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Abstract

When planning for closure, mining operations need to consider that closure timeframes can be more than
100 years. Cover systems designed to support land transition plans are subject to changes in climate far into
the future. Effective and safe management of climate risk requires a deliberate approach to understanding,
assessing, and responding to the potential impacts of climate change at a site-specific level. It is critical that
climate change risk be incorporated into closure plans and cover systems designs to enable resiliency and
capacity for adaptation over the long-term. Boliden is updating its closure plan for the Aitik mine site in
northern Sweden. A major component of the workflow incorporates a risk-based approach into closure
planning; specifically, applying the failure modes and effects analysis (FMEA) approach to inform design.

One feature being evaluated is the engineered cover system for the potentially acid forming waste rock
storage facility (WRSF), also referred to a mine rock stockpile. Okane completed one-dimensional
soil-plant—atmosphere numerical modelling to evaluate design alternatives for the WRSF with inputs from
synthetic climate data sets developed by The Swedish Meteorological and Hydrologic Institute. The primary
objectives of the closure cover system are to manage oxygen ingress to the underlying waste materials,
manage net percolation of meteoric waters, and to provide a medium for development of a vegetative cover
consistent with returning land use objectives. An important failure mode identified as part of the FMEA
process was that future climate extremes may not be represented by the climate datasets used in the model
simulation. Okane completed cover system sensitivity analyses by modelling the driest and warmest of the
available climate datasets to maximise the range of climate conditions examined. Outcomes of this
assessment have highlighted the importance of considering climate change in cover system design, even while
an existing compacted till design is performing well in monitored field trials under current conditions.
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1 Introduction

When planning for closure, mining operations need to consider that closure timeframes can be more than
100 years. Cover systems designed to support a returning land use plan are subject to changes in climate far
into the future. Effective and safe management of climate risk requires a deliberate approach to
understanding, assessing, and responding to the potential impacts of climate change at a site-specific level.
Itis critical that climate change risk be appropriately quantified and incorporated into closure plans and cover
systems designs to ensure resiliency and capacity for adaptation over the long-term (McKeown &
Christensen 2022).

Boliden is in the process of updating its closure plan for the Aitik mine site (Aitik) in northern Sweden.
A primary feature being evaluated is the engineered cover systems for the waste rock storage
facilities (WRSFs). The main objectives of the closure cover systems are to manage oxygen ingress to the
underlying waste materials, manage net percolation of meteoric waters, and to provide a medium for
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development of a vegetative cover consistent with returning land use objectives. The primary purpose of the
closure cover system for the potentially acid forming (PAF) WRSF is to limit oxygen ingress and minimise the
oxidation of sulfide minerals within the waste materials. Interactions between sulfidic minerals contained in
mine waste and atmospheric oxygen drives generation of primary acidity and production of stored acidity.
As meteoric water seeps through the landform, mobilisation and dissolution of stored acidity products will
occur, contributing to the contaminant load reporting in seepage from the WRSF. Unless a cover system is
implemented, the high oxygen ingress coupled with high infiltration rates will result in an environment for
weathering of PAF waste rock leading to continuous release of acidity and contaminant loads.

2 Methodology

Cover system designs are evaluated in the context of the water quality models and water management
strategies being developed for the site. This paper focuses on the work completed for the WRSFs; however,
the same methodology was used for the tailings management facility (TMF).

A project team assembled by Boliden evaluated metals and acidity loading from the discrete mine domains
under operations and closure conditions to predict impacts to the downstream receiving waterbodies. Within
the study, seepage and surface water collection strategies including predicted water quality were developed.
Okane provided characterisation of current geochemical conditions, estimation of long-term cover system
performance, and assessed runoff and basal seepage volumes and water quality for the WRSFs.
HydroGeologica Inc./LifeCycleGeo evaluated seepage volumes and water quality for the TMF at closure.
Lorax Environmental Services assessed post-operations pit lake water quality and discharge conditions.
Based on input from all groups, Enchemica constructed a recipient water quality model to evaluate the water
quality in the receiving waters downstream of the mine. The integration and internal review of the model
components were facilitated through coordination by Boliden.

For each of the WRSFs, TMF, and pit lakes technical assessments, inputs to the water balance were driven by
a common long-term (2006—2100) synthetic climate database developed by The Swedish Meteorological and
Hydrological Institute (SMHI) based on the representative concentration pathways (RCP) 4.5 climate change
scenario. To extend the climate database to 200 years post closure (to year 2246), the data for the period
1 January 2066 to 31 December 2100 was repeated for the period from 2100-2246.

Various cover system configurations including enhanced store-and-release and barrier type cover system
designs were selected as closure cover system design alternatives for the Aitik WRSF. The cover system design
alternatives were developed to allow for the cover system objectives to be achieved. Once the cover system
is placed on the PAF WRSF, oxygen diffusion is anticipated to be the main mechanism for oxygen transport
into the WRSF. In terms of oxygen ingress management, performance of the cover system is a function of the
degree of water saturation within the cover system profile. The closure cover system for the WRSF was
designed to provide enhanced water retention characteristics and thus increase the degree of saturation
within the cover system profile by incorporating a low permeability layer. Each of the low permeability layers
are overlain by a 1.5 m till protective layer. The specific configuration of the three cover system design
alternatives are as follows:

e Compacted till (CT) cover system: 0.3 m growth medium layer, 1.5 m protective layer, 0.3 m
compacted till layer with a saturated hydraulic conductivity (Kst) of 5 x 10® m/s. This alternative
represents an enhanced store-and-release cover system that is achievable using materials available
at site, equivalent to the cover system currently being monitored as part of cover system field trials.

e Moderate compacted till bentonite (CTB) cover system: 0.3 m growth medium layer, 1.5 m
protective layer, 0.3 m compacted till layer with a moderate bentonite amendment. This alternative
represents an enhanced store-and-release cover system incorporating a moderate bentonite
amendment designed to enhance water retention characteristics of the CT layer without reducing
saturated hydraulic conductivity to that of a ‘barrier’ layer. The moderate CTB layer K. was
assumed to be 4 x 10° m/s based on compaction field testing.
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e Barrier CTB cover system: 0.3 m growth medium layer, 1.5 m protective layer, 0.3 m compacted
bentonite amended till layer. This alternative represents a barrier type cover system incorporating a till
bentonite layer with a bentonite amendment sufficient to develop a barrier layer (Ksa: of 1 x 10° m/s).

The implications for cover system performance on the recipient environment were considered based on an
understanding of interconnection between domains, most importantly including the Aitik pit, the PAF WRSF,
and the TMF. Based on the pit lake model, the greatest source of loading after closure is the PAF WRSF.
Surface water quality of the Aitik pit is in large part expected to improve over time in response to decreased
loading from the WRSF, and isolation of poor-quality water in the bottom of the pit. The timing of water
quality improvement is therefore important in the pit lake’s surface water quality when overflow occurs (Aitik
pit spill) (Lorax Environmental Services 2020).

2.1 Failure modes and effects analysis

A major component of the workflow involves incorporation of a risk-based approach to support closure
planning; specifically, using the failure modes and effects analysis (FMEA) approach to inform design.
An FMEA was completed in 2015 to appraise the various rehabilitation strategies from a risk of failure context
based on experts’ knowledge, and thereby to provide reasoning for and confidence in selected closure
strategies. As part of the FMEA process, the project group assembled by Boliden identified potential failure
modes, effects/pathways, and mitigation measures to reduce the likelihood and/or consequences for a given
failure pathway. The risk profiles for failure modes pertaining to the performance of the WRSF cover system
were evaluated in the context of predictive soil-plant—atmosphere (SPA) modelling assumptions and results,
and performance monitoring of cover system field trials completed to date.

A primary outcome of the FMEA process has been creating a framework in which decision-making can be
transparent. A number of failure modes were identified related to cover system performance in response to
varying climatic conditions. A failure mode specific to the WRSF cover system was the potential for oxygen
ingress to be higher than predicted in the long-term leading to higher than anticipated loading. A failure
mode identified which is applicable to each domain is that the potential range of climate variability that may
be encountered is not represented as part of the base case model run, which could potentially lead to
increased loading compared to the base case scenario. The sensitivity analysis therefore focused on a range
of future climate scenarios and the performance of closure works on the PAF WRSF, the largest contributor
to loading from the mine footprint.

2.2 Cover system field trials

Large-scale cover system field trials were constructed on an Aitik WRSF in the summer of 2013. The cover
system field trial comprises an area of approximately 1 ha and includes both a relatively flat and a sloped
area (3H:1V). Results of monitoring to date have been used to inform the CT cover system performance
objectives and various failure modes identified during the FMEA. Two cover system configurations were
constructed including the CT cover system as described in Section 2 and an alternative CT cover system with
a thinner protective layer (1.0 m). Each cover system configuration was constructed on both a plateau and
sloped surface of the Aitik WRSF. Three automated monitoring sites were established including in situ soil
monitoring stations, and meteorological stations that measure air temperature, rainfall, snow depth, net
radiation, relative humidity, and wind speed and direction.

Soil stations are instrumented with volumetric water content, matric suction, and temperature sensors in
the cover system and upper waste rock profile. Temperature within the soil profiles allows for the evaluation
of the depth of freezing. Matric suction is a secondary parameter which is used to assist in the understanding
and evaluation of volumetric water content and saturation of the cover system layers, and wet/dry cycling
within the cover system. Volumetric water content is used to evaluate water storage within the cover system
and the degree of saturation maintained. Water storage within layers overlying the CT layer allows for the
evaluation of net percolation of meteoric waters to the underlying waste rock. Oxygen diffusion through the
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cover system can potentially be inhibited with a high degree of water saturation within the cover system
profile. Therefore, degree of saturation is evaluated to assess the potential for oxygen ingress.

Water balances developed based on field measurements were prepared annually for the soil monitoring
station profiles to estimate net percolation through the cover systems to the underlying waste rock.
Net percolation rates estimated to date are consistent with the conceptual model, and within the expected
range for an enhanced store-and-release cover system in this climate setting (International Network of Acid
Prevention [INAP] 2017). The net percolation rates estimated based on monitoring data ranged from 15-35%
of annual precipitation which was consistent with the average annual net percolation rate in the numerical
modelling program. Updates currently being completed for the closure modelling include the calibration of
the models to the monitoring data collected at the cover system field trials.

Monitoring of temperature within the cover system profiles has shown that the CT layer is being protected
from frost penetration in climatic conditions experienced to date (Figure 1). Factors influencing freezing
depth in a given year include timing of snow accumulation, snow depth, and antecedent water contents
within the cover system profile. The monitoring periods in which the freezing depth was greatest (during the
2014-2015 and 2018-2019 periods freezing depths reached 0.75and 0.90 m, respectively) had similar
climatic and in situ conditions. Snow accumulation was minimal (less than 0.1 m) until late November/early
December and snow depths were limited for both monitoring periods.
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Figure 1 Soil temperature in cover system profile since the onset of monitoring

The level of water saturation within the CT layer is monitored to assess cover system performance in terms
of oxygen ingress. Diffusion is assumed to be the dominant mechanism contributing to oxygen transport and
thus a higher saturation within the cover system is indicative of a lower diffusion coefficient. A cover system
containing a layer maintained at a degree of saturation equal to or greater than 85% is generally expected to
efficiently limit oxygen ingress (McMullen et al. 1997; Mine Environment Neutral Drainage 2004). Degree of
saturation within the compacted layers of the cover system field trials remained above 85% for
approximately 90% of observances over the 11-year monitoring period (Figure 2).
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Figure 2 Degree of water saturation within the cover system profile since the onset of monitoring

Matric suction is a secondary parameter used to assist in the understanding of water content of the cover
system layers and to inform on wet/dry cycling within the cover system. Low matric suction has consistently
been observed within the CT layer, providing further indication that the CT layer is maintaining a high level
of saturation.

Suction illustrates that during the first year of monitoring (2013—-2014) the cover system profile was wetting
up and reaching an equilibrium following construction (Figure 3). Increases in suction are observed in the
upper 50-100 cm of the cover system illustrating the wet/dry cycling depth. Higher suctions are observed
primarily within the overlying organic layer following low rainfall periods during the summer months.
These high suction values (>1,500 kPa) may impact the available water for vegetation however vegetation
growth on the cover system field trials has been well established since the 2014—2015 monitoring period.
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Figure 3 Matric suction within the cover system profile since the onset of monitoring

Mine Closure 2025, Luled, Sweden 5



Assessing mine closure and cover system design strategies with consideration M McKeown et al.
for climate change risks at Aitik mine

2.3 Numerical modelling program
2.3.1 Field response modelling

Material properties are a key input for the cover system numerical modelling program. Accurate
characterisation of material property inputs, such as water retention curves and hydraulic conductivity
functions, allows for increased confidence in predicted performance. Leveraging monitoring data collected
at the field trials, field response modelling was completed to update hydraulic property modelling inputs
used for the waste rock, highly CT, moderately CT and organic layer materials. In addition to the monitoring
soil data, material data collected from laboratory testing completed as part of the cover system field trial
construction work and a till stockpile investigation at Aitik was used to inform on the material property
inputs. Field response modelling aided in validating material property inputs.

Okane Consultants have developed a proprietary model calibration tool using the GoldSim Monte Carlo
simulation software (GoldSim Technology Group 2025). The calibration tool was programmed to efficiently
run through thousands of iterations of a SPA formulation, varying the hydraulic and vegetation properties of
each material layer within defined ranges, until an optimum set of variables was achieved which met
pre-defined performance conditions while minimising a sum of squares comparison to the storage within a
cover system (estimated based on field measurements of volumetric water content). Laboratory results and
field data were used to guide the ranges in the material properties assessed in the calibration tool.
The optimised hydraulic properties were then tested using the GeoStudio VADOSE Bundle (Seequent 2025)
to validate that the properties produced a reasonable match to field conditions.

An example of a result is shown in Figure 4. Model calibration was completed based on the water storage
dynamics observed through the monitoring data as net percolation and oxygen ingress rates are not directly
measured in the field. The calibration tool was used to develop a set of hydraulic properties that would match
the field conditions measured at a monitoring location from 1 June to 31 October 2018. The tool was able to
develop a set of hydraulic properties that, when used within the GeoStudio VADOSE Bundle, produced a
result for the stored water volume within the cover system that matched the field measurements with an
R-squared of 0.92. This same process was completed for measurements during the summers (i.e. 1 June to
31 October) of 2014 to 2019, to see how much the hydraulic properties have varied with time. The results
indicated minimal variations in hydraulic properties since 2014; hence a single set of hydraulic properties
were defined.
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Figure4 Comparison of stored water volume estimated based on field volumetric water content
measurements to simulations completed with the GoldSim and GeoStudio soil-plant-atmosphere
models
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2.3.2 Cover system performance and seepage modelling

One-dimensional (1D) SPA modelling was completed to evaluate alternative cover system options
performance for the WRSFs. Seepage modelling was then completed using the 1D SPA modelling results to
simulate wetting up and draindown conditions and estimate seepage rates from the PAF WRSFs to inform
the site-wide water balance, and short-term and long-term water quality from the PAF WRSFs. SPA modelling
was completed for three cover system alternatives including the CT cover system which was representative
of the field trial cover system.

Table 1 summarises the 1D SPA modelling completed to evaluate cover system design alternatives for the
PAF WRSF. The low permeability layer governs performance of the cover system in terms of managing oxygen
ingress and net percolation. Net percolation rates estimated by the SPA modelling are consistent with the
expected range for an enhanced store-and-release and barrier cover systems respectively in this climate
setting (INAP 2017).

Table1 Simulated average annual water balance parameters for cover system alternatives

Cover system Precipitation, Potentially acid forming waste
PPT (mm) rock storage facility
Net percolation  Oxygen ingress
(mm) (mol/m?/yr)
Compacted till (CT) 827 274 (33% PPT) 1.0
Moderate compacted till bentonite (CTB) 827 210 (25% PPT) <1.0
Barrier CTB 827 118 (14% PPT) <1.0

The amendment of bentonite to the CT layer will provide improved hydraulic performance within the
compacted layer. Therefore, the CTB cover systems are expected to provide improved performance in terms
of limiting oxygen ingress compared to the CT system. The barrier bentonite amendment scenario provides
a marginal improvement upon the moderate bentonite amendment scenario as both are in the ‘very low’
range. Comparatively, the numerical model predicted the saturation would fall below 85% saturation in
approximately 10% of observances for the CT cover system whereas approximately 1-3% of observations for
the CTB cover systems over a period of 200 years for the base case scenario (RCP4.5). The monthly trend for
saturation maintained in the CT layers are similar for the field and SPA modelling results.

Although multiple climatic factors influence degree of saturation within the cover system profile, in general,
greater precipitation on an annual basis can be expected to result in greater saturation levels within the
compacted layer. The saturation trend in monitoring data compared to the modelled are similar. However,
the monitoring periods to date have been years with lower precipitation than any of those included in the
synthetic dataset provided by SMHI.

2.3.3  Evaluation of climate change sensitivity

The International Panel on Climate Change (IPCC), through its mandate to review, assess, and compile the
literature on human-induced climate change and natural variations, prepares and produces assessment
reports, which are comprehensive assessments of the scientific literature on climate change in the 21*
Century. The IPCC assessments include projections of global and regional climate until 2100. Projections are
made under different climate change scenarios using large-scale general circulation models (GCMs) which
are mathematical models that simulate the transfer of energy and matter through the ocean, atmosphere,
and land. The GCMs are based on global patterns in the ocean and atmosphere and are validated with
historical data. GCMs use a 3D grid over the entire planet, resulting in large grid sizes of 250-600 km on land.
This resolution is too coarse to be used for site-specific investigations, resulting in the need to downscale the
GCM output. Okane Consultants use statistical downscaling to develop site-specific climate change datasets.
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As part of the IPCC’s fifth assessment report (AR5),released in 2014 (International Panel on Climate Change
[IPCC] 2013), the IPCC adopted RCPs to replace the previous emissions scenarios of the special report on
emissions scenarios (SRES) that had been in use since the third assessment report in 2001. The four RCPs
differ from the SRES in that they represent greenhouse gas concentration trajectories, rather than emissions
trajectories. The four RCP scenarios (RCP2.6, RCP4.5, RCP6.0, and RCP8.5) are named after the radiative
target forcing levels for 2100, which are based on the forcing of greenhouse gases and other agents and are
relative to pre-industrial levels.

With the release of the IPCC’s sixth assessment report (AR6) in 2021 and 2022, the IPCC replaced the RCPs
with five shared socioeconomic pathways (SSPs), which provide a range of plausible trends in the evolution
of society over the twenty-first century (IPCC 2021). Each SSP family consists of two elements: a set of
gualitative, narrative storylines describing societal futures, and a set of quantitative measures of
development at aggregated and/or spatially resolved scales. The SSP families represent ‘sustainability’
(SSP1), ‘middle of the road’ (SSP2), ‘regional rivalry’ (SSP3), ‘inequality’ (SSP4), and ‘fossil fuel intensive’
development (SSP5). The surface atmospheric mole fraction of CO; for each RCP scenario is shown in
Figure 5.
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Figure 5 Comparison of surface atmospheric mole fraction of CO; for the RCPs and core SSPs (adapted
from IPCC 2021)

SSP1-1.9 and SSP1-2.6 are high mitigation scenarios that limit warming of the global surface temperature to
1.5 °C and 2.0 °C, respectively. Under SSP1-1.9, emissions peak in the near future, reaching net-zero CO;
emissions around mid-century. Net-zero emissions under SSP1-2.6 are reached in the second half of the
century. SSP1-1.9 is not equivalent to any RCP, while SSP1-2.6 is similar to RCP2.6. SSP2-4.5 includes some
climate policy, resulting in CO; emissions remaining around current levels until mid-century before declining.
The SSP2-4.5 scenario is similar to RCP4.5 and RCP6.0 until mid-century, after which RCP6.0 diverges, as
shown in Figure 5. SSP3-7.0 and SSP5-8.5 are high reference scenarios that include no climate policy, wherein
emissions continue to rise through the 21 Century. SSP3-7.0 includes high non-CO, emissions, such as high
aerosol emissions, and sits between RCP6.0 and RCP8.5, although non-CO, emissions are higher than in any
RCP. The high emissions levels of SSP5-8.5 are only obtainable under the fossil fuelled SSP5 pathway and not
under any of the other SSPs. SSP5-8.5 scenario is similar to RCP8.5, but emissions are higher near the end of
the century.
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The strategy employed by the project team to evaluate climate change effects and the sensitivity of the
closure design to climate change projections focused on generating a dataset of climate projections and their
associated estimations of regional baseflow on receiving waterbodies for a range of climate scenarios as
detailed by IPCC’s AR5. Two additional climate scenarios (Regional Atmospheric Climate Model, version 2.2,
Experiment E [RACMO22E] RCP2.6 and RCP8.5) were selected to maximise the range of climate conditions
examined. The two scenarios represent the driest (RACMO22E RCP2.6 — minimum average annual
precipitation) and warmest (RACMO22E RCP8.5 — maximum average daily temperature) datasets developed.
Sensitivity simulations focused on the PAF WRSF as the largest potential contaminant source for the site at
closure.

Table 2 shows the simulated responses of the three cover system alternatives to the RACMO22E RCP2.6 and
RCP8.5 climate predictions. These scenarios collectively represent the driest and warmest climate scenarios
developed for the closure study, respectively. In terms of evaluating a full range of future climate conditions,
the current SMHI RCP4.5 base case represents a wetter scenario.

Table 2  Average annual water balance parameters for sensitivity simulations

Scenario Precipitation, Potential Net percolation Oxygen ingress
PPT (mm) evaporation (mm) (mm) (mol/m?/yr)

Compacted till (CT) cover system

SMHI RCP4.5 827 390 271 (33% PPT) 1.0
RACMO22E RCP2.6 626 410 170 (27% PPT) 1.8
RACMO22E RCP8.5 722 450 232 (32% PPT) 1.5

Moderate compacted till bentonite (CTB) cover system

SMHI RCP4.5 827 390 210 (25% PPT) <1.0
RACMO22E RCP2.6 626 410 169 (27% PPT) <1.0
RACMO22E RCP8.5 722 450 205 (28% PPT) <1.0

Barrier CTB cover system

SMHI RCP4.5 827 390 118 (14% PPT) <1.0
RACMO22E RCP2.6 626 410 105 (17% PPT) <1.0
RACMO22E RCP8.5 722 450 121 (17% PPT) <1.0

For the CT cover system, oxygen ingress increased from the average 1.0 mol/m?/yr rate to
1.8 and 1.5 mol/m?/yr for the RACMO22E RCP2.6 and RCP8.5 scenarios, respectively. The drier conditions led
to decreases in the degree of saturation maintained in the basal compacted till layer and corresponding
increases in the average annual oxygen ingress. The CTB cover systems were more robust against the various
climate change scenarios with little or no increase in oxygen ingress associated with the RACMO22E RCP2.6
and RCP8.5 climate scenarios. Based on the relatively small change in predicted oxygen ingress, the variance
in future climate defined in this study would have a small impact on the performance of the CT cover system
and negligible effect on the CTB cover systems.

2.3.4 Water quality modelling

To understand the long-term effects of cover system performance, a dynamic long-term water quality model
was developed to allow for a holistic approach to understanding site-wide closure of the Aitik mine.
Development of the long-term water quality model requires the conceptualisation of all key components
pertaining to the WRSFs, including construction, environmental factors, physical and geochemical
parameters, and closure mitigations.
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Following cover system construction net infiltration and oxygen ingress into the waste rock materials will
decrease relative to bare surface conditions. The decrease in infiltration on the PAF WRSF will facilitate the
draindown of the landform. As draindown occurs, the overall contaminant load will start to decrease as
existing stored acidity is flushed from the WRSF. As such, the key contributors to contaminant load sources
become stored acidity generated prior to cover system placement, and contaminant load generated from a
limited reactive zone following the placement of the cover system.

Results from the PAF WRSF water quality model indicated that water quality of PAF WRSF seepage will
improve over time as oxygen ingress is limited by the cover system (thereby inhibiting pyrite oxidation) and
soluble stored acidity is flushed from the WRSF. Results of modelling were used to inform development of
water management strategies at closure for the site.

3 Discussion

Eleven years of monitoring cover system field trials at Aitik have shown that the CT cover system is
performing as expected based on the conceptual model for the site. Soil monitoring data show that the
compacted till layer is not being subjected to freeze/thaw or wet/dry cycling. Water balances developed on
an annual basis show that the net percolation is within the expected range based on the conceptual model
and numerical modelling results. A vegetative cover has been established and no evidence of erosion
occurring on a macro scale has been observed.

Cover system monitoring and modelling has provided a basis to develop a conceptual understanding for how
variations in climate change would impact performance of the WRSF cover system. During the monitoring
period, meteorological conditions outside the range of the synthetic climate dataset (lower precipitation)
were experienced. During this period, the level of saturation within the compacted till layer was reduced but
still fell within the expected range based on numerical modelling. However, these occurrences highlighted
the importance of assessing cover system performance in a wider range of climatic conditions, and associated
impacts on long-term water quality.

In numerical modelling simulations, the CTB cover system alternatives are both robust to climate variability.
The CTB cover systems were similar in that modelled water quality results were favourable compared to the
CT cover system due to the enhanced water retention characteristics associated with the compacted till
bentonite layers. This led to improved cover system performance in terms of oxygen ingress mitigation.
Base case simulations indicated that a CT cover system will result in acceptable water quality at the recipient
water bodies, but climate sensitivity modelling and monitoring data demonstrate that it will be less robust
to varying climatic conditions in terms of limiting oxygen ingress through the compacted till layer.

The lower hydraulic conductivity of the barrier CTB cover system does result in a marginal improvement in
water quality in the long-term, but it is important to consider the timing of water quality improvements as
well as the magnitude. The lower hydraulic conductivity of the barrier cover system results in a longer time
period required to flush metals and acidity from the WRSF, which translates to a longer transition period to
reach a quasi-steady state long-term water quality. This longer transition period increases the probability
that the quasi-steady state long-term water quality for the WRSF would not be achieved until after the pit
lake spill, resulting in poor surface water quality.

The moderate CTB cover system is not considered to be a true barrier cover system; rather, it is designed to
provide the necessary water retention characteristics to control oxygen ingress, while still allowing for metals
and acidity to be flushed from the WRSF while the pit lake is filling. Based on the above considerations and
their associated risk profiles, Boliden has selected the moderate CTB cover system for further evaluation.
In 2025, large-scale cover system field trials are planned to be constructed at Aitik to assess performance of
the moderate CTB cover system in response to varying conditions over time.
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4 Conclusion

A site-wide loading and water balance informed the decision-making process within the FMEA framework.
Boliden’s project team evaluated metals and acidity loading from the discrete mine domains under
operations and closure conditions to predict impacts to the downstream receiving waterbodies. For each of
the loading assessments, inputs to the water balance were driven by a common synthetic climate dataset
developed by SMHI. An important failure mode identified as part of the FMEA process was that the range of
climatic conditions encountered may not be represented by the climate datasets used in the loading
simulations. Okane Consultants completed cover system sensitivity analyses by modelling the driest and
warmest of the available climate datasets to maximise the range of climate conditions examined. Evaluating
the cover system alternatives in this context provided rationale to consider a cover system design which is
more robust to varying climatic conditions. A cover system incorporating a bentonitic lower permeability
layer has been selected for further evaluation through construction of a field trial and monitoring. Outcomes
of this assessment have highlighted the importance of considering potential implications of climate change
in cover system design, even while an existing cover system design has performed well in monitored field
trials under current conditions.
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