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Abstract Century-old tailings at the Beaver Mine site,
Cobalt, Ontario, Canada are migrating downstream to
previously uncontaminated Kirk Lake, resulting in metal
dispersal into the environment. These metal-rich tailings
have high arsenic concentrations and exceed the Ontario
regulatory standards for arsenic in soil (18 mg/kg) by up to
240 times. Arsenic concentrations in surface water exposed
to the tailings and waste rock were found to be up to 268
times the acceptable limit of 5 pg/L for the protection of
aquatic life. At the Beaver Mine Site, where the tailings
have sat largely undisturbed for the last century, prevailing
redox conditions play an important role in the behavior of
arsenic and other metals. Surface enrichment of metals was
evident in tailings located above the water table and at both
the Beaver Mine and Kirk Lake sites. Arsenic enrichment
was evident in clay layers within the tailings. A principal
component analysis and an analysis of similarity suggest
that the migration process did not significantly alter the
metal composition of the tailings (ANOSIM p = 0.21),
likely because the migration process is relatively rapid
compared to leaching mechanisms that would alter metal
composition during migration. Our results indicate that the
transportation of these century-old, metal-rich, tailings
is having minimal impact on reducing their metal
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concentrations and as these largely unmanaged tailings
continue to be transported through the environment they
pose a risk to previously uncontaminated lake and stream
ecosystems.

Keywords Tailings - Arsenic - Cobalt - Legacy
contamination - Tailings geochemistry - Tailings migration

Introduction

The town of Cobalt, Ontario, Canada, is the product of a
silver rush that was sparked in the early 1900s. At the
height of the silver rush in 1911, there were more than 40
mines operating in the Cobalt region and in that year alone
over 29 million ounces (591 tonnes) of silver were pro-
duced (Knight 1922). This silver rush advanced Canadian
prospecting, mining, and metallurgical technologies and,
importantly, generated the financial backing for future
mine development in Canada.

The mining rush that occurred in Cobalt produced
319,926,147 oz (9951 tonnes) of silver from 1904 to 1922
(Knight 1922). The Beaver Mine, our study site, operated
from 1910 to 1922, during which time a total of
6,031,338 oz (188 tonnes) of silver were mined. Milling of
the ore on site produced 179,349 tonnes of tailings at the
Beaver Mine by 1923 (Anderson 1993). Mine tailings in
Cobalt are of particular concern for two reasons. The first is
the tailings were produced during a period of minimal
environmental regulation. Therefore, any waste produced
from extracting silver was disposed of from the mills and
mines as quickly and conveniently as possible. This typi-
cally meant dumping the tailings and waste rock into
nearby lakes or depressions. This widespread unmanaged
dumping caused the dispersal of tailings throughout the
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area. The second, and arguably more important, concern is
the high concentration of arsenic-bearing minerals found in
the ore and tailings. Through the milling process, arsenic
was enriched in the tailings and made more mobile through
a combination of several factors, including reduced grain
size, rapid redox changes (Manning and Goldberg 1997;
Kwong et al. 2006), and oxidation of arsenic-bearing
minerals (Mok and Wal 1990; Dumaresq 1993; Eapaea
et al. 2007; Kreidic et al. 2011; Hiller et al. 2013).

Understanding arsenic behavior in nature is important
because it has adverse effects on human and environ-
mental health (Percival et al. 2004). The behavior of
arsenic in nature is complex as it can rapidly change
redox state in response to environmental conditions. The
near-surface zone of the tailings is the main area for
arsenic mobilization as this zone can be subjected to rapid
changes in redox conditions, due to such events as rain-
fall, freezing, thawing, fluctuations in the water table and
evaporation (Gaskova et al. 2003; Kwong et al. 2006;
Lim et al. 2009; Paktunc 2013; Foli et al. 2012). These
changes create an unstable redox regime in the upper
tailings that promotes the rapid mobilization of arsenic
(Gaskova et al. 2003; Kwong et al. 2006) and these near-
surface tailings are the most susceptible to erosion.

The Beaver Mine tailings are approximately a century
old and no reclamation work or reprocessing of the tailings
has occurred. The study area is also isolated, and upstream,
from other Cobalt tailings sites and, therefore, the metal
contamination observed at the Beaver Mine site is not being
altered by inputs from other tailing sites in the Cobalt
region. An interesting property of the Beaver Mine tailings
is that they are enriched in calcite, as this was the primary
gangue mineral for the silver ore. Through calcite dissolu-
tion, surface waters flowing through the tailings have a
neutral to alkaline pH and, therefore, no acid mine drainage
occurs. As such, the study area provides an excellent
opportunity to examine the effects of time and transport on
tailings in an alkaline environment with little anthropogenic
disturbance. The objectives of this study are to characterize
the metal concentrations of tailings that have remained
largely undisturbed over the last century and to examine
what effect, if any, the migration of tailings from the Beaver
Mine site to nearby Kirk Lake had on metal concentrations
in the tailings. Understanding how migration is altering the
metal concentration in the tailings in a field setting is
important because most of the tailings in the Cobalt area are
both unmanaged and actively migrating along waterways,
with affected waters eventually ending up in Lake
Temiskaming and the Ottawa River (Dumaresq 1993).
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Study site

The Beaver Mine site (47° 21’ 43" N, 79° 38’ 24" W,
elevation 350 masl) is located about 5 km south east of
the town of Cobalt (Fig. 1). A layer of waste rock covers
portions of the mine property to the south of the tailings
deposit. The tailings occupy areas to the north and north
east of the old mill foundation. Based on visual obser-
vations, the tailings’ material is mostly a medium to
coarse-grained sand with small amounts (<10 %) of clay
and silt. The tailings form dunes at the Beaver site and
are readily susceptible to erosion by wind and water.
Erosional features were evident at several locations at the
Beaver tailings site, including recent washouts forming
large channels and erosion along the banks of the stream
that flows through the tailings. Little vegetation is grow-
ing on the Beaver Mine tailings except along the small
stream, which runs through the tailings, where some
Juncus canadensis J. Gay ex Laharpe (Canadian rush) is
growing.

The stream flowing through the Beaver Mine tailings
enters the site at two locations. The inlet stream, which
enters the tailings from the surrounding forest, is the
dominant source of flow that connects the Beaver site to
Kirk Lake (47° 21’ 54" N, 79° 37" 48" W; elevation
275 masl). A second smaller stream with very little flow
enters the tailings from the base of a waste rock pile
opposite the old mill foundation on the western side of the
tailings. This waste rock stream wraps around the western
tailings and joins the inlet stream in the middle of the
tailings. After the confluence point, the stream flows north
and dissipates into a marshy area of tailings vegetated with
Canadian rush. At the northern boundary of the tailings, the
water is channeled into the outlet stream where it flows to
Kirk Lake.

Along the outlet stream from the Beaver site to Kirk
Lake, considerable amounts of tailings were observed,
mostly located where the stream widens and the water
velocity decreases. The stream forms multiple channels at
various points, but eventually the water ends up in the main
channel that enters Kirk Lake. The migrated tailings at
Kirk Lake form a delta style deposit and are again of
medium to coarse sand size with small portions of clay and
silt (<10 % based on visual inspection). In comparison to
the Beaver tailings, the Kirk Lake tailings are much more
vegetated, again primarily with Canadian rush. Some of the
tailings transported to Kirk Lake have migrated beyond
Kirk Lake to the southern bay of Crosswise Lake (An-
derson 1993).
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Fig. 1 Map showing the location of tailings and waste rock at the
Beaver Mine site and migrated tailings at Kirk Lake as of 2013. Inset
maps show the location of the town of Cobalt in the Province of
Ontario and the location of Kirk Lake in relation to Cobalt. Black
triangles indicate the sampling locations of the tailings cores labeled

Methods

Tailings and water samples were collected at the Beaver
Mine site and at Kirk Lake in the summer of 2013. Six
tailings cores were sampled from the Beaver Mine site and
three tailings cores at Kirk Lake. One additional tailings
grab sample was collected from the stream between the two
sites. The tailings samples were obtained using a hand
corer which permitted samples to be taken from a maxi-
mum depth of 2 m. The tailings core samples were divided
into 30 cm intervals and, when present, clay and sand
layers were separated resulting in a total of 50 tailings
samples. Grain size was determined visually for sand-sized
grains and textural properties aided in the identification for
clay-sized grains. The metal concentrations in all tailings
and water samples were analyzed at Caduceon Environ-
mental Laboratories in Ottawa, Ontario, Canada, following
standard United States Environmental Protection Agency
(EPA) protocols. All tailings samples were dried at room
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as B and KL for tailings cores taken at the Beaver Mine Site and Kirk
Lake, respectively. Black circles indicate the location where water
samples were collected. Tailings accumulated at Kirk Lake before
1945 are shown as light gray stippling, whereas tailings accumulated
since 1945 are shown as dark gray stippling

temperature and homogenized before analysis. Eight met-
als and metalloids of interest (arsenic, antimony, copper,
cobalt, lead, zinc, silver and nickel) were chosen for the
study due to their relationship with the ore in the Cobalt
mining camp and their potential for harm to environmental
and human health. Tailings samples were prepared fol-
lowing the EPA 6010b method for determination of metals
of interest using inductively coupled plasma—atomic
emission spectroscopy (ICP-AES), with the exception of
antimony. Tailings samples analyzed for antimony were
prepared following the EPA6020 method for determination
using ICP—mass spectrometry. The detection limits of the
analyses were: As (5 mg/kg); Sb (0.5 mg/kg); Cu (1 mg/
kg); Co (1 mg/kg); Pb (5 mg/kg); Zn (3 mg/kg); Ag
(0.2 mg/kg); Ni (1 mg/kg). Surface water samples were
collected from seven locations in the streams that flow over
the Beaver Mine tailings, Kirk Lake tailings and the waters
of Kirk Lake (Fig. 1). All water samples were kept cool,
void of oxygen and pre-filtered with a 0.45 um filter to

@ Springer



405 Page 4 of 12

Environ Earth Sci (2016) 75:405

remove particulate matter. Arsenic was the primary metal
of interest in surface waters, and was determined following
the EPA 200.8 method using ICP-MS; the detection limit
for arsenic in the water samples was 0.1 pg/L. Major ions
and trace metals were also determined in the surface
waters; their analytical method and detection limit are
listed with their result in Table 2.

To examine the relationship between the geochemical
assemblage in the Beaver and Kirk Lake tailings, a prin-
cipal component analysis (PCA) was carried out. PCA is a
multivariate statistical tool used in exploratory data anal-
ysis that uses on principal components (or factors) to
explain the greatest amount of variance within the dataset.
PCA is frequently applied in environmental data (e.g.,
soils, surface and groundwaters, sediments, contaminants)
where numerous variables have complex inter-relation-
ships. In our PCA, samples with similar axes loadings,
based on their metal composition, will fall near each other
in the PCA plot.

The power of this approach arises from its ability to
distinguish groups of samples, which have different axes
scores based on their elemental composition. Samples
with similar axes scores, plotting together in groups, may
have resulted from the samples having similar net geo-
chemical behavior, similar geochemical processes exerted
on them or sources that control the variance within that
group. In this study, PCA is used to assess the effects of
migration from the source of tailings at the Beaver Mine
site to the deposition site at Kirk Lake. In completing the
PCA, a broader spectrum of elements was used to better
explain the variance within the dataset. For the tailings,
zinc, antimony, arsenic, silver, cobalt, lead, and nickel
were used. For water samples, more variables were
included to reflect the complexity of reactions that can
occur between dissolved ions in solution; iron, aluminum,
copper, magnesium, potassium, calcium, silver, chlorine,
sodium, antimony, arsenic, uranium, molybdenum, cobalt,
sulfate, nickel, and pH were used. The samples were
plotted based on their factor scores in relation to their
composition of metals or elements, so samples enriched in
certain metals will plot closer to that metal on the PCA
plot.

To reduce the influence of the dominant metals before
analysis metal concentration, data were centered to a mean
of zero and standardized to unit variance. To test if the
metal assemblage of the Beaver tailings was significantly
different from the Kirk Lake tailings, an analysis of simi-
larity (ANOSIM) was carried out. ANOSIM is a multi-
variate technique to test if samples within an assigned
group are more similar to one another than they are to
members of another predefined group. ANOSIM returns an
R value between 1 and —1 where an R of 1 indicates that all
samples within a group are more similar to one another
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than to any sample in another group and an R of —1
indicates that all samples within a group are more similar
to samples in another group. The statistical significance of
the R value is assessed based on 999 randomization tests
where the groupings of the samples are randomized. To test
specifically if arsenic concentrations differed between the
Beaver Mine and Kirk Lake tailings, a non-parametric
Mann—Whitney U test was performed. All statistical anal-
yses were carried out using the vegan package (Oksanen
et al. 2015) in the R statistical language (R Core Team
2015). Stratigraphic plots were created using C2 version
1.7 (Juggins 2010).

Results
Characterization of tailings

Metal and metalloid (hereafter referred to as metals) con-
centrations within the tailings reflect the mineralogy of the
ore material they originated from. The tailings notably
contained large amounts of arsenic, antimony, cobalt, and
nickel, as high concentrations of these metals were typical
of the calcite hosted silver-arsenide veins in the region
(Fig. 2). The concentration of all target elements across all
sites, with the exception of lead and zinc, exceeded the
regulatory standards for soil in Ontario (Table 1; Ontario
Ministry of the Environment 2011b). The tailings samples
also exceeded the concentration of arsenic in soils unaf-
fected by mining in the Cobalt area by up to 593 times;
these background soil samples were found to range from
7.3 to 35 mg/kg, averaging 20.7 + 8 mg/kg in a soil study
of the mining camp by the Ontario Ministry of the Envi-
ronment (2011a). The metal content at the Beaver Mine
and Kirk Lake tailings is typical of tailings in the Cobalt
mining camp. Depending on the sampling locations, and
enrichment processes occurring, arsenic in the Cobalt
mining camp tailings can range between 594 and
17,900 mg/kg (Hawley 1980; Dumaresq 1993). In terms of
provincial soil standards, the regulatory standard for
arsenic in Ontario is 18 mg/kg in soil (Ontario Ministry of
the Environment 2011b), whereas arsenic in our study area
ranged from 417 to 4330 mg/kg, which is up to 240 times
the regulatory standard (Table 1). Arsenic greatly exceeded
the concentrations of other elements of interest within the
tailings, with the mean arsenic value, excluding the
arsenic-rich clay layers, being 687 mg/kg and ranging from
417 to 2330 mg/kg. The mean copper, nickel and silver
concentrations were slightly higher at the Beaver mine site
compared to the migrated tailings at Kirk Lake (Table 1);
however, this difference was not statistically significant.
An important relationship between grain size and metal
concentration was observed with greater metal
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Table 1 Mean, median, minimum, maximum, and standard deviation of metal concentrations (mg/kg) at the Beaver Mine and Kirk Lake tailings
sites with the Ontario regulatory standards for soils (Ontario Ministry of the Environment 2011b)

Location (# of Beaver Mine tailings (36) Kirk Lake tailings (13) Ontario
samples) - - - - standard
Mean Median Min Max Std. Dev. Mean Median Min Max Std. Dev.

Arsenic 854 642 247 4330 748 765 685 269 1450 305 18
Copper 378 360 181 815 123 200 153 99 668 138 92
Cobalt 209 171 91 779 121 180 174 65 295 63 21
Lead 138 104 53 402 81 96 85 70 179 30 120
Silver 76 70 30 154 31 44 34 17.3 124 28 0.5
Nickel 114 106 67 193 32 90 87.5 52 150 25 82
Zinc 178 140 88 621 105 150 140.5 109 229 29 290
Antimony 31 24 10 119 23 21 18.75 10.6 43.7 8 1.3

concentrations occurring in layers of clay-sized material
compared to layers of sand-sized material (Fig. 3). At three
of the ten sampling locations, clay layers were present and
in each of these clay layers metal enrichment was
observed. For arsenic, there was up to an order of magni-
tude enrichment in clay compared to the sand-rich layers.
The highest arsenic values were found at site B6, which
had two separate clay layers, with up to 4400 mg/kg in the
clay layers. Sand layers adjacent to the clay were found to
have depleted amounts of metals relative to sandy tailings
not adjacent to clay layers. Metal enrichment in clay was
most evident at the Beaver Mine site while at Kirk Lake
enrichment was limited to arsenic, cobalt, and antimony.
A surficial enrichment process was also observed at
sampling locations that were well above the water
table (sampling sites B4 and BS5; Fig. 4). At both these

sites, crusts were evident on the surface of the tailings and
the tailings were dry throughout the length of the cores.
Arsenic concentration with depth in these two cores
showed surface enrichment in the upper 30 cm of the cores.
The metalliferous crusts found on the surface of these sites
were 300-500 mg/kg higher in arsenic than samples taken
from below the upper 30 cm. The PCA analysis indicated
substantial variability in the metal assemblage of tailings
samples at the Beaver Mine site. This variability is driven
primarily by ore heterogeneity, but enrichment processes in
clays and surface sediments also contribute. The enrich-
ment of these elements is ultimately a response of their
geochemical properties to changing environmental (satu-
ration) and redox conditions. Samples where enrichment
occurred fall well away from the centroid of the values and
in some cases outside the 95 % confidence interval of the
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distribution of the samples based on the estimated standard
deviation (Fig. 5).

Impact of migration on metal concentrations

The migrated tailings sampled from Kirk Lake were the
same medium to coarse-grained sandy material found at the
Beaver Mine site. In contrast to the Beaver Mine tailings,
the Kirk Lake tailings were less variable in their metal
concentrations compared to the Beaver Mine site (Fig. 2;
Table 1). The PCA also demonstrated that the Kirk Lake
samples displayed less variability than the samples from
the Beaver Mine. This decreased variability may be
attributed to the transport processes that could physically
dilute, leach, homogenize and disrupt the metal stratigra-
phy established at the Beaver site. In contrast, the Beaver
site showed increased variability, likely due to the
heterogeneity associated with the tailings stratigraphy and
enrichment processes at the original deposition site.
Although the migrated tailings are less variable in their
metal concentrations, ANOSIM analysis indicated that
there was no significant difference in any of the metals or
between the Beaver Mine and Kirk Lake tailings sites
(R = 0.06; p =0.21). Furthermore, the Mann—Whitney
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in all metal concentrations associated with clay layers at sample sites
B6, and increase in arsenic, cobalt and antimony in the Kirk Lake
sites KLL1, and KL2

U test indicated no significant difference in arsenic con-
centrations, the metal of greatest environmental concern,
between the Beaver Mine and Kirk Lake sites (p = 0.57).
This suggests that the migration process has not signifi-
cantly altered the composition of these tailings.

Metal concentration in surface water

Water chemistry samples highlight the influence of waste
rock and tailings on the surface waters flowing into Kirk
Lake from the Beaver Mine site. PCA conducted on major
ions and metals in the waters (Table 2), indicated that the
geochemical assemblage of the waters from the uncon-
taminated inlet stream (site W1) was substantially altered
by mixing with the much smaller stream, with higher metal
concentrations, emanating from the waste rock pile
(Fig. 5). After mixing of the two streams, the arsenic
content of the sampled surface waters increases (Fig. 6),
and the geochemical assemblage continues to become more
similar to the waste rock waters, as it flows over the tailings
along its path to Kirk Lake. Upon entering Kirk Lake, the
water returns to an assemblage more similar to the inlet
stream. Surface waters sampled from the forested inlet
stream (site W1) prior to entering the Beaver Mine tailings
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site had a background arsenic concentration of 4 pg/L
(Fig. 6), well below the safe drinking water standards for
Canada (10 pg/L; Health Canada 2013) and below Cana-
dian standards for the protection of aquatic life (5 pg/L;
Environment Canada 2014). In contrast, waters entering
the tailings from the waste rock stream (site W2) had
arsenic values of 1340 pg/L, 268 times the acceptable limit
for the protection of aquatic life and 335 times the arsenic
concentration of the inlet stream. Mixing of these waters at
the confluence point of the two streams (site W3), with the
majority of the flow coming from the inlet stream, resulted
in an arsenic concentration of 541 pg/L. (Fig. 6). A short
distance after the confluence, at site W4, the arsenic con-
centration rose to 755 pg/L before exiting the Beaver Mine
tailings site. The stream water flows over a tailings-rich
stream bed after leaving the Beaver site. Before entering
the Kirk Lake tailings (site W6), the arsenic concentration
of the stream water was 805 pg/L, indicating a continual
addition of arsenic to the water from the tailings in the
stream bed. Water samples taken directly from Kirk Lake
had an arsenic concentration of 57 pg/L, which is still an
order of magnitude greater than the Canadian objective for
the protection of aquatic life, but strongly diluted from the
more contaminated stream water.

Discussion

This study demonstrates that these century-old tailings are
still migrating from their original deposition area and
transporting metal-rich material into new environments.
Our results show that the transport of these tailings had
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samples are located closer together in the plots and the position of the
tailings and water samples in the plots indicates their association with
a particular elemental assemblage. The ellipses in the tailings PCA
are the 95 % confidence ellipses for the Beaver Mine and Kirk Lake
tailings
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Water Sample Location

Fig. 6 Arsenic concentration in pg/L (bars) and pH (diamonds) of
water samples taken at sampling locations seen in Fig. 1. Samples
were taken before entering the Beaver Mine site (W1), at the Beaver
Mine site (W2, W3, W4), entering and exiting Kirk Lake tailings
(W5, W6) and in Kirk Lake (W7). Note the three orders of magnitude
difference in arsenic concentration in the stream water before entering
the mine site and the water exiting the waste rock pile

minimal impact on their metal concentrations, suggesting
that the transportation is relatively fast compared to
potential leaching mechanisms that might reduce the con-
centration of some elements. Our results also highlight the
important relationships between the surface waters, tailings
and waste rock that help identify the major sources of
contamination in waters exiting the Beaver Mine site that
have implications for remediation strategies. In addition to
our investigation of the migrating tailings, several geo-
chemical processes were identified within the tailings that
are important for assessing the tailings from an environ-
mental perspective.

Metal profile of century-old tailings

The chemical profile of the tailings spatially and with depth
is likely the result a century of weathering, through well-
described redox reactions, and the heterogeneity of the ore
that was processed. The distribution of metals in the tail-
ings is strongly variable within the Beaver Mine tailings
site. The spatial changes in the concentrations observed at
different sites (Fig. 2) may be largely attributed to the
material being processed and the amount of clay present at
the site. For example, tailings sample sites B1, B2, B3 are
closest to the Beaver mill and likely represent some of the
earliest tailings that were processed from the richest ore at
the mine. These sites have minimal amounts of clay but
have high concentrations of arsenic and other metals. In
contrast, B6 is the furthest tailings sampling site from the
mill and shows arsenic concentrations that are greater than
sites closer to the mill by at least 400 mg/kg, likely due to
the high amounts of clay found there (Fig. 2). Metal

enrichment in clay was also found at tailing sample sites
KL1 and KL2 located at Kirk Lake (Fig. 3). At Kirk Lake,
the enrichment in the fine-grained clay layers was limited
to arsenic, cobalt and antimony, likely due to the saturated
conditions encountered there year round. In these condi-
tions, reductive dissolution can favor reduced species
which, for these elements, are more mobile than their
oxidized counterparts (Gaskova et al. 2003).

Changes in the metal concentrations of the tailings with
depth are again, likely controlled by the heterogeneity of
the ore grade, redox reactions, element associations and the
movement of mobilized metals. At the Beaver Mine site,
the deeper tailings represent the earliest tailings deposited.
These tailings likely contained elevated arsenic and metal
content, because the extraction methods were not as
advanced during this time (Reid et al. 1922), and the ore
being processed was of a higher grade. Elemental associ-
ations, particularly for silver, arsenic, cobalt, and nickel,
can also explain anomalous zones within the tailings
because these elements are typically enriched together, in
both the ore and through geochemical processes occurring
in the tailings. The increase in arsenic concentration at
surface (Fig. 3) is likely due to the capillary processes
described by Dumaresq (1993). In these sand size tailings,
where water can move freely, the surface to approximately
90 cm depth represents the zone with the most redox
changes, occurring during changes in weather, due to the
wetting and drying of the tailings (Kwong et al. 2006).
These fluctuations in the wet and dry conditions mobilize
metals from the tailings into pore waters, with arsenic
being one metalloid that mobilizes quickly in response to
redox changes (Kwong et al. 2006; Casiot et al. 2007;
Paktunc 2013). The mobilized metals in the pore waters
migrate upward toward the tailings surface during periods
of low rainfall and high temperatures, due to evaporation
and capillary action. Evaporation causes supersaturation
within the migrated pore waters and the elements in these
waters precipitate soluble constituents in the near-surface
sediments, often in the form of metalliferous crusts, where
metal concentrations are found to be higher than the
underlying tailings. This process of surface enrichment was
most evident at tailings sites that were well above the water
table because they are subject to evaporation without
interference from groundwater.

The major exception to this pattern of surface enrich-
ment was in clay layers, which contained the highest
concentrations in our study, up to 4330 mg/kg of arsenic
(Fig. 3). The increase in metal content within the clay
horizons is due to the sorption potential of clay and the
affinity of charged sites on the clay particle surfaces for
arsenic, and other metals (Manning and Goldberg 1997).
The clay layers at the Beaver Mine and Kirk Lake tailings
represent an impermeable barrier for water, and cause
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infiltrating water to flow parallel to the clay as it travels
through the tailings. The continual flow of water, con-
taining mobilized metals, along these clay boundaries
allows metals in these waters to be adsorbed onto sorption
sites within the clay layers (Manning and Goldberg 1997;
Eapaea et al. 2007). In support of this argument, it was also
observed that where clay layers were encountered, the
concentration of the metals decreased adjacent to the clay
horizons (Fig. 3). A probable mechanism for arsenate
(As;0,°7) being adsorbed onto the clay surface is due to
cation bridging by calcium. Calcium is abundant in the
tailings and waters (>55,000 pg/L; Table 2), as calcite is
the primary gangue mineral for the ores at the Beaver Mine
(Knight 1922). Negatively charged adsorption sites at the
clay interface are likely occupied by calcium, thereby
creating positively charged bridges for mobilized arsenate
to bind to, although further research would be required to
examine the precise role of calcium in arsenic enrichment
of clays.

Tailings migration

The migration of tailings caused by fluvial transport plays a
major role in the movement and dispersal of contaminants
in the environment (Kim et al. 2012). Understanding the
extent of this migration is an important step in the
assessment of sources of contaminant release within the
impacted area (Kim et al. 2012). Anderson (1993) reported
that 179,349 tonnes of tailings had been produced at the
Beaver mill during its operation until 1923. The processed
material was disposed of at the Beaver Mine site and nearly
a century of tailings migration has resulted in a large
tailings deposit downstream at Kirk Lake. Tailings have
also migrated from Kirk Lake along Kirk Creek and
resulted in a smaller deposit of tailings at the southern end
of Crosswise Lake (Ontario Ministry of the Environment
2011a). The majority of the tailings at Kirk Lake are
believed to have migrated in one large event, evidenced by
the presence of a continuous clay layer in the pre-1945
tailings and its disappearance in the post-1945 tailings.
This event likely occurred during a period of high water
flow from the Beaver Mine tailings site, followed by a
sustained period of minimal water disturbance (winter) to
allow clay settling. The significance of this event is that if
these tailings migrated quickly, the oxidative leaching that
could occur during transport would not have had time to
reduce the metal content of the tailings as they migrated
between sites. This, in combination with the slow rate of
leaching that would occur in alkaline conditions in a nat-
ural environment, may explain why there is no evidence for
a significant decline in metal concentration between the
undisturbed and the migrated tailings sites. Additionally,
the leaching mechanisms occurring due to redox changes

@ Springer

from drying and wetting of the tailings that would reduce
metal concentrations are minimized because once the
tailings are deposited at Kirk Lake they remain in a
stable redox environment that is saturated year round. The
increased water content in the Kirk Lake tailings has also
promoted vegetation growth on the tailings at Kirk Lake.
The roots from this vegetation growth further stabilize the
tailings and prevent erosion. In their current location, at
Kirk Lake, the migrated tailings appear to be in a more
stable condition than at the Beaver Mine site. However, the
migration process has not reduced the potential environ-
mental hazard posed by these tailings, as they can still be
transported to areas where conditions could be more
favorable for leaching and metal release.

Surface waters

Surface water flowing across the tailings was generally
three orders of magnitude higher in arsenic concentrations
than our background surface water sample taken from the
forested inlet stream (Fig. 6). The majority of the water
entering the tailings was from the forested inlet stream (site
W1), which had low metal concentrations with arsenic at
this site below the Canadian objective of 5 pg/L for pro-
tection of aquatic life (Environment Canada 2014). Our
surface water results suggest that the majority, roughly two
thirds, of the arsenic input in surface waters exiting the
Beaver mine site are from the waste rock stream (site W?2),
while the remaining one third of the arsenic is contributed
from the tailings. As the stream empties into Kirk Lake, the
metal concentrations measured in the stream water are
diluted by Kirk Lake. Although Kirk Lake dilutes the metal
concentration, the water in Kirk Lake is still an order of
magnitude above the Canadian objective for the protection
of aquatic life. The arsenic concentration of Kirk Lake is
likely sufficient to alter the community structure of this
ecosystem as some algae and aquatic plant species are
known to have reduced growth rates at arsenic concentra-
tions of 50 ng/L (Vocke et al. 1980; Environment Canada
2014). Without steps being taken to reduce the contaminant
release from this site, it is plausible that the arsenic con-
centration of Kirk Lake will continue to affect aquatic life
and habitat in Kirk Lake.

Conclusions

The migration of tailings from the Beaver Mine site to Kirk
Lake has been identified as playing a role in the dispersal of
contaminants into the environment. The Beaver Mine and
Kirk Lake sites vastly exceeded regulatory standards for
arsenic in soil (18 mg/kg) and water (5 pg/L) and are well
above background arsenic concentrations found in the soils
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of the Cobalt area (up to 35 mg/kg). Importantly, this study
demonstrated that the migration of the tailings from the
Beaver Mine site to Kirk Lake did not significantly alter the
metal concentration of the tailings. This indicates that
when tailings migrate through streams the movement of
these tailings in alkaline conditions is often too rapid to
allow for any reduction in toxicity through leaching
mechanisms. This has important implications for under-
standing the potential environmental harm from migrating
tailings, given that faster flowing streams are more likely to
transport tailings material compared to slower flowing
streams or wetlands. Once transported to Kirk Lake, the
tailings are deposited into a much more stable redox
environment where leaching mechanisms, arising from
rapid redox changes that would reduce metal concentra-
tions, are minimized. However, there is still a need to limit
future migration to avoid introducing further contaminated
material into environments downstream of the original
tailings deposits, because they have potential to be trans-
ported to areas where rapid redox changes occur fre-
quently, which promote arsenic and metal release. Legacy
environmental pollution, such as the Beaver Mine site, is
an issue over much of the world and often presents unique
challenges in management and remediation. It is important
that these legacy sites are contained so that environmental
damage does not continue to spread decades after the
industrial activity has finished.
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