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Abstract

Ore processing techniques used in Yellowknife’s largest mining operation, Giant Mine, is
responsible for the atmospheric release of approximately 20,000 tonnes of particulate arsenic
trioxide and other heavy metal(loids). This rapid deposition of heavy metal(loids) may have
caused ecological disturbances to aquatic food webs. Here we use 2!°Pb and !¥’Cs dated lake
sediment cores from 20 lakes within a 40km radius of Yellowknife to examine the spatial-
temporal distribution of arsenic, antimony and lead. Further, we model the toxicity of the
sediment to aquatic biota pre-, during, and post-mining using palaeotoxicity modelling,
enrichment factor assessment, and comparisons to national sediment quality guidelines. We
found that metal(loid) profiles in sediment peaked during the height of mining operations. These
peak metal(loid) concentrations were highest in lakes near the mine’s roaster stack, and
decreased with distance from the historic mine. Palaeotoxicity modelling of lake sediment
archives indicate that there is no significant difference in the mean predicted toxicity of pre- and
post-mining samples (p=0.14), however mining activities in the region significantly increased the
predicted toxicity of sediments to aquatic organisms during mining operations (p<0.001). In the
years since roasting processes ceased, the mean palaeotoxicity of all lakes has decreased
significantly (p<0.05), indicating a projected pattern of biological recovery. Importantly, some
lakes remain at an elevated risk, indicating that aquatic ecosystems in Yellowknife may continue

to have lingering effects on aquatic biota despite the closure of the mine two decades ago.
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1. Introduction

Global aquatic landscapes have been altered by natural resource extraction for centuries.
Aerial industrial emissions have left a legacy of heavy metal contamination that has inspired
scientists to reconstruct sedimentary geochemical signals to estimate the historic risk posed by
these emissions on the historic aquatic biota (de Castro-Catala et al., 2016; Kihlman and
Kauppila, 2010; Machado et al., 2017; Salonen et al., 2006; Tipping et al., 2006). Sediments can
be both a contaminant sink (Arsic et al., 2018; Aurilio et al., 1994; Vignet et al., 2014) or source
to the overlying water, depending on the physical and biological characteristics of the
environment (Tiquio et al., 2017). Following the deposition of a contaminant to the surface of a
lake, the contaminants sink and become buried in the sediment, where they are preserved in
natural sedimentary archives as fresh sediment layers collect above older layers. Several
environmental conditions including organic matter content, redox potential, and pH, regulate the
sequestration and release of these contaminant mixtures into overlying water bodies, which
subsequently influences the toxicity (Lari et al., 2017; Linnik and Zubenko, 2000). At sites of
legacy contamination, sites where contamination occurred before the onset of biomonitoring
regulations, the absence of biomonitoring data makes it difficult to identify ecological changes
attributed to contaminants from anthropogenic activity (Government of Canada, 1985).
Fortunately, lake sediment cores can be used as natural historical archives to infer the legacy
effect of historic mining to aquatic ecosystems (Doig et al., 2015; Korosi et al., 2017; Sprague

and Vermaire, 2018).

Methods to assess historical effects of industrial emissions on aquatic biota are under
development (Salonen et al., 2006). The emerging field of paleoecotoxicology aims to quantify

sediment-bound contaminants and compare them to reconstructed historic biological responses



using lake sediment archives and preserved sedimentary micro-fossils (Korosi et al., 2017).
Another method for examining mixture toxicity in lake sediments uses the Probable Effect
Concentration (PEC) of multiple metals of concern to create a PEC-Quotient (PEC-Q) which is
used to predict the overall toxicity of sediments (Ingersoll et al., 2001). Rippey et al. (2008) used
the PEC-Q method to develop a Tier I Sediment Ecological Risk Assessment of lake sediments
contaminated by metals and Persistent Organic Pollutants. Chapman et al. (1999) outlined a
tiered risk assessment approach and provided risk assessors with an initial screening tool to
identify sediment metal(loid) concentrations of biological concern. More recently, Rose et al.
(2018) applied the PEC-Q technique to time-constrained lake sediment records from waterbodies
across the UK to estimate the historic toxicity of lake sediment archives. This tiered approach to
risk assessment using the PEC-Q of time constrained lake sediment intervals provides regional
stakeholders with information on sediment quality and ecosystem health in lakes prior to, during,

and after mining activities.

In Canada, there are 1,131 of sites of metal(loid) contamination in sediments under federal
jurisdiction (Government of Canada, 2016). One of the largest remediation projects in Canadian
history (~900 million CAD remediation estimate (Indigenous and Northern Affairs Canada,
2012)) focuses on Giant Mine, a legacy gold mining operation in Yellowknife, Northwest
Territories, Canada. Yellowknife is home to approximately 20,000 people, which is 45 % of the
Northwest Territories total population (Statistics Canada 2016). In Yellowknife, large scale gold
mining operations began in the early 1930s with three gold mines established in the region. The
largest operation was Giant Mine, which opened in 1948 (Amuno et al., 2018), and roasted
arsenopyrite ore to liberate gold until 1999 (Andrade et al., 2010; Fawcett et al., 2015). The

roasting process released over 20,000 tonnes of the highly toxic particulate arsenic trioxide, in



addition to other mining-related metal(loid) contaminants, into the region surrounding the mine
(Jamieson, 2014). Emission control initiatives began in 1951, with the most effective control
being the baghouse facility built in 1958, which significantly reduced the aerial emission of
arsenic trioxide (Jamieson, 2014). Arsenic is known to be a human carcinogen (Mandal et al.,
2003), and is also known to induce toxic effects in aquatic biota (Cott et al., 2016; He et al.,
2009). The concern of human toxicity, coupled with the potential to impact aquatic biota, has
resulted in arsenic being considered an element of community concern in Yellowknife (Galloway

etal., 2015).

The legacy of gold mining in Yellowknife is evidenced on the landscape, as arsenic
concentrations in surface waters within 11km of Giant Mine exceed the World Health
Organization’s guideline for safe levels in drinking water and exceed the Canadian Council for
Ministers of the Environment (CCME) guidelines for the protection of aquatic life (Houben et
al., 2016). A public health advisory is issued to the City of Yellowknife restricting the
consumption of wild foods in areas close to the mine and advises against consuming water from
impacted lakes (Government of the Northwest Territories, 2016). Several studies have
characterized the legacy of mining in the Yellowknife region, with a focus on the distribution of
arsenic in regional surface waters and sediments (Galloway et al., 2017; Schuh et al., 2019, 2017;
Van Den Berghe et al., 2018). Recently, Sivarajah et al. (2019) examined surface sediments in
the region to determine the influence of multiple stressors on diatom population structure. To
date, no study has characterized the spatial extent of historic metal(loid) deposition in small
regional lakes as a result of mining emissions in the region, and background geochemical and

biological conditions have yet to be determined. Determining regional biological aquatic baseline



conditions was identified as an area of interest by the Northwest Territories Cumulative Impact

Monitoring Program as an objective of future research in the region (Palmer et al., 2015).

Yellowknife is a region of high cultural and historical importance for the Yellowknives
Dene First Nation, whose ancestors have a long history of occupation here. The lands
surrounding Yellowknife were traditionally used for sustenance, and the people inhabiting this
land today are affected by the legacy of mining contamination, often traveling long distances to
access country food sources free of contamination from the mines (Sandlos and Keeling, 2016).
There is little information available regarding the pre-mining concentrations of metal(loids) in
regional lakes. Therefore, a thorough assessment of the geogenic concentration of mining-
associated metal(loids) is needed to better understand the environmental impact of mining
development in the region. This study aims to estimate the toxicity of sedimentary records in
Yellowknife pre-, during, and post-mining by; (1) Investigating the temporal distribution of
arsenic, lead and antimony along a spatial gradient from Giant Mine, and (2) Calculating the
predicted toxicity of lake sediments influenced by historic mining activities in the region. This
work will expand the current understanding of metal(loid) dispersal from roasting activities and
will provide a more thorough understanding of the extent of mining-derived contamination of

lake sediments in the region through time.

2. Methods

2.1 Field Methods

This study was conducted in Yellowknife, Northwest Territories during the summers of
2014-2017. During this time, 20 sediment cores were extracted from lakes within a 40km radius
of Giant mine (Figure 1) using a Uwitec gravity corer (Mondsee, Austria). The lakes selected

represent a variety of lake types in the region, with most being small, shallow lakes, while



several other lakes are larger and deeper. These lakes were chosen based on their proximity to,
and direction from, Giant Mine. Based on the predominant wind direction, study lakes were
assumed to be downwind of the roaster stack if they were between the westerly and north-
northwesterly directions (112°-180°) (Galloway et al., 2017). Sampling was focused in the
northwesterly direction, and lakes sampled east of the mining operations were to be used as

unimpacted reference lakes.

Sites were accessed using a combination of helicopter and zodiac boat. A single core was
then extracted from the central basin of each lake. During the summer of 2015, all cores were
sectioned on site in 0.5 cm intervals using a modified Glew extruder (Glew, 1988). During the
2016 and 2017 sampling seasons, cores were sectioned under nitrogen-rich conditions at the
Taiga Environmental Laboratory in Yellowknife. Sediment samples were shipped on ice to the
laboratory where they were stored until analysis. Cores from the 2015 sampling season were
stored in the freezer, while cores from the 2016 and 2017 sampling seasons were stored in the

dark at 4°C.
2.2 Laboratory Methods

Select sediment intervals were freeze-dried and prepared for 2!°Pb analysis. Intervals
were prepared in Sarstedt polypropylene 8mL tubes, capped with clear epoxy, and equilibrated
for three weeks prior to analysis using an Ortec Gamma Spectrometer (Oak Ridge, TN, USA) at
the University of Ottawa. The chronology of the sediment cores was determined by calculating
the Constant Rate of Supply (CRS) model (Appleby and Oldfield, 1978) using supported 2!°Pb
concentrations. The CRS dates, obtained using ScienTissiMe (Barry’s Bay, ON, Canada), were
then validated using '3Cs, a radionuclide indicative of large scale nuclear weapons testing in

1963 (Appleby, 2001). Across the 20 lakes sampled, a total of 259 sediment intervals were



analyzed using aqua regia extraction, followed by Inductively Coupled Plasma-Mass
Spectroscopy (ICP-MS) analysis for total trace metal concentration by SGS Laboratories
(Lakefield, ON, Canada), which is a CALA (Canadian Association for Laboratory Accreditation
Inc.) accredited laboratory for measuring these elements in sediments (Method Detection Limits
presented in Table S2). Due to the redox-sensitive nature of some of the elements including in
this study, the less mobile element lead was used to assess the potential post-depositional
mobility of redox-sensitive elements in the sedimentary deposition profiles (Chen et al., 2003;

Nikolaidis et al., 2004; Town and Filella, 2002; Wang et al., 2012).

2.3 Statistical Methods

Based on both the dates produced by the CRS dating models, and estimations of timing
based on metal(loid) profiles for undated intervals, we grouped each sediment core interval into
three separate time treatment groups: pre (<1948), during (1948-1999), and post-mining (1999-
present). All statistical analyses, and palaeotoxicity quotients were quantified based on the means
calculated for these three time intervals. Individual metal(loid) concentrations were compared to
the CCME interim sediment quality guidelines (ISQG) for arsenic and lead, and the Upper
Effects Threshold (UET) for antimony. Arsenic, antimony and lead are known emission by-

products from roasting activities.

Using the method outlined by Garcia-Ordiales et al. (2017), we calculated the arsenic,
antimony, and lead enrichment factor (EF) for each sediment interval analyzed. Enrichment
factors are often used in paleolimnological investigations to distinguish between
anthropogenically derived, and catchment derived inputs for the compound of interest (Machado
et al., 2017). The lithogenic reference metal titanium was used to normalize the influence of

terrigenous catchment input on each sediment interval (Boés et al., 2011), as seen in Equation 1.



EF:(Cx/TiRef)Sample/(Cx/TiRef)Background ( 1 )

Here the corrected enrichment factor for each metal is calculated based on the concentration of
the metal(loid) (Cx) using the sampling and background intervals. The oldest analyzed sediment
interval for each core was used as the background concentration in this equation. Cx is corrected
by the concentration of titanium in the corresponding sample and background sediment interval
(Tirer). Enrichment factors are interpreted according to the five-category system proposed by
Sutherland (2000); (1) EF <2 no, or minimal pollution is present, (2) EF 2-5, moderate
pollution is present, (3) EF 5-20, a significant pollution signal is present, (4) EF 20-40, A very

strong pollution signal is present, and (5) EF>40, an extreme pollution signal is present.

Data were log-transformed prior to statistical analysis to meet the assumption of
normality for parametric tests. The Levene test was used to assess the homogeneity of variance
between groups prior to analysis. Then, an analysis of variance (ANOVA) was used to determine
if the mean concentrations of arsenic, antimony and lead measured in the three treatment groups
were statistically different. The ANOVA was followed by the Tukey post-hoc test. In cases
where the Levene test was violated, the ANOVA test was replaced by the non-parametric

Kruskal-Wallis test, followed by the Dunn post-hoc test.

An analysis of covariance (ANCOVA) was used to determine if there was a relationship
between the measured metal concentrations (arsenic, antimony, and lead) in each group and the
distance or wind direction from the roaster stack to the sampling site. Interaction between the
two independent variables was also tested. The distance and angle between the roaster stack and
the core sample were calculated in ESRI’s ArcGIS 10.6.0. In the analysis, lakes were separated
into two discrete groups, in the predominant wind direction (112-180°) and not in the

predominant wind direction. The model residuals were assessed for normality, linearity, and



homoscedasticity using the Shapiro-Wilk test, the Breusch-Pagan test, and the reset test

respectively.

The risk of lake sediments pre, during, and post-mining to aquatic biota was calculated
using the palaeotoxicity method outlined by Rose et al. (2018). This method calculates the
Probable Effect Concentration Quotient (PEC-Q) for contaminated sediments according to

Equation 2.

[Ms]

PEC-Q= — ! ()

Here [M;s] is the metal(loid) concentration in the interval of interest, PECw is the PEC of the
metal, and 7 is the number of PEC’s included in the calculation. PEC’s are derived using
experimental evidence following spiked sediment toxicity tests of benthic and pelagic organisms
(Rose et al., 2018). This method allows for the quantitative assessment of total metal(loid)
concentration in the sediment sample, without further analyzing the sample with methods of
bioavailable fractionation. When evaluating the toxicity of a mixture, the higher the mean
palaeotoxicity quotient, the more likely it becomes that the concentration of contaminants
present in the sample would induce negative biological effects (Rippey et al., 2008). Results
were categorized into; “no biological effects predicted” for palaeotoxicity quotients less than 0.5,
“biological effects possible” when the mean palaeotoxicity quotient is between 0.5 and 2.0, and
“biological effects probable” when the mean palaeotoxicity quotient is greater than 2.0 (Rose et
al., 2018). ANOVA was used to assess the significance of the relationship between
palaeotoxicity quotient and time period, and ANCOVA was used to determine the influence of

direction from the roaster stack as well as the predominant wind direction. The PEC’s used in



this analysis are the consensus based guidelines proposed by Macdonald et al. (2000), and are

provided in Table S1.

All statistical analyses were completed in R 3.5.2 (R Core Development Team, 2017)
using the packages /mtest (Hothorn et al., 2018), car (Fox et al., 2018), and Imperm (Marco
Torchiano, 2016). Plots were created using ggplot2 (Wickham et al., 2019). All mapping was

completed in ESRI’s ArcGIS 10.6.0 (ESRI ArcGIS Desktop, 2011).
3. Results

The majority of the sediment cores date back 100 years or more, with the exception of
YKW-1 and BC-24, which are both limited to the past 85 years (Figure S1). Summary statistics
for arsenic, antimony, and lead in each lake pre, during and post-mining are presented in Table 1.
With the exception of two lakes, YK-60 and BC-18, the concentration of arsenic in all lakes
examined shows an increase in concentration that coincides with the CRS modelled date of
mining operations when compared to background arsenic concentrations (peak arsenic
concentration: 6.3 ug g'! dw to 15000 ug g! dw). A similar trend is seen in both antimony and
lead, where peak concentrations range from below the Method Detection Limit (MDL) to 350 ug
gl dw and 4.1 to 64 ug g'! dw respectively. In YK-60 and BC-18, the highest arsenic
concentration occurs at a time corresponding to before mining operations began in the region,
according to the CRS dating model. Individual profiles of arsenic, lead, and antimony deposition

through time can be found for each lake in Figures S5-S7.

With the exception of three lakes, BC-36, YKE-1, and Small Lake, all lakes sampled
were above the arsenic interim sediment quality guidelines (ISQG) of 5.9 ug 'g dw (Canadian

Council of Ministers of the Environment, 2001) prior to the onset of mining operations. During



mining, all lakes sampled exceeded the arsenic ISQG. Following the cessation of mining
activities, sediments from BC-36 and YKE-1 returned to concentrations below the arsenic ISQG;
however, the arsenic concentration of Small Lake remained elevated above the CCME ISQG for
arsenic (Figure S2). All lakes were below the lead ISQG prior to mining while two lakes
exceeded the lead sediment quality ISQG guideline of 35 ug g'! dw during mining (YK-42 and
YK-11). The lead guideline was exceeded in one post-mining sample at David Lake, and one at
YK-42 (Figure S3). Before mining, 13 lakes contained at least one sediment interval that was
above the Upper Effects Threshold (UET) of 3 ug g*! dw for antimony (Buchman, 2008). The
UET for antimony was exceeded in 14 of the lakes during mining. After mining, the same lakes
that were above the UET for antimony remained elevated, with the exception of Duckfish Lake,

whose antimony sedimentary concentration was at the UET of 3 pg ¢! dw (Figure S4).

All the lakes are enriched in arsenic, lead, and antimony; however, the degree of
enrichment varies between lakes (titanium corrected enrichment profiles of arsenic, lead and
antimony through time can be found for each lake in Figures S8-S10). Lakes closer to the mine,
as well as lakes in the predominant wind direction have higher titanium corrected enrichment
factors than lakes further from the mine in the opposing wind direction. Peaks of enrichment also
generally coincide with the time of uncontrolled emissions at Giant Mine (1948-1951) except for
lakes BC-18 and Alexie, where arsenic enrichment peaks occur in the sediment interval analyzed
prior to the predicted CRS date corresponding to peak emissions (Figure S8). The arsenic
enrichment peak for Fiddlers peaks in the uppermost sediment interval (Figure S8). Lead
enrichment peaks during mining activities in all lakes sampled, except Vital and YKE1, where
lead enrichment peaks in the interval prior to the during mining CRS modelled dates. In some

lakes, there is evidence of some lead enrichment occurring before the onset of mining in the



region (Figure S9). Antimony is enriched in all lakes, and the peak of enrichment corresponds to
the increase in mining activity in the region (Figure S10). In BC-36, titanium corrected antimony
enrichment peaks in the uppermost layer of the sediment core (Figure S10). The maximum
enrichment factor for each metal is displayed in Figure 3 as a percentage of the total number of
lakes sampled. Extreme pollution is indicated by enrichment levels in 5 of the lakes for arsenic
(25%), and 4 of the lakes for antimony (20%). Extreme pollution is not indicated by the
enrichment of lead in any of the sampled lakes, however, 7 lakes (35%) indicate significant

enrichment of lead.

The ANOVA, and Kruskal-Wallis test, results indicate that there is a significant
difference between the mean arsenic (F2256=11.16, p-value <0.001), lead (Chi square=61.62, p-
value <0.001, df=2), and antimony (Chi square=25.25, p-value <0.001, df=2) concentrations in
the three time periods (Figure 2). The Tukey post-hoc test indicates that the mean arsenic
concentration in the sediment is 4.22 ug g"! dw lower pre-mining when compared with during
mining (adj. p<0.001)) and the mean arsenic concentration in the sediment is 2.40 ug g! dw
lower post-mining when compared with during mining (adj. p-value=0.014). There was no
difference between the average arsenic concentration in pre-mine and post-mine samples (adj. p=
0.16). The Dunn post-hoc test indicates that the concentration of lead deposited in the sediment
pre-mining was 1.95 ug ¢! dw lower than lead deposited in the sediment during mining (adj.
p<0.001) and the mean lead concentration in the sediment is 1.54 ug g'! dw lower post-mining
when compared with during mining (adj. p-value<0.05). While the mean concentration of lead in
current sediments is lower than peak mining concentrations, it is still 1.73 ug g! dw higher than
pre-mining concentrations (adj. p-value<0.001). The Dunn post-hoc test indicates that the

antimony concentrations in the pre-mining sediment were 1.76 ug g'! dw lower than during



mining sediments (adj. p<0.001). The difference in the antimony sediment concentration post-
mining and during-mining was marginally statistically different (adj. p=0.08), where the
concentration post-mining is 1.40 ug g"! dw lower than during mining. Similar to lead, the
concentration of antimony in current sediments has not returned to pre-mining concentrations

and is currently 1.50 ug g'! dw higher than pre-mining values (adj. p= 0.02).

ANCOVA results show the interaction between the treatment group and log distance was
approaching significance at an a = 0.05 (F2, 2534=2.34, p=0.098) when predicting total arsenic.
Similarly, there is also an interaction between the treatment group and the predominant wind
direction, which approached significance (F 2, 253=2.85, p=0.059). Consequently, both wind
direction and distance from the roaster stack influence the concentration of total arsenic
measured. The degree of influence depends on whether the concentration was measured pre-,
during, or post-mining. The interaction between the mining group and the predominant wind
direction was significant for total lead (F(2, 253=1.03, p<0.001) but is insignificant for total

antimony (F(2, 253y=1.89, p=0.15). The non-homogeneity of the slopes can be seen in Figure 4.

The main effect of the ANCOVA for total arsenic is presented in Table 2. All variables
and groups are significant in this model. The slope is steepest during mining, followed by post
mining, and then pre-mining. The log distance from the roaster stack is inversely related to total
arsenic concentration. Lakes sampled in the predominant wind direction had higher
concentrations of total arsenic than lakes sampled in the non-predominant wind direction.
Overall, these variables explain 70% of the variance. Of this variance explained, distance
explained the most variance (partial-R?=0.60), followed by predominant wind direction (partial-

R?=0.24), and time group (partial-R?>=0.18).



The main effect of the ANCOVA for total lead is shown in Table 3 and antimony is
shown in Table 4. Similar to arsenic, all variables and groups are significant in these models. The
slope estimate is smallest pre-mining, highest during mining, and the slope post mining is
between that of pre and during mining. The log distance from the roaster stack is inversely
related to total antimony and to a lesser extent total lead concentration. Lakes sampled in the
predominant wind direction also had higher concentrations of total arsenic than lakes sampled in
the non-predominant wind direction. These variables explained 40% of the variance in total lead,
and 68% of the variance in total antimony. The time group explained most of the variance
(partial-R?=0.27), followed by distance (partial-R?>=0.14), and wind (partial-R>=0.08) in the
variance of total lead. The distance explained most of the variance (partial-R>=0. 54), followed
by predominant wind direction (partial-R?>=0. 27), and time group (partial-R?>=0. 20) in the

variance of total antimony.

The predicted biological effect that the emissions mixture may have on biota in the lakes,
derived from the calculated mean PEC-Q pre, during, and post-mining for each sample lake is
shown in Figure 5. Prior to the onset of mining operations, the mixture of metal(loid)
concentrations measured in this study shows that 20% of the lakes sampled were at risk of
probable biological effects, and an additional 40% of the lakes indicate that biological effects are
possible. During mining operations, the number of lakes in which biological effects are probable
increases to 55%, with a further 15% of lakes indicating biological effects were possible. In the
post-mine period 30% of the total number of lakes studied indicate that biological effects are
probable, and an additional 35% indicate that biological effects are possible. Further, all of the
lakes in which biological effects are possible or probable pre, during, and post-mining are within

20km of the Giant Mine roaster stack.



The PEC-Q decreases as the distance from the roaster stack increases (Figure S11).
ANOVA analysis of the log palaeotoxicity quotient between the three time periods indicates that
the mean log palaeotoxicity quotient in sediments deposited during mining is significantly higher
than sediments deposited pre-mining (p-value <0.001) and post-mining (p <0.05) (F2,256=11.66,
p-value <0.001) (Figure S11). The Tukey post-hoc testindicates the palaeotoxicity quotient of
sediments deposited during mining are 3.2 and 2.2 times higher than those deposited pre- and
post-mining, respectively. There is no statistically significant difference in the log palaeotoxicity
quotient between sediments deposited pre and post-mining (p=0.14) (Figure S11). ANCOVA
analysis indicates time period, distance from the stack, and wind direction account for 17%,

53%, and 21% of the variance respectively.

4. Discussion

4.1 Metal Deposition in lakes surrounding Giant Mine

The results of this study indicate that the concentration of arsenic increased from
background levels in all regional lakes sampled during mining operations (Figure S5). The
concentrations of lead and antimony increased substantially in all lakes except Small Lake and
YKETI (Figures S6-7); these lakes do not lie in the predominant wind direction and therefore
were not as influenced by mining operations. Further, despite the flaws often cited in the use of
enrichment factors (Reimann and De Caritat, 2005), analysis of enrichment factors suggests that
metal(loid) inputs substantially influenced the potential sediment toxicity in our study lakes
during mining operations (Figure 3). These findings are supported by the PEC-Q of sediments
deposited during mining, which was significantly higher than in pre-mining sediments,
indicating mining had a significant impact on the potential toxic influence of sediments

deposited into the sampled lakes (Figure S11). Although previous investigations have reported



that arsenic concentrations in surface sediments are significantly higher within 11km of the Giant
Mine’s roaster stack (Galloway et al., 2017), our study shows that all lakes examined within the
40 km study radius show a measurable increase in the concentration of arsenic, antimony and
lead during mining operations. Thus the radius of impact from gold mining operations during the
peak emission interval was much larger than is currently indicated by surface water and surface

sediment analyses (Galloway et al., 2012).

There is a sharp decline in arsenic, antimony, and lead concentrations at each of the lakes
following the introduction of strict emission controls (1959) at Giant Mine, and metal(loid)
concentrations continue to decline inrecent sediments (Figures S5-S7). Current arsenic
concentrations in the surface sediments of regional lakes are not significantly different from
background values, while the concentrations of both antimony and lead in post-mining sediments
are still significantly higher than pre-mining values (Figure 2). The historic trends of legacy
metal(loid) sedimentary deposition we report in this study (Figures S5-S7) are consistent with
other lake sediment cores reflecting historic metal(loid) deposition in the region (Andrade et al.,
2010; Chételat et al., 2018; Schuh et al., 2017; Thienpont et al., 2016). Additionally, our findings
are consistent with other studies examining the anthropogenic impact of mining emissions in
lake sediment profiles worldwide (Doig et al., 2015; Leppénen et al., 2017; Punning et al., 2007).
The cores from David Lake and Fiddlers Lake do not follow this increasing then decreasing
metal(loid) concentration trend. The David Lake core shows multiple peaks of arsenic, antimony,
and lead concentrations throughout the depth of the lake sediment core (Figures S5-S7).
Examining the enrichment factors of antimony (1.01 + 0.22) and lead (2.68 + 1.04) at David
Lake (Figures S9-S10), reveals that the peaks are substantially less pronounced, and suggest

minimal enrichment (Sutherland, 2000). The enrichment of arsenic, however, continues to



increase in two main peaks and one sub-peak, suggesting possible post-depositional arsenic
mobility (Figure S8). Further analysis of arsenic speciation in sediment and porewaters is
required to confirm this hypothesis. At Fiddlers Lake, a sub-surface peak in arsenic
concentration was observed (Figure S5). Interestingly when the arsenic profile is compared to
lead (Figure S6) and antimony (Figure S7), which both peak during mining operations, we
observe that arsenic in this lake may be experiencing upwards post-depositional migration.
Similar sediment core trends with sub-surface arsenic peaks were observed by Schuh et al.
(2017) in shallow regions of larger lakes. Although the Fiddlers Lake sediment core was taken
from the centre of the lake, in the presumed deepest region, the bathymetry of the lake may have
been such that the centre of the lake was shallower than near-shore regions. Resultantly, the
arsenic depth profile reflects that of a shallow area within other large lakes of the region (Figure

S5).

According to CRS dating models, some lakes increase in arsenic concentration prior to
the onset of mining operations at Giant Mine in 1948 (Figure S5). This discrepancy may be due
several factors including; (1) The vertical diffusion and subsequent sequestration of arsenic
within sediment porewaters; (2) The physical mixing of sediments due to freeze-thaw cycles in
the region; (3) The biological mixing of metal(loids) throughout the core due to the activity of
benthic organisms; or (4) The error associated with CRS modelled dates (Boudreau, 1999).
Previous analysis of the geochemical movement of arsenic in regional sediment cores indicate
that post-depositional mobility of arsenic occurs, suggesting that the shifting arsenic peaks
observed by this study may be influenced by post-depositional arsenic mobility (Schuh et al.,
2017; Van Den Berghe et al., 2018). Analysis of arsenic diffusion in lake sediment porewaters,

and arsenic mineral hosting phases, on a spatial scale would be needed to draw further



conclusions about arsenic mobility in lakes within the region. Additionally, as lead is less mobile
in lake sediments than arsenic, due to its strong binding affinity to natural organic matter, it can
be used to more accurately trace the temporal deposition of mining-related contaminants in the
region (Town and Filella, 2002). Our results indicate that the concentration of lead increased in
all lakes during mining operations, and pre-mining lead concentration increases in regional lakes
were negligible (Figure S6). Modelling of the historic roaster emission plume, in conjunction
with determining the depth profiles of isotopic lead ratios in each lake would help to draw more
firm conclusions about historic spatial distribution of emissions from Giant Mine (Pelletier et al.,

2020).
4.2 Palaeotoxicity of deposited metals

As summarized in Table 1, prior to the onset of mining in the region, 90% of lakes
naturally exhibited mean arsenic concentrations greater than the CCME ISQG for freshwater
sediments, and 50% were above the site-specific regional guideline of 150 ug g'!. Further, the
mean antimony concentration exceeded the UEL in 55% of lakes studied pre-mining. Lead did
not exceed ISQG in any of the lakes sampled prior to the onset of mining operations.The
elevated mean pre-mining arsenic concentrations at many of the sites is indicative of natural
background arsenic concentrations in the region, which is within the range of 2-100 ug g’!
(Galloway et al., 2012). Specific arsenic concentrations for the regional bedrock types for lakes
in our study are; granitoid (2-90 mg kg™!), sedimentary (2-64 mg kg!), and volcanic (1-33 mg kg’
1 (Figure 5) (Galloway et al., 2015). Consequently, naturally elevated geogenic arsenic
concentrations in the region may have resulted in the natural adaptation of native aquatic biota to
be more tolerant to the toxic effects of arsenic, which would have served as a biological

advantage during the time of mining operations. Theinpont et al. (2016) reported a range of



multi-trophic biological responses in a lake heavily influenced by emissions from the Giant Mine
roaster stack. The study reported a functional loss of a group of primary consumers, the
Cladocera (Branchiopoda, Crustacea), following the onset of mining operations. However, more
pollution tolerant species of chironomid thrived during the time of mining, when high
concentrations of mining-associated metal(loids) entered the lake. Our study provides an initial
large-scale risk assessment of the spatial impact of historic gold mining on freshwater
ecosystems in Yellowknife, and estimates that other lakes in the region would have experienced
a shift in freshwater biotic populations historically, possibly similar to those experienced by

aquatic species reported in the Thienpont et al. (2016) study.

Sediment quality values, such as PEC-Q, have been used as a first-tier approach to
ecological risk assessment (Chapman et al., 1999; Rand and Schuler, 2009; Rippey et al., 2008).
Algae, the base of food webs in aquatic ecosystems, are keenly sensitive to metal pollution in river
ecosystems (Kuzmanovic et al., 2016), suggesting that cascading negative food web effects could
be seen in sites predicted to have major biological effects possible/probable, such as those reported
in this study. The predicted palaeotoxicity of lake sediments increased during the time of mining,
with PEC values in 90% of the lakes within Skm of the Giant Mine roaster stack indicating that
significant biological effects were probable (Figure 5). Prior to mining, 40% of these lakes
indicated significant biological effects were probable. The biological effect also decreases as the
distance from the mine increases (Figure S11). Although biomonitoring data are not available prior
to mining, several Yellowknife lake surveys completed during the height of mining operations in
the 1970’s indicated a decrease in water quality in lakes near Giant and Con Mines. A survey of
the biological effects of Giant Mine tailings waste entering Yellowknife Bay, completed in 1973,

indicates that the mining waste induced acute toxicity in both fish and benthos, however, aerial



emissions to far-field lakes were not inspected in this study (Falk et al., 1973). Following this
investigation, Wagemann et al. (1978) observed that there was an absence of Pelecypoda,
Ephemeroptera nymphs, Amphipoda, and Hirundinea in two lakes directly influenced by Con
Mine. These observations are consistent with the predicted negative biological effects in lakes
sampled in the present study (Figures 5 and S11) and support the prediction that the biota of
freshwater ecosystems was negatively influenced by contaminants deposited during mining

operations.

Mean metal(loid) concentrations naturally above ISQG in the region indicate that lake
sediments were historically predicted to cause some biological effect to aquatic organisms even
before mining (Figure 5). When compared to regional geogenic baseline metal(loid)
concentrations reported in the literature (Galloway et al. 2015), baseline PEC-Q values for the
bedrock types examined in this study vary from 0.06-2.9. Although the bioavailability of the
metal(loids) used to calculate the PEC-Q is unknown, some lakes in our study may be naturally
above the biological effects probable threshold, and therefore natural regional adaptations to
metal(loid) toxicity may have evolved in some lakes. It is important to note that contaminants
deposited by regional gold mining did exacerbate this trend, and substantially increased the
estimated toxicity to aquatic biota in the region surrounding Giant Mine (Figure S11).
Additionally, our results do not address the issue of arsenic mobility, and therefore the mean
metal(loid) concentrations of redox-sensitive elements deposited during mining may be
influencing the pre-mining concentration used in this study, providing an inflated estimation of
pre-mining toxicological risk. However, the magnitude of the increase (Figure S11) should be
considered by regional stakeholders when interpreting the historical risk of lake sediments

deposited during mining. The toxic effect of mining modelled in this study extends beyond the



boundaries of the mine lease territory, with the greatestincrease in estimated biological effect
observed in lakes lying in the predominant wind direction, and close to the mine. Current
remediation efforts focus solely on the mine lease boundaries, however, the assessment of the
recovery of lakes outside the mine lease boundaries should be considered when assessing regional
ecosystem recovery from legacy mining emissions. Recovery in the predicted toxicity is evident
as time progresses, with several lakes being downgraded from probable effects in sediments
deposited during mining to possible effects in current sediments. However, a return to baseline
biotic conditions is not observed in all lakes sampled (Figure 5). The influence of confounding
variables, such as climate change, will also need to be considered during the recovery assessment.
For example, Sivarajah et al. (2019) examined regional surface sediment diatom populations and
concluded that complex factors, including climate change and to a lesser extent, mining influence,
were causing shifts in diatom population structure. These confounding variables will affect lake
ecosystem recovery, and may prevent the full recovery of regional freshwater systems to pre-

mining biological conditions.

One limitation of the PEC-Q method is that it does not consider the bioavailability of
metal(loid) mixtures to aquatic biota. However, the PEC’s themselves are derived from laboratory
exposures experiments and chemical datasets and are therefore arguably reflective of
environmental biological response (Macdonald et al., 2000). Without regional bio-monitoring data
prior to the onset of mining, biological response must be inferred from historical archives by
comparing the concentration of a contaminant, determined through chemical analysis, to
established benchmark values that are known to induce toxicity in aquatic biota. Developing real-

time toxicity tests using historic sediments as exposure media will strengthen the conclusions



derived from palaeotoxicity methods, such as PEC-Q’s, and have the potential to accommodate

the confounding variables of mixture effects and bioavailability (Korosi et al., 2017).

5. Conclusion

Our study provides the most extensive assessment of the impact of legacy of gold mining
operations on historic regional sediments in the Yellowknife region to date. We examined the
impact of historical gold mining operations on regional lake sediments, which has important
implications for assessing the legacy of gold-mining contamination in the region, and the recovery
of impacted lakes. Our results indicate that uncontrolled roaster emission releases at Giant Mine
resulted in the deposition of mining-related metal(loid) contaminants to aquatic ecosystems in all
lakes sampled, as far as 40 km from the mine. This radius is much greater than previously indicated
by surface sediment and water analyses. The implementation of emission controls effectively
reduced contaminant inputs to aquatic systems and resulted in a marked decrease in total
metal(loid) sedimentary concentrations. If bioavailable, the naturally elevated sedimentary
metal(loid) concentrations in several lakes in the region closest to the Giant Mine lease territory
may have impacted biota prior to the onset of mining. The bioavailability of these metal(loids),
and the subsequent biological effect should be explored in future paleolimnological studies to
differentiate the biological impact of legacymining operations from those of natural fluxes.
Assessing the recovery of regional aquatic ecosystems impacted by historic mine emissions is of
both cultural and economic significance. Information from this study can help inform policy
makers about the recovery of regional aquatic ecosystems to pre-impact biological conditions,
resulting in the promotion of positive human and environmental health outcomes in the future as
the continued access to and safetyof traditional foods is critical for the health and cultural well-

being of Indigenous People.
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Table 1. Summary statistics for arsenic, antimony, and lead concentration pre-, during and post-
mining for each sample lake. Samples in which the mean metal concentration is above the
Interim Sediment Quality Guideline (arsenic and lead), or the Upper Effects Threshold
(antimony) are highlighted in green. Samples that are above the Probable Effect Concentration
are in bold.
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Table 2. Summary of the slope estimate, standard error (Std. Error), and p-value for the arsenic
regression. The overall model p-value, degrees of freedom (DoF), and adjusted R?(Adj. R?) are

indicated.

}SEIS(‘Efnia to Std. Error ~ P-value
Pre-mining (Intercept)  3.22 0.10 <2e-16
During mining 0.56 0.08 2.32e-12
Post-mining 0.21 0.08 0.007
Log(Distance) -1.51 0.08 <2e-16
Wind 0.57 0.06 <2e-16
P-value <2.2e-16
DoF 254
Adj. R? 0.70




Table 3. Summary of the slope estimate, standard error (Std. Error), and p-value for the lead
regression coefficients. The overall model p-value, degrees of freedom (DoF), and adjusted R?
(Adj. R?) are indicated.

}SEIS(‘Efnia to Std. Error ~ P-value

Pre mining (Intercept)  0.95 0.05 <2e-16
During Mining 0.36 0.04 <2e-16
Post Mining 0.20 0.04 1.81e-07
Log Distance -0.24 0.04 5.48-10
Wind 0.15 0.03 2.86e-06
P-value <2.2e-16

DoF 254

Adj. R? 0.40

Table 4. Summary of the slope estimate, standard error (Std. Error), and p-value for the antimony
regression coefficients. The overall model p-value, degrees of freedom (DoF), and adjusted R?
(Adj. R?) are indicated.

}SEIS(‘Efnia to Std. Error ~ P-value
Pre mining (Intercept)  1.44 0.09 <2e-16
During Mining 0.53 0.07 3.2e-14
Post Mining 0.27 0.07 0.000115
Log Distance -1.19 0.07 <2e-16
Wind 0.54 0.06 <2e-16
P-value <2.2e-16
DoF 254

Adj. R 0.67
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Figure 1. Map of study sites (B) relative to its location within Canada (A). The extent of the
Yellowknife municipal boundary is indicated by the red shaded region. Sites close to the mine
have been highlighted in the inset map for ease of identification (C). The base layer for these
maps is Natural Resources Canada CanVec hydrological layer (2015). Lake names used are from
the Cumulative Impact Monitoring Program water quality survey, with the exception of YKCI,
YKWI and YKE-1, which were un-named prior to this study (Palmer et al., 2015).
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Figure 2. ANOVA and Kruskal-Wallis analysis of the log;, of total arsenic (A), total lead (B),
and total antimony (C) respectively in each of the time-periods examined. Relationships
determined by Tukey and Dunn’s post-hoc analyses (p<0.1 (~), p<0.05 (*), andp<0.001 (**))

are indicated.
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Figure 3. The pollution level derived from the maximum enrichment factor in each lake for arsenic,
lead, and antimony is displayed as a fraction of the total number of lakes examined. The percentage
of lakes indicating extreme pollution signal are shown in dark purple, lakes with a very strong
pollution signal are in light blue, lakes with a significant pollution level are in turquoise, lakes with

a moderate pollution signal are indicated by a light green colour, and lakes which show a minimal
pollution signal are shown in yellow.
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Figure 4. The slopes from the linear regression of log;,(Arsenic) (A), logi«(Lead) (B) and
logi(Antimony) (C) concentrations for the sampled lakes as a function of log;,(Distance).
Samples correlating to the time period of pre-mining are shown in purple, samples deposited
during mining are in green, and samples deposited post-mining in yellow.
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Figure 5. The calculated mean palaeotoxicity of sampled lake sediment post- (A) , during (B),
and pre-mining (C) operations at Giant Mine. Sediments with no expected biological effect are
indicated in dark blue circles, sediments with biological effects possible are indicated in light
blue, yellow and orange circles, and sediments with biological effects probable are indicated
with red circles. The underlying regional bedrock is indicated, with granitoid bedrock indicated
by light green, sedimentary bedrock displayed with amber, and volcanic bedrock displayed as
light purple.



