samples for identification of primary U minerals, chemical
composition of the minerals, surficial features documenting the extent of weathering, and any
secondary mineral phases. The mineralogical study involved the characterization 13 samples
(nine from Site 1 and four from Site 2), with the purpose to determine the sources of uranium.
Although dissolved arsenic (As) concentrations at Sites 1 and 2 did not exceed drinking water
guidelines, elevated concentrations of this metal have been measured from groundwaters in
other areas of the Beaver River Watershed (Alberta Health and Wellness, 2000; Lemay et al.,
2005), therefore it was decided to also investigate As bearing mineral phases in the sediments
during this study.

BACKGROUND

After deposition of glacial tills, weathering occurs as oxygen diffuses into the soils, resulting in
the oxidation of minerals and the release of dissolved ions into the pore water. Over time,
oxidized meteoric water eventually displaces the original pore water moving downward
through the till deposits via pore space and fractures. Although clays tend to have a very low
intergranular permeability, they are often fractured and have thin lenses of silt which may
increase the permeability. Examples of this can be found in the glacial till deposits of central
Saskatchewan (Ranville, et al., 2007), where weathering over the past 7 ka to 10 ka has resulted
in oxidation of the tills to a depth of 4 m. The oxidized zone is characterized by a brown color
and the presence of fractures. Oxidation of the till at that site resulted in the release of elevated
concentrations of dissolved U and other ions to the pore water. The leaching of U and other
metals from tills due to surficial weathering has also been observed in Southern Alberta
(Ivanovich et al., 1991), southeastern Manitoba (Betcher et al., 1988), and Northern Ontario
(Gilliss et al., 2004).

SITE DESCRIPTION

The study sites are located near Bonnyville, Alberta (Figure 2). Site 1 (3-15-061-05 W4M) and
Site 2 (NE-22-063-05 W4M) are located approximately 22 km apart. The area lies within the
Eastern Alberta Plains and Mostoos Hills Upland regional Physiographic units. Both study sites
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are within the Eastern Alberta Plains and have an elevation typically below 600 m (Atlas of
Alberta, 1969). The area is glaciated with relief ranging from flat to hummocky. The two sites lie
within the Beaver Lowlands, a flat-to-gently-rolling till plain (Andriashek and Fenton, 1989).
Sites 1 and 2 are both located in the Reita Lake Member (Pleistocene epoch) of the Grand Centre
Formation. This diamicton till is composed of clayey-sand, rich in igneous and metamorphic
rock fragments derived from the Canadian Shield (Andriashek, 2000).
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Figure 1. Map showing locations of Site 1 and Site 2.

The climate of the area is Dfb (long cool summers with severe winters), based on the Képpen
classification. The mean annual precipitation in 433 mm and potential evapotranspiration is 508
mm per year (Hydrogeological Consultants Ltd., 2002).

Site 1

Site 1 is located approximately 2 km east of Bonnyville, Alberta (Figure 1). The property is flat
in topography and bounded by highway 659 to the south, farm land to the north and east, and
commercial property to the west. Approximately 300 m to the north of the site is an energy well
battery. At the battery, crude oil is separated from impurities. Water produced from the
separation process (processed water) is stored in tanks then periodically emptied into tanker
trucks and hauled offsite. There are five water wells located at Site 1 over two residential
properties (Figure 2). Three water wells are located on Resident A’s property (Well 1, Well 2
and Well 3); and the adjacent property to the west has two water wells (Well 4 and Well 5). In
2009 AITF installed a bundle piezometer (MW1) near Well 1 and the monitoring piezometer
(MW2) at a location that would not be influenced by the pumping of any existing wells (Figure
2). For additional information including a detailed description of well dimensions and depths
see Moncur (2010). The groundwater beneath Site 1 flows from south to north (Hydrogeological
Consultants Ltd. 2007), towards the energy well battery. Except for Well 5, groundwater from
all other wells and piezometers at Site 1 contain elevated U concentrations exceeding the
current Canadian Drinking Water Quality Limit of 20 pg L (Table 1) (Health Canada, 2010).
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Hydraulic head measurements from the piezometer nest at Site 1 indicate very little vertical
hydraulic gradients.

Table 1: Site 1 water well depths with dissolved concentrations of uranium and arsenic measured in 2009.
Concentrations in bold exceed the Canadian Drinking Water Standard of 20 and 10 pg L™ for uranium

and arsenic, respectively.

Location-Site 1 Depth (m) Uranium (ug L) Arsenic (ug L™
MW1-1 7.6 23.4 1.1
MW1-2 9.4 21.4 1.8
MW1-3 13.9 27.7 3.4

MW?2 7.2 81.6 1.3
Well 1 6.9 151 2.0
Well 2 7.4 (12.2) 75 1.8
Well 3 21.5 68.3 1.8
Well 4 10.1 26 0.9
Well 5 24.8 4.5 0.8

Figure 2: Aerial view of Site 1 showing the locations of water wells, monitoring wells, battery and energy

well.

~ Energy Well'%,
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Site 2

Site 2 is located approximately 23 km NE of Bonnyville, Alberta (Figure 1). The property has
hummocky-like terrain with the south portion in a topographic low, rising in elevation to the
north of the property. The property is bounded by Range Road 452 to the west, a forested marsh
area to the south and farmland to the north and east. The farmland is used for hay crops and
cattle grazing. On the south portion of the property there are three wells of interest (Well 1, Well
2 and Well 3). The wells are located near a pond of standing water that collects surface water
drainage from the surrounding area. Well 1 and 2 are located adjacent to a cattle feedlot. In 2009
AITF installed two monitoring wells at Site 2; a bundle piezometer and a background
monitoring piezometer (Figure 3). The bundle piezometer (MW1) was installed 8 m from Well 1
and the monitoring piezometer (MW2) was installed 172 m NE of Well 1 to prevent any
influences from the pumping of existing wells. Hydraulic head measurements from the
piezometer nest at Site 2 show a very strong vertical hydraulic gradient indicating downward
flow of groundwater. Approximately 280 m north and up-gradient of Well 1 is an energy well
battery. Also up-gradient 125 m NW of Well 1 is a field where fertilizer was previously applied.
Assuming that groundwater follows the local topography, groundwater in the area would flow
from north to south. Sampling conducted by Moncur, 2010, show that the groundwater from
monitoring wells MW1, 2, and 3, and water wells 1 and 3, contain elevated U concentrations
exceeding the current Canadian Drinking Water Quality Limits of 20 ng/L.

Table 2: Site 2 water well depths with dissolved concentrations of uranium and arsenic measured in 2009.
Concentrations in bold exceed the Canadian Drinking Water Standard of 20 and 10 pg L™ for uranium
and arsenic, respectively.

Location-Site 2 Depth (m) Uranium (ug L™) Arsenic (ug L™)
MW1-1 1.6 10.2 8.7
MW1-2 3.8 40.5 5.4
MW1-3 12.5 25.8 4.3

MW?2 10.7 1.8 12.2
Well 1 12.3 29.3 1.0
Well 2 20.2 13.7 0.9
Well 3 26.8 22.3 1.0
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Figure 3: Aerial view of Site 2 showing the locations of water wells, monitoring wells and battery.

METHODS

During drilling at Sites 1 and 2 in November 2009, sediment samples were collected using a
split spoon or sampled from the auger. Samples were collected every 0.25 m over the first 3 m of
drilling followed by sampling at 0.5 m intervals for the remaining depths. Samples were placed
in sealable freezer bags and immediately frozen after collection due to the subzero outside
temperature. All samples were transferred to a freezer at AITF in Calgary. Selected samples
were spilt into four subsets to conduct whole rock analysis, detailed mineralogy, pore water
extraction and moisture content. Any remaining sample was archived.

Whole Rock Analysis and Gravimetric Moisture Content

Depth profiles of sediment whole rock analysis were measured at Sites 1 and 2, presented in
Moncur (2010). For this study, 4 additional sediment samples were analyzed and added to the
depth profiles. Sediments include two samples from Site 1 from depths of 10.7 and 14 m, and
two samples from Site 2, from depths of 8 and 13.5 m. Samples were microwave digested in 5
mL nitric acid, 2 mL hydrogen peroxide and 1.5 mL hydrofluoric acid. Following total
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digestion, samples were diluted and total concentrations of U, Iron (Fe), Aluminum (Al), As,
Calcium (Ca), Magnesium (Mg), Sodium (Na), and Potassium (K) were measured using
inductively coupled plasma atomic emission spectroscopy (ICP-MS) at the AITF laboratory in
Vegreville, Alberta.

Gravimetric moisture content was measured on 19 sediment samples from Site 1 and 21
samples from Site 2. Sediment samples were weighed, dried in an oven at 105 °C for 24 hours,
and then reweighed.

Mineralogy

The samples for mineralogical analysis were shipped frozen to CANMET Mining and Mineral
Sciences Laboratories in Ottawa, ON. Thirteen samples were analyzed from Site 1 (seven
sediment and two secondary precipitates) and 4 sediment samples from Site 2. Frozen samples
were air-dried, de-agglomerated, homogenized and split into representative fractions. Primary
crystalline phases were determined for all samples by X-ray Diffraction (XRD) using a RIGAKU
D/MAX 2500 rotating-anode powder diffractometer. More detailed identification of individual
phases in the secondary precipitates was made using a Rigaku Rapid II rotating anode micro-
XRD. For some samples, mineral species identified by XRD were confirmed by energy -
dispersive spectrometry (EDS) using a JEOL JXA 8900 electron probe micro-analyzer (EPMA) to
provide qualitative information about the composition of the main mineral phases observed in
the polished section. Backscattered electron imaging (BSE) and quantitative wavelength-
dispersive X-ray spectrometry (WDS) were used to locate and determine quantitatively the
compositions of the main carriers of U and As.

X-ray absorption fine spectroscopy (XAFS) experiments were carried out at the bending
magnet beamline of the Advanced Photon Source (APS), Argonne, Illinois, USA. The XAFS was
used to determine the valence states to U and As mineral phases. Finely ground and
homogenized samples were loaded into Teflon sample holders with Mylar windows.
Experiments were carried out at room temperature in the fluorescence mode using a Canberra
13-element detector. A gold foil was used for energy calibration for As K-edge and a Zirconium
foil for the U L(IlI)-edge XAFS measurements. Between five to eight scans were made on each
sample. Data reduction and analysis were performed with ATHENA (Ravel and Newville,
2005). The least-squares fitting analyses of the X-ray absorption near edge structure (XANES)
spectra were performed with LSFitXAFS (Paktunc, 2004).

Pore Water Extraction and Analysis

Sediment samples for pore water extraction were thawed overnight in a refrigerator at 4°C. To
separate pore water from sediments, samples were transferred to Nalgene 50 mL Oak Ridge
centrifuge tubes. Sample tubes were rotated for two hours at 10,000 rpm at a constant
temperature of 4 °C using a Sorvall RC-6 Plus Superspeed Centrifuge. Elevating temperatures
above ambient field temperatures during centrifuging has been shown to increase
concentrations of silica and pH in pore water (Fanning and Pilson, 1973). Separated pore water
was carefully decanted from the sediments using a pipette and transferred to 8 mL Nalgene
bottles. The pore water was again centrifuged at 10,000 rpm for 30 minutes to separate any
suspended solids. Pore water was carefully decanted from the bottles with a pipette, passed
through a 0.45 pm filter. Where sample volume was sufficient, the filtered sample was split into
three aliquots: anions, cations (preserved with 12 N trace-metal grade HNO;s to a pH of <1), and
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pH and alkalinity. Pore water was separated from a total of 24 clay samples; 10 from Site 1 and
14 from Site 2.

Pore water pH was measured from each sample immediately after centrifuging using an
Accumet electrode (model 13-620-290) calibrated with standard buffer solutions at pH 7, 4, and
10. Samples were then measured for alkalinity using a Hach digital titrator and bromcresol
green/methyl red indicator and with 0.16 N Sulfuric acid (H2SOs). All samples for cations and
anions were immediately refrigerated until analysis. Samples were shipped to the University of
Waterloo and analyzed using ICP-OES for major cations, ICP-MS for trace metals and ion
chromatography (IC) for anions. 24U /238U activity ratios were measured using multi collector
inductively coupled plasma mass spectrometry (MC-ICP-MS) (McKiernan, 2011).

Geochemical Modeling

The geochemical model PHREEQC 2.15.0 (Parkhurst and Appelo, 1999) using the WATEQA4F
(Ball and Nordstrom, 1991) database was used to understand secondary mineral phases that
may be controlling dissolved uranium and arsenic concentrations in groundwater and pore
water sampled from Site 1 and Site 2. PHREEQC is an equilibrium/mass-transfer model that
calculates saturation indices (SI) for discrete mineral phases. An SI value greater than zero
suggests that the water is supersaturated with respect to the mineral phase and may precipitate;
an SI value less than zero suggests that the water is undersaturated with respect to the mineral
phase will not precipitate; and an SI value near zero indicates that the water is at equilibrium
with respect to the mineral phase. The WATEQA4F thermodynamic database contains dissolved
U species and U minerals. The PHREEQC allows oxidation-reduction potentials (ORP) be
entered as measured pe. Eh was not measured from the pore water samples therefore Eh was
estimated from measured values in adjacent sand units.

RESULTS AND DISCUSSION

Stratigraphy and Sediment Mineralogy

The stratigraphy at Site 1, includes brown oxidized clay to a depth of 5.8 m overlying
unoxidized grey stiff clay with sand lenses (Figure 4). The oxidized clay contained some silt
lenses, pebbles and the occasional boulder. Within the upper meter, vugs contained a white
powdery mineral interpreted to be gypsum, as has been observed in similar tills (Hendry et al.,
1986). Below 1 m, vugs with red iron-like minerals and iron staining along possible fractures
were observed to a depth of 5 m. At a depth of 5.8 m, there was a sharp transition from brown
oxidized clay to grey stiff clay. A brown fine-to-medium-grained water-bearing sand was
present from 6.4 to 6.7 m followed by grey clay. A second water-bearing unit composed of a
medium to coarse-grained grey sand was observed from 9.15 to 9.76 m. Dense grey clay
extended from 9.76 m to 12.2 m at which point a third water-bearing unit, consisting of a grey
silty-sand was observed from 12.2 to 13.7 m. Grey clay was encountered from 13.7 to 15.2 m. A
fourth saturated sand unit was located at a 22 m depth.

Sediment stratigraphy from Site 2 revealed brown oxidized clay-till to a depth of 4.9 m
overlying a grey pebbly clay till with sand lenses (Figure 5). The brown oxidized clay contained
silt lenses and pebbles. A brown saturated silt layer was observed between 1.5 m and 1.75 m,
and a water-bearing unit consisting of brown saturated sandy-silt was encountered between 3
and 3.5 m. At a depth of 4.9 m, there was a transition from brown oxidized clay to grey pebbly



URANIUM AND ARSENIC SOURCES IN SHALLOW GROUNDWATER 8

clay. A grey fine to medium grained water-bearing sand was encountered from 12 to 12.3 m
followed by grey clay. Grey clay was encountered from 12.3 to 13.5 m. Deeper saturated sand
units were present at depths of 21 m and 26.8 m.

The results of the XRD analyses revealed similar mineralogical compositions in the sediments
from Sites 1 and 2, with the crystalline phases consisting mainly of quartz (SiO,) microcline
(KAISi30s), albite (NaAlSizOs), calcic plagioclase (CaAl:Si>Os) calcite (CaCOs), amphibole with
various amounts of clays minerals (kaolinite (A1:Si2O5(OH)4) and/or montmorillonite
[(Na,Ca)o3(ALMg),5i4010(OH)2 - n(H20)]) and mica (phlogopite) [K(Mg,Fe)s(SisAl)O10(OH)2] or
muscovite [KAI(AISi3O10)( OH)2]). No obvious mineralogical differences were observed
between the oxidized and unoxidized till units. The main mineralogical difference between the
till and sand sediments was found to be a higher proportion of dolomite (CaMg(CO:s)2) and clay
minerals in the clay-till, as reflected in the bulk chemical compositions (Figures 4 and 5). The
higher proportion of dolomite and clay minerals in the tills are likely responsible for the higher
solid-phase concentrations of Ca, Mg and Al in the tills than in the water-bearing sand units.
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Figure 4: Depth profile showing stratigraphy and total solid concentrations at Site 1, MW1. The dashed

line with inverted triangle represents the water table. Yellow data points indicate sediment sampled from

the sand units, black data points are from the till.
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Figure 5: Depth profile showing stratigraphy and total solid concentrations at Site 2, MW1. The dashed
line with inverted triangle represents the water table for the upper and lower aquifers. Yellow data points
indicate sediment sampled from the sand units, black data points are from the till.

Despite similarity in mineralogical composition, there are notable differences in the depth
profiles of total solid concentrations for the major cations and metals at Site 1 well, MW1 (Figure
4) and Site 2, MW1 (Figure 5). At Site 1, solid concentrations of major cations, Al and U are
lower in the in the near-surface oxidized sediments and these ion concentrations increase with
depth toward the unweathered clay-till material (Figure 4). This is consistent with the upper
portion of the profile representing a zone of leaching due to the greater exposure to weathering
(White, 2003). In this zone, concentrations of major cations, Al and U are depleted due to
mobilization through weathering processes and displaced downwards by meteoric water. With
depth, the ingress of oxygen decreases resulting in an underlying, unoxidized zone where the
solid phase concentrations of total metals and major cations remain high. Concentrations of
major cations and metals are generally lower within the aquifer materials then the adjacent clay
units. This pattern of lower solid phase concentrations in the oxidized zone is not present at
Site 2. At this site solid phase concentrations of Fe, Al, and As are highest in the immediate near
surface sample. As with Site 1 the sand units contained the lowest concentrations of solid phase
concentrations.

Groundwater and Pore Water Chemistry
There are differences in the distribution of major cations and trace metals at the two sites

(Figure 6 and 7) likely related to differences in the degree of weathering and hydrogeological
setting of the two sites, and the proximity of Site 1 to a fertilized garden.

At Site 1, concentration of Sulphate (SOy), dissolved major cations, and trace metals are elevated
in the near surface of the weathered till with maximum concentrations of 2713 mg/L SO4; 993
mg/L Ca; 1005 mg/L Na; 1010 mg/L Mg; 24 mg/L K; and 2.1 mg/L Sr. Dissolved
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concentrations of ions decrease by an order of magnitude with depth towards the water table
and into the unweathered till. The elevated concentrations of dissolved ions at shallow depths
in the profile at Site 1 is consistent with what has been observed in tills in southern
Saskatchewan and Alberta where chemical weathering since deglaciation has resulted in
elevated concentrations of weathering products in the oxidized zone (Hendry et al., 1986;
Hendry and Wassenaar, 2000; Yan at al., 2001).

Pore water collected from the weathered clay/till at Site 2 does not contain elevated
concentrations of dissolved ions such as the weathered zone at Site 1 (Figure 7).
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Figure 6: Depth profile showing stratigraphy and dissolved solutes from Site 1 at location MW1. The

dashed line with inverted triangle represents the water table. Yellow data points represent samples from

piezometers, black symbols represent pore water obtained by centrifuging.

Chemical weathering and subsequent dissolution of minerals such as calcite and dolomite
release concentrations of Ca, Mg and bicarbonate (HCO:s) to the pore water (Langmuir, 1997)

through the following equations:
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CaCOs + CO, + Hy0 « Ca*" + 2HCOs* (Equation 1)
Calcite

CaMg(CO;3), + CO, + H,O o Ca®" + Mg®" + 2HCO5™ (Equation 2)
Dolomite

The elevated concentrations of Ca and Mg in the weathered till at Site 1 (Figure 6) are likely a
result of dissolution of calcite and dolomite according to equations 1 and 2, respectively. Solid
phase concentrations of Ca and Mg in the upper till/clay are significantly depleted in the near
surface zone of the weathered till indicating that leaching of Ca and Mg bearing minerals has
occurred (Figure 4). Strontium is a common component of carbonate minerals and shows a
similar trend in dissolved concentrations as dissolved Ca and Mg concentrations, suggesting Sr
increases are related to carbonate dissolution. Near surface weathering may also promote
weathering and hydrolysis of aluminosilicate minerals and release of dissolved ions to the pore
waters (Langmuir, 1997):

2KAIS;05 + 2CO; + 11H20 — 2K+ AlSi2O5(OH)4 + 2HCOs- (Equation 3)
Microcline Kaolinite

2NaA1813Og + C02 + lleO — 2Na+ + A1281205(OH)4 + 4H4SIOQ + 2HCO32_ (Equation 4)
Albite Kaolinite

Dissolution of microcline and albite feldspars, for example, as shown in equations 3 and 4,
results in the release of dissolved K, Na and HCOs to the pore waters and hydrolysis of the Al-
silicate minerals forming kaolinite. During mineralogical analysis kaolinite was identified
within the weathered zone of the till. Gypsum observed in the weathered clay may also
contribute to elevated pore water concentrations through dissolution, releasing Ca and SO4
through equation 5:

CaSO,4 2H20 « Ca?* + SO + 2H,0 (Equation 5)
Gypsum

In addition to chemical weathering, the oxidation of pyrite in the weathered clay will release
dissolved sulfate, acid (H*) and precipitate Fe-oxyhydroxides:

FeS; +15/40, + 7/2H20 — Fe(OH)3 + 250,42 + 4H* (Equation 6)
Pyrite

Mineralogy results from the weathered till at both sites revealed the presence of Fe-hydroxide
pseudomorphs after pyrite, indicating that weathering of pyrite, according to equation 6, is
likely occurring. The near-surface pore water pH is also slightly depleted with respect to pH
values in the till with depth (Figure 6). Speciation modeling suggests that the pore water is
saturated or supersaturated with respect to Fe-hydroxide which may account for the low
concentration of dissolved Fe in the pore water of the weathered zone. The release of acid in
equation 6 leads to the dissolution of carbonate and to some extent aluminosilicate minerals
thereby increasing Ca, Mg and other ions in the pore water. For example the buffering of calcite
and dolomite (Langmuir, 1997), and the hydrolysis of albite (White, 2003) and phlogopite
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(Banfield and Eggelton, 1988; Malmstrom et al., 1996; Murakami et al., 2003) will consume acid,
releasing Ca, Mg, Na and K to the pore water, as:

CaCOs + H' o Ca*" + HCOs> (Equation 7)
Calcite

CaMg(COs), + 2H" & Ca*™ + Mg*" + 2HCO;* (Equation 8)
Dolomite

2NaAlS1308 + 2H+ + H20 — 2Na+ + A1281205(OH)4 + 48102 (Equation 9)
Albite Kaolinite

K(MgyFe)(AlSi3)019(OH), + 5H" + 0.250; + 3H,0 K" + 2Mg*" (Equation 10)
Phlogopite + 0.5A1,S1,05(OH)4 + Fe(OH)3; + 2H4Si104

Elevated concentrations of dissolved trace metals (Figures 6) in the weathered till at Site 1 are
likely the result of their release from the structure of carbonate and Al-silicate minerals during
weathering. Using microprobe analysis, Moncur et al. (2005) measured Chromium (Cr)
concentrations in garnet, phlogopite and amphibole in rock derived from the Canadian Shield
in Manitoba. They concluded that partial dissolution of these minerals led to elevated dissolved
Cr concentrations in the pore water.

The distribution of dissolved ions in the vertical profiles measured at Site 1 is likely due to a
combination of transport of ions released during weathering of minerals present in the oxidized
zone since deglaciation, and the more recent influence of fertilizer applied to the adjacent field.
At Site 1, well MW1 was installed near the edge of a garden that has received an annual
application of manure-fertilizer for over 90 years. The use of fertilizer can result in elevated
concentrations of ions present in the fertilizer itself, but can also result in the enhanced
dissolution of aquifer material. Nitrification of reduced Nitrogen (IN) from manure-fertilizers in
soils containing naturally occurring carbonate minerals, such as calcite and dolomite, can result
in elevated Ca, Mg and Nitrate (NOs) concentrations in groundwater (Bohlke, 2002):

CaMg(COs), + NH4" + 20, & Ca>" + Mg*" + NO;™ + 2HCO;> + H,0 (Equation 11)
Dolomite

Dissolved NOs concentrations are extremely elevated at a depth of 0.75 m (1783 mg/L NOs-N)
and decrease to 441 mg/L at a 4.5 m depth near the water table. Dissolved Chlorine (ClI)
concentrations typically associated with the fertilizers (Ntnez-Delgado, 2002) are also elevated
near surface (1545 mg/L) and decrease to 223 near the water table. The average concentration of
NOs and Cl below a depth of 7.6 m is 4.5 mg/L and 41 mg/L, respectively. Provided that
dissolved NOs and Cl concentrations are a result of fertilizer application, and Cl behaves
conservatively, the vertical travel time of pore water through the weathered clay is
approximately 4.5 m over the past nine decades (~5 cm/yr). Although glacial clay and till
deposits have low hydraulic conductivities and the vertical flow of solutes can be limited, in
some conditions, small groundwater velocities have been measured in clay and till deposits
(Desaulniers & Cherry 1989; Hendry & Wassenaar 1999). Fractures in glacial clay and till can
influence the movement of solutes by increasing the distances travelled from tens of meters to
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hundreds of meters, depending on the length and connectivity of the fractures (Desaulniers et
al. 1982; McKay et al. 1993).
SITE2
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Figure 7: Depth profile showing stratigraphy and dissolved solutes from Site 2 at location MW1. The
dashed line with inverted triangle represents the water table. Yellow data points represent samples from
piezometers, black symbols represent porewater obtained by squeezing.
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Pore water collected from the weathered clay-till at Site 2 does not contain elevated
concentrations of dissolved ions such as the weathered zone at Site 1 (Figure 7). Although Sites
1 and 2 are mineralogically similar, concentrations of dissolved ions at Site 2 remain relatively
constant through the weathered zone. This is likely due to higher water content in the
sediments at Site 2 limiting weathering and oxidation processes (Figure 8). At Site 1, water
content in the surface of the weathered clay is 1.7% increasing to 10 % at 2.5 m, whereas water
content in the weathered clay surface at Site 2 is 6.7% increasing to 14% by 0.5 m.

Site 1 - MW1 Site 2 - MW1
Gravimetric Water Content (%) Gravimetric Water Content (%)
0 15 30 0 15 30
0 0 ;
S 5
£
-é Xl
010 10
15 15

Figure 8. Depth profiles at Sites 1 and 2 showing stratigraphy and gravimetric moisture content of the
sediments. The dashed line, with an inverted triangle above, represents the water table. Yellow data
points represent samples from sand units and black symbols represent clay-till samples.

Uranium and Arsenic
The concentrations of U in the sediments range from 0.65 to 2.75 ppm (Figures 4 and 5), which is
at the lower limits of where WDS-EPMA can be used. Because the concentrations of U were so
low, and the mineralogy appeared to be fairly uniform, only four samples were analyzed using
WDS-EPMA to characterize the mineralogy of the U and As carriers. These samples included
one unweathered and one oxidized clay/till sample from each site. The samples were selected
based on their U content:
e unweathered zone samples, S1-6 (U= 2.66 ppm, As= 4.34 ppm) and S2-11.5 (U= 2.75
ppm, As=7.41 ppm),
e oxidized zone samples, S1-1 (U= 1.61 ppm, As=4.03 ppm) and S2-1 (U=2.03 ppm,
As=7.41 ppm).

Uranium

Dissolved U concentration collected from pore water and groundwater at Site 1, MW1, show
peak values in the weathered clay and relatively uniform values in the sand and unweathered
clay units. Uranium pore water concentrations in the weathered clay averaged 32 ng/L and
peaked to 55 pg/L at a depth of 1.75 m (Figure 6). All three saturated sand units contained
dissolved U exceeding 20 png/L, with an average of 24 png/L (Table 1). Two pore water samples
collected from the unweathered clay had an average concentration of 28 pg/L.

Pore water collected from the weathered zone at Site 2, MW1 contained dissolved U below 20
ng/L with an average concentration of 14 ng/L, however, a saturated silty-sand layer within
this zone, at a 3 m depth, contains 41 ug/L of U (Figure 8). Pore water within the unweathered
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clay remains below 20 pg/L until a depth of 5.5 m where the dissolved concentration of U
increased to 25 pg/L then abruptly spiked to 208 ng/L at a depth of 6.5 m. The 6.5 m sample
was supported by a duplicate analysis yielding a similar high concentration. As no other
anomalous peaks of dissolved ions were observed, it appears that the sample was not
contaminated. Therefore, the elevated concentration of dissolved U at 6.5 m is likely due to
heterogeneities of U-bearing minerals in the adjacent sediments. The average concentration of
dissolved U in the unweathered clay is 50 pg/L. The sand aquifer at 12.5 m contains a dissolved
U concentration of 26 ng/L.

Solid phase U concentrations show an abrupt decrease in the aquifer material at Site 1
indicating that the coarser material contains a lower abundance of U than the clay/till material
(Figure 4). Although the average concentration of solid-phase U in the clay-till material is quite
low, similar U concentrations in Lake Agassiz clays (average 2.3 mg/kg) led to U concentrations
in the till pore water up to 250 pg/L and in the underlying sand and gravel aquifers up to 155
ug/L (Betcher et al., 1988). The lower abundance of U in the actual sand aquifer sediments
combined with the elevated concentrations of dissolved U, Na, Mg and SO, in groundwater in
the shallow, uppermost aquifer at Sites 1 and 2 provides a strong indication that some elevated
U concentrations are due to downward leakage of weathering products from the overlying
clay/till unit (Moncur, 2010).

To determine if leakage of weathering products from the till could be responsible for the
distributions of U in the porewater and solid phases detailed quantitative mineralogical
characterizations were performed to see if U-bearing minerals are present in the sediment. Two
types of U-bearing zircons [ZrSiOs] were identified in low abundances in all four samples
(Figure 9), and a few rare grains of U-bearing monazite [(Ce,La, Th)PO4] were also identified
(Figure 10). Both of these minerals have also been observed in clay tills in Southern
Saskatchewan (Yan et al.,2000).

The zircons identified at the Bonnyville sites range from fairly pure end-member ([Zr,Hf]SiOy)
which yield good totals (close to 100 wt.%) to zircons with significant amounts of Ca, Fe, and
phosphorus (P) and with significantly lower total yields. Although both compositional types of
zircon occur as discrete homogeneous grains (Figures 9a and b) they are also observed
coexisting as distinct growth zones in a single grain (Figures 9c and d). The UO; content of the
zircons sampled were significant (average: 1050 ppm) but highly variable ranging from below
detection limit of 90 ppm to 4500 ppm. The Ca-, Fe-, and P-bearing zircons were typically the
minerals richest in U. Their low totals yields, and the presence of dessication cracks (Figures 9b,
¢, and d) may be due to partial hydration. Consequently, this type of zircon may well represent
replacement of radiation-damaged metamict zircons, also observed by Delattrie et al., 2007, in
lateritic soils.
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Figure 9: Backscattered electron imaging (BSE) images of sediments showing distinct zircon
appearances. a) Near end-member zircon; b) Ca-, Fe-, and P-bearing zircon (note minor desiccation
cracks; c) and d) single zircon grain showing coexisting end-member (bright) and Ca-, Fe-, P-bearing
growth zones (dark). Note the evolution of desiccation cracks in the dark region (from c to d) after long
exposure to the electron beam.

Pure-end member zircons are typically very resistant to weathering and dissolution (Morton
and Hallsworth, 1999; Velbel, 1999), and if this was the only type of zircon in the sediments
from the Bonnyville sites they would have been an unlikely source of significant U
contributions to groundwater. However, the Ca-, Fe-, and P-bearing low-total metamict zircons
identified in the sediment not only display weathering features, but also show important
similarities to metamict zircons. Metamict zircons can readily alter in near surface
environments (Delattrie et al., 2007; Hay and Dempster,2009), and can dissolve at near neutral
pH and low temperatures (25 °C; Tromans, 2006).

The congruent dissolution of zircon results in the release of aqueous species of Zr, silicon (Si)
and acid through the following reaction:

Z1SiO; + 3H,0 > H,S8i042 + HZrOy + 3H* (Equation 12)

and the incongruent dissolution of zircon results in the precipitation of a Zr-oxide through the
following (Tromans, 2006):

ZrSi0y4 + 2H0 — HoSiO42 + 2H* + ZrOs (Equation 13)
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During the dissolution of zircon in equations 12 and 13, metals such as U, lead (Pb) and rare
earth elements (REE) incorporated within the zircon structure can be released to the adjacent
pore water. Previous studies have found that the leaching of zircon to be a source of Zr, Pb, and
rare earth elements (REE) to groundwater (Stern et al., 1966; Balan et al., 2001; Shand et al.,
2005). Therefore metamict zircon potentially represents a major source of U in the groundwater
at Sites 1 and 2.

The U-bearing monazite grains (Figure 10) were very rich in UO,, with abundances ranging
from 0.11 to 2.73 wt%, but were rare within the sediment samples.

Figure 10: Backscattered electron imaging (BSE) images showing grains of monazite identified in the
clayftill at Sites 1 and 2.

Clay minerals are another possible U carrier, however the low bulk U concentration indicates
that the levels would be much lower than the levels that can be detected using the WDS-EPMA.

To determine if secondary minerals are controlling U concentrations, saturation indices were
calculated using the geochemical model PHREEQC. Calculated SI values for and U(VI) minerals
rutherfordine [UO>COs], schoepite [(UO2)sO2(0OH)12 12(H20)], uranium hydroxide, and
Gummite [UOs] indicate that the pore water from both the Site 1 and Site 2 are undersaturated
with respect to these mineral phases (Figures 11 and 12). However, calculated SI values for
U(IV) minerals uraninite [UO:] and amorphous UO; and coffinite [USiO.] show that the pore
water below the water table at Site 1 is approaching or at saturation with respect to secondary
U(IV) mineral phases and may be controlling concentrations of dissolved U(IV). The pore water
at Site 2 was undersaturated with respect to all secondary U(IV)mineral phases. In addition, no
secondary U mineral phases were in fact observed in the clay/till or aquifer material during
mineralogical analysis, possibly due to low concentrations, lower than the levels that can be
detected using the WDS-EPMA.

Calculations with PHREEQC show that the pore waters at Site 1 and Site 2 are at equilibrium or
supersaturated with Fe-oxyhydroxides, calcite, dolomite and other carbonate minerals,

suggesting that these phases may act as possible sinks for dissolved U concentrations. (Figures
11 and 12).
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Figure 11: Depth profile from Site 1, MW1, showing stratigraphy and saturation indices calculated using
PHREEQC. The horizontal dashed line, with an inverted triangle above, represents the water table and

the vertical dashed line represents saturation (zero).
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Figure 12: Depth profile from Site 2, MW1, showing stratigraphy and saturation indices calculated using
PHREEQC. The horizontal dashed line, with an inverted triangle above, represents the water table and
the vertical dashed line represents saturation (zero).

A greenish-white secondary precipitate was collected at Site 1, Well 1, from the plumbing
fixtures. Total digestion of the secondary precipitate shows that Ca is the dominate cation
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(Table 3) suggesting that the mineral phase could be poorly crystalline secondary carbonate
mineral, which is consistent with the carbonate saturation indices calculated in the speciation
modeling. Also measured from the total digestion was a significant concentration of U (143
mg/kg), indicating that some U is precipitating or co-precipitating and being removed from
solution (Table 3). Elevated copper (Cu) and Zn concentrations could be due to leaching from
copper plumbing.

Table 3: Total concentrations extracted from secondary precipitates collected from Site 1 in Well 1 and
Well 4.

Location U Ca Mg Fe Cu Zn Al As Mn
(mg/kg) | (mg/kg) | (mg/kg) | (mg/kg) | (mar/kg) | (mg/kg) | (mg/kg) | (mg/kg) | (mg/kg)

Well 1 143 282107 | 16162 488 19913 3838 183 1.47 328

Well 4 0.59 468 92.9 854 0.44 216 6.32 0.004 2.8

The crystalline phases identified by powder XRD (X-Ray Diffraction Analysis)for the secondary
precipitate collected from the surface of plumbing fixture of Well 1,Site 1 consist of
monohydrocalcite [CaCO; ‘H>O], aragonite [CaCO:s], hydromagnesite [Mgs(COs3)4(OH)2 4H>O],
nesquehonite [Mg(HCOs)(OH) 2H>0O] and gypsum [CaSO, 2H,O]. Because the U content of this
sample was fairly high (143 ppm), a more detailed characterization of the main phases was
made. Monohydrocalcite appears to be the major phase and typically shows colloform growth
sometimes interlayered with denser aragonite. Both phases are fairly close to their Ca end-
members and, interestingly contain significant amounts of Cu and Zn likely originating from
leaching of copper plumbings (Moncur, 2010) and potentially adsorbed on the carbonates. More
porous fragments, dominated by an Mg-rich carbonate were also observed. Micro-XRD analysis
of the material indicates that it consists mainly of hydromagnesite roughly intergrown with
monohydrocalcite. Finally a small amount of gypsum is present in some of the fragments. Trace
element analyses with the EPMA (electron probe micro analyzer) indicated that significant U
may have co-precipitated with the Ca-rich carbonates, in particular monohydrocalcite. No
significant U was detected in the Mg-carbonate (hydromagnesite).

The U Li-edge XANES spectrum of the secondary precipitates can be used to determine the
valence state of the U. The absorption peak (dashed line) is at 17174.4 eV and its derivative is
located at 17170 eV. These values suggest that uranium occurs in the U(IV) state. Uranium Li-
edge XANES spectrum including its post-edge spectral features (arrow on Figure 13) are similar
to the spectra of U(IV) coprecipitated with calcite and aqueous UO2(COs)3* (Reeder et al. 2000;
2001) and U¢* standards (Michalsen et al. 2006; Regenspurg et al. 2010).
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Figure 13. Normalized U L;-edge XANES spectrum of the secondary precipitate collected from
Site1, Well 1. The arrow is pointing to a characteristic post-edge feature of U®*.

An orange secondary precipitate was collected from the bottom of Well 4, Site 1. Total digestion
of the precipitate indicate that the dominant ion is iron, suggesting that the precipitate is likely a
poorly crystalline Fe-oxyhydroxide mineral phase such as goethite (Table 3), which is supported
by the saturation indices calculated in the speciation modeling (Moncur, 2010). Observation of
the powder XRD pattern indicates that the precipitate consists essentially of goethite [a-
FeO(OH)], quartz and calcite. Although U was measureable, concentrations were too low (0.59
mg/kg, Table 3), to use WDS-EPMA and XAFS to further characterize the phases present.
However, the presence of U in these secondary precipitates does indicate that some U is being
removed from solution possibly by precipitating, co-precipitating or adsorbing to the Fe-
oxyhydroxides (Hsi and Langmuir, 1985; Duff and Amrhein, 1996; Logue et al., 2004).

24y/7%U Isotpe Ratios

Uranium isotopes, 24U (t1/2, u234=244.5 kyears) and 238U (t1/2, u23s= 4,468 Myears), have been
used extensively to characterize groundwater systems. There is a fairly large range in 234U /238U
activity ratios (AR) (e.g. 0.5 to 40, Osmond and Cowart, 1992) making them useful for
investigations of groundwater flow, aquifer mixing and tracing anthropogenic sources
(Ivanovich et al., 1991; Kronfeld et al., 1994; Toulhoat et al., 1996; Barbieri and Voltaggio, 1998;
Eliott et al., 1999; Paces et al, 2002).

The 84U /238U isotope ratios were measured in water from the six wells and one clay porewater
sample at Site 1, and three wells and four clay porewater samples from Site 2 (Table 4). The
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results show minimal variation in the 24U /238U isotope ratios between groundwater from the
wells and four aquifers, with average 234U /28U ratio of 62.07 ppm and standard deviation of
only 1.6 ppm.

Table 4: ***U/**®U isotope ratios in groundwater from Site 1.

Location Depth Unit 234U/**U Isotope Ratio
(m) (ppm)
Site1-C-3.5 3.5 Clay Porewater 59.4
Site 1 - Welll 6.69 Aquifer 61.7
Site 1 - MW?2 7.16 Aquifer 63.0
Site 1 - Well 2 7.41 (12.15) Aquifer 62.4
Site 1 - Well 4 10.14 Aquifer 64.2
Site 1 - Well 3 21.45 Aquifer 61.2
Site 1 - Well 5 24.76 Aquifer 65.5
Site 2 - K1-0.5 0.5 Clay Porewater 60.7
Site 2 - K1-2.75 2.75 Clay Porewater 60.8
Site 2 - K1-3.5 3.5 Clay Porewater 60.9
Site 2 - K1-4.5 4.5 Clay Porewater 61.3
Site 2 - Welll 12.34 Aquifer 62.2
Site 2 - MW1-3 12.49 Aquifer 64.2
Site 2 - Well 3 26.76 Aquifer 61.6

The 24U /28U isotope ratio signatures show very little variability between the two sites and over
the large range of U concentrations measured (Figure 14). The uniform nature of the 24U /238U
ratios despite variations in U concentration or depth, provides strong evidence for a single
source of U for the groundwater at the site.
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Figure 14. Plot showing dissolved uranium concentrations vs. **U/**®

groundwater in water wells at Site 1 and Site 2.

U ratios in ppm measured from
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Arsenic

Dissolved As concentration collected from pore water and groundwater at Site 1, MW1, showed
peak concentrations in the clay-till with lower concentrations in the sand units. Arsenic pore
water concentrations in the clay averaged 6 pg/L and peaked at 10 pg/L at a depth of 14.5 m
(Figure 6). The average dissolved concentration of As in the three saturated sand units was 2.1
ng/L (Table 1).

Pore water collected from the clay-till at Site 2, MW1 had an average dissolved As concentration
of 6.9 ng/L, with a peak concentration of 11.7 ng/L at a depth of 9.5 m. (Figure 7). The average
concentration of dissolved As in the saturated sand and silt units was 6.1 pg/L, peaking a 8.7
ng/L at a1 m depth. Overall, the highest concentration of dissolved As are found in the clay-till
sediments at Sites 1 and 2.

To determine if leakage of weathering products from the till could be responsible for the
distribution of As in porewater and solid phases, detailed quantitative mineralogical
characterizations were performed to see if As-bearing minerals are present in the sediment.
Small pyrite [FeS;] grains, typically framboidal in habit (Figures 15a and b) were found
throughout the unweathered samples. Since pyrite is a common As carrier (Nordstrom, 2002), a
number of BSE (backscattered electron imaging) images of individual grains were taken and
their compositions were analyzed by WDS (wavelength dispersive X-ray spectrometry) to
determine whether As was a significant compositional component. The As content of pyrite in
both samples was variable, reaching 1550 ppm in sample Site 1-6 m and 1840 ppm in sample
Site 2-11.5 m, with averages of 460 and 590 ppm respectively. The presence of As in the pyrite
grains analyzed suggests that pyrite is the main As carrier in these sediment samples. Pyrite is
not stable in aerobic conditions and oxidizes to Fe-oxyhydroxides releasing SO, and associated
trace metals such as As (Smedley and Kinniburgh, 2002). None of the pyrite grains examined
from the unoxidized clay till units showed any evidence oxidation features. The clay-till
samples from the oxidized zone (Site 1-1 m, and Site 2-1 m) did not have any framboidal pyrite
present, but instead contained spheroidal Fe-oxyhydroxide grains with minor sulpfur (S) and
variable trace As (Figure 15 c and d). The habit and composition strongly suggest that these Fe
oxyhydroxide grains represent former framboidal pyrite grains. The As content of the
characterized Fe-oxyhydroxide reached levels up to 670 ppm in Site 1-1 m and 2270 ppm in Site
2-1 m with averages of 200 and 770 ppm, respectively.
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Figure 15: BSE images of representative framboidal grains observed in sediment samples. Framboidal
pyrite: Site 1 - 6 m (a), and Site 2 - 11.5 m (b). Framboidal Fe-oxyhydroxide: Site 1 — 1 m (c), and Site 2 —
1 m (d).

The K-edge XANES spectrum was applied to determine the valence state in which arsenic
occurs, as described below. Note that As can occur within the structure of arsenopyrite and
pyrite as As!-, susceptible to oxidation especially in the framboidal types of pyrite (Paktunc
2008). All of the sediments with elevated levels of As concentrations (4.3 to 7.4 mg/kg) are
characterized by the main absorption peak centred at 11874.7 eV (dashed line) indicating that
the dominant species are As5*( Figures 16 and 17). The spectral features above the edge in
Figures 16 and 17 are similar to those of goethite or ferrihydrite with adsorbed arsenic (Paktunc
et al. 2004 and 2008), suggesting that these Fe(IIl)-oxyhydroxides are the dominant As carriers
in the clay-till units with elevated As concentrations. The sediment samples at 5.5 and 6 m
depths along bore-hole Site 1- 1 m representing oxidized and unoxidized clay-till display
similar XANES spectra dominated by As5*. The oxidized clay and unweathered clay samples
from 1 and 11.5 m depths along the Site 2 bore-hole display differences in their As K-edge
XANES spectra. The unweathered sample from 11.5 m depth has a shoulder on the lower
energy side of the main absorption peak suggesting the presence of reduced arsenic (As'-)
species in addition to As5* (Figure 17). The derivative value of this shoulder is 11868.5 eV which
is close to those of arsenopyrite and arsenian pyrite suggesting the presence of As!- species in
addition to As>*. Preliminary least-squares fitting of the XANES spectra with arsenopyrite and
goethite model compounds indicate the proportion of As!- species make up 17 to 26 % of the
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total arsenic. The presence of As!- species in the unweathered portions of the clay-till are
consistent with the presence of sulfide minerals such as arsenian pyrite and arsenopyrite
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Figure 16. Normalized As K-edge XANES spectra (a) and derivatives (b) of the sediment samples from
5.5 and 6 meter depths from the S1 hole. White line position marked by a vertical dashed line, above, on
Figure (a) is at 11874.7 eV.
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Figure 17. Normalized As K-edge XANES spectra (a) and derivatives (b) of the sediment samples from 1 and
11.5 meter depths from the S2 hole.

The oxidation of arsenian pyrite within the weathered zone can release arsenic to the pore
waters, however most of the dissolved As will be removed from solution through co-
precipitation with Fe-oxyhydroxides (Smedley and Kinniburg, 2002) and/or adsorption onto
Fe-oxyhydroxides (Paktunc et al. 2004; 2008). Below the water table, where groundwater
conditions are more reduced, arsenian pyrite and other As-bearing sulfide minerals will be
stable and not likely a significant source of As. However, in these reducing settings As may be
released during microbial reductive dissolution of Fe-oxyhydroxides:

4Fe(OH); + CH,0O + 7TH" — 4Fe2* + HCOs* + 10H,0 (Equation 14)

During the reduction of Fe-oxyhydroxide by organic carbon [CH>O] Fe(Il), bicarbonate and any
other metals absorbed to the Fe-oxyhydroxides such as As will be released to solution. This
process is followed by microbially mediated sulfate reduction where sulfate-reducing bacteria
catalyze the oxidation of organic carbon reducing SO, to hydrogen sulfide (H>S) (Berner, 1980),
through:

SO,% +2CH,0 — H,S + 2HCOy (Equation 15)

The distribution of Fe and SO, in porewater at the two sites (Figures 6 and 7) provides support
that reductive dissolution of Fe-oxyhydroxides (Equation 14) and sulfate reduction (Equation
15) are occurring. For example, at Site 1, there is an increase of dissolved Fe, general decrease in
SO4 and production of H,S and reducing conditions.
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Speciation modeling from Site 1 shows that the pore water is supersaturated with respect to
ferrihydrite (poorly crystalline Fe-oxyhydroxide) within the weathered zone, but is then at
saturation or undersaturated below the water table into the reduced zone. Within the
weathered zone the oxidation of arsenian pyrite will release arsenic to the pore waters however
most of the dissolved As will be scavenged through co-precipitation with Fe-oxyhydroxides
(Smedley and Kinniburg, 2002) and/or adsorption onto Fe-oxyhydroxides (Paktunc et al.
2004;2008). The modeling supports the mineralogy results showing that Fe-oxyhydroxides are a
potential sink for As in the weathered (oxidized) zone but then through reductive dissolution,
they become a potential source of As. Aside from the presence of As bearing Fe-oxyhydroxides,
no other secondary As minerals were observed. This finding is also supported by speciation
modeling results (Figures 11 and 12).

Conclusions

e Crystalline phases present in the sediments from both Sites 1 and 2 have similar
mineralogy composed mainly of quartz, microcline, albite, calcic plagioclase, calcite,
amphibole with various amounts of clays minerals. No obvious mineralogical
differences are observed between the oxidized and unoxidized till units. The main
mineralogical difference between the clay-till and sand sediments are a higher
proportion of dolomite and clay minerals in the clay-till

e At Site 1, concentration of dissolved SOs, major cations and trace metals are elevated in
pore water from the near surface weathered till as a result of chemical weathering in the
oxidized zone. Lower dissolved ion concentrations observed in the weathered zone at
Site 2 may be due to a higher soil water content inhibiting weathering processes.

e Elevated concentrations of dissolved nitrate (NOs) and chlorine (Cl) in the weathered
zone at Site 1 could be due to the nitrification of manure-fertilizer applied to the soil.

e Mineralogical investigation of the sediments at Site 1 and 2 revealed the presence of two
compositions of U-bearing zircon present throughout the samples; zircon and metamict
zircon. A few rare grains of monazite were also identified. Although it is possible that
some of the primary mineral phases contain uranium (e.g. clay minerals), the low bulk
concentration are at concentrations lower than can be detected using the WDS-EPMA.

e Zircon is the primary U carrier. The observed metamict zircon can readily alter in near-
surface environments and displays weathering features. The dissolution of metamict
zircon at near neutral pH and low temperature results in the release of aqueous species
of Zr, Si and metals such as U, Pb and rare earth elements. Therefore metamict zircon
potentially represents a major source of U in the groundwater at Sites 1 and 2.

e The XANES characterization of a U-bearing secondary mineral composed
monohydrocalcite, aragonite, hydromagnesite, nesquehonite and gypsum, collected
from Well 1, Site 1, indicates that uranium occurs as hexavalent U(U*¢). Ca-rich
carbonates, in particular Monohydrocalcite, were found to be the main mineral phase to
co-precipitate with uranium.
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e Elevated concentrations of dissolved U were measured in water bearing silt and sand,
and weathered and unweathered clay-till units.

e The 24U /28U isotope ratios measured in groundwater from at Sites 1 and 2 show there
is minimal variation between sites and groundwater from the wells regardless of U
concentration and depth. The 234U /23U ratios remain constant, strongly suggesting that
the origin of U concentration in the groundwater is from the same source and elevated U
concentrations are regional rather a point-source.

e Mineralogical analyses of unweathered clay-till samples reveal the presence of small
framboidal pyrite grains throughout samples. Arsenic concentrations in the pyrite reach
values of 1550 ppm indicating that pyrite is the main As carrier in the sediment samples.

e No pyrite grains observed show significant oxidation features in the unoxidized clay-till
units, however, an examination of clay-till samples form the weathered clay revealed no
framboidal pyrite. Instead, the oxidized clay-till samples contained spheroidal Fe-
oxyhydroxide grains that contained minor S and variable As, strongly suggesting that
these Fe-oxyhydroxide grains represent former framboidal pyrite grains that can easily
be oxidized.

e The XANES characterization of sediments from the weathered zone indicates that the
primary As species is As>*, supporting that Fe-oxyhydroxides are the dominant As
carriers in the clay-till units.

e The XANES characterization of unweathered clay-till samples show the presence of
reduced arsenic (As!") species in addition to As5* indicating that the reduced As is of
arsenopyrite and arsenian pyrite. Reduced As species (As!-) make up 17 to 26 % of the
total As in the unweathered clay-till.

e Although few elevated concentrations of dissolved As were observed, concentrations
were measurable from pore waters throughout the silt, sand and clay-till sediments at
both Sites 1 and 2. Dissolved As concentrations were generally higher in the clay-till
sediments.

¢ In the weathered (oxidized) sediments, dissolved As concentrations are likely a result of
oxidation reactions whereas in the unweathered (reduced) sediments, As concentrations
are mainly due to reductive dissolution of Fe-oxyhydroxides.

Recommendations

e Shallow wells in the area should be sampled for U concentrations and possibly 234U /238U
isotope ratios.

e It would be beneficial to measure stable isotopes of sulfur (63*5-SO,) from groundwater
with elevated As concentrations. Sulfur isotope characteristics would help to determine
if dissolved sulfate in the groundwater is a result of sulfide oxidation (pyrite oxidation)
or from some other source.
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Closure

Alberta Innovates - Technology Futures is pleased to present the findings of this investigation
into the source and mobility of uranium and arsenic in groundwater from two sites near
Bonnyville, Alberta. We look forward to any comments and discussions.

Sincerely,

7. 4

Michael Moncur, M.Sc.,
Research Hydrogeologist
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