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Abstract
Waste rock and tailings generated by sulphide ore mining often contains large amounts of iron 
sulphides which oxidize when exposed to atmospheric oxygen and may generate acidity. In the 
absence of alkaline minerals to neutralize this acidity, elements including harmful heavy metals 
become mobile. Clearly, it is a high priority for mining operations to reduce the impact of mining 
waste on the environment.  New research aimed to take advantage of industrial rest products to 
inhibit acid mine drainage has yielded some reason for optimism. The recycling of chemicals in 
sulphate pulp mills yields green liquor dregs (GLD). The fact that GLD have a low hydraulic 
conductivity and are alkaline opens the possibility of using it for construction of sealing layers for 
sulphidic mine waste. 

their suitability for sealing layer purposes. GLD were characterized physically, mineralogically and 

potential candidate for construction of sealing layers. Compared to lime, the pure GLD appear to 
have a higher porosity and surface area even though both materials have comparable particle size. 

grade and low hydraulic conductivity are desirable, mixing additives to GLD is necessary to improve 
the material properties. Based on the characterization results, the difference between batches is 
fairly small both mineralogically and physically. GLD could be an alternative to traditional sealing 
layers made of till since it was shown to have relatively low hydraulic conductivity and high water 
retention potential. The small particle size and high buffer capacity makes it a better candidate than 
till which usually varies in size and hydraulic conductivity. There is a chemical variation of the 
material but the element content does not seem to be an environmental concern.

The aim of the second part of the study was to improve the performance of the GLD by blending 
them with other rest products. Geotechnical and geochemical investigations were performed on 
GLD mixed with tailings. Humidity cell tests were used to study the effect of GLD on the mobility 
of elements considered to be major environmental issues in the tailings. By adding tailings to 
GLD, the shear strength improved 2-3 times after 1 month of curing.  The water retention capacity 
remained at a high level. Humidity cell tests revealed that a 50/50 mix of GLD and tailings has a 
direct effect on the metal leaching from tailings. The alkaline capacity of the pulping waste raised 
the pH, thereby stabilizing the tailings and reducing the leaching of Al, Cd, Cu, Ni, Co, Cr and 
Mn. The amount of leached elements could be directly related to the pH during the test. Elements 
that showed an increase of leaching as a result of the application of GLD were Mo and As. This is 
explained by the chemical behavior of these elements and their tendency to become mobile at high 
pH.

In summary, GLD have the potential to both reduce the amount of leachate generated in tailings 
and, due to their alkaline property, improve the leachate quality by decreasing the metal mobility. 
However, restrictions occur when GLD are blended with tailings containing large amounts of As 
and Mo since an increased leaching may be expected. Further research will focus on the aging of 
the material and its long-term stability.





Sammanfattning 

Tungmetaller kan bli mobila i avsaknad av alkaliska mineral som kan neutralisera denna syra.  Att 

(GLS) är en restprodukt som uppstår när kemikalierna i sulfatmassabruken återvinns. Slammet 

Skjuvhållfastheten visade sig dock vara mycket låg. I tätskikt där man vill uppnå bra packningsgrad 

hos GLS ganska liten både mineralogiskt och fysiskt. GLS skulle kunna vara ett alternativ till 
traditionella tätskikt tillverkade av morän, eftersom den visade sig ha relativt låg hydraulisk 

visade att en 50/50 blandning av GLS och anrikningssand har en direkt effekt på lakvattenkvalitén 

vilket därmed minskade lakningen av Al, Cd, Cu, Ni, Co, Cr och Mn. Metaller som visade en 

Sammanfattningsvis har GLS potential att både minska mängden lakvatten som genereras från 

kommer att fokusera på materialets åldrande och dess stabilitet på lång sikt.
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1. Scope of thesis
The primary objective was to evaluate the potential of using green liquor dregs (GLD) in sealing 
layers for sulphidic mine waste. GLD are wastes from the paper mill and no attempt is made to 
control their composition. Quality monitoring and material characterization are generally limited. 
The properties of various batches of GLD were studied to understand the effect of the variation 
on the barrier function for the remediation of mine waste.  Improvement of GLD properties by 
mixing them with other materials have been carried out as well as an evaluation of the geochemical 
interactions between GLD and sulphidic mine waste.

2. Introduction
2.1 Mining in Sweden 
Sweden has a long history of mining, over 1000 years. It has been and still is an important 
source of income. In the 1920ies there were almost 500 mines in production in Sweden.  
There are today 13 active mines. Three are iron ore mines and 10 are sulphide ore mines. Sweden 
produces a wide variety of commodities from gold to coal. It is Europe’s number one producer of 
iron (92%) and lead (32%) and is the second leading producer of zinc (26%), silver (18%) and gold 

are driving high demand of metals as large third-world countries like China and India modernize. 
Exploration in Sweden as well as in the rest of the world has seen a steady increase since 2002 

2.2 Environmental impact of mining
It has long been known that mining may have detrimental effects on soil, water and biota. One 
of the major challenges is the large amount of mine waste that is generated. The total production 
of mine waste (tailings and waste rocks) in Sweden today is 80-100 million tons per year. Of 
this, a large part comes from sulphide ore mines. Over the years 700 million tons of tailings and 
waste rock from sulphide ores have been deposited and that number continues to increase. The 
impact of mining waste on the surroundings needs to be very small. This puts high demands on 
the management of mining operations, as well as on methods for waste disposal and remediation 
of waste deposits. Environmental authorities in Sweden require remediation methods that function 
over very long time periods without maintenance (next glaciation perspective). The Swedish 

assessed that there are 600 sites that are in need for remediation. Of these, 30 are assessed to be a 
major risk for health and environment and 100 presents a substantial risk. The cost for remediation 

cost will fall on the Swedish government. (Swedish Environmental protection agency 091008)

3. Oxidation of sulphidic mine waste
Waste rock and tailings from sulphide ores often contain pyrite or pyrrhotite that will oxidize when 
exposed to atmospheric oxygen and water (Fig. 1). This generates a metal-rich acidic leachate 
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When tailings containing pyrite are exposed to oxygen and water, the pyrite oxidizes to form 

FeS2(s) + 7/2O2(g) + H2
2+(aq) + 2SO4

2-(aq) + 2H+(aq)     (1)
 
4Fe2+(aq) + O2(g) + 4H+ 3+(aq) + 2H2O       (2)
 
Hydrolysis of generated Fe3+ in reaction 2 may occur and ferric hydroxide is formed (reaction 3). 
The Fe3+ may also oxidize pyrite (reaction 4).
 
Fe3+(aq) + 3H2 3 + 3H+(aq)        (3)
 
FeS2(s) + 14Fe3+(aq) + 8H2

2+(aq) + 2SO4
2-(aq) + 16H+(aq)    (4)

4. Prevention of acid rock drainage 

mine waste sites. Oxygen is the most important factor for oxidation and if it can be prevented from 
The traditional 

(Lindvall et al., 1997). 

Fig. 1. Illustration of the formation of ARD. Fig. 2. Ferric iron precipitates in leachate water 
from an old tailings deposit in Kopparberg, 
Sweden. Photo: Maria Mäkitalo

Oxygen

Precipitation

Sulphide bearing
waste

Leachate
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3 with the 
aim of making iron precipitate and formation of gypsum (reaction 5), are also used but they require 
monitoring and maintenance over a long time, which is costly and not sustainable. 
 
Fe3+(aq) + 2SO4

2-(aq) + H+(aq) + 2CaCO3(s) + 5H2 3(s) + 2CaSO4
.2H2O(s) + 2CO2(g) (5)

4.1 Sealing layer as prevention of ARD 
To prevent oxygen from reaching the tailings, a cover is applied to prevent oxidation. The cover is 
constituted of several layers (Fig. 5). A sealing layer with low hydraulic conductivity is applied on 
top of the tailings. Sometimes a drainage layer is applied on the top or/and below this layer. On top 
of the sealing layer there will be a ~1.5 m protective layer (in Sweden the most common material 
is till) and this is usually followed by a vegetation layer.

Fig. 3. Water covered tailings at impoundment in 
Kristineberg, Sweden. Kristineberg mine is visible 
in the background. Photo: Peter Nason

Fig. 4. Soil covered tailings at Adak mine, Sweden. 
(Höglund et al., 2004)

Fig. 5. Illustration of a composite dry cover design

Vegetation layer

Protective layer

Sealing layer

Tailings
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minimizes oxygen diffusion and transport. To keep the oxygen diffusion at a low level, it is 
advantageous if the material is water saturated. The reason for this is that the concentration of O2 

smaller in water than in air according to Fick’s law (Mbonimpa et al., 2003). One way to asses a 
materials ability to hold water is to perform suction tests, also called water retention capacity tests.  
However, in the literature this test is not often used. Studies often focus on the materials hydraulic 
conductivity. Hydraulic conductivity is a factor that is closely related to the oxygen transport. 
Low hydraulic conductivity reduces oxygen diffusion, which slows down pyrite oxidation. The 

requires a hydraulic conductivity of 1x10-9 m/s 

apply for mine wastes. Although there are no requirements of a minimal hydraulic conductivity, 
1x10-9

retention capacity together with a high grade of saturation prevents air-entry, and thereby oxygen 

exhibits a hydraulic conductivity of 1x10-9 m/s or lower suggesting that the focus has to be on both 
the ingress of precipitation into the waste to reduce seepage of leachate as well as minimizing the 
risk of oxygen transport (of oxygen dissolved in water), and the ability to keep moisture to avoid 
desiccation cracks in which water and oxygen can travel and reach the waste. 

Other desirable qualities are the ability to resist change and degradation by micro-organisms. The 
material also has to have the strength to prevent it from sliding. Finally, it may also be advantageous 
if it can react with the waste and retain heavy metal ions.

materials reactive nature.

5. Green liquor dregs
5.1 Origin
Most paper mills today use the sulphate production process (Fig. 6.). The process involves treating 
wood chips with sodium hydroxide and sodium sulphide to disrupt the chemical bond between 
cellulose and lignin thereby liberating the cellulose. The major advantage with this method is that 
the inorganic chemicals used in the process can be recycled and reused in the recovery boiler. 
However, large amounts of waste material are released. Green liquor dregs (GLD) are a rest 
product that comes from the recycling of the chemicals. At the sulphate pulp mills it is the largest 

. The world’s largest producers of sulphate 
 

In Sweden ~134 000 tons of GLD (dry matter content) are produced yearly (Arm et al., 2007).
 
5.2 Use of green liquor dregs

a neutralizing agent for acidic wastewater. GLD have previously been used in applications such 
as a stabilization agent for road construction (Toikka, 1998). In recent years, studies have been 
performed on how to use lime waste to reduce metal leaching from mine tailings (Herbert et al., 
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shown to have a low hydraulic conductivity (Toikka, 1998), the possibility arises of using them for 
construction of sealing layers for sulphidic mine waste.

Washing

Debarking Bark Combustion
Energy

Chopping

Wood chips

Digestion (170°C)

Black liquor + cellulose

Black liquor White liquor + lime 

Causticizing reaction

White liquor 

Weak white liquor 

Evaporation

Thick liquor

Smelt
Ash

Ash

Dissolution tank

Green liquor

Green
liquor
dregs

Slakers

Clarification

Recovery boiling (1000°C)

Green liquor + impurities

Washing

Cellulose

Bark sludge

Paper

Clarification

Lime mud washing

Lime mud

Lime

Lime oven 850°C

6. Material and methods
6.1 Rest products from the paper mill

sampling took place at four different occasions and ~ 30 kg were collected each time and were 
stored in sealed plastic containers at room temperature. The BS is the dewatered fraction released 
from the stem when rinsing the logs. It is a mixture of bark, sand and needles. It was collected in 

6.2 Tailings

is situated 120 km west of Skellefteå. The ore is rich in sulphur, with a reported content of 25.9% 
(Årebäck et al., 2005). The major minerals found are pyrite, sphalerite, chalcopyrite and galena, 
with trace amounts of pyrrhotite (Årebäck et al., 2005). 
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6.3 Experimental
A physical, mineralogical and chemical characterization of GLD has been carried out with the 

candidate for construction of sealing layers for sulphidic mine waste.  The composition was studied 

and SEM. Surface characteristics were analyzed by electrophoretic mobility. The hydraulic 
conductivity of GLD and additives has been studied with permeability tests. The oxygen barrier 
function has been studied in relation to the degree of water saturation. Shear strength of GLD 
and admixtures have been analyzed. Evaluation of the buffer capacity potential and how it can 
chemically treat tailings with high leaching potential was assessed. Leaching tests are commonly 
used to assess environmental effects of waste. However, standard leaching test developed for waste 
characterisation are not optimal for GLD because of their sticky consistency and low permeability. 
Humidity cell tests useful to assess GLD-treated tailings have been developed. 

7. Findings
The material characterization performed on GLD 
revealed a small particle size throughout the 
material, and consequently a high porosity (Paper 
I). The study revealed variations of the quality of 
the GLD retrieved. Variations in the chemical and 
mineral composition of the GLD were observed 
and are believed to depend both on the origin of the 

1 shows the mean values of the elemental content 
for four batches of GLD. GLD trap non-process 

Therefore, a cloth covered with lime is used to 

2009). This leads to various amounts of lime mixed 

content is correlated to the amount of lime that 
is scraped off from the pre-coat. The dry content 

when small amounts of lime is present in the GLD 
and the dregs are wetter (Paper I). The surface area, 

between the batches studied (Paper I
and particle size compared to the natural variation observed in the replicates was noted. Further, 
GLD have a high neutralization potential equivalent to 750 g CaCO3 per kg GLD (Paper I). GLD 

layer applications (Table 2) but the observed variation may complicate the use on a large scale. 
Therefore potential negative effects of the quality variation on the intended application of the 
material should be addressed. There are two main limitations to the use of GLD for the remediation 

Table 1. Average elemental content for four batches 
of GLD. Large variations in Ca, Mg, Si, Al, Fe, Mn 
and S can be found.

ELEMENT SAMPLE GLD
% 43± 7

Si mg/kg 8548± 3070 
Al mg/kg 5198± 3059

Ca mg/kg 270250± 
41558

mg/kg 5424± 2318
K mg/kg 2855± 584
Mg mg/kg 51163± 14146
Mn mg/kg 12360± 3532
LOI 1000°C % TS 41± 1
As mg/kg 0.3± 0.1
Cd mg/kg 5.7± 1.9
Co mg/kg 4.4± 1.0
Cr mg/kg 98± 20
Cu mg/kg 149± 48
Hg mg/kg 0.04± 0.0
Ni mg/kg 45± 11
Pb mg/kg 3.7± 1.5
S mg/kg 12839± 4268
Zn mg/kg 1214± 420
CaO % TS 37± 6
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(1) the material needed to construct a sealing layer becomes less economical as the transport 
distances increases 

(2) the GLD have poor mechanical properties which make them inappropriate to use in slopes. To 
improve the mechanical properties, GLD have to be mixed with a structure material. 

Table 2. Properties of GLD. The number given after the property indicates the number 
of batches used for the calculation of the average.

GLD
pH4 10.4 ± 0.5
Sur a  ar a m2/g)4 18 ± 4

ulk d nsi  g/ m3)2 0.56 ± 0.16
Compa  d nsi  g/ m3)1 2.57 ± 0.00
Porosi  %)2 78 ± 6
H drauli  ondu i  m/s)2 1x10-8 ±7 x10-9

r  ma r on n  %)4 43 ± 7
Par l  si  d50 μm)4 11.9 ± 3.9

u r apa i  o main ain a pH 6 mmol H+/g)4 18.5 ± 1.0
Z apo n al m )1 N g. o r  n r  pH rang

GLD may be mixed with tailings to improve the mechanical properties (Paper II). Mixing GLD and 
tailings is one way to reduce GLD consumption per square meter of sealing layer (GLD is “diluted” 
with tailings), and consequently makes it more economical. The results of the mineralogical and 
chemical characterization of the GLD also revealed that the particles have a negative surface 

Paper 
I). However, the mix of GLD and tailings showed an increased hydraulic conductivity (Paper 
II). This may not be a problem since the hydraulic conductivity is relatively low and suction tests 
showed that the capillarity forces in GLD bind water strongly to the particles preventing it from 
drying (Paper I & II). GLD blended with tailings showed only a small negative effect on the water 
retention capacity compared to GLD alone (Fig. 7) (Paper I & II).

Fig. 7. Water retention capacity of two batches of GLD and GLD mixed with tailings and bark sludge. Two 
types of silt are also shown as a reference (Bussière et al., 2003). The area between the dashed lines represents 
the water retention capacity of five sealing layers made of clayey till reported by Höglund et al. (2004).
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However, the capacity to retain water is still very large compared to other materials used as sealing 
layers. Compared to clayey till, the most common material in sealing layers in covers on mine 

similar under-pressure. The high water content in GLD and GLD mixed with tailings and the 
strength of the water bounding are major advantages for the use in sealing layers. This means that 
the material may stay saturated even at times of drought when used in a sealing layer application. 
This would effectively prevent oxygen to reach the waste, thereby slowing down the oxidation 
of the under-laying mine waste. GLD are therefore believed to be an excellent barrier material 

(due to its neutralization potential). The alkalinity of the GLD showed to have a direct effect 
of the stabilization of most elements when blended with tailings. SEM images on GLD mixed 
with tailings show coating on mineral surfaces (Fig. 8.) It is possible that GLD may enhance the 
precipitation of secondary minerals such as Fe-oxyhydroxides, resulting in coatings on the reactive 

Fig. 8. SEM pictures of GLD, tailings and a GLD/tailings mix. Coating was occasionally visible on the tailings 
mineral surfaces. Mixing GLD and tailings increased coating on mineral surfaces.

GLD

GLD + Tailings Coating on mineral surface

Tailings

400 nm1 μm

1 μm 1 μm
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8. Conclusions
GLD could be an alternative to traditional sealing layers made of till since the material proved to 
have relatively low hydraulic conductivity and a high water retention potential. The small particle 
size and high buffer capacity makes it a better candidate than till, which usually varies in size and 
hydraulic conductivity. There is a chemical variation of the material, but element content does not 
seem to be an environmental concern. However, potential negative effects of the quality variation 
on the intended application of the material should be addressed. Adding stabilizing materials to the 
GLD is necessary to increase the shear strength.

Tailings may be added to GLD to improve the shear strength of the material. The alkalinity of 
the GLD showed to have a direct effect of the stabilization of most elements when blended with 
tailings. As long as the GLD can buffer the acidity formed by the sulphidic tailings, the metals are 
expected to be stable. Only when the buffering capacity is consumed do the metals become mobile. 
By choosing a proportion where GLD can neutralize the acid generating potential of the tailings, 
it is not likely that the buffering capacity will be exhausted. Due to its water binding capacity it 

with tailings rich in As and Mo may need to be considered due to the increase of leaching of these 
elements at high pH.

9. Future perspectives

as a potential way to improve the mechanical properties. Humidity cell tests will evaluate the 

The GLD had been deposited since 1998 in an organized pattern making it possible to collect GLD 

The tailings are pyrite-rich and originate from Boliden´s copper and gold mining in the Skellefte 
district. Samples have been collected at the site and investigation of the chemical interactions 

the deposit. Mineralogy, chemical composition, and leachability of metals will be analyzed. 
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Abstract
A physical, mineralogical and chemical characterization of green liquor dregs, a rest product from 

of sealing layers for sulphidic mine waste. The difference between batches is fairly small both 

applications suggesting that addition of stabilizing materials may be necessary.
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1. Introduction
Mining generates large amounts of wastes consisting mainly of waste rock (rocks with low 

and tailings generated by the exploitation of sulphide ore often contain large amounts of metal 

to human health as well as to animals and plant species.

such as neutralization of already formed AMD, are also used but they require monitoring and 

ingress of precipitation into the waste to reduce seepage of leachate. The ability to keep moisture is 

waste. An ability to resist change and degradation are other important qualities.

water saturation reduces the amount of oxygen transported through to the waste. To understand 

e. De 

the concentration of O2

-9

2 2



 Together with the fact that 

possibility arises of using them for construction of sealing layers for sulphidic mine waste.

(

capacity to hinder water and reduce oxygen from passing through the material. The aim was also 

pH. Finally, the mechanical strength of the material has been studied to assess how it withstands 

2. Material and methods

2.1 Material

2.2 Methods
Dry matter content and paste pH

Particle size

and dispersed with an ultrasonicator before analysis. The particle size distribution was calculated 



Zeta potential measurements
To determine the surface properties of the particles, the pH effect on the electrophoretic mobility 

between 2 and 12. The analysis was performed when the solution had maintained the desired pH 

Total element composition

2 .

Density measurement

 chamber and was pressurized with He. The pressure was 

experiments. 

Surface area

particle surfaces.

Hydraulic conductivity

in an oedometer and an increase of induced stress was applied on the samples. Drainage was only 

pore pressure from the lower surface.

Water retention capacity

samples were packed into cylinders and saturated from below. The cylinders were placed on a 



calculated using the bulk density. The bulk density was determined from the weight of the dried 

Mineralogical characterization

.

SEM

Porosity

Buffering capacity

Batch leaching

described method.

Shear strength



3. Results 
Dry matter content

th th percentiles 

characterization experiments were collected on four different occasions. Dry matter content for 

Particle size

Figure 1.
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R²
for inert 
waste

limit 

for non-
hazardous 
waste

A B D
Dry matter
Si mg/kg
Al mg/kg

Ca mg/kg 2121
Fe mg/kg 
K mg/kg 
Mg mg/kg 
Mn mg/kg 
P mg/kg
Ti mg/kg 
LOI 1000°C
As mg/kg 2
Ba mg/kg

Cd mg/kg 1

Co mg/kg 

Cr mg/kg 
Cu mg/kg 2
Hg mg/kg 
Ni mg/kg
Pb mg/kg

S mg/kg

Sn mg/kg 
Sr mg/kg
Zn mg/kg 

CaO matter

Table 1
 

Buffering capacity



XRD

2
is a common form of Mg in ash, could also be detected. 

Surface area, pH, hydraulic conductivity, bulk density, compact density and porosity

in table 2. 

Figure 2
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Water retention capacity

Figure 3
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Shear strength

.

4. Discussion

material compositions on the desired function should be understood to identify possible limitations. 

content of all the other elements. 

material should be addressed. 

An important factor when looking at the properties of sealing layers used for mine waste is the 

e

e
oxygen penetration decreases when the particles are irregularly shaped compared to a more regular 

of its high ability to retain water, assuring low oxygen diffusion. 
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Of great importance when constructing sealing layer is choosing a material that decreases water 

chemical interactions binding water to particles, thereby limiting water transport, enabling a high 

2

-9 
-9 m/s 

but the particle size is larger compared to clay minerals such as kaolinites and montmorillonite, 

the water retention capacity is more comparable to clayey materials than silty materials, especially 

saturated or close to saturated conditions. The risk of shrinkage and cracking due to desiccation 

the crystalline structure together with the ionic charge of the particles. The crystalline structure of 

the mine waste. The material itself should not be hazardous or able to transform into hazardous 

material also lacks elements that are likely to interact and transform into harmful substances (e.g. 

oxidize easily, thereby changing its initial structure and properties. The results show that the zeta 
potentials are similar to those of kaolin and montmorillonite at lower pH, but that the clay minerals 
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The function can be maintained independent of the pH.

+/g dry weight for the 
/ton for 

2  is 

showed that the amount of elements leached was below the leaching limits for non-hazardous 

immobilizing metal ions by precipitation of secondary minerals and absorption to mineral surfaces 

from the mine waste further or at lower pH than expected.

for sealing layer application such as a high water retention capacity ensuring that the layer stays 

appropriate characteristics for use in sealing layer applications, although they could still be used 



a sealing layer in a slope there is a risk of sliding due to the low shear strength and the high water 

in cold regions. 

5. Conclusions

properties. 

Based on the characterization results, the difference between batches is fairly small both 

retention potential. The small particle size and high buffer capacity makes it a better candidate 

6. Future work

studied.
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Abstract
Green liquor dregs, a rest product from the sulphate paper mills, have been blended with tailings 
with the aim of improving the properties to function as a candidate for construction of sealing 
layers for sulphidic mine waste. Geotechnical and geochemical investigations including humidity 
cell tests were performed on green liquor dregs mixed with tailings. By adding tailings to green 
liquor dregs, the shear strength improved and the water retention capacity remained at a high level. 
Green liquor dregs showed to also have the potential to, due to their alkaline property, improve 
the leachate quality by decreasing the metal mobility in the tailings. However, restrictions occur 
when the dregs are blended with tailings containing large amounts of As and Mo since an increased 
leaching of these elements may be expected.
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1. Introduction
Mining produces mainly two types of wastes; waste rock and tailings. Waste rock is the material 

after processing the ore. Mine waste from sulphide ores are often chemically reactive due to that 
it often contains iron sulphides such as pyrite and pyrrhotite. When pyrite or pyrrhotite is exposed 
to atmospheric oxygen they oxidize which generates acidity (Höglund et al., 2004). If no alkaline 
material is present to neutralize this acidity, heavy metals can become mobile and are transported 
with water that enters the waste. This leachate is called acid mine drainage (AMD) and is one of 
the greatest concerns when dealing with sulphidic, pyrite rich mine waste. AMD may cause severe 

traditional prevention method is to cover the waste with soil (often till) that is expected to be water 
saturated. The aim is to limit the oxygen diffusion since oxygen diffuses 10 000 times slower in 
water compared to air. Water can only contain 1/30 amount of O2 compared with the same volume 
air (Mbonimpa et al., 2003). The usage of till in sealing layers is often costly due to the opening of 

Sustainable methods reducing the risk of AMD formation without risking the economical premises 
of the mining industry are needed. A relatively new engineering technology is to use industrial 

materials reactive nature in the prevention of AMD. 

Green liquor dregs (GLD) are the largest waste fraction retrieved in the chemical recovery cycle at 
the sulphate pulp and paper mills and has been characterized previously. The material showed to 
have qualities such as low hydraulic conductivity, high water retention capacity and high pH which 
are favorable for usage in sealing layers (Makitalo et al., submitted). However, the study revealed 
that adding stabilizing materials to the GLD is necessary to reduce the stickiness and increase the 
shear strength to be able to use it as a candidate for sealing layer purposes. We hypothesize that GLD 
may decrease the leaching of metals in sulphidic mine waste not only due to the sealing effect, but 
also because they have the ability to raise the pH in the waste due to the calcium carbonate content 
and their alkaline nature. Maurice et al. (2010) showed that addition of only 10% GLD to tailings 
reduced metal leaching, especially of copper. Because of their sticky consistency it is a challenge 
to mix the GLD with other materials. Since mixing the materials well is crucial, Hargelius (2008) 
found that adding a small amount of organic matter made the material less sticky and easier to mix. 
It may also improve the stability of the material and decrease the hydraulic conductivity.

Mixing tailings to GLD may improve the shear strength of the mixture.  Addition of tailings would 
reduce the water content and improve the conditions to generate a better physical strength. Chtaini 
et al. (2001) incorporated alkaline paper mill waste (1/3 sludge and 2/3 tailings) and studied the 
effect on the production of AMD. Monitoring results showed that mixing mine residues with 

The paper mill waste cover generated an alkaline front which resulted in metal precipitation as 
hydroxides (Bellaloui et al., 1999). 

one way to reduce GLD consumption per square meter of sealing layer (GLD is “diluted” with 
tailings), and consequently to improve the economic viability.

One risk with using highly alkaline materials as sealing layers is that they create an anoxic 
environment which allows for the potential formation of thiosalts.  Thiosalts such as thiosulphate are 
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intermediate products when sulphide minerals oxidize and form sulphate under high pH (Kuyucak, 
2006). When thiosulphate oxidize to form sulphate it generates sulphuric acid. High amounts of 

of metals.

In the present investigation tailings and bark sludge (BS) were characterized to document the 
properties of the materials to be able to evaluate if a mix of them together with GLD can function 
for construction of sealing layers. The primary objective was to add tailings and BS to GLD and 

and oxygen conduction. The effectiveness of GLD ability to control acid generation and metal 
leaching from sulphidic tailings was assessed along with the potential of generating thiosulphates. 

2. Material and methods
2.1 Material
Sample description:
Tailings (T) originating from the Kristineberg mine, Sweden were kindly provided by the mining 
company Boliden Mineral AB. The tailings originating from this mine are known to contain pyrite, 
pyrrhotite, sphalerite, chalcopyrite, galena and covellite (Holmström et al., 2001).  T were taken 
from the process after addition of lime to the water. GLD and BS were provided by Billerud 
Karlsborg pulp and paper mill. The GLD came from the process and were collected from containers 
before deposition. The sampling took place at three different occasions and ~ 30 kg were collected 
each time and stored in sealed plastic containers at room temperature. The three batches are named 
A, B and C. The BS is the dewatered fraction released from the stem when rinsing the logs. It is a 
mixture of bark, soil and needles.  It was collected and stored in sealed plastic bags at 0.75 kg/bag, 
which were stored at -20°C.  All materials used are considered waste.

2.2 Methods
Total element composition
A total of 31 different elements were determined for the tailings and 21 different elements were 
determined for bark sludge, all with duplicate samples. An accredited laboratory (ALS Scandinavia, 

The samples were dried at 50°C, digested with HNO3
S and Zn. All other elements were analyzed after merging them with LiBO2 and separating them 
into fragments in HNO3.

Acid-base accounting

of acid-base accounting developed by Sobek et al. (1978) was used.
-

tion at 95°C for 30 min. Deionized water was added and the sample was boiled for 1 min. After 
cooling to room temperature the sample was back-titrated with 0.1M NaOH to determine the 
amount of consumed HCl.

sulphur was analyzed with a Leco Sulfur Analyzer.
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  AP= 31,25 x  %S    (1)
  NNP=NP-AP     (2)

Water retention capacity
The water retention capacity (WRC) was measured in duplicates. The sample was a blend of 64% 

the blend were placed on ceramic plates, were saturated and pressurized from below with tensions 
0.1, 2.5 and 10.0 m water column (mwc) using a pressure plate apparatus (Soilmoisture Corp., 

was determined using the bulk density that was determined from the weight of the dried samples 
(105°C for 24 h) divided by the cylinder volume.

Weathering cell

et al., (2001) was used. The method was preferred because it is faster to perform and has been found 
to be a valid alternative to traditional humidity cell tests (Villeneuve et al., 2003). Three samples 

The materials were tailings, batch A GLD and a blend of 50% batch A GLD and 50% tailings. 
Leaching cycles were performed twice a week by leaching the sample with 50 ml deionized water 
on day 1 and 4, exposing the samples to atmospheric air all other days. When adding water, the 
sample was mixed with a spoon to ensure that the material was in contact with the water. After 3 

a 0.45

54 leaching cycles were performed in total. At cycle 39, 41, 43, 48, 49 and 50, HCl was added to 

the formation of acid mine drainage. Acid was added to the sample Tail 1 at cycle 39 and 41, only.
The leachates were analyzed for conductivity and pH using a WTW GmbH Multi-340i meter 
with a WTW SenTix 41 electrode for pH measurements. Metal analysis was performed by 

thiosulphate analysis was performed by iodimetric titration. 

Hydraulic conductivity- CRS tests
Constant Rate of Strain (CRS) tests were performed according to SIS (1991). The samples analyzed 
were GLD mixed with various amounts of BS and tailings. The experiment was performed with 

induced stress was applied to the samples in an oedometer allowing drainage only from the top. 
Based on the deformation and pore pressure, the hydraulic conductivity could be determined.

Surface area
The surface area was analyzed  on tailings in triplicates with a FlowSorb instrument (Micromeritics, 

Dry matter content and paste pH
Dry matter content and paste pH were analyzed in duplicates for tailings and BS. The dry matter 
content was performed according to Swedish standard SS 028113-1 (SIS, 1981). 
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sample was mixed with 10 ml of deionized water followed by 5 min incubation in room temperature. 
pH was measured with a pH-meter (Metrohm Ltd, 704 pH Meter, Herisau, Switzerland).

Particle size
To obtain the particle size of tailings, laser diffraction analysis was conducted using a laser-based 
CILAS Granulometer 1064 (CILAS, Orléans, France) according to a method previously described 
(Makitalo et al., submitted). The analysis was performed in duplicate.

Density measurement

The analysis was done in triplicate.

Shear strength
Three samples were analyzed for shear strengths; 100% GLD, blends of 60% GLD and 40% T 

after a curing time of 1 month. The deformation rate was set at 1,5 %/min.

3. Results 
Hydraulic conductivity
Table 1 shows the hydraulic conductivity of GLD amended with tailings and BS. Both runs 

run on sample 4-7 was done with a batch B of GLD having a dry matter content of 47%  while 
run 2 was done with a batch A with 52% dry matter content. For each run, the order of packing 
the material into cylinders and running experiments was randomized. The hydraulic conductivity 

conductivity, however a large variation was observed between runs.

Table 1. Hydraulic conductivity of GLD amended with tailings and BS.

RUN
GLD
(%)

Tailings
(%)

BS

Hydraulic conductivity
(m/s)

Run 1 Run 2

1 50 50 - 7-8E-09 2E-09

2 33 66 - 2E-08 2E-08

3 25 75 - 1E-08 1E-08

4 76 19 5 1E-08 5-6E-09

5 64 32 4 2E-08 4E-08

6 73 18 9 1.5E-08 4-5E-09

7 62 31 8 1-4E-08 1-2E-08
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Total element composition
Table 2 shows the total element composition of GLD, tailings and BS. GLD contain high amounts 
of Ca, Mg and S. Ca and Mg are elements that are removed and precipitated in the GLD in the 

dregs. S is accumulated in the dregs due to the use of the sulphate production process, the process 
used at the paper mill production plant. The large amount of S in the tailing comes from sulphide 
minerals. The tailings showed to be rich in elements that are often a problem in AMD (e.g. Cu, Zn, 
Cr, Al).  

ELE-
MENT SAMPLE GLD

Batch A BS Tailings

Dry matter % 52± 0 35± 0 66.4
Si mg/kg 4990± 42 N/A 150000
Al mg/kg 2710± 14 971± 41 51100
Ca mg/kg 317000± 0 8300± 1301 12400
Fe mg/kg 3180± 14 1565± 219 161000
K mg/kg 1980± 99 747± 35 9400
Mg mg/kg 38050± 353 816± 66 37700
Mn mg/kg 8390± 57 265± 33 876
P mg/kg 4015± 21 336± 13 361
Ti mg/kg 86± 3 77± 12 1780
LOI 1000°C % Dry matter 41± 0 N/A 12
As mg/kg 0.3± 0.1 <10 146
Cd mg/kg 3.6± 0.1 <3 5.5
Co mg/kg 3.2± 0.2 <3 89.8
Cr mg/kg 76± 6 4± 0 855
Cu mg/kg 105± 6 5± 0 1390
Hg mg/kg 0.04± 0.0 N/A 0.78
Ni mg/kg 30± 2 <3 47.5
Pb mg/kg 2.4± 0.2 <10 1170
S mg/kg 8330± 636 438± 6 153000
Sn mg/kg 0.2± 0.0 N/A 281
Zn mg/kg 733± 45 58± 6 5380
CaO % Dry matter 44± 0 N/A 1.74

Table 2. Total element content of tailings, GLD and BS.

Weathering cell
The pH was high for all samples in the start of the experiment. Acid was added to GLD and GLD/
tailings blend at cycle 39, 41, 43, 48, 49 and 50, while acid was added to the sample Tail 1 at cycle 
39 and 41. Figure 1 shows the water quality of the leachate vs. time.
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Figure 1.(A) Development of pH in the leachates (B) Development of the conductivity in the leachates (C) Sulphate 

in leachate (G) Ca concentrations in leachate (H) Mg concentrations in leachate (I) Mn concentrations in leachate 
(J) Cu concentrations in leachate (K) Ni concentrations in leachate (L) Co concentrations in leachate (M) Zn 

in leachate (Q) Mo concentrations in leachate (R) Al concentrations in leachate (S) Na concentrations in leachate. 
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1992) and GLD (Makitalo et al., submitted) are also shown.

ABA 

was determined to -437 kg CaCO3/ton.

Water retention capacity
The WRC curves for GLD with amendments are presented in Figure 2. The admixture consists 
of 64% GLD, 32% tailings (T) and 4% BS. GLD without amendments are shown as a reference 
(Makitalo et al., submitted). An average of 12% decrease in WRC is noted for the blend compared 
to GLD alone.

Figure 2. Water retention characteristics of GLD blended with tailings and bark sludge. The result for GLD without 
amendments is shown as a reference (Makitalo et al., submitted).

Particle size

and clayey till (Mattson, 1992) are shown for comparison. The clayey till originates from a sealing 
layer constructed for mine waste in the Kristineberg mining area in Northern Sweden. 

T
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Shear strength
The shear strength for GLD and GLD amended with tailings is shown in Table 3. Compared to 
GLD an increase of shear stress was observed when GLD was blended with tailings. Water ratio 
and dry density are also shown.

Sample Tailings/GLD (%)
Tfu (kPa)
30 d curing

Classification (kPa) Water ra-
tio (%)*

d (t/
m3)*

1 0/100/0 11.8±2.2 Very low (10-20) 117 0.64

2 70/30/0 15.7±4.3 Very low (10-20) 49 1.27

3 40/60/0 19.0±13.4 Very low (10-20) 78 0.90
*Measurements before curing.

Table 3. Shear strength after 30 days of curing.

Surface area, paste pH and density
Surface area, pH, and compact density were determined for the tailings. pH was performed in 
triplicates and the other parameters were measured in duplicates. The surface area was 4.0± 
0.1m2/g, pH was 10.0±0.2 and compact density was 3.52± 0.00 g/cm3. The high pH is due to the 
fact that lime was added to the tailings at the process.

4. Discussion
Hydraulic properties
The addition of amendments to the GLD could not further decrease the hydraulic conductivity. 
On the contrary, the amendments appear to increase the hydraulic conductivity up to one order of 
magnitude. However, the variation between the replicates was large and the results of the hydraulic 

between different batches of the materials is believed to be an important factor that affects the 
hydraulic conductivity. Sample 1-3 was run with the same batch and showed less variation than 

to obtain a homogenous product. Hydraulic conductivity is a property that may vary. However, 
hydraulic conductivity is only one hydraulic properties of the soil. When designing a sealing layer, 
the water retention properties should also be considered since one of the most important factors 
limiting oxygen diffusion is the material’s ability to stay saturated. GLD and GLD blended with 
tailings show a very high water retention capacity that is expected to limit the oxygen reaching 
the waste. This is a factor that has shown very small variations (Makitalo et al., submitted). This 
means that even though the hydraulic conductivity was approximately one order of magnitude 
higher than the hydraulic conductivity that is generally aimed for when creating sealing layers 
(Höglund et al., 2004), the high water retention capacity together with the high grade of saturation 
prevents air-entry, and thereby oxygen to reach the waste. This may limit oxidation of the tailings 

-9 m/s or lower. The 
pathway of oxygen through a saturated sealing layer is largely the oxygen that is dissolved in water 
and comes through by percolation. Since the dissolution of oxygen in water is 10 000 times lower 
than in air, the oxygen concentration that reaches the waste is low making the oxidation of the 
suphidic mine waste slow.
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GLD has a high water retention capacity compared to materials with similar particle size such 
as clayey/sandy silt (Makitalo et al., submitted). The reason of the GLD’s high water retention 

 in a way similar to 
bentonite which shows a similar structure (Weaver, 1946; Sébaïbi et al., 2003). A small decrease of 
the water retention capacity was observed with blends of GLD/tailings/BS. The decrease may be 
due to the smaller surface area of the particles of the tailings limiting the binding of water. 

Shear strength
GLD amended with tailings showed higher shear strength compared to GLD alone. GLD amended 
with 40% tailings showed the highest shear strength but showed a large variation between duplicates 

resulted in the lower shear strength. It is unclear if the reason of the crack was due to blend of the 

14688-2:2004, 5.3). Such shear strength levels may be acceptable in horizontal applications such as 
on top of heaps or tailings deposits. However on a slope, the risk for landslide is obvious. In such 

possesses self-hardening properties and mixing it with other materials such as cement has shown 
to improve shear strength.

Geochemistry
The initial pH of the tailings was high (pH ~10) in the humidity cell test. This was due to the fact 
that lime is added to tailings at the process, a method used to raise the pH to enable recovery of 
the valuable minerals (Bolin et al., 1991). The results showed that the tailings contained 15 % 
sulfur and the ABA results indicated that the tailings were potentially acid producing which was 

sample Tailings 2 had been consumed. For the replicate sample of tailings this process required 
longer time. Acid (of the total amount of 0.021 mol) was added to Tailings 1 at cycle 39 and 43 
as an attempt to speed up the process by consuming the remaining carbonates. This attempt was 
successful and the two tailings replicates behaved similarly as the pH decreased and stabilized just 
below pH 4. The electrical conductivity increased indicating an increased weathering rate. Sánchez 

and total dissolved solids and sulphate meaning that increased electrical conductivity can be an 
indication of AMD.

Consuming all the carbonates in the GLD and the GLD/tailings blend without acid addition was 
expected to require a long time since it previously has been shown that GLD’s buffering capacity 
is large (18.5 mmol H+/g dry weight to maintain the pH>6) (Makitalo et al., submitted). Based on 

a blend of 30% GLD and 70% tailings) is required to maintain a pH >6. Since a 50/50 blend was 
used, the carbonates were expected to buffer any acidity formed by the tailings. A total of six acid 
additions were performed at cycle 39, 41, 43, 48, 49 and 50 to consume the carbonates present in 
GLD to decrease the pH enabling evaluation of when the buffer capacity ceases. The pH dropped 
instantly when the acid was added but raise during the following cycle. The carbonate dissolution 
was too slow to be complete. A total amount of 1.34 mol HCl was added to the GLD (0.02 mol/g) 
and 0.71 mol to the GLD/tailings blend (0.01 mol/g).
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Based on the mobility of metals it is likely that the environment of GLD/tailings blend is dysoxic 

2
cycles) remains in the material, preventing oxygen from entering. Based on the fact that oxygen 
thus only enters through the transport of water (i.e the water saturation degree of the sealing layer 

sealing layer would take approximately 11 000 years. If the neutralization potential would cease 
for some reason (the construction is applied in a wrong way or acid originating from another source 
contribute to additional acidity), the metals show a different behavior which can be seen in the 
diagrams i.e. at the point of the acid addition.

Reactions taking place during buffering
Fe leaching is very low for the GLD/tailings blend as well as from all other samples until the 
acid addition. The tailings originating from Kristineberg mine contains high amounts of pyrite. It 
is therefore likely that large amounts of Fe in the tailings are bound as FeS2 and possibly FeS as 
well. Iron dissolution was close to zero until cycle 35 for T2 and cycle 39 for T1 when acid was 
added. However, the absence of dissolved Fe, does not indicate the absence of pyrite oxidation as 
free Fe is directly adsorbed or precipitated as metal oxides/hydroxides. Ca, Mg and Mn occur in 
carbonates and are likely the products of neutralization reactions in tailings. The dissolution and 

the leaching concentrations are low which support that oxidation of pyrite is absent or very slow. 
The GLD/tailings blend and GLD alone showed high levels of sulphate leaching from the start of 
the humidity cell experiment while the initial sulphate concentration of the tailings leachate were 

the GLD the leaching decreased with time and was almost absent at cycle 15. 
The thiosulphate concentration at the start of the humidity cell tests was high in all samples 
which is most likely due to the alkaline and anoxic environment. The formation of thiosulphates 
is a substancial risk when dealing with materials exposed to reduced environment and high pH. 
Thiosulphate in the GLD is, however, expected to originate from the paper process, where sodium 
hydrosulphide in the weak black liquor is oxidized to sodium thiosulphate. This highest leaching 
concentration of thiosulphate was found in the samples containing GLD. For all samples, the 
thiosulphate leaching was decreasing with time. The conversion from thiosulphate to sulphate is 
complex with intermediate sulphur species formed that may explain why no clear negative correlation 
between thiosulphate and sulphate was noted. However, it can be concluded that generation of acid 
due to the oxidation of thiosulphate does not seem to be an issue for this application since pH can 
be maintained at a high level.

Our study shows similar leaching behavior of the GLD/tailings blend for Cd, Cu, Ni, Co, Cr, Zn 

the sulphide minerlas in the tailings (Table 2). The leaching of these metals with the exception of 

metals are in the form of soluble metal oxide ions. Since the pH was >11 for the GLD/tailings blend 
2
2-. A small increase of metal leaching 

(e.g. Ni, Zn, Cu) is noted at cycle 5 which can be explained by the liberation of metals adsorbed to 
mineral surfaces due to the constant disturbance of the sample due to the repeated wetting, stirring 
and centrifugation. It is possible that this lag phase varies depending of the metal and how hard it 

cycles.
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During cycle ~5-35 the metals were retained and a decreased leaching was observed for the GLD/
tailings blend. This is explained by the decrease of the pH. When pH is alkaline, below ~11-12, 
Cd, Cu, Ni, Co, Cr and Zn were retained as sulphides or oxides/hydroxides. Adsorption may be 

adsorb dissolved metals (Jean and Bancroft, 1986; Wang et al., 1989; Müller el al., 2002). Carlsson 

originating from Kristineberg. Zn is expected to be stable as ZnS and Cr as Cr2O3, while elemental 

in the leachate when pH decreased to <11 in the GLD and GLD/Tailings. As an example, the GLD/
Tailings blend shows a 50-90% reduction of leached Zn compared with Tailings and GLD alone 
until cycle 28. At cycle 35, when Tailings 1 showed a drop of pH and increased leaching of Zn 
the effect became larger. The leaching of Zn in tailings/GLD blend was 2μg/l while a level of 48 
000 μg/l was observed for Tailings 1. Ni show similar leaching behavior and is expected to be 
precipitated as Ni(OH)2  between pH 8-12.

Al is mobile in the GLD/tailings mix due to the high pH. When pH decreases the Al is expected to 
precipitate as Al(OH)3.

in a strongly reducing environment (Brennan et al. 1996).  Only at the start of the experiment, the 

GLD/tailings blend.  

Mo and As were elements that showed an increase of leaching as a result of the application of GLD. 

increases. This supports that oxygen penetration was limited in the Tailings/GLD blend before acid 
was added and the carbonates started to be consumed. The largest concentrations were generated at 
cycle one (2500 

Mo shows similar behavior as As. The result shows that Mo is mobile in the tailings at the higher 
pH. For GLD/tailings blend when the pH is high, the Mo concentrations increased by a factor up 
to 10. 

GLD have the potential to both reduce the amount of leachate generated in tailings and due to their 
alkaline property, improve the leachate quality by decreasing the metal mobility. The application 
is expected to last at least 11 000 years if it is blended properly. However, the increased leaching 
of As and Mo may cause environmental problems if the tailings used as an amendment for GLD 
contain large amounts of these elements. Restrictions may apply in this case.

Reactions taking place after buffering ceased
After the buffer capacity ceases and the pH is reduced to values <6, trace elements such as Cd, 
Cu, Ni, Co, Cr, Zn and Hg become mobile. This can be seen in the diagrams after cycle ~35 when 
acid is added. Acid addition represents the worst-case scenario of what happens when the buffering 
capacity have ceased. In nature, the acid would be produced from the natural oxidation of pyrite. In 
this experiment, Tailings 2 showed an increased leaching of sulphate in cycle 33, after a 6 month 
long break, an indication of sulphide weathering. The oxidation of pyrite may have needed time to 
get started or that the tailings had dried which enable oxygen to enter. For the other samples there 
were no signs of oxidation. Although the tailings are rich in FeS2 and possibly FeS, the iron leached 
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of its molecular structure (Luther, 1987; Rohwerder et al., 2003). Also, when comparing the Fe 
concentration with S concentrations it is unlikely that the metals are derived only from the sulphide 

addition at cycle 39 was 22:1. This suggests that the Fe is originating from iron oxo/hydroxides 
since common secondary precipitates are ferrihydrite, jarosite, schwertmannite, lepidocrocite 
and goethite (Gleisner and Herbert, 2002; Jönsson, 2003). The large negatively charged surface 
area of the secondary precipitates enable adsorption of metal cations that are released during the 

arsenopyrite, chalcopyrite, covellite, galena, pyrrhotite and sphalerite have been reported in tailings 

different from pyrite and these minerals can be dissolved by nonoxidative proton attack (Schippers 
and Sand, 1999; Rohwerder et al., 2003) at anoxic and dysoxic conditions releasing ferrous iron 
(e.g. from chalcopyrite and pyrrhotite). As shown in Fig. 1F, the concentration of leached iron is 
largest from the GLD/tailings blend. This is explained by that 24 ml HCl was added to the GLD/
tail blend while only 1 ml of HCl was added to Tail 1. The leaching from the GLD/tail blend 

+ is available 
in the GLD/tail blend enabling dissolution of more iron oxides and hydroxides. This is only noted 

depleted.

minerals. A more likely and natural scenario is that the leaching of the elements is occurring at 
a slow pace, at the same rate as the pyrite oxidation. When the carbonate minerals have been 
consumed, the leaching of these elements is expected to cease. 

in the tailing/GLD blend compared to GLD and tailings alone. The difference is believed to be 
an effect of the larger amount of acid added to the blend than to the tailings. The acid addition 
to the GLD/ tailings blend caused the pH to decrease to values below pH 8 which suggests that 
the CaCO3 were consumed. GLD is expected to have lost its ability to act as an alkaline barrier. 
However, at cycle 41 only Ni, Co and Mn showed an increased leaching. For all the other sulphide 
associated elements the leaching decreased and at cycle 54 only Ni and Mn showed increased 
leaching behavior for the blend compared to tailings alone. 

The observed leaching of Al, K and Na is most likely due to the effect of silicate dissolution since 
silicates contain aluminum (eg alumino-silicate), potassium (eg k-feltspars) and sodium (eg albite). 

buffer between pH 3.8-4.8.

A decrease of As was observed at cycles 39-54. The lower pH may have contributed to the 
stabilization of As. When acid was added to GLD/Tailings blend to lower the pH, the leaching 
of As for the GLD application decreased with 30%. When sulphidic tailings oxidize, amorphous 
Fe(OH)

3 
and goethite can be formed which can adsorb As.

When the oxidation produce a lower pH, Mo concentrations in the leachate is expected to decrease 
as can be seen in diagram (1R). Mo is most likely trapped as ferrimolybdite (Fe2(MoO4)3 · H2O) 
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at low pH. The mobility of Mo is greatly restricted during weathering due to low pH. However, if 

1987).

It can be concluded that after the buffer capacity have ceased (> 11000 years), the GLD application 
will lose its ability to stabilize metals (expect As and Mo) derived from the tailings. 

5. Conclusions
Tailings may be added to GLD to improve the shear strengths of the material. However, the blend 
showed an increased hydraulic conductivity and a small negative effect on the water retention 
capacity compared to GLD alone. However, the capacity to retain water is still very large compared 
to other materials used as sealing layers (eg clayey till). This means that the material may stay 
saturated even at time of drought when used in a sealing layer application. This would effectively 
prevent oxygen to reach the waste, thereby slowing down the oxidation of the under-laying mine 
waste. The alkalinity of the GLD showed to have a direct effect of the stabilization of most elements 
when blended with tailings. As long as the GLD can buffer the acidity formed by the sulphidic 
tailings the metals are expected to be stable. When the buffering capacity is consumed the metals 
become mobile. Based on the hydraulic conductivity and the fact that oxygen mainly can enter 
dissolved in water and not through the air due to the saturated layer, the oxygen diffusion is very 
low. The depletion of pyrite in the material used in our experiment, is expected to take 11 000 
years. Restriction of using the application with tailings rich in As and Mo may be considered due 
to the increase of leaching of these elements.

6. Acknowledgements

Sveriges Ingenjörers environmental fund, Norrbotten research council, and the Center of Advanced 

7. References
Bellaloui, A., Chtaini, A., Ballivy, G., Narasiah, S., 1999. Laboratory Investigation of the 

vol. 111, no. 1-4, pp. 57-73.

highly reduced soils Geochim. Cosmochim. Acta, 60 (19), pp. 3609–3618

Chtaini, A., Bellaloui, A., Ballivy, G., Narasiah, S.,  2001. Field Investigation of Controlling 

1-4, pp. 357-374.



16

Cruz, R., Méndez BA, Monroy M, Gonzalez I., 2001. Cyclic voltametry applied to evaluate 

Hakkou, R., Benzaazoua, M., Bussière, B., 2008. Acid mine drainage at the abandoned Kettara 

Höglund, L. O., Herbert, R., Lövgren, L., Öhlander, B., Neretnieks, I., Moreno, L., Malmström, 

report. MiMi report 2003:3. ISBN: 91-89350-27-8.

remediation. Sci. Tot

Geochim. Cosmochim. Acta 50. 1455-1463.

formed from acid mine drainage. Doctoral thesis, Department of Chemistry, Inorganic Chemistry, 

Water in Mining 2006 Conference. November 14–162006, Brisbane, Queensland.

 molybdenum during weathering 
of the Ceresco Ridge porphyry molybdenite deposit, Climax, Colorado and a comparison with 
the Hollister deposit, North Carolina Dawn S. Kaback Applied Geochemistry Volume 2, Issue 4, 

Geochimica et Cosmochimica Acta 51, 3191-3199.

Mbonimpa, M., Aubertin, M., Aachib, M., Bussière, B., 2003. Diffusion and consumption of 
oxygen in unsaturated cover materials. Canadian Geotechnical Journal 40, 916-932. 

Makitalo, M., Jia, Y., Maurice, C., Öhlander, B., 2012 Characterization of green liquor dregs for 
potential usage as a barrier for sulphidic mine waste. Submitted manuscript.

Müller, B., Axelsson, M. D., Öhlander, B., 2002. Adsorption of trace elements on pyrite 



17

acidic waste.

Microbiology and Biotechnology 63, 239-248.

Geochemistry, mineralogy and environmental implications

Microbiology 65, 319-321.

Sébaïbi, Y., Dheilly, R.M., Quéneudec, M., 2003. Study of the water-retention capacity of a 

33, 689-696. 

SIS, 1981. Swedish Standards Institute.  SS 028113 Determination of Dry Matter and Ignition 
Residue in Water, Sludge and Sediment. SIS Förlag AB, 118 80 Stockholm, Sweden.

SIS, 1991.  Geotechnical tests-compression properties- oedometer test, CRS-test- cohesive soil. 
SS 02 71 26, Swedish standards institute, SIS förlag AB, Stockholm. (In Swedish).

Sobek,  A. A., Schuller, W. A., Freeman,  J. R., Smith, R. M., 1978. Field and laboratory 

of kinetic test type on geochemical response of low acid generating potential tailings. 10th 
International Conference on Tailings and Mine Waste: Tailings and Mine Wastes’03, 12-15 

Weaver, W.D., 1946. Water impedance with bentonite by the placement method. Soil Sci. Soc. 



18

Adsorption of copper (II) by pyrite in acidic to 
neutral pH media. Scandinavian Journal of Metallurgy 18, 262-270.



 



 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Impact
    /LucidaConsole
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


