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A B S T R A C T

Climate change is influencing the biogeochemistry of northern lake ecosystems. These changes may affect the
mobility of naturally occurring metal(loid)s and long-term stability of anthropogenic contaminants. Arsenic (As)
concentrations in lake sediments in the Courageous Lake Greenstone Belt, Northwest Territories, Canada, are
elevated from the operation of two high-grade, low-tonnage historical gold mines (Tundra Mine and Salmita
Mine) and the weathering of mineralized bedrock. In sensitive sub-Arctic environments, it is not currently known
how the cumulative effects of resource extraction and climate warming will impact geochemical baselines and
the long-term stability of legacy contaminants. In this study, measurements of As concentration and speciation in
waters and sediments are combined with multivariate analyses of climate proxies (sediment particle size and
organic matter composition) from five lakes downstream of the former Tundra Mine site. Data from lake sedi-
ment cores were divided into geochemically distinct populations using a combination of radiometric dating and
constrained incremental sum-of-squares cluster analysis to define geochemical baselines, examine the lake-
specific controls on As distribution, and determine climate-related factors that may influence the long-term
stability of As. Median As concentrations in near-surface impacted sediments (median: 110mg kg−1; range:
31–1,010mg kg−1; n=22) and pre-mining sediment (median: 40mg kg−1; range: 28–170mg kg−1; n=102)
exceed the Canadian Council of the Ministers of the Environment Probable Effects Level of 17mg kg−1. Near the
Tundra Mine, the long-term stability of As in the near-surface sediment is influenced by the source of As (direct
disposal and weathering of waste rock, tailings overtopping and seepage, discharge of treated tailings effluent,
weathering and airborne deposition of tailings and waste rock, and natural weathering of mineralized bedrock),
lithology of the sediment, and composition of sediment organic matter. This study demonstrates that in lakes
impacted by weathering of waste rock and mineralized bedrock, As in sediments is primarily hosted by Fe-(oxy)
hydroxides and may be more susceptible to remobilization with climate warming relative to those lakes im-
pacted by direct discharge of mine wastes where As-bearing sulphides are the most abundant As host. Continued
climate warming is expected to increase the natural loading of metal(loid)s and organic matter to lake sediments;
however, the effects of these changes on the long-term stability of legacy contaminants will vary between lakes.

1. Introduction

Geochemical baselines and background values provide guidance for

monitoring mining impacts in the environment and are used in the
development of remediation objectives upon mine closure. Presently,
mine site remediation projects in Canada commonly rely on regional
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geochemical baseline values or guidelines based on national average
metal(loid) concentrations in environmental media (CCME, 2001a, b;
Environment Canada, 2012). As metal(loid) concentrations in lakes
reflect local variations of elements in the environment, naturally oc-
curring concentrations in water and sediment may exceed national
averages in mineralized areas. In Canada's North, low and highly
variable sedimentation rates in lakes also contribute to local variations
in the distribution and concentration of metal(loid)s in sediments
(Salminen and Tarvainen, 1997; Macumber et al., 2011; Crann et al.,
2015). At northern latitudes, climate change is profoundly affecting the
seasonality, biological productivity, and hydrology of lakes and has
been shown to impact the mobility of certain metal(loid)s, such as
mercury (Hg), and influence geochemical baselines (Macdonald et al.,
2005; Outridge et al., 2007, 2011; 2017; McGuire et al., 2009; Jiang
et al., 2011; Sanei et al., 2012). The thawing of permafrost, as a result of
climate warming, has also increased the flux of organic carbon and
loading of metal(loid)s (i.e. Hg) into sub-Arctic surface waters (Guo
et al., 2007; McGuire et al., 2009; Rydberg et al., 2010). However, the
influence of climate change on the mobility of other elements, such as
As, is not well established, leading to uncertainty in the determination
of geochemical baselines and the long-term monitoring of mining-de-
rived contaminants in mineralized regions.
In northern Canada, Archean orogenic gold (Au) deposits are often

hosted in metamorphosed mafic to ultramafic volcanic sequences with
associated sedimentary rocks known as greenstone belts (Goldfarb
et al., 1995; Groves et al., 1998). The Au-mineralization in these de-
posits commonly occurs in quartz veins containing carbonates, sericite,
pyrite and arsenopyrite (FeAsS). Due to the occurrence of As-bearing
sulphides in association with these deposits, mining and processing of
Au may result in increased As concentrations in sediments and surface
waters surrounding both modern and historical mine sites in the
Northwest Territories (Wagemann et al., 1978; Groves et al., 1998;
Bright et al., 1994, 1996; Golder Associates Ltd., 2005; Andrade et al.,
2010; Galloway et al., 2012, 2017; AECOM, 2015; Palmer et al., 2015;
Houben et al., 2016; Jamieson et al., 2017; Van Den Berghe et al.,
2018). Numerous studies have examined mechanisms influencing As
mobility in mining-impacted lake systems to better understand im-
plications for human and environmental health and to establish re-
gional baselines (e.g. Mudroch et al., 1989; Azcue et al., 1994; Bright
et al., 1994; Thornton, 1996; Martin and Pedersen, 2002). These studies
demonstrate that controls on As speciation and mobility differ locally
within lakes and between studied lakes due to factors such as water
depth and morphology, seasonal thermal stratification, water residence
time, primary productivity, sediment organic and inorganic geochem-
istry, and catchment bedrock lithology (Martin and Pedersen, 2002;
Hollibaugh et al., 2005; Wang and Mulligan, 2006; Andrade et al.,
2010; Hasegawa et al., 2010; Campbell and Nordstrom, 2014; Galloway
et al., 2017; Schuh et al., 2018, 2019; Van Den Berghe et al., 2018;
Barrett et al., 2019; Palmer et al., 2019). As a result of lake-specific
controls, the dispersion and long-term stability of mining-related As
contamination in lacustrine environments may also vary within the
scale of a single mining district. Detailed characterization of lake se-
diment can help to accurately monitor the environmental impacts of
mining activities and evaluate the efficacy of mine site remediation
projects.
Two high-grade, low-tonnage historical gold mines have operated in

the Courageous Lake Greenstone Belt (CLGB) of the Northwest
Territories (NT): Tundra Mine (1964–1968) and Salmita Mine
(1983–1987) (Fig. 1). During both phases of mining, gold was re-
covered through mercury amalgamation and cyanidation at the Tundra
Mine mill (Silke, 2009). Gold in the region is free-milling and associated
with arsenopyrite from hydrothermal mineralization (Ransom and
Robb, 1986). As a result, historical mining and milling activities led to
the accumulation of As-bearing waste rock, tailings, and impacted
waters on site (Fig. 1; URS, 2005; Golder Associates Ltd., 2008). The
Tundra Mine was in care and maintenance mode from 1999–2007

under the ownership of the Contaminants and Remediation Directorate
(CARD) of Crown-Indigenous Relations and Northern Affairs Canada
(CIRNAC). Remediation activities occurred from 2007–2018 including:
removal of on-site buildings, dam and landfill repairs, geotechnical
inspection of dams, tailings water treatment and disposal, waste rock
and tailings kinetic testing, capping and lining of waste rock and tail-
ings, and water quality monitoring (Golder Associates Ltd., 2005, 2008,
2016, 2017; INAC, 2005, 2008; URS, 2005; SENES Consultants, 2006,
2008, 2011; Lorax Environmental, 2007; AANDC, 2010, 2012, 2013,
2014; AECOM, 2015). Waste rock at the former mine site contains
0.07%–6.5% sulphides, with arsenopyrite, pyrite (FeS2), and pyrrhotite
(Fe1-xS) as the primary sulphide minerals (URS, 2005). In tailings, As
concentrations range from 70 to> 10,000mg kg−1

(median= 1,630mg kg−1; n=35) with arsenopyrite accounting for
60–98% of total As (Miller et al., unpublished data). Analysis of surface
waters, groundwaters and sediment grab samples during environmental
monitoring shows that weathering of waste rock and overtopping and
seepage of waters from the tailings confinement area (TCA) have re-
sulted in contamination of lakes up to 4 km downstream of the former
mine site (INAC, 2005; URS, 2005; SENES Consultants, 2006; Lorax
Environmental, 2007). Lakes of the Tundra Mine region may contain
elevated As from both hydrothermal mineralization and legacy gold
mining activities. However, no baseline data were collected prior to
exploration and the initial development of Tundra Mine in 1951, thus,
delineating mining impacts and monitoring the long-term effectiveness
of remediation remains a challenge (Moore, 1978; Hatfield Consulting,
1982). Following the completion of remediation activities in August
2018, the site is presently in an adaptive management and long-term
monitoring phase (AECOM, 2018). The CLGB is located within the
Tłıc̨hǫ Land Claim Agreement and the North Slave Metis traditional
lands and is also highly prospective for future mineral development
(Seabridge Gold Inc., 2010; Tetra Tech-Wardrop, 2012; Government of
the Northwest Territories, Executive and Indigenous Affairs, 2007).
Through combined geochemical, mineralogical, and limnological

techniques, the present study aims to characterize legacy mining im-
pacts in lakes downstream of the former Tundra gold mine and de-
termine the lake-specific controls on the mobility of As. The main ob-
jective of this study is to assess the implications of continued climate
warming on the long-term stability of mining-derived As contamination
in sub-Arctic lakes to help inform long-term monitoring activities and
support sustainable development of mineral resources in northern
Canada.

2. Study location

2.1. Physiography

Tundra Mine (64.042448° N, 111.169942° W) is located approxi-
mately 240 km NE of Yellowknife on the eastern shore of Matthews
Lake (Fig. 1). In winter months the site is accessible by a spur road off
the Tibbitt to Contwoyto Winter Road. A landing strip near the mine
site provides access during the summer. Located within the boreal
forest-open tundra zone 80 km north of the treeline, the landscape of
the region is characterized by low relief and slightly rounded topo-
graphy of the Canadian tundra (Hatfield Consulting, 1982). Tempera-
tures in the region range from - 31 to 10 °C with an average annual
temperature of - 12 to - 9 °C (SENES Consultants, 2006). Open water
season ranges from 94–126 days with break-up in late June and freeze-
up in September (INAC, 2005).

2.2. Geological setting

The Tundra Mine deposits and other regional gold showings of the
CLGB are associated with the northwest-trending Yellowknife
Supergroup of the Central Slave Geological Province (Henderson, 1970;
McGlynn and Henderson, 1970; Dillion-Leitch, 1981; Ransom and
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Robb, 1986). In the Courageous Lake region, the CLGB unconformably
overlies thin, discontinuous sequences of volcanic, clastic, and banded
iron formations of the Central Slave Basement Cover Group (~2.39 Ga)
and diorite to tonalite gneiss of the Central Slave Basement Complex
(~3.325 Ga) (Bleeker et al., 1999). The CLGB is flanked to the east by
conformably overlying turbiditic metasedimentary rocks (Fig. 1;
Folinsbee and Moore, 1950, 1955; Moore, 1951). Multiple gold show-
ings have been discovered throughout the CLGB. In the Tundra/Salmita
Mine region, Au-mineralization is primarily free-milling and hosted in
quartz-carbonate–bearing shear zones that occur at the contact between
finely laminated argillaceous metasediments of the Burwash Formation
and Banting Group volcanics, or in quartz stringers filling narrow shear
zones within the metasediments (Ransom and Robb, 1986). In miner-
alized bedrock of the CLGB, arsenopyrite is found as stringers within
quartz veins, in zones of disseminated sulphides within felsic to inter-
mediate tuffaceous rocks, in association with carbonatization and sili-
cification of mafic volcanic rocks, and in trace amounts within slate
(Ransom and Robb, 1986) (Fig. 1).

3. Methods

3.1. Sampling locations and sample preparation

Two primary surface water flow paths, originating from the former
Tundra Mine site, have been identified by environmental monitoring
activities (Fig. 1) (INAC, 2005, 2008; SENES Consultants Ltd., 2006,
2008, 2011; AANDC, 2010, 2012, 2013, 2014). Two lakes from each
flow path (Pathway I: Hambone Lake, Powder Mag Lake; Pathway II:
Bulldog Lake, Matthews Lake) were sampled for the present study
(Fig. 1). One additional sampling site, Control Lake, is not connected to
the hydrological flow paths originating at the mine site and has been
used as a background (unimpacted) reference for ongoing monitoring
activities (Golder Associates Ltd., 2005, Fig. 1).
In March 2016, sediment cores, porewaters, and surface water

samples were collected through the ice from Powder Mag, Bulldog,
Matthews, and Control lakes. In July 2016, near-surface sediment
samples were collected from Hambone Lake (Fig. 1). Prior to collection

Fig. 1. A) Map showing simplified bedrock geology, sediment gravity core sampling locations, predominant mine drainage pathways originating from the former
Tundra Mine site, and lake depths at sampling locations (in brackets) (geology modified from Folinsbee and Moore (1955) & Thompson and Kerswill (1994)); B)
Bathymetry map of Hambone Lake with numbered locations of sediment grab samples (bathymetry map rendered from 50 water depth measurements).
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of sediment cores, surface water samples were collected from the
middle of the water column using a Kemmerer water sampler. At each
site, water quality variables (dissolved oxygen (DO), temperature, and
conductivity) were measured in-situ using a YSI sonde (Professional
Plus with a Quattro Probe Cable) and pH was measured with a hand-
held pH meter (HACH H138 MiniLab ISFET). Surface water samples
were placed in a 1-L High-Density Polyethylene (HDPE) bottle, triple-
rinsed with sample water, and transported to a clean indoor location for
filtering and preservation within 12 h of collection. Samples for dis-
solved cations and anions were filtered (< 0.45 μm) into 60mL HDPE
bottles using an all-plastic 50mL syringe (Norm-Ject® Sterile Luer-Lock
Syringe) and Sterivex® capsule filters. No evidence of Fe oxidation was
observed in the samples in the time between collection and filtration.
Cation samples were acidified to pH < 2 using ultrapure nitric acid.
Samples for total As (unfiltered) and inorganic As speciation were
collected in amber-coloured 60mL HDPE bottles (Nalgene® 2106-
0002). Samples for As speciation were acidified with 300 μL con-
centrated acetic acid and preserved with 600 μL of 0.25M EDTA; total
As samples were preserved with 2% HCl. Duplicate surface water
samples were collected at one of the four lakes. Travel blanks, acid
blanks, and sample blanks were included for analysis. All samples were
then refrigerated at 4 °C and stored in a dark location prior to shipment.
Due to the remote location of the Tundra Mine site, transport of

sediment cores from the sampling location had the potential to disturb
the sediment and result in the oxidation of redox-sensitive elements,
such as As. Sediment cores were therefore collected in the winter to
allow for the transport of nitrogen (N2) to the site and subsampling of
sediment cores on the frozen lake surface. Sediment cores were col-
lected using a gravity corer and transparent polycarbonate core tubes
(7.5 cm×60 cm). To account for the influence of sediment focusing
(Blais and Kalff, 1995) and to avoid sediment disturbance caused by
seasonal grounding of lake ice, all sediment cores were collected from
the deepest location in each lake (Zmax) which was determined based on
previous bathymetric surveys (Golder Associates Ltd., 2005). Im-
mediately following collection, sediment cores were vertically extruded
and subsampled at 1-cm resolution in a high purity (99.998%) N2-filled
glove bag. Sediment was subsampled into N2 flushed 50mL poly-
propylene centrifuge tubes (Corning® Falcon®) and refrigerated
pending shipment to the Geological Survey of Canada – Atlantic (GSC-
A) in Dartmouth, NS, for porewater extraction.
Surface sediment grab samples were collected in July 2016 from

Hambone Lake using an Ekman dredge sampler. Samples were collected
along a traverse from the TCA effluent discharge location to the outlet
into Powder Mag Lake (Fig. 1). As the near-surface sediment in Ham-
bone Lake likely freezes during winter months, the collected sediment
samples were frozen and sent to Queen's University, Kingston, ON, for
subsampling and preparation.
To separate porewater from the sediment, samples were centrifuged

(Thermo Scientific Sorvall Legend™ XF Centrifuge) at 4,400 RPM for
30min (centrifugal force of 4221 Gs) at GSC-A. Porewater was then
pipetted from the sample tubes in a high purity (99.998%) N2-filled
glove bag. Samples were prepared following the protocol described
above for filtered cations, filtered anions, total As, and total inorganic
As speciation. For each sample pH was measured but due to low water
content, Eh could not be measured. Following porewater extraction,
sediment samples were refrigerated at 4 °C and stored in a dark location
prior to shipment to Queen's University for preparation and geochem-
ical analysis.

3.2. Analyses

3.2.1. Surface and porewater chemistry
Surface water samples were analyzed for anions, alkalinity, dis-

solved organic carbon (DOC), and a 64-element suite of metal(loid)s at
the Inorganic Geochemical Research Laboratory of the Geological
Survey of Canada. Analyses of major elements were performed by

Inductively Coupled Plasma – Atomic Emission Spectroscopy (ICP-AES)
using a Perkin-Elmer 3000 DV. Trace elements were analyzed using
ICP-MS with a Thermo Corporation X-7 Series II. Anion concentrations
were measured using a Dionex DX-600 ion chromatograph using an AS-
18 column and gradient elution. Dissolved organic carbon was mea-
sured on a Shimadzu TOC-5000 analyzer following removal of
inorganic carbon using phosphoric acid. Alkalinity measurements were
completed using a PC-Titrate system. For each sample set, analyses
were completed on laboratory duplicates, blanks, and certified stan-
dards (SLRS-5). For laboratory duplicates, relative standard deviation
(RSD) ranges from 0.08%–1.40% and mean percent difference (MPD)
ranges from 0.12%–1.98% for As. For field duplicates RSD and MPD are
higher for unfiltered samples (2.44% and 3.45%, respectively) than
filtered samples (2.05% and 2.90%). Arsenic was below detection limit
(0.1 μg L−1) in all field blanks (n=4). Inorganic As speciation was
analyzed by hydride generation-atomic fluorescence spectrometry (HG-
AFS; model PSA 10.055 Millennium Excalibur) at the Université de
Montréal. Dissolved As speciation by HG-AFS is comprised of three
constituents: inorganic As (III) and As (V), and a residual fraction (AsR
= AsTotal – (As (V) + As (III))). The residual fraction includes As species
that are not detected using HF-AFS, including thioarsenates in sulfidic
waters and non-reducible organoarsenic compounds (Planer-Friedrich
and Wallschläger, 2009; PS Analytical, 2018). Standard solutions and
certified inter-calibration samples were used to assess accuracy and
precision. Trace amounts of As (0.12, 0.16 μg L−1) were detected in two
blanks analyzed for total As, however, As was not detected in the other
(n=6) duplicate blanks.

3.2.2. Chronology and sedimentation rates
Near-surface sediment was dated using gamma spectrometry for the

four cores collected. Samples for gamma dating were prepared fol-
lowing Schelske et al. (1994). Analysis was completed at the Paleoe-
cological Environmental Assessment Research Laboratory (PEARL,
Queen's University) using an Ortec High Purity Germanium Gamma
Spectrometer. Total 137Cs, 214Bi, 210Pb, and 214Pb results were pro-
cessed using ScienTissiME 2.1.2 software.

3.2.3. Sediment geochemistry
Freeze dried sediment sub-samples (n=211) were submitted to

Acme Analytical Laboratories (Bureau Veritas), Vancouver, BC, for
geochemical analyses. A modified aqua regia digestion protocol (1:1:1
HCl:HNO3:H2O at 95 °C for one hour) was used prior to elemental
analysis via inductively coupled plasma – mass spectroscopy (ICP-MS)
(AQ250-EXT package (53 elements)). Near-total (4-acid) digestions
were not used as they involve high-temperature fuming with hydro-
fluoric acid that may volatilize As, antimony (Sb), Hg, and sulphur (S),
which are key elements of interest in this study (Parsons et al., 2012,
2019). Sediments were pulverized to approximately 200 mesh size
(74 μm) prior to digestion.
One field duplicate was submitted for every 10 samples to assess

sampling accuracy and precision. In duplicate samples, RSD ranges
from 0.21%–7.22% and MPD ranges from 0.29%–10.21% for As.
Certified reference materials (STSD-3 (Lynch, 1990)) and laboratory
standard reference materials (STD DS10, STD OREAS45EA) were in-
cluded with each sample set to assess analytical accuracy and precision.
For STSD-3 mean measured As concentration was 24.34 ±
0.81mg kg−1 (n=8) vs. an expected concentration of 22mg kg−1 for
As following aqua regia digestion (RSD 3.3%). Mean measured As
concentration for STD DS10 was 42.3 ± 0.77mg kg−1 (n=8) vs. an
expected concentration of 46.2 mg kg−1 As following aqua regia diges-
tion.

3.2.4. Characterization of As-bearing solid phases
The distribution of As-bearing solids in lake sediment was char-

acterized using Environmental Scanning Electron Microscopy (SEM)
coupled with Automated Mineralogy and integrated Energy-Dispersive
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X-ray Spectroscopy (EDS) analyses at Queen's University, Kingston, ON.
Through a combination of backscatter electron (BSE) image analysis
and EDS, SEM-based Automated Mineralogy was used to identify and
quantify relative abundance of common As-bearing minerals (Gu, 2003;
Fandrich et al., 2007; Buckwalter-Davis, 2013; Van Den Berghe et al.,
2018). Sparse phase liberation analysis (SPL) mode with a user-defined
BSE greyscale range of 120–255 was used to selectively identify As-
hosting phases, therefore does not provide bulk mineralogy information
(Fandrich et al., 2007). Solid phases thought to contain trace con-
centrations of As were analyzed using a JEOL JXA-8230 electron mi-
croprobe operating in wavelength-dispersive (WDS) mode. The relative
contribution of each As-hosting phase to bulk sediment As concentra-
tions was calculated using the average As concentration of each phase
and the fraction of each As-bearing species obtained by SEM-based
automated mineralogy following the methods of Van Den Berghe et al.
(2018).

3.2.5. Sediment textural and organic characteristics
Sedimentary grain size was determined using a Beckman Coulter LS

13320 laser diffraction particle size analyzer fitted with a Universal
Liquid Module over a measurement range between 0.4 and 2000 μm.
Followings methods outlined in van Hengstum et al. (2007), Donato
et al. (2009), and Murray (2002) sediments were treated with 10% HCl
to remove authigenic carbonate particles and 35% H2O2 to remove
organic matter. Results were processed with the software package
GRADISTAT v8.0 (Blott and Pye, 2001) to calculate grain size statistical
parameters. Garnet15 (mean diameter 15 ± 2 μm), an accuracy stan-
dard supplied by Beckman Coulter, was run once per month. To assess
instrumental precision, an in-house mud sample (Cushendun Mud;
mean diameter= 20.5 ± 0.76 μm) was run at the start of every ses-
sion.
Stepwise pyrolysis (Rock-Eval ® 6) was used to characterize the type

and source of organic matter (OM) in the sediment samples (e.g. Sanei
et al., 2005; Carrie et al., 2012). Sediment sub-samples were analyzed
to determine the proportion of reactive OM (defined as pyrolysable
carbon). Pyrolysable carbon is comprised of: (i) the S1 fraction; com-
posed of small, readily degradable, volatile molecules (e.g. biolipids);
(ii) the S2 fraction; composed in part of larger molecules of hydro-
carbons derived from kerogen (e.g. algal cell wall detritus); and, (iii) the
S3 fraction; derived from oxygen-containing organic molecules (Sanei
et al., 2005; Sanei and Goodarzi, 2006). A standard reference material
(Internal 9107 shale standard, Geological Survey of Canada, Calgary;
Ardakani et al., 2016) was run every 5th sample and demonstrates <
1% RSD for Total Organic Carbon (TOC),< 3% RSD for S1 and S2
fractions, and 11% RSD for S3. The lower precision for S3 in bulk
samples is expected due to poor peak integration and distinction be-
tween S3 organic matter and S3 carbonates (siderite in shale standard)
(Ardakani et al., 2016). A duplicate sample was run every 10th sample;
the majority of duplicate samples demonstrate a RSD of< 5% for all
parameters and a MPD of< 15%.

3.2.6. Statistical analysis of controls on As distribution
Elements with concentrations below instrumental detection limits in

25% or more of the samples (B, Ge, Hf, In, Pd, Pt, Re, Ta, Te) and those
that demonstrated little down-core variability (Ga, K, Na, Th, Tl) were
removed prior to statistical analyses. One half of the lower detection
limit (LDL) was used for element concentrations below the LDL for
retained data (Reimann et al., 2008). No element concentrations ex-
ceeded upper detection limits.
Stratigraphically constrained incremental sum of squares cluster

analysis (CONISS) compared against a broken stick model using the
rioja package in R (R Core Team, 2014; Juggins, 2017) was used to
isolate distinct geochemical populations and delineate impacted (MI, I)
from background (BG) sediment. Both Anderson Darling and Shapiro-
Wilk tests demonstrate a highly non-normal distribution of As
(p < 0.0005 and p < 0.0005, respectively) in sediment samples;

therefore, non-parametric tests were chosen for statistical analysis. For
cluster analysis, data were log-transformed and converted to standar-
dized values (Davis, 2011).

4. Results

4.1. Surface water

4.1.1. Physiochemical characteristics and major dissolved species
Surface waters in all four lakes sampled were oxic (range:

3.60–12.8mg L−1) with circumneutral pH (range: 6.58–7.01).
Dissolved oxygen concentrations during winter sampling in 2016 were
lowest in Powder Mag Lake and lower than reported during the pre-
vious summer in Bulldog (range: 8.0–16mg L−1) and Powder Mag lakes
(range: 3.0–18mg L−1) (AANDC, 2014). Specific conductance was
highest in lakes directly impacted by discharge and disposal associated
with mining activities (Powder Mag Lake and Bulldog Lake) and de-
creased with distance from the TCA. Dissolved organic carbon was
highest in Powder Mag Lake, historical monitoring also demonstrates
high DOC (16mg L−1) concentrations in Hambone Lake (INAC, 2005).
Concentrations of major dissolved species are consistent with measured
trends in specific conductance and reflect decreased loading of metals
and SO4 with increasing distance from the TCA (Table 1; Supplemental
Data ST1). These trends are similar to those reported by annual water
quality monitoring at Tundra Mine that show decreasing concentrations
of dissolved species with increasing distance from point sources of
contamination.

4.1.2. Metal(loid)s and total As speciation
Concentrations in filtered (< 0.45 μm) and unfiltered surface water

samples are similar for all elements with the exception of Al, Mn, Pb
and Fe, which demonstrated higher concentrations in unfiltered sam-
ples. Analysis of surface waters in Powder Mag Lake demonstrates in-
creased total metal(loid) concentrations with respect to other lakes
sampled (Table 1; Supplemental Data ST1). At the time of sampling, As
and Fe concentrations exceeded CCME Water Quality Guidelines in
Powder Mag Lake. No other elements were measured at concentrations
exceeding these guidelines. Total As concentrations are highest in sur-
face waters impacted by tailings effluent and lowest in surface waters
farthest from the former mine site (Table 1). The highest percentage of
AsR is observed in Control Lake (68%) (Table 1).

4.2. Chronology and sedimentation rates

Sediment ages and sedimentation rates were calculated using the
constant rate of supply model (Appleby, 2001; Supplemental Data ST7
to ST10). Based on the 210 Pb decay profile for each lake, disturbance or
mixing (i.e. bioturbation, occurrence of slump deposits, sampling error)
between sampling intervals was determined to be minimal. Average
sedimentation rates in near-surface sediment vary between lakes, ran-
ging from 52–20 yr cm−1. The fastest sedimentation rates are observed
in the near-surface sediment of Powder Mag Lake (2.0 yr cm−1) and
Control Lake (1.75 yr cm−1); the lowest sedimentation rates in near-
surface sediment are observed in the largest lake, Matthews Lake
(130 yr cm−1). The lower sedimentation rates observed in Matthews
Lake are similar to those reported by Crann et al. (2015) for similar
sized lakes in tundra settings.

4.3. Geochemically distinct groupings

As northern lacustrine systems are typically characterized by low
sedimentation rates, defining the precise onset of anthropogenic ac-
tivities in the sediment cores is not possible at the sampling resolution
used in this study (1 cm) (Gasiorowski, 2008; Crann et al., 2015;
Macumber, 2015). To delineate impacted (MI, I) sediment from back-
ground (BG), individual sediment cores were divided into distinct

C.B. Miller, et al. Applied Geochemistry 109 (2019) 104403

5



geochemical groupings using a combination of cluster analysis, multi-
variate element profiles, and radiometric dating (Fig. 2). These com-
bined methods allowed for the identification of changes in sediment
geochemistry attributed to the onset of mining activities in each of the
sediment cores. In lakes proximal to the mine site (Powder Mag Lake
and Bulldog Lake) mining impacts are delineated on Fig. 2a by the
groupings P-MI and B-MI, respectively. Increases observed in As con-
centration in sediment pre-dating mining activities in these two lakes
are attributed to post-depositional As mobility across the redox inter-
face (RI) and are denoted by P-RI and B-RI (Fig. 2a). In lakes more distal
to the former mine site impacts are delineated by the groupings ML-MI
and CL-I in the Matthews Lake and Control Lake sediment cores, re-
spectively (Fig. 2b). In all lakes, geochemical groupings in background
sediment are apparent from cluster analysis (Fig. 2a and b). These
groupings (BG) indicate changes in sediment geochemistry that reflect
natural fluctuations in geochemical baselines.

4.4. Sediment geochemistry

Arsenic concentrations range from 31–1,010mg kg−1 in near-sur-
face, impacted sediment (MI & I) and 28–170mg kg−1 in background
sediment (BG) (Fig. 3; Supplemental Data ST2 to ST6). In all lakes, the
highest solid phase As concentrations (Assed) are evident in mining-
impacted sediment, with maximum values observed in Bulldog Lake
(median: 570mg kg−1; range: 200–1,010mg kg −1; n=7) (Fig. 2a and
b; Supplemental Data SF1). The lowest As concentrations in mining-
impacted sediment are observed in Matthews Lake (range:
31–90mg kg−1; median: 48mg kg−1; n=13). Control Lake is currently
used as a background reference for environmental monitoring activities
and is the farthest lake from the former Tundra Mine site; As con-
centrations in the near-surface sediment of Control Lake range from
110–220mg kg−1 (Fig. 3). The highest median background As con-
centration is observed in Control Lake (CL-BG) (120mg kg−1) (Fig. 3).
In all lakes studied, increased As concentrations in shallow sediment are
associated with increases in the concentration of other elements en-
riched in the ore body or used in processing and refining (Zn, Pb, Ag,
Au, Hg, Sb, W, and Sr) (Fig. 2).
In lakes proximal to the former Tundra Mine site, peaks in As

concentration occur just below the sediment-water interface (SWI)
(Fig. 2). Sediment As concentrations in the shallow sediment of Powder

Mag and Bulldog lakes demonstrate profiles similar to S. Sediment
concentrations of S in shallow, mining-impacted sediment demonstrate
maximum concentrations at 2–3 cm and are 1–2 orders of magnitude
higher in Bulldog Lake (median: 0.58%; range: 0.35–1.02%; n= 7) and
Powder Mag Lake (median: 1.28%; range: 1.06–1.29%; n= 3) com-
pared to lakes farther from the former mine site (Fig. 2a). Conversely, in
more distal lakes, peaks in As concentration occur at the SWI and have
profiles similar to Fe and Mn (Fig. 2b). In both Control Lake and Mat-
thews Lake, concentrations of As, Fe, and Mn have maxima at the SWI
and gradually decrease in the near-surface sediment.
In Hambone Lake, sediment As concentrations are highest in the two

samples collected from the northeastern end of the lake (Fig. 1). Con-
centrations of other elements enriched in tailings and used in mineral
processing (Ag, Au, Hg, Pb, W, Zn) also follow this trend (Table 2).

4.5. Porewater geochemistry

Arsenic porewater concentrations in near-surface sediment are
highly variable, ranging from 0.75–383 μg L−1 (median: 13.5 μg L−1;
n=22; Fig. 3). Dissolved As concentrations in the mining-impacted
sediment of Powder Mag Lake (range: 29–383 μg L−1) are an order of
magnitude higher than those observed in other lakes sampled.
The concentrations and distributions of dissolved Fe, Mn, and S in

porewaters vary between lakes studied as does the relationship between
these elements and porewater As concentrations (Fig. 3). The dis-
tribution of dissolved As in porewaters in Bulldog and Control Lakes is
directly related to the redox behavior of Mn, Fe and S. Conversely, in
Matthews Lake, the concentrations of all three elements (Fe, Mn, S)
increase at depths in porewaters just below the SWI and no variations in
dissolved As are observed in the shallow sediment. Low porewater
volumes in deeper sediment of Matthews Lake (below 20 cm) precluded
elemental analysis. Profiles of dissolved Fe, Mn, and S are notably
different in Powder Mag Lake. No surface enrichment of these elements
is observed; however, increases in Fe, Mn, S, and Zn concentrations
occur with depth in the sediment column (n=30) (Fig. 3).
The pH of porewaters from both mining-impacted (range: 5.3–7.5;

median: 5.7; n=21) and background sediment (range: 4.8–6.7;
median: 5.7; n=85) range from slightly acidic to circumneutral. The
highest pH values were observed in Powder Mag (range: 5.9–7.5) and
are attributed to the annual disposal of alkaline treated tailings effluent

Table 1
Selected surface water physicochemical parameters, anions (dissolved, filtered), alkalinity (as CaCO3), total (unfiltered) concentrations of selected major and trace
elements, and inorganic As speciation from surface waters of lakes of the Tundra Mine region.

Units CCMEa Powder Mag Lake Bulldog Lake Matthews Lake Control Lake

Date of Sampling – – 11-Mar-16 10-Mar-16 13-Mar-16 12-Mar-16
Physical Parameters (field measurements)
Sample Depth m – 1.0 3.5 5.7 1.8
Temperature ° C – 0.20 3.40 2.90 2.50
Specific Conductance μS·cm−1 – 833 86.2 49.3 30.7
pH S.U. 6.5–9.0 7.01 6.75 6.90 6.58
DO mg·L−1 – 3.60 7.80 10.4 12.8
Anions, Alkalinity and DOC
SO4 mg·L−1 – 257 7.87 4.17 1.29
Alkalinity (as CaCO3) mg·L−1 – 113 23.5 13.9 9.60
DOC mg·L−1 – 16.6 6.90 4.80 7.50
Major and Trace Elements
Fe mg·L−1 0.30 0.39 0.06 0.02 0.02
Asb μg·L−1 5.0 19.4 3.01 0.95 0.81
Ba μg·L−1 – 47.1 5.30 3.10 4.00
Sr μg·L−1 – 238 15.6 13.0 9.60
Zn μg·L−1 7.0 2.40 1.20 0.70 3.20
Arsenic Speciation
As (III)b μg·L−1 – 0.80 0.17 < 0.09 0.15
As (V)b μg·L−1 – 15.4 2.57 0.56 0.11
AsRb μg·L−1 – 3.17 0.28 0.35 0.55

a CCME Water Quality Guidelines for the protection of aquatic life (CCME, 2001b), bold and italicized values exceed guidelines.
b Concentration reported based on HF-AFS analysis.
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along this drainage pathway (pH range: 7.54–8.61; Golder Associates
Ltd., 2016). Hambone Lake, located upstream of Powder Mag Lake and
also influenced by treated effluent, had high pH values in the water
column during past environmental monitoring (range: 6.4 –8.3;
AANDC, 2014; Golder Associates Ltd., 2016). The lowest porewater pH
was observed in Matthews Lake sediments (range: 4.8–5.8).
As shown in Fig. 3, no consistent trend in inorganic As speciation is

apparent in sediment porewaters of the lakes studied near Tundra Mine.
In Powder Mag, Bulldog and Matthews lakes As (V) is the predominant
aqueous species in porewaters. Conversely, As (III) is the most abundant
inorganic species of As in porewater samples analyzed from the Control
Lake sediment core. The difference between total As and the sum of As
(III) and As (V) is substantial in porewaters of Powder Mag, Matthews,
and Control lakes, suggesting that there may be other As species present
(e.g. thioarsenates, organoarsenic species) in addition to inorganic As
(Fig. 3). Further analyses would be required to identify these species.

4.6. Characterization of As-bearing solid phases

Six As-hosting solid phases were identified by combined SEM-based
automated mineralogy and EMPA analysis in the near-surface sedi-
ments of Hambone, Powder Mag, Bulldog, Matthews, and Control lakes.

The abundance of these minerals varies between lakes and with depth
in the sediment as shown by the horizontal bar graphs on Fig. 5 (Sup-
plemental Data ST11 to ST15).
Arsenopyrite was identified in the near-surface sediment of lakes

proximal to the former mine site (Fig. 4). Arsenopyrite grains range in
size from 1–25 μm, with the largest and most abundant grains present at
5–6 cm depth in the Bulldog Lake sediment core. In the near-surface
sediment of Bulldog Lake, FeAsS accounts for up to 40% of total As.
Trace arsenopyrite was also identified in Powder Mag Lake (20% of
total As) and Hambone Lake (2% of total As), but no arsenopyrite was
observed in the shallow sediment of Matthews Lake or Control Lake.
Authigenic Fe-oxyhydroxides are more prevalent than detrital Fe-

oxides in near-surface sediments of all lakes studied. These two phases
were differentiated based on grain morphology, using BSE images;
detrital particles have sharper edges and more well-defined grain
boundaries than authigenic particles which tend to intergrow with
surrounding grains (Fig. 4). EPMA of demonstrates that these phases
host similar proportions of As (mean=0.50 wt %, and 0.60 wt %, re-
spectively; combined mean= 0.50wt %). In the near-surface sediments
of Matthews and Control lakes, As is predominantly hosted by Fe-(oxy)
hydroxides, accounting for 98–100% of total As. In the near-surface
sediments of Bulldog, Hambone, and Powder Mag lakes, authigenic Fe-

Fig. 2a. Sediment grain size and solid-phase concentrations of As, elements enriched in ore and used in mineral processing (Ag, Au, Hg, Pb, Sb, W, Zn) and redox
sensitive elements (S, Fe, and Mn) from sediment cores extracted from Powder Mag Lake and Bulldog Lake. Element concentration profiles are plotted on different
scales and scales differ between lakes. Shaded intervals separate mining-impacted (I) and background (BG) geochemical populations identified using CONISS (G1-
G4), 210Pb dating, and multivariate element profiles.
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(oxy)hydroxides were identified, but account for a smaller percentage
of total As (5–50% of total As).
The main host of As near the redox interface of Bulldog Lake and

Powder Mag Lake is a fine grained aggregate of poorly crystalline Fe-
(oxy)hydroxide and iron monosulphide (FeSx/FeO). SEM-based auto-
mated mineralogy and EPMA reveal that this phase is heterogeneous in
nature with a wide range of morphologies and chemical compositions.
Sulphur content of this phase ranges from 0.25 –27 wt % (n=37).
Arsenic associated with this phase ranges from<D.L. to 0.50wt %
(mean=0.20 wt %; 20 particles; 27 spots). In the mining-impacted
sediment of lakes proximal to the former mine site, this phase accounts
for 20–65% of total As (Fig. 5).
In lakes close to Tundra Mine, a discrete As-sulphide phase was

identified by SEM-based automated mineralogy. This phase is distin-
guishable from FeAsS as the Fe content is markedly lower, as de-
termined through EDS spectra (Supplemental Data SF2). The small
grain size precludes the use of EPMA to definitively identify this phase
as realgar (As4S4) or orpiment (As2S3). This phase is most abundant in
the mining-impacted sediment of Powder Mag Lake, accounting for up
to 50% of the total As (Figs. 4 and 5).
Arsenic-bearing framboidal pyrite was identified in all sediments

studied. Electron microprobe analysis of 26 particles (27 spots) de-
monstrates an average of 0.20 wt % As. In lakes of the Tundra mine
region, this phase accounts for 0.10–25% of total As in the near-surface
sediment (Fig. 5).
Iron-bearing phyllosilicates (illite, biotite, and chlorite) with inter-

calated mineralization along cleavage planes were also detected
through SEM-based automated mineralogy in all samples (Fig. 4).
Electron microprobe analysis demonstrates that in lakes proximal to the
former mine site, this phase contains elevated S and As. Sulfur content
of this phase ranges from 0.1–4.2 wt % (mean= 1.6wt %). The pre-
sence of trace S associated with phase suggests that traces of sulphide
minerals may be forming between the phyllosilicate sheets, leading to
the sequestration of As through the formation of discrete precipitates
and/or adsorption at the layer edges. EDS analysis of selected mineral
grains suggest that the composition of this discrete mineral phase is FeS;
however, a more comprehensive investigation would be required to
draw conclusions regarding the average chemical composition of this
phase (Supplemental Data SF2). In the near-surface sediment of Powder
Mag, Bulldog, and Hambone lakes the As content of this phase ranges
from<D.L. to 0.20wt % (mean= 0.10wt %; n=46), accounting for
1–5% of total As (Fig. 5).

Fig. 2b. Sediment grain size and solid-phase concentrations of As, elements enriched in ore and used in mineral processing (Ag, Au, Hg, Pb, Sb, W, Zn) and redox
sensitive elements (S, Fe, and Mn) from sediment cores extracted from Matthews Lake and Control Lake. Element concentration profiles are plotted on different scales
and scales differ between lakes. Shaded intervals separate impacted (I) and background (BG) geochemical populations identified using CONISS (G1-G5), 210Pb dating,
and multivariate element profiles.
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4.7. Sediment textural and organic characteristics

All lake sediment samples are dominated by silt (< 63 μm) sized
particles (median: 71%; range: 52%–78%; n=160) (Fig. 2). In all
lakes, with the exception of Matthews Lake, an increase in particle size
is observed near the sediment surface (Fig. 2). Particle size in the se-
diments of Powder Mag Lake and Bulldog Lake is highly variable
throughout the sediment column, demonstrating short intervals of in-
creased sand content (Fig. 2). Total organic carbon content of the se-
diment ranges from 7.17–21.5% (median=11.6%; n=173) (Fig. 3).

In shallow, impacted sediment, TOC concentrations are highest in
Control Lake (17.2 wt %), Hambone Lake (15.5 wt %) and Powder Mag
Lake (21.5 wt %). The majority of organic matter in all sediment sam-
ples is S2 (median= 3.17wt %; range 1.80–5.44 wt %; n=172),
however, concentrations are different between lakes studied (Supple-
mental Data ST2 to ST6). Increases in organic matter concentrations are
observed at the SWI of most lakes sampled, with the exception of
Matthews Lake, which has lower sediment organic matter in near-sur-
face sediment (Fig. 3).

Fig. 3. Depth profiles of sediment and dissolved porewater As, Fe, Mn, and S concentrations, porewater As speciation, TOC, and organic matter fractions S1 and S2 in
Powder Mag Lake, Bulldog Lake, Matthews Lake, and Control Lake. Concentrations for each element are plotted on different scales and scales are different for each
lake.
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4.8. Statistical analysis of controls on As distribution

Spearman's Rank Correlation analysis shows that the associations
between As and other elements, sedimentary particle size, and organic
matter are different in the near-surface sediment of each of the study
lakes (Fig. 6). Sample size for the near-surface sediment (P–MI) of
Powder Mag Lake was not large enough (n < 4) to perform this ana-
lysis. In Hambone Lake, As is highly positively (rs≥ 0.70) and sig-
nificantly (p≤0.05; n=6) correlated to other elements enriched in the
ore or used in processing at Tundra Mine (Au, Sb, W) (Fig. 6). Although
also proximal to the former Tundra Mine site, these relationships are
not observed in the near-surface sediment of Bulldog Lake (Fig. 6).
Positive (rs≥ 0.80) and significant (p≤0.05) correlations between As
and redox-sensitive elements (Fe, Mn, S) are observed in the near-

surface sediments of Matthews Lake (n=13) and Control Lake
(n=14).
Correlations in concentrations of As and S1 organic matter are

evident in the mining-impacted sediment of Matthews Lake and
Hambone Lake but the relationship between As and S1 organic matter is
non-significant (p≥0.05) in near-surface sediment of Control Lake
(n=14) and Bulldog Lake (n=7) (Fig. 6). The relationships between
TOC and organic matter fractions (S1, S2, S3) are different in the near-
surface sediment of all lakes studied (Fig. 6). The association (rs) be-
tween variables is stronger when lakes are assessed as individual po-
pulations. This increase in statistical significance may be indicative of
differing natural processes contributing to the mobility of As in each of
these systems and highlights the importance of examining distinct
geochemical populations to determine relevant associations. Significant
correlations between As and grain size exist in certain geochemical
populations in Powder Mag, Matthews and Control lakes; however, no
consistent relationship was observed.

5. Discussion

5.1. Delineating mining impacts in lake sediment

Dating of modern sediments suggests that increases in solid phase
As concentrations in the shallow sediment of each lake (Fig. 2a and b)
correspond approximately to the initiation of exploration and mine
development activities in 1946 (Silke, 2009). The sediment geochem-
istry of lakes near the former Tundra and Salmita mines has been al-
tered through disposal of waste rock and its use in mine site construc-
tion, tailings overtopping and seepage, deposition of airborne dust,
and/or disposal of mine water and treated tailings effluent. However,
mining impacts extend to different depths in the sediment of lakes in
the Tundra Mine region (Fig. 2a and b). Cluster analysis and radio-
metric dating shows distinct changes in the loading of elements en-
riched in the mined ore and waste rock in the upper 4–14 cm of

Table 2
Sediment concentrations of selected elements in grab samples collected from
Hambone Lake; the highest concentrations are bolded for each element.
Sampling locations presented on Fig. 1.

Sample ID Units HAM1 HAM2 HAM3 HAM4 HAM5 HAM6

Distance from
Discharge

m 540 515 310 230 125 250

Water Depth m 0.70 0.90 1.80 1.90 1.70 1.00
As mg·kg−1 622 576 304 195 302 79.6
Ag mg·kg−1 469 497 247 138 373 69.0
Au μg·kg−1 3,750 3,730 2,400 210 2,381 380
Cu mg·kg−1 85.9 96.5 72.3 57.5 83.0 29.5
Hg μg·kg−1 104 87.0 86.0 50.0 84.0 18.0
Mn mg·kg−1 122 133 105 110 112 96
Ni mg·kg−1 97.3 123 85.1 73.2 83.7 53.1
Pb mg·kg−1 8.12 8.56 5.03 3.42 5.81 2.74
S % 1.20 1.80 0.99 0.97 1.02 0.21
Sb mg·kg−1 0.90 1.25 1.02 0.38 0.7 0.34
W mg·kg−1 4.60 4.30 2.30 1.30 2.40 0.80
Zn mg·kg−1 143 165 96.0 80.5 108 75.7

Fig. 4. Backscattered electron (BSE) images and mean As content (wt. %), determined by EPMA, of the predominant As-hosting solid phases identified in the near-
surface sediment of lakes of the Tundra Mine region. a) Arsenopyrite (Bulldog Lake 0–1 cm); b) framboidal pyrite (Powder Mag 4–5 cm); c) As-sulphide (Powder Mag
3–4 cm); d) FeSx/FeO (Powder Mag 3–4 cm); e) Fe-(oxy)hydroxide (Matthews Lake 4–5 cm); f) Fe-bearing phyllosilicate with intercalated minerals along cleavage
planes (HAM1). Representative EDS spectra for each phase are presented in Supplemental Data SF2.
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sediment cores from all lakes studied (Fig. 2a and b).

5.2. Sources of As in near-surface sediment

Increased concentrations of As in surficial sediments of lakes of the
former Tundra and Salmita mines region are attributed to the increased
natural input of arsenopyrite and secondary As-bearing hosts released
during weathering of bedrock and surficial material and to anthro-
pogenic activities associated with mining and mineral processing. Five
sources of As to lakes of the Tundra Mine region have been identified
including: direct disposal and weathering of waste rock, tailings over-
topping and seepage, discharge of treated tailings effluent, weathering
and airborne deposition of tailings and waste rock, and natural
weathering of mineralized bedrock (Fig. 7).

5.2.1. Hambone Lake
Seepage and overtopping of tailings effluent (winter historic

average (2007–2010): 2,830 μg L−1 As), and the disposal of treated
tailings effluent (average (2009–2013): 79 μg L−1 As) have provided
the primary sources of As to the sediment and surface water of
Hambone Lake. Arsenopyrite-bearing waste rock used in construction
of the original tailings dam and mine facilities and windblown tailings
are the most likely sources of trace arsenopyrite observed in the near-

surface sediment of Hambone Lake (Fig. 7). A positive (rs≥ 0.8) and
significant (p≤0.05) relationship between sediment As concentrations
and W, Au (Fig. 6) and Zn (rs= 0.9; p≤0.05; n=6) also suggest that
waste rock and tailings provide the primary sources of As to this lake. In
mineralized veins of the Tundra Mine region, there is a strong corre-
lation between As and Sb in Au-bearing arsenopyrite (Fig. 6; Adam,
2016). A significant (rs≥ 0.8; p≤0.05) relationship between solid-
phase As and Sb concentrations is evident in Hambone Lake, suggesting
that arsenopyrite provides a primary source of As to this lake. However,
the abundance of As-bearing authigenic sulphides indicate that diage-
netic remobilization and active sequestration of As is occurring in the
near-surface sediment (Figs. 5 and 7). Concentrations of As, Zn, Ag, and
Cu are highest in sediment at the northeastern end of the lake, farthest
from the treated effluent discharge location (Fig. 1; Table 2). The in-
creased concentration of elements, which have historically exceeded
CCME guidelines in effluent discharge, suggest that this area may
provide an ongoing source of downstream contamination (Table 2;
AECOM, 2015). Relatively oxidized effluent water may have oxidized
authigenic As-bearing sulphides, or an increase in pH may have de-
creased the sorption of arsenate on Fe-(oxy)hydroxides due to compe-
titive sorption (Jeong et al., 2010; Campbell and Nordstrom, 2014;
Desbarats et al., 2015; Golder Associates Ltd., 2017). In addition, the
overtopping and seepage of alkaline tailings waters (pH=8.22) and

Fig. 5. Relative contribution of each As-hosting solid phase to total As concentrations in the top 15 cm of sediment samples from Hambone, Powder Mag, Bulldog,
Matthews and Control lakes. Sediment grab samples collected from Hambone Lake are plotted as distance from effluent discharge location and not relative to depth in
the sediment column.
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disposal of treated effluent (pH=8.4–8.5) into Hambone Lake has in-
creased the pH of surface waters in this lake (average pH=7.35–7.92;
AANDC, 2014; AECOM, 2015). As the post-depositional mobility of As
is governed by redox conditions and pH of sediment porewaters, any
change in geochemistry resulting from tailings seepage and discharge of
treated tailings effluent may influence the long-term stability of legacy
contaminants (Smedley and Kinniburgh, 2002).

5.2.2. Powder Mag Lake
Surface water and porewater As concentrations in Powder Mag Lake

are an order of magnitude higher than the other lakes studied, re-
flecting the transport of dissolved and particulate-bound As species
from the TCA through Hambone Lake to the downstream environment
(Table 1; Figs. 1 and 2a). The oxidation and dissolution of secondary As-
minerals due to the disposal of treated tailings effluent may also have
contributed to increased dissolved As concentrations in Powder Mag
Lake. Trace arsenopyrite occurs in sediment deposited after the onset of
mining activities, but is much less abundant than observed in Bulldog
Lake sediments. Within Powder Mag Lake, the main As-hosts are au-
thigenic Fe-(oxy)hydroxides and Fe-sulphides (Figs. 5 and 7). The re-
lative absence of arsenopyrite, abundance of secondary As minerals,
and prevalence of oxidized aqueous As species in the near-surface

sediment of Powder Mag Lake (Figs. 3 and 5) are attributed to tailings
seepage and discharge of treated effluent into this drainage pathway.
Oxidation of arsenopyrite in the tailings necessitated treatment with
ferric sulphate to precipitate As-bearing Fe-(oxy)hydroxides during re-
mediation activities (WESA Technologies Inc., 2014). This precipitate
was separated by dewatering using Geotubes ®; however, the formation
of suspended or colloidal As-bearing Fe-(oxy)hydroxides in the effluent
discharge has contributed to the transport of As along this drainage
pathway. Anoxic wetlands have been demonstrated to be an effective
trap of As (Langner et al., 2011); therefore, the peatland between
Hambone and Powder Mag Lake may also provide and long-term sink
and/or source of mining-derived As and influence its mobility to the
downstream environment. In sediment pre-dating mining activities, As
concentrations exceed CCME Probable Effects Level (PEL) of 17 μg kg−1

and interim sediment quality guideline (ISQG) of 5.9 mg kg−1 (range:
42–70mg kg−1; median=60mg kg−1; n=12); however, fall within
the global average range for greywacke and slate which surround
Powder Mag Lake (0.5–143mg kg−1; Fig. 1; Boyle and Jonasson, 1973;
Smedley and Kinniburgh, 2002).

5.2.3. Bulldog Lake
The greatest abundance of arsenopyrite identified in sediment of the

Fig. 6. Spearman's Rank correlations of inorganic and organic geochemical parameters for the near-surface sediment of Bulldog Lake (B-MI) (n=7), Hambone Lake
(HL-MI) (n=6), Matthews Lake (ML-MI) (n=13) and Control Lake (CL-I) (n=14) sediment cores. Organic fractions include TOC, S1, S2, and S3. Data shown as
Spearman's Rank (rs) correlation coefficients. Italicized rs values represent p≤0.001, non-italicized values represent p≤0.05; only correlations with rs≥ 0.6 are
included. For the colour version of this figure the reader is referred to the online version of this article.
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Tundra Mine region is in Bulldog Lake, accounting for 1–40% of total
As in these shallow sediments (Fig. 5). The largest and most abundant
grains are present at 5–6 cm depth in the Bulldog Lake sediment
column, and this depth coincides temporally with the onset of surface
exploration activities in 1946 at the former Tundra Mine. The presence
of arsenopyrite grains, ranging in size from 1–25 μm, suggests the dis-
posal and/or weathering of As-bearing waste rock is the primary source
of As to this lake. Bulldog Lake is adjacent to the former mill pad
(Fig. 1), which was constructed using waste rock (Hatfield Consulting,
1982; Lorax Environmental, 2007). The higher sedimentation rates
observed at the surface of Bulldog Lake (0.16 cm yr−1) are attributed to
the increased activity and associated terrain disturbance on-site during
recent remediation activities. In the early days of mining, water
pumped from the underground workings was discharged into Bulldog
Lake (Hatfield Consulting, 1982) and may have provided an additional
source of dissolved As, which has since become incorporated into the
lake sediment in secondary As-bearing minerals. Dissolution and sur-
face oxidation of arsenopyrite grains is apparent in the shallow Bulldog
Lake sediment, providing a source of dissolved As to the porewaters
(Fig. 3). A significant (rs≥ 0.8; p≤0.05) relationship between solid-
phase As and Sb concentrations is also evident in the mining-impacted
sediment of Bulldog Lake, suggesting that arsenopyrite is a source of
both of these elements. Low concentrations of As in pre-mining sedi-
ment (median=34mg kg−1; n=17) suggest that the adjacent

volcanic lithologies and mineralized shear vein have had little influence
on As loading and mobility in this lake (Fig. 1).

5.2.4. Matthews Lake and Control Lake
Arsenic concentrations in the near-surface sediment of both

Matthews and Control lakes exceed both the CCME PEL and ISQG
(CCME, 2001a). No arsenopyrite was identified in the near-surface se-
diments of these lakes. Arsenic concentrations in the shallow sediments
of both lakes are similar to those observed in sediment pre-dating
mining activities. Elevated As concentration at the SWI in both of these
lakes is attributed primarily to reductive dissolution of naturally-oc-
curring, As-bearing Fe-(oxy)hydroxides during burial, and re-pre-
cipitation near the SWI (Fig. 2b; Martin and Pedersen, 2002). Increasing
concentrations of As, Au, Sb, and W in the sediment cores of Matthews
and Control lakes correspond to the onset of advanced exploration ac-
tivities around 1946, indicating that runoff and dust from the former
waste rock and ore piles from both Salmita and Tundra mine sites may
have provided sources of mining-related contamination to these lakes
(Hatfield Consulting, 1982). Higher sedimentation rates (1.75 yr cm−1)
and an increase in grain size in sediments of Control Lake coincide
temporally with runway construction and increased development ac-
tivity at the Tundra Mine site at ca. 1946 (Fig. 2b). An increase in grain
size is not observed in the other lake sediment cores and therefore may
be the result of erosion from the nearby airstrip and roadways (Fig. 1)

Fig. 7. Schematic diagrams showing the predominant As sources, relative concentration of aqueous As species, and relative contribution of each As-hosting solid
phase to total As concentrations in near-surface sediment samples from lakes of the Tundra Mine region. Arrows in the bottom-right corner of each diagram denote
the predicted influence of increased organic matter on As mobility in each lake. Vertical scales are not meant to be representative of the actual bathymetric features of
each lake.
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or natural changes within the catchment of Control Lake (Fig. 2b).
Grain size of particles in the near-surface sediment of Control Lake
ranges from 27–173 μm (arithmetic mean), suggesting that some of this
coarser grained material may be derived from the mine site, mine roads,
and/or the airstrip and transported short distances by aerial suspension
(Livingstone and Warren, 1996; Petavratzi et al., 2005).
In both of these lakes, authigenic As-bearing Fe-(oxy)hydroxide is

the most abundant As host suggesting that the weathering and oxida-
tion of As-bearing iron sulphides in mine wastes or mineralized bedrock
may contribute dissolved Fe, Mn and As to these lakes (Figs. 5 and 7;
Corkhill and Vaughan, 2009). Matthews Lake is primarily bound by
felsic volcanics (rhyolite and dacite) whereas Control Lake is bound by
metasedimentary (greywacke and slate) lithologies; global average As
content for these bedrock types ranges from 3.2–13.4 mg kg−1 and
0.5–143mg kg−1, respectively (Smedley and Kinniburgh, 2002).
Higher than global crustal average concentrations of As in pre-mining
sediment of Matthews Lake may be attributed to As associated with Au-
mineralization along the eastern shore of this lake or to the weathering
of other bedrock types and derived surficial materials in the region. The
presence of trace arsenopyrite in pre-mining sediment of both Control
and Matthews Lakes also confirms the presence of a geogenic source of
As and suggests local-scale variability in geochemical baselines in se-
diments of lakes in the CLGB.

5.3. Intra-lake variance in As mobility and implications of climate warming
on the long-term stability of As

The source of As, distance from the mine site, sedimentation rates,
and sediment geochemistry (organic and inorganic) control the depth
and magnitude of impacts in lake sediments of the Tundra Mine region.
These and other parameters also influence the speciation and post-de-
positional mobility of As in sediment. These factors vary for each lake
studied, demonstrating that the mechanisms influencing the distribu-
tion of As can be highly variable, even on the scale of a single mining
district. As a result, the effects of past and future climate change on the
long-term stability of mining-related As contamination is expected to
differ for each lake.
Post-depositional mobility of As in most lacustrine environments is

largely governed by dissolution of Fe-(oxy)hydroxides and the syn-
chronous co-precipitation with poorly crystalline Fe-(oxy)hydroxides
and sulphides (Moore et al., 1988; Rickard and Luther, 1997; Nickson
et al., 2000; O'Day et al., 2004). An influx of reactive, labile organic
carbon (S1 and S2) to lake sediments, expected as a result of climate
warming (Smol et al., 2005; Frey and McClelland, 2009; Prowse et al.,
2011; Stern et al., 2012), may influence these redox-mediated me-
chanisms and thus the long-term stability of As in lake systems. The
source of As and type of organic material are likely to be important in
determining the magnitude of As mobility associated with organic
loading (Nickson et al., 2000; Redman et al., 2002; Bauer and Blodau,
2006; Sharma et al., 2010; Galloway et al., 2017). Due to the associa-
tion of As with metal oxides and sulphides in near-surface sediment,
changes to redox conditions may significantly influence the distribution
and mobility of As in lakes of the Tundra Mine region (Fig. 7; Martin
and Pedersen, 2002; Couture et al., 2010).
The highest concentrations of As in surface waters and sediments

are observed in lakes proximal to the mine site and impacted by the
direct disposal of mine wastes (Hambone, Powder Mag, and Bulldog
lakes); however, As concentrations and solid-phase speciation vary
between these three lakes. The highest sediment As concentrations are
observed in sediments of Bulldog Lake, whereas surface water and
mean porewater concentrations in Powder Mag Lake and Hambone
Lake (surface water average (summer 2016): 98.7 μg L−1) are higher
than in Bulldog Lake (Table 1; Fig. 2a; AANDC, 2014). Powder Mag
Lake and Bulldog Lake both demonstrate multiple peaks in porewater
As concentrations in the near-surface sediment. One peak occurs at the
SWI with subsequent increases just below this boundary, suggesting

remobilization of As is occurring in both of these lakes (Fig. 2a).
However, increased porewater concentrations in the near-surface se-
diment of Powder Mag Lake suggest that As is being actively re-
mobilized in sediment to a larger degree than observed in Bulldog Lake.
Total surface water concentration of As in Powder Mag Lake is

lower than total As concentrations in treated effluent (average As
(2009–2014): 75.3 μg L−1) and surface waters of Hambone Lake
(average As: 35–40 μg L−1), suggesting that As is being removed from
overlying surface water and settling into the bottom sediments
(AANDC, 2013; AECOM, 2015). Additionally, the low As concentrations
in surface water and sediment of lakes further downstream of Powder
Mag Lake indicate that As is being sequestered in the sediment of this
lake (AECOM, 2015). Colloidal and suspended As-bearing Fe-(oxy)hy-
droxides are deposited to the surface sediment of Powder Mag Lake
where they are reductively dissolved; As is then sequestered through
the precipitation of authigenic sulphides (Fig. 7). The rapid onset of
reducing conditions in the sediment column of Powder Mag Lake likely
results from the accumulation of labile organic matter derived from the
peatland connecting Powder Mag to Hambone Lake (Figs. 1 and 2a). In
general, reducing conditions are thought to increase the mobility of As
due to the reductive dissolution of Fe-(oxy)hydroxides and the trans-
formation of As (V) to As (III) (Smedley and Kinniburgh, 2002; Martin
and Pedersen, 2002; Dixit and Hering, 2003; Andrade et al., 2010).
However, a positive relationship between labile organic matter (S1) and
sediment As concentrations in modern sediment impacted by mining
activities in sub-Arctic Canada was recently observed by Galloway et al.
(2017), who suggested that increased labile organic matter may provide
a substrate for microbial growth that in turn mediates the precipitation
of As-bearing secondary minerals (i.e. framboidal pyrite, As-sulphides).
Organic matter concentrations in surface water (DOC) and near-

surface sediment (TOC, S1, S2) of Powder Mag Lake are higher than
other lakes studied (Table 1, Supplemental Data ST2). This is attributed
to the influence of seasonal effluent discharge to Hambone Lake
(mean= 254,500m3 yr−1; median: 180,000m3 yr−1; n=7) that in-
creased the flow of water through the peatland area into Powder Mag
Lake and mobilized organic material (Fig. 1) (INAC, 2005, 2008;
AANDC, 2010, 2012, 2013, 2014). The abundance of As-bearing sul-
phides in the near-surface sediment of Powder Mag Lake suggest that
sediments enriched in S, Fe and NOM may be efficient geochemical
traps for As and support the mechanisms of As attenuation observed by
Drahota et al. (2009) in organic-rich groundwaters, and Langner et al.
(2011) in wetlands. Burton et al. (2013) demonstrated that microbial
sulfate reduction can result in changes in As speciation and highlighted
the important role of thioarsenate species on the mobility of As in
mining-impacted environments. The presence of these complexes may
account for the abundance of AsR species in the porewaters of Powder
Mag Lake (Fig. 3) and contribute to the mobility of As; however, further
porewater speciation analyses would be required to test this hypothesis
(Couture et al., 2013).
A positive (rs) relationship between S1 and sediment As con-

centrations occurs in two of the five lakes studied (Hambone Lake
(rs= 0.88; p≤0.05; n=6) and Matthews Lake (rs= 0.68; p≤0.05;
n=13) (Fig. 6); however, no relationship between Assed and labile
organic matter is observed in Bulldog Lake or Control Lake. Increases in
reactive organic matter input to lakes may lead to higher rates of sulfide
production and promote the onset of reducing conditions by increasing
sediment oxygen demand (Wilkin and Barnes, 1997; Toevs et al., 2006).
The influx of organic matter facilitates the microbially mediated re-
duction of both Fe (III) and SO4−2, leading to the formation of As-
bearing sulphide minerals in the near-surface sediment (Wilkin and
Barnes, 1997; Thamdrup, 2000; Kirk et al., 2004; Lowers et al., 2007).
As a result, the influx of organic matter may facilitate the formation of
microbially mediated As-bearing sulphide minerals in the near-surface
sediment (Nordstrom and Archer, 2003). In lakes proximal to the
former mine site, As is primarily hosted in sulphides or authigenic ag-
glomerations of authigenic Fe-(oxy)hydroxide and iron monosulphide,
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possibly amorphous mackinawite (FeS1-x). It has been demonstrated
that amorphous mackinawite may provide an effective mechanism of
As attenuation under changing redox conditions in lake sediment (An
et al., 2017; Vega et al., 2017). Increased organic matter loading to
these lakes may, therefore, facilitate the precipitation of As-bearing
sulfides and increase the stability of As in sediment; however, the re-
lationships between As, S, and organic matter are not consistent
(Fig. 6). Previous studies show that organic matter influences the spe-
ciation and mobility of As in peatlands, lake sediment, and soils,
through various mechanisms, including competition with As for sorp-
tion on mineral surfaces (Redman et al., 2002; Bauer and Blodau, 2006;
Wang and Mulligan, 2006; Stuckey et al., 2016; Galloway et al., 2017;
Wang et al., 2018). However, the interaction of organic matter with
elements is influenced by its characteristics and composition (Grafe
et al., 2002; Ritter et al., 2006; Langner et al., 2011; Burton et al.,
2013). In the near-surface sediment of lakes proximal to the former
mine site, the relationship between TOC and labile organic matter
fractions (S1, S2, S3) is different (Fig. 6). This reflects the natural
heterogeneity of sediment organic matter and suggests that the varied
sources of both As and organic matter influence the speciation and
mobility of As in mining-impacted lake sediments of the Tundra Mine
region.
In lakes more distal to the former mine site, weathering and dust

transport of exposed waste rock used for construction of mine facilities
may have influenced As concentrations in the near-surface sediment;
however, the predominant source of As to these lakes is likely natural
weathering of As-rich bedrock (Fig. 7). In the near-surface sediment of
Matthews and Control lakes, median As concentrations are lower than
lakes closer to Tundra Mine and As in the near-surface sediment is
primarily hosted by Fe-(oxy)hydroxides (Figs. 5 and 7). In sediment
cores from both Matthews Lake and Control Lake, a significant re-
lationship between sediment As, Fe, and Mn indicates the important
role of Fe-(oxy)hydroxides in the sequestration of As at the SWI (Fig. 6).
Increased organic matter input to these lakes may result in enhanced
diffusion of As from sediment to surface waters by promoting reducing
conditions and thus drive reductive dissolution of As-bearing Fe-(oxy)
hydroxides (Nickson et al., 2000; Harvey et al., 2002; Islam et al.,
2004). However, the presence of As-bearing framboids in the near-
surface sediment of both Matthews Lake and Control Lake suggests that
the precipitation of authigenic pyrite may also sequester As released
from reductive dissolution of As-bearing Fe-(oxy)hydroxides (Fig. 7). A
significant correlation between labile organic matter (S1), S (rs= 0.91;
p≤0.001; n=13) and As (rs= 0.67; p≤0.05; n=13) in near-surface
sediments of Matthews Lake may represent this mechanism of As at-
tenuation (Fig. 6; Galloway et al., 2017).
The results of this study support Galloway et al. (2017), who sug-

gested that in lakes impacted by As from legacy gold mining in sub-
Arctic Canada, organic matter may facilitate the precipitation of As-
bearing sulfides and increase the stability of As in sediment. In contrast,
this study highlights that in lakes where As is hosted mainly by Fe-(oxy)
hydroxides, increasing organic matter may enhance the diffusion of As
from sediment to surface water.

6. Conclusions

The sediment geochemistry of lakes near a former gold mine site in
sub-Arctic Canada has been altered due to the influence of historical
mining, mineral processing, and subsequent terrain disturbance asso-
ciated with remediation. Five main sources have contributed As to lakes
around the former Tundra Mine: disposal of waste rock, tailings over-
topping and seepage, weathering and airborne deposition of waste rock
and tailings, discharge of treated tailings effluent, and natural weath-
ering of mineralized bedrock. Impacts were observed in each of the
lakes studied through analysis of sediment, surface water, and pore-
waters. The depth of impacts in the sediment column and primary
controls on the post-depositional mobility of mining-derived As

contamination are highly variable between lakes.
The findings of this study suggest that benthic grab samples, com-

monly collected during environmental site assessments, may not pro-
vide an accurate assessment of mining impacts as changes in geo-
chemistry occur on a sub-centimeter scale and deposition rates vary
between lakes. As a result, interpretation of sediment geochemistry and
mining impact based only on grab samples with uncertain depth control
complicates the accurate determination of geochemical baselines.
Sediment gravity cores can more precisely capture the uppermost se-
diments so that they may be sub-sampled at higher resolution (e.g.
0.5–1.0 cm). This study highlights that sampling depth control is es-
sential for the interpretation of sediment geochemistry and differ-
entiation of mining impact in lacustrine systems. This is especially
important in sub-Arctic lakes where sedimentation rates are low.
The distribution of As in these lakes is influenced by lake-specific

variables including: the source of As, Fe and S concentrations in sedi-
ment, depth of the lake, sedimentation rate, and organic matter type.
This study also demonstrates variability in pre-mining background As
concentrations in sediment cores and provides evidence for the influence
of bedrock weathering on the natural loading of As to lakes in this region.
Labile organic matter (S1 as determined by Rock Eval pyrolysis)

demonstrated significant positive relationships to sedimentary As and S
concentrations in two of the five lakes studied. The relationship be-
tween S1, As, and S, in addition to the abundance of As-bearing fram-
boidal pyrite in mining-impacted sediment, suggests that S1 may
mediate the authigenic precipitation of As-bearing sulphides. Differing
relationships between near-surface sediment As concentrations and
organic matter in lakes of the Tundra Mine region may be explained by
the natural heterogeneity of sediment organic matter. The findings of
this study suggest that increasing organic matter loading to lakes ex-
pected with continued climate warming will have varying effects on As
mobility and fate in mining-impacted lakes and that these effects de-
pend on the main hosts of As in lake sediments. In lakes where As is
hosted in reduced sulphide form, increasing organic matter input may
increase the stability of As in sediment, whereas in lakes where the
primary host of As is Fe-(oxy)hydroxides, increasing organic matter to
these lakes may enhance the diffusion of As from sediment to surface
waters. These results have implications for long-term monitoring of
lakes impacted by legacy contamination. Knowledge from this study
can aid in the development of robust geochemical baselines and be used
to improve environmental monitoring and remediation strategies at
future northern metal mines.
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