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EXECUTIVE SUMMARY
Greenstone Gold Mines GP Inc. (GGM) proposes the construction, operation, and closure of an open pit
gold mine, process plant and associated ancillary facilities, collectively known as the Hardrock Project
(the Project). The Project is located in northwestern Ontario, approximately 275 km northeast of Thunder
Bay, in the Municipality of Greenstone, Ward of Geraldton. The Project is generally centred at the
intersection of Highway 11 and Michael Power Boulevard. Highway 11 currently traverses the Project
property in an east-west direction.
The Project is partially situated within a historical mine site that was actively mined between the 1930s and
1970s, and in later years was known as the MacLeod-Mosher complex. The historical MacLeod high and
low tailings areas are mostly situated north of Highway 11 near Barton Bay (part of Kenogamisis Lake),
and the historical Hardrock tailings area is south of Highway 11, near the Central Basin of Kenogamisis
Lake.
As a result of historical mining activity, arsenic is a parameter of particular interest within Kenogamisis Lake.
An integrated mass balance model of lake water and sediment was developed to support prediction of
arsenic concentrations in water and sediment of Kenogamisis Lake, and implemented in the STELLA™
modelling framework. The lake water model was based on Bird et al. (1993), and the lake sediment model
was based on Kansanen and Seppala (1992). Both of these source models originate from peer-reviewed
primary scientific literature, were validated as part of their development processes, and are applicable
to the Precambrian Shield lakes of the Project area, including Kenogamisis Lake. The integrated mass
balance model incorporates in-lake processes related to sedimentation and release of arsenic from
sediment to the water column, as well as seasonal variations related to monthly variations in water flow
and external arsenic loadings.
The model development and results presented in this report bring together information previously
presented in individual memoranda, as well as new information, and was informed by review comments
and information requests provided by the Ontario Ministry of the Environment and Climate Change
(MOECC), and the Métis Nation of Ontario (MNO). While the findings remain consistent, the memoranda
that are rescinded and replaced by this updated report include:
•

Mass Balance Modelling of Arsenic Concentrations in Water and Sediment of Kenogamisis Lake,
Geraldton, Ontario. Memorandum to Steve Lines (GGM) from Paul Mazzocco and Malcolm
Stephenson (Stantec), dated April 7, 2017.

•

Response to MOECC Comments on “Mass Balance Modelling of Arsenic Concentrations in Water
and Sediment of Kenogamisis Lake, Geraldton, Ontario”. Memorandum to Steve Lines (GGM)
from Paul Mazzocco and Malcolm Stephenson (Stantec), dated October 6, 2017.

The objectives of the modelling were to:
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•

Develop and perform an initial calibration of the model by evaluating historical arsenic loading
based on arsenic concentrations in water and sediment in the various sub-basins of Kenogamisis
Lake.

•

Conduct a sensitivity analysis on the initial model calibration to demonstrate the sensitivity of the
overall model to certain key parameter values.

•

Perform a detailed calibration of the model by simulating arsenic concentrations measured in lake
water (2001 – 2011 data) and sediment (2011 data) as reported by Parks Environmental Inc. (2011,
2012).

•

Validate the calibrated model by simulating arsenic concentrations in lake water (2013 – 2017 data)
and sediment (2013 – 2016 data) as reported by Stantec (2017).

•

Provide estimates of future arsenic concentrations in the lake water, based on the mine
development plan, to support a human health risk assessment for the Project.

•

Evaluate present day and expected future fluxes of arsenic between sub-basins, and between
water and sediment, to provide further insight into the behavior of arsenic within the lake.

•

Evaluate the potential effects of changing precipitation patterns between 2020 and 2100, resulting
from a climate change scenario, on predicted future arsenic concentrations in lake water and
sediment.

The model of arsenic fate and cycling in Kenogamisis Lake is informed by estimates of total arsenic
loading from historical tailings, based on detailed studies carried out since 2013; by multi-year
measurements of total arsenic inputs to and aqueous concentrations in the six lake sub-basins; and by
measurements of total arsenic concentrations and profiles in lake sediments. The overall hydrology of the
lake (with flushing rate as a primary determinant of arsenic concentration in the lake water) is also well
known, and subject to annual and seasonal variation. The calibrated values of the parameters
responsible for total arsenic deposition to sediment, as well as the diffusive flux from sediment to water,
are consistent with information obtained from other studies (e.g., Cornett et al. 1992, Fabian et al. 2003,
Kuhn and Sigg 1993).
The model reproduces the seasonal cycle of arsenic concentrations in water, as well as historical
accumulation of arsenic in sediment. The expected future reductions in arsenic loading to Kenogamisis
Lake are of sufficient magnitude that the model predictions are reliable indicators of the relative
magnitude of future arsenic concentrations in water and sediment.
A climate change scenario was developed to evaluate the effects of the expected milder and wetter
winter seasons that are expected to develop in northwestern Ontario between the present day and 2100.
The results of this scenario suggest that total arsenic concentrations in lake water and sediment would not
be markedly affected by the anticipated climate change.
Without changes due to the Project, arsenic concentrations in water and sediment can be expected to
remain similar to concentrations that have been observed over the past decade. With the Project plan,
there would be a significant overall reduction in arsenic loading to Kenogamisis Lake. When compared
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with present day baseline conditions, arsenic concentrations in the water of the Southwest Arm would
increase slightly during Operation (2018 to 2033), returning to near baseline thereafter. This slight increase
would be more than offset by substantial decreases in total arsenic concentrations in the waters of Barton
Bay East, the Central Basin, and the Outflow Basin during operation, and continuing through Post-Closure.
The significant net positive effect that is predicted can be attributed to Project design measures
addressing historical tailings in the Project Development Area, thereby meeting the intent of the MOECC
Policy 2 designation for Kenogamisis Lake.
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1.0

INTRODUCTION

Greenstone Gold Mines GP Inc. (GGM) proposes the construction, operation, and closure of an open pit
gold mine, process plant and associated ancillary facilities, collectively known as the Hardrock Project
(the Project). The Project is located in northwestern Ontario, approximately 275 km northeast of Thunder
Bay, in the Municipality of Greenstone, Ward of Geraldton. The Project is generally centred at the
intersection of Highway 11 and Michael Power Boulevard. Highway 11 currently traverses the Project
property in an east-west direction.
The Project is partially situated within a historical mine site that was actively mined between the 1930s and
1970s, and in later years was known as the MacLeod-Mosher complex. The historical underground
operations include the MacLeod-Mosher Mine and the Hardrock Mine. Premier (2011) reported that
historical mining activities associated with the Project affected approximately 100 hectares (ha) of land,
including tailings facilities referred to as the historical MacLeod high tailings and historical MacLeod low
tailings. The historical MacLeod high and low tailings areas are mostly situated north of Highway 11 near
Barton Bay (East), and the historical Hardrock tailings area is south of Highway 11 (Figure 1). Further details
of historical mining operations and historical water quality are provided in “Environmental Conditions –
Hardrock Project: Historical Mining and Lake Water Quality” (Stantec 2016b).
The overall Project development schedule will consist of the following key phases during which various
Project activities will be completed that have the potential to effect water quality. The Project
development schedule for the key Project phases is summarized below:
•

Construction: Years -3 to -1, with early ore stockpiling commencing after the first year of construction.

•

Operation: Years 1 to 15, with the first year representing a partial year as the Project transitions from
construction to operation.

•

Closure:
−

Active Closure: Years 16 to 20, corresponding to the period when primary decommissioning and
rehabilitation activities are carried out.

− Post-Closure: Years 21 and beyond, corresponding to a semi-passive period when the Project is
monitored and the open pit is allowed to fill with water creating a pit lake.
For the purposes of this modelling effort, it is assumed that Year 1 of operation corresponds to calendar
year 2018, with the operation phase extending to calendar year 2033. In the model the closure phase
begins in calendar year 2034 with the open pit filled and beginning to discharge to Kenogamisis Lake in
the 2050’s. The modelling extends to the year 2100.
Arsenic was determined to be a primary parameter of potential concern within Kenogamisis Lake, and
as a result the mass balance modelling approach described in this report was adopted for arsenic. The
mass balance model incorporates in-lake processes related to sedimentation and release of arsenic from
sediment to the water column, as well as seasonal variations related to monthly variations in water flow
and external arsenic loadings. The objectives of the modelling were to:
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•

Develop and preform an initial calibration of the model by evaluating historical arsenic loading based
on arsenic concentrations in water and sediment in the various sub-basins of Kenogamisis Lake.

•

Conduct a sensitivity analysis on the initial model calibration to demonstrate the sensitivity of the
overall model to certain key parameter values.

•

Perform a detailed calibration of the model by simulating arsenic concentrations measured in lake
water (2001 – 2011 data) and sediment (2011 data) as reported by Parks Environmental Inc. (2011,
2012).

•

Validate the calibrated model by simulating arsenic concentrations in lake water (2013 – 2017 data)
and sediment (2013 – 2016 data) as reported by Stantec (2017).

•

Provide estimates of future arsenic concentrations in the lake water during Operations, Active Closure
and Post-Closure phases of the mine life, based on the mine development plan, to support a human
health risk assessment for the Project.

•

Evaluate present day and expected future fluxes of arsenic between sub-basins, and between water
and sediment, to provide further insight into the behavior of arsenic within the lake.

•

Evaluate the potential effects of changing precipitation patterns between 2020 and 2100, as a result
of a climate change scenario, on predicted future arsenic concentrations in lake water and sediment.

The model development and results presented in this report bring together information previously
presented in individual memoranda, as well as new information, and was informed by review comments
and information requests provided by the Ontario Ministry of the Environment and Climate Change
(MOECC), and the Métis Nation of Ontario (MNO). While the findings remain consistent, the memoranda
that are rescinded and replaced by this updated report include:
•

Mass Balance Modelling of Arsenic Concentrations in Water and Sediment of Kenogamisis Lake,
Geraldton, Ontario. Memorandum to Steve Lines (GGM) from Paul Mazzocco and Malcolm
Stephenson (Stantec), dated April 7, 2017.

•

Response to MOECC Comments on “Mass Balance Modelling of Arsenic Concentrations in Water
and Sediment of Kenogamisis Lake, Geraldton, Ontario”. Memorandum to Steve Lines (GGM)
from Paul Mazzocco and Malcolm Stephenson (Stantec), dated October 6, 2017.

1.1

KENOGAMISIS LAKE

Both the Project and the historical mines are located within the catchment area of Kenogamisis Lake
(Figure 1). The lake comprises several individual sub-basins, which have differing histories of exposure to
historical mining activity, as well as to proposed future mining activities associated with the Project.
Generally, surface water enters Kenogamisis Lake from the north (via Barton Bay), south (via the
Kenogamisis River which flows into the Southwest Arm), and east (via McKelvie Creek which flows into the
Central Basin). Water flow exits the Central Basin via a “narrows” at the Highway 11 bridge, to the Outflow
Basin, and eventually to the Kenogamisis River outflow. Surface runoff from the historical MacLeod high
tailings area reports to Barton Bay, which is the basin most affected by historical mining activities.
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Kenogamisis Lake has a surface area of 39.68 square kilometres (km2) as measured by Stantec, and
setting limits on the Outflow Basin where railway embankments create narrows where water flows can be
expected to be largely unidirectional and free from anthropogenic contamination (Figure 1). This value
is consistent with official estimates of the lake area (e.g., Ministry of Natural Resources mapping dated
1974 giving a lake surface area of 41.7 km2, and Land Inventory Ontario, Ontario Hydrological Network
Waterbody Mapping produced by the Ministry of Natural Resources and Forestry giving a lake surface
area of 42.2 km2). However, these two estimates include portions of the Outflow Basin that were not
considered germane to modelling arsenic in the lake water or sediments. Other reports (e.g., Parks
Environmental Inc., 2012 referencing Ontario Ministry of the Environment 1982) have reported a seemingly
erroneous area for the lake (25.43 km2). It is unclear why the lake area stated in the Ontario Ministry of the
Environment (1982) report differs from the official (i.e., Land Inventory Ontario) value.
The Kenogamisis River, which enters the Southwest Arm, provides approximately 62 percent of inflowing
water to the lake. Secondary sources of water (i.e., smaller streams, non-point source overland flows, and
groundwater) enter the various sub-basins. Of these, Magnet Creek which enters Barton Bay, and
McKelvie Creek which enters the Central Basin, are most notable. The McKelvie Creek watershed is a
special case, in that the overall watershed appears to have historically had two outlets: one to the Central
Basin via an un-named pond, and one to the Outflow Basin via Eldee Lake. Investigation shows that the
outlet to the Outflow Basin was blocked by Highway 11. Therefore, all of the flow (and associated natural
arsenic loading) from the McKelvie Lake watershed is assumed to enter the Central Basin. Water levels in
the lake are regulated by the Kenogamisis River Dam located about 18 km downstream of the Highway
11 bridge. The Kenogamisis River continues downstream of the dam.
For the purposes of this report, Kenogamisis Lake is divided into six sub-basins, which have varying degrees
of hydraulic separation due to natural narrows, shoals, or artificial constrictions (e.g., highway causeways
and bridges). The six sub-basins include:
•

Barton Bay West (BBW)

•

Barton Bay East (BBE)

•

Central Basin West (CBW)

•

Central Basin East (CBE)

•

Southwest Arm (SWA)

•

Outflow Basin (OB)

The model structure assumes that the individual sub-basins of Kenogamisis Lake act as effective sediment
traps, and that inter-basin transport of bed sediment is a minor process. This assumption is supported by
the following lines of evidence:
•

Total suspended sediment concentrations in the lake, which include biogenic matter such as
phytoplankton and zooplankton, as well as dust fall and organic debris of terrestrial origin, in addition
to potentially re-suspended bed sediments, are generally low (<2 mg/L).

•

Total arsenic concentrations in the lake water are dominated by dissolved species, with particlebound arsenic (including phytoplankton and zooplankton in addition to potentially re-suspended bed
sediments) typically comprising no more than 10% of the total (Parks Environmental Inc., 2011).
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Concentrations of trace elements in the sediments of the various sub-basins of Kenogamisis Lake are
quite distinct. For example, Parks Environmental Inc. (2012) noted that the mercury concentration in
the sediments of BBE are substantially higher than in BBW and other sub-basins. Similarly, the arsenic
concentrations in the sediments of BBE are substantially higher than in CBW and other sub-basins. In
addition, localized “hotspots” of arsenic accumulation in sediment are noted in the sediments near
tailings deposits. If there was substantial post-depositional resuspension and lateral transport of bed
sediments, these features would not persist.

•

Notwithstanding the above points, the STELLATM model implicitly simulates inter-basin transport of arsenic,
including arsenic that may be bound to particulate matter in the water column, by allowing arsenic to
be exported from upstream sub-basins to downstream sub-basins at rates determined by total arsenic
concentrations in the water column, and hydraulic water flows.
In the model, mass transfers of arsenic are described as loadings or fluxes. For the purposes of this report,
the terms “load” and “loading” (with units of kilograms per year, kg/y) will refer to quantities of arsenic
that are estimated to directly enter individual sub-basins of the lake as a result of natural processes or
human activities. The loadings have historically been estimated on the basis of seasonal measurements
of surface water and groundwater flow, and associated arsenic concentrations. The terms “flux” and
“fluxes” (kg/y) will refer to quantities of arsenic moving within (e.g., from water to sediment and vice versa)
or between the sub-basins, that have been estimated using the current mass balance model. The purpose
of this terminology is to help differentiate between values that have been derived from measurement or
other models, and values that have been internally derived or estimated using the water and sediment
quality model described here.
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2.0

MODELLING APPROACH

The approach to this work began with the selection of appropriate (published, peer-reviewed, validated)
mass balance models of water and sediment quality in Canadian Shield or similar lakes, followed by their
implementation in the STELLA™ modelling framework. Once this was complete, the conditions of
Kenogamisis Lake were simulated for the period of 1920 to 2018. This effort was supported by existing work
carried out to estimate arsenic loadings to the lake under present day conditions. In addition, a simplified
history of arsenic loadings to the lake between 1920 and 2000 was hindcast using arsenic concentrations
in lake sediment (i.e., sediment cores to establish historical arsenic concentrations, and surface grab
samples to establish present day arsenic concentrations).
Seasonal observations of arsenic concentrations in lake water between 2001 and 2011 (Parks
Environmental Inc. 2011, 2012) were used to support model calibration. Water and sediment quality data
collected between 2013 and 2016 (Stantec 2017) were reserved for use in model validation. From this
foundation (i.e., the calibrated and validated models as implemented in the STELLATM modelling
framework), expected future arsenic concentrations in lake water and sediment were simulated using
predicted future arsenic loadings to the lake, based on present day existing conditions, and predicted
changes to surface water and groundwater arsenic loadings during the operational and closure phases
of the Project.

2.1

SELECTION OF MODEL AND ASSUMPTIONS

The work was completed using integrated lake water and sediment quality models implemented in the
STELLA™ modelling framework. The lake water model was based on the model of Bird et al. (1993). This
model was specifically developed to simulate contaminant concentrations in the water of Canadian
Shield lakes. The lake sediment model was based on the model of Kansanen and Seppala (1992), which
was developed to simulate the behavior of contaminants in the sediments of small lakes in southern
Finland, which are similar to Canadian Shield lakes in terms of climate, geology, water chemistry, trophic
state, basin morphometry, and ecological conditions. As implemented in the STELLA™ modelling
framework, these two models (lake water model and lake sediment model) will be referred to as the
“surface water sub-model” and the “sediment sub-model”, respectively. Both models (i.e., Bird et al. 1993
and Kansanen and Seppala 1992) were described in peer-reviewed primary scientific journals, and both
included validation exercises based on real lakes on Precambrian Shield terrain.
The surface water sub-model, adapted from Bird et al. (1993), is a time-dependent, mass balance model
of a lake that can be used to calculate trace element concentrations in lake water, and fluxes of trace
elements to sediment. Trace element concentrations in water are a function of mass loadings to the lake
(i.e., inputs of trace elements), as modified by hydraulic flushing, and mass transfer to sediments.
Sources of arsenic loading to Kenogamisis Lake include:
•

natural sources

•

historical human-induced sources (e.g., tailings deposits)
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potential future Project activities (e.g., non-point source discharges associated with seepage from
waste rock storage areas (WRSAs) and the tailings management facility (TMF), point source discharge
of treated effluent during operation and pit lake discharge in closure, and dustfall)

•

As part of the Project, portions of the historical Hardrock and MacLeod tailings will be removed for
containment in the new TMF, resulting in modification to existing loadings from historical activities. In
addition, for some trace elements such as arsenic, there can be internal fluxes caused by release in
response to changing loadings and/or redox (oxidation-reduction) conditions in sediment, leading to a
diffusive flux from the sediment back to the water. The model does not explicitly simulate arsenic
speciation; however, certain parameter values (e.g., the mass transfer rate to water, and the sedimentpore water partition coefficient) can be adjusted so that different or varying geochemical conditions,
including diffusion of arsenic from sediment to water, are accounted for in the model.
The sediment sub-model, adapted from Kansanen and Seppala (1992), accepts inputs from the surface
water sub-model and simulates the accumulation of sediment in the lake bed. The model allows for
physical mixing of sediment layers near the surface (e.g., bioturbation), diminishing with depth below the
surface. The intensity of mixing processes depends upon the characteristics of the lake. For example,
some deep lake environments (especially meromictic lakes) lack benthic invertebrate communities, and
exhibit “varved” or “laminated” sediments rather like tree rings that have not been subject to mixing after
being deposited. However, most lake sediments exhibit some degree of mixing in the upper layer of
sediments. Such mixing may be attributable to currents and wave action, but most commonly is attributed
to the activity of burrowing aquatic invertebrates, and other sources of physical disturbance. Burrowing
invertebrates such as chironomid (e.g., Chironomus) and mayfly (e.g., Hexagenia) larvae are reported to
be abundant in the surface sediments of the lake (Stantec 2015).
In the sediment sub-model, fresh sediment is added to the top layer at each time step (i.e., 3 hours), and
the existing layers are moved down in the sedimentary sequence by a corresponding amount. The model
also allows specification of depth dependent mixing rates between adjacent sediment layers. The model
was implemented to represent sediment layers of 0.2 centimetres (cm) thickness, to a depth of 20 cm,
with mixing rates decreasing with depth in sediment, and ceasing at a depth of 10 cm below the
sediment surface.
In addition to the processes described by Kansanen and Seppala (1992), the dissolved arsenic
concentration in the near-surface sediment layers was estimated from the total arsenic concentration in
sediment, using empirically-based partition coefficients reflecting an oxygen-depleted environment.
Cornett et al. (1992) studied Moira Lake, near Madoc, Ontario. The lake, described as a widening of the
Moira River, was contaminated with arsenic by historical mining activity in upstream areas. The lake is
shallow (4.4 m) and similar in area (827 ha) to the sub-basins of Kenogamasis Lake. The lake has a relatively
low hydraulic flushing rate (0.34 years). Arsenic concentrations in the sediments of the lake were
described as being very high (>500 milligrams per kilogram (mg/kg), and often exceeding 1,000 mg/kg in
sub-surface sediments). The average total arsenic concentration in lake water was 47 micrograms per
litre (µg/L), of which most (96%) was in dissolved form. Historical arsenic loading to Moira Lake (i.e., during
periods of active mining and milling of ores up to about 1961) appears to have been substantially higher
than arsenic loading at the time of the study (the late 1980s). The Moira Lake sediments exhibited a
surface mixed layer of 3 to 8 cm depth, before becoming undisturbed. As a result of higher historical
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arsenic loading to the lake, the lake sediments were not in equilibrium with arsenic inputs from the
overlying water column, and acted as a source of arsenic to the lake due to diffusion of arsenic across
the sediment-water interface, and resuspension (Cornett et al. 1992). Viewed in a historical perspective,
the diffusive flux of arsenic represents a modest “echo” of previous high levels of arsenic deposition to
sediment, which may become important as a persistent internal source of arsenic when the external
loading to the lake is substantially reduced.
Based on the work by Cornett et al. (1992), a concentration gradient is defined in the sediment sub-model
as the difference between the dissolved arsenic concentration in sediment and the arsenic
concentration in the overlying water, with an effective transport distance of 5 cm (i.e., the mid-point of
the mixed sediment layer as determined from the sediment core data presented by Parks Environmental
Inc. (2012)). The diffusive flux of arsenic from sediment back to overlying water was estimated following
Cornett et al. (1992), using the diffusion coefficient for arsenate, and the depth-concentration gradient.
The diffusion coefficient for arsenate was seasonally adjusted to reflect warm summer water temperatures
(i.e., 20°C) and cold winter water temperatures (i.e., 0°C). In addition, a feature was added to the
STELLATM model to allow the diffusive flux of arsenic from sediment to water to be seasonally-enhanced
to reflect higher rates of bioturbation by aquatic organisms, and/or wind resuspension of sediment
containing arsenic into the water column. However, comparisons of total and dissolved arsenic
concentrations in Kenogamisis Lake (Parks Environmental Inc. 2011, Figure 7-2) showed little difference
between the two, indicating that arsenic is predominantly in the dissolved form. At higher total arsenic
concentrations (i.e., >50 µg/L) in BBW, BBE and CBW, a small divergence was apparent, suggesting that
up to 10% of the total arsenic concentration may be present as particulate arsenic. The particulate
arsenic would include arsenic freshly taken up from the dissolved phase by phytoplankton and
zooplankton, in addition to particulate matter re-suspended from the sediment reservoir. Therefore, it is
reasonable to conclude that re-suspended bed sediments typically represent less than 10% of the total
arsenic present in the water column.
Although the STELLATM model does not include a formal sediment transport model, and the individual subbasins are treated as being sediment traps, the model implicitly allows for the resuspension of arsenic from
bed sediment (either as dissolved or particulate material), which once in the water column, could be
transported to downstream sub-basins of the lake. However, based on the observations that arsenic in
the lake water is predominantly found in the dissolved phase, and that the total suspended solids
concentration measured in the lake water is typically less than 2 mg/L (Table 1), physical resuspension
and downstream transport of bed sediments does not appear to be a major process in Kenogamisis Lake.
A diagram showing the details of the STELLATM model structure is provided in Figure 2.
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Table 1

Suspended Sediment Concentrations (mg/L) in Kenogamisis Lake,
2013-2017

Statistic

SWA

BBW

BBE

CBW

CBE

OB

33

15

39

25

34

9

Minimum

0.15

0.59

0.15

0.30

0.15

0.74

Mean

1.15

1.2

2.6

1.1

0.8

1.0

Maximum

4.35

2.38

8.42

2.22

1.38

1.0

5’th Percentile

0.15

0.8

0.4

0.8

0.25

0.83

95’th Percentile

2.33

2.1

6

1.7

1.1

1.0

n

Note:
Values reported as “non-detectable” were processed using a value of one-half the detection limit.

2.2

SIMULATION OF KENOGAMISIS LAKE 1920 TO 2018

Simulation of water and sediment quality in Kenogamisis Lake starts with setting up the model and
performing an initial calibration to approximate the measured arsenic concentrations in the water and
sediment. Parameters represented in the model include:
•

physical characteristics of Kenogamisis Lake sub-basins

•

flow conditions of Kenogamisis Lake sub-basins

•

estimated direct arsenic loadings to Kenogamisis Lake sub-basins with surface water runoff,
groundwater, and from atmospheric deposition.

The model can be used to provide estimates of the following quantities:
•

seasonally-varying arsenic concentrations in lake water, in each sub-basin of the lake

•

average sub-basin sediment arsenic concentrations, as a function of depth below the sedimentwater interface

•

arsenic fluxes between sub-basins, and as exchanges between water and sediment

Once the model is established and has been calibrated to reflect the historical conditions, a sensitivity
analysis can be carried out to investigate how responsive the model may be too small or large changes
in the values of key parameters. Following the sensitivity analysis, the model can be subjected to detailed
calibration and validation steps, before the changes expected to occur as a result of the Project can be
incorporated, to enable forecasting of potential future conditions. The key changes to the model inputs
to reflect future conditions include:
•

changes to the estimated arsenic loadings to Kenogamisis Lake

•

changes to water flow characteristics to reflect potential changes in precipitation due to climate
change between the present time, and 2100
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2.3

MODEL INPUT PARAMETERS

Parameter values used to describe the physical dimensions of the six lake sub-basins are summarized in
Table 2.

Table 2

Physical Characteristics of the Six Lake Sub-basins

Parameter
Surface Area

(m2)

Mean Depth (m)
Volume (m3)

SWA

BBW

BBE

CBW

CBE

OB

7,960,082

2,773,333

2,357,483

2,527,353

4,670,410

19,388,969

2.48

1.66

2.05

2.95

4.0

1.8

19,690,796

4,626,977

4,833,121

7,418,604

18,619,758

33,644,028

Flushing rates for the sub-basins were simulated using 30-year mean monthly flows developed from
regional flow equations as documented in the “Environmental Baseline Data Report (Combined 2014 and
2015) – Hardrock Project: Hydrology” (Baseline Report – Hydrology) (Stantec 2016a), updated in
Chapter 10.0 of the Final Environmental Impact Statement / Environmental Assessment (Stantec 2017),
and included in Table 3 below. Boundaries between sub-basins were established at natural and humanmade constrictions, such as narrows, causeways and bridges. The Central Basin was divided into western
(CBW) and eastern (CBE) portions due to the presence of a shoal extending across the lake. The primary
water inflow to CBW was assumed to come from Barton Bay, whereas the primary water inflows to CBE
are from the SWA, CBW, and the McKelvie Lake watershed. In addition to the net outflow of water from
CBW, caused by surface water runoff, water exchange between CBW and CBE was simulated in the
model as a function of the estimated cross-sectional area of the water body at the shoal, and a dispersive
exchange of water across that boundary.
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Table 3

Water Flow Characteristics for Sub-basins of Kenogamisis Lake

Location

Barton Bay
West

Barton Bay
(East and
West)

Southwest Arm

Central Basin
Outflow

Outflow Basin
Outflow

Catchment Area (km2)

154.8

181.1

839.7

1,145.2

1,291.2

Month

30-year Mean Monthly Flow (m3/second)

January

0.33

0.40

2.70

3.98

4.62

February

0.21

0.25

1.70

2.50

2.90

March

0.47

0.55

2.55

3.48

3.93

April

3.87

4.49

19.3

25.9

29.0

May

4.39

5.23

29.0

41.0

46.9

June

1.90

2.27

13.4

19.3

22.1

July

1.06

1.28

7.68

11.0

12.7

August

0.58

0.70

4.30

6.20

7.15

September

0.95

1.13

5.98

8.39

9.56

October

1.62

1.91

9.51

13.2

14.93

November

1.52

1.80

9.37

13.1

14.9

December

0.67

0.81

4.75

6.80

7.81

Table 4 provides a summary of the estimated arsenic loading rates to Kenogamisis Lake between 1920
and 2018. These loading rates are based on measured surface water and groundwater quality and
estimated flow rates for the last 26 years (generally between 1990 and 2016) calculated from available
field monitoring information. The arsenic loading rates summarize data on arsenic loadings from surface
water, groundwater (including seepage through historical mine tailings), and atmospheric deposition, as
presented Chapter 10.0 of the Final Environmental Impact Statement / Environmental Assessment
(Stantec 2017).
For years prior to 1920, the arsenic mass loading rates were initially based on assumed background
conditions (i.e., prior to the start of historical mining activities), and were adjusted as required through the
period of historical mining activity, during the initial calibration phase of modelling, to account for the
accumulation of arsenic observed in sediment cores (Parks Environmental Inc. 2012). These assumed
historical arsenic loadings were assumed to result from direct discharge of water from mining operations,
as well as groundwater seepage through historical mine tailings. The loadings were applied to BBW, BBE,
CBW and SWA, and are substantial (Table 4). However, the purpose of these loadings was to account for
the observed arsenic concentrations in lake sediment. During the period from 2000 to 2017, the arsenic
loadings to Kenogamisis Lake were generally constrained to be those reported in Chapter 10.0 of the
Final Environmental Impact Statement / Environmental Assessment (Stantec 2017), representing the mean
estimated loadings from surface water runoff, groundwater sources, and atmospheric deposition. The
sole exception to this was BBE, where a continued additional arsenic loading of 400 kg/y was found to be
required to account for present-day arsenic concentrations in lake water. This additional arsenic loading
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was assumed to originate from an unrecognized source or sources outside of the Project area, but within
the catchment of BBE.

Table 4

Estimated Historical Arsenic Loadings1 (kg/year)

Period

SWA

BBW

BBE

CBW2

CBE

OB

1920 - 1929

349

230

19

0

249

330

1930 - 1939

349

1,051

1,699

0

249

330

1940 - 1949

1,459

2,074

3,689

256

249

330

1950 - 1959

2,624

2,470

4,077

513

249

330

1960 - 1969

4,898

1,413

4,764

769

249

330

1970 - 1979

4,898

1,413

2,764

769

249

330

1980 - 1989

4,898

1,413

2,764

769

249

330

1990 - 1999

4,898

1,413

2,764

769

249

330

2000 - 2017

544

1,413

2,764

769

249

330

Notes:
1

Loadings are estimates of the mass of arsenic directly entering each sub-basin. They do not include arsenic inputs with
water flow from upstream sub-basins, or internal cycling of arsenic between sediment and water.

2

CBW has a very small direct drainage area, and as such, direct inputs of arsenic to this sub-basin may have been very
small prior to the onset of historical mining activity.

The transfer of arsenic from water to sediment was modeled (as in Bird et al. 1993) using a mass transfer
coefficient with units of 1/year (y-1). As described by Bird et al. (1993), one way to parameterize this firstorder kinetic process is from mass balance studies of trace element retention and export from lakes. Thus,
at steady state:
αi = ρRi/(1-Ri)
where: αi

Equation 1

is the transfer rate for contaminant i from water to sediment (y-1)

ρ

is the lake’s hydrological flushing rate (y-1)

Ri

is the retention coefficient for contaminant i in the lake sediments (unitless).

The primary process transporting parameters from water to sediment in lakes can be conceptualized as
the sorption of the contaminant to suspended solids (including inorganic particles as well as living and
non-living organic particles) in the water column, followed by the deposition of suspended solids (and
associated contaminants) to bed sediment in the lake. The loss rate for suspended solids from water to
sediment can be approximated using the following equation:
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Equation 2

αTSS = S/(TSS x z)
where: αTSS

is the transfer rate for suspended solids from water to sediment (y-1)

S

is the net sediment accumulation rate in the lake (kg dry sediment/m2/y)

TSS

is the total suspended solids concentration in the lake water (kg/m3)

z

is the mean depth of the lake (m).

Using representative values for S (0.16 kg dry sediment/m2/y) and z (4.6 m) for Canadian Shield lakes as
described by Bird et al. (1993), and assuming a typical value for TSS of 0.002 kg/m3, a generic value of
17.4 y-1 is obtained for αTSS. This is equivalent to a removal rate for TSS from the water column of about 4.7%
per day. Values for S and TSS may be correlated (i.e., a high sedimentation rate implies a high total
suspended sediment concentration). However, Equation 2 also implies that shallow lakes (z <4.6 m) would
have higher relative transfer rates than deeper lakes (z >4.6 m). For a lake having a mean depth of 2 m,
comparable to some of the sub-basins of Kenogamisis Lake, and assuming the same representative mean
values for S and z, the αTSS value could rise to approximately 40 y-1.
If all of the trace element present in the water column was associated with particles, then the loss rate for
that trace element would be similar to the loss rate for the suspended solids (αTSS). Conversely, for a trace
element that is not associated with particles, but exists solely in dissolved form in the water, the loss rate
for the trace element to bed sediments would be close to zero. Thus, the loss rate for trace elements that
are associated with particles can be conceptualized as being equal to the loss rate for suspended solids,
multiplied by the fraction of the total concentration of the trace element in water that is associated with
particles. The empirical evidence from analysis of total and dissolved arsenic concentrations in the water
of Kenogamisis Lake indicates that arsenic is predominantly present in the dissolved form (i.e., not retained
on filters).
The fraction of a trace element that is associated with suspended solids in the water column (Psolids) can
be estimated using a partition coefficient (Kd, m3/kg). Thus:
Psolids = Kd x TSS

Equation 3

Combining Equations 2 and 3 and cancelling terms as appropriate gives the following equation:
αi = (Kdi x TSS x S)/(TSS x z)

Equation 4

Equation 4 can be further simplified by cancelling terms that are represented in both the numerator and
the denominator, thus:
αi = (Kdi x S)/z

Equation 5

Since Psolids is by definition unitless and is constrained to a range of values bounded by 0 and 1, it follows
that for this generic example, the αi values for an individual trace element are constrained to be less than
17.4 y-1. However, for site-specific conditions where the sedimentation rate, mean depth and sediment-
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water concentration ratios of a lake basin are known, it would also be possible to calculate site-specific
values for αi.
Sheppard et al. (2010) provide water to sediment Kd values for a suite of trace elements in 33 sediment
samples collected at sites <5 m deep from lakes in northern Ontario. For arsenic, they provided a Kd value
of 1.4 m3/kg, which had a relatively large geometric standard deviation of 4.3. Allowing for two standard
deviations about the mean value, this implies that the mean Kd value for arsenic likely lies within the range
of 0.08 to 25.9 m3/kg. Higher values likely apply to particles suspended in the water column at high redox
potential, as opposed to bed sediments where the redox potential may be lower, and reduction of iron
from insoluble ferrous to soluble ferric species may be occurring. Measured solid-water partition
coefficients for arsenic in Moira Lake were about 20 m3/kg for suspended sediments, and ranged from
<1 to >5 m3/kg for bed sediments, decreasing with increasing depth in the sediment profile (Cornett et
al. 1992). Kuhn and Sigg (1993) studied arsenic cycling in eutrophic Lake Greifen, Switzerland. The lake is
deep (>30 m), monomictic (mixing through the winter period) and undergoes seasonal anoxia at depths
greater than 7 to 10 m from August to December. Partition coefficients for arsenic on suspended particles
ranged from 2 m3/kg to 19 m3/kg, averaging 10 m3/kg.
Using the Kd value of 25.9 m3/kg, a sedimentation rate of 0.16 kg/m2/y and a lake mean depth of 2 m,
an αi value of about 2.1 y-1 is derived for arsenic, although it is stressed that this is subject to variation
based on site-specific considerations of lake morphometry, chemistry (particularly iron availability and
chemistry) and biology (e.g., bioaccumulation of arsenic by phytoplankton) can be expected to modify
this value. Therefore, this parameter was subject to adjustment as part of the model calibration process.
The values of αAs after the initial calibration were 3.0 y-1 in sub-basin BBE; 2.5 y-1 in sub-basins BBW and
CBW; and 1.0 y-1 in sub-basins SWA, CBE and OB. The variation in these transfer rates may reflect the
availability and deposition of iron in the sediments of the individual sub-basins. Parks Environmental Inc.
(2012) showed iron concentrations in sediments of Kenogamisis Lake ranging from high values of 28,600
to 62,400 mg/kg in BBE, to low values of 4,030 to 24,200 mg/kg in OB.
For the sediment model, a sedimentation rate of 0.16 kg dry sediment/m2/y (i.e., the geometric mean of
sedimentation rate based on 210Pb-dated cores as reported by Bird et al. 1993) was assumed across all
sub-basins. Although dating of sediment cores was previously undertaken as part of the work by Parks
Environmental Inc. (2012), the sedimentation rates estimated using the 210Pb data did not take into
consideration sediment mixing as a result of bioturbation, although this was strongly suggested by
sediment core trace element (and 210Pb) profiles. As a result, the reported sediment accumulation rates
were not considered to be representative. A partition coefficient (Kd, m3/kg) was also used to simulate
arsenic binding to sediment solids. This partition coefficient was iteratively adjusted for each lake subbasin as part of the initial model calibration and detailed calibration processes.
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3.0

INITIAL MODEL CALIBRATION AND SENSITIVITY ANALYSIS

Kenogamisis Lake is a dynamic ecosystem, comprising six individual sub-basins, each of which has
different water flow rates, different arsenic loadings, and different geochemical conditions. Barton Bay
(represented by BBW and BBE), and the western portion of the Central Basin (CBW), have substantially
higher levels of arsenic and iron than the remaining sub-basins, due to effects from historical mining
operations (i.e., deposition of tailings adjacent to or within the basins and the effects of seepage to
surface water and groundwater). High levels of iron in BBW, BBE, and to a lesser extent CBW, are expected
to result in more rapid transfer of arsenic from water to sediment, and greater retention of arsenic in
sediment, than in the other sub-basins where iron levels are much lower.
The main source of water for Kenogamisis Lake is the Kenogamisis River, which enters the southwest end
of SWA, passes through CBE, and exits via OB. As a result, these sub-basins have substantially higher
flushing rates than BBW, BBE and CBW, which are supplied with water by much smaller tributaries entering
from the northwest. Several of these tributaries are also important sources of arsenic loading to the lake
due to historical mining activities in their upstream drainage areas. Rapid flushing rates result in less
effective retention of arsenic by lake sediments than is the case for lake basins that have slower flushing
rates.
The lake sub-basins are generally shallow, having mean depths ranging from 1.7 m (BBW) to 4.0 m (CBE).
Along with the shallow water depths, which expose bottom sediments to shear stress from wind-driven
currents, the sediments also support abundant burrowing invertebrates (e.g., chironomids, and the
burrowing mayfly Hexagenia) which disturb and mix the sediments (accounting for sediment core profiles
that indicate mixing as deep as 10 cm), and which may increase the exchange of pore water between
lake sediment and the overlying lake water as a result of their respiration.

3.1

INITIAL MODEL CALIBRATION

An iterative process was used to achieve an initial calibration of the surface water and sediment submodels. First, it was necessary to develop a set of arsenic loading values representing the period from
1920 to 2018 that could account for the observed concentrations and historical levels of arsenic in the
lake sediments. It was also necessary to develop mass transfer coefficients that could achieve an
appropriate balance between arsenic accumulation in sediment and concentrations in water. Lastly, it
was also necessary to develop partition coefficients for arsenic in sediment that would allow for its
retention in sediment, post-deposition, while also allowing for internal cycling of arsenic between water
and sediment. These calibration activities occurred in the context of sub-basins that also have differing
loadings of iron, and differing iron concentrations in sediment. Iron plays an important role in arsenic
cycling, and hydrous oxides of iron are a key, but labile, binding phase for iron in sediments. The initial
calibration process relied upon three key lines of evidence which impose constraints on the parameter
values used in the model:
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•

the historical accumulation of arsenic throughout the sediment core profiles, and the present-day
near-surface sediment arsenic concentrations from sediment grab samples, as documented by
Parks Environmental Inc. (2012)

•

the recent (2001-2011) record of arsenic concentrations in the water of the various lake sub-basins
(Parks Environmental Inc. 2011)

•

the requirement to approximate recent records of arsenic concentration in lake water, using the
estimated present-day arsenic loadings to the various lake sub-basins (Stantec 2017)

3.1.1

Model Hindcast Calibration to Sediment Arsenic Concentrations

The model was used to simulate the direct and indirect effects of historical mining activities (including but
not limited to dustfall, treated effluent discharge, and tailings seepage) on lake water and sediment
quality in the six main sub-basins of Kenogamisis Lake over the period 1920 to 2016. It was assumed that
the lake was in a relatively undisturbed condition with respect to arsenic concentrations prior to 1920. As
indicated previously, it was assumed (based on data from deep sections of sediment core samples) that
existing arsenic concentrations in lake sediment were approximately 10 mg/kg dry weight in SWA, CBE,
CBW and OB, and approximately 50 mg/kg in BBW and BBE. The higher existing levels of arsenic in BBW
and BBE are consistent with these sub-basins being proximal to the areas of historical tailings deposition
or predicted discharge of groundwater affected by the historical tailings.
Figure 3 shows the simulated sediment arsenic profiles at the end of year 2011. The mean surface sediment
arsenic concentrations are predicted to range from about 26 mg/kg in SWA to about 670 mg/kg in BBE.
These values, as well as the predicted values in the remaining sub-basins (OB, CBW, CBE and BBW) are in
broad agreement with the results of core and surface sediment grab samples taken in 2012 (see
Tables 3-1 to 3-6 and Figure 4-8 in Parks Environmental Inc. 2012).

3.1.2

Model Initial Calibration to Seasonal Arsenic Concentrations in Water

Figure 4 shows the simulated total arsenic concentrations in the water of the six lake sub-basins between
2001 and 2011. The highest arsenic concentrations occur in BBE and BBW, followed by CBW, CBE and OB.
The lowest arsenic concentrations occur in SWA. Seasonal variability is marked in all sub-basins. In BBE, the
range of predicted arsenic concentrations is from about 32 µg/L (late winter) to 115 µg/L (late summer).
In SWA, the predicted annual range is from about 1.5 to 4.1 µg/L. These ranges, and the seasonal cycles
of arsenic concentration, are consistent with ranges observed in the lake water through monitoring
programs reported by Parks Environmental Inc. (2012) for the years 2001 to 2011. An earlier study by the
Ontario Ministry of the Environment (1982) noted what appeared to be high, but declining arsenic
concentrations in the lake water between 1979 and 1981. Although the two referenced studies both
noted seasonal variation in arsenic concentrations, the full seasonal cycle was not captured
(i.e., sampling typically occurred in spring and fall, and a “saw-toothed” seasonal pattern of low and high
values was observed. More recent sampling by Stantec in the period 2013 to 2016 has included more
frequent (monthly) sampling, and provides better resolution of the seasonal arsenic cycle in lake water.
Representative data from Southwest Arm (Station 1) and Barton Bay West (Station 2) for the period 2013
to 2016 are presented in Figure 5.
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The initial calibration values for the STELLATM model are presented in Table 5.

Table 5

Initial Calibration Values for the STELLATM Model of Arsenic in Kenogamisis Lake
Parameter

BBW

BBE

CBW

CBE

SWA

OB

0.16

0.16

0.16

0.16

0.16

0.16

Initial sediment As
concentration (mg/kg)

50

50

10

10

10

10

KdAS (m3/kg)

2.5

3.0

2.5

1.0

1.0

1.0

AS (y-1)

2.5

3.0

2.5

1.0

1.0

1.0

Sedimentation Rate (kg/m2/y)

Diffusive flux multiplier

3.2

1x when lake is ice-covered; 1x during open water season

MODEL SENSITIVITY ANALYSIS

The following section provides an analysis of the STELLATM model sensitivity to variation in key parameter
values. The water quality model relies upon a limited number of parameters, of which several are fixed or
not variable when a particular lake is being simulated because they are known to be well-defined
quantities. Thus, although the water quality model requires information on catchment area, lake area,
and lake mean depth, these parameters are accurately determined and fixed for the six sub-basins of
Kenogamisis Lake. As such, sensitivity analysis is not required for these parameters. In addition, the mixed
sediment thickness (10 cm) was determined based on evaluation of core samples presented by Parks
Environmental Inc. (2012). Therefore, only the following parameters, including runoff, total arsenic loading,
water to sediment transfer rate, water to sediment partition coefficient, and sedimentation rate, are
considered to be of primary relevance in the context of sensitivity analysis. The sensitivity analysis was
undertaken with the STELLATM model calibrated, as described above, prior to detailed calibration of the
model.
Review of the data for the years 2013 to 2016 yielded 131 individual data points representing the total
arsenic concentration (µg/L) in the lake water. These data points were paired with model predictions for
the same day of each year. The paired values were then transformed (log10) to normalize the variance,
and subjected to least squares linear regression analysis (all statistical analyses were performed using
SYSTAT). The scatterplot and regression lines (including the upper and lower confidence intervals for the
regression line, and the upper and lower prediction intervals for the regression) are shown in Figure 6. The
regression analysis is summarized in Table 6. The adjusted r2 value associated with the regression analysis
is 0.844 (very good), indicating that the initial calibration of the model accounts for over 84% of the
variation in measured total arsenic concentrations between 2013 and 2016. The Standard Error of the
Estimate (Root Mean Square Error) is 0.203.
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Table 6

Regression Statistics for Measured and Predicted Total Arsenic Concentrations
in Kenogamisis Lake Water (n = 131 paired data points)
Effect

Coefficient

Standard Error

t

p-value

Constant

0.291

0.038

7.621

<0.001

Log Measured Arsenic

0.852

0.032

26.422

<0.001

Analysis of Variance
Sum of
Squares

Degrees of
Freedom

Mean
Square

F-ratio

p-value

Regression

28.720

1

28.720

698.14

<0.001

Residual

5.307

129

0.041

Source

As shown in Figure 6, the regression line for predicted vs. measured arsenic concentrations in water lies
slightly above the 1:1 line, indicating that the model predictions tend to be slightly conservative (i.e., overpredicting) through most of the prediction range. This was a specific objective during the model
calibration process (i.e., that to satisfy the requirements of the EIS/EA and Human Health and Ecological
Risk Assessment processes, the model predictions should be reasonable, with a tendency to be
conservative). The regression equation shown in Figure 6 serves as the basis for evaluating model sensitivity
to variation in key parameter values, as described below.

3.2.1

Runoff

The hydrological processes represented in the STELLATM model are based on a regional flow model
representing Kenogamisis Lake. A standard hydrograph was developed, representing the 30-year mean
monthly runoff values based on six long-term hydrological monitoring stations representing watersheds of
similar dimensions to the sub-basins of Kenogamisis Lake. The regional flow assessment stations used to
estimate flow through Kenogamisis Lake sub-basins were a sub-set of the regional flow assessment stations
used in Chapter 10.0 of the Final EIS/EA. Bird et al. (1993) previously showed that the water quality model
had low sensitivity to variations in runoff.
To evaluate model sensitivity to short-term variation in runoff, including years that were either wetter or
drier than the long-term average condition, Stantec prepared a 10-year time series of variable monthly
runoff values based on the actual monthly data from the hydrological monitoring stations supporting the
regional flow model. The STELLATM model was then re-run as before over the period between 1920 and
2006, using the long-term mean monthly runoff values. Starting in 2007 and continuing until the end of
2016, the hydrological function was replaced with the variable monthly mean values based on measured
flows at the long-term hydrological monitoring stations. The resulting STELLATM model output was then
compared to the original model output to evaluate the effect of more realistic hydrological variability on
short-term and longer-term model predictions of total arsenic concentrations in water. The time series
incorporates periods when the runoff values were particularly high (e.g., the spring freshet values for 2013
and 2014), as well as periods of low runoff (e.g., the spring freshet in 2010, and the fall runoff periods of
2012 and 2013). This analysis helps to respond to several potential concerns, as follows:
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•

The sensitivity of the water quality model to natural deviations from long-term mean flow.

•

Scenarios looking at different flow rates ranging from dry periods to flood regimes.

•

Climate change scenarios predicting an increase in precipitation in eastern Canada.

Figure 7 shows the variability in monthly mean runoff values during the 10-year period from 2007 to 2016
for Barton Bay East (BBE), when compared to the mean values based on long-term average monthly
runoff values. Figure 8 (open symbols) shows the variability in predicted arsenic concentrations in water,
as introduced by the variable runoff values during the period from 2007 to 2016. The solid lines show the
standard estimates, based on the 30-year average runoff values. As shown in Figure 8, periods of lower
than average runoff (e.g., the spring and early summer of 2010, and the late summer and fall of 2011 and
2012) result in higher than average total arsenic concentrations in the lake water. Periods of higher than
average runoff (e.g., the fall of 2007, and the spring freshets of 2013 and 2014) result in lower than average
total arsenic concentrations in the lake water. While this pattern is most easily resolved in BBE due to scale
effects, it is repeated in the other lake sub-basins.
While the model is responsive to realistic short-term variations in runoff, the model predictions will revert to
values consistent with those based on long-term mean runoff when viewed on an annual or multi-year
basis. Further, although historical variations in runoff can be examined based on hydrological data, the
best estimator of future conditions remains the long-term (30-year) average runoff record. Recognizing
that climate change has the potential to change the historical climate normal, predictions of future
conditions will consider both the long-term average runoff, as well as a climate change scenario
representing generally warmer temperatures and higher levels of precipitation developing between the
present time, and 2100.

3.2.2

Total Arsenic Loading

The total external arsenic loadings to Kenogamisis Lake were varied by ±25%, relative to the estimated
values, over the simulation period between 2006 and 2017. As expected, higher total arsenic loadings
resulted in higher arsenic concentrations in water, and lower loadings resulted in lower concentrations.
The effect of increasing or decreasing total arsenic loading is shown in Figure 9, together with the results
of the model, when compared to the measured total arsenic concentrations in lake water between 2013
and 2017. Higher arsenic loadings result in higher predicted total arsenic concentrations in the lake water
(i.e., a greater positive bias). Lower arsenic loadings resulted in lower predicted total arsenic
concentrations in the lake water, becoming non-conservative at arsenic concentrations greater than
about 20 µg/L. Overall, the model sensitivity to variation in arsenic loading was moderate, ranging
from -19% to +21% in SWA, to -23% to +23% in BBW. The results of this analysis indicate that the estimated
present-day loading values are realistic, and are preferred over higher or lower values.
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3.2.3

Water to Sediment Transfer Rate

The water to sediment transfer rate (αAs, y-1) represents the mass transfer rate of arsenic from the water
compartment to the sediment compartment, and (along with the arsenic loading and runoff parameters)
is an important determinant of the predicted total arsenic concentration in water, as well as sediment.
Bird et al. (1993) showed that when the surface water model is fully generic (i.e., nothing is known about
the lake characteristics), values of αi for various elements are typically subject to a high degree of
uncertainty. However, for Kenogamisis Lake, the model validation and calibration processes outlined
above provide additional constraint on values of αAs. Depending upon which sub-basin is being simulated
(and reflecting the availability of iron in each sub-basin), the initial calibration values of αAs ranged from
1.0 y-1 (in SWA, CBE and OB) to 2.5 y-1 (in BBW and CBW) and 3.0 y-1 (in BBE). Bird et al. (1993) showed that
this parameter typically can be expected to have a log-normal distribution. Therefore, the sensitivity
analysis will consider the effects of halving, or doubling, the initial calibration values within each sub-basin.
The effects of higher or lower values of αAs are shown in Figure 10, together with the results of the initially
calibrated model, when compared to the measured total arsenic concentrations in lake water between
2013 and 2016. Lower values of αAs result in higher predicted total arsenic concentrations in the lake water
(i.e., a greater positive bias), and a slight reduction in the r2 value relative to the initial calibration model.
Higher values of αAs resulted in lower predicted total arsenic concentrations in the lake water, with the
predicted values becoming non-conservative at measured concentrations greater than about 20 µg/L.
Overall, the model sensitivity to variation in values of αAs was moderate, ranging from -6% to +4% in SWA,
to -22% to +16% in BBE. These results reflect variation in the calibrated values of αAs (ranging from 1 y-1 in
SWA to 3.5 y-1 in BBE), as well as the relatively high hydraulic flushing rates of the various lake sub-basins.
The results of this analysis indicate that in rapidly flushed sub-basins, the model is relatively insensitive to
variations in αAs. However, in slowly flushed sub-basins, the model is more sensitive to αAs.

3.2.4

Water to Sediment Partition Coefficient

The water to sediment partition coefficient for arsenic (KdAs, m3/kg) represents the tendency for this
element to bind to sediment solids, within the bed sediments. This parameter helps to determine the
expected dissolved arsenic concentration in the sediment pore water, and consequently the diffusive
flux of arsenic from the bed sediment back to the overlying water. Cornett et al. (1992) showed that
partition coefficients for arsenic in the sediments of arsenic-contaminated Moira Lake, Ontario, were low,
ranging from 4 to 6 m3/kg in surface sediments, to values of 1 m3/kg or less, deeper in the sediment profile.
For Kenogamisis Lake, the model validation and calibration processes resulted in initial calibration values
of KdAs at an assumed depth range of 0 to 5 cm in the sediment profile ranging from 1.0 m3/kg (in SWA,
CBE and OB), to 2.5 m3/kg (in BBW and CBW), and 3.0 m3/kg (in BBE), reflecting the relative abundance
of iron, which is known to help bind arsenic in lake sediments. This parameter is assumed to have a lognormal distribution. Therefore, the sensitivity analysis will consider the effects of halving, or doubling, the
calibrated values within each sub-basin.
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The effect of increasing or decreasing values of KdAs are shown in Figure 11, together with the results of
the calibrated model, when compared to the measured total arsenic concentrations in lake water
between 2013 and 2016. Lower values of KdAs result in slightly higher predicted total arsenic
concentrations in the lake water (i.e., a positive bias). Higher values of KdAs resulted in slightly lower
predicted total arsenic concentrations in the lake water. Overall, the model sensitivity to variation in
values of KdAs was moderate, ranging from -5% to +10% in BBE, to -8% to +22% in OB. These results reflect
both variation in the calibrated values of KdAs (ranging from 1 m3/kg in OB to 3.0 m3/kg in BBE), and the
high total arsenic concentrations in the sediments of BBE.

3.2.5

Sedimentation Rate

The sedimentation rate is the rate at which dry sediment accumulates on the lake bed (kg/m2/y). This rate
is not explicitly known for the sub-basins of Kenogamisis Lake. As a result, the geometric mean
sedimentation rate for Canadian Shield lakes (i.e., 0.16 kg/m2/y) was adopted from Bird et al. (1993). Bird
et al. (1993) reported that this value has a geometric standard deviation (SD) of 2.48. Allowing the
sedimentation rate to vary by ±1 SD resulted in adjusted sedimentation rates of 0.065 to 0.40 kg/m2/y. To
be meaningful, adjustments to the sedimentation rate were applied to the entire STELLATM model
simulation (i.e., from 1920 to the present day), and not just to the period between 2006 and 2017. However,
the effects of adjusting the sedimentation rate were evaluated with reference to present-day conditions
(as reported by Parks Environmental Inc. 2012).
The effects of increasing or decreasing sedimentation rate on water quality predictions are shown in
Figure 12, together with the results of the calibrated model, when compared to the measured total
arsenic concentrations in lake water between 2013 and 2017. The sedimentation rate is not directly
involved in estimating the total arsenic concentration in lake water. However, it has a small indirect effect,
as a higher sedimentation rate would lower the total arsenic concentration in sediment, and this in turn
would reduce the expected arsenic concentration in the sediment pore water and the return flux of
arsenic by diffusion from sediment to water. Thus, as expected, lower sedimentation rates result in slightly
higher predicted total arsenic concentrations in the lake water. Higher sedimentation rate values resulted
in slightly lower predicted total arsenic concentrations in the lake water. However, the sensitivity of the
model water quality predictions to variation in sedimentation rate is almost negligible.
The effect of increasing or decreasing sedimentation rate on predicted sediment arsenic concentrations
is shown in Figure 13. Higher sedimentation rates provide “dilution” to the mass of arsenic transferred from
water to sediment, and more rapid movement of sediments down into the sediment profile. This results in
slightly lower arsenic concentrations in the sediment profile, but deeper penetration of arsenic into the
sediment. Lower sedimentation rates result in higher predicted sediment arsenic concentrations, and less
penetration of arsenic into the sediment. As shown in Figure 13, the effect of varying the sedimentation
rate on predicted surface sediment arsenic concentrations is modest, ranging from -10% to +4% in CBE,
to -14% to +6% in BBW.
As was noted previously, the predicted sediment arsenic concentrations tend to be slightly underpredicted by the model, and this could result from one or more factors (i.e., imperfect calibration; underestimated total arsenic loadings; under-estimated water to sediment transfer rates; over-estimated
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sedimentation rate; under-estimated water to sediment partition coefficient). However, the STELLATM
model predictions lie within the range of observed values within each sub-basin, and provide good
prediction of the relative average arsenic concentration in each sub-basin.
At this point, the model was judged to be ready for detailed calibration against measured data obtained
during the period 2001 to 2011, followed by validation against data collected during the period 2013 to
2016.
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4.0

DETAILED MODEL CALIBRATION USING DATA FROM 2001 TO
2011

Reports by Parks Environmental Inc. (2011, 2012) provide historical data on arsenic concentrations in the
water and sediments of the six sub-basins of Kenogamisis Lake, over the period from 1997 to 2011 (water
quality), and in the fall of 2011 (sediment). Water quality data for the 10-year period between 2001 and
2011 were selected for the purpose of detailed calibration, due to concern about the quality of the
earliest data, as well as the appropriateness of applying arsenic loading estimates for the period 2013 to
2016 retrospectively to the lake prior to the year 2000.
Starting with the initial model calibration, additional iterative rounds of manual model calibration were
conducted to optimize the model fit to the measured water and sediment quality data. Parameter values
subject to adjustment in the detailed calibration process included the water to sediment transfer rate for
arsenic (αAs), the sediment partition coefficient for arsenic (KdAs), the apparent rate of diffusion of arsenic
from water to sediment (reflecting bioturbation and possible wind resuspension of sediment), and the rate
of water exchange by dispersion across the boundary between sub-basins CBW and CBE. The results of
the calibration were judged using regression analysis of the predicted and measured total arsenic
concentrations in water (with predicted values being extracted from the STELLATM model on the same
model year and day as the actual water sample collection); and using regression analysis of the
predicted arsenic concentration in the surface 5 cm of sediment against the average arsenic
concentration measured in sediment grab and core samples by Parks Environmental Inc. (2012).
Consideration was also given to the minimum, mean, and maximum predicted arsenic concentrations in
lake water, when compared to the 5th percentile, mean, and 95th percentile of measured values from
Parks Environmental Inc. (2011).
Concerning the measured water quality data over the period 2001 to 2011 (Parks Environmental Inc.
2011), three observations of very low arsenic concentrations were deleted from the data set as outliers.
These three observations were collected in water samples collected in early spring, and were inferred to
represent samples dominated by melting ice, rather than well mixed lake water.
Three calibration rounds were performed, after which it found that additional calibration efforts did not
produce material improvement in model fit to the observed water and sediment quality data. The final
calibration values for the STELLATM model are presented in Table 7.
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Table 7

Final Calibration Values for the STELLA™ Model of Arsenic in Kenogamisis Lake

Parameter

BBW

BBE

CBW

CBE

SWA

OB

0.16

0.16

0.16

0.16

0.16

0.16

Initial sediment As
concentration (mg/kg)

50

50

10

10

10

10

KdAS (m3/kg)

3

3.5

3

2

1.5

1.5

AS (y-1)

4

4

3

2.5

2

2

Sedimentation Rate
(kg/m2/y)

Diffusive flux multiplier

4.1

1x when lake is ice-covered; 3x during open water season

RESULTS OF DETAILED CALIBRATION

Table 8 shows the range (minimum, mean and maximum) of model predictions for arsenic concentrations
in the water of Kenogamisis Lake during the period 2001 to 2011, alongside the range of observed values
in each sub-basin (data from Parks Environmental Inc. 2011).

Table 8

Modelled and Measured Range of Arsenic Concentrations in Kenogamisis
Lake, 2001 – 2011
Model Predicted Values (µg/L)

Sub-Basin

Measured Values (µg/L)

Minimum

Mean

Maximum

5th Percentile

Mean

95th
Percentile

BBW

12.2

27.1

51.5

9.8

36.9

84.4

BBE

28.3

65.2

122

15.9

61.1

131

CBW

8.4

22.0

33.9

10.5

28.3

57.3

CBE

5.9

13.0

21.7

4.8

15.8

37.3

SWA

1.3

2.9

6.0

2.0

5.0

8.2

OB

6.1

12.3

19.4

3.7

12.4

26.1

Measured data from Parks Environmental Inc., (2011)

Figure 14 shows the range and patterns of seasonal variation in modelled arsenic concentrations in water,
over the period 2001 to 2011. These patterns, with annual minima in the spring, and annual maxima in the
late summer, are consistent with patterns observed in the measured water quality data (see Figure 5).
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Figure 15 shows the regression analysis of log-transformed modelled and measured arsenic
concentrations in lake water, for the six sub-basins of Kenogamisis Lake, between 2001 and 2011. The
slope of the regression line is 0.91, slightly less than 1. The regression line lies above the 1:1 line at measured
arsenic concentrations less than about 40 µg/L, transitioning to lie slightly below the 1:1 line at higher
concentrations. The adjusted r2 value for the regression is 0.79 (good), indicating that the model accounts
for 79% of the variation in measured total arsenic concentrations in water, across the six sub-basins, and
over a period of 10 years. The Mean Square Error of the regression analysis is 0.049, and the Standard Error
of the Estimate (Root Mean Square Error) is 0.220. Table 9 provides the details of the regression analysis for
arsenic concentrations in water.
Figure 15 displays the empirically measured values for arsenic concentrations in water (the X-axis), as a
function of the model predictions (the Y-axis). A dashed diagonal line shows the 1:1 relationship between
predicted and measured values. The best-fit linear regression representing the predicted and measured
arsenic values is shown as a straight red line (the Estimate line). Two dark blue lines show the lower
confidence limit (LCL) and upper confidence limit (UCL), indicating the 95% confidence interval for the
best-fit regression. The lower prediction limit (LPL) and upper prediction limit (UPL) represent the 95%
prediction interval for the scatter of individual data points represented in the regression. Put simply, if there
were 100 data points in the regression analysis, one would expect about 5 to fall outside these limits.
Further information on this statistical terminology, as well as the underlying statistical methods, can be
found in standard texts (e.g., Ostle and Mensing 1975).

Table 9

Regression Statistics for Measured (2001 through 2011 data) and Predicted Total
Arsenic Concentrations in Kenogamisis Lake Water (n = 117 paired data points)
Effect

Coefficient

Standard Error

t

p-value

Constant

0.143

0.056

2.576

0.011

Log Measured Arsenic

0.910

0.044

20.829

<0.001

Analysis of Variance
Sum of
Squares

Degrees of
Freedom

Mean
Square

F-ratio

p-value

Regression

21.055

1

21.055

433.86

<0.001

Residual

5.581

115

0.049

Source

Figure 16 shows the simulated core profiles for the average arsenic concentration in lake sediments for
the six sub-basins of Kenogamisis Lake. The results for the surface (0 to 5 cm) sediments are presented in
context with the results for individual grab and core samples (data from Parks Environmental Inc. 2012) in
Figure 17, along with the measured and predicted mean sediment arsenic concentrations (inset in
Figure 17). Figure 18 shows the regression of the mean predicted and measured arsenic concentrations
in sediment for the six sub-basins. The slope of this regression is not significantly different from 1, indicating
very little bias in the model predictions. The adjusted r2 value for the regression is 0.97 (excellent),
indicating that the model accounts for 97% of the variation in mean total arsenic concentrations in
sediment. The Mean Square Error of the regression is 0.008, and the Standard Error of the Estimate (Root
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Mean Square Error) is 0.092. Table 10 provides the details of the regression analysis for arsenic
concentrations in sediment.

Table 10

Regression Statistics for Measured (2011 data) and Predicted Mean Arsenic
Concentrations in Kenogamisis Lake Sediment (n = 6 paired data points)
Effect

Coefficient

Standard Error

t

p-value

Constant

0.295

0.162

1.823

0.142

Log Measured Arsenic

0.887

0.074

12.023

<0.001

Analysis of Variance
Sum of
Squares

Degrees of
Freedom

Mean
Square

F-ratio

p-value

Regression

1.224

1

1.224

144.56

<0.001

Residual

0.034

4

0.008

Source

54

Regression of Predicted vs. Measured
Values for As in Water
2001-2011
Client:

Greenstone Gold Mines GP Inc.

Scale:

Job No.:

n/a
Date:
January 30, 2018

Figure No.:

160961223
Dwn By:
PM

Appd. By:
MS

15

Update to: Mass Balance Modelling of Arsenic Concentrations in Water and Sediment of Kenogamisis
Lake, Geraldton, Ontario
February 1, 2018

56

Predicted Total Arsenic Concentrations
in Sediment (mg/kg) by 2011
Client:

Greenstone Gold Mines GP Inc.

Scale:

Job No.:

n/a
Date:
January 30, 2018

Figure No.:

160961223
Dwn By:
PM

Appd. By:
MS

16

Update to: Mass Balance Modelling of Arsenic Concentrations in Water and Sediment of Kenogamisis
Lake, Geraldton, Ontario
February 1, 2018

58

Mean Surface Sediment Arsenic Concentration Comparison,
2011
Client:

Greenstone Gold Mines GP Inc.

Scale:

Job No.:

n/a
Date:
January 30, 2018

Figure No.:

160961223
Dwn By:

Appd. By:
PM

MS

17

Update to: Mass Balance Modelling of Arsenic Concentrations in Water and Sediment of Kenogamisis
Lake, Geraldton, Ontario
February 1, 2018

60

Predicted vs. Measured Arsenic in
Sediment, 2011
Client:

Greenstone Gold Mines GP Inc.

Scale:

Job No.:

n/a
Date:
January 30, 2018

Figure No.:

160961223
Dwn By:
PM

Appd. By:
MS

18

Update to: Mass Balance Modelling of Arsenic Concentrations in Water and Sediment of Kenogamisis
Lake, Geraldton, Ontario
February 1, 2018

62

Update to: Mass Balance Modelling of Arsenic Concentrations in Water and Sediment of Kenogamisis
Lake, Geraldton, Ontario
February 1, 2018

5.0

MODEL VALIDATION USING DATA FROM 2013 TO 2016

Model validation was implemented by using the calibrated model to simulate a second set of water and
sediment quality data, collected between 2013 and 2016 by Stantec (Stantec 2017). The water quality
data were collected on a more frequent basis (i.e., generally monthly except in “shoulder seasons” when
ice formation or melt made the lake inaccessible) between 2013 and 2016 than was the case for the
earlier sampling program. However, the sediment sampling programs (2014 and 2016) were more
targeted on characterizing “hotspots” in BBW and BBE, and “background” conditions in SWA, and as
such, the data are less representative of “average” conditions within each sub-basin than was the case
for the data reported by Parks Environmental Inc. (2012).
Table 11 shows the range (minimum, mean and maximum) of model predictions for arsenic
concentrations in the water of Kenogamisis Lake during the period 2013 to 2016, alongside the range of
observed values in each sub-basin (data from Stantec 2017).

Table 11

Sub-Basin

Modelled and Measured Range of Arsenic Concentrations in Kenogamisis Lake,
2013 – 2016
Model Predicted Values (µg/L)

Measured Values (µg/L)

Minimum

Mean

Maximum

5’th Percentile

Mean

95’th Percentile

BBW

12.3

27.3

51.8

10.0

28.2

83.0

BBE

28.6

65.8

123

16.9

41.0

125

CBW

8.4

22.0

34.0

11.9

20.8

54.3

CBE

5.9

12.9

21.4

5.0

10.4

31.9

SWA

1.3

2.7

5.1

2.0

3.5

8.0

OB

6.1

12.2

18.9

2.0

8.3

25.1

Note:
Measured data from Stantec (2017)

Figure 19 shows the regression analysis of log-transformed modelled and measured arsenic
concentrations in lake water, for the six sub-basins of Kenogamisis Lake, between 2001 and 2011. The
slope of the regression line is 0.90, slightly less than 1. However, the regression line lies above the 1:1 line
on the graph throughout the relevant range of arsenic concentrations (<1 to >100 µg/L), indicating that
the model predictions are on average slightly conservative relative to the measured data. The adjusted
r2 value for the regression is 0.88 (very good), indicating that the model accounts for 88% of the variation
in measured total arsenic concentrations in water, across the six sub-basins, and over a period of 4 years.
The Mean Square Error of the regression is 0.032, and the Standard Error of the Estimate (Root Mean Square
Error) is 0.180. Table 12 provides the details of the regression analysis for arsenic concentrations in water.

63

Update to: Mass Balance Modelling of Arsenic Concentrations in Water and Sediment of Kenogamisis
Lake, Geraldton, Ontario
February 1, 2018

Table 12

Regression Statistics for Measured (2013 through 2016 data) and Predicted Total
Arsenic Concentrations in Kenogamisis Lake Water (n = 131 paired data points)
Effect

Coefficient

Standard Error

t

p-value

Constant

0.254

0.034

7.509

<0.001

Log Measured Arsenic

0.898

0.029

31.402

<0.001

Analysis of Variance
Sum of
Squares

Degrees of
Freedom

Mean
Square

F-ratio

p-value

Regression

31.938

1

31.938

986.08

<0.001

Residual

4.178

129

0.032

Source

The model results for arsenic concentrations in the surface (0 to 5 cm) sediments are presented in context
with the results for individual grab samples (data from Stantec 2017) in Figure 19, along with the measured
and predicted mean sediment arsenic concentrations (inset in Figure 20). Figure 21 shows the regression
of the mean predicted and measured arsenic concentrations in sediment for the six sub-basins. The slope
of this regression is not significantly different from 1, indicating very little bias in the model predictions. The
adjusted r2 value for the regression is 0.86 (very good), indicating that the model accounts for 86% of the
variation in mean total arsenic concentrations in sediment. The Mean Square Error of the regression is
0.047, and the Standard Error of the Estimate (Root Mean Square Error) is 0.218. Table 13 provides the
details of the regression analysis for arsenic concentrations in sediment.

Table 13

Regression Statistics for Measured (2013 through 2016 data) and Predicted
Mean Arsenic Concentrations in Kenogamisis Lake Sediment (n = 6 paired
data points)
Effect

Coefficient

Standard Error

t

p-value

Constant

0.162

0.419

0.388

0.718

Log Measured Arsenic

0.975

0.198

4.927

0.008

Analysis of Variance
Sum of
Squares

Degrees of
Freedom

Mean
Square

F-ratio

p-value

Regression

1.151

1

1.151

24.28

0.008

Residual

0.19

4

0.147

Source
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The prediction of arsenic concentrations in water is substantially improved in the validation data set,
relative to the calibration data set. This improvement may be explained by one or more factors, including:
•

The water quality measurements were more frequent (generally monthly except during shoulder
seasons) during the period from 2013 to 2016, whereas sampling frequency between 2001 and 2011
was generally seasonal (spring and fall). This resulted in a more continuous distribution of points in the
regression analysis between 2013 and 2016 than was the case for the period 2001 to 2011.

•

Arsenic concentrations in the water of Kenogamisis Lake appear to have decreased slightly between
2001 and 2016. This may reflect a slight reduction in total arsenic loading to the lake over the same
period of time.

•

The arsenic loadings used in the STELLATM model are based on measurements made between 2013
and 2016, which was the time period used as the validation data set.

Figure 22 presents the regression for all of the predicted and measured arsenic concentrations in water
over the period from 2001 to 2016. The adjusted r2 value for this regression is 0.84 (very good). The Mean
Square Error of the regression is 0.042, and the Error of the Estimate (Root Mean Square Error) is 0.205. The
slope of the regression line is 0.89, lying above the 1:1 line throughout the relevant data range (indicating
that the model predictions are on average slightly conservative), becoming unbiased at predicted
arsenic concentrations of about 100 µg/L. However, the degree of conservatism is generally minor. Table
14 provides the details of the combined regression analysis for arsenic concentrations in water.

Table 14

Regression Statistics for Measured (2001 through 2016 data combined) and
Predicted Total Arsenic Concentrations in Kenogamisis Lake Water (n = 248
paired data points)
Effect

Coefficient

Standard Error

t

p-value

Constant

0.217

0.031

7.029

<0.001

Log Measured Arsenic

0.890

0.025

35.338

<0.001

Analysis of Variance
Sum of
Squares

Degrees of
Freedom

Mean
Square

F-ratio

p-value

Regression

52.462

1

52.462

1,248.75

<0.001

Residual

10.335

246

0.042

Source

The prediction of arsenic concentrations in sediment is somewhat degraded in the validation data set,
relative to the calibration data set. This decline in precision is attributable to the targeted collection of
sediment samples between 2013 and 2016 (i.e., sampling that focused on identifying “hotspots” in BBW,
BBE and CBW, and the selection of sampling locations in the western end of SWA to serve as
“background”). The earlier sediment samples (Parks Environmental Inc. 2012) incorporate less of this type
of focus, and may provide a better basis for estimating the average arsenic concentration of sediments
within each sub-basin.
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Figure 23 presents the regression for the combined sediment quality data sets (2011 to 2016). The slope of
this regression is not significantly different from 1, indicating low bias in the model predictions. The adjusted
r2 value for the regression is 0.97 (excellent), indicating that the model accounts for 97% of the variation
in mean total arsenic concentrations in sediment. The Mean Square Error of the regression is 0.011, and
the Standard Error of the Estimate (Root Mean Square Error) is 0.103. Table 15 provides the details of the
regression analysis for arsenic concentrations in sediment.

Table 15

Regression Statistics for Measured (2011 through 2016 data combined) and
Predicted Mean Arsenic Concentrations in Kenogamisis Lake Sediment (n = 6
paired data points)
Effect

Coefficient

Standard Error

t

p-value

Constant

0.161

0.187

0.862

0.437

Log Measured Arsenic

0.953

0.086

11.062

<0.001

Analysis of Variance
Sum of
Squares

Degrees of
Freedom

Mean
Square

F-ratio

p-value

Regression

1.298

1

1.298

122.37

<0.001

Residual

0.042

4

0.011

Source

The regression statistics for water and sediment can be used to derive statistical confidence intervals for
prediction of future arsenic concentrations in the lake water. While the STELLATM model can be used to
simulate future conditions in the lake, based on expected changes in arsenic loadings and other
conditions, the model predictions (which include seasonal variability) are predictions of the expected
concentration at any given time. The uncertainty in future predictions can be expressed based on the
empirically-observed uncertainty represented in the regression analyses.
Table 16 provides numeric estimates of the model predicted arsenic concentration at specific expected
concentrations, with associated estimates of uncertainty based on the regression analysis. As indicated
in Table 16, the predicted values tend to be conservative estimators of the expected values. For example,
at an expected value of 25 µg/L, the predicted value from the STELLATM model would be 28.9 µg/L, with
a 95% confidence interval of 27.1 to 31.0 µg/L. Similarly, at an expected concentration of 50 µg/L, the
predicted value would be 53.7 µg/L, with a 95% confidence interval of 49.1 to 58.7 µg/L.
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Table 16

Predicted Values and 95% Confidence Intervals for Total Arsenic
Concentrations (µg/L) in the Water of Kenogamisis Lake

Expected Concentration

Predicted Concentration

95% LCL

95% UCL

1

1.7

1.43

1.90

10

12.8

12.1

13.6

25

28.9

27.1

31.0

50

53.7

49.1

58.7

75

77.0

69.3

85.5

100

99.5

88.4

112

Notes:
95% LCL and 95% UCL represent the 95% confidence interval around the predicted concentrations.

Table 17 provides numeric estimates of the predicted sediment arsenic concentration at specific
expected concentrations, with associated estimates of uncertainty based on the regression analysis. As
indicated in Table 17, at an expected value of 250 mg/kg, the predicted value from the model would be
278 mg/kg, with a 95% confidence interval of 207 to 374 mg/kg. Similarly, at an expected concentration
of 500 mg/kg, the predicted value would be 532 mg/kg with a 95% confidence interval of 357 to
793 mg/kg.

Table 17

Predicted Values and 95% Confidence Intervals for Total Arsenic
Concentrations (mg/kg) in the Sediment of Kenogamisis Lake

Expected Concentration

Predicted Concentration

95% LCL

95% UCL

50

61.7

44.1

86.5

100

118

90.7

154

250

278

207

374

500

532

357

793

1,020

599

1,730

1,000
Notes:

95% LCL and 95% UCL represent the 95% confidence interval around the predicted concentrations.
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6.0

MODEL PREDICTIONS (2018 TO 2100)

For the purposes of this modelling effort, it was assumed that Year 1 of operation corresponds to calendar
year 2018, with operation extending to 2033; the active closure phase begins in 2034; and the open pit
fills and begins to discharge to Kenogamisis Lake in the 2050s.
The following changes in loadings and flows were included in the model, in relation to the operation and
closure phases (see Stantec 2017, Chapter 10.0, for more information):
•

Groundwater loadings of arsenic originating from the WRSAs and TMF were incorporated into the
model. No reduction in loading due to exhaustion of the tailings source, precipitation reactions, or
processes are applied for the historical tailings, WRSAs and TMF. In reality, arsenic loadings would be
expected to decline over time as the more readily leached inventories contained within the tailings
and waste rock become exhausted. This results in a conservative approach to the long-term water
quality predictions and loading to the environment by over-estimating long-term arsenic leaching
rates.

•

Removal of approximately 22% of the historical MacLeod tailings and 77% of the historical Hardrock
tailings and their placement within the new TMF in designated locations.

•

Installation of an enhanced cover over the remaining historical MacLeod high tailings to reduce
infiltration and increase runoff, thereby further reducing loadings from the historical MacLeod tailings.

•

The prediction of discharge from the WRSAs, ore stockpile, and historical tailings areas excludes the
reduction due to collection of groundwater in the perimeter collection ditches.

•

During operation, there is a reduction in the discharge from the historical tailings to Kenogamisis Lake
due to the removal of the tailings and the changes in groundwater flow direction due to dewatering
of the open pit.

•

Treated effluent discharge from the effluent treatment plant (ETP) to the SWA represents a new
loading during operation and was included at the maximum arsenic concentration of 100 µg/L and
the mean annual discharge rate under climate normal conditions.

•

During closure, to expedite the filling of the open pit, enhanced filling operations are planned and
include pumping water from the TMF, the contact water collection ponds (via pond M1), and from
the Southwest Arm of Kenogamisis Lake. The open pit will be filled to allow development of a density
stratified meromictic lake. Once filled, and after water quality of the pit lake has been shown to meet
discharge criteria, effluent will be discharged directly to the SWA. Arsenic loading associated with this
discharge is included in the model.

•

Once the pit lake fills, the effects of the open pit on groundwater flow are reduced and local
groundwater flow towards Kenogamisis Lake resumes. The loading to Kenogamisis Lake due to
groundwater discharge associated with the WRSAs, TMF, and historical tailings increase in comparison
to operations, but remain well below existing conditions.
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6.1

PREDICTED ARSENIC FLUXES THROUGH KENOGAMISIS LAKE

Table 18 provides a summary of expected future total arsenic loadings to Kenogamisis Lake. The effects
of these changing arsenic loadings on expected water and sediment quality in Kenogamisis Lake, and
arsenic fluxes within and between the sub-basins, were evaluated over the period of 2018 to 2100 using
the calibrated and validated model.

Table 18

Estimated Future Arsenic Loadings1 (kg/year)

Period

SWA

BBW

BBE

CBW2

CBE

OB

2018 - 2033

694

1,417

153

9

247

326

2034 - 2038

396

1,417

153

9

247

326

2039 - 2050s

383

1,413

149

0

244

324

2050s - 2100

695

1,413

1,055

135

244

323

Notes:
1

Loadings are estimates of the mass of arsenic directly entering each sub-basin. They do not include arsenic inputs with
water flow from upstream sub-basins, or internal cycling of arsenic between sediment and water.

2

CBW has a very small direct drainage area, and as such, direct inputs of arsenic to this sub-basin may be very small when
historical tailings have been removed, and when the open pit acts as a sump for groundwater seepage.

Figures 24 to 29 provide overall summaries of mean annual arsenic fluxes within and between the six lake
sub-basins over the historical period (i.e., 1920 to 2017), and into the future (2018 to 2100). Numerical
estimates of these mean annual arsenic fluxes are provided on a decadal basis in Table 19. Taking the
year 2015 as a baseline, the model indicates little change in the total arsenic flux leaving BBW (where the
anthropogenic sources of arsenic loading lie outside of the Project area). However, substantial short- and
long-term decreases in total arsenic flux leaving BBE are indicated between 2015 and 2095, as is also the
case for arsenic fluxes leaving CBW and CBE. The predicted arsenic flux leaving SWA increases slightly
during Project operations (e.g., 2025), largely due to the mine effluent treatment plant discharge, but the
predicted flux is lower for the remainder of the study period (i.e., 2035 through 2095). The total arsenic flux
leaving OB is predicted to decrease substantially in all phases of the Project.
Figure 24 shows estimated total arsenic loadings to BBW increasing over the period from 1920 to 1959, as
a result of historical mining activities. These loadings decline and are assumed to remain constant after
1960 as active mining within the upgradient catchment areas had ceased by the mid-1940s to early1950s. Internal cycling of arsenic within BBW, leading to an internal flux of arsenic from sediment to water,
is limited by high iron concentrations in the sediment, which increase the binding capacity for arsenic in
the sediments. The arsenic flux from sediment to water remains smaller than the flux from water to
sediment, hence the sediments of BBW remain a net sink for arsenic. The mean arsenic concentration in
the sediments of BBW is therefore likely to continue to gradually increase over the foreseeable future, as
a result of upstream sources of arsenic loading.
Figure 25 shows assumed total arsenic inputs to BBE increasing over the period from 1920 to 1969, then
decreasing slightly to a plateau (due to arsenic loading from groundwater associated with historical mine
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tailings) between 1970 and 2017. After 2018, total arsenic loading to the lake would decrease substantially
(due to remediation of some of the historical mine tailings, and development of the open pit mine which
would limit groundwater flow into BBE). As a result, the arsenic loading to BBE becomes dominated by
inputs from the upstream sub-basin (BBW). As a result, the arsenic flux from water to sediment is expected
to decrease, and could be less than the diffusive flux from sediment back to water. Thus, during the period
from 2018 to the 2050s, the sediments of BBE could represent a small net source of arsenic to this subbasin. After the 2050s, as the open pit fills and normal groundwater flows resume, the total arsenic loading
to the lake would increase again, concentrations in the water would increase slightly, and the sediments
would again become a net sink for arsenic. However, even after the 2050s, the total arsenic loading to
BBE would be lower than under present day conditions.

Table 19

Mass (kg/year) of Arsenic Lost by Outflow
From BBW into
BBE

From BBE into
CBW

From CBW into
CBE

From CBE into
OB

From SWA into
CBE

From OB into
Downstream
System

1925

206

208

179

771

383

1,146

1935

791

1,891

1,727

2,186

378

2,413

1945

1,545

3,970

3,853

5,064

1,381

5,017

1955

1,883

4,625

4,688

6,869

2,455

6,704

1965

1,196

4,710

4,967

9,104

4,548

8,788

1975

1,205

3,354

3,768

8,165

4,617

8,055

1985

1,217

3,390

3,825

8,319

4,668

8,258

1995

1,228

3,426

3,882

8,454

4,705

8,435

2005

1,237

3,461

4,071

5,098

798

5,476

2015

1,250

3,506

4,120

5,078

737

5,430

2025

1,261

1,549

1,629

2,873

827

3,432

2035

1,269

1,530

1,609

2,567

545

3,108

2045

1,273

1,512

1,574

2,465

504

2,969

2055

1,279

2,185

2,298

3,336

765

3,710

2065

1,285

2,195

2,307

3,329

754

3,695

2075

1,290

2,201

2,313

3,319

745

3,676

2085

1,295

2,207

2,318

3,310

737

3,660

2095

1,301

2,216

2,324

3,308

731

3,653

Year

Figure 26 shows total arsenic inputs to CBW. This sub-basin has very little direct arsenic loading, but receives
substantial flux from the upstream sub-basin, BBE. The historical calibration to sediment core data suggests
that loadings increased over the period from 1920 to 1969, then decreased and remained stable
between 1970 and 2017. After 2018, there is expected to be a further decrease in total arsenic loadings
to CBW (due largely to remediation of some of the historical mine tailings), and a resulting decrease in
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the total amount of arsenic exported from BBW. Due to lower total arsenic loadings between 2018 and
the 2050s, arsenic deposition to the sediments of CBW decreases and the sediments of this sub-basin
could become a small net source of arsenic to the overlying water. This situation is reversed (and the
sediments of CBW become a small net sink for arsenic again) after the 2050s when the pit lake fills and
normal groundwater flows resume.
Figure 27 shows total arsenic inputs to CBE (which include the flux from the BBW-BBE-CBW chain of subbasins, as well as inputs from SWA). The total arsenic flux through CBE as estimated using the STELLATM
model is large, peaking at more than 9,000 kg/y in the 1960s, and over 5,000 kg/y at the present time. This
flux decreases substantially between 2018 and the 2050s, after remediation of some of the historical
MacLeod and Hardrock tailings deposits presently affecting water quality in BBE and CBW. A secondary
decrease between about 2034 and the 2050s reflects the end of operation and treated effluent
discharge to SWA. Arsenic inputs to CBE would increase again during the 2050s, when the open pit fills,
and groundwater flows are no longer collected in the pit lake. Storage of arsenic in the sediments of CBE
is low, due to the rapid flushing of this sub-basin. Presently, the sediments of CBE appear to be in
equilibrium with respect to arsenic deposition and remobilization. With a reduction of arsenic inputs to this
sub-basin beginning in 2018, the sediments would become a small net source of arsenic to the overlying
water, but would return to an equilibrium condition during the 2050s.
Figure 28 shows total arsenic inputs to SWA. The sediments of this sub-basin appear to contain more
arsenic than would be expected if SWA were in a pristine condition. This apparent excess of arsenic may
reflect the surface water discharge originating from the historical Hardrock tailings to the SWA, a situation
that underwent remediation in the 1990s. To address this, and given the rapid flushing rate of the SWA, a
substantial historical source of arsenic was required to match the observed sediment arsenic
concentrations. The total arsenic loading to SWA is presently dominated by natural sources (i.e., inflows
from the Kenogamisis River), with a small additional contribution caused by a net flux from sediment to
the overlying water. The model suggests that the sediments of SWA are presently a minor source of arsenic
to the overlying water (i.e., the diffusive flux to water from sediment is slightly greater than depositional
flux from water to sediment). Treated mine effluent release between 2018 and about 2033 would result in
only a small increase in the total arsenic loading to SWA. Arsenic loading to SWA would decrease when
operation ends in about 2033, and then increase again when the open pit fills and begins to discharge
during the 2050s. The sediments of SWA are likely to remain a small but declining net source of arsenic for
a longer period of time.
Figure 29 shows the total arsenic inputs to OB. Because this sub-basin is removed from the direct influence
of historical or Project mining activities, arsenic inputs are dominated by the flux from CBE. The rapid
flushing rate of this sub-basin, and lower availability of iron in the water and sediment, tend to limit the
potential for arsenic storage in sediment. Between 2018 and the 2050s, with a decrease in arsenic inputs
caused by removal of a portion of historical MacLeod and Hardrock tailings and development of the
open pit, the sediments of the OB could become a small source of arsenic due to the net flux from
sediment to water exceeding the depositional flux of arsenic from the water to sediment. After the 2050s,
the sediments of the OB are predicted to be near an equilibrium condition with respect to deposition and
internal cycling of arsenic.
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6.2

PREDICTED ARSENIC CONCENTRATIONS IN SEDIMENT

Figure 29 shows the simulated arsenic profiles in sediment for the six sub-basins of Kenogamisis Lake at the
end of the year 2100. Surface sediment arsenic concentrations are predicted to range from about
15 mg/kg in SWA to about 620 mg/kg in BBE. Sediment arsenic concentrations are predicted to decline
slightly from present-day levels in SWA, OB, CBE, CBW and BBE, and to increase slightly from present-day
levels in BBW. Decreases in sediment arsenic concentrations are predicted to occur in most of the subbasins because of reduced arsenic loadings, in combination with ongoing internal cycling of arsenic from
sediment to the overlying water. Sediment arsenic inventories accumulated during historical periods of
high arsenic loading will not be in equilibrium with expected lower arsenic loadings in future, and as a
result, there may be a net diffusive flux of arsenic from sediment back to the overlying water. However, in
sub-basin BBW, the arsenic loadings from historical mining operations upstream in the watershed (outside
the Project area) are expected to remain, and the sediments are expected to remain a net sink for
arsenic.
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6.3

PREDICTED ARSENIC CONCENTRATIONS IN WATER

Figures 31 to 36 show the simulated arsenic concentrations in water for the six lake sub-basins, over the
period from 2010 to 2100. Table 20 provides a summary of the predicted annual minimum, maximum and
mean total arsenic concentrations in the six sub-basins of Kenogamisis Lake.
While the model predictions and associated text in this section refer to the mean values predicted using
the mass balance model, Tables 16 and 17 provide an indication of the model uncertainty (95%
confidence intervals) for characteristic values of total arsenic concentrations in lake water and sediment,
respectively.
Figure 31 shows predicted total arsenic concentrations in the water of BBW for the period 2010 to 2100.
For the present day as defined in the model (i.e., 2015), the results (Table 20) suggest total arsenic
concentrations in the water of BBW that exhibit a marked seasonal cycle, with concentrations ranging
from about 12.4 µg/L (late winter) to 51.7 µg/L (late summer) with an annual average value of about
27.3 µg/L. This cycle is a result of interactions between hydrology (i.e., lake flushing) and geochemistry
(i.e., seasonally variable arsenic concentrations in inflowing water and groundwater). The model
predictions closely simulate the range of seasonal concentrations measured at water quality monitoring
Station 2 (see Figure 1) between 2013 and 2016, which range from 10.5 µg/L (late winter) to 50.5 µg/L (late
summer) with a mean value of 27.4 µg/L. Given the estimated future arsenic loadings to Kenogamisis
Lake, future arsenic concentrations in BBW are predicted to remain relatively unchanged from present
day conditions.
Figure 32 shows predicted total arsenic concentrations in the water of BBE for the period 2010 to 2100. For
the present day, the model suggests total arsenic concentrations show a marked seasonal cycle, with
concentrations (Table 20) ranging from about 29 µg/L (late winter) to 123 µg/L (late summer) with an
annual mean value of about 66 µg/L. The model predictions closely simulate the range of seasonal
concentrations measured at water quality monitoring Station 4 (see Figure 1) between 2013 and 2016,
which range from 11.8 µg/L (late winter) to 130 µg/L (late summer) with mean of 52.9 µg/L. Given the
assumed future arsenic loadings to Kenogamisis Lake, future arsenic concentrations in the water of BBE
are predicted to decline substantially. During the period between 2020 and the 2050s, the annual mean
concentration is predicted to be approximately 29 µg/L. Arsenic concentrations in the water of BBE would
increase slightly after the 2050s, to an annual mean concentrations of about 41 µg/L.
Figure 33 shows predicted total arsenic concentrations in the water of CBW for the period 2010 to 2100.
For the present day, the model suggests total arsenic concentrations in the water of this sub-basin that
exhibit a moderate seasonal cycle, with concentrations (Table 20) ranging from about 8.4 µg/L (late
winter) to 34 µg/L (late summer) with a mean value of about 22 µg/L. The model predictions are
reasonably consistent with the range of seasonal concentrations measured at water quality monitoring
Station 7 (see Figure 1) between 2013 and 2016, which range from 3.2 µg/L (late winter) to 48.4 µg/L (late
summer) with a mean value of 23.5 µg/L. A higher level of variability in arsenic concentrations observed
in CBW is consistent with the hydrology of this sub-basin, where flows from the historically affected BBWBBE sub-basins mix with flows from the less affected SWA-CBE sub-basins. Given the estimated future
arsenic loadings to Kenogamisis Lake, future arsenic concentrations in the water of CBW are predicted
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to decline substantially. During the period between 2020 and the 2050s, the annual mean concentration
is predicted to be approximately 10 µg/L. Arsenic concentrations in the water of CBW would increase
slightly after the 2050s, to annual average concentrations around 13.4 µg/L.
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Table 20

Predicted Arsenic Concentrations in Water (µg/L), 2010-2100

BBW Water
Concentration (µg/L)

Yearly
Average

Yearly
Maximum

Yearly
Minimum

Yearly
Average

Yearly
Maximum

Yearly
Minimum

Yearly
Average

Yearly
Maximum

Yearly
Minimum

Yearly
Average

Yearly
Maximum

Yearly
Minimum

Yearly
Average

Yearly
Maximum

OB Water
Concentration (µg/L)

Yearly
Minimum

SWA Water
Concentration (µg/L)

Yearly
Maximum

CBE Water
Concentration (µg/L)

Yearly
Average

CBW Water
Concentration (µg/L)

Yearly
Minimum

Year

BBE Water
Concentration (µg/L)

2015

12.4

27.3

51.7

28.7

65.9

122.3

8.4

22.0

34.0

5.9

12.9

21.4

1.3

2.6

5.0

6.1

12.2

18.9

2025

12.5

27.6

52.2

13.1

29.4

51.6

5.1

10.8

17.4

3.8

7.5

12.1

1.6

3.2

5.2

4.2

7.8

12.0

2035

12.6

27.8

52.7

12.9

29.0

50.6

4.3

10.0

16.3

3.1

6.7

11.0

1.0

1.9

3.6

3.5

7.1

11.0

2045

12.7

27.9

53.0

12.8

28.6

49.8

4.1

9.7

15.7

3.0

6.4

10.4

1.0

1.8

3.3

3.4

6.8

10.4

2055

12.8

28.1

53.4

18.3

41.2

73.8

5.4

13.4

20.1

4.0

8.5

13.4

1.4

2.6

4.6

4.3

8.3

12.6

2065

12.9

28.2

53.7

18.4

41.4

74.2

5.4

13.4

20.1

4.0

8.4

13.4

1.4

2.6

4.5

4.3

8.3

12.5

2075

13.0

28.4

54.0

18.5

41.5

74.5

5.4

13.4

20.1

4.0

8.4

13.3

1.4

2.6

4.5

4.3

8.3

12.4

2085

13.1

28.5

54.4

18.5

41.7

74.8

5.3

13.4

20.1

4.0

8.4

13.2

1.4

2.5

4.4

4.3

8.2

12.4

2095

13.2

28.6

54.6

18.6

41.8

75.0

5.3

13.4

20.1

3.9

8.4

13.2

1.4

2.5

4.3

4.3

8.2

12.3

101

Update to: Mass Balance Modelling of Arsenic Concentrations in Water and Sediment of Kenogamisis Lake, Geraldton, Ontario
February 1, 2018

This page is intentionally left blank

102

Note: The line shows the predicted annual range of arsenic concentrations in water. Table 16 provides 95% confidence intervals for characteristic values of total arsenic in water.
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Note: The line shows the predicted annual range of arsenic concentrations in water. Table 16 provides 95% confidence intervals for characteristic values of total arsenic in water.
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Note: The line shows the predicted annual range of arsenic concentrations in water. Table 16 provides 95% confidence intervals for characteristic values of total arsenic in water.
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Note: The line shows the predicted annual range of arsenic concentrations in water. Table 16 provides 95% confidence intervals for characteristic values of total arsenic in water.
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Note: The line shows the predicted annual range of arsenic concentrations in water. Table 16 provides 95% confidence intervals for characteristic values of total arsenic in water.
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Note: The line shows the predicted annual range of arsenic concentrations in water. Table 16 provides 95% confidence intervals for characteristic values of total arsenic in water.
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Figure 34 shows predicted total arsenic concentrations in the water of CBE for the period 2010 to 2100.
For the present day, the model suggests total arsenic concentrations in the water of this sub-basin that
exhibit a modest seasonal cycle, with concentrations (Table 20) ranging from about 5.9 µg/L (late winter)
to 21.4 µg/L (late summer) with a mean value of about 12.9 µg/L. The model predictions are reasonably
consistent with the range of seasonal concentrations measured at water quality monitoring Station 8 (see
Figure 1) between 2013 and 2016, which range from 1.8 µg/L (late winter) to 23.1 µg/L (late summer) with
a mean value of 9.9 µg/L. Given the estimated future arsenic loadings to Kenogamisis Lake, future arsenic
concentrations in the water of CBE are predicted to decline substantially. During the period between
2020 and the 2050s, the annual mean concentration is predicted to be approximately 7 µg/L. Arsenic
concentrations in the water of CBE would increase slightly after the 2050s, to annual mean concentrations
around 8 µg/L.
Figure 35 shows predicted total arsenic concentrations in the water of SWA for the period 2010 to 2100.
For the present day, the model suggests total arsenic concentrations in the water of this sub-basin that
exhibit a modest seasonal cycle, with concentrations (Table 20) ranging from about 1.3 µg/L (late winter)
to 5 µg/L (late summer) with a mean value of about 2.6 µg/L. The model predictions closely simulate the
range of seasonal concentrations measured at water quality monitoring Station 1 (see Figure 1) between
2013 and 2016, which range from 0.5 µg/L (late winter) to 6.4 µg/L (late summer) with a mean 2.9 µg/L.
Given the estimated future arsenic loadings to Kenogamisis Lake, future arsenic concentrations in the
water of SWA are predicted to increase slightly. During the period between 2020 and 2033, the annual
average concentration is predicted to be approximately 3.1 µg/L. Arsenic concentrations in the water of
SWA would decrease slightly after 2033 (when treated effluent discharge ends), to annual average
concentrations around 1.8 µg/L. After the 2050s, when the pit lake has filled and begins to discharge to
SWA, the total arsenic concentration in water is predicted to increase slightly to an annual average value
of around 2.6 µg/L.
Figure 36 shows predicted total arsenic concentrations in the water of the OB for the period 2010 to 2100.
For the present day, the model suggests total arsenic concentrations in the water of this sub-basin that
exhibit a modest seasonal cycle, with concentrations (Table 20) ranging from about 6.1 µg/L (late winter)
to 18.9 µg/L (late summer) with an annual mean value of about 12.2 µg/L. The model predictions closely
simulate the range of seasonal concentrations measured at water quality monitoring Station 11 (see
Figure 1) between 2013 and 2016, which range from 4.8 µg/L (late winter) to 17.3 µg/L (late summer) with
a mean value of 10.0 µg/L. Given the estimated future arsenic loadings to Kenogamisis Lake, future
arsenic concentrations in the water of OB are predicted to decrease. During the period between 2020
and the 2050s, the mean concentration is predicted to be approximately 7 µg/L. The annual average
arsenic concentration in the water of OB would increase slightly after the 2050s, to around 8.3 µg/L.
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7.0

CLIMATE CHANGE SCENARIO (2018 TO 2100)

Stantec conducted a review of climate change predictions for northwestern Ontario covering the period
from 2020 to 2100 to assess potential changes in precipitation patterns (see Appendix 1). Sources
evaluated included the Intergovernmental Panel on Climate Change (IPCC 2014) assessment, a report
by the Ontario Ministry of Natural Resources (McDermid et al. 2015), and extraction of specific projection
data from the Climate Change Hazards Information Portal (CCHIP) database, via the Risk Sciences
International (RSI) data portal.
Four different representative concentration pathways (RCPs) were considered, as indicative of potential
future atmospheric greenhouse gas concentrations. These included RCP2.6, RCP4.5, RCP6.0 and RCP8.5.
Of these, the RCP8.5 scenario was selected as the most conservative, and as the scenario most closely
aligned with the current trajectory of global greenhouse gas emissions. Future climate projections for the
Geraldton area for the 2020s, 2050s and 2080s were accessed from the CCHIP database via the RSI data
portal. Based on this analysis, it was concluded that future annual average conditions at Geraldton are
likely to become warmer, and wetter, with greater warming and precipitation in the winter months, and
little change, to slightly drier conditions, during the summer months. These changes become more
pronounced over time (Table 21).

Table 21

Monthly Average and Projected Ensemble Average Climate Change
Projections for Precipitation at Geraldton, Ontario.
1981-2010
Average

Climate Change
Projection for 2020s

Month

Climate Change
Projection for 2050s

Climate Change
Projection for 2080s

Total (mm)

Total (mm)

% change
from
current

Total (mm)

% change
from
current

Total (mm)

% change
from
current

January

33.5

39.1

16.7%

51.1

52.5%

63.2

88.7%

February

23.6

30.0

27.1%

37.4

58.5%

48.8

106.8%

March

31.9

35.6

11.6%

48.2

51.1%

54.0

69.3%

April

46.1

54.3

17.8%

66.9

45.1%

81.2

76.1%

May

71.7

76.8

7.1%

82.7

15.3%

89.3

24.5%

June

84.5

84.8

0.4%

87.7

3.8%

86.4

2.2%

July

108.6

106.9

-1.6%

105.4

-2.9%

103.6

-4.6%

August

83.6

85.3

2.0%

82.4

-1.4%

78.7

-5.9%

September

101.6

105.9

4.2%

106.2

4.5%

106.9

5.2%

October

83.1

86.7

4.3%

92.8

11.7%

99.0

19.1%

November

58.7

61.7

5.1%

69.0

17.5%

78.4

33.6%

December

38.0

46.3

21.8%

57.0

50.0%

67.6

77.9%
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To accommodate the projected changes in precipitation, monthly runoff values for each of the subbasins of Kenogamisis Lake were adjusted in proportion to the projected changes in precipitation. Linear
interpolation was used to scale these adjustments between present day conditions based on the 30-year
mean regional hydrological model, and the projected changes to 2025, between 2025 and 2055, and
between 2055 and 2085. In addition, the potential for ongoing change beyond 2085 was addressed by
extrapolating the predicted change between 2055 and 2085 through the period from 2085 to 2100. Thus,
the climate change scenario implemented here is considered to be conservative, and likely to overstate
the actual degree of change in precipitation for northwestern Ontario and Geraldton.
The STELLATM model was then re-run using the same total annual arsenic loadings as previously, redistributed to reflect changes in predicted mean monthly runoff patterns to evaluate the effect of
increased runoff as a result of climate change on predicted total arsenic concentrations in water and
sediment.

7.1

PREDICTED ARSENIC CONCENTRATIONS IN SEDIMENT

Figure 37 shows the simulated arsenic profiles in sediment for the six sub-basins of Kenogamisis Lake at the
end of the year 2100. The predicted arsenic concentrations in surface sediments, and arsenic profiles in
the simulated sediment cores are virtually unchanged from the previous simulation (e.g., Figure 30).

7.2

PREDICTED ARSENIC CONCENTRATIONS IN WATER

Figures 38 to 43 show the simulated arsenic concentrations in water for the six lake sub-basins, over the
period from 2010 to 2100. These Figures are very similar to the corresponding model predictions made
using runoff values based on the existing regional flow model (see Figures 31 to 36), the main difference
being slightly lower minimum values occurring during the winter months.
The similarity in model predictions, in spite of substantial forecast changes in precipitation and runoff
patterns, is due to the fact that precipitation levels in summer are not expected to change substantially
from present-day conditions. During the summer, total arsenic concentrations in the lake water peak.
However, the predicted precipitation patterns during the summer months (June, July and August) change
very little between the present day and 2085. As a result, there is very little expected change in peak
annual arsenic concentrations.
In winter and spring, the total arsenic concentrations in lake water are expected to be at a low level.
Higher rainfall during the autumn, winter and spring would provide additional dilution, resulting in a slight
reduction of arsenic concentrations in water during the autumn, winter and spring. Given warmer overall
winter conditions, more of the winter runoff would be spread across the winter months (December to
April), rather than being stored in snowpack and released as a strong pulse in April. As a result, a period
of lower arsenic concentrations in the lake water would be spread across the winter months, rather than
occurring so strongly during the spring freshet.
These conclusions are consistent with the findings from the sensitivity analysis, where wet years were shown
to lead to predictions of lower arsenic concentrations in water, and dry years to predictions of higher
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arsenic concentrations in water, as a result in variations in the amount of flushing or dilution, relative to
arsenic loadings. The effects of climate change would be observed in conjunction with ongoing variability
in weather patterns (i.e., seasons and years that tend to be more or less wet than the long-term average
condition, as in Figure 7). As was shown in Figure 8, the model predictions are responsive to monthly and
seasonal variations in weather, even though the present analysis indicates little sensitivity to climate
change.
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Note: The line shows the predicted annual range of arsenic concentrations in water. Table 16 provides 95% confidence intervals for characteristic values of total arsenic in water.
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Note: The line shows the predicted annual range of arsenic concentrations in water. Table 16 provides 95% confidence intervals for characteristic values of total arsenic in water.

Total Arsenic Concentrations in Water (μg/L)
BBE under Climate Change Scenario, 2018 to 2100
Client:

Greenstone Gold Mines GP Inc.

Scale:

Job No.:

n/a
Date:
January 30, 2018

Figure No.:

160961223
Dwn By:

Appd. By:
PM

MS

39

Update to: Mass Balance Modelling of Arsenic Concentrations in Water and Sediment of Kenogamisis
Lake, Geraldton, Ontario
February 1, 2018

126

Note: The line shows the predicted annual range of arsenic concentrations in water. Table 16 provides 95% confidence intervals for characteristic values of total arsenic in water.
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Note: The line shows the predicted annual range of arsenic concentrations in water. Table 16 provides 95% confidence intervals for characteristic values of total arsenic in water.
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Note: The line shows the predicted annual range of arsenic concentrations in water. Table 16 provides 95% confidence intervals for characteristic values of total arsenic in water.

Total Arsenic Concentrations in Water (μg/L)
SWA under Climate Change Scenario, 2018 to 2100
Client:

Greenstone Gold Mines GP Inc.

Scale:

Job No.:

n/a
Date:
January 30, 2018

Figure No.:

160961223
Dwn By:

Appd. By:
PM

MS

42

Update to: Mass Balance Modelling of Arsenic Concentrations in Water and Sediment of Kenogamisis
Lake, Geraldton, Ontario
February 1, 2018

132

Note: The line shows the predicted annual range of arsenic concentrations in water. Table 16 provides 95% confidence intervals for characteristic values of total arsenic in water.
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8.0

SUMMARY AND CONCLUSIONS

The Hardrock Project includes development of an open pit mine in an area presently occupied in part by
portions of the historical MacLeod and Hardrock tailings. Enhanced reclamation of the historical
MacLeod and Hardrock tailings as part of the Project plan, in combination with the changes in
groundwater flow due to dewatering of the open pit, will substantially reduce arsenic loadings to
Kenogamisis Lake, and in particular to Barton Bay, even when accounting for the discharge to the SWA
of treated mine effluent during Project operations, and pit lake discharge during post-closure.
An integrated mass balance model of lake water and sediment was developed to support prediction of
arsenic concentrations in water and sediment of Kenogamisis Lake, and implemented in the STELLA™
modelling framework. The lake water model was based on Bird et al. (1993), and the lake sediment model
was based on Kansanen and Seppala (1992). The objectives of the modelling were to:
•

Develop and perform an initial calibration of the model by evaluating historical arsenic loading
based on arsenic concentrations in water and sediment in the various sub-basins of Kenogamisis
Lake.

•

Conduct a sensitivity analysis on the initial model calibration to demonstrate the sensitivity of the
overall model to certain key parameter values.

•

Perform a detailed calibration of the model by simulating arsenic concentrations measured in lake
water (2001 – 2011 data) and sediment (2011 data) as reported by Parks Environmental Inc. (2011,
2012).

•

Validate the calibrated model by simulating arsenic concentrations in lake water (2013 – 2017 data)
and sediment (2013 – 2016 data) as reported by Stantec (2017).

•

Provide estimates of future arsenic concentrations in the lake water, based on the mine
development plan, to support a human health risk assessment for the Project.

•

Evaluate present day and expected future fluxes of arsenic between sub-basins, and between
water and sediment, to provide further insight into the behavior of arsenic within the lake.

•

Evaluate the potential effects of changing precipitation patterns between 2020 and 2100, resulting
from a climate change scenario, on predicted future arsenic concentrations in lake water and
sediment.

The model of arsenic fate and cycling in Kenogamisis Lake is informed by estimates of total arsenic
loading from historical tailings, based on detailed studies carried out since 2013; multi-year measurements
of total arsenic inputs to and aqueous concentrations in the six lake sub-basins; and total arsenic
concentrations and profiles in lake sediments. The overall hydrology of the lake (with flushing rate as the
primary determinant of arsenic concentration in the lake water) is also well known, although subject to
annual and seasonal variation. The calibrated values of the parameters responsible for total arsenic
deposition to sediment, as well as the diffusive flux from sediment to water, are consistent with information
obtained from other studies (e.g., Cornett et al. 1992, Fabian et al. 2003, Kuhn and Sigg 1993).
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The model reproduces the main features of the seasonal cycle of arsenic concentrations in water, as well
as historical accumulation of arsenic in sediment. The expected future reductions in arsenic loading to
Kenogamisis Lake are of sufficient magnitude that the model predictions are reliable indicators of the
relative magnitude of future arsenic concentrations in water and sediment. Without changes due to the
Project, arsenic concentrations in water and sediment can be expected to remain similar to
concentrations that have been observed over the past decade.
A climate change scenario was developed to evaluate the effects of the expected milder and wetter
winter seasons that are expected to develop in northwestern Ontario between the present day and 2100.
The results of this scenario suggest that total arsenic concentrations in lake water and sediment would not
be markedly affected by the anticipated climate change.
With the Project plan, there would be a significant overall reduction in arsenic loading to Kenogamisis
Lake. When compared with present day baseline conditions, arsenic concentrations in the water of SWA
would increase slightly during operation (2018 to 2033), due to point and non-point source discharges
associated with the Project. The arsenic concentration would decrease between 2034 and the 2050s
during closure while the open pit is filling, and then increase slightly again (to concentrations similar to
present-day concentrations) after the 2050s, once the open pit is filled and begins to discharge to the
SWA. The slight increase in total arsenic concentrations in the water of SWA would be more than offset by
substantial decreases in total arsenic concentrations in the waters of BBE, CBW, CBE and OB during
operation that can be attributed to sequestering a portion of the historical tailings in the TMF and an
enhanced cover on the remaining tailings to reduce infiltration. Total arsenic concentrations are also
expected to decrease in the sediments of BBE, CBW, CBE, SWA, and OB between 2018 and 2100.
However, total arsenic concentrations in the sediments of BBW may continue to increase slightly over this
period, due to the ongoing effects of other historical mining activities in the upstream catchment, outside
of the area affected by the Project.
The significant net positive effects that are predicted can be attributed to Project design measures
addressing historical tailings within the Project Development Area, thereby meeting the intent of the
MOECC Policy 2 designation for Kenogamisis Lake.
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9.0

CLOSURE

This report was prepared by Malcolm Stephenson, Ph.D. and Paolo Mazzocco, B.Sc. and reviewed by
Sheldon Smith, MES, P.Geo., and Denis L. Marquis, M.Sc.E., P.Eng. Should you have any questions or
comments on the contents of this report, please contact the undersigned.
Stantec Consulting Ltd.
Paul Mazzocco, B.Sc.
2018.02.01 16:29:50
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Malcolm Stephenson
2018.02.01 16:28:01
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Malcolm Stephenson, Ph.D.
Senior Principal
Phone: 506-452-7000
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Expected Effects of Climate Change on Precipitation, present
to 2100, Geraldton, Ontario
Prepared by: Michael Murphy and Guy Felio, Stantec Consulting Ltd.
Date:

1

January 23, 2018

Introduction

Stantec was requested to provide an assessment of the expected effects of climate change on
precipitation patterns near Geraldton, Ontario, to assist with modelling expected arsenic concentrations in
lake water near the proposed Greenstone Gold Mines Hardrock Project.
Three different, yet similar sets of climate change projections were considered in the assessment:
•
•
•

1.1

Projections described in the latest assessment from the Intergovernmental Panel on Climate Change
(IPCC), (IPCC 2014, Kirtman et al. 2013, Collins et al. 2013);
Projections provided in the updated provincial summary in the report by the Ontario Ministry of
Natural Resources and Forestry (MNRF), (McDermid et al. 2015); and
Extraction of specific projection data from the Climate Change Hazards Information Portal (CCHIP)
database, via the Risk Sciences International (RSI) data portal (RSI 2018).

Representative Concentration Pathways

The concept of Representative Concentration Pathways or RCPs is used in most climate projection
literature and data summaries. RCPs are trajectories of atmospheric greenhouse gas concentrations (not
emissions) adopted by IPCC (2014) for its Fifth Assessment Report (referred to as AR5). The RCPs
represent different sets of input data for use in climate models, and were developed by considering a
wide range of possible futures that relate to expected emissions and concentrations of greenhouse gases
(GHGs), sulphur dioxide, future economic conditions, land use changes, de-forestation, re-forestation, air
pollution control and government policy. The various RCPs reflect uncertainty about future conditions that
could lead to different concentrations of greenhouse gases in the atmosphere, and are used as a basis
for modelling potential changes in global air temperature, precipitation and other climate variables.
There are four different pathways of GHG emissions, atmospheric concentrations, air pollutant emissions
and changes in land use, that are commonly used in climate projections. Those four RCP scenarios are
as follows:
•
•
•
•

RCP2.6 – stringent mitigation, global warming < 2oC, CO2 concentration 430 to 480 ppm
RCP4.5 - intermediate mitigation, global warming < 2.6oC, CO2 concentration 480 to 580 ppm
RCP6.0 - high GHG emissions, global warming < 3.1oC, CO2 concentration 580 to 750 ppm
RCP8.5 - very high GHG emissions, warming < 5oC, CO2 concentration 750 to >1,000 ppm

These four RCPs are used extensively in reporting the results of the climate projections, globally and in
Ontario.
In the contact of this assessment, “current” or “present” refers to a time period of about 1970 to 2010, and
“future” or “2100” is represented by the climate projections for 2080s and statements out to the year 2100.
There are some differences in the assessments, as noted herein.
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2

Intergovernmental Panel on Climate Change (IPCC 2014) Forecast

A review of the latest IPCC assessment (IPCC 2014) has revealed some general observations and
conclusions regarding air temperature and precipitation both geographically and over different time
periods into the future. The main highlights from the review, focusing on temperature and precipitation in
the Northern Hemisphere, are:
•
•
•
•
•

Future climate will depend on past anthropogenic emissions, as well as future anthropogenic
emissions, and natural climate variability;
Relative to 1985-2005, global surface temperature change at year 2100 could potentially be more
than +2.6 to +4.8oC;
The Arctic region will continue to warm more rapidly than the global mean;
High latitudes are likely to experience an increase in annual mean precipitation by 2100; and
Spring snow cover in the Northern Hemisphere is likely to change by -7 to -25%.

Based on an interpretation of modeling results presented Chapter 12 of the IPCC Report, and data from
Figure 12.22 (Collins 2013), changes in seasonal precipitation may be substantial, although annual
average precipitation may change less markedly. Relative to the 1986-2005 average, the changes for
Ontario are estimated to be as follows (Collins 2013):
•
•
•
•

3

For December, January and February, the 2081-2100, precipitation is projected to change by +30 to
+40%.
For March, April and May, 2081-2100, precipitation is projected to change by +20 to +30%.
For June, July and August, 2081-2100, precipitation is projected to change by 0 to -10%.
For September, October and November, 2081-2100, precipitation is projected to change by 0 to
+10%.

Ministry of Natural Resources and Forestry Forecast (McDermid et al. 2015)

Climate has been studied in Ontario by the Ministry of Natural Resources and Forestry – Ontario (MNRF),
among others. MNRF have updated their report entitled “Climate change projections for Ontario: practical
information for policymakers and planners” (Colombo et al. 2007), which was based on results from the
IPCC Fourth Assessment Report (AR4). The updated version reported on here (McDermid et al. 2015) is
based on Fifth Assessment Report, AR5 (IPCC 2014).
Climate data summaries are presented for monitoring stations across Ontario for periods 1950-2010 to
illustrate changes to date. Future projections are based on the RCPs referenced above, and statistically
downscaled modeling data from the AR5 Earth System Model. Natural Resources Canada produced the
first projections for Ontario (McKenney et al, 2013) using the AR5 scenarios. Those downscaled
modeling results are used, and the results are stated in the provincial MNRF report (McDermid et al.
2015).
The downscaled data are presented for three geographical areas of Ontario. These represent the three
primary watersheds in the province including: Hudson Bay Basin; the Nelson River Basin; and the Great
Lakes Basin. Geraldton is located north of Lake Superior, in the southern part of the Hudson Bay Basin,
near the border with the Great Lakes Basin.
The main highlights reported on the measured data to date include:
•
•

There is a trend across Canada on increasing rainfall over the period 1950 to 2009, with increases
being the greatest in the spring season, and changes in the summer being least noticeable.
Data from weather stations in Ontario show that rainfall has generally increased in all seasons, with
the greatest increase (about 50%) measured in northwestern Ontario near Thunder Bay in the spring.
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•

The data for the north shores of the Great Lakes generally show noticeable increases.

The main features of the statistical downscaling of global climate model results for Ontario as reported by
McDermid et al. (2015), relative to the 1971-2000 baseline are that by the 2080s:
•
•
•

Warming is projected across the entire province for the 21st century.
Warming in winter is expected to be greater than in summer.
The greatest change in mean annual temperature is projected to be +10.3oC, in the north along the
Hudson Bay coastline;
The annual change in precipitation is projected to be moderate (8%), and the projected seasonal
changes are more pronounced, with more precipitation in winter, and less precipitation in summer;

As noted above, Geraldton is located in the Hudson Bay Basin. Data on changes in temperature and
precipitation in the Hudson Bay Basin have been extracted from Table 2 (McDermid et al. 2015) and are
shown here in Table 1 below, for three different RCPs, relative to the 1971-2000 baseline. The data
presented are mean values for the time periods shown over the Hudson Bay Basin. The changes in
precipitation as a percent of the baseline are also shown for those RCPs.
Table 1

Changes in Temperature and Precipitation – Hudson Bay Basin
Baseline
1971-2000

Season

Annual

RCP2.6

RCP4.5

RCP8.5

+3.4

+5.3

+8.9

+47.2

+42.7

+62.7

Change in Precipitation (%)

+6.2

+5.6

+8.2

Temperature (oC)

+2.9

+4.3

+7.8

+8.6

-3.2

-16.8

+3.1

-1.1

-6.0

+3.6

+5.6

+9.3

+8.8

+18.0

+28.9

+9.2

+18.8

+30.1

Temperature (oC)
Precipitation (mm)

Summer
(J,J,A)

Precipitation (mm)

760.3

280.7

Change in Precipitation (%)
Winter
(D,J,F)

Change
2071-2100

Temperature

(oC)

Precipitation (mm)
Change in Precipitation (%)

96.0

Notes:
Excerpted from Table 2 – McDermid et al. (2015).
J,J,A – June, July, August
D,J,F – December, January, February
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Results from Climate Change Hazards Information Portal (CCHIP) Database

Data on measured climate variables and climate projections for the region centred on Geraldton Ontario were
extracted from the Climate Change Hazards Information Portal (CCHIP) database, via the Risk Sciences
International (RSI) data portal.
The base climate data (1985 to 2015) comes from the datasets on climate variables for the Geraldton weather
station, available from the website of Environment and Climate Change Canada (ECCC) (Environment and Climate
Change Canada 2017). The projections of future climate are based on the data from that station and were produced
from runs of 37 different Global Climate Models (GCMs). The report values in the Table 2 are the averages of the
projections across the models.
Data from the Geraldton station were used to establish baseline precipitation over the last 30 years (1985 to 2015).
For this analysis, Winter was defined as including December, January and February; Spring was defined as including
March, April and May; Summer was defined as June, July and August, and Autumn was defined as including
September, October and November.
Future projections are based on the IPCC RCP8.5 scenario, a scenario in which global greenhouse gas emissions
continue to rise beyond 2100 (Figure 1 below). The future climate projections were made for the following time
horizons: 2020s, 2050s and 2080s.
The RCP 8.5 scenario was chosen because GHG emissions continue to track close to this projected emission rate as
shown in Figure 1. Depending on the success of initiatives to curb emissions, future global emissions could track
more closely to the RCP 6, or RCP 4.5 scenarios, in which case RCP 8.5 provides a more conservative scenario for
the climate change assessment.

Figure 1

Historical and Projected Future CO2 Emissions in relation to RCP Scenarios
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Figures 2 to 5 below illustrate the seasonal average precipitation trends as measured at Geraldton and
the climate projections for the 2020s, 2050s and 2080s. The figures highlight the substantial inter-annual
and seasonal variability in historical precipitation records, as well as the diverging seasonal trend lines.
As noted above, Winter and Spring precipitation levels may be showing an increasing trend, whereas
Summer and Autumn precipitation levels may be showing a decreasing trend. The figures also show the
mean of the historical precipitation levels, as well as the projected change in mean precipitation levels by
the 2020s, 2050s and 2080s. Note that although the trend in measured values in Autumn is towards drier
conditions, the climate change projections suggest a future trend towards wetter conditions.
Because overall temperatures and precipitation in Winter and Spring are projected to increase (see
Figures 2, 3, 6 and 7), freezing rain and rain will be more common in Winter than is presently the case.

Note: *

Data from 2015 is not available.

Figure 2

Historical Precipitation and Future Climate Projections for Winter
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Note: *

Data from 2015 is not available.

Figure 3

Note: *

Data from 2015 is not available.

Figure 4

Note: *

Historical Precipitation and Future Climate Projections for Spring

Historical Precipitation and Future Climate Projections for Summer

Data from 2015 is not available.

Figure 5

Historical Precipitation and Future Climate Projections for Autumn
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Note: *

Data from 2015 is not available.

Figure 6

Note: *

Historical Mean Daily Temperature and Future Climate Projections for Winter

Data from 2015 is not available.

Figure 7

Historical Mean Daily Temperature and Future Climate Projections for Spring

As shown in Figures 6 and 7, the mean daily temperature for Geraldton, from present to 2080s, is
projected to change from -16 to -9oC in Winter (December, January and February) and from 0 to +5.5oC
in Spring (March, April and May).
For precipitation, Table 2 presents the historical monthly average precipitation values and future climate
change projections (based on RCP8.5) for precipitation for the Geraldton area.
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Table 2

Monthly Average and Projected Ensemble Average Climate Change Projections for
Precipitation at Geraldton, Ontario.
1981-2010
Average

Climate Change
Projection for 2020s

Month

Climate Change
Projection for 2050s

Climate Change
Projection for 2080s

Total (mm)

Total (mm)

% change
from
current

Total (mm)

% change
from
current

Total (mm)

% change
from
current

January

33.5

39.1

16.7%

51.1

52.5%

63.2

88.7%

February

23.6

30.0

27.1%

37.4

58.5%

48.8

106.8%

March

31.9

35.6

11.6%

48.2

51.1%

54.0

69.3%

April

46.1

54.3

17.8%

66.9

45.1%

81.2

76.1%

May

71.7

76.8

7.1%

82.7

15.3%

89.3

24.5%

June

84.5

84.8

0.4%

87.7

3.8%

86.4

2.2%

July

108.6

106.9

-1.6%

105.4

-2.9%

103.6

-4.6%

August

83.6

85.3

2.0%

82.4

-1.4%

78.7

-5.9%

September

101.6

105.9

4.2%

106.2

4.5%

106.9

5.2%

October

83.1

86.7

4.3%

92.8

11.7%

99.0

19.1%

November

58.7

61.7

5.1%

69.0

17.5%

78.4

33.6%

December

38.0

46.3

21.8%

57.0

50.0%

67.6

77.9%

Total

764.9

813.4

6.3%

886.8

15.9%

952.1

25.1%

From Table 2, the seasonal changes in precipitation relative to 1981-2010 period are as follows:
•

Winter (Dec, Jan, Feb) = +88.9%

•

Spring (Mar, Apr, May) = +50.0%

•

Summer (Jun, Jul, Aug) = -2.9%

•

Autumn (Sep, Oct, Nov) = +16.8%

As shown, the largest difference between the Table 1 (MNRF) and Table 2 projections is the change on
precipitation in winter, ranging from 30 to 90% of the current values. These differences are likely a result
of the approaches (statistical downscaling versus no downscaling), some differences in the baseline time
periods, and the broader geographical area used in the MNRF study.
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5

Summary

Three different sets of data have been presented to obtain a sense of the expected changes in
precipitation in the region centred on Geraldton, Ontario. The datasets included historical data as
measured at the weather station at Geraldton and three different approaches and results on climate
projections for the future out to the 2080s.
Highlights on the expected changes to temperature and precipitation from current to 2080s, in the region
of Geraldton, Ontario, are as follows:
•
•
•
•
•
•
•

6

The change in mean daily temperature for Geraldton, from present to 2080s, is projected to be about
+7oC in Winter and +5.5oC in Spring.
Overall annual average precipitation is projected to increase about +8 to +25%, with varying seasonal
changes as noted below.
Winter precipitation is projected to increase, by about 30% to 90% relative to baseline.
Spring precipitation is projected to increase by 50% relative to baseline.
Summer precipitation is projected to change only slightly, by about -6.0 to -2.9% from baseline.
Autumn precipitation is projected to increase by 16.8%.
The temperatures in Winter and Spring are projected to increase, therefore these seasonal
precipitations would include more frequent episodes of freezing rain or rain than is presently the case.

Recommendation

The climate projections from the CCHIP database via the RSI Climate data portal (as shown in Table 2
above) are considered the best for the assessment on water quality because:
i.

ii.
iii.

iv.
v.

The assessment uses data from Geraldton weather station, and is directed specifically at the region
centred on Geraldton and near the mine site, whereas the IPCC and the provincial results are based
on a broader geographical area;
This assessment used a wide range of applicable Global Climate Models to make the projections,
and obtain ensemble averages;
The use of RCP8.5 may be conservative; however, this is a reasonable approach because the
current data are tracking closer to this scenario; actual future changes tracking closer to RCP 4.5 or
RCP 6.0 would be expected to be less severe than this;
The CCHIP assessment is more focused on Geraldton; these results show more variation but are still
reasonably consistent with both the IPCC the provincial MNR projections; and
The climatology work at RSI is well known and widely published (RSI 2018).
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