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Abstract
Sul� dic mine waste le�  unattended and in contact with oxygen oxidize and have poten-
tial to produce acid rock drainage (ARD). A typical method in Sweden to stop sul� de 
oxidation is to apply a dry cover on top of the mine waste. Using the non-hazardous 
industrial residue Green Liquor Dregs (GLD) in the cover is useful for the mining in-
dustry and the industry providing the residue and a large bene� t for the environment. 
In this study, the e� ectiveness of a mixture of till and 10 wt. % of GLD in a dry cover 
was studied by monitoring temperature, oxygen- and moisture content. � e conclusion 
is that the sealing layer in una� ected by frost, the oxygen concentrations are decreas-
ing with time, but not in depth and the sealing layer with GLD-till mixture seem to be 
nearly saturated. 
Keywords: Mine waste, ARD, Industrial residues, Green Liquor Dregs, Field applica-
tion, Monitoring

Introduction 
Mining industry generates massive amounts 
of mine waste worldwide, e.g. 110-million-
ton mine waste in Sweden 2017, which ac-
counted for 77 % of the annual waste pro-
duced (Swedish EPA 2018). 70 % of the 
Swedish mine waste contains sulphide min-
erals (SGU and Swedish EPA 2017) that if le�  
unattended and in contact with oxygen oxi-
dize and have potential to produce acid rock 
drainage (Saria, et al. 2006). ARD is a major 
long-term threat to the environment as met-
als and metalloids may become mobile (Saria 
et al. 2006). � e GARD guide (Global Acid 
Rock Drainage guide; Verburg et al. 2009) 
categorize di� erent methods to prevent ARD, 
a� er closure, into two main categories; engi-
neered barriers and water covers. Engineered 
barriers can be divided into liners and dry 
covers, where liners are typically designed to 
act as a barrier for contaminant � ow from the 
overlying waste into the receiving environ-
ment. Dry covers are typically designed to 
limit the ingress of water and oxygen into the 
underlying waste (Verburg et al. 2009). Un-
der the relatively humid climatic conditions 
in Sweden a soil cover can be used to reduce 
oxygen � ux to the underlying reactive wastes, 

and thus can reduce ARD (Collin and Ras-
muson 1990; Bussière et al. 2003; Dagenais et 
al. 2006). � e soil cover is a dry cover which 
usually consists of a sealing layer placed on 
top of the mine waste and above this, a pro-
tective layer. � e sealing layer is made of a 
� ne grained compacted material to prevent-
ing oxygen to di� use to the waste underneath 
by keeping it close to saturation. � e purpose 
of the protection layer is to protect the sealing 
layer from erosion and frost- and/or root pen-
etration. Sealing layers in Sweden are usually 
made of a till, ideally a clayey till. However, 
the availability of clayey till nearby a mine is 
o� en limited and the need for alternative so-
lutions are great, e.g. bentonite amendment to 
till. However, bentonite production is costly 
both economically and environmentally due 
to time- and resource consuming production. 
A suitable alternative material as an amend-
ment to till could be a � ne grained industrial 
residue. Previous studies have shown that the 
inert residue of pulp production, Green Li-
quor Dregs (GLD), has properties suitable as 
a sealing layer i.e. it is � ne-grained (d100 < 
63µm), commonly has an HC in the range of 
10-8 and 10-9 m/s and a higher water retention 
capacity (WRC) compared to materials with 

01_Mining for closure BOOK.indb   57 9/3/18   10:28 AM



11th ICARD | IMWA | MWD Conference – “Risk to Opportunity”

58 Wolkersdorfer, Ch.; Sartz, L.; Weber, A.; Burgess, J.; Tremblay, G. (Editors)

similar particle size, such as clayey/sandy silt 
(Mäkitalo et al. 2014). To use the material in 
its own is however not technically possible 
due to its low shear strength and high water-
content which makes it instable (Mäkitalo 
et al. 2014). Previous studies have however 
shown that mixing approximately 10 wt. % 
GLD with till keeps its positive properties and 
improve the drawbacks of the material (Mäki-
talo et al. 2015). Using an industrial residue in 
a mine remediation program would serve as 
a large bene� t for the environment, especially 
for the mining industry and the industry pro-
viding the residue.

� e oxygen concentrations and water 
content are important factors to monitor for 
evaluating the function of the soil cover and 
if that the sealing layer is kept close to satura-
tion to limit the oxygen di� usion to the mine 
waste. In humid environments, the general 
functions of a soil cover system are to reduce 
the transport of oxygen to the waste material 
and minimize the water in� ltration � uxes. 
However, the oxygen � uxes through the soil 
cover is the key issue to control ARD genera-
tion (O’Kane 1995; Yanful 1993). � is as oxy-
gen together with pH and bacterial activity is 
the main driving factor in the oxidation pro-
cess of sul� dic mine waste (Akcil and Koldas 
2006). At a relatively low degree of saturation, 
most oxygen transport occurs through the 
partially air-� lled pores (Aachib et al. 2004), 
due to the 10 000 times higher di� usion coef-
� cient in the air than in water (Yanful 1993). 
� e e� ective di� usion coe�  cient (De) can be 
explained by the average cross-sectional area 
open to di� usion and the distance traveled 
by molecules in the pores of the soil. In addi-
tion to a higher di� usion coe�  cient, the dis-
solved O2 concentrations in the air is around 
20 000 times higher than in water (Höglund 
et al. 2004; Verburg et al. 2009). � e trans-
port of gaseous oxygen through � ne-grained 
materials are mainly by molecular di� usion 
(Yanful 1993) and in general, the oxygen � ux 
rates are at a minimum when the degree of 
saturation is greater than 85-90 %, this as 
the air-phase at a saturation greater than 85 
% becomes discontinuous (Corey 1957). � e 
oxygen is then transported through the wa-
ter phase (Aubertin and Mbonimpa 2001; 
Aachib et al. 2004) and in a layer that is kept 
close to saturation, the De can be comparable 

to the De in water. It is small enough to re-
duce the oxygen � ux to a level comparable to 
that of a water cover (Yanful 1993; Aachib et 
al. 2004). In addition to oxygen and moisture 
content the temperature is another important 
factor to monitor, especially in the northern 
Swedish climate with long winters. � e low 
air temperature freezes the pore water in the 
soil and can create cracks which can increase 
the hydraulic conductivity of the soil and the 
oxygen di� usion as the sealing layer dries out.

In this study, the e� ectiveness of a sealing 
layer made of a mixture between till and 10 
w. % of GLD was studied. An instrumented 
experimental area within a cover application 
of the waste rock dump of Näsliden mine was 
constructed in October 2017. � e experi-
mental area consists of sealing layers made 
of two di� erent materials. One is a mixture 
of till and 10 wt. % GLD. � e other a till and 
4 wt. % bentonite. � e objective of the study 
was to evaluate the e� ectiveness of the sealing 
layer made of the till-GLD mixture by mea-
suring soil moisture content and oxygen con-
centrations in the sealing layer and tempera-
ture in the protection layer. Another objective 
of the study is to compare the results from the 
GLD-till area with the sealing layer made of 
till-bentonite to see if GLD works as well as 
the well-studied bentonite in a sealing layer. 
� ere is much work done on the evaluation 
and monitoring of mine waste covers, but no 
published work yet done on the evaluation of 
the use of a GLD-till mixture in mine waste 
remediation.

Methods 
An instrumented test area within a cover ap-
plication of Näsliden mine was constructed 
in August 2016 and October 2017. � e exper-
imental area consists of sealing layers made 
of two di� erent materials. One is a mixture of 
till and 10 wt. % GLD, which was constructed 
in August 2016. � e other is a till and 4 wt. 
% bentonite and was constructed in October 
2017 (Figure 1).

An observation well and a pit was in-
stalled in each monitoring surface and from 
these four temperature probes (PT1000, EMS 
Brno) and two soil moisture probes (SM150T, 
Delta T-devices) were drilled into the di� er-
ent layers at various depth. In addition, 8 
oxygen probes (SO110, Apogee instruments) 
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were installed under and on top of the seal-
ing layers. Air pressure measurements to 
compare to the oxygen concentration were 
collected from the Swedish Meteorological 
and Hydrological Institute (SMHI). Unlike 
the other probes, the oxygen probes were 
installed vertically before the sealing- and 
the protection layers were applied to prevent 
leachate from oxygen through the cables. � e 
probes were connected to two data loggers 
(Railbox RB32P4, EMS Brno) that were in-
stalled in the observation wells. � e probes to 
measure temperature and soil moisture were 
installed in four vertical pro� les, two in ob-
servation wells and two in pits, both in the 
GLD-surface and the bentonite-surface. � e 
observation-wells of 2.7 m height and 1.5 m 
diameter were placed on the mine waste be-
fore the cover was constructed. A� er instal-
lation, the cover was and compacted around 
the wells by hand-driven machinery. A� er 
the cover was applied the pits were dug to a 
depth of approximately two decimeters on 
top of the sealing layer. A� er installation 
of probes, the pits were back� lled with the 
same material. � e probes were drilled with a 
machine-driven drill of 40 mm diameter (ᴓ) 
and 800 mm lenght. When the soil moisture 
probes with ᴓ 50 mm were installed a hand-
driven drill of ᴓ 60 mm was used. � e hand 
driven drill was also used for bore-holes more 
than 800 mm long. � e cables from all probes 
were collected to tubes that were led to the 
observation wells and connected to the log-
gers there. � e loggers are powered by so-
lar panels. � e boreholes in the observation 
wells and tubes were sealed with sealing foam 

to prevent air and water to pass through the 
tubes to the probes. � e part of the observa-
tion well above ground was isolated to pre-
vent the atmospheric temperature to in� u-
ence the temperature measurements. 

Results and discussion
� e winter in northern Sweden stretches 
from October to April and is associated with 
minus degrees and a thick snow layer. � is 
leads to frost penetration into the soil and 
a dry period considering water percolation 
through the soil cover. 

� e results from the monitoring show 
that temperature has, as expected, declined 
and leveled out as the winter approaches and 
continues (Figure 2:A-D). � e 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 a� ected by 
frost, expect from in the observation well 
in the bentonite surface where frost seems 
to have reached 0.8 m depth in early spring 
(Figure 2:D). Comparing the temperatures in 
the pit and the observation wells, the temper-
atures in the observation well is lower further 
down than in the pit (Figure 2:A-B), both in 
the GLD and bentonite surface (Figure 2:C-
D). � is indicates that the observation wells 
are not fully isolated from the cold air. � e 
conclusion is that the protection layer has 
protected the sealing layer from frost pen-
etration, which was its purpose.

� e purpose of the sealing layer is to act 
as a barrier towards oxygen di� usion and 
decrease the oxygen levels close to 0 % un-

F igure 1. Overview of the monitoring surfaces.

Surface 1: GLDSurface 2: Bentonite

Mine waste

Protection layer:
Silty till

Sealing layer:
Till + 4 wt. % bentonite

Mine waste

Protection layer:
Silty till

Sealing layer:
Till + 10 wt. % GLD
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derneath the sealing layer. It was therefore 
expected that the concentrations below the 
sealing layer would be lower than above the 
sealing layer. No trends comparing concen-
trations below or above the sealing layer can 
however be seen in this study (Figure 2:E-F). 
� e oxygen concentrations in the di� erent 
places studied here varies between 3-18 % 
(Figure 2:E-F), where the lowest values can 
be seen in the bentonite layer (Figure 2:F). 
Comparing the results with oxygen measure-
ments done under the cover of the Storgruve 
dump in Sweden (Lundgren 2001), the re-
sults in this study are higher. � e variation in 
oxygen concentrations is great and attuned 
in most of the probes (Figure 2:E-F). Even 
though cover system behaviour is known to 

be dynamic and rarely reaching stable con-
ditions in � eld under a relatively humid cli-
mate (Ricard et al. 1997; Ricard et al. 1999; 
Bussière et al. 2003; Dagenais et al. 2006), the 
variations was not expected to be attuned. 
� e explanation for the attuned variation is 
in the atmospheric pressure, which has been 
found to a� ect the gas di� usion in a soils 
vadose zone (Massmann and Farrier 1992). 
� e atmospheric pressure and the oxygen 
concentrations varies in the same way (Fig-
ure 2:E-F). � e strong variations in oxygen 
concentrations in the O2-4 below probe in the 
bentonite can likely be explained by leakage 
of atmospheric oxygen through where the ca-
bles were connected to the observation well. 
Some decreasing trends in oxygen measure-

Fig ure 2. Temperature, soil moisture and oxygen measurements in the pits and observation wells in the GLD 
and bentonite-surfaces. Atmospheric air pressure is presented together with the oxygen measurements. 
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ments can be detected in the oxygen probes 
in the bentonite layer (Figure 2:F). � is de-
crease 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. In summary a slight 
decreasing trend with time can be seen in the 
oxygen concentrations, but not in depth. � e 
oxygen concentrations are greatly a� ected 
by the atmospheric pressure and at least one 
probe seems to be a� ected by leakage of oxy-
gen from the atmosphere.

� e volumetric soil water content show 
how much of the total volume of the soil is 
water and the value depend on the pore vol-
ume. � e more compacted the material, the 
less pore volume and possibility of water in 
them. If the total pore volume is � lled with 
water, the material is saturated. � e volumet-
ric soil moisture content in this study varies 
between 12 and 20 % in the bentonite and 
0-40 % in the GLD cover. When the material 
was compacted in laboratory with a standard 
proctor compaction method (SS-EN 13286-
2:2010) a volumetric water content of 30 % 
was reached. A pilot study with a similar 
cover made of till and 10 wt. % of GLD in 
the sealing layer, constructed three years ago, 
(not published data) shows a volumetric soil 
moisture of 3-4 %. � e pilot cell with only a 
half meter of protection cover on top of the 
sealing layer shows a volumetric soil moisture 
of 8-10 % in the bottom of the layer and 0.5-
18.5 % in the surface of the sealing layer that 
is more exposed to the precipitation. Greater 
variation is expected in a sealing layer with 
closer contact to the atmosphere. However, a 
volumetric soil moisture 3-4 % is a low value 
and indicate drying of the sealing layer. � is 
might be due to the design of the pilot cell 
that with its elongated form supports surface 
runo�  rather than in� ltration. Bussière et al. 
(2006) studied a compacted till under topsoil 
in Ontario, Canada and measured volumet-
ric soil moisture contents of 10-37 %, which 
corresponds well with the values in this study. 
� e value of 40 % volumetric moisture con-
tent measured in the GLD-till mixture, 1.7 m 
from the observation-well, is higher than the 
value reached in laboratory (30 %) and indi-
cate saturation. Two other studies that also 
show volumetric soil moisture levels of ap-
proximately 40 % is clay layers constructed at 

20-30 cm depth in New Brunswick, Canada 
(Yanful 1993) and a moisture retaining layer 
in an oxygen-limiting cover in Quebec, Can-
ada (Simms and Yanful 1999). 

� e soil moisture in the sealing layers in 
this study has generally decreased somewhat 
with time (Figure 2:G-H), this might be due 
to the dry winter period where the water is 
frozen. In the GLD layer, the soil moisture 
was higher in the lower parts of the sealing 
layer (Figure 2:G). However, it seems unlikely 
that the level in the upper part of the sealing 
layer reaches under 0 % and might be a in-
strument error or that the probe is measur-
ing towards a rock. High soil moisture levels 
in the GLD-mixture is expected due to the 
high WRC of the GLD (Mäkitalo et al. 2014), 
which means that the water that percolates 
through the protection layer is retained in 
the sealing layer. � is trend is also seen in 
the pilot study discussed above with a similar 
cover system. In the bentonite layer, the soil 
moisture content is somewhat lower at depth 
(Figure 2:H). � e high WRC and the higher 
wt. % of GLD in the sealing layer is likely the 
reason of the higher soil moisture contents in 
this layer compared to in the bentonite layer. 
It is however too early to draw any conclu-
sions between the data, as the bentonite layer 
was constructed this year and the GLD layer a 
year before. � e GLD layer has therefore had 
a year more for water to penetrate through 
the protection layer, compared to the benton-
ite layer. 

In summary the soil moisture content is 
decreasing with time, likely due to the dry 
winter period. � e GLD has a higher mois-
ture content with depth and the bentonite 
layer a lower content with depth. � e GLD-
layer indicate saturation in one of the mea-
suring points.

Conclusions
� e conclusion of the data set so far is that 
the protection layer work as a protection 
from frost penetration and has kept the seal-
ing layer intact. � e oxygen concentrations 
show no decrease in concentrations compar-
ing measurements under and on top of the 
sealing layer. A decreasing trend in oxygen 
concentrations is seen in the bentonite layer 
with time, but the oxygen concentrations are 
still too high for a sealing layer. At least one 
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of the probes seem to be a� ected by leakage 
and the cable-well-connections need im-
provement in the sealing. � e atmospheric 
pressure is a� ecting the oxygen concentra-
tions greatly which makes it di�  cult to de-
tect trends. � e soil moisture data indicate 
that the sealing layer of GLD-till mixtures is 
nearly saturated at parts. � e collected data 
indicate a slight di� erence between the data 
from the bentonite- and GLD surfaces, with 
higher moisture levels in the GLD. More data 
and a longer monitoring time are needed to 
detect any trends between seasons and seal-
ing layer materials.
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