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A B S T R A C T

Arsenic (As) concentrations in lake sediments in the Yellowknife region, Northwest Territories, Canada, are
elevated from the weathering of mineralized bedrock and/or from the aerial deposition of arsenic trioxide
(As2O3) generated via the roasting of arsenical gold ores at the now-defunct Giant Mine and other historical
roasting operations in the area. Sediment cores were collected from shallow- and deep-water sites in two lakes
located downwind of Giant Mine to determine the origin of As in sediments and understand how As con-
centrations and solid-phase speciation vary with sediment depth and spatially with changes in water depth and
sediment texture. Deep-water cores were dated using 210Pb and 137Cs methods. Select sediment intervals were
chosen for polished section preparation and analyzed using scanning electron microscopy (SEM)-based auto-
mated mineralogy, electron microprobe analysis (EMPA), and synchrotron-based microanalyses to characterize
As-hosting solid phases. Sediment redox conditions and the post-depositional mobility of As at the shallow-water
sites were assessed by sampling sediment porewaters using dialysis arrays (peepers). At the shallow-water sites,
maximum sediment As concentrations occur at the sediment-water interface. In contrast, maximum As con-
centrations in the deep-water cores occur at sediment depths> 15 cm. Dating using 210Pb and 137Cs methods
indicates that the As-rich horizons at both deep-water sites are coincident with the period of maximum emissions
from the Giant Mine roaster. Four predominant As-hosting solid phases were identified: anthropogenic As2O3

from stack emissions, and authigenic realgar, As-bearing Fe-oxyhydroxide, and As-bearing framboidal pyrite.
The contribution of arsenopyrite to total sediment As concentrations was negligible, suggesting that elevated As
concentrations are largely derived from ore roasting. In near-surface sediments at the shallow-water sites, the
dominant host of As is Fe-oxyhydroxide. Congruent porewater profiles for As and Fe indicate that the post-
depositional mobilization of As is governed by the reductive dissolution of As-bearing Fe-oxyhydroxide. Deep-
water sediments are enriched in As2O3 that has persisted for more than 60 years. The presence of authigenic As-
bearing sulphides suggests that the partial dissolution of As2O3 leads to the formation of less bioaccessible phases
where reduced sulphur (S) is available. The distributions of As-hosting solid phases at the shallow- and deep-
water sites are interpreted to be both directly and indirectly influenced by water depth. Fine-grained As2O3

particles are less likely to persist in shallow-water areas and typically accumulate in deep-water zones as a result
of sediment-focusing processes. Fine-grained organic matter also preferentially accumulates in deeper areas,
which influences redox gradients in porewater, the stability field for As-bearing Fe-oxyhydroxide, and the depth
of authigenic As-bearing sulphide precipitation.

1. Introduction

Arsenic (As) is an element of environmental concern due its po-
tential to cause toxic effects in humans and other organisms (Mitchell,

2014). The roasting of gold-bearing arsenopyrite (FeAsS) ore at his-
torical gold mines in the Yellowknife area, Northwest Territories, Ca-
nada, has resulted in a complex legacy of As contamination in the re-
gion. Giant Mine, the largest producer of gold in the region, roasted
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refractory gold ores from 1949 to 1999 (Fig. 1). Roasting on site
commenced in 1949 and was conducted at 500 °C over two stages to
oxidize As and sulphur (S) and convert gold-bearing arsenopyrite to
gold-bearing iron (Fe) oxides amenable to cyanidation (Walker et al.,
2015). During this process, a volatile gas phase of As, arsenic trioxide
(As2O3), was produced, and eventually condensed to a dust with the
crystal structure of arsenolite (Wrye, 2008; Walker et al., 2015;
Bromstad et al., 2017). This reaction is given in Equation (1).

2FeAsS + 5O2 → Fe2O3 + As2O3 + 2SO2 (1)

Stibnite (Sb2S3) and antimony (Sb)-bearing sulphosalts were also
present in the ore roasted at Giant, which produced a gaseous Sb-phase
that was incorporated in the structure of As2O3 during crystallization
(Riveros et al., 2000; Fawcett and Jamieson, 2011).

From 1949 to 1951, stack emissions were released directly to the
atmosphere, with airborne As releases estimated at 7.5 tonnes per day
(tpd) (Indigenous and Northern Affairs Canada, 2016). In 1958, a
baghouse facility was constructed to collect As2O3 dust, reducing air-
borne emissions to 0.2–0.3 tpd. By 1963, a more efficient roaster
system, involving two parallel electrostatic precipitators, was installed

and remained in operation until ore processing ceased at Giant in 1999.
Over the course of mine life, more than 20,000 tonnes of As2O3 were
released as stack emissions from the Giant roaster, approximately 86%
of which were released before 1963 (Wrye, 2008). Arsenic trioxide,
which is more soluble and bioaccessible than naturally occurring ar-
senopyrite (Plumlee and Morman, 2011), has potentially accumulated
in the sediments of surrounding lakes, some of which are used for
fishing and recreation by Yellowknife residents (Jamieson, 2014).

Arsenical gold ores were also roasted at the nearby Con Mine
(1938–2003) (Fig. 1), though in lesser abundance than at Giant due to
the predominantly free-milling nature of the gold. Ore roasting at Con
began in April 1942 but was halted in November 1942 due to wartime
restrictions, and did not resume until 1948 (Moir et al., 2006). Roasting
operations permanently ceased in 1970 as ores extracted from deeper in
the mine became more free-milling and less refractory (Jones, 1976),
and pressure oxidation was initiated to process the refractory ore in the
early 1990s (Wright, 1992). From 1948 to 1970, approximately 2500
tonnes of As2O3 were released to the atmosphere as stack emissions
from the Con Mine roaster (Hocking et al., 1978). Due to the longer
duration and larger scale of operation of the Giant Mine roaster, how-
ever, it is generally considered to have had a much greater impact in the

Fig. 1. Map showing simplified bedrock geology (Wright et al., 2006) and sample-site locations relative to the City of Yellowknife and the former roasters at Giant Mine and Con Mine,
Northwest Territories, Canada. Inset map shows the location of the study area within Canada. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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Yellowknife region with regards to the aerial extent and magnitude of
As2O3 deposition (Walker, 2006).

Arsenic concentrations in Yellowknife area lake sediments may be
elevated as a result of geogenic input from the weathering of miner-
alized bedrock and/or as a result of anthropogenic input from ore
roasting at Giant Mine and other historical roasting operations in the
region. For this reason, the focus of recent studies has been on estab-
lishing both geochemical background and baseline for As in lake sedi-
ments and surface waters in the Yellowknife region. Galloway et al.
(2017) sampled near-surface lake sediments from 95 lakes in the Yel-
lowknife area and found As concentrations ranging from 6.3 mg kg−1

to> 10,000 mg kg−1. These values exceed the Canadian Interim
Freshwater Sediment Quality Guideline of 5.9 mg kg−1 (Canadian
Council of Ministers of the Environment, 2002). The highest sediment
As concentrations were measured in lakes located downwind of the
Giant Mine roaster, results that may be consistent with the aerial de-
position of As2O3 from stack emissions. Geogenic As is expected to be in
the form of arsenopyrite, or possibly As-bearing Fe-oxyhydroxide
formed from the weathering of arsenopyrite. In contrast, anthropogenic
As from stack emissions is expected to be dominantly As2O3, which has
potentially accumulated in lake sediments through historic aerial de-
position or from continued runoff from terrestrial sources where it had
been initially deposited.

Post-depositional changes may have affected the speciation of all
As-hosting solid phases, regardless of whether they were introduced
geogenically or anthropogenically to the sediments. These changes are
largely controlled by adsorption, dissolution, and precipitation reac-
tions, which are in turn largely controlled by microbially-mediated
redox pathways. Iron oxyhydroxide, and to a lesser extent manganese
(Mn) oxyhydroxide, often forms in sediments in oxidizing conditions
prevalent near the sediment-water interface and can sequester dis-
solved As through sorption and co-precipitation reactions (Dzombak
and Morel, 1990; Waychunas et al., 1993; Dixit and Hering, 2003). The
progressive burial of these phases over time, however, may result in the
release of As to porewaters if As(V) bound to the oxyhydroxide surface
is reduced to As(III) or by reductive dissolution of the host oxyhydr-
oxide (Smedley and Kinniburgh, 2002). In reducing environments,
dissolved As can be sequestered in the solid phase through sorption and
co-precipitation reactions involving authigenic sulphides such as re-
algar (AsS or As4S4), orpiment (As2S3), and pyrite (FeS2) (Bostick and
Fendorf, 2003; O'Day et al., 2004; Lowers et al., 2007).

The spatial and depth distribution of As-hosting solid phases in lake
sediments may also be influenced by sediment focusing, which de-
scribes the tendency of fine-grained particles to be redistributed from
shallow-water zones to deeper areas of a lake basin (Blais and Kalff,
1995). Sediment resuspension, transportation, and mixing processes,
including wave-induced turbulence, are strongest near the water sur-
face and lose strength with increasing water depth (Mackay et al.,
2012). As a result, fine-grained sediments are resuspended and trans-
ported away from shallow-water areas, and accumulate in deep-water
zones where they are no longer influenced by these processes. In rela-
tively shallow lakes, however, wave-induced mixing can still occur in
areas with relatively large fetch to depth ratios (Håkanson, 1977).
Bioturbation by benthic organisms can also mix and resuspend sedi-
ments, and has been shown to be a direct cause of As redistribution in
soils (Covey et al., 2010). The spatial and depth distribution of As in
sediments, therefore, is a result of both sedimentary and geochemical
processes.

The primary objective of this study was to characterize and quantify
the distribution of As-hosting solid phases in sediments from Long Lake
and Martin Lake, two lakes in the Yellowknife area located downwind
of Giant Mine. The specific objectives were to (1) determine whether
sediment As concentrations are elevated from the aerial deposition of
stack emissions or from the weathering of mineralized bedrock, (2)
compare the concentrations and distributions of As-hosting solid phases
in shallow- and deep-water environments, and (3) investigate whether

As-hosting solid phases have undergone post-depositional changes that
may affect the risk As-enriched sediments pose to human and ecological
health. The results of this study are expected to be broadly applicable to
other lacustrine environments affected by As contamination and will
provide valuable information to support risk assessment.

2. Methods

2.1. Study area

The predominant wind direction in the Yellowknife area is east to
west (Pinard et al., 2008), and lakes located to the west of the former
Giant Mine roaster have been the most impacted by the aerial deposi-
tion of stack emissions in the region (Galloway et al., 2017; Palmer
et al., 2015). Long Lake is located approximately 5 km southwest of
Giant (62° 28′ 18.12″ N, 114° 25′ 39.72″ W) (Fig. 1). The lake has a
surface area of 115 ha, an estimated maximum basin depth of 7 m, is
mostly bound by granitoids, and is best described as “terminal” in that
it is not connected to any downstream lakes (Martin and Soranno,
2006). Fred Henne Territorial Park is located at the eastern end of the
lake and features a constructed beach, boat launch, and campground.
The Yellowknife Golf Club, which features sand fairways, is located
near the southwestern shore. Recent sampling indicates that the con-
centration of dissolved As in surface water during summer is approxi-
mately 40 μg L−1 (Palmer et al., 2015).

Martin Lake is located approximately 5 km northwest of Giant and is
a popular fishing and recreation area for Yellowknife residents (62° 31′
36.84″ N, 114° 26′ 34.8″ W) (Fig. 1). The lake is 285 ha in area, has an
estimated maximum basin depth of 5 m, and is predominantly bound by
granitic bedrock. The lake has well-defined throughflow and is part of
the Baker Creek system, which flows through the Giant Mine property
and drains into Yellowknife Bay in Great Slave Lake approximately
7 km downstream of the outlet of Martin Lake. The concentration of
dissolved As in Martin Lake surface water during summer is approxi-
mately 20 μg L−1 (Palmer et al., 2015).

2.2. Sample collection and preparation

The fieldwork component of this study was carried out in July 2015.
Sediment cores were collected using a Glew gravity corer (Glew, 1989)
and transparent polycarbonate core tubes 7.5 cm in diameter and 60 cm
in length. To capture differences in sediment As concentrations and
solid-phase speciation associated with water depth, sediment cores
were collected at shallow- and deep-water sites in both lakes (Fig. 1). In
Long Lake, sample sites were located at water depths of 0.7 m (Long
Lake Peeper Core - LLPC) and 5.8 m (Long Lake Core Deep - LLCD). In
Martin Lake, cores were collected at water depths of 1.1 m (Martin Lake
Peeper Core - MLPC) and 3.5 m (Martin Lake Core Deep - MLCD).

Collected sediment cores were immediately covered in opaque
plastic bags to avoid photo-oxidation reactions during transport back to
the laboratory. Long Lake cores were held for approximately 10–20 min
prior to extrusion, while Martin Lake cores were held for approximately
1–2 h because of the lake's more remote location (Fig. 1). Extrusions
were performed in a N2 atmosphere and the top 30 cm of sediment
cores were extracted in 0.5 cm (0–10 cm), 1 cm (10–20 cm), and 5 cm
(20–30 cm) intervals. Sediment samples for bulk elemental analysis
were first sub-sampled and dried. Arsenic-rich sediment horizons
identified by bulk elemental analysis, and sediments from the base of
each deep-water core (sample LLCD-32 and sample MLCD-32 for Long
Lake and Martin Lake, respectively), were then subsampled and dried in
a N2 atmosphere to preserve solid-phase As speciation (Huang and
Ilgen, 2006). Polished sections (30 μm thickness) were then made for
subsequent characterization of As-hosting solid phases using scanning
electron microscopy (SEM)-based automated mineralogy, electron mi-
croprobe analysis (EMPA), and synchrotron-based micro X-ray fluor-
escence (μ-XRF) and micro X-ray diffraction (μ-XRD). There was
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insufficient sample volume to prepare polished sections for the sedi-
ment intervals immediately below the sediment-water interface for the
shallow-water cores. Polished sections were instead prepared using
sediments from 1.5 to 2 cm depth (sample LLPC-04 and sample MLPC-
04 for Long Lake and Martin Lake, respectively). Similarly, a polished
section was prepared using sediments from 2.5 to 3 cm depth in the
LLCD core (sample LLCD-06) instead of LLCD-07 due to insufficient
sample volume. A 230 Å carbon coating was applied to polished sec-
tions prior to analyses to minimize surface charging. The deep-water
cores (LLCD and MLCD) were also subsampled for radiometric dating.

The post-depositional mobility of As in shallow-water sediments
was assessed by sampling sediment porewaters using high resolution
dialysis arrays (peepers) (Martin and Pedersen, 2002; Andrade et al.,
2010; Fawcett et al., 2015). Prior to deployment in the field, peepers
were cleaned with dilute Sparkleen™, rinsed with deionized water
(DIW), soaked overnight in 0.5% ultra-pure HNO3, and rinsed again
with DIW. Peeper cells were then filled with DIW and covered with a
0.45 μm Sterlitech™ polyethersulfone filter membrane. Peepers were
then sealed in their DIW-filled cases and deoxygenated by periodic
bubbling with ultra-pure N2 for approximately three weeks. Two sets of
peepers were installed within 1 m of the shallow-water core sites in
both study lakes (Fig. 1) by manually pushing the peepers, back-to-
back, into the sediments. Peepers were left to equilibrate with sediment
porewaters for approximately two weeks. After removal, the location of
the sediment-water interface was visually verified and peepers were
placed back in their N2-purged cases. The cases were covered in opaque
plastic bags during transport back to the laboratory. Holding times for
peepers were the same as those for sediment cores described above.

Porewater samples were extracted from peeper cells by pipetting in
a N2-purged glove box. New pipette tips were used for each cell to avoid
cross-contamination. For the Long Lake peepers, two rows of cells were
combined vertically and sampled to a sediment depth of approximately
22 cm. Martin Lake peeper cells were subsampled at higher resolution
(i.e. cells were not combined vertically) and sampled to a sediment
depth of approximately 11 cm. Samples to be analyzed for trace metal
(oid) concentrations were pipetted into N2-purged, clear 8 mL high-
density polyethylene (HDPE) bottles and preserved with 8 M HNO3.
Amber-coloured 8 mL HDPE bottles were used for samples for inorganic
aqueous As speciation and preserved with 12 M HCl. Both pH and Eh
were measured immediately after extraction using a YSI 556 MPS.
Samples were refrigerated for approximately one week prior to ana-
lyses.

2.3. Analyses

2.3.1. Sediment geochemistry
The elemental concentrations of 127 sediment sub-samples from all

cores were determined at the Analytical Services Unit (ASU) at Queen's
University. Samples were digested using aqua regia and subsequently
analyzed for a 29-element suite including As using an Agilent Vista-PRO
CCD inductively coupled optical emission spectrometer (ICP-OES).
Antimony (Sb) concentrations were determined using an Agilent 7700x
inductively coupled plasma mass spectrometer (ICP-MS) to achieve a
lower detection limit. The volatilization and loss of reduced species of
As and Sb during aqua regia digestion has been documented (Tighe
et al., 2004, and references therein). In this study, average As recoveries
for certified reference materials, which consisted of marine sediment
(MESS-3) and contaminated soil (SS-2), were 96% and 103%, respec-
tively. Recovery values between 80 and 120% are considered accep-
table (Chen and Ma, 1998). Recovery calculations for Sb could not be
performed due to the similarity between the Sb concentration in cer-
tified reference material SS-2 (1.02 mg kg−1) and the method detection
limit (1.0 mg kg−1). Previous studies (Tighe et al., 2004; Chen and Ma,
1998), however, have shown that recoveries of Sb using aqua regia
digestion for soils and sediments are typically within the acceptable
range. Data quality was ensured by analyzing two sets of duplicates, a

certified reference material, and a blank for every 14 samples analyzed.
Instrument calibration checks were also run to check specific standards,
at the beginning of analyses, and throughout the analyses at a minimum
of every 20 samples.

2.3.2. Radiometric dating
Sediment cores collected from the deep-water sites in both lakes

(Fig. 1) were examined for the gamma-ray 210Pb, 214Bi, and 137Cs sig-
natures to determine the age of sediment intervals using methods de-
scribed in Binford (1990). Dating was completed at the University of
Ottawa using an Ortec High Purity Germanium Gamma Spectrometer.
Certified Reference Materials obtained from the International Atomic
Energy Association (Vienna, Austria) were used for efficiency correc-
tions, and results were analyzed using ScienTissiME software.

2.3.3. Characterization of arsenic-hosting solid phases
Mineral liberation analysis (MLA) is an automated SEM-based

software program that allows for the relative abundance of minerals in
a sample to be quantified through a combination of backscatter electron
(BSE) image analysis and energy-dispersive X-ray spectroscopy (EDS)
(Gu, 2003; Fandrich et al., 2007; Buckwalter-Davis, 2013). For this
study, automated mineralogy was conducted using a FEI Quanta 650
FEG ESEM operating under high vacuum. Operating conditions in-
cluded a beam current of 10 nA and an accelerating voltage of 25 kV.
Backscattered electron images used in the analyses were standardized
to a copper (Cu) imaging standard. Image resolution was set to
1000 μm2 to achieve a pixel-micrometre size of 0.51 μm/pixel. To
quantify the relative proportion of As-hosting solid phases, sparse phase
liberation analysis (SPL) mode was used. The SPL measurement mode
selectively identifies bright phases (i.e. As-hosting solid phases) and
their external mineral associations by using a user-defined BSE grey-
scale range, and therefore does not provide bulk mineralogy informa-
tion (Fandrich et al., 2007). The greyscale range used was 120–255.
Most X-ray spectra were collected in point X-ray analysis (XBSE) mode,
though a pixel-spaced X-ray analysis (GXMAP) measurement trigger
with a 2-μm-pixel spacing was applied to increase the count rate on
phases likely to contain only trace amounts of As, namely Fe-oxy-
hydroxide. The acquisition time per X-ray spectrum was 12 ms but was
increased to 36 ms during GXMAP mode to enhance potential As peaks.
The mineral reference library used for phase classification contained X-
ray spectra for both discrete As minerals (As2O3, arsenopyrite, As-sul-
phides) and potential As-hosting solid phases (Fe-oxyhydroxide, pyrite).
The bulk mineralogy of each sample was also determined using X-ray
modal analysis (XMOD), which is a point-counting method in which
mineral identification is determined by collecting single X-ray spectra
at counting points over a grid (Fandrich et al., 2007). This method,
however, only provides the percentages of the mineral components of
each sample, and does not yield information relating to the shape and
area of each particle (Fandrich et al., 2007).

To produce a discernible peak in the EDS spectrum, elements must
form approximately 3% of the solid phase being analyzed (Pirrie and
Rollinson, 2011). Therefore, the As concentrations of Fe-oxyhydroxide
and pyrite, solid phases suspected to contain As concentrations below
detection using EDS, were determined using a JEOL JXA-8230 electron
microprobe operating in wavelength-dispersive (WDS) mode. Arsenic
trioxide grains were analyzed to determine their Sb content. Iron-free
As-sulphides were also analyzed to determine the As/S ratio and
identify the solid phase. The operating conditions (beam current, ac-
celerating voltage, and beam diameter) and standards (lines, detector
crystals, and counting times for both peaks and background) used in the
analyses of each solid phase are summarized in Table 1. Atomic
number, absorption, and fluorescence corrections were applied to all
measured intensities.

Synchrotron-based μ-XRF element maps and μ-XRD patterns were
collected using a monochromatic beam at undulator beamline 13-ID-E
at the Advanced Photon Source (APS), Argonne National Laboratory
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(Chicago, IL, USA). Polished sections were mounted on a sample stage
positioned 45° to the incident beam. X-ray fluorescence from samples
was measured using a Hitachi 4-element Vortex ME4 silicon drift diode
detector positioned at 90° to the incident beam and connected to a
Xspress 3 digital X-ray multi-channel analyzer system. A Perkin Elmer
XRD1621 digital flat panel detector placed 400 mm from the sample
and operating in transmission mode was used to measure XRD.
Compositional XRF maps and XRD patterns were collected using an
incident beam energy of 17.5 keV and a two-dimensional, continuous
mapping mode in which the sample stage was scanned continuously
through the beam. Frame rates from 50 to 100 ms per pixel were used to
collect mapping data. Dioptas (Prescher and Prakapenka, 2015) soft-
ware was used to calibrate and integrate XRD data and to subtract
background produced by the glass sample slides. X-ray diffraction
patterns were further refined for phase identification using HighScore
Plus.

2.3.4. Solid-phase arsenic speciation calculations
The relative contribution of each As-hosting phase to total As con-

centrations was calculated using the following formula (Van Den
Berghe et al., 2017):

=
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∑
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1 is the total
mass of As in all As-hosting phases. Because SEM-based automated
mineralogy is a two-dimensional technique in that it only provides the
areas of particle surfaces exposed on the surface of the polished section,
phase volumes were calculated by multiplying the total area on the
polished section of each phase by an assumed sample thickness of 1 μm.
Mineral densities used in each calculation were obtained from the
Mineralogical Society of America (2016). Arsenolite, realgar, and goe-
thite (α-FeOOH) were used as model compounds for As2O3, As-sul-
phide, and Fe-oxyhydroxide, respectively.

2.3.5. Porewater geochemistry
Porewater samples were analyzed for a 25-element suite of metal

(oid)s including As and Sb using ICP-MS. The analytical method used
was based on Standard United States Environmental Protection Agency

(EPA) Method 200.8. The inorganic speciation of dissolved As in
porewaters was determined using hydride generation atomic absorption
spectrometry (HG-AAS) in accordance with Standard EPA Method
1632.

3. Results and discussion

3.1. Elemental concentrations in sediments

In Long Lake, the solid-phase concentrations of As, Sb, and other
redox-sensitive elements that may be involved in the release and se-
questration of As by sediments (Fe, Mn, and S) are markedly different
between cores from the shallow- and deep-water sites (Fig. 2;
Supplementary Data Table S1). At the shallow-water site (LLPC), where
sediments are predominantly sandy, the highest concentration of As
(90 mg kg−1) occurs at the sediment-water interface, with values
steeply declining over the uppermost 3 cm of the sediment column.
Below 3 cm, As and Sb concentrations drop to levels near or below
detection limits. Sediment profiles for Fe, Mn, and S are similar to those
for As and Sb, with maximum concentrations also occurring at the se-
diment-water interface (Fig. 2).

In comparison, the deep-water core in Long Lake (LLCD) is char-
acterized by finer-grained sediments, visible organic matter, and higher
concentrations of As and Sb. Two As concentration maxima are ap-
parent: a 1000 mg kg−1 peak occurring between 3 and 4 cm depth
(sample LLCD-07), and a 1500 mg kg−1 peak occurring 17–18 cm
below the sediment-water interface (sample LLCD-28), both of which
are more than an order of magnitude higher than the shallow-water
maximum (Fig. 2; Table S2). The solid-phase distribution of Sb, which is
also associated with stack emissions, follows a similar pattern and is
also substantially elevated when compared to the shallow-water core.
Peak concentrations of Fe and Mn overlap with the shallower As
maximum but decrease with depth and are not elevated in association
with the deeper As maximum. Two peaks in S concentrations coincide
with the As peaks.

Arsenic concentration profiles in the Martin Lake cores are generally
similar to the profiles in the Long Lake cores (Fig. 2; Table S3). The
concentration of As (430 mg kg−1) in the shallow-water core (MLPC) is
highest at the sediment surface and is almost five times higher than in
sediments from the Long Lake shallow-water core (LLPC). Sediments
from MLPC are more fine-grained than the sediments at LLPC, con-
taining abundant silt, clay, and organic matter. Antimony and Mn
follow similar trends to As at MLPC, with the highest concentrations
occurring at the sediment surface before concomitantly decreasing with
depth. In the LLPC core, the concentrations of Fe and S decrease with
depth. Similar trends are absent in the concentration profiles of these
elements in the MLPC core (Fig. 2).

Two sediment intervals from the deep-water core in Martin Lake
(MLCD) are enriched in As (Fig. 2; Table S4): a 320 mg kg−1 peak in
near-surface sediments (sample MLCD-01), and a 560 mg kg−1 peak
occurring between 20 and 25 cm depth (sample MLCD-31). The highest
concentrations of Sb and S are associated with the deeper As maximum,
whereas the highest concentration of Mn occurs in association with the
As maximum at the sediment-water interface. The concentration of Fe is
elevated in association with both As peaks.

3.2. 210Pb and 137Cs dating of sediments

Dating of sediments from the LLCD core using 210Pb methods sug-
gests that the As peak 17.5 cm below the sediment-water interface is
coincident with the period of maximum emissions from the Giant Mine
roaster (1949–1951) (Fig. 2; Table S5). When operations began at Giant
in 1949, roaster products were emitted directly to the atmosphere at a
rate of 7.5 tonnes per day (tpd) until the first emission controls were
implemented in 1951 (Indigenous and Northern Affairs Canada, 2016).
However, the occurrence of elevated As concentrations in sediment

Table 1
Summary of operating conditions and standards used in electron microprobe analysis
(EMPA).

Solid Phase Operating conditions (beam
current, accelerating voltage,
beam diameter)

Standards (lines, detector
crystals, counting times for
peaks and background)

Fe-oxyhydroxide 10 nA, 15 kV, 3.5 μm As (synthetic FeAs2, Lα, TAP,
120 s)
Fe (Fe2O3, Kα, LiFL, 20 s)
Ca (synthetic MgCaSi2O6,
Kα, PET, 40 s)
Si (synthetic MgCaSi2O6, Kα,
TAP, 40 s)
Mn (MnSiO3, Kα, LiFL, 30 s)

Pyrite 30 nA, 15 kV,< 1 μm As (synthetic FeAs2, Lα, TAP,
240 s)
Fe (FeS2, Kα, LiFL, 10 s)
S (FeS2, Kα, PET, 10 s)

Arsenic trioxide 5 nA, 15 kV, 3.5 μm As (synthetic FeAs2 and
As2S3, Lα, TAP, 10 s)
Sb (Sb2S3, Lα, PET, 60 s)

Arsenic sulphide 10 nA, 15 kV,< 1 μm As (synthetic FeAs2, Lα, TAP,
10 s)
S (Fe7S8, Kα, PET, 10 s)
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horizons below the 18.5 cm interval (Fig. 2), which is inferred to have
been deposited prior to the onset of ore roasting in the Yellowknife
area, suggests that As derived from stack emissions has been re-
mobilized and/or redistributed following its initial deposition. Andrade
et al. (2010) similarly observed both upward and downward post-de-
positional remobilization of As in sediment cores collected from Yel-
lowknife Bay (Fig. 1). In a study from Lake Tantaré, Quebec, in which
the only input of As was atmospheric deposition associated with do-
mestic coal combustion, Couture et al. (2008) found the maximum se-
diment As concentration to occur in an interval slightly below the
horizon corresponding to the period of maximum coal usage in the
early 1950s, and attributed this to the downward migration of dissolved
As into more reducing zones where it was immobilized through co-
precipitation and/or sorption reactions involving authigenic sulphides.
Other potential redistribution processes include wave-induced turbu-
lence and bioturbation (Håkanson, 1977; Covey et al., 2010).

In comparison, 210Pb dating suggests that the As maximum located
3–4 cm below the sediment-water interface at LLCD occurs in sediments

deposited after ore roasting had ceased at Giant in 1999 (Fig. 2). The
highest solid-phase concentrations of Fe and Mn, elements that often
accumulate at oxic-anoxic boundaries in sediments (Smedley and
Kinniburgh, 2002; Dixit and Hering, 2003), also occur in this interval,
suggesting that As is being remobilized from the deep-core enrichment
and accumulating with Fe- and Mn-oxyhydroxide phases in the oxic
interfacial sediment horizons. The 137Cs-derived timeline, however,
suggests that this core has experienced some degree of physical mixing,
which may have also influenced the As-concentration profile. The
height of atmospheric fallout from nuclear weapons testing occurred in
1963, and therefore only one peak in 137Cs activity is expected to occur
in an undisturbed sediment core (Appleby, 2001). Two maximum 137Cs
activities occur at depths of 8.25 cm and 12.5 cm in the LLCD core,
indicating that mixing has occurred. Although the LLCD core was col-
lected from one of the deepest areas within the lake basin, the relatively
large fetch to depth ratio at this site suggests that sediments may still be
influenced by wave-induced turbulence (Håkanson, 1977).

At MLCD, the deep-core As enrichment occurs at 20–25 cm

Fig. 2. Solid-phase concentrations of As, Sb, Fe, Mn, and S from sediment cores extracted from shallow- and deep-water sites in Long Lake and Martin Lake. Note that As concentration
profiles for the Long Lake cores (LLPC and LLCD) are plotted on different scales. In the deep-water cores from both lakes, 210Pb-derived timelines show important dates, and associated
errors, related to the timeline of ore roasting at Giant Mine. The approximate depth of sediment intervals corresponding to dates discussed in the text are indicated by dashed lines.
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sediment depth. Because these sediments were extruded as a single
5 cm section, the age resolution for this interval was very low and did
not yield a reliable 210Pb date. Arsenic concentrations, however, de-
crease sharply above the maximum at approximately 16.5 cm sediment
depth, which is coincident with 1967 ± 6.5 years (Fig. 2; Table S6).
Stack emissions from the Giant roaster declined during the 1950s as
more efficient control measures were installed. By 1963, stack emis-
sions had been reduced to 0.1 tpd (Indigenous and Northern Affairs
Canada, 2016). Furthermore, the highest 137Cs activity, which is ex-
pected to correspond to 1963 (Appleby, 2001), also occurs in this
horizon. These results suggest that the deep-core As enrichment occurs
in sediments deposited prior to 1963 and reflects the period of max-
imum stack emissions from the roaster at Giant Mine.

Similar to the near-surface As enrichment in the LLCD core, the
near-surface As peak at MLCD occurs in sediments deposited after ore
roasting had ceased at Giant in 1999 (Fig. 2). The single 137Cs max-
imum suggests that less mixing has occurred in the MLCD core than in
the LLCD core. The formation of the near-surface As peak in MLCD can
therefore be attributed to the post-depositional accumulation of As in
association with diagenetic Fe- and Mn-oxyhydroxides (Andrade et al.,
2010), or from the continued deposition of As-hosting solid phases from
elsewhere in the lake basin and/or catchment.

The preceding discussion highlights the shortcomings of using
concentration profiles of As and other diagenetically mobile elements as
time markers in recently deposited sediments, as indicated by several
others (Boudreau, 1999; Couture et al., 2008; Andrade et al., 2010).
Moreover, relying on only the results of radiometric dating to under-
stand these profiles, especially when mixing has occurred, is challen-
ging. In the Yellowknife area and others affected by ore roasting,
identification of the predominant As-hosting solid phases is necessary in
order to conclude, with any degree of certainty, whether As was in-
troduced geogenically or anthropogenically to the sediments.

3.3. Arsenic-hosting solid phases

Four predominant As-hosting solid phases were identified by SEM-
based automated mineralogy in the sediments of Long Lake and Martin

Lake: As2O3, As-sulphide, As-bearing Fe-oxyhydroxide, and As-bearing
framboidal pyrite (Fig. 3). While hundreds of particles of these phases
were identified, only six small (< 5 μm diameter) arsenopyrite grains
were found, indicating that it is not a major As-hosting solid phase in
either study lake. Discrete, secondary Mn-oxyhydroxide was also not
identified as an important host of As.

Arsenic trioxide particles, ranging in diameter from ∼2 to 30 μm,
were identified by SEM-based automated mineralogy in sediments from
deep-water zones in Long Lake (samples LLCD-06 and LLCD-28), and
from both shallow- (sample MLPC-04) and deep-water (samples MLCD-
01 and MLCD-31) zones in Martin Lake. Arsenic trioxide grains were
not found in the shallow-water zone of Long Lake (LLPC). Arsenolite,
the most common crystal form of As2O3, can form naturally from the
oxidation of arsenopyrite and other As-bearing ore minerals (Drahota
and Filippi, 2009), though it is unlikely to precipitate naturally in the
water-saturated conditions found in lake sediments because it is highly
soluble (Pokrovski et al., 1996; Nordstrom et al., 2014). Furthermore,
Riveros et al. (2000) reported the solubility of As2O3-rich dust from
Giant Mine as 11,000 to 15,000 mg L−1 based on laboratory mea-
surements of samples from the mine. This suggests that the As2O3 found
in sediments from both study lakes is of roaster origin. Curiously, As2O3

from the Giant roaster has persisted in lake sediments despite its high
solubility (Van Den Berghe et al., 2017), which is consistent with pre-
vious studies that found As2O3 to persist for more than 50 years in
outcrop soils on the Giant Mine property (Wrye, 2008; Bromstad et al.,
2017). Like the particles found in soils, the As2O3 particles found in lake
sediments show only subtle textural evidence of dissolution (Fig. 3a).
The ability of As2O3 to persist in soils and sediments for more than 50
years might be best explained by the influence of Sb content on solu-
bility, though this is not well documented (Jamieson, 2014). In a study
to determine if marketable As2O3 could be recovered from the As2O3-
rich roaster dust stored underground at Giant, Riveros et al. (2000)
postulated that only low-Sb As2O3 crystals produced in the Giant
roaster dissolve readily in water at temperatures< 100 °C.

Electron microprobe analysis of four As2O3 particles from Long Lake
and Martin Lake sediments yielded Sb concentrations ranging from
below detection (∼0.07 wt%) to 0.27 wt%, which are within the range

Fig. 3. SEM-BSE images of As-hosting solid phases associated with the As-rich sediment intervals identified in cores from Long Lake and Martin Lake. Corresponding μ-XRF element maps
show As-Kα (red), Fe-Kα (green), and Sb-Lβ1 (blue) intensities. (a) As2O3 from MLPC-04. (b) Arsenic sulphide from LLCD-06. (c) Authigenic As-bearing Fe-oxyhydroxide from LLPC-04.
(d) Arsenic-bearing framboidal pyrite from LLCD-06. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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reported by Riveros et al. (2000). It is evident in the compositional μ-
XRF maps (Fig. 3a) that even particles determined to contain Sb in
concentrations lower than detection using EMPA do in fact contain
trace amounts of Sb. The presence of Sb, which was also present in the
ore roasted at Giant, provides additional evidence that these particles
are of roaster origin. The rate of As2O3 dissolution in low-temperature
water, which is characteristic of lakes in the Yellowknife area, has been
documented to be very slow in several studies (Riveros et al., 2000; Yue
and Donahoe, 2009; Nordstrom et al., 2014), and may also be a con-
tributing factor that has allowed As2O3 to persist in the sediments of
Yellowknife lakes for more than 60 years.

A discrete As-sulphide phase was identified by SEM-based auto-
mated mineralogy in all polished sections analyzed. This phase is easily
distinguished from arsenopyrite based on the absence of Fe in both the
EDS spectra and μ-XRF maps (Fig. 3b). Because Fe-free As-sulphide does
not occur in association with mineralization (Coleman, 1957) or in any
of the tailings streams at Giant (Walker et al., 2015; Fawcett and
Jamieson, 2011), it is inferred to be an authigenic phase. Using X-ray
absorption spectroscopy (XAS), Fawcett et al. (2015) identified an As
(III)-S phase in the reduced horizons of a core extracted from a water
body located on the Giant Mine property and concluded that its for-
mation was the result of diagenetic processes.

Eleven As-sulphide particles in As-enriched samples from both lakes
were examined using EMPA. Normalization of elemental weight per-
centages, which were low due to the small size of the particles
(< 10 μm), resulted in mean elemental mass concentrations ranging
from 68.5 to 70.2% and 29.8–32.3% for As and S, respectively. The
mean atomic ratio of As to S for all particles analyzed was approxi-
mately 1:1, suggesting that the As-sulphide phase is realgar (AsS or
As4S4) rather than orpiment (As2S3). O'Day et al. (2004) documented
the formation of a “realgar-like” As-sulphide under sulphate-reducing
conditions in aquifer sediments that had received As inputs from a
former pesticide-manufacturing facility. The μ-XRD analyses of 18 As-
sulphide grains in this study produced 2-D diffraction patterns with
broad and diffuse rings, indicating short-range order in a poorly crys-
talline material (Jamieson et al., 2011). The As-sulphide phase identi-
fied in this study is best described as an amorphous, realgar-like pre-
cipitate.

Particles of authigenic Fe-oxyhydroxide were identified by SEM-
based automated mineralogy in all samples and are spatially associated
with organic matter (Fig. 3c). Authigenic Fe-oxyhydroxide was dis-
tinguished from detrital Fe-oxide based on grain morphology. Authi-
genic particles do not have a well-defined shape in BSE images
(Fig. 4a), whereas detrital grains appear more angular and have better
defined edges (Fig. 4b). Seven authigenic grains (23 spots) and three
(six spots) detrital grains were analyzed using EMPA. The average As
concentrations of authigenic Fe-oxyhydroxide and detrital Fe-oxide
were determined to be 3 wt% and 0 wt%, respectively. A change in the
As content of authigenic Fe-oxyhydroxide with depth is also apparent.
Grains from near-surface sediments in both the shallow- and deep-water
cores from Long Lake were found to have a mean As content of 4 wt%,
whereas the mean As content of particles from the lower As enrichment
in the deep-water core (LLCD) is 2 wt%. These results are consistent
with the release of As to porewaters as conditions become more redu-
cing with depth in the sediment column (Smedley and Kinniburgh,
2002). A difference between lakes was also evident, with particles from
the near-surface As enrichment in the MLPC core having a mean As
content of 2 wt%. Like the As-sulphide grains in this study, μ-XRD
analysis of 27 authigenic Fe-oxyhydroxide grains produced diffraction
patterns consistent with a poorly crystalline material. The amorphous
nature of these grains suggests that they form as a result of microbial Fe
oxidation, the products of which are poorly crystalline and fine-grained
(micrometre-to nanometre-sized particles) (Benzerara et al., 2011).
Although no discrete As-bearing Mn-oxyhydroxide particles were
identified, the Mn content of authigenic Fe-oxyhydroxide ranged from 0
to 7 wt%.

Authigenic pyrite was also identified as a host of As in all samples.
In these sediments, pyrite formed in situ was distinguished from its
detrital counterpart based on texture. The authigenic variety occurs
predominantly as framboids (Fig. 4c) whereas detrital pyrite is present
as massive grains (Fig. 4d). Framboids form in low-temperature sedi-
mentary environments in reducing conditions, often in the presence of
decomposing organic matter and sulphate-reducing bacteria, and may
incorporate dissolved As during their formation (Moore et al., 1988;
Jambor et al., 2009). Electron microprobe analysis of 26 framboidal
pyrites revealed that the average As content of these particles is 0.2 wt
% in all samples, irrespective of their depth within the sediment
column. Furthermore, the concentrations of As and S are inversely
correlated, suggesting that As is substituting for S within crystal-
lographic sites during framboid precipitation (Savage et al., 2000).
Lowers et al. (2007) documented the assimilation of As into framboidal
pyrite in sediments contained within sulphate-reducing horizons and
similarly observed no change in the As content of framboids with se-
diment depth, and the substitution of As for S.

Realgar, As-bearing Fe-oxyhydroxide, and As-bearing pyrite are all
less bioaccessible than As2O3 (Plumlee and Morman, 2011). These
phases, which are interpreted to form from the partial dissolution of
As2O3, may represent an in situ mechanism for reducing the mobility
and bioaccessibility of As from stack emissions in the sediments of
Yellowknife lakes, so long as redox conditions are not altered in the
sediment column.

3.4. Solid-phase speciation and post-depositional mobility of arsenic

3.4.1. Long Lake shallow-water site (LLPC)
Arsenic-bearing Fe-oxyhydroxide comprises 88% of the total As

concentration in near-surface sediments (LLPC-04) at the shallow-water
site in Long Lake (Fig. 5a; Table S7), which is indicative of oxidizing
conditions. The shallow water location and predominance of coarse-
grained sediments at this site are indicative of a high-energy environ-
ment from which the redistribution of finer sediments is common (Blais
and Kalff, 1995). In the likely event that fine-grained As2O3 particles
were originally deposited at this location, it is probable that wind-in-
duced wave action, ice scouring in winter, and other mechanisms of
erosion would limit their accumulation in shallow-water sediments.
This process can explain the absence of a deep-core As enrichment at
this site. The As-bearing authigenic Fe-oxyhydroxide particles in this
sample are poorly crystalline to amorphous, suggesting they are recent
precipitates (Ford et al., 1997; Ford, 2002; Dixit and Hering, 2003). The
deposition of wind-blown and slope-eroded sand from the nearby Yel-
lowknife Golf Club (Fig. 1), which was observed during sampling, may
have also diluted sediment As concentrations at this site. Quartz com-
prises approximately 44% of the modal mineralogy at LLPC, which is
indicative of sandy sediments. This value likely represents a combina-
tion of sand dilution from the golf course and within-lake sedimentary
processes that concentrate sand-sized particles at this location.

The geochemistry of sediment porewaters at LLPC provides addi-
tional insight into the geochemical controls governing the distribution
of As-hosting solid-phases and post-depositional mobility of As at this
site. Porewater profiles of pH and Eh (Fig. 6; Table S8) confirm that
conditions are oxidizing in near-surface sediments, and become pro-
gressively more reducing with depth in the sediment column. A sharp
decrease in pH just below the sediment surface is also apparent, which
is likely indicative of the oxidation of Fe(II), As(III), and other reduced
species, which are acid-generating reactions (Nordstrom and Alpers,
1999; Jamieson et al., 2013; Nordstrom et al., 2014). As conditions
become suboxic with depth and aqueous species are reduced, there is a
concomitant increase in pH. This can likely be attributed to suboxic
redox pathways that generate bicarbonate alkalinity such as Fe(III)
reduction, Mn(IV) reduction, and sulphate reduction (Froelich et al.,
1979; Boudreau, 1999).

The maximum porewater As concentration in LLPC sediments is
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located approximately 10 cm below the maximum sediment As con-
centration (Fig. 7). Congruent porewater profiles for As and Fe indicate
that the remobilization of As is governed by the reduction of As-bearing
Fe-oxyhydroxide, which is the predominant solid-phase host of As at
this location (Fig. 5a). Arsenate is the principal aqueous species in near-
surface porewaters, but As(III) becomes dominant with depth (Fig. 8).
The change from As(V)- to As(III)-dominated porewaters is roughly
coincident with the change in redox conditions inferred from the pH
and Eh profiles (Fig. 6). Additionally, the increase in As(III) with depth
suggests that it is the principal species being remobilized from As-
bearing Fe-oxyhydroxide. The scarcity of As(III) in near-surface pore-
waters implies that upwardly diffusing As(III) is oxidized to As(V) and/
or immobilized by Fe-oxyhydroxide before reaching the overlying
water column.

3.4.2. Long Lake deep-water site (LLCD)
In sediments associated with the near-surface As maximum at the

deep-water site in Long Lake (LLCD-06), realgar and pyrite account for
71% and 12% of the total As inventory, respectively (Fig. 5a; Table S9).
The high relative proportions of these phases, which are interpreted to
form from the partial dissolution of As2O3 (12%), are indicative of
sulphate-reducing conditions. Arsenic-bearing Fe-oxyhydroxide, how-
ever, comprises ∼5% of the total As concentration, suggesting that this
interval may represent a natural redox boundary where both oxidized
and reduced species are relatively stable. The elevated As concentra-
tions and predominance of sulphides in the near-surface maximum can
also be attributed to sediment focusing, as fine-grained As2O3 and or-
ganic matter are transported to zones of accumulation in deep-water
areas. It is also likely that physical mixing processes, the occurrence of

Fig. 4. Backscattered electron (BSE) images
highlighting the textural arguments used to dis-
tinguish between authigenic and detrital Fe-oxy-
hydroxide and pyrite grains, respectively, and
their associated As concentrations. (a) Authigenic
As-bearing Fe-oxyhydroxide from LLPC-04. (b)
Detrital Fe-oxide from MLCD-01. (c) Arsenic-
bearing framboidal pyrite from MLPC-04. (d)
Detrital pyrite from MLPC-04.

Fig. 5. Schematic diagrams showing the relative contribution of each As-hosting solid phase to total As concentrations, as determined by automated mineralogy, in As-enriched sediment
intervals in cores from (a) Long Lake and (b) Martin Lake. Vertical exaggeration is approximately 400x. Diagrams are not meant to be representative of the actual bathymetric features of
each lake. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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which was evident based on 137Cs dating, has influenced the distribu-
tion of As-hosting solid phases in this horizon.

Of all the samples analyzed in this study, the As-enriched sediment
interval 17–18 cm below the sediment surface (LLCD-28) contains the
highest number of As2O3 particles (47), suggesting that this As peak is
in fact representative of the period of maximum emissions from the
Giant Mine roaster. In this interval, As2O3 accounts for only ∼30% of
the total As concentration (Fig. 5a; Table S10), suggesting that the
formation of realgar and pyrite, which comprise close to 70% of the
total As concentration, is attenuating dissolved As and reducing its
bioaccessibility under sulphate-reducing conditions. Authigenic As-

bearing sulphides also account for approximately 90% of the total As
concentration in the sediment layer at the base of the core (LLCD-32)
(Table S11), which explains the occurrence of elevated As concentra-
tions in sediments inferred by 210Pb and 137Cs dating to have been
deposited many years before the onset of ore roasting in the Yellow-
knife area. The partial dissolution of As2O3 and subsequent release of As
to sediment porewaters creates a concentration gradient that drives the
downward diffusion of dissolved As into more reducing horizons, where
it is sequestered through co-precipitation and/or sorption reactions
involving authigenic sulphides. Sediments in this interval may have
also been redistributed by physical mixing processes, since a particle of

Fig. 6. Profiles of pH and Eh across the sediment-water
interface at LLPC and MLPC.

Fig. 7. Profiles of dissolved As, Fe, and Mn across the sediment-water interface at LLPC and MLPC.
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As2O3 was identified, and its only logical source is from atmospheric
deposition of stack emissions.

3.4.3. Martin Lake shallow-water site (MLPC)
The solid-phase distribution of As in near-surface sediments from

the shallow-water site in Martin Lake (MLPC-04) is very different from
that at the shallow-water site in Long Lake. In MLPC-04, As2O3 com-
prises 73% of the total As concentration, suggesting that this site is
largely influenced by continued terrestrial loading. Additionally, the
predominance of As-bearing sulphides (27%) (Fig. 5b; Table S12), the
low proportion (< 1%) of As-bearing Fe-oxyhydroxide, and the finer-
grained character of the sediments indicate that conditions at this site
are more reducing and lower energy than at LLPC. Compared to the
LLPC site, which is relatively open (long fetch), the MLPC core was
collected in a relatively calm bay (Fig. 1), and is therefore less likely to
be influenced by wave action and erosion. It is also unlikely that total
sediment As concentrations at MLPC have been diluted by wind-blown
and slope-eroded sand, which may be important at the LLPC site. Modal
mineralogy indicates that sediments are less sandy at this location, as
quartz accounts for only 17% of the total particle inventory at MLPC.
The absence of a deep-core As enrichment at MLPC similar to those
found in the deep-water cores (Fig. 2) suggests that this site is not lo-
cated in a purely depositional setting, but is likely still influenced by
some within-lake erosional processes.

In Fig. 6, the same down-core trends in pH and Eh observed in LLPC
porewaters are apparent in porewaters at MLPC, although redox con-
ditions are more reducing in near-surface sediments at MLPC and the
transition from oxidizing to reducing conditions occurs at shallower
sediment depths. High dissolved As concentrations in porewaters can
likely be attributed to the partial dissolution of As2O3 in near-surface
sediments, however, congruent profiles of dissolved As and Fe in MLPC
porewaters suggest that the reductive dissolution of As-bearing Fe-
oxyhydroxide does release some As to solution at this site, albeit at
shallower sediment depths than at LLPC. Hence, Fe-oxyhydroxide par-
ticles were not found to be major hosts of As in the 1.5–2 cm interval
below the sediment surface in the MLPC core, owing to their dissolution
under reducing conditions at this depth. Additionally, decreasing As
concentrations below the porewater maximum at MLPC reflect the re-
moval of As from pore solution by the precipitation of As-bearing sul-
phides, which are abundant at this site (Fig. 5b). Like at LLPC, As(V) is
the principal aqueous As species in near-surface porewaters at MLPC,
although As(III) becomes dominant at shallower sediment depths
(Fig. 8; Table S13). The change from As(V)- to As(III)-dominated
porewaters also occurs concurrently with the change in redox condi-
tions inferred from the pH and Eh profiles (Fig. 6).

3.4.4. Martin Lake deep-water site (MLCD)
In sediments from the near-surface enrichment at the deep-water

site in Martin Lake (MLCD-01), As2O3, Fe-oxyhydroxide, realgar, and
pyrite account for approximately 64%, 21%, 7.5%, and 7.5% of the
total As concentration, respectively (Fig. 5b; Table S14). The relative
abundance of As2O3 in sediments near the sediment-water interface,
which are interpreted to have been deposited after ore roasting ceased
at Giant in 1999 (Fig. 2), suggests that particles from shallower areas
within the lake basin, or possibly from terrestrial sources within the
catchment, are still being eroded, transported, and deposited in deep-
water zones. The partial dissolution of these particles, and potentially
the upward diffusion of As from deeper in the core and/or precipitation
from the overlying water column, results in the formation of As-bearing
Fe-oxyhydroxide. The As peak at depth (MLCD-31), which is inferred by
210Pb and 137Cs dating to correspond to the period of maximum stack
emissions from the Giant Mine roaster, consists almost entirely of As-
bearing sulphides; realgar and pyrite account for 71% and 14% of the
total As concentration, respectively. The relative proportion of As2O3 in
MLCD-01 (75%) is higher than in MLCD-31 (16%) (Fig. 5b; Table S15),
although the latter contains more than twice the number of As2O3

particles. Similar to the deep-water core from Long Lake, the majority
of roaster-generated As2O3 (deposited>60 years ago) at this site has
likely dissolved and been sequestered in less bioaccessible solid phases.
Moreover, authigenic As-bearing sulphides comprise> 85% of the total
As concentration in sediments from the base of the core (MLCD-32)
(Table S16), indicating that dissolved As is diffusing downward and
being immobilized through authigenic sulphide precipitation.

4. Conclusions

The presence of As2O3 in high concentrations, a phase which is
unlikely to form naturally in lacustrine environments, indicates that
elevated As concentrations in sediments from Long Lake and Martin
Lake are largely the result of historical ore roasting operations in the
Yellowknife area. Arsenic introduced geogenically to the sediments is
inferred to be negligible, as indicated by the low number of detrital
arsenopyrite grains observed. The results of radiometric dating suggest
that the majority of As was introduced to the sediments during the
period of maximum roaster emissions at Giant Mine. It is clear from this
study, however, that identifying the solid-phase hosts of As is essential
to interpreting concentration profiles in sediments impacted by the
roasting of As-bearing ores. It is striking that As2O3, which is highly
bioaccessible, has persisted in lake sediments for more than 60 years,
although there is evidence that its partial dissolution has resulted in the
formation of less bioaccessible phases, including As-bearing Fe-oxy-
hydroxide and As-bearing sulphides.

Fig. 8. Percent composition of As(III) and As(V) in LLPC
and MLPC porewaters.
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The differences in sediment As concentrations and the distributions
of As-hosting solid phases observed between shallow- and deep-water
sites in both lakes can be attributed to a combination of sediment-fo-
cusing processes and redox conditions, which are related. As a direct
influence of textural sorting, fine-grained particles of As2O3 are less
likely to accumulate in higher-energy, shallow-water environments and
tend to be redistributed to deeper areas. Deep-water areas also serve as
preferential repositories for fine-grained organic matter. The accumu-
lation rate of organic matter will in turn govern redox gradients in
porewater, the stability field for As-bearing Fe-oxyhydroxide, and the
depth of authigenic As-bearing sulphide precipitation. Arsenic trioxide
in near-surface, shallow-water sediments is likely the result of con-
tinued deposition from terrestrial sources. Based on these observations,
there are two types of solid-phase As peaks present in the sediments of
Yellowknife lakes. In deep-water areas where fine-grained materials
accumulate, As enrichments at depth can be attributed to the historic
aerial deposition of stack emissions from the Giant Mine roaster,
whereas As peaks in near-surface and shallow-water sediments are re-
lated to redox processes. Continued terrestrial weathering from the
surrounding catchment is an ongoing source of As to both shallow- and
deep-water sediments.

In shallow-water sediments, the post-depositional remobilization of
As is governed by the reductive dissolution of As-bearing Fe-oxyhydr-
oxide. The release of As to suboxic porewaters, predominantly as As
(III), creates a concentration gradient that drives the upward diffusion
of As toward the sediment-water interface where it is oxidized to As(V).
The porewater profiles of As and Fe indicate that some upwardly dif-
fusing As is attenuated by Fe-oxyhydroxide in near-surface sediments,
although more work is necessary to determine the rate and magnitude
of diffusive flux across the sediment-water interface into the overlying
water column.
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