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ABSTRACT  

Dry covers can be used to limit the generation of acid mine drainage from sulphidic mine 

waste exposed to air and water. For the covers to act efficiently a high degree of saturation 

should be maintained in the cover, as the diffusion of oxygen is substantially reduced in water 

compared to that in air. Historically, dry covers made solely from till have been applied with 

varying degrees of success. To improve the performance of dry covers, a multi-layer approach 

can be applied incorporating a sealing layer aimed at effectively preventing oxygen ingress 

and an overlying protective layer. Blends of till and green liquor dregs (GLD) are thought to 

have advantageous properties regarding the water retention capacity and hydraulic 

conductivity. Subsequently, the blends should have a good ability to remain highly saturated 

during dry periods and be able to maintain their function as oxygen diffusion barriers over 

time. In this study the effective oxygen diffusion coefficient (De) in blends of till and GLD 

was evaluated by laboratory measurements. 

The oxygen diffusion coefficient of till-GLD blends was evaluated through 81 diffusion 

tests performed at different degrees of water saturation. The blends differed in added amounts 

of GLD and different types of GLD. These variables were studied as they affect the blends 

grain size, porosity, tortuosity, and degree of saturation, which in turn affect the De. The tests 

were performed in two-chamber diffusion cells and interpreted using the software Vadose/W 

(Geoslope, 2016) to determine the De. The results provide an initial evaluation of the variation 

of De that can be expected for till-GLD blends. The De was found to vary greatly for the 

blends (10-6 > De > 10-11 m2 s-1) depending on the degree of saturation. Even though the GLD 

contain substantial amounts of water, a high water content of the till was still required to reach 

a low De. A predictive model for estimating the De based on basic geotechnical soil properties 

was compared to the De from the interpreted diffusion tests. The model could generally 

predict the De to within an acceptable range (± one order of magnitude). Additionally, 

diffusion tests performed on materials dried in successive steps showed how the De changed 

over time when exposed to drying. A sharp increase in the De was found for the blends, pure 

GLD and pure till when exposed to drying. Thus, no clear improvement was found for the 

GLD-till blends compared to the pure till. These results indicate that the till-GLD layers 

should not be exposed to drying as loss of cover efficiency may occur. This can have 

implications for the use of till-GLD blends as sealing layers in terms of the design of the 

protective cover and the placement of covers. To validate these results, tests on larger material 

quantities should be performed, preferably in field conditions, and comparison to field 

measurements would be of high interest.  
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1 INTRODUCTION  

Sulphidic mine waste exposed to air and water has the potential to cause acid mine drainage 

(AMD) characterized by the formation of acidic leachate with high metal content. It is 

recognised as a major environmental problem related to the mining of sulphidic materials. As 

mining annually generates large quantities of waste, waste management is one of the most 

pressing environmental issues facing the mining industry. One of the primary objectives for 

remediation of potentially AMD generating waste can be to restrict the oxygen transport into 

the material, i.e. to limit oxidation of the waste and thereby prevent the formation of AMD 

(e.g. Yanful, 1993; Höglund and Herbert, 2004). This is commonly achieved by placing a 

cover on the mine waste in the form of soil or water to create a physical barrier that impedes 

oxygen ingress and/or water percolation. A direct relationship between oxygen ingress and the 

amount of oxidised sulphide has been established (Höglund and Herbert, 2004), stressing the 

need for covers to maintain their function over time periods of hundreds to thousands of years 

for long-term prevention of AMD. One such preventive technique could be the use of 

multilayer dry cover systems (see section 2.2). 

In Sweden, till is often used in the construction of dry cover systems but due to its 

inherent variability finding tills with suitable properties is sometimes a challenge. To 

overcome this problem, the till can be mixed with a material that improves its water retention 

capacity and reduces its hydraulic conductivity. Blends of till and green liquor dregs (GLD), a 

waste product from sulphate pulp and paper mills, have been evaluated for their suitability as 

sealing layer material. The practice of using GLD is still rather novel and previous studies 

have focused on the chemical, physical and mineralogical characterization of GLD (e.g. 

Martins et al., 2007; Hamberg and Maurice, 2013; Mäkitalo et al., 2014; 2016), various 

mixtures containing GLD (e.g. Villain, 2008; Jia et al., 2013; 2014; Mäkitalo et al., 2015a; 

2015b; Nigéus, 2018) and construction and evaluation of dry covers containing GLD in field 

tests and pilot scale studies (e.g. Chtaini et al. 2001; Rangvaldsson et al., 2014; Jia et al., 

2017). Results indicate that GLD, and especially blends of GLD and till, hold advantageous 

properties for dry covers such as a good ability to retain water when subjected to pressures, 

relatively low hydraulic conductivity and high buffering capacity. This combination of 

properties suggests these mixtures can maintain a high degree of saturation, limit water 

ingress and prevent the formation of acidic leachate. Subsequently, till-GLD layers should be 

able to create a water holding barrier that can limit oxygen ingress into the underlying waste 

and thereby mitigate oxidation of sulphidic mine waste and the generation of AMD.  

Hitherto the oxygen diffusion through till-GLD blends has not been studied directly even 

though limiting oxygen diffusion is the main purpose of sealing layers. Evaluation of the 

oxygen diffusion coefficient is a necessity for calculations of the oxygen flux through partly 

saturated sealing layers and estimates of their efficiency. Additionally, it can also be of use in 

the design and construction of future cover systems.  

1.1 Aim and objectives 

The aim of this study was to evaluate the effective oxygen diffusion coefficient in blends of 

till and GLD to further assess their suitability as a material for sealing layers that need to limit 

oxygen diffusion to reactive mine waste. The hypothesis was that till-GLD blends would have 

lower diffusion coefficients than till alone at comparable water contents and that the blends 

would retain their water better than pure till when subjected to drying. A laboratory study of 

81 diffusion tests was performed on till-GLD blends in a range of water contents, with 

different additions and types of GLD. The specific objectives were to, 
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i) Evaluate how the De varies in the till-GLD blends and assess how variables such 

as the GLD characteristics, amount, and till w affect the value of De,  

ii) assess if an existing predictive model based on geotechnical properties accurately 

can determine the De of the blends,  

iii) study the evolution of De when the blends are subjected to drying. 

The first objective is broad, containing several variables that can be adapted in the tests such 

as type of GLD, amount of GLD, and water content of the till (till w). However, the results 

will also be affected by other factors such as mixing of the materials and degree of 

compaction achieved during packing. Nonetheless, the tests performed in this study aims at 

providing a first attempt at evaluating how the De varies in till-GLD blends and determine 

what variables have the largest impact on the De of the blends.  

 

2 BACKGROUND 

2.1 Oxygen diffusion  

Oxygen transport though mine waste covers can occur through a combination of advective 

and diffusive processes in both the gas and aqueous phase of the pore space. Molecular 

diffusion is generally the controlling transport mechanism in partly saturated fine-grained 

soils i.e. sealing layers (e.g. Collin and Rasmuson, 1988). The oxygen flux is dominated by 

diffusion in the air phase, but when saturation exceeds 85 – 90 % the air-filled pores becomes 

discontinuous, and the diffusion through water-filled pores becomes significant for the total 

flux (Aubertin and Mbonimpa 2001; Aachib et. al., 2004). The amount of oxygen diffusing 

through the water-filled pores is dependent on the solubility of oxygen in water, which is 

much lower than in air (about 10 mg L-1 compared to 270 mg L-1). Additionally, the diffusion 

coefficient for oxygen in water is about 10 000 smaller than in air, resulting in the diffusion 

through water-filled pores to be substantially lower than that through air-filled pores. The low 

solubility in combination with the lower diffusion coefficient explains why maintaining a high 

degree of saturation in the sealing layer is an efficient barrier against oxygen ingress. It also 

means that oxygen diffusion is highly dependent on the degree of saturation in the material.  

The oxygen flux from one-dimensional oxygen diffusion through a non-reactive 

material can be described by Fick’s first law (eq. 1) and the oxygen concentration C(z,t) at 

depth z and time t can be described by Fick’s second law (eq. 2) (e.g. Crank, 1975) 

𝐹(𝑧, 𝑡) =  −𝐷𝑒  
𝜕𝐶 (𝑧, 𝑡)

𝜕𝑧
                                                                                (eq. 1) 

𝜕

𝜕𝑡
(𝜃𝑒𝑞𝐶) =  

𝜕

𝜕𝑧
(𝐷𝑒

𝜕𝐶

𝜕𝑧
)                                                                               (eq. 2) 

where F(z,t) is the diffusive flux at position z and time t (M L-2 T-1), De is the effective 

diffusion coefficient (L-2 T-1), and C(z,t) the concentration of oxygen at position z and time t, 

and θeq is the equivalent diffusion porosity (L3 L-3).  

The effective diffusion coefficient (De) is governed by grain size, porosity, tortuosity and 

saturation of the material (Aubertin et al., 1995). De can be determined by field or laboratory 

measurements of the oxygen concentration over time as diffusion occurs. The De can be 

derived by fitting the evolution of the oxygen concentration with solutions to Fick’s laws and 

this approach have been used on cover materials and unsaturated soils with good result (e.g. 

Yanful et al., 1993; Mbonimpa et al., 2003; Aachib et al., 2004). However, as measurements 

can be difficult and lengthy to perform several empirical and semi-empirical relationships 

based on geotechnical properties have been developed to estimate De. The predictive models 

can be useful to estimate De during preliminary stages of a project but also to evaluate 
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laboratory test results. An example is the predictive model presented by Aachib et al. (2004) 

which is developed from earlier models by Millington and Quirk (1961), Millington and 

Shearer (1971), and Collin and Rasmusson (1988), and estimates the De from dual-phase 

diffusion, i.e. through both water and air. The modified Millington-Shearer model (MMS) for 

predicting the De is expressed as 

𝐷𝑒 =
1

𝑛2 (𝐷𝑎
0𝜃𝑎

𝑝𝑎 + 𝐻𝐷𝑤
0 𝜃𝑤

𝑝𝑤)                                                                         (eq. 3) 

where H is Henry’s equilibrium constant (0.032 at 25°C), θw and θa is the volumetric water 

and air content, Dw
0 the free diffusion coefficient in water (L2 T-1; 1.76 x 10-5 m2 s-1 at 25°C), 

Da
0 the free diffusion coefficient in air (L2 T-1; 2.1 x 10-9 m2 s-1 at 25°C), n total porosity of the 

medium, and pa and pw are constants related to tortuosity. Aachib et al. (2004) showed that for 

degree of saturation (Sr) 0.1 – 0.99 and porosity (n) 0.1 – 0.8, pa and pw can be approximated 

by  

𝑝𝑎,𝑤 = 1.201𝜃𝑎,𝑤
3 − 1.515𝜃𝑎,𝑤

2 + 0.987𝜃𝑎,𝑤 + 3.119                             (eq. 4) 

but the authors also suggested the value of p can be set to 3.4 without high loss of accuracy.  

2.2 Multilayer dry covers 

Dry covers used as diffusion barriers can limit the oxygen ingress to the underlying waste by 

sustaining a high degree of saturation even though they are placed above the water table and 

reduce the ingress of water by having a low hydraulic conductivity (e.g. Nicholson et al., 

1989; Collin, 1998; Höglund and Herbert., 2004; Lottermoser, 2010). In multilayer dry covers 

(fig. 1), the performance of the cover is controlled by the quality and characteristics of the 

sealing layer, which is the layer that should function as the diffusion barrier. The sealing layer 

is overlain by a thick protective layer, often consisting of unspecified till in formerly glaciated 

areas, like Sweden. It can protect the sealing layer from root penetration, freeze-thaw action, 

desiccation, and erosion. On top, an organic-rich layer can be added to promote the 

establishment of vegetation to prevent erosion and further limit water infiltration. This type of 

barrier used to cover sulphidic mine waste is suitable for humid continental and boreal 

climates with positive groundwater recharge (Lottermoser, 2010), such as in Sweden. The 

Iggesund 
w 75 % 

Vallsvik 
w 59 % 

Billerud 
w 64 % 

Smurfit Kappa 
w 165 % 

5 cm 

Figure 2. Green liquor dregs samples from four 
paper mills: Iggesund, Vallsvik, Smurfit Kappa, 
and Billerud. The GLD have different water 
content, colour, odour and texture. 

Figure 1. Schematic illustration of a 
multilayer dry cover consisting of a sealing 
layer, a protection layer and a surficial 
vegetation layer. It is in the sealing layer the 
till-GLD blends can be applied.  
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sealing layer should be designed to let through the annual precipitation that percolates through 

the above soil layers in a sufficiently low pace that the sealing layer will remain highly 

saturated and thus limit the oxygen ingress. Current goals for sealing layers in Sweden are 

based on results presented in the MiMi research program (Höglund and Herbert, 2004) and 

suggest that hydraulic conductivity should be around 10-8 – 10-9 m s-1 and the oxygen flux 

should be less than 1 mol m-2 yr-1, though covers should always be designed to the site-

specific conditions.  

To reach the requirements for sealing layers, this layer is commonly made of clayey till, 

however, it can be constructed using various materials including synthetic liners or oxygen-

consuming material (Höglund and Herbert, 2004). Dry cover systems made of till are to date 

the most commonly applied cover method for landfilled mine waste in Sweden (SGU and 

Naturvårdsverket, 2017). But since till is an unsorted glacial sediment and can contain particle 

sizes ranging from boulders (> 60 cm) to clay (< 2 µm), the composition of different tills can 

vary widely. Consequently, the ability of a till to act as efficient sealing layer depends on the 

particle sizes present. When local tills at a mine site do not meet requirements for sealing 

layer material, other options are needed.  

A method previously used to overcome this problem is to add a few percent of bentonite 

to the till to decrease the hydraulic conductivity and improve the sealing capability. Another 

suggestion is to blend the local till with green liquor dregs (GLD). Green liquor dregs are a 

fine-grained and mostly inorganic waste from sulphate pulp and paper industry. The idea 

behind using till-GLD blends is that the small grains of the GLD can fill the pores of the till. 

This should reduce the average pore size and increase the water retention capacity, as smaller 

pores are harder to dry (e.g. Hillel, 2004). Studies on till-GLD blends indicate that they have a 

fairly low hydraulic conductivity (< 5 x 10-8 m s-1) and a better ability to retain water than till 

alone (Mäkitalo et al., 2015; Nigéus, 2018). Accordingly, the blends should be able to 

maintain a high degree of saturation over time and as the degree of saturation largely 

influences the oxygen diffusion, admixtures that can keep a layer highly saturated should 

effectively limit oxygen diffusion. Thus, till-GLD blends could be great candidates for sealing 

layer material. 

 

3 METHODS AND MATERIALS  

3.1 Materials  

Four samples of green liquor dregs (fig. 2), one till, and a field blend of till-GLD have been 

tested in this study. The four GLD were selected to cover a variety of properties encountered 

in GLD and came from four different pulp and paper mills in Sweden. The GLD are hereafter 

denoted Billerud (B), Smurfit Kappa (SK), Iggesund (I), and Vallsvik (V), according to the 

producing pulp mill. The GLD characteristics can vary significantly depending on for 

example the production rate at the pulp mill, material processing, and the time of collection.  

Accordingly, the samples are not necessarily representative of the average GLD generated at 

the mills but represent different characteristics encountered in GLD.   

The till was collected from a till quarry producing material for mine waste covers to be 

applied during the remediation of a closed mine site. The till had been found to not meet 

sealing layer requirements and was therefore sieved at the field site to 40 mm before being 

blended with GLD B to produce the sealing layer material. It is a sample of this field blend 

that has been used in this study. The till collected for laboratory tests was dried at room 

temperature for 48 h before it was sieved to 2 mm in order to not let larger grains interfere 

with the relatively small sample thickness allowed by the diffusion cells.  
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3.2 Material characterisation 

Specific gravity (SG) of the materials was determined by gas and water pycnometers 

according to ASTM standard D 5550-14 and D 854-98 using dry weight samples of 

approximately 70 g. Water content (w) of the materials and of blends were determined in line 

with ASTM standard D 2216-98, by drying min. 20 g sample at 105°C.  

Analysis of the particle size distribution (PSD) for two of the GLD (B and SK) and the 

till was performed by a combination of sieving and hydrometer test in accordance with ASTM 

standard D 422-98. In addition, all six materials were analysed by the Division of Minerals 

and Metallurgical Engineering at LTU by a combination of sieving and laser diffraction. The 

latter method included slurrying of the moist and cohesive GLD in acetone before filtering it 

through filter paper. The particles retained on the filter was dried at 70 – 80°C overnight and 

then dispersed by a rolling pin. The distribution of dispersed particles > 63 µm was analysed 

by standard sieves and the particles < 63 µm were analysed using a Cilas 1064 (CILAS) 

particle size analyser. 

 

3.3 Oxygen diffusion tests 

3.3.1 Material preparation  

The sieved till was wetted to the desired water content before blends were prepared by mixing 

GLD into the till. As the GLD is a moist material with variable water content and the GLD 

was added wet, the additions of GLD (2.5 – 7.5 %) are in dry weights to make the additions of 

GLD comparable in terms of solid content. The mixing was performed by hand for three 

minutes to achieve a uniform blend, after which the blend was left in an airtight bag min. 12 h 

to let the moisture equalise. Then the blend was packed into the diffusion cell in one layer 

using a metal compactor. When high degrees of saturation were to be tested, additional water 

was added after packing, as packing of very wet blends proved difficult. If water was added, 

the sample was left again for min. 12 h in a closed cell to let the moistness homogenise in the 

sample.  

The largest particles in the field blend were removed before compaction as to not let them 

pierce the entire sample thickness in the diffusion cells. Other than that, the composition was 

unaltered allowing for a simple comparison between field and laboratory mixing of till-GLD 

blends.  

3.3.2 Diffusion tests 

Measurements of oxygen diffusion were performed in diffusion cells made from a PVC 

column with gas-tight lids (fig. 3 and 4). The laboratory setup allowed for five parallel tests to 

be run. The cells are equipped at the top and bottom with fibre-optic oxygen sensors (dipping 

probes PSt3, PreSens) made from 2 mm polymer optical fibre with a polished distal tip coated 

in an oxygen sensitive foil. The sensors have a measurement range of 0 – 100 % atmospheric 

O2 with a detection limit of 0.03 %. Reported accuracy of the sensors is ± 0.4 % O2 at 20.9 % 

O2, and ± 0.05 % O2 at 0.2 % O2 (PreSens, 2016). In accordance with manufacturer 

recommendation, the sensors were calibrated each 100 000 measurement points by two-point 

calibration in an air-saturated environment and an oxygen-free environment. The sensors were 

connected to an oxygen meter (Oxy-10 transmitter) that detects oxygen partial pressure and 

the software PreSens Measurement Studio 2 was used to record and visualise the measured 

values.  

The type of diffusion cell used here has been developed by Yanful (1993), modified by 

Aubertin et al. (1995), and later modified by Mbonimpa et al. (2003), to evaluate oxygen 



   

 

9 

 

Figure 4. Schematic illustration of a diffusion cell and the test setup, after Mbonimpa et al. 2003.  

diffusion through various unsaturated materials. The material, approximately 2 – 3 cm high 

and 8.5 cm in diameter, is packed by hand with a metal compactor directly into the column to 

the desired degree of compaction. An air gap (reservoir) is left above and below the material 

and the column is sealed with lids. At the beginning of the test, an oxygen gradient is created 

across the material. This is achieved by flushing the bottom reservoir with nitrogen gas (N2) 

while the top reservoir is flushed with air containing atmospheric levels of O2. Once levels 

close to 0 and 100 % of atmospheric oxygen is reached, the diffusion test is started. The 

oxygen sensors placed above and below the material continuously measure the oxygen 

concentration in the two reservoirs and the measurements are recorded at set intervals. 

Changes in concentration occur as an effect of oxygen diffusing through the material. The test 

is finished when equilibrium is reached in the cell. In some tests, the diffusion was 

sufficiently low to inhibit convergence of the oxygen concentrations in the two reservoirs and 

these tests were stopped due to time constraints. The duration of the tests varied from less 

than an hour to more than two weeks. Based on the measurements of oxygen concentration 

Figure 3. The laboratory setup for measurements of the oxygen diffusion allowed for five parallel 
cells to be run. The fibre-optic sensors measuring the oxygen concentration in the cells are 
connected to an Oxy-10 transmitter and the software PreSens Measurement Studio 2 for O2 is used 
to visualise the tests (PreSens, 2016). 
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over time, the effective oxygen diffusion coefficient could be estimated by performing 

inversed modelling.  

3.3.3 Series of drying tests 

To test the effect of drying on the blends, two test series were performed. Materials in the 

series were blends of till and SK (2.5, 5 and 7.5 % SK), the field blend, only SK and a pure 

till. The workflow is shown in figure 5. Sample material was prepared at a high degree of 

saturation (> 85 %) and an initial diffusion test performed before the cell was opened to 

expose the material to drying. The cell was sealed again and left for 12 h before a new 

diffusion test was performed to see the change in diffusion rate and De caused by the drying 

event. This procedure of drying and then performing a diffusion test was repeated two times 

in the first series and four times in the second. In the first series, each drying event lasted for 

3 h and with the aid of a fan (fig. 6). In the second series, the cells were kept open for 2 h and 

without a fan.  

3.4 Data processing and test interpretation 

The measurements of oxygen concentration acquired from the diffusion tests were reduced to 

25 – 45 data points representing the oxygen evolution for the duration of the test. These 

timesteps were imported to VADOSE/W (Geoslope, 2016) and used in a numerical simulation 

of the test to derive the effective diffusion coefficient for the tested blend. In Vadose/W the 

geometry of the cell and materials are drawn, the materials (soil and air) are assigned 

appropriate porosity, hydraulic conductivity function and soil water characteristic curve 

Figure 5. The workflow for the series of drying tests. A sample prepared at a high 
degree of saturation was dried in successive steps and a diffusion test was 
performed after each drying. 

Figure 6. Drying of the materials between diffusion tests without or with the aid of a fan. 
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(SWCC). Boundary conditions are applied representing temperature during the test (constant 

at 24°C), atmospheric oxygen level in the top reservoir, oxygen-free conditions in the bottom, 

and a suction applied to the material. The latter is used to adjust water content of the material 

through the applied SWCC, and it is mainly this value that is changed to make the predicted 

oxygen flux match the measured values. An iterative curve fitting procedure was used to 

minimise the root mean squared error (RMSE) between the observed data and simulated 

values to obtain the best fitting model. RMSE is calculated by  

𝑅𝑀𝑆𝐸 =  √
1

𝑁
∑(𝑃𝑖 − 𝑂𝑖)2

𝑁

𝑖=1

                                                                          (eq.  5) 

where Oi is experimental value, Pi predicted value and N number of pair values. Once the best 

fit had been found, the corresponding parameter De could be determined. Vadose/W uses 

numerical solutions to Fick’s laws to calculate oxygen fluxes and evaluate De.  

 

4 RESULTS  

4.1 Material characterisation  

Characterisation of water and solid content showed that the sample from Smurfit Kappa (SK) 

was distinctly different from the three other GLD samples. SK had a lower solid content 

(SC 38 %) and higher water content (w 165 %) compared to the other three which were 

similar in SC (57 – 63 %) and w (59 – 75 %; table 1). The texture of the GLD also differed 

between a smooth paste and distinct agglomerates (fig. 2), but the texture did not seem to be 

related to either water content or PSD of the GLD. Iggesund (I) was a very sticky and wet 

material and therefore harder to handle and mix. Vallsvik (V) and Billerud (B) were both 

perceived as dry and fine-grained, though the agglomerates of V were slightly larger. Lastly, 

SK was something in between with moist clumps. The field blend had a total w of 13 % when 

used for the tests. The water content of the till after drying for 48 h at room temperature and 

being sieved to 2 mm was < 0.3 %.  

Specific gravity was determined to 2.67 (SGwater) for the till and varied between 2.43 and 

2.63 (SGgas) for the four GLD (table 1). Specific gravity determined by water pycnometer for 

B and SK did not meet the requirements of precision stated in the standard as they had a too 

large range and standard deviation. The average for SGwater (n = 3) was still similar to SGgas 

for B, but the values for SK differed more.  

Particle size distributions (PSD) determined by the laser diffraction and sieving method 

(L & S) for all six materials are presented in figure 7, and some key values are shown in 

table 1. Based on the PSD’s, three of the GLD (B, I and V) are similar with a d10 of 4 µm, d30 

12 – 13 µm, and d60 24 – 30 µm (dx represents the cumulative x % passing a mesh of that 

diameter). The fourth GLD (SK) differs from the others as it contains more coarse fractions 

and has a d10 of 7 µm, d30 17 µm, and d60 97 µm. The PSD of the till and the field blend are 

also alike, especially in the finer fractions, though the field blend has more coarse material as 

it has not been sieved to 2 mm as the till. Since the larger fractions had been removed from 

the till it had the composition of a silty sand with a clay content of 3 %.  

The till and GLD B and SK were also analysed by hydrometry test and sieving (H & S). 

The PSD’s generated by the two methods were in good agreement for the till but had some 

clear differences for B and especially for SK (fig. 8). For SK, the very top part was alike in 

the two methods, but then the curves diverge, and the H & S method indicate a much finer 

material than the L & S method. For B, the middle segment of the PSD match fairly well, but 

the top, coarse fractions and bottom, finest fractions were determined differently by the two 

methods.  
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Table 1. Results of the material characterisation of the four samples of GLD, the till and the field blend. 

  Green Liquor Dregs   

  

Smurfit 

Kappa Billerud Iggesund Vallsvik Till 

Field 

blend 

Clay, ≤ 2 µm (%) 3.1 5.8 6.4 6.4 3.0 2.6 

Silt, 2 – 63 µm (%) 53.4 70.9 73.9 67.4 31.9 31.3 

Sand, 63 – 200 µm (%) 43.5 23.3 19.7 26.2 65.2 66.0 

d10 (µm) 7 4 4 4 10 10 

d30 (µm) 17 12 13 13 53 52 

d60 (µm) 97 25 24 30 160 265 

Solid content, SC (%)  38 61 57 63 99.7 89 

Water content, w (%) 165 64 75 59 <0.3 13 

SG (g cm-3) - gas 2.43 2.63 2.63 ± 0.02 2.61 - - 

SG (g cm-3) - water 2.50 ± 0.30 2.64 ± 0.22 - - 2.67 ± 0.08 - 

 Description (also see fig. 2) 

Smurfit Kappa Black with white fragments (mesa), crumbles and clumps, moist and sticky 

Billerud Grey, small crumbles, perceived as dry, similar to V but smaller aggregates 

Iggesund Dark grey paste, very wet with free water in the storage bucket, very sticky 

Vallsvik Grey, sharp smell, medium-coarse crumbles, perceived as dry 

Till Sieved < 2 mm, dried at room temp 48 h 

Field blend Sieved < 2 cm, GLD finely dispersed but in small clumps "dotted", dry feel 

 

Figure 8. Particles size distributions of the till, and the two GLD (Billerud and Smurfit Kappa) that was 
analysed by laser diffraction and sieving (L & S) and by hydrometry and sieving (H & S). Three 
replicates of H & S were performed. The black lines represent the clay-silt and silt-sand boundaries. 
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4.2 The effective oxygen diffusion coefficient in till-GLD blends 

Results of the De interpreted from the diffusion tests are compared to the predicted De 

obtained from the MMS model (fig. 9; Appendix B). The predicted De are presented for the 

same range of porosities (24 – 36 %) as was reached in the diffusion tests. The De for blends 

with 2.5 – 7.5 % GLD varied over the same range as the pure till (1 x 10- 11 – 3 x 10-6 m2 s-1; 

fig. 9A, B, C, D). The highest De resulted from the blends that were prepared with an initially 

dry till, and the De was lowered with a higher degree of saturation in the blends. An example 

is the De of the field blend that was determined to 2 x 10-7 m2 s-1 at the initial water content 

and was lowered to < 2 x 10 - 11 m2 s-1 after wetting to achieve a high degree of saturation. In 

the first test of the field blend, the oxygen concentration in the cell reached its equilibrium 

after about 250 minutes whereas the second, wetted test ran for over 22 000 minutes (15 days) 

before the test was stopped. Diffusion had not occurred to any significant degree at this point 

(fig. 10).  

Repeatability of results between cells was tested at the beginning of the laboratory work 

when one batch of till was prepared at a w of 7 % and packed into all five cells (fig. 9A). The 

results showed some variation between the cells in the determined degree of saturation (36 – 

46 %), porosity (24 – 28 %), dry density (1.91 – 2.04 g cm-3), and in the interpreted De (6 x 

10-7 – 1 x 10–6 m2 s- 1). The mean De for these five tests was 8 x 10−7 ± 1 x 10-7 m2 s-1 (1 STD). 

Figure 9. The variation of the effective diffusion coefficient (De) with degree of saturation (Sr) for blends 
with different amount and type of GLD, and at a range of water contents. A) The De for the till at different 
Sr without added GLD including replicates performed in the five cells to test repeatability. B) Till blended 
with GLD SK at additions of 2.5, 3.75, 5, 6.25 and 7.5 %. C) Till blended with GLD B additions of 2.5, 5 and 
7.5 %. D) Till blended with GLD I (Iggesund) or V (Vallsvik) at additions of 5 % and results from the field 
blend. All GLD additions are given in dry weights. 
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Measurements on till without GLD addition at different water contents exhibited the full 

range of De that is predicted from the MMS model (1 x 10-11 – 3 x 10-6 m2 s-1; fig. 9A).  

 

The MMS predictive model used for 

comparison represented the variation of De 

fairly well. Though the model tended to 

predict lower values for De than was 

determined from the tests, 75 % of the 

samples had an interpreted and predicted De 

that was within one order of magnitude of one 

another (fig. 11).  

Some samples had a larger discrepancy 

between the predicted and interpreted De. 

Three points showed distinctly lower De than 

predicted, likely an effect of the uncertainty 

related to the determination of Sr (see 5.2.3.). 

Contrary, a few samples, particularly the 

samples determined after the first drying in 

the drying series, had higher De than the 

model predicted. These discrepancies between 

model and test results are likely due to the 

difference between effective and measured Sr 

(see 5.2.1 and 5.2.2).   

 

4.3 Variables and the De 

The result of the diffusion tests showed that the degree of saturation controls the diffusion 

coefficient of the blends (fig. 9). The degree of saturation in the sample was a combination of 

the water bound to the GLD and the water added to the till before compaction or added to the 

blend after compaction. As the water content of the GLD varied between samples and was 

hard to control, this water has been treated as a property of the GLD. Accordingly, the degree 

of saturation in the blend depended on how much GLD and of what type was added, and on 

the added water, denoted till w.  

No clear pattern based on the amount of added GLD can be seen for the De when plotting 

against the degree of saturation (fig. 9 and 12A). All GLD percentages are represented in the 
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whole range of De, except 100 % GLD which only had De < 1 x 10-10 (m2 s-1). Plotting the De 

as a function of the till w instead of saturation, indicate that to reach a certain De in a blend 

less water needs to be added when more GLD is added (fig. 12B). This was not true for all the 

tests, as some showed only a minor effect of the added GLD and a few blends even required 

more added water than the pure till to reach an equivalent De. 

Another way of illustrating the effect of the amount of GLD in the blends is shown in 

figure 13. The results of De related to the amount of GLD in the blends (0 – 7.5 %) are shown 

separately for B and SK for series tested at different till w. When the till was dry (w ≤ 0.3 %), 

the amount of GLD in the blend had a very limited effect on De. A small decrease in De was 

seen for an increase of SK (the wetter of the two GLD). At higher water contents there was an 

evident lowering in De with increased addition of SK. At w 11 %, the blends with SK had a 

high degree of saturation, but due to limited measurement time, the De could only be 

determined to maximum values. Even so, these blends had a clearly lower De, minimum one 

order of magnitude lower, compared to pure till at the same water content. For the B blends, a 

relatively small lowering of De occurred with increased additions never exceeding one order 

of magnitude difference between blends and till.  

Figure 13. The effect on De from added amount of GLD at different water contents of the till i.e. the 
water content in the blend that originates from water added to the till before packing or to the blend 
after compaction, but not the water bound in the GLD.  
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4.4 Drying tests 

The effect on De of the blends when subjected to drying was tested in two series of successive 

dryings performed on till-SK blends, pure till, pure SK, and on the field blend. The change in 

De per drying was related both to the degree of saturation and to drying time (fig. 14). The 

degree of saturation could only be determined at the preparation of the sample and after the 

last diffusion test, upon dismantling of the cell. Subsequently, the degree of saturation for the 

intermediate steps in the series are estimates based on the average water loss for the drying 

series. Additionally, the De in the initial tests (High sat.) for SK 7.5 % in the first series and 

for SK 2.5, 5 and 7.5 % in the second series are estimated maximum values, as the tests had to 

be stopped before equilibrium was reached due to time constraints. Both drying series showed 

the same pattern of a sharp increase in the De after the first or second drying, and then a 

levelling trend. An example of how the measured oxygen concentrations evolved over time 

during the drying series is shown in figure 15 for the field blend. In the first test, at a high 

degree of saturation, equilibrium had not been reached after 5000 minutes, but after four 

dryings the oxygen concentration in the cell equilibrated after only 60 minutes.  
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5 DISCUSSION  

5.1 Material characterisation  

The specific gravities for GLD determined by gas pycnometer were comparable to previously 

determined values for GLD (Mäkitalo et al., 2014; Nigéus, 2018). The average of the 

determination by water pycnometer was also similar, but the range and standard deviation of 

those tests did not meet quality assurance as specified in the standard. The GLD is a variable 

material and can contain various amounts of mesa lime depending on how it was collected.   

This could explain the range seen between the three replicates performed with water 

pycnometer but also indicates a need for multiple determination to verify results for particle 

density/specific gravity for GLD if performed by this method.  

Two methods for determining PSD were tested and it could be concluded that the 

hydrometer test was not very suitable for GLD as the lower curves stayed at 10 – 20 % 

through the smallest fractions. This is probably a result of part of the dregs dissolving and 

changing the density of the solution used in the test, which could explain the general 

differences in the results from the methods. 

Analysis of the particle sizes by the L& S method showed that B, I and V contained 

around 70 % silt-sized particles whereas the SK had a distribution equivalent of a sandy silt. 

The particle size distributions also indicated the presence of two populations of materials in 

the GLD. Partly the dominating finer fraction (clay and silt), and a lesser but coarser fraction 

that for SK constitute almost half the sample. The coarser fraction was noticed to partly 

consist of larger GLD grains, possibly agglomerates or mesa fragments (no chemical analysis 

was performed), and partly of lithogenic grains, for example, sand of quartz and feldspar 

minerals. The minerogenic fraction likely does not originate from the chemical recovery 

process but rather from the handling process. Sand is for example used during the transport of 

dregs to ease loading. Nonetheless, the material as a whole was found to contain both the finer 

and the coarser mineral fractions, in different amounts. This cannot be seen in previously 

published particle size distributions where GLD has been shown to only contain particles 

< 0.63 µm (Hamberg and Maurice, 2013: Mäkitalo et al., 2014; Nigéus, 2018). 

Coincidentally, this is the limit at which the fractions of the material are analysed using laser 

diffraction, which raises a question on whether previously presented curves represent the 
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entire material or whether the coarser particles have been omitted. If the coarser fractions of 

the PSD presented here are excluded, the curves are in very good agreement with previous 

analyses of GLD. Two other options are also possible. The different PSD could simply be 

related to the variability of the material due to the collection at different pulp mills and times, 

or at different stages in the handling process. The differences in PSD could also, at least 

partly, stem from the methodology related to the dispersion of the material before analysing 

the particle sizes. 

In the H &S method, after the hydrometer test was completed, the material was wet 

sieved through an 80 µm mesh. Agglomerates disintegrated when flushed with water and only 

the particles remaining after flushing was dried and analysed by sieving. For SK, this included 

both dregs particles and a minerogenic fraction, but for B there were only a few dregs 

particles left. In the L & S method, after the GLD has been filtered and dried, the material was 

dispersed with a roller. In both methods, a decision had to be made on when to stop dispersing 

the material. Consequently, it also raises the question of how well the GLD has been 

dispersed with the two methods and how much effort that actually should be put into it.  

In the PSD, the very top part of the SK curve matches well between the two methods. 

This part reflects the lithogenic mineral grains that were found in SK. For B, and for SK, a 

discrepancy in the cumulative weight of particles sizes of up to 25 percent points resulted 

from the two methods. It is likely that this discrepancy resulted from the different 

methodologies of dispersing the materials. 

The above examples aim at illustrating some difficulties in characterising the GLD both 

in terms of SG and PSD. Having accurate determinations of SG is central to accurately 

calculate phase relationships in the test samples. As the PSD influence a materials oxygen 

diffusion coefficient, hydraulic conductivity and water retention capacity, or predictions 

thereof, accurate determinations will help in evaluating GLD-blends performance. Based on 

the results presented here gas pycnometer tests showed more promise for accurate 

determination of SG and performing multiple tests is advisable based on the variability of 

GLD. Additionally, when performing PSD careful attention should be paid to the procedure 

and its possible limitations for green liquor dregs.  

 

5.2 Determination and prediction of De  

5.2.1 Range of De and the influence of till w, type and amount of GLD 

The effective oxygen diffusion coefficient was found to vary between 3 x 10-6 and 1 x 10- 11 

m2 s-1, which is within the range reported for partly saturated soils, tailing and other fine-

grained porous materials (e.g. Aachib et al., 2004). The blends with addition of 2.5 – 7.5 % 

GLD could all reach low De, with a sufficient addition of water. A general decrease in the 

amount of water needed to reach a low De was seen for larger GLD additions compared to 

pure till (fig. 12 and 13). Although, additions of water were still needed for all blends to reach 

a Sr > 85 % and a correspondingly low De. The required till w (all added water) was generally 

higher than the natural water content of till in the field site (previously determined to approx. 

6 – 9 %), indicating that field blends may not reach a Sr > 85 % during construction of the 

sealing layer.  

When GLD was added to dry till no significant improvement (lowering) of the De could 

be found (fig. 13). The calculated Sr for these blends indicated that the De should be lower 

than what was determined from the test (the top 5 points in fig. 9B and top 3 in fig. 9C). This 

effect has been interpreted as a result of the mixing of the blends. The goal with the mixing is 

that the GLD should be evenly distributed in all the macro-pores of the till and with its high 

water content provide a high degree of saturation throughout the blend. In reality, dispersing 
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the material homogeneously is not completely straightforward. Due to the high water content 

and the “stickiness” of the material, it tends to form small clumps in the till. This could be 

seen both in the laboratory blends that were mixed by hand and in the field blend that had 

been machine mixed. Both methods result in small agglomerates of the GLD being evenly 

distributed in the material, but not in every pore. Thus, when adding GLD to till, the 

calculated Sr as determined from the water content, might be relatively high, but the water 

will be concentrated to the GLD agglomerates, and the effective Sr will be lower than the 

calculated Sr. Consequently, the till in between agglomerates remain dry and allows for faster 

diffusion.  

Adding GLD to the till had a decreasing effect on the De, more so for SK than for B 

(fig.  13). The effect was further amplified in blends with high till w. The more pronounced 

effect for SK is likely related to its higher water content. To achieve the equivalent dry weight 

addition of GLD, more of SK therefore had to be added compared to the drier B.  

The combination of more and wetter GLD in the blend caused the sought after decrease 

in De but the higher additions of GLD also resulted in lowered compaction properties which 

could be seen in the dry density achieved in the tests (fig. 16). This effect has been seen 

before (Sirén et al., 2016; Nigéus, 2018). The raised Sr ensuing from GLD addition comes 

with an increased porosity and not just as a result of existing pores being filled with water. 

This could have implications for the long-term performance of till-GLD covers as increased 

porosity could make them more sensitive to drying, frost action, and root penetration. 

The diffusion tests on the field blend, 

representative of the mixing achieved in the field 

site, also showed an initially high De (2 x 10-7 m2 s-1; 

fig. 9D). Though, after wetting the diffusion became 

very low (De < 2 x 10-11 m2 s-1) and hardly any 

diffusion occurred for more than 15 days (fig. 10) 

even though the sample height was only 2.4 cm. It 

could thus be a reasonable conclusion that the 

performance of till-GLD layers are expected to 

improve over time as they are wetted by percolating 

water. But also, that the blends need to be wetted 

initially to function well as diffusion barriers. This 

could have implications for the design of the 

protective cover, which must admit enough water to 

pass to let the till-GLD layer obtain a high degree of 

saturation while still act as efficient protection 

against erosion, freeze-thaw action, and root 

penetration.  

5.2.2 Prediction of De  

The MMS predictive model could predict the De of most tests with reasonable accuracy 

(fig. 11). The model had a tendency to predict lower values (within one order of magnitude) 

for the De than was determined from the tests. This could be an effect related to the 

uncertainty of Sr (see section 5.2.3) or to the difference between measured and effective Sr 

which also explain some of the outliers in figure 11. Additionally, in the samples with high Sr, 

the predictive model gave low De, but due to the limited measuring time, the interpreted De 

could only be estimated to its highest possible value (lower values for De are likely but would 

require longer measurement time) which resulted in a noticeable discrepancy between 

measured and predicted De. 
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5.2.3 Repeatability and uncertainties in the diffusion tests  

The five tests of the same material but in different cells showed that De could be determined 

with good precision in all the cells. The small variation that was seen between the five 

replicates can be related to a slight difference in the degree of compaction, which would cause 

some variation in dry density and porosity of the compacted material, and thus the degree of 

saturation and the ensuing De.  

The largest uncertainty related to the tests and evaluation of De was the determination of 

the sample height. A relatively small error in the height measurement (± 0.5 mm) could result 

in considerable variations in the determination of Sr (approx. ± 10 %). The resulting range for 

Sr has been shown in figure 9 and 14, but not in figure 12 as it made the graph too cluttered. 

The uncertainty related to Sr did not affect the interpreted De from the tests, but it transfers 

into the calculation of De by the MMS model as it is determined based on volumetric water 

and air content, and thus explain some of the discrepancy between measured and predicted De. 

 

5.3 Effect of drying on De  

The results from the drying tests showed a rapid increase in the diffusion coefficient with 

short (2 or 3 h) exposures to the atmosphere for all nine tested materials: blends with GLD 

(2.5 – 7.5 %), the field blend, pure till, and pure GLD. Within four hours of drying the De 

increased from < 10-10 to values >10-8 m2 s-1. This result was unexpected, due to the 

previously interpreted ability of GLD to hold water when subjected to pressure (Hamberg and 

Maurice, 2013; Mäkitalo et al., 2014) and also in the light of recent WRC presented for till-

GLD blends (Mäkitalo et al., 2015a; Nigéus, 2018). That was the reason why the drying the 

first time was set to 3 h with the use of a fan. Once the diffusion was found to increase 

rapidly, the test duration was decreased for the second run and the fan removed. Even these 

tests showed a marked increase in the De within the first or second drying step. The total 

water loss in the samples was greater than the till w (water added to the till or the blend), and 

water must thus have been lost from the GLD as well. 

Pure GLD was also tested in the first round (not presented in the results) and had a 

De < 4 x 10 - 11 m2 s-1 (had not reached equilibrium after 11 000 minutes) but after the first 

drying the diffusion occurred unrealistically fast (< 10 minutes). The explanation of this is 

most likely shrinkage of the sample as an effect of drying, and consequently that pathways for 

air opened between the material and the cell wall.  

The results of these small-scale drying tests showed that the blends lost water and were 

not able to maintain the initially low De. This, together with the possible shrinkage of GLD 

could pose a threat to the performance of till-GLD sealing layer as it indicates they may not 

be able to maintain a sufficiently high degree of saturation. These results indicate that the 

blends should not be subjected to drying as they could lose their ability to act as diffusion 

barriers. But it is also possible that in a field setting the cover as a whole would settle as it is 

subjected to drying and the shrinkage of GLD would not pose a problem.  

More tests, preferably on larger sample sizes and in field conditions, should be performed 

to verify these initial findings. The results of much higher diffusion after short periods of 

drying could be an effect of the limited sample size and it might not be representative of 

thicker samples (≤ 50 cm) beneath a protective layer more than 150 cm thick.  

The predictive model estimates De based on θw, θa and porosity, and when the calculated Sr 

is high, the predicted De is low. For the dried samples (first steps in the drying series) the 

estimated Sr was high, but the diffusion coefficient was also high. This is probably a result of 

drying opening pathways through the till-GLD blends, possibly as an effect of GLD-

shrinkage, even though the average Sr remains high. This effect cannot be accurately predicted 

by the MMS model.  



   

 

21 

 

5.4 Estimating the total oxygen flux 

The De was evaluated over a range of water contents to allow assessment regarding the Sr that 

needs to be kept in the sealing layer if diffusion should not exceed the current Swedish goal 

for sealing layers (1 mol m-2 y-1). To exemplify the influence of the De on the oxygen flux by 

diffusion through a sealing layer, a simple calculation based on Fick’s first law (eq. 1) has 

been performed. The example assumes steady state conditions through a 50 cm thick sealing 

layer, at atmospheric pressure and atmospheric O2 concentration above the sealing layer and 

oxygen free conditions below (maximum gradient), and that diffusion can occur six non-

ground frozen months of the year (table 2; Appendix A). The results show that an oxygen 

influx of less than 1 mol m-2 y-1 can be reached at a De lower than 3 x 10-9 m2 s-1. The results 

from the diffusion tests proved that this can be achieved with wetted GLD-blends. Even De 

two orders of magnitude lower were found for the blends, which would result in oxygen 

fluxes well below the goal for sealing layers. The results in table 2 also show that the 

temperature effect is neglectable and that the total flux can be reduced if the protective layer 

manages to inhibit some oxygen ingress. Performing the same calculation for half the layer 

thickness or assuming diffusion can occur all year, results in a doubling of the oxygen flux. 

For those conditions, the De must be lower than 2 x 10-9 m2 s-1 to meet sealing layer 

requirements.  

The results from the laboratory tests that can raise concern is the effect seen in the drying 

tests where a De higher than 10-9 m2 s-1 was reached within the first drying for several blends, 

and within the second drying for all blends. The question is thus whether the till-GLD blends 

will be subjected to evaporation and drainage in their field setting beneath a protective cover.  

Modelling on the performance of mine waste covers constructed with sealing layers of 

clayey till and till protective layer have been performed for Swedish conditions. The case 

presented by Höglund and Herbert (2004) is of a cover in northern Sweden placed atop 

tailings and 2 m above the water table. The results showed that the even during extremely dry 

conditions, drying would only occur in the top part of the protective cover (Sr as low as 10 %) 

but within 1 m depth the Sr would be at least 80 % and no effect was seen on the sealing layer. 

Modelling of covered waste rock piles in southcentral Sweden situated well above the water 

table were performed by Collin (1998). Those result indicated that the covers became fully 

saturated in spring, during snowmelt, but that a gradual desiccation lead to lower degrees of 

saturation in the protective covers in the late summer. The top part could have Sr < 40 % and 

the bottom of the protective layer had a Sr < 80 % at 2 m depth, exposing the sealing layer to 

 

Oxygen diffusion flux (mol m-2 y-1)    

  De (m2 s-1) 

 1 x 10-6 1 x 10-7 1 x 10-8 1 x 10-9 1 x 10-10 1 x 10-11 

0 °C 300 30 3.0 0.30 0.030 0.0030 

10 °C 290 29 2.9 0.29 0.029 0.0029 

20 °C 280 28 2.8 0.28 0.028 0.0028 

       

10°C, ∆L = 0.25 580 58 5.8 0.58 0.058  0.0058 

10°C, diff. all year  580 58 5.8 0.58 0.058 0.0058 

10°C, Co= 15 % 200 20 2.0 0.20 0.020 0.0020 

10°C, Co= 10 % 140 14 1.4 0.14 0.014 0.0014 

 

Table 2. Oxygen flux calculations based on the example presented above and in appendix A. The flux has been 
calculated for the range of De that was found for the blends and at three temperatures with ∆L = 0.5 m, Co = 
20.9 % O2, Co = 0 % O2, t = 6 months. Examples of effect of different Co, ∆L and diffusion periods has also been 
included.  
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drying. However, the clayey sealing layers were found to be able to maintain their high degree 

of saturation, much due to their low HC (~10-10 m2 s-1) which prevented water from being 

sucked up into the overlying, unsaturated till. Noteworthy is that this low HC is about two 

orders of magnitude lower than what has been found for till-GLD blends (Nigéus, 2018). 

These two examples show that the design and placement of the cover can be vital to its 

performance. Should till-GLD sealing layers be applied in conditions similar to what was 

described by Höglund and Herbert, the risk of losing the oxygen barrier effect due to drying 

seems minimal. However, in a case similar to the one modelled by Collin, the results from the 

drying series indicate a loss in cover efficiency could occur for till-GLD blends.  

 

6 CONCLUSIONS  

This project evaluated the effective oxygen diffusion coefficient in blends of till and GLD, 

potentially used as sealing layer material. The results from material characterisation raised a 

question on the methodology involved when determining the PSD for GLD and indicated that 

of the methods used here gas pycnometer for determination of SG and the L & S method for 

PSD were more suitable for GLD.  

Results from the diffusion tests show a large variation in De for the blends (1 x 10- 11 – 

3 x 10-6 m2 s-1) and a generally good prediction of the De from the MMS model. The model 

struggled when the estimated Sr in the sample did not reflect the effective Sr, as was seen in 

the first steps in the drying series. Till-GLD blends showed lowered De compared to pure till, 

except for when the GLD was mixed with dry till. All blends (2.5 – 7.5 %) could reach low 

De, it only depended on the amount of added water. Generally, less water was required to 

reach low De with larger GLD additions, but it depended on the type of GLD. The properties 

of the GLD (type) seemed to have a larger influence than the amount of GLD on De, though 

both variables had some effect.  

Tests performed at different water contents illustrated the control of Sr on the oxygen 

diffusion. Equilibrium of the oxygen concentration in the cells could be reached within 1 h for 

dry materials but took more than 15 days when Sr was high. The blends can definitely meet 

sealing layer requirements of limiting oxygen diffusion to < 1 mol m2 y-1, but the blends have 

to be wetted to a Sr resulting in these low De. The natural w of the till when it was collected 

from the quarry varied roughly between 6 – 9 %, which generally would not be enough when 

mixed with 2.5 – 7.5 % GLD to reach a Sr corresponding to sealing layer requirements. 

Additionally, the till-GLD blends quickly lost their oxygen barrier effect during the drying 

tests and did not show an improved ability to retain its water compared to the till. The results 

indicated that the blends should not be exposed to drying, and thus that the protective layer 

must admit water to reach the sealing layer while still preventing evaporation.  

As both GLD and till are highly variable materials the tests performed in this study 

cannot be used to draw definitive conclusions on the behaviour on all till-GLD blends. The 

results presented here are applicable to the materials used in this study. The results still 

provide a first attempt at evaluating the variability of the effective oxygen diffusion through 

these material blends. Further studies evaluating the oxygen diffusion through till-GLD layers 

could include tests on larger sample thicknesses and test using tills containing larger particle 

sizes to better represent field blends. Studies should also focus on investigating drying of the 

blends within covers in natural field conditions. It would also be interesting to compare the 

laboratory results of De to estimates from field measurements. Finally, modelling of till-GLD 

cover efficiency were the results from oxygen diffusion tests, test on water retention capacity 

and hydraulic conductivity are utilized to evaluate their suitability for mine waste cover 

materials would be interesting. 
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APPENDIX A OXYGEN FLUX CALCULATION 

A simple estimate of how much oxygen will be transported by diffusion through the sealing layer can 

be calculated based on a steady-state assumption and using Fick’s first law (eq. A1) 

 

 𝐹𝑂2
= 𝐷𝑒 ×  (

𝐶0−𝐶𝑏

∆𝐿
)                                                                  (eq. A1) 

 

𝐹𝑂2
: Oxygen flux (m2 s-1) 

𝐷𝑒: Effective diffusion coefficient (m2 s-1) 

𝐶0: Oxygen concentration above the sealing layer (mol m-3)  

𝐶𝑏: Oxygen concentration below the sealing layer (mol m-3) 

∆L: Thickness of sealing layer (m) 

 

Calculating the oxygen concentration in air in mol m-3 can be done using the ideal gas law. It states 

that n moles of gas occupying the volume (V) has a pressure (P) at temperature (T, in K). These 

variables are related through the ideal gas law (eq. A2) as, 

 

   𝑃𝑉 = 𝑛𝑅𝑇                                                                                     (eq. A2)     

  

 

where R is the gas constant (8.134). It can be developed to (eq. A3)   

  

 
𝑛

𝑉
= 𝑐 =

𝑃

𝑅𝑇
                                                                                    (eq. A3)  

  

where c is concentration. This relationship can be used to calculate the oxygen concentration in air at 

different temperatures and pressures. In conditions of 1 atm (101 300 Pa) and 20 °C (293 K),  

 

𝑐𝑎𝑖𝑟 =
𝑃𝑎𝑖𝑟

𝑅𝑇
=

101 300 𝑃𝑎

8.314 × 293 𝐾
= 41.6 mol m−3 

 

Assuming air contains 20.9 % oxygen by mole, then   

𝑐𝑎𝑖𝑟 = 0.209 × 41.6 = 8.7 mol m−3 

This value can be used as the above sealing layer concentration 𝐶0 while 𝐶𝑏 is set to 0 to estimate flux 

under the largets gradient the sealing layer can be exposed to. Assuming a sealing layer thickness of 

0.5 m and that diffusion occurs through six non-ground frozen months of the year, the ensuing oxygen 

flux has been estimated for three temperatures for the range of De found for till-GLD blends in this 

study (table 2) using the values in table A1 and eq. A1.  

 
Table A1. The O2 concentration in mol m-3 corresponding to different concentrations in 
percent at different temperatures. The other values needed to calculate the oxygen 
concentration are also given. 

Co = 20.9 % Co = 15 % Co = 10 % Cb P (Pa) T (K) R Atm. O2 % 

20 °C 20 °C 20 °C 0 101300 273 8.314 20.9 

8.7 6.2 4.2 
  

283 
  

10 °C 10 °C 10 °C 
  

293 
  

9.0 6.5 4.3 
     

0 °C 0 °C 0 °C 
     

9.4 6.7 4.5 
     

 



   

 

APPENDIX B TABLE OF RESULTS FROM DIFFUSION TESTS 

 

The results from the diffusion tests are presented in table B1.  

The column Test number represent different groups of tests:  

 

1) Same till, different cells and packing.  

2) Different degree of saturation for the till  

3) SK (w 7 %) 

4) B (w 0.3 %)  

5) B (w 4 %)  

6) B (w 7 %) 

7) Field blend, rep, wetted 

8) SK (w 0.3 %) 

9) SK (w 4 %) 

10) SK (w 7 %) 2 

11) Drying tests 1: extra 

12) Drying test 1: high sat 

13) Drying tests 1: drying 3 h with fan, step 1 

14) Drying tests 1: drying 3 h with fan, step 2 

15) Billerud high degree of saturation (w > 11 %) 

16) Iggesund och Vallsvik w 4 % 

17) Iggesund och Vallsvik w 7 % 

18) Iggesund w 9 % 

19) Drying test 2: high sat 

20) Drying test 2: drying 2 h, no fan, step 1 

21) Drying test 2: drying 2 h, no fan, step 2 

22) Drying test 2: drying 2 h, no fan, step 3 

23) Drying test 2: drying 2 h, no fan, step 4 

 

 

 



Table B1. Data from the laboratory diffusion tests. RMSE given as a total for the test based on both the top and bottom reservoir, and separately for the top (1) and bottom (2) reservoirs.  

# Test Cell Sample content 

Addition of 

GLD  

(dry wt %) 

Material 

dry density, 

ρd (g cm-3) 

Material 

height 

(cm) 

Porosity, 

n (%) 

Void 

ratio, 

e 

Degree of 

saturation, Sr 

(%) 

Gravimetric 

water content, 

w (%) 

Volumetric 

water content, 

θw (%) 

Volumetric 

air content, θa 

(%) 

De 

MMS 

(m2 s-1) 

De 

Vadose 

(m2 s-1) 

RMSE, tot RMSE, Res 1 RMSE, Res 2 

1 

1 

1 100 % Till 0 1.91 1.93 28 0.40 36 5.3 10.1 18.3 7E-07 9E-07 0.30 0.21 0.37 

2 2 100 % Till 0 2.04 2.00 24 0.31 46 5.3 10.8 12.7 3E-07 8E-07 1.26 1.60 0.79 

3 3 100 % Till 0 1.93 2.42 28 0.39 37 5.4 10.4 17.4 6E-07 6E-07 0.77 0.83 0.71 

4 4 100 % Till 0 1.91 3.16 28 0.40 37 5.5 10.6 17.9 6E-07 1E-06 1.10 1.45 0.58 

5 5 100 % Till 0 2.00 2.69 25 0.33 43 5.3 10.7 14.2 4E-07 8E-07 0.66 0.82 0.44 

6 

2 

4 100 % Till 0 2.0 2.25 26 0.36 2 0.2 0.4 25.9 3E-06 3E-06 0.74 0.72 0.76 

7 1 100 % Till 0 1.9 2.46 28 0.39 18 2.7 5.2 22.9 1E-06 2E-06 0.51 0.45 0.56 

8 2 100 % Till 0 1.9 2.71 27 0.38 41 5.7 11.2 16.3 5E-07 8E-07 0.74 0.90 0.54 

9 5 100 % Till 0 2.0 2.27 26 0.35 57 7.5 14.8 11.3 2E-07 3E-07 0.44 0.40 0.48 

10 2 100 % Till 0 1.9 2.20 29 0.42 64 9.9 18.7 10.6 1E-07 8E-08 0.58 0.74 0.67 

11 3 100 % Till 0 1.9 2.16 28 0.39 82 11.8 22.8 5.1 9E-09 1E-09 2.04 1.19 2.65 

12 5 100 % Till (high sat) 0 1.9 2.33 29 0.41 89 13.5 25.7 3.2 2E-09 1E-11 4.51 6.18 1.55 

13 5 100 % Till (dry 1) 0 1.9 2.33 29 0.41 75 11.3 21.5 7.3 3E-08 2E-07 0.69 0.70 0.68 

14 5 100 % Till (dry 2) 0 1.9 2.28 27 0.38 64 9.0 17.4 9.9 9E-08 2E-07 0.44 0.49 0.38 

15 

3 

1 97,5 % N 2,5 % SK 2.84 1.9 2.31 29 0.40 77 11.5 22.0 6.7 2E-08 7E-08 0.83 0.90 0.75 

16 5 96,25 % N 3,75 % SK 4.15 1.8 2.38 33 0.50 73 13.5 24.1 9.1 5E-08 5E-08 0.68 0.69 0.66 

17 2 95 % N 5 % SK 5.09 1.9 2.15 28 0.38 99 14.1 27.2 0.3 1E-11 2E-08 0.70 0.74 0.66 

18 1 93,75 % N 6,25 % SK 6.29 1.8 2.13 34 0.51 85 16.3 28.7 4.9 6E-09 8E-09 0.49 0.41 0.57 

19 

4 

3 97,5 % N 2,5 % B 2.8 2.0 1.85 25 0.33 16 1.9 3.9 20.8 1E-06 2E-06 1.29 1.52 1.01 

20 2 95 % N 5 % B 5.1 1.9 2.05 27 0.38 24 3.4 6.5 20.9 1E-06 2E-06 1.41 1.63 1.15 

21 2 92,5 % N 7,5 % B 7.5 1.9 2.42 28 0.39 33 4.8 9.2 18.8 8E-07 3E-06 0.83 0.83 0.82 

22 5 2 92,5 % N 7,5 % B 7.5 1.9 2.47 30 0.43 54 8.8 16.4 13.9 2E-07 5E-07 0.64 0.71 0.57 

23 

6 

3 97,5 % N 2,5 % B 2.8 2.0 1.90 27 0.36 67 9.0 17.7 8.8 6E-08 1E-07 1.56 2.07 0.74 

24 2 95 % N 5 % B 5.1 1.9 2.05 27 0.38 70 9.9 19.2 8.3 5E-08 1E-07 0.69 0.39 0.89 

25 2 92,5 % N 7,5 % B 7.5 1.9 2.47 29 0.42 70 10.9 20.5 9.0 6E-08 8E-08 0.41 0.52 0.27 

26 7 4 Field blend 6.1 1.9 2.41 29 0.41 85 13.2 25.0 4.3 5E-09 2E-07 0.9 0.53 1.16 



# Test Cell Content GLD (%) ρd  cm n  e Sr  w  θw  θa  MMS De  RMSE, tot RMSE, Res 1 RMSE, Res 2 

27 
 

4 Field blend 6.1 1.9 2.41 29 0.41 85 13.2 25.0 4.3 5E-09 2E-07 0.77 1.02 0.41 

28 4 Field blend 6.1 1.9 2.40 29 0.41 117 18.0 29.3 0.0 2E-11 2E-11 0.85 1.01 0.65 

29 

8 

3 97,5 % N 2,5 % SK 2.5 1.9 2.53 27 0.38 27 3.8 7.5 19.9 1E-06 2E-06 1.40 1.88 0.63 

30 5 96,25 % N 3,75 % SK 4.1 1.9 2.28 30 0.43 42 6.9 12.8 17.4 5E-07 2E-06 0.89 0.60 1.11 

31 5 95 % N 5 % SK 5.0 1.8 2.38 31 0.45 49 8.3 15.3 15.8 3E-07 1.5E-06 0.71 0.94 0.36 

32 1 93,75 % N 6,25 % SK 6.3 1.7 2.13 34 0.52 54 10.6 18.6 15.6 3E-07 1E-06 0.83 0.90 0.75 

33 1 92,5 % N 7,5 % SK 7.5 1.7 2.36 35 0.54 63 12.8 22.2 12.8 1E-07 9E-07 1.29 1.71 0.67 

34 

9 

3 97,5 % N 2,5 % SK 2.5 1.9 2.52 27 0.38 59 8.4 16.3 11.1 1E-07 3E-07 1.64 2.23 0.64 

35 5 95 % N 5 % SK 5.0 1.8 2.39 31 0.45 75 12.7 23.3 7.9 3E-08 6E-08 0.56 0.55 0.58 

36 1 92,5 % N 7,5 % SK 7.5 1.7 2.38 35 0.54 81 16.4 28.5 6.5 1E-08 2E-08 1.53 2.04 0.75 

37 

10 

3 97,5 % N 2,5 % SK 2.5 1.9 2.50 27 0.38 85 12.1 23.4 4.0 4E-09 3E-08 1.78 2.31 1.00 

38 5 95 % N 5 % SK 5.0 1.8 2.42 31 0.45 89 15.1 27.7 3.4 2E-09 5E-09 1.38 1.80 0.75 

39 1 92,5 % N 7,5 % SK 7.5 1.7 2.42 35 0.54 87 17.7 30.5 4.5 4E-09 5E-10 4.15 4.23 4.08 

40 

11 

3 95 % N 5 % SK 5.0 1.8 2.40 34 0.52 78 15.2 26.7 7.4 2E-08 2E-08 1.13 1.36 0.83 

41 1 92,5 % N 7,5 % SK 7.5 1.7 2.12 36 0.56 82 17.2 29.3 6.6 1E-08 6E-08 1.16 1.62 0.28 

42 

12 

2 97,5 % N 2,5 % SK 2.5 1.8 2.55 31 0.45 88 14.8 27.2 3.8 3E-09 1E-11 1.08 1.52 0.18 

43 3 95 % N 5 % SK 5.0 1.8 2.40 34 0.52 95 18.4 32.4 1.7 2E-10 2E-11 0.51 0.52 0.49 

44 1 92,5 % N 7,5 % SK 7.5 1.7 2.12 36 0.56 104 21.9 35.9 0.0 2E-11 1E-10 0.88 0.82 0.93 

45 4 100% SK 100 0.5 2.46 80 3.91 103 165.2 79.7 0.0 5E-11 4E-11 1.02 1.26 0.71 

46 

13 

2 97,5 % N 2,5 % SK 2.5 1.8 2.55 31 0.45 79 13.4 24.6 6.5 2E-08 1E-07 0.59 0.32 0.77 

47 3 95 % N 5 % SK 5.0 1.8 2.40 34 0.52 87 16.8 29.5 4.6 4E-09 1E-08 0.86 1.13 0.44 

48 1 92,5 % N 7,5 % SK 7.5 1.7 2.12 36 0.56 91 19.1 32.5 3.4 1E-09 4E-08 2.06 2.75 1.5 

49 4 100% SK 100 0.5 2.35 79 3.71 105 159.2 78.8 0.0 6E-11 1E-10 0.94 1.13 0.7 

50 

14 

2 97,5 % N 2,5 % SK 2.5 1.8 2.55 31 0.45 70 11.9 21.9 9.2 5E-08 1E-07 0.76 0.98 0.44 

51 3 95 % N 5 % SK 5.0 1.8 2.40 34 0.52 78 15.1 26.6 7.5 2E-08 2E-07 1.2 1.46 0.86 

52 1 92,5 % N 7,5 % SK 7.5 1.7 2.12 36 0.56 80 16.7 28.6 7.3 2E-08 2E-07 1.45 1.87 0.82 

53 4 100% SK 100 0.5 2.35 79 3.69 101 153.0 78.7 0.0 5E-11 1E-10 0.62 0.73 0.47 

54 15 3 97,5 % N 2,5 % B 2.5 1.9 2.29 31 0.44 79 13.0 24.1 6.6 2E-08 6E-09 1.25 1.44 1.02 



# Test Cell Content GLD (%) ρd  cm n  e Sr  w  θw  θa  MMS De  RMSE, tot RMSE, Res 1 RMSE, Res 2 

55 
 

2 95 % N 5 % B 5.0 1.9 2.56 31 0.44 95 15.6 28.9 1.6 2E-10 2E-10 1.49 1.87 0.82 

56 1 92,5 % N 7,5 % B 7.5 1.8 2.35 31 0.45 100 16.7 30.9 0.0 1E-11 2E-10 0.62 0.73 0.47 

57 

16 

4 95 % N 5 % I 5.1 1.9 2.75 27 0.37 47 6.6 12.8 14.5 3E-07 1E-06 0.60 0.20 0.82 

58 5 95 % N 5 % V 5.0 2.0 2.52 26 0.36 53 7.1 13.9 12.6 2E-07 8E-07 0.80 0.86 0.74 

59 

17 

4 95 % N 5 % I 5.1 1.9 2.73 27 0.38 73 10.2 19.9 7.4 3E-08 1E-07 1.12 1.48 0.57 

60 5 95 % N 5 % V 5.0 2.0 2.53 27 0.36 71 9.6 18.8 7.7 4E-08 5.83E-09 1.91 2.49 1.01 

61 18 4 95 % N 5 % I 5.1 1.9 2.73 27 0.38 86 12.1 23.5 3.8 3E-09 6E-08 0.92 0.64 1.13 

62 

19 

3 97,5 % N 2,5 % SK 2.5 1.9 2.35 28.4 0.40 100.7 14.9 28.4 0.0 1E-11 1E-10 1.03 1.31 0.65 

63 2 95 % N 5 % SK 5.0 1.8 2.18 31.3 0.46 108.7 18.6 31.3 0.0 2E-11 1E-10 3.82 5.39 0.16 

64 1 92,5 % N 7,5 % SK 7.5 1.8 2.51 30.6 0.44 99.9 16.6 30.6 0.0 1E-11 3E-10 1.16 1.44 0.78 

65 5 Field blend 6.3 1.9 2.08 27.9 0.39 103.7 15.0 27.9 0.0 1E-11 2E-10 0.88 1.07 0.63 

66 

20 

3 97,5 % N 2,5 % SK 2.5 1.9 2.35 28.4 0.40 93.4 13.9 26.5 1.9 3E-10 3E-10 0.72 0.97 0.29 

67 2 95 % N 5 % SK 5.0 1.8 2.18 31.3 0.46 101.1 17.3 31.3 0 1E-11 5E-08 5.04 4.84 5.24 

68 1 92,5 % N 7,5 % SK 7.5 1.8 2.52 30.7 0.44 92.2 15.4 28.3 2.4 6E-10 1E-10 2.61 3.09 0.08 

69 5 Field blend 6.3 1.9 2.08 27.9 0.39 94.6 13.7 26.4 1.5 2E-10 2E-08 2.56 2.89 2.2 

70 

21 

3 97,5 % N 2,5 % SK 2.5 1.9 2.35 28.4 0.40 86.1 12.8 24.4 4.0 4E-09 2E-08 1.03 1.28 0.7 

71 2 95 % N 5 % SK 5.0 1.8 2.18 31.3 0.46 93.4 16.0 29.2 2.1 3E-10 1E-07 0.68 0.58 0.77 

72 1 92,5 % N 7,5 % SK 7.5 1.8 2.51 30.6 0.44 85.6 14.2 26.2 4.4 8E-12 6E-08 1.08 1.51 0.22 

73 5 Field blend 6.3 1.9 2.08 27.9 0.39 85.5 12.4 23.9 4.0 4E-09 2E-07 0.68 0.73 0.62 

74 

22 

3 97,5 % N 2,5 % SK 2.5 1.9 2.35 28.4 0.40 78.7 11.7 22.4 6.0 2E-08 6E-08 0.86 0.83 0.88 

75 2 95 % N 5 % SK 5.0 1.8 2.18 31.3 0.46 85.8 14.7 26.8 4.4 5E-09 1E-07 0.66 0.71 0.6 

76 1 92,5 % N 7,5 % SK 7.5 1.8 2.51 30.6 0.44 78.6 13.1 24.1 6.5 6E-12 9E-07 0.58 0.6 0.55 

77 5 Field blend 6.3 1.9 2.09 28.2 0.39 75.6 11.1 21.3 6.9 2E-08 4E-07 0.37 0.37 0.37 

78 

22 

3 97,5 % N 2,5 % SK 2.5 1.9 2.35 28.4 0.40 71.7 10.7 20.4 8.1 4E-08 1E-07 0.84 0.7 0.97 

79 2 95 % N 5 % SK 5.0 1.8 2.18 31.3 0.46 78.2 13.4 24.5 6.8 2E-08 1E-07 0.58 0.68 0.46 

80 1 92,5 % N 7,5 % SK 7.5 1.8 2.51 30.6 0.44 71.6 11.9 21.9 8.7 5E-08 1E-07 0.54 0.61 0.46 

81 5 Field blend 6.3 1.9 2.09 28.2 0.39 66.5 9.7 18.7 9.4 7E-08 7E-07 0.43 0.49 0.36 

 


