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Abstract

Gold mining operations near Yellowknife (Northwest Territories, Canada) released vast quantities of
arsenic trioxide during the 1950s, which dispersed across the landscape. Contemporary measurements of
arsenic concentrations in lake water and surficial sediment identify enrichment within a 30 km radius.
However, paleolimnological studies have identified possible evidence of mining influence during the
1950s at a lake beyond this distance, suggesting a more expansive legacy footprint may exist. Here, we
analyze spatiotemporal patterns of arsenic, antimony, and lead deposition from sediment cores at lakes
located 10-40 km (near-field) and 50-80 km (far-field) from the mines along the prevailing northwesterly
wind direction (NW) and 20-40 km to the northeast (NE) of the mines to improve characterization of the
legacy footprint of emissions. We build upon previous findings to determine if: 1) there is evidence of
mine-related pollutants beyond the well-established 30 km radius and 2) enrichment is greatest in the
prevailing wind direction, as expected for aerial dispersion from a point source of emissions. Results
demonstrate enrichment since the 1950s for arsenic and antimony at least as far as 80 km to the NW and
40 km to the NE, thus legacy deposition extended beyond the currently defined 30 km radius ‘zone of
immediate influence’. Concentrations, enrichment factors, and total excess inventories of arsenic and
antimony decline with distance from the mines and are greater along the prevailing (NW) than orthogonal
(NE) wind direction. Peak concentrations in uppermost sediment strata at near-field lakes in the
prevailing wind direction suggest supply of arsenic and antimony remains high from legacy stores in the
catchment and lake sediment profiles >60 years after emissions were released. Such lasting influence of
legacy emissions likely is not limited to mines in the Yellowknife region, and paleolimnological

approaches can effectively delineate zones of past and ongoing pollution from legacy sources elsewhere.
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1. Introduction

Geological deposits have provided ample opportunity for mineral exploration in northern Canada
(Mudroch et al. 1986, Tenkouano et al. 2019). However, the exploitation of natural resources has often
had a profound impact on the environment. In sparsely populated regions, insufficient environmental
monitoring prior to, during, and after resource development has complicated the environmental
assessment process and, consequently, natural or pre-industrial conditions in these regions remain largely
unknown (Thevenon et al. 2011, Gawel et al. 2014, Birch 2017, Klemt et al. 2020). As a result, it remains

challenging to evaluate the extent and persistence of mine-related pollutants in remote regions.

Geochemical exploration, in particular the pursuit of gold, has provided opportunity for large-scale
investigations of mining impacts (Grosboi et al. 2011, Keshavarzi et al. 2012, Morra et al. 2015, Cai et al.
2017, Kinimo et al. 2018). In the Northwest Territories, Canada, the history of mining includes a legacy
of pollution from two major mines: Giant Yellowknife Gold Mines Ltd. (Giant Mine) located ~ 5 km
north of Yellowknife and the Consolidated Mining and Smelting Company (Con Mine) ~ 2 km south of
Yellowknife (Indian and Northern Affairs Canada 2007, Government of Canada 2014a). At the Giant
Mine deposit, gold is hosted primarily in arsenopyrite and required roasting (500°C) to create iron oxides
amendable to cyanidation (Hocking et al. 1978, Walker et al. 2005; 2015, Fawcett et al. 2015). As by-
products of the oxidation process, arsenic trioxide (As;Os) and sulfur dioxide (SO,) were released from
the roaster stack and deposited onto the landscape in the Yellowknife region (Hutchinson et al. 1982).
Between 1948 and 1999, more than 20,000 tonnes of As,Os were emitted into the atmosphere, the large
majority of which were released from Giant Mine during its first three years of operations (1949-1951)
(Hocking et al. 1978, Indian and Northern Affairs Canada 2007, Sandlos and Keeling 2012, Jamieson
2014, Galloway et al. 2015). Emissions gradually decreased during the next ten years with the
introduction of pollution abatement and additional gold recovery measures. Most effective was a

baghouse dust collector installed in 1958 (Hocking et al. 1978, Government of Canada 2014b).
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A lack of effective emission controls prior to 1951 resulted in the widespread contamination of lakes,
rivers, vegetation, and soils in the Yellowknife region, where the environmental changes have been well
documented (Wagemann et al. 1978, Hutchinson et al. 1982, Fawcett et al. 2015, Palmer et al. 2015;
2021, Thienpont et al. 2016, Houben et al. 2016, Jamieson et al. 2017, Schuh et al. 2018; 2019, Galloway
et al. 2018, Cheney et al. 2020, Pelletier et al. 2020). Arsenic remains an element of concern in the region
due to links with increased risks of cancer and respiratory issues in humans (Ng and Gomez-Caminero
2001). Arsenic can also affect the growth and reproductive habits of fish species (Boyle et al. 2008, de
Rosemond et al. 2008, Erickson et al. 2010, Cott et al. 2016, Chetelat et al. 2019). Lakes located
downwind of the mines have received the greatest deposition of legacy pollution (Galloway et al. 2012;
2015, Jamieson 2014, Palmer et al. 2015, Schuh et al. 2018, Van Den Berghe et al. 2018, Cheney et al.
2020). Studies thus far have delineated a 30 km radius ‘zone of immediate influence’ or equivalent ‘zone
of probable influence’ (hereafter referred to as the former) from the mines based mainly on measurements
of recently-deposited surficial bottom sediment and surface water of lakes (Galloway et al. 2012; 2015;
2018, Palmer et al. 2015). Thus, past studies have primarily assessed present-day conditions, which may
not represent the extent of the dispersal of legacy emissions during the 1950s. More recently, a
paleolimnological investigation by Cheney et al. (2020) identified that arsenic enrichment during the
period of peak emissions can be detected at least as far as 40 km from the mines during the period of peak
emissions. While their study intended on using lakes east and northeast of the mines as unimpacted
reference lakes, measurable increases in sediment arsenic concentrations during peak emission release
suggested otherwise (Cheney et al. 2020). Additionally, a paleolimnological study by MacDonald et al.
(2016) in the Slave River Delta, over 140 km southeast of the mines, identified elevated arsenic
concentrations (~ 20 mg/kg) during the 1950s. Collectively, these findings suggest that the dispersal of

legacy pollution from Giant and Con mines during the 1950s is not yet fully understood.

While lake sediment profiles preserve a temporal record of pollutant deposition (Smol 2008, Birch 2017),

interpretation of stratigraphic variation in arsenic concentration requires an understanding of the complex
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processes that may influence its deposition and stability within the sediment column (Outridge and Wang
2015). Depending on redox conditions, oxide-bound arsenic can dissolve into sediment porewater,
mobilize upwards and/or downwards through the sediment column, and be released into overlying surface
waters (Smedley and Kinniburgh 2002, Couture et al. 2008, Palmer et al. 2019). Mining-derived arsenic
concentrations in sediment can be compared to less mobile elements also present in the mined ore that
were released into the environment during processing. Antimony is much less mobile in lake sediments
than arsenic (Fawcett et al. 2015) and is also present in the ore at Giant Mine (SRK Consulting Engineers
and Scientists 2002). Thus, antimony has been used in lake sediment studies in conjunction with arsenic
to support identification of mining influence (Houben et al. 2016, Schuh et al. 2018, Palmer et al. 2019).
Lead concentrations can also be elevated in mining-impacted sediments (Thienpont et al. 2016, Chetelat
et al. 2017, Cheney et al. 2020, Pelletier et al. 2020); as this element is not considered to be mobile in lake
sediments, it can similarly be used as a tracer of primary mining-derived arsenic deposition in the absence

of detailed analysis of mineralogy (Gallon et al. 2004).

Here, we evaluate the degree of contamination beyond the 30 km zone of immediate influence’ from
Giant and Con mines (Hocking et al. 1978, Wagemann et al. 1978, Hutchinson et al. 1982, Galloway et
al. 2012; 2015, Palmer et al. 2015, Houben et al. 2016, Galloway et al. 2018). We employ a
paleolimnological approach to quantify the deposition of mining-associated metal(loids) arsenic,
antimony, and lead (herein referred to as metals) from Giant and Con Mine emissions along two transects,
one in the dominant wind direction to the northwest and the other in the less frequent wind direction to
the northeast (based on data from 1971-2000 in Galloway et al. 2018 and Government of Canada 2019).
Arsenic, antimony, and lead concentrations from ten radiometrically-dated sediment cores are used to
assess if: 1) there is evidence of deposition of arsenic, antimony, and lead from Giant and Con mines
dispersing beyond the previously determined 30 km radius; 2) spatiotemporal patterns, degree of
enrichment, and excess inventories for arsenic and antimony differ with respect to wind direction; 3)

surficial sediments of near- and far-field (>40 km) lakes continue to receive pollution from legacy stores
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in the catchment and upward mobility from deeper lake sediments. This study provides new data that
expands upon the current understanding of the area affected by legacy emissions from Giant and Con
mines. Approaches and findings can be used to guide future research here and elsewhere towards
determining the fate of legacy stores of mining-sourced metals within catchments and lake sediment

profiles.

2. Methods

2.1. Study location

The study area lies within the traditional territory of the Dene (Yellowknives Dene First Nation, Tticho
Dene; Government of Northwest Territories n.d.) within Canada’s Taiga Shield (Ecosystem Classification
Group 2008). Lakes selected for this study range in size (0.08-2.72 km?; average area: 1.0 km?) and water
depth (1.5-24 m; average depth: 6.96 m) and are located at roughly 10 (northwest) and 20 (northeast) km
increments from Giant Mine (Table 1; Figure 1). In this study, lakes are grouped into three categories:
northwest near-field (NW10-40), northwest far-field (NW50-80), and northeast (NE20, NE40) and are
referenced with respect to distance in kilometers from Giant Mine. Near-field lakes are mainly found
within the previously studied area of mining-derived metal deposition, while far-field lakes exist at
distances from the mine site beyond those previously explored from a paleolimnological perspective.
Most of the study lakes (NW10, NW20, NW30, NW40, NW50, NW60, NW70) are underlain
predominantly by granitic bedrock (Stubley and Irwin 2019) where arsenic concentrations average 2 ppm
(Boyle 1960), comparable to the worldwide average for granitic rocks (Turekian and Wedepohl 1961).
Lakes NW80, NE20, and NE40 are underlain by sedimentary bedrock dominated by metaturbidites

(average As concentration: 2-64 ppm; Boyle 1960).

2.2. Field methods

Sediment core collection



151  Using a Uwitec gravity corer fitted with PVVC tubes (86-mm internal diameter), two sediment cores were
152  collected from the pontoon of a helicopter in a deep-water region of each lake based on depth-finder

153  measurements in June 2018 (NW transect lakes) and June 2019 (NE transect lakes). Sediment cores

154  obtained from lakes along the NW transect were transported back to a field base in Yellowknife and

155  sectioned within 24 hours of retrieval into 0.5 cm intervals, but were later consolidated into 1.0 cm

156  intervals to obtain sufficient sample mass for all laboratory analyses. As a result, NE lake sediments were
157  directly sectioned into 1.0 cm intervals the following year. Sediment samples were then transported to the
158  University of Waterloo where they were stored in the dark at 4°C prior to analysis. Additional sediment
159  cores were collected from the same location at each lake to extract porewater and conduct inverse

160  diagenetic modelling on select metals and are reported in Leclerc et al. (in review).

161 2.3. Laboratory analyses

162 2.3.1.Radiometric dating

163  One core from each lake was subject to radiometric analysis to establish the sediment core chronology.
164  When possible, metals analyses were performed on the same core that was used for dating (NW10,

165 NW30, NW40, NW50, NW60, NE20). To ensure cores at each lake were comparable, loss-on-ignition
166  analyses was performed (Heiri et al. 2001) to compare stratigraphic profiles of organic matter content and
167 instilled confidence in our use of alternate cores for metal analyses at lakes NW20, NW70, NW80 and
168  NE40 where additional sediment was required to complete analyses. Radioisotopes (***Bi, 2“Pb, 21°Pb,
169  ¥Cs) were measured for all intervals between 0 and 25 cm, and at alternating intervals between 25 and
170 35 cm. For each interval analyzed, 1-2 g of freeze-dried sediment was subsampled and placed into pre-
171 weighed polypropylene tubes to a height of 3.5 cm, sealed with a silicone septum, and 1 cc of 2 Ton

172 Epoxy. One exception to this approach was at lake NW70, where sediment intervals at 0-3 cm, 4-7 cm,
173 and 8-9 cm were combined to obtain sufficient sample mass for analyses in the upper portion of the

174  sediment core. Beyond these depths, sediment was subsampled as described previously and interpolation

175  was used to assign ages to consolidated intervals in the upper portion of the sediment core. After a 21-day
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waiting period, which allows for parent and daughter isotopes to reach equilibrium, activity of 21*Bi,
214pp, 29Pp, and ¥’Cs were measured on an Ortec HPGe Digital Gamma Ray Spectrometer at the

University of Waterloo for approximately 3-5 days per sample.

Measurements of total 21°Pb activity were corrected for decay since the time of core collection and density
using standard methods (Schelske et al. 1994). Using measurements of 2**Bi and ?**Pb as surrogates for
226Ra, supported 2°Ph activity was determined. Unsupported #°Pb (i.e., total 2:°Pb — supported ?°Pb) was
determined and used to estimate sediment ages using the Constant Rate of Supply (CRS) model (Binford
1990, Appleby 2001). To supplement the age model based on #°Ph, measurements of *3’Cs activity were
used to detect a peak associated with above-ground nuclear mass weapon testing in 1963 (Appleby 2001).
The dry-mass sedimentation rate was used to extrapolate the sediment chronology beyond the depth

where 2%Ph background was reached within a core (i.e., where supported 2°Pb was equal to total 2°Pb).

Focusing factors were determined using 2°Pb data and are expressed as a ratio of the measured inventory
of unsupported 2°Pb within the sediment core to the expected inventory of unsupported #°Pb based on
measurement of atmospheric fallout near the study location (Wong et al. 1995, Fuller et al. 1999, Muir et

al. 2009, Olid et al. 2010).

2.3.2.Metal concentrations

Concentrations of solid-phase metals in sediment were measured at all lakes and all sediment intervals
between 0 and 29 cm. Between 0.25 and 0.50 g (£0.05 g) of freeze-dried sediment was finely ground and
homogenized using a mortar and pestle, loaded into pre-weighed plastic tubes, and sent to ALS
Laboratories Ltd. (Waterloo, Ontario), a CALA (Canadian Association for Laboratory Accreditation Inc.)
certified laboratory, for analysis. Metals were measured after heated digestion with concentrated nitric
and hydrochloric acids and using a Collision/Reaction Cell inductively coupled plasma mass spectrometer
(CRC ICP-MS) following EPA standard methods 200.2/6020A (ALS Method MET-200.2-CCMS-WT).

Certified reference material TILL-2 was used by the analytical laboratory. For samples where 0.50 g
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(£0.05 g) of freeze-dried sediment were submitted for analysis, duplicates were analyzed every 5 cm to
confirm accuracy of results. Analytical uncertainties, expressed here as the relative percent difference
(RPD) between duplicate samples, were reported by ALS Laboratories as: 2.67 % for arsenic (n=15), 5.47

% for antimony (n=14), and 3.85 % for lead (n=15).

2.4. Numerical analyses
2.4.1.Enrichment factors

Enrichment factors (EFs) were used to determine the magnitude of arsenic and antimony enrichment
relative to the pre-industrial background. Background concentrations of arsenic and antimony were
determined by visual assessment of the stratigraphic profile for individual lakes and metals. Variable
concentrations in the sediment record hindered our ability to establish reliable estimates of lead in the pre-
industrial era. Furthermore, the possibility of post-depositional mobility of arsenic and antimony within
the cores (Couture et al. 2008, Leclerc et al. in review) prevented using a specific pre-industrial time
interval for sediment cores from all 10 lakes (e.g., 1935, predating operations of both mines) to establish
background concentrations. Therefore, when a metal displayed a near-constant stratigraphic pattern in the
lower pre-1935 portion of a sediment core, ‘pre-industrial background” was defined as the mean of the
concentrations found in the near-constant zone (to 1500 CE). As a result, 20 background concentrations
were established across the 10 study lakes for arsenic and antimony and reflect the varying concentrations
and post-depositional behaviour of these metals in each sediment core profile. Background estimates were
comprised of a minimum of 3 and maximum of 24 samples per lake, depending on the variability in the
sediment record. For metals measured in a core from each lake, sediment core depths of background

estimates are comparable (within £4 cm).

Relationships between concentrations of measured metals in sediment at each lake were explored to
identify an appropriate lithogenic element for normalization. However, analysis of both arsenic and
antimony concentrations to a suite of lithogenic elements identified poor relationships. As a result,

lithogenic elements were not appropriate to use as a normalizing agent, despite the recent use of Al, Li,
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and Ti by other studies in the Yellowknife region (Sivarajah et al. 2019, Cheney et al. 2020) and in other
regions where EFs have been computed from sediment profiles (e.g., Wiklund et al. 2012, Kay et al.
2020). Instead, raw metal concentrations are used in the following equation to compute EF values for

each sediment interval:

EF = M
(Mpre—industrial)
where: M, is the concentration of a given metal at the interval at x cm depth in a core, and

Mpre—inaustriar 1S the average of the full range of concentrations in the pre-industrial era

(to 1500 CE) for a given element.

Here, we adopt criteria of Birch (2017) for classification of enrichment factors. Metals are considered
enriched when an EF is >1.5 times the pre-industrial background concentration. Metal concentrations
with an EF less than 1.5 are considered representative of natural or “pristine’ conditions. EF values
ranging from 1.5-3 are classified as minimal enrichment, 3-5 are classified as moderate enrichment, 5-10

are classified as considerable enrichment, and >10 are classified as severe enrichment.

2.4.2.Excess flux and total excess inventory calculations

The contribution of anthropogenic sources of arsenic and antimony deposition to the lake sediments was
estimated as the excess flux. Calculation of excess flux involved two steps. First, enrichment factors were
multiplied by element concentrations and dry mass sedimentation rates (kg/m?/year) to determine rates of
element flux (F) in units of mg/m?/year, using the equation (Whitmore et al. 2008, Gomes et al. 2009,

Wiklund et al. 2017):
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[(EFB&—F;l) X SR, X Cx]

ff

F =

where: EE, is the enrichment factor for a given element at interval x,
SR, is the sedimentation rate in kg/m?/year at interval x,
C, is the concentration of the element at interval x, and
ff is the #%Pb-based focusing factor for a given lake.
Second, we calculated the inventory of excess flux (F7) of each metal, which is suggested to provide

more accurate estimates of metal fluxes (Bacardit et al. 2012, Wiklund et al. 2020), as:

Fi= (A, — Ay) X Fy

where: A,, is the age of the sediment interval w,
A, is the age of the sediment interval x, and

F, is the rate of flux (mg/m?/year) at sediment interval x.

To account for lateral redistribution of sediment across the lake basin due to wind and wave action and
changes in basin slope, excess flux inventories were corrected for sediment focusing and adjusted using
focusing factors. Focusing factors >1 suggest that metal fluxes have been overestimated while focusing
factors <1 suggest metal fluxes have been underestimated. By dividing the total excess flux inventory of a
metal at a lake by the focusing factor, the flux was then re-expressed as either greater or smaller than the
calculated value. Excess flux inventories for all sediment intervals for each lake were then summed and

expressed as the total mass and are representative of the total excess inventory of arsenic and antimony.
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3. Results

3.1. Sediment core chronologies

Total 2%Pb activity profiles varied among lakes (Figure 2). Activity of 2:°Pb ranged between 0.01 Bg/g
and 1.7 Bg/g overall. Stratigraphic profiles of 2°Pb activity were similar at lakes NW10, NW20, and
NW60, where activity decreased monotonically with increasing depth. In contrast, 2°Pb activity was
near-constant or declined at the tops of cores from lakes NW30, NW40, NW50, NW70, NW80, NE20 and
NE40 before declining down-core between 2 and 12 cm depth. The depths at which background #°Pb
activity was obtained also varied. Most commonly, background 2'°Pb activity was reached between 6 and
15 cm in depth (NW10, NW20, NW30, NW40, NW50, NE20). At NW60, NW70 and NW80, however,
unsupported 2'°Ph activity persisted to greater depth, and as deep as 29 cm at NE40. Background #°Pb
activity ranged between 0.01 and 0.13 Bg/g. Rates of sedimentation varied by an order of magnitude

(0.0016 at NW40 to 0.0156 g/cm?/year at NW80).

Based on results from CRS modelling of the 21°Pb profiles, sediment deposited during the 1950s occurred
in the upper 5-10 cm of cores from the study lakes, with the exception of NW70 (13 cm), NW80 (15 cm),
NE20 (11 cm), and NE40 (15 c¢m; Figure 2). An increase in *3’Cs activity was observed at most lakes
(NW40, NW50, NW60, NE20, and NE40) in sediment intervals younger than the 1950s based on 2°Ph
dating, which is consistent with the record of above-ground nuclear weapon testing (Appleby 2001). The
lake sediment cores encompassed a wide range of ages from 207 years to as much as 3220 years (average:
807 years). However, the sediment core from lake NW70 (~ 3220 years old) revealed a sharp change
from organic-rich material in the upper 20 cm (~ 1750 CE) to clay-rich material below that strata, which
may have resulted in an overestimation of inferred ages. Given the substantially older basal ages of lakes
NW40 (~ 1390 CE at 30 cm depth) and NW70 (~ 900 CE at 30 cm depth), metal concentration data
presented herein are limited to sediment deposited since ~ 1500 CE to allow for a more consistent
comparison of climatic and environmental conditions that may have influenced stratigraphic metal

concentrations among lakes.
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3.2. Metal stratigraphic profiles

Broad systematic patterns in stratigraphic variation of arsenic, antimony, and lead concentration are
evident among the designated groups of lakes (Figure 3). Arsenic and antimony concentrations were
typically highest closest to the mine in NW near-field lakes, followed by NW far-field and NE lakes.
Lead concentrations, in contrast, were on average higher at NW far-field lakes, followed by NE lakes and
NW near-field lakes. Within 40 km of the mine (near-field), arsenic, antimony, and lead concentrations in
most lake sediment core profiles demonstrated a continuous increase towards the top of the core, with
maxima in uppermost sediments. Beyond this distance (NW far-field) and for the NE lakes, sediment core
profiles identified sub-surface peaks aligning closely with timing of maximum emission from Giant Mine
in the 1950s (with the exception of NW80) and were followed by a general decline in metal
concentrations. Maximum As concentrations for all sediment cores exceed the CCME Probable Effects
Level (PEL) for protection of aquatic life (17.0 png/g; CCME 1999a), whereas maximum Pb
concentrations fall below the CCME PEL (93.1 pg/g; CCME 1999b). The CCME does not report a PEL
value for Sb in aquatic sediment. Further details regarding the stratigraphic profiles in individual lake

groups are provided below.

The range of concentrations found in sediment profiles of near-field lakes (NW10-40) varied for arsenic
(range: 7.8-1040.0 pg/g, median: 26.8 pug/g, antimony (range: 0.1-17.5 pg/g, median: 0.5 pg/g), and lead
(range: 0.7-8.9 ug/g, median: 2.8 pg/g) (Figure 3). Maximum arsenic and antimony concentrations were
highest at lake NW10 (As: 1040.0 pg/g, Sb: 17.5 pg/g) and decreased with distance from Giant Mine
(NW40; As: 33.2 pg/g, Sh: 2.4 pg/g). Maximum lead concentrations were also highest at lake NW10
(17.5 pg/g) but did not display a similar pattern of decline with distance (NW40; 6.1 pg/g vs NW30; 5.6
Ma/g). Background values ranged from 7.8 to 27.1 pg/g for arsenic (median: 11.2 pg/g) and 0.1t0 0.5
pg/g for antimony (median: 0.2 pg/g). With the exception of the antimony and lead concentration profiles

at NW40, which display peak concentrations that align with maximum emissions in the 1950s, the near-
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field stratigraphic profiles for arsenic, antimony and lead increased towards the top of the sediment

records and concentrations are highest in the most recently deposited sediments.

At far-field lakes (NW50-80), concentrations of arsenic (range: 3.3-240.0 pg/g, median: 19.1 pg/g),
antimony (range: 0-3.8 pg/g, median: 0.3 pg/g), and lead (range: 2.7-17.5 pg/g, median: 5.9 pg/g)
similarly spanned a wide range but were overall lower in arsenic and antimony than near-field lakes.
Here, highest arsenic and antimony concentrations were found at lake NW50 (As maximum: 240.0 pg/g,
median: 15.8 pg/g; Sb maximum: 3.8 pg/g, median: 0.3 pg/g) and decreased with distance from Giant
Mine (NW80: As maximum: 31.8 pg/g, median: 13.4 pg/g; Sb maximum: 0.7 pg/g, median: 0.2 pg/g).
Lead concentrations were highest at NW50 (maximum: 17.4 ug/g, median: 14.5 ug/g) and exceeded that
of all other study lakes. With the exception of NW70 (maximum: 15.7 pg/g, median: 8.9 ug/g), average
lead concentrations decreased beyond a distance of 50 km. Background concentrations at far-field lakes
ranged from 3.3 to 29.1 ug/g for arsenic (median: 12.1 pg/g) and from 0 (below detection limit) to 0.4
pg/g for antimony (median: 0.2 pg/g). At far-field lakes (NW50-80), arsenic and antimony concentrations
reached their maximum at depth and aligned with or post-dated the 1950s, whereas the deposition of lead

was more variable over time and only formed a distinctive sub-surface post-emission peak at lake NW60.

NE lakes (NE20, NE40) possessed metal concentrations that were nearly an order of magnitude lower in
comparison to NW lakes at the same distances. Metal concentrations for the NE lakes ranged from 2.2 to
135.0 pg/g for arsenic (median: 17.1 pg/g), 0 to 3.5 pg/g for antimony (median: 0.3 pg/g), and 0.8 to 11.3
pa/g for lead (median: 5.0 pg/g). Concentrations of arsenic, antimony, and lead were higher at NE20 (As
median: 27.8 pg/g, Sb median: 0.2 ug/g, Pb median: 7.4 ug/g) than at NE40 (As median: 9.0 pg/g, Sb
median: 0.4 pg/g, Pb median: 2.5 pg/g). At the NE lakes, background concentrations of arsenic ranged
from 2.2 to 27.9 pg/g (median: 18.6 pg/g) and background antimony concentrations ranged from 0 to 0.2
Mg/g (median: 0.2 pg/g). Maximum concentration of arsenic, antimony, and lead at NE lakes occurred at

depth and aligned with or post-dated the 1950s.
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3.3. Enrichment factors

Enrichment factors for the NW near-field lakes (NW10-40) ranged from 1.1 to 62.7 for arsenic (average:
7.0) and 1.2 to 44.8 for antimony (average: 11.1; Figure 4). Based on categories identified by Birch
(2017), 8 % of arsenic samples in near-field lakes were pristine, 35 % were minimally enriched, 21 %
were moderately enriched, 24 % were considerably enriched, and 10 % were severely enriched (Figure 4).
For antimony, 2 % of samples were pristine, 15 % were minimally enriched, 21 % were moderately
enriched, 21 % were considerably enriched, and 40 % were severely enriched. There was evidence of
enrichment above the pre-industrial baseline (EF >1.5) across all near-field study lakes for both metals in
sediments deposited during the period of peak emissions (1950s). Consistent with stratigraphic profiles in
near-field lake metal concentration data, the greatest enrichment occurred in the uppermost sediment
layer, with the exception of NW40 where antimony enrichment was greatest during the 1950s. While
there is a sharp gradient in the degree of arsenic enrichment at near-field lakes with distance from Giant
Mine, enrichment of both arsenic and antimony began to occur well before the onset of mining operations
at near-field lakes and is evident as early as the 1700s at lake NW20 because of post-depositional

mobility downward in the sediment core record (Leclerc et al. in review).

At the NW far-field lakes, arsenic enrichment factors ranged between 0.8 and 15.2 (average: 5.1; Figure
4). Approximately 21 % of samples were identified as pristine, 18 % were minimally enriched, 16 % were
moderately enriched, 27 % were considerably enriched, and 18 % were severely enriched. Enrichment of
antimony at far-field sites ranged from 1.3 to 24.8 (average: 8.1). For antimony, 3 % of samples were
pristine, 21 % were minimally enriched, 10 % were moderately enriched, 33 % were considerably
enriched, and 33 % were severely enriched. Three of four far-field lakes became enriched in arsenic
during the period of peak mine emissions, and all lakes experienced enrichment in antimony at this time.
The greatest degree of arsenic and antimony enrichment occurred during or after (~ 30 years) the
introduction of pollution abatement measures. Prior to the 1950s, most lakes appear to have experienced

some antimony enrichment (NW50, NW60, NW70) while only NW60 experienced arsenic enrichment.
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Enrichment factors for arsenic and antimony in uppermost sediments of the far-field lakes have returned

to pre-industrial values.

For the NE lakes, enrichment factors for arsenic ranged from 1.2 to 8.4 (average: 4.2) and 2.0 to 34.5 for
antimony (average: 14.7). With regards to arsenic, 7 % of samples were identified as pristine, 17 % were
minimally enriched, 41 % were moderately enriched, and 34 % were considerably enriched. There was no
evidence of severe arsenic enrichment along the NE transect. For antimony, 7 % of sediment samples
were minimally enriched, 3 % were moderately enriched, 18 % were considerably enriched, and 71 %
were severely enriched. The greatest degree of arsenic and antimony enrichment aligned with or post-
dated the 1950s. After the 1950s, arsenic and antimony enrichment declined. Both NE20 and NE40
appear to have experienced some arsenic and antimony enrichment prior to the onset of gold mining in
the region, likely due to post-depositional downward mobility. EF values decline towards the surface of
these cores and approach the pre-industrial state (EF of 1). In comparison to NW lakes at equivalent
distances (NW20, NW40), the degree of enrichment of arsenic and antimony at NE20 and NE40 was

comparable.

3.4. Excess metal inventories

Excess metal inventories demonstrated deposition of anthropogenic arsenic and antimony at all study
lakes at least as far as 80 km to the northwest and 40 km to the northeast (Figure 5). Spatial trends of
excess inventories of arsenic and antimony were comparable across each of the three groups of lakes and
ranged from 17 to 6929 mg/m? for arsenic (average: 1404 mg/m?) and from 2 to 82 mg/m? for antimony
(average: 18 mg/m?). The amount of excess inventory at each lake was generally associated with distance

from Giant Mine and wind direction and is further described below according to lake group.

The inventory of excess arsenic at NW near-field lakes (average: 3076 mg/m?) was on average 9 times
that of far-field lakes (average: 342 mg/m?) and at least 16 times that of NE lakes (average: 182 mg/m?).
A similar trend was evident for antimony with near-field lake excess inventories (average: 34 mg/m?)
substantially exceeding both far-field (average: 8 mg/m?) and NE lake excess inventories (average: 5
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mg/m?). On the NW transect, arsenic excess inventories were greatest at lakes NW10 (4826 mg/mg?) and
NW20 (6929 mg/m?) and decreased with distance from Giant Mine (NW70: 17 mg/m?; NW80: 120
mg/m?), with the exception of NW50 (995 mg/m?). Apart from lakes NW30 (30 mg/m?) and NW50 (18
mg/m2), inventories of excess antimony displayed a similar decline with increasing distance from Giant
Mine (NW10: 82 mg/m? vs NW80: 2 mg/m?). On the NE transect, total inventories of excess arsenic
decreased markedly from NE20 (318 mg/m?) to NE40 (46 mg/m?) and was similarly reflected by
inventories of excess antimony (NE20: 7 mg/m? vs NE40: 3 mg/m?). Excess inventory of As at NE20
(318 mg/m?) was less than 20 times at NW20 (6929 mg/m?) and less than 2 times at NE40 (46 mg/m?)
compared to NW40 (117 mg/m?). Transect differences in excess antimony deposition were less
pronounced, but NE inventories of antimony (range: 3-7 mg/m?, average: 5 mg/m?) were ~ 2-3 times less

than at the NW lakes at equivalent distances (range: 7-19 mg/m?, average: 13 mg/m?).

4. Discussion

4.1. Delineating the footprint of legacy mining emissions

Stratigraphic records revealed evidence of anthropogenic deposition of arsenic and antimony at all study
lakes and were quantified using enrichment factors and total excess metal inventories. The co-deposition
and similar stratigraphic patterns of arsenic, antimony, and to a lesser extent lead in sediments reinforces
the notion that enrichment of metals in sediments of these lakes are the product of emissions from Giant
and Con mines rather than from the chemical weathering of bedrock or some other source. Measurement
of dissolved arsenic concentrations in surface waters of lakes of the NW transect reported in Leclerc et al.
(in review) are consistent with findings of other researchers in the area and similarly identified a 30 km
zone (NW10-30) of ‘immediate influence’ from the mines (Galloway et al. 2012; 2015, Palmer et al.
2015). Yet, maximum concentrations and the enrichment of arsenic and antimony in sediment at lakes
beyond 30 km, where preserved at depth, align reasonably well with the operational history of the mines

and particularly peak emission release in the 1950s.
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At NW far-field and NE lakes, arsenic and antimony concentration profiles are characteristic of an
isolated anthropogenic event. Sharp decreases towards the sediment surface in arsenic, antimony, as well
as lead may reflect the introduction of pollution abatement measures at Giant Mine. Minor observed
‘lags’ in the sediment record between peak emission release and the recorded atmospheric deposition of
mining-derived metals at NW far-field and NE lakes, such as the timing of peak arsenic, antimony, and
lead concentrations at NE20 (~ 1960 CE), are likely explained by a combination of the element’s post-
depositional mobility due to transport and reactions, uncertainties associated with the age model, and the
delayed delivery of metals from the surrounding catchment to the lake bottom (Martin and Pederson
2002). Although determination of the pre-industrial background used as part of enrichment factor and
excess inventory calculations was conservative, given that arsenic can undergo post-depositional
mobility, it remains possible that concentrations were redistributed through the sediment column and
confound estimates of enrichment, particularly at NW20 and NW40 (Leclerc et al. in review).
Nonetheless, sediment metals concentration data and excess inventories in this region illustrate a clear
signal of Giant and Con mine emissions that dispersed at least as far as 80 km to the northwest and 40 km
to the northeast; a conclusion that is supported even without the use of enrichment factors (Figure 3).
Furthermore, the same conclusion is drawn from excess As inventories derived after inverse diagenetic
modelling of the sediment core records along the northwest transect (Leclerc et al. in review). Based on
our results, the degree of enrichment and excess inventories of arsenic and antimony, which we attribute
to emissions from Giant and Con mines, have been strongly influenced by two factors: 1) distance from

the former Giant Mine roaster stack and 2) wind direction.

The degree of enrichment and excess inventories of arsenic and antimony at each lake generally declined
with distance from the mines along both NW and NE transects (Figures 4, 5). Enrichment ranged from
minimal to severe during the 1950s and was greatest in NW near-field lakes, followed by NW far-field
and NE lakes. This pattern was similarly reflected by excess inventories, with the largest quantity of

arsenic and antimony deposited closest to the mines (NW10, NW20, NE20) and the smallest at more
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distal locations (NW70, NW80, NE40). Within the three lake groups, similar decreases in degree of
enrichment and excess inventories were observed with increasing distance. Minor exceptions to these
trends are observed between near- and far-field lake groups and are most evident at lake NW50, which is
considerably larger and deeper than all other lakes along the transect (Table 1). With respect to NW near-
field lakes and NE lakes, results of our sediment metal analyses are largely in agreement with findings of
other researchers. Consistent with studies of contemporary surface water (Palmer et al. 2015, Houben et
al. 2016), surficial sediment (Galloway et al. 2012; 2015), and soils (Jamieson et al. 2017, Galloway et al.
2018), solid-phase and dissolved arsenic concentrations were highest closest to Giant Mine. Our near-
field results also support the findings of other paleolimnological analyses in the Yellowknife region that
have identified widespread contamination from gold mining in the area (Thienpont et al. 2016, Schuh et
al. 2018, VVan Den Berghe et al. 2018, Cheney et al. 2020). However, past studies have been limited to the
near-field region of Yellowknife and the surrounding area and have identified a ‘zone of immediate
influence’ within 5 km (Van Den Berghe et al. 2018), 17 km (Palmer et al. 2015, Houben et al. 2016), 20
km (Sivarajah et al. 2020), 24 km (Pelletier et al. 2020), 30 km (Galloway et al. 2018), and 40 km
(Cheney et al. 2020) of Giant Mine. Conversely, NW far-field lake sediment records presented here
demonstrate that emissions from the mines are present on the landscape at distances well beyond 40 km
and following the 1950s resulted in considerable to severe metal enrichment at least as far as 80 km in the

prevailing wind direction.

Lake sediment records on the northwest and northeast transects effectively illustrated that deposition of
mining-derived metals was strongly dictated by wind direction, in addition to distance from the mines.
Much like the NW far-field lakes, stratigraphic records of NE lakes (NE20, NE40) exhibited sharp
increases in all three metals during and shortly after the 1950s with enrichment ranging from moderate
(arsenic) to severe (antimony). However, in comparison to lakes in the northwest at the same distances
(NW20, NW40), the total inventory of excess arsenic and antimony at NE20 and NE40 was ~ 2-20 times

lower. Findings are consistent with studies of Palmer et al. (2015) and Galloway et al. (2018) that
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identified lakes downwind along the prevailing wind direction from Giant Mine exhibited the highest
dissolved arsenic concentrations in their surface water and surface sediments. However, the presence of
excess arsenic and antimony at lakes to the northeast indicates that lakes in the non-dominant wind
direction were not exempt from mining emissions and aligns with paleolimnological data reported by
Cheney et al. (2020). Additionally, given the mass of arsenic and antimony deposited in excess at NW80,
79 km NW of Giant Mine (As: 120 mg/m?, Sh: 2 mg/m?) and NE40, 41 km NE of Giant Mine (As: 46
mg/m2, Sh: 3 mg/m?), it is likely that emissions released from Giant and Con mines extended beyond an
80 km NW and 40 km NE radius. These results, as well as arsenic enrichment found in a lake in the Slave
River Delta located 140 km southeast of the mines (MacDonald et al. 2016), suggest that atmospheric
deposition likely occurred on the landscape beyond these distances and in directions not yet fully

explored.

Across all lake sediment records, excess arsenic was an order of magnitude greater than excess antimony.
Similar observations were made by Cheney et al. (2020) where lake sediment records in the non-dominant
wind direction exhibited smaller increases in antimony in comparison to arsenic. Given that atmospheric
residence times of arsenic and antimony have been estimated to be similar (4-10 days and 7-14 days,
respectively; Han et al. 2003, Tian et al. 2014, Wai et al. 2016, Herath et al. 2017, Wiklund et al. 2020),
such a phenomenon is likely explained by the proportionally smaller release of antimony in comparison to
arsenic from the roaster stack (SRK Consulting Engineers and Scientists 2002, Bromstad et al. 2017).
Additionally, because lead was released in much smaller quantities than both arsenic and antimony (SRK
Consulting Engineers and Scientists 2002) and deposition of lead from fossil fuel combustion in the
1960s was widespread, it is not surprising that the trend of decreasing concentrations with distance is less
pronounced for lead than other metals. While it is possible that the Giant and Con mine signal in the lead
record has been modified by the introduction and subsequent ban of leaded gasoline in North America
(Peter and Wozniak 2001), the comparable depositional history of all three metals at most lakes across the

two transects suggests influence of lead from gasoline combustion was minimal.
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4.2. Influence of catchment and diagenetic processes on metal stratigraphic profiles

The depositional histories and stratigraphic profiles for arsenic and antimony concentrations varied
systematically across the three lake groups. Arsenic and antimony concentrations increased towards the
top of the sediment cores at NW near-field lakes, while maximum concentrations occurred at depth at
NW far-field and NE lakes, forming distinctive down-core peaks in close agreement with, or post-dating,
maximum emissions during the 1950s (Figure 3). There are at least three possible explanations for the
differences observed in arsenic and antimony concentration profiles across the three lake groups: 1)
ongoing supply from the catchment and within-lake lateral transport of arsenic and antimony is greatest
closest to the mine, 2) post-depositional mobility of arsenic and/or antimony has occurred, or 3) a

combination of 1) and 2).

Proximity to the mines, which has long been identified as the key determinant for metal enrichment in
lakes in the region (e.g., Hocking et al. 1978, Wagemann et al. 1978, Galloway et al. 2012; 2015, Palmer
et al. 2015, Jamieson et al. 2017) and demonstrated by results presented here, is likely also a determinant
of metal enrichment in the terrestrial environment. Ongoing supply of metals, delivered to the land by
aerial mining emissions in the 1950s and subsequently mobilized via catchment erosion, has been
identified as a potential explanation for the persistence of metal enrichment in near-surface lake
sediments, particularly in the extensively-studied 30 km radius of the mines (Thienpont et al. 2016, Schuh
et al. 2018; 2019, Pelletier et al. 2020). A possible mechanism for the rising concentrations is greater
runoff and catchment erosion, which may have accelerated under a warming climate and more frequent
wildfires (Wang et al. 2015, Abraham et al. 2017, Giesler et al. 2017, Pelletier et al. 2020b). Given that
As concentration in the sediment cores does not exhibit relationships with lithogenic elements, we
speculate that As delivered by this pathway may be in dissolved form, possibly associated with influx of
dissolved organic matter (Audette et al. 2020). Mining-derived metals may also be supplied via lateral
movement of sediment from shallow to deep parts of the basin (Schuh et al. 2018; 2019). However,

focusing factors of <1 at near-field lakes NW10, NW20, and NW30 (Figure 2) do not support this as a
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possible mechanism. In contrast, NW far-field and NE lake catchments may have rapidly exhausted their
lesser supplies of terrestrial legacy metals, which allowed for preservation of peak concentrations
approximately contemporaneous to peak emissions in these stratigraphic records. Despite being located at
distances equivalent to near-field lakes NW20 and NW40, northeast lakes NE20 and NE40 may have
similarly exhausted their comparatively smaller terrestrial supply of legacy metals because of lower
supply of pollutants to the landscape in non-dominant wind directions. Mining-derived metals at the
sediment surface were also identified by Schuh et al. (2018) in lakes ~ 5 km from Giant Mine and were
determined to be due in part to terrestrial loading from the surrounding catchment. Southwest of the mine
in Yellowknife Bay, legacy metals (particularly lead) have similarly accumulated at the sediment surface
and are likely to have originated from the terrestrial environment or other regions of the Bay (Pelletier et

al. 2020).

Mobility of arsenic, and to a lesser extent antimony, in lake sediments has been well documented
(Mudroch et al. 1989, Martin and Pederson 2002, Smedley and Kinniburgh 2002, Couture et al. 2010,
Fawcett et al. 2015, Van Den Berghe et al. 2018, Miller et al. 2019). However, given that lead is
considered immobile in lake sediments (Outridge and Wang 2015, Thienpont et al. 2016, Pelletier et al.
2020) and was also emitted from the Giant Mine roaster, we can use the similarities and differences
among the three metals to gauge the influence of post-depositional mobility on the stratigraphic profiles.
For example, the parallel concentrations of arsenic, antimony, and lead at NW10-30 suggests that post-
depositional mobility is unlikely to have been a dominant cause of enrichment present in uppermost
strata. In contrast, at NW40, where trends of arsenic concentrations were consistent with those observed
at lakes NW10-30 (NW40 maximum: 0-1 cm, ~ 2016), the antimony record formed a distinctive down-
core peak in ~ 1960 (maximum: 2.35 ug/g, 5-6 cm) and behaved more similarly to NW far-field and NE
lakes. Given its relatively immobile nature in comparison to its more mobile co-pollutants, the lead record
at NwW40 (maximum: 7.06 ug/g, 5-6 cm) suggests that maximum arsenic concentrations found at the

sediment surface are the product of post-depositional mobility. Similar inferences can be drawn from lake
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NW20 where a deviation from the lead record by its otherwise parallel co-pollutants (arsenic, antimony)
may indicate post-depositional mobility has occurred. Our inferences of post-depositional arsenic
mobility in the stratigraphic records at NW20 and NW40 agree with reconstructions of diagenetic
processes over time via inverse reactive transport modelling (Leclerc et al. in review). For shallow lakes
in the region that become anoxic in winter, seasonal development of low oxygen concentration promotes
perpetual reductive dissolution of As that can lead to surface-sediment enrichment (Palmer et al. 2019),
which may be playing a role here, particularly at lakes NW20 and NW40. Additional research could
determine the influence of other factors that may influence metal deposition to sediments in lakes in the
region, including variation in sediment composition and grain size, deep-water oxygen concentration,
supply from surrounding wetlands, permafrost, and local surficial geology. However, these factors are
unlikely to explain the systematic stratigraphic patterns in metal concentrations with respect to distance

and wind direction.

5. Conclusions

Collection and analysis of lake sediment cores along two transects were used to identify the record of
near- and far-field deposition of metals from Giant and Con mine emissions in the dominant (NW) and
non-dominant (NE) wind directions. Enrichment in arsenic and antimony in lake sediment cores during,
and shortly after the 1950s, ranging from considerable to severe, demonstrate that emissions from Giant
and Con mines were dispersed at least as far as 80 km in the NW and 40 km in the NE. Concentrations of
these metals (as well as lead) decreased with distance from Giant Mine and are in agreement with existing
literature on mining impacts in the near-field region (Hocking et al. 1978, Wagemann et al.1978, Palmer
et al. 2015, Jamieson et al. 2017). However, comparison of lakes in the NE to lakes in the NW at the same
distance revealed that the amount of excess arsenic was at least twenty times that of NE20 at NW20, and
at least twice that of NE40 at NW40. Given the quantity of excess arsenic and antimony found at lakes

NW80 (As: 12 mg/m?, Sh: 2 mg/m?) and NE40 (As: 46 mg/m?, Sh: 3 mg/m?), located farthest from the
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mine along each transect, pollution from Giant and Con mines is unlikely to be limited to the NW or NE

and is expected to be present in all wind directions at distances beyond those explored here.

Stratigraphic profiles of arsenic, antimony, and lead at lakes in the NW near-field region suggest enriched
metal concentrations found closest to the sediment surface are likely sourced from legacy stores in the
surrounding terrestrial environment and lake sediments, and that supply of metal pollutants remains
ongoing. Lakes located farther away (NW far-field) and in the non-dominant wind direction (NE), in
contrast, have exhausted their lesser supply of terrestrial legacy metals and, in turn allowed the period of
maximum emission release in the 1950s to become well-preserved in the lake stratigraphic records. As a
result, legacy pollution continues to affect lakes at present in the near-field region where terrestrial and

lake sediment sources of legacy metals are more abundant.

The paleolimnological records were instrumental to furthering knowledge of the spatial footprint of
mining emissions in this region. Results suggest that future research should aim to characterize terrestrial
stores of legacy metals to better understand processes governing the movement of legacy metals from
terrestrial to aquatic systems. Confounding impacts from late 20" century climate warming, such as
changes in precipitation and wildfire frequency, may accelerate transport of legacy metals and warrant
further study (Pelletier et al. 2020b). Systematic collection of lake sediment cores along transects and
their analysis may prove fruitful elsewhere to delineate environmental impact in locations where there is

an absence of real-time monitoring of point-source emission transport and deposition.
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Table 1: Select basin characteristics of study lakes to the northwest and northeast of Giant Mine. Lakes

are grouped into Near-field, Far-field, and Northeast.

Lake Coordinates (Lat., Long.) Distance from Giant Mine (km) Size (km?)  Depth (m)
Near-field

NW10 62.552889, -114.52625 10.5 0.21 1.5
NW20 62.608333, -114.605278 17.8 1.12 4.0
NW30 62.672278, -114.812028 29.8 0.08 3.0
NW40 62.738889, -114.958333 40.6 2.60 8.0
Far-field

NW50 62.825556, -115.009639 49.6 2.72 24.0
NW60 62.834694, -115.158417 55.7 1.56 3.5
NW70 62.951111, -115.367222 72.5 0.44 5.0
NW80 63.002056, -115.444528 79.0 0.08 7.0
Northeast

NEZ20 62.598334, -114.017256 20.9 1.05 10.6
NE40 62.705842, -113.682029 41.2 0.20 3.0
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Figure 1: Map showing locations of the study lakes relative to the ‘zone of immediate influence’ of Giant
Mine emissions identified by Palmer et al. (2015). Top-right inset provides a wind rose illustrating winds

that dominantly blow from southeast to the northwest in this region (Galloway et al. 2018, p.1674).
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871  Figure 3: Stratigraphic profiles of arsenic, antimony, and lead concentrations for lakes across the

872 northwest and northeast transects. Results are presented to 1500 CE where available. The period of peak
873  emissions is highlighted in yellow (i.e., 1950s) while the grey shaded areas represent the period identified
874  as background.
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879  Figure 5: Calculated excess metal inventories for arsenic and antimony at all study lakes. Metal

880 concentrations were focus-factor (FF) corrected and either increased (FF < 1: NW10, NW20, NW30,
881  NWA50) or decreased (FF > 1: NW40, NW60, NW70, NW80, NE20, NE40) the estimated excess metal
882 inventory. Top: arsenic and antimony inventories are shown according to distance from Giant Mine.
883  Bottom: metal inventories are shown relative to wind direction.



Highlights

o We analyze metals in sediment cores to track dispersal of legacy mine emissions

e Enrichment of As and Sb evident beyond known 30-km radius pollution zone

o Distance from source and wind direction influenced contaminant dispersal

e Enriched surface sediments within 30 km suggest ongoing delivery of legacy metals
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