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Abstract

In Sweden, the most common remediation measure to stop acid rock drainage (ARD) formation from mine
waste is to apply a multi-layer cover on top of the waste deposit. The access to suitable cover-materials is,
however, limited, creating a driving force for alternative solutions. The recycling of an industrial residue for
this purpose is beneficial for the industry where the residue is generated, the mining industry using the
residue, and the society’s strive for end-of-waste. Green liquor dregs (GLD), a residue from pulp production,
is an example of an industrial residue that has the potential to improve the sealing properties of a till. The use
of a GLD-till mixture for the construction of a sealing layer in mine waste covers is one alternative to the
well-used bentonite amendment to a permeable till. A few trials on using GLD-amended till have been made
at demonstrational scale, but this study is the first to evaluate a sealing layer of a sulphidic mine waste cover
consisting of GLD-amended till, monitored for four years. The results are compared to a traditional
bentonite-amended till cover, analysing soil water content and oxygen concentrations. In addition, two
methods of instrument installation (pits and monitoring wells) were evaluated. The monitoring of the soil
water content in the sealing layers indicate saturation, or close to saturation, in both materials. This implies
a successfully functioning sealing layer that minimises oxygen diffusion to the waste rock underneath.
More monitoring is needed to conclude on the long-term performance of both types of sealing layers,
i.e. bentonite-amended till and GLD-amended till. The findings in this and a previous study suggest that pits
are recommended as an installation method if horizontal installation of instruments is possible. However, this
study also concludes that the current great variation in GLD, especially its water content, makes it difficult to
use compared to commercial, more homogenic, products.
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1 Introduction

Mine waste accounted for 76% of the annual waste produced in 2020 in Sweden (Swedish Environmental
Protection Authority 2020). If sulphidic mine waste (70% of the Swedish mine waste) is left unattended and
in contact with oxygen and oxidising bacteria, it oxidises and has the potential to produce acid rock drainage
(ARD) (Saria et al. 2006; Moodley et al. 2018). There are different methods to prevent ARD formation after
mine closure (Global Acid Rock Drainage Guide; International Network for Acid Prevention 2012). A soil cover,
which is the most common way to cover mine waste in Sweden, is a form of engineered barrier consisting of
a sealing layer made of a fine-grained compacted material, placed on top of the mine waste. The purpose of
the cover is to reduce oxygen diffusion to the waste underneath by keeping the sealing layer close to
saturation. Sealing layers in Sweden are usually made of a till, ideally a clayey till. Its low micro-porosity will
lead to a low hydraulic conductivity, reducing the migration of water and oxygen to the sulfidic mine waste.
However, the availability of clayey till nearby a mine is often limited, creating a need for alternative materials.
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A suitable alternative to clayey till could be to amend it with bentonite, a well-studied and used material in
cover solutions (e.g. Boulanger-Martel et al. 2014). However, bentonite production is both time and resource
consuming, making it costly both economically and environmentally. A suitable option would be to use a
fine-grained, inert, non-hazardous industrial residue as an amendment to the till. Using an industrial residue in
mine remediation could serve as a large profit for the environment, especially for the mining company and the
industry providing the residue. Previous studies have shown that the inert residue of pulp production, green
liquor dregs (GLD), has properties suitable for a sealing layer (Makitalo et al. 2014, 2015; Virolainen et al. 2020;
Nigéus et al. 2023a; Moyo et al. 2023). GLD is fine-grained (d100 < 63 um), commonly has a hydraulic
conductivity in the range of 10® and 10° m/s, a higher water retention capacity (WRC) compared to materials
with similar particle size (Makitalo et al. 2014), and a low oxygen diffusion coefficient (Virolainen et al. 2020).
To use the material on its own is, however, not technically possible due to its low shear strength and high water
content which makes the material unstable (Makitalo et al. 2014; Moyo et al. 2023). Previous studies have
shown that mixing approximately 10 weight percentage (wt.%) GLD with till will keep its positive properties and
reduce the drawbacks of the material on its own (Makitalo et al. 2015; Nigéus et al. 2023a, 2023b).

In general, oxygen flux rates are at a minimum when the degree of saturation is greater than 85-90% and
the air-phase becomes discontinuous (Corey 1957). The oxygen is then transported through the water phase.
In a layer that is kept close to saturation, the oxygen flux is kept at a level comparable to that of a water cover
(Yanful 1993; Aubertin & Mbonimpa 2001; Aachib et al. 2004). The oxygen and moisture content of the
sealing layer are important factors to monitor to evaluate the function of the sealing layer.

There is much work done on the evaluation and monitoring of mine waste covers. Evaluations on sealing
layers using GLD-amended till have previously been made on laboratory and pilot scale (Mékitalo et al 2014,
2015; Nigéus et al. 2023a, 2023b, 2023c), but no published work is yet made on the evaluation of the field
application of a GLD-till mixture in mine waste remediation. The need for full-scale field evaluations on
GLD-amended till is necessary to verify the results from laboratory and pilot studies.

In this study, the effectiveness of a sealing layer made of a mixture between till and 10 wt.% of GLD was
compared to one made of a mixture of till and 4 wt.% of bentonite. An instrumented experimental area
within the cover application of the waste rock dump of Nasliden mine was constructed in August 2016 and
October 2017. Temperature, soil water content, and oxygen concentrations in the sealing layer were
monitored. Two different monitoring instrumentation installation methods were used — pits and monitoring
wells — to detect differences in monitoring results based in installation method. The main part of the sealing
layer at the waste rock dump at the Nasliden mine consisted of a local silty till amended with 4 wt.% of
bentonite, except for a part of the experimental area within the cover system that consisted of a sealing layer
made of the local till amended with 10 wt.% GLD. The dimensioning and application of the cover is explained
and discussed in Nigéus et al. (2023b).

The objectives of the study were to:

1. Evaluate the function of the GLD-till based sealing layer by analysing four years of soil water content
and oxygen concentrations in the cover. The aim is to maintain a degree of saturation above 85%
as this is the general limit for when oxygen diffusion is interrupted.

2. Compare the performance of the GLD-till sealing layer with the one made of till-bentonite.

3. Compare the results obtained using two different methods of installation of instruments: pits and
monitoring wells.

2 Methods

2.1 Materials

The materials used in this study are a local silty till from a quarry in Nasliden, Sweden, a GLD from
BillerudKorsnéas paper mill in Karlsborg, northern Sweden, and a bentonite (DantoCon Seal N) from Odense,
Denmark. The materials are described further in Nigéus et al. (2023b).

2 Mine Closure 2025, Luled, Sweden



Landform design and long-term stability

Figure1 Pictures of GLD from different paper mills in northern Sweden. (a) Smurfit Kappa; (b) Iggesund;
(c) Smurfit Kappa; (d) Vallvik; (e) BillerudKorsnas (Karlsborg)

2.2 Instrumentation

An instrumented test area within a cover application of Nasliden mine was constructed in August 2016 and
October 2017. The experimental area consists of sealing layers made of two different materials. One is a
mixture of till and 10 wt.% GLD, which was constructed in August 2016 (Figure 2). The otheris atilland 4 wt.%
bentonite and was constructed in October 2017. The construction of the cover system and the
instrumentation is described and discussed further in Nigéus et al. (2023b, 2023c).

2. Bentonite
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Figure 2 Aerial view of the Nasliden mine and the experimental areas in the sealing layers of the
bentonite-amended tills and GLD-amended tills

Before application of the bentonite-amended till cover in 2017, two monitoring wells with height of 2.7 m
and diameter 1.5 m were placed on the mine waste (Figures 3a—c). The sealing layer of bentonite-amended
till was then applied and compacted around the wells by hand-driven machinery (Figure 3c). The observation
well to monitor the sealing layer of the GLD-amended till (monitoring well [MW] 1; Figure 2) was placed at
the border of the experimental area consisting of the GLD-amended till. The soil moisture probes were then
drilled into the facing wall of that sealing layer (Figures 2 and 4).
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After fully applying the cover, two pits were excavated to a depth of approximately 200 mm from the top of
the sealing layer (Figures 3c and d). These pits did not reach the sealing layer or the mine waste beneath as
the mining company wanted to avoid disturbing the sealed mine waste during excavation. To install the
measuring probes, holes were drilled using a machine-driven drill with a 40 mm diameter and an 800 mm
length. For thicker probes or deeper boreholes, a manual drill with a 60 mm diameter was employed.
Tubes leading to the monitoring wells collected cables from the instruments and connected them to the
loggers (Figure 3b). The pits were then refilled with the excavated material.

a b

Figure 3 (a) A picture of one of the monitoring wells installed in the dry cover; (b) One of the pits and the
cables from the instruments that led to the monitoring wells; (c) The hand-compacted sealing
layer closest to the wells; (d) The connection from the probes to the wells were insulated first
with local material and then with foam insulation and silicon to keep them sealed from
atmospheric influence. Figure from Nigéus et al. (2023c)
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Figure 4 Schematic profiles of the two monitoring wells and pits in the GLD-amended till and
bentonite-amended areas. (a) MW1; (b) Pit 1; (c) MW2; (d) Pit 2. Where blue is soil moisture
probes, green temperature probes and red oxygen probes

From the monitoring wells and pits four temperature probes (PT1000, EMS Brno) and two soil water probes
(SM150T, Delta T-devices) in each monitoring well and pit were drilled into the different layers at various
depths (Figure 2). In addition, eight oxygen probes (50110, Apogee instruments) were installed below and
on top of the sealing layers (Figures 2 and 4). The oxygen probes in the second experimental area made of
bentonite were installed horizontally before the cover was applied to prevent oxygen diffusion through the
cables. The oxygen probes in the first experimental area made of GLD were installed vertically from the pits
as the cover was already in place (Figure 4).

Air pressure and precipitation measurements, to compare to the oxygen concentration, were collected from
the weather station installed at the mine site. The measuring probes were connected to two data loggers
(Railbox RB32P4, EMS Brno) that were installed in the observation wells and powered by solar panels.

The degree of saturation was calculated using the porosity obtained in laboratory as the in situ porosity is
not known.
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3 Results

3.1 Assessing the performance of the four-year-old sealing layer made of GLD-amended
till at the Nasliden mine

The winter in northern Sweden stretches from October to April and is associated with freezing temperatures
and a thick (around 1 m) snow cover. This leads to frost penetration into the soil and a dry period considering
water percolation through the soil cover. The results from the monitoring show that temperature has, as
expected, declined and levelled out as the winters approaches and continues (Figure 5). The temperature is
also, as expected in winter, lowest closest to the surface and warmer further down the cover. Only the probes
closest to the surface (0.3—0.5 m depth) seems to be affected by frost and the sealing layer are kept free from
frost penetration.

(@) MW1-GLD (b) Pit1-GLD

(c) MW 2 - Bentonite (d) Pit2-Bentonite

Figure 5 Temperature in the pits and monitoring wells (MW) in the GLD and bentonite-covers.
Air temperature is measured at the weather station at the closed mine site

The volumetric soil water content describes how much of the total volume of soil is water, which depends
on the pore volume. The volumetric water content of a fully saturated soil will therefore be the same as its
porosity. The 85% saturation shown as a dotted line in Figure 6 was determined for the specific cover based
on the laboratory characterisation of the materials used in the sealing layer, presented in Nigéus et al.
(2023b). The results from MW1 2.1 m, in the GLD layer, shows that the soil water content is at least twice as
high as the rest of the measuring points (Figure 6a), indicating a higher local porosity. This might be due to
the difficulties compacting the soil around the probes (described further in Nigéus et al. 2023c). The rest of
the probes seems to fluctuate between a soil water content of 10-20% (Figure 6a). Bussiere et al. (2006)
studied a compacted till under topsoil in Ontario, Canada, and measured volumetric soil water content of
10-37%, which corresponds well with the values in this study.

Peaks are observed at snow melt each year (Figure 6a) but it was not until the snow melt in 2020 (two and a
half years after installation) that the soil water content increased above the estimated saturation, to then
stabilise around that value. It is difficult to compare the results from the different probes with each other
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due to local variation in porosity around the probes that arise during installation and soil compaction
(discussed further in Nigéus et al. 2023c). This is the likely reason for the oversaturation that is seen in some
of the probes at times after 2020. The higher peaks seen in Pitl (Figure 6a) with increasing precipitation,
might be explained by the fact that the probes were installed vertically instead of horizontally as in the MWs
(Nigéus et al. 2023c), creating a preferred flow path along the cables. The effect of preferential flow path
(due to the vertical installation of the instruments in the pits) was also observed at the surface of the sealing
layer in the pit (at 2.2 m depth; Figure 6a) which appears to be highly affected by fluctuations in water
percolation.

The function of the sealing layer is to act as a barrier towards oxygen diffusion and decrease the flux of oxygen
to the waste. The oxygen concentrations in the different measuring points varies between 0—-18% (Figure 6).
Comparing the results with oxygen measurements done under the cover of the Storgruve dump in Sweden
(Lundgren 2001), the results in this study are somewhat higher compared to 0-11% in the Storgruve dump.
Some decreasing trends in oxygen measurements can be detected in the oxygen probes the first years
(Figures 6¢ and d). This decrease is seen in Lundgren’s (2001) study as well and was expected as the oxygen
derived from when the material was exposed to the atmosphere is depleted. The oxygen concentrations vary
greatly in most of the probes, and the variations are attuned with each other (Figure 6c). Even though cover
system behaviour is known to be dynamic and rarely reaching stable conditions in field under a relatively
humid climate (Bussiére et al. 2003), the variations were not expected to be that attuned. One explanation
to this might be the atmospheric pressure, which has been found to affect the gas diffusion in a soils vadose
zone (Massmann & Farrier 1992). This indicates that some of the variations in oxygen concentrations can be
explained by leakage of atmospheric oxygen where the cables are connected to the observation well.
Some negative correlations in oxygen concentration in the sealing layer of GLD and soil water content can be
observed (R%-values between 0.2 and 0.5), decreasing oxygen concentrations with increasing soil water
content (Figures 6e and f). This was expected as a higher saturation degree is known to lead to a decreased
oxygen diffusion when the oxygen is transported through the water phase (Yanful 1993; Aubertin &
Mbonimpa 2001; Aachib et al. 2004). The strong positive correlation (R?-value of 0.92-0.96; Figures 6e and f)
between oxygen concentrations and the soil water content for the probe installed in the protection layer
might be explained by the fact that this layer (MW1 1.6 m depth) is not compacted and the porosity here is
higher than the estimated porosity in the sealing layer. This leads to a higher hydraulic conductivity and
oxygen diffusion rate.

Decreases in oxygen concentrations can be detected when there are peaks in soil water content during snow
melt in spring (Figure 6¢). Especially the high peak in spring 2020 that lead to saturation of the sealing layer
which can be seen as a major dip in oxygen concentrations to 0% (Figures 6a and c). However, after this dip
in oxygen concentrations, the concentrations increased again to almost as high as before (Figure 6). This was
not expected as the soil moisture concentrations indicate saturation (Figure 6a), which should lead to oxygen
concentrations closer to zero (Corey 1957; Yanful 1993; Aubertin & Mbonimpa 2001; Aachib et al. 2004).
The variation in oxygen concentrations might be due to changes in air pressure. The soil gas is connected to
the atmosphere, probably along the electric wire to the probe, as discussed previously.

In summary, the soil water content in the sealing layers seem to have reached saturation, or at least close to
it, in connection to a major snow melt four years after application of the sealing layer. High soil moisture
levels, close to saturation, in the GLD-mixture were expected due to the high WRC of the GLD (M4kitalo et
al. 2014; Nigéus et al. 2023a), which means that the water that percolates through the protection layer is
retained in the sealing layer. Based on the soil water content, the sealing layer seems to work as intended.
Oxygen concentrations are higher than expected but correlate with soil water content, with decreasing
concentrations as soil water content increases. No significant correlations with depth can be detected for
either soil water content or oxygen concentrations.
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Figure1 Volumetric soil water content (8; %) in (a) GLD-amended till and (b) bentonite-amended till.
The dotted line is 85% saturation (S, 85%). Oxygen concentrations above and below the sealing
layer in (c) GLD and (d) bentonite. Correlations between soil water content and oxygen
concentrations in measuring point (e) GLD1, (f) GLD2, (g) B1, and (h) B2. Trendlines and R2-values
for the correlations are presented in the figures
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3.2 Comparing the results from the sealing layer made of GLD-till with that made of
till-bentonite

The soil water content in the till-bentonite sealing layer is somewhat higher at shallower depths compared
to deeper depths, at least for the first year (Figure 6b). The peaks in soil water content during snowmelt in
spring that were observed in the first experimental area made of GLD are seen in the second experimental
area made of bentonite as well (Figures 6a and b). Similarly to the GLD-amended till, the snowmelt of year
2020 (two and a half year after installation) seems to have pushed the soil water content of the
bentonite-amended till to saturation, where it has been since then (Figure 6b).

Considering oxygen concentrations, the trend with decreasing concentrations during the first year, explained
in Section 3.1, can be seen in the bentonite layer as well (Figure 6d). As for the measurements in the GLD
layer, the oxygen concentrations in bentonite vary greatly and are attuned, especially in measuring point
B2-above the sealing layer. This indicates leakage of oxygen through the cables (discussed previously in
Section 3.1). During winter 2017, the measurements stopped for a period, to then continue with lower
concentration readings (around 0% compared to 5-10% prior to the abruption; Figure 6d). The oxygen
concentrations in Bl-above and below start to increase again during the snowmelt in 2020. This is in
contradiction to what was expected and the behaviour of the oxygen concentrations in the GLD layer
(Figures 6¢ and d). The oxygen concentrations are expected to decrease with increasing soil water content
(Corey 1957; Yanful 1993; Aubertin & Mbonimpa 2001; Aachib et al. 2004). Whether the low concentrations
followed by an increase in oxygen concentrations are due to natural causes or the abruption of
measurements (likely caused by power shortage) is difficult to say for sure, making an interpretation of the
results complicated. No significant correlations can be detected between the oxygen concentrations in the
sealing layer made of bentonite-amended till and soil water content (Figures 6g and h). This is likely due to
the presumed power shortage that created a malfunction of the oxygen probes.

In summary, due to malfunctions on some of the instruments in the bentonite cover it is difficult to draw any
conclusions from the comparison between the different materials in the sealing layer. Considering soil water
content, both layers seem to have reached saturation in 2020, suggesting that oxygen diffusion should be at
minimum. However, this cannot be confirmed when evaluating the oxygen measurements. The oxygen
probes are more sensitive to external disturbances and seem to be affected by both leaching oxygen from
the atmosphere and possibly other malfunctions.

3.3 Comparing the results from the pits and the monitoring wells

The pits were dug after cover application, which means that the instruments in the pits were installed
vertically to keep the sealing layer intact, instead of the preferred horizontal installation that was used in the
MW (Figures 6¢ and d; described further in Nigéus et al. 2023c). The higher peaks in soil moisture content
seen in Pit1 (Figure 6a) with increasing precipitation might be explained by this vertical installation, creating
a preferred flow path along the cables, especially the surface of the sealing layer in the pit (at 1.9 m depth;
Figure 6a) which seems to be highly affected by fluctuations in water percolation.

If it is possible to install the cables horizontally into the sealing layer the pits would be the preferred
alternative for installation of instruments, mainly as the possible effect from the wells considering
preferential wall flow and atmospheric effects are minimised, but also, as the pits are more cost-effective
than the wells and considering material and labour/time (discussed further in Nigéus et al. 2023c).

4 Conclusion

Both sealing layers seem to have reached saturation (or close to saturation) in 2020 (two and a half years
after installation) after the major snow melt occurred, suggesting that oxygen diffusion should be at
minimum. This was expected due to the high WRC of the GLD, leading to the water percolating through the
protection layer and being retained in the sealing layer. Unfortunately, the results from the oxygen
measurements seem to be affected by both leaching and possibly other malfunctions and are too uncertain
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to draw any conclusions from. Some correlations between oxygen concentrations and soil water content can,
however, be seen, with decreasing oxygen concentrations as soil water content increases. More monitoring
is needed to make any conclusions from the comparison between the sealing layers of bentonite-amended
till and GLD-amended till.

When comparing the different installation methods (pits and MW) the soil water probes in the pits were
installed vertically instead of horizontally as in the MW, creating a potential preferred flow path along the
cables. This phenomenon might explain the higher peaks seen in Pitl correlating with peaks in precipitation,
and the fluctuating soil water content at the surface of the sealing layer in the pit (at 1.9 m depth).
If horizontal installation of the instruments is possible, the pits are preferred as an installation method as
they are more cost-effective mainly due to easier installation. It is, however, important to compact the pits
to the same compaction degree as the rest of the cover to avoid increased water percolation.

Using non-hazardous industrial residues in mine remediation is beneficial not only for the mining company
but also the providing industry as it minimises the waste landfilled. Recycling GLD in mine waste remediation
is a step towards solving two waste challenges in Sweden: remediation of old and modern mining sites and
the challenge of how to use GLD at a large scale at a reasonable cost and avoiding disposal. However, the
current heterogeneity of the GLD, especially its water content, makes it difficult to use compared to
commercial, more homogeneous products, such as bentonite.
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