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Abstract

One of the mining industry’s main concerns is the management of waste rock and tailings generated 
y sul de ore e traction  on e osure to atmos heric o ygen  iron sul des o idi e roducing 

acidity  n the a sence of alkaline minerals to neutrali e this acidity  elements including harmful hea y 
metals may e trans orted with ercolated water  forming acid mine drainage   common 
solution to re ent o ygen and water entering sul de earing mine waste  there y minimi ing the 
formation of  is to construct a dry co er com rised of soil  n weden  clayey till is often used  

ue to a shortage of ne grained till close to mines  other sealant materials must e considered

his thesis resents an alternati e to the traditional materials used as sealing layers in dry co ers  reen 
li uor dregs  are a residual waste originating from the recycling of chemicals in sulfate ul  
mills  he o ecti e was to e aluate the suita ility of  for use in sealing layers for sul dic mine 
waste  his was carried out y analy ing sam les oth in the la oratory and in the eld in a ilot scale 
study   was characteri ed hysically  mineralogically and chemically to determine ariations in 
the ro erties of the material  ased on the characteri ation results  the difference etween atches 
was small oth mineralogically and hysically  n addition  it had fa ora le ualities with res ect 
to reducing water ercolation and o ygen diffusion  as it e hi ited low hydraulic conducti ity and 
high water retention otential  owe er  the shear strength was insuf cient for co er a lications  
n an attem t to im ro e shear strength  ut also to reduce the amount of  to sa e trans ortation 

costs  y ash  tailings and till were lended with  ll of these additi es increased the shear 
strength  umidity cell tests were used to study the effect of  on the mo ility of elements found 
in the tailings that are considered to cause ma or en ironmental issues  hey showed that the alkaline 
ca acity of the  raised the  there y sta ili ing the tailings and reducing the leaching of n  

d  u  i  o and r  he amount of leached elements could e directly related to  o and s 
leaching increased as a result of the a lication of  his is e lained y the chemical eha ior 
of these elements and their tendency to ecome mo ile at high 

ecause co ers on mine waste should e ef cient o er the long term  the aging of  was studied 
with material ranging from  years old  ged  showed a hydraulic conducti ity of  m s  

his is not e ected to affect the function of the sealing layer to minimi e o idation ecause older 
 e hi ited a high water retention ca acity and a degree of water saturation of  which 

would effecti ely limit o ygen diffusion  eaching  mainly of  and  was o ser ed ut had no 
ma or effect on the hydraulic ro erties of the material  he effects of aging are largely related to the 

uantity of water assing through the  there y changing its chemical com osition and  in the 
long term  its  

n im lementation study using  as an additi e to im ro e the hydraulic ro erties of till in 
the construction of sealing layers in a co er system design was carried out  he results showed that 
the uality of till  i e  hydraulic conducti ity and water retention ca acity  could e im ro ed y 
the addition of  ddition of   was found to e suf cient to take full ad antage of 
its hydraulic ro erties and suf cient com action could e achie ed  ased on the results   is 
e ected to e a ia le alternati e to traditional co er materials  he ilot scale study  as well as a 
full scale trial that is currently in rogress  will e used to e aluate further the function of a 

ased sealing layer





Populärvetenskaplig sammanfattning

n a  de st rsta utmaningarna f r gru industrin r hanteringen a  gru a fall  r erg och 
anrikningssand som genereras i gru rytning a  sul dgru or inneh ller oftast rnsul der och kan 

id e onering a  syre  o idera och ilda ett surt lak atten  Om alkalina mineral som kan neutralisera 
denna syra saknas  frig rs metaller som trans orteras med in ltrerande atten  n anlig l sning f r 
att egr nsa syre och atten fr n att n  sul dhaltigt gru a fall  och d rmed f rhindra u komsten a  
surt lak atten  r att t cka a fallet med ett t tskikt a  lerig mor n eller andra naturliga material   
grund a  rist  mor n med assande egenska er r andra alternati  n d ndiga

enna a handling resenterar ett alternati  till traditionella t tskiktsmaterial  r nlutslam  
r ett a fall som u kommer n r kemikalierna som an nds inom a ersmassaindustrin ter inns  
yftet med denna studie ar att ut rdera m ligheten att an nda den som t tskikt f r sul dhaltigt 

gru a fall   har karakt riserats fysikaliskt  mineralogiskt och kemiskt f r att kartl gga ariationer 
i materialets egenska er  arakteriseringen isade  sm  mineralogiska och fysikaliska skillnader 
mellan olika  essutom u isade  egenska er som kan minska syrediffusion  och 
u komst a  lak atten  s  som h g attenh llningsf rm ga och l g hydraulisk kondukti itet  ock 
isade den ha l g sk u h llfasthet ilket inte r nsk rt i k ali cerade t ckningar eftersom h g 
ackningsgrad r a  stor ikt  r att f r ttra sk u h llfastheten  och en minska m ngden  f r 

att h lla nere trans ortkostnaderna  tillsattes ygaska  anrikningssand och mor n  amtliga tillsatser 
kade sk u h llfastheten  enom att an nda fuktkammarf rs k kunde geokemiska reaktioner som 

u stod n r  landades med anrikningssand kartl ggas   h de rdet och kunde d rmed 
sta ilisera anrikningssanden och minska utlakningen a  framf r allt n  d  u  i  o och r  ock 
u stod en kad lakning a  o och s ilket eror  deras kemiska f rm ga att li mo ila id h gt 

 

r att studera funktionen hos   l ngre sikt  an ndes  r gamla material  ldrad  
u isade en hydraulisk kondukti itet   m s  etta ed ms inte erka t tskiktets funktion 
att minimera sul do idation eftersom den i eh ll en h g attenh llande f rm ga och u isade en 

attenm ttnad    ilket effekti t skulle egr nsa syrediffusionen  tlakning a  fr mst  och 
 o ser erades  men isade sig inte har n gon st rre effekt  materialets hydrauliska egenska er  
ffekterna a  materialets ldrande r framf r allt relaterade till hur mycket atten som asserar 

genom  ilket f r ndrar dess kemiska sammans ttning och  l ng sikt en dess 

 har en landats med mor n i en ilotstudie med syfte att f r ttra mor n som inte u fyller 
kra en  t tskikt  esultaten isade att mor nens hydrauliska kondukti itet och attenh llande 
f rm ga kunde f r ttras till den grad att den ed mdes kunna an ndas som t tskikt    
isade sig ara tillr ckligt f r att f r ttra mor nens hydrauliska egenska er samtidigt som h g 

kom aktering kunde u n s  aserat  denna studie f r ntas  kunna utg ra ett alternati  
till traditionella t ckmaterial  ilotstudien samt ett g ende fullskalef rs k kommer att ytterligare 
ut rdera funktionen a  aserade t tskikt
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1. Introduction

Waste generated from ore mining is the largest 
waste stream by weight in Europe. In Sweden 
alone, more than 140 million tons are produced 
annually (SGU 2015). Adding historic mine 
waste to this number, makes the total amount of 
deposited mine waste large. Mine waste poses a 
threat to the environment, not only through its 
volume but also because it can contain a wide 
range of minerals and elements.  Safe disposal 
techniques and proper management of mine waste 
to reduce negative impacts on the environment 
are required. This is the mining industry’s 
single largest challenge. Traditional prevention 
techniques to minimize environmental pollution 
generated by mining and, more speci cally, 
reduce metal leaching include covering mining 
waste with a sealing layer, often consisting 
of natural soil. The soil must minimize the 
amount of oxygen reaching the waste to prevent 
unwanted chemical reactions from occurring. It 
must also minimize water percolation to reduce 
the amount of leachate. Finding natural soil with 
these qualities is, however, not always possible, 
thus creating a need for other options. This thesis 
presents an alternative solution in the effort to 
prevent environmental pollution. It introduces a 
residual waste from the paper industry which can 
potentially be used to cover reactive mine waste, 
and presents the steps taken from characterizing 
the material to implementing its use in a pilot-
scale set-up and a planned full-scale application 
as sealant material on top of mine waste.

1.1. Mining 

The history of mining in Sweden stretches back 
to the Middle Ages. Over the years, more than 
1000 mines have been in production and have 
made Sweden an important mining nation in 
Europe. There are 16 active mines today. Five are 
iron ore mines, three are precious metal mines 
and eight are sul de ore mines (SGU 2015). 
A wide variety of commodities are produced. 
Sweden is the EU’s number one producer of iron 
(92%) and lead (36%) and the second leading 
producer of zinc (29%) (SGU 2015). High 
quantities of silver, gold and copper are also 
produced. The mining industry supplies metals 

that are important for growth and development 
as well as employment. The number of people 
engaged in the mining industry has increased by 
over 50% in the last 10 years (SGU 2015).

The down-side of the mining industry is the large 
amount of waste being generated, the main part 
consisting of waste rock and tailings. Waste rock 
is the coarse material removed to access the ore, 
while tailings are the nely ground material left 
after ore processing. In 2014, 60% or 83 million 
tons of the mine waste in Sweden originated from 
sul de ore mines and that number continues to 
increase (SGU 2015). To avoid transportation 
of the mine waste, most active and closed 
mines are surrounded by waste rock dumps and 
impoundments containing tailings.

1.2. Environmental impact of mining

It has long been known that mining may have 
detrimental effects on soil, water and biota. 
The Swedish botanist Carl von Linné observed 
early in the 18th century that the Falu River 
was polluted by drainage waters from the Falu 
copper mine, located in south central Sweden 
(Öhlander et al. 2012). However, the recognition 
of metal leaching from tailings and waste rock 
being a cause of serious environmental pollution 
was generally accepted only a few decades ago, 
although ever since signi cant effort has been 
invested in addressing this problem.  Researchers, 
mining companies and environmental 
authorities worldwide have taken action to 
understand the fundamental geochemical 
processes occurring in mine waste and to 
develop cost-ef cient technologies to prevent 
and control metal leaching (Höglund et al. 2004; 
INAP 2009). Strict environmental legislation 
places high demands on the management of 
mining operations to nd methods for waste 
disposal and remediation of waste deposits that 
function over very long time periods without 
maintenance. The Swedish Environmental 
Protection Agency in cooperation with the 
County Administrative Boards recognized 600 
sites in need of remediation in Sweden, 30 of 
which are classi ed as a ma or risk to health 
and environment and 100 a substantial risk. The 
remediation costs of these sites are estimated 
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to amount to 2-3 billion Swedish crowns (US$ 
130-200 million) (Swedish EPA 2009). In 
Sweden, the Environmental Protection Act (SFS 
1969) places full liability on the operator for the 
remediation of land lls closed after 1969. As 
no environmental protection legislation existed 
before 1969, the nancing of the remediation of 
sites closed before this year is an issue and would 
fall on the Swedish government (Lindgren and 
Destouni 2002). This explains the large number 
of unremediated old mine sites, such as the 
Laver mine site located in northern Sweden and 
closed in 1946 (Fig. 1).

This thesis is also intended to provide a 
description of the consecutive steps, from 
characterization to implementation, that can 
be used by a wide scienti c audience in the 
development of any novel sealant material for 
application on sul dic mine waste. For more 
speci c details, see papers I- .

The progress made towards the in- eld use of 
GLD as a sealing layer is detailed in the papers 
below:

Paper I focuses on characterizing various 
batches of GLD physically, mineralogically 
and chemically to evaluate its potential as a 
candidate for sealing layers in the construction 
of dry covers on sul de-bearing mine waste. 

Paper II aims to nd a mix that has improved 
geotechnical and hydrological properties 
compared to GLD alone. This was achieved by 
blending GLD with y ash and tailings. It also 
addresses how these properties are expected to 
change with time.
 
Paper III further details the geotechnical and 
hydrological properties of GLD mixed with 

y ash and tailings, but with geochemical 
interactions as the main focus.

Paper I  identi es a way to improve the quality 
of till by adding various proportions of GLD 
to decrease hydraulic conductivity to limit 
percolation, increase water retention capacity 
and to decrease oxygen in ux through the 
material. Methods to obtain a uniform mix 
under both laboratory and eld conditions were 
evaluated as well as the ability of the material to 
be compacted to a grade where it can be applied 
as a sealing layer.

Paper  evaluates how the four main properties 
important for long-term stability, i.e. hydraulic 
conductivity, water retention capacity, degree of 
saturation and physical integrity, change as GLD 
ages.  A prediction of the long-term performance 
at preventing water and oxygen ingress of a 
GLD sealing layer is made.

Fig. 1. Polluted soil at the Laver mine site, Sweden.

1.3. Scope and aims

The aim of this work was to assess the suitability 
of green liquor dregs (GLD), a residual waste 
from pulp and paper mills, in sealing layers to 
cover sul dic mine waste.

This was achieved, more speci cally, by:

• Assessing the long-term potential of GLD 
to limit water percolation and oxygen 
diffusion. 

• Identifying possible geochemical 
interactions with sul dic mine waste. 

• Improving the physical properties of the 
material for this speci c function. 

• Describing practical methods to apply a 
sealing layer based on green liquor dregs in 
large-scale applications.
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2. 

Metal sul des are commonly found in wall rock, 
waste rock and tailings of sul de ore mines as 
well as on the surfaces of underground workings 
and open pits. Sul de minerals in ore deposits 
were formed under reducing conditions in the 
absence of oxygen. Chalcophile elements such 
as Pb, Cu, Co, As, Ag and Fe often occur as 
sul dic minerals. Typical examples are Pb as 
galena (PbS), Cu as chalcopyrite (CuFeS2), Co 
as cobaltite (CoAsS), Zn as sphalerite (ZnS) and 
Mo as molybdenite (MoS2) (Siegel 2002). The 
iron sul des pyrite (FeS2) and pyrrhotite (Fe(1-x)S 
where x 0.125) are common in sul de ores and 
cause the problem with acid drainage waters. 
Metal sul des, iron sul des in particular, can 
also be found in sulfate soils such as brackish-
water sediments, where they have been formed 
by the action of sulfate-reducing bacteria. Along 
the Gulf of Bothnia in Northern Sweden and 
Finland, these soils are particularly common.

2.1. 

When sul de minerals are exposed to 
atmospheric oxygen or oxygenated water as 
a result of either mining and excavation or 
mineral processing, they can become unstable 
and oxidize (Simate and Ndlovu 2014). Several 
sul de minerals are known to generate acid in the 
presence of oxygen or ferric iron as an oxidant; 
some of the most common are: pyrite (FeS2), 
pyrrhotite (Fe(1-x)S) and arsenopyrite (FeAsS). 
By far the most prevalent sul de mineral in 
soils and sediments is pyrite and the oxidation 
of pyrite is often described when it comes to 
oxidation of sul des. Pyrite oxidation can occur 
in two ways. Pyrite oxidizes when exposed 
to atmospheric oxygen and water and forms 
sulfates and acidity (H+) (Reaction 1) (Höglund 
et al. 2004). This generates a metal-rich acidic 
leachate, as illustrated in Fig 2.1, known as acid 
mine drainage (AMD) or acid rock drainage 
(ARD), the former being due to mining activities 
whilst the latter is a more general term for the 
phenomenon and does not have to be a result of 
sul de ore mining (INAP 2009). Pyrite oxidation 
can also occur in the absence of oxygen, but 
with ferric iron as an oxidant (Reaction 2). This 

reaction produces eight times more acidity than 
reaction 1. Fe2+ generated in reaction 1 can form 
ferric iron through hydrolysis (Reaction 3) which 
in turn can form ferric hydroxide and acidity in 
reaction with water (Reaction 4).

FeS2(s) + 7/2O2(g) + H2O  Fe2+(aq) + 2SO4
2-

(aq) + 2H+(aq)     (1)

FeS2(s) + 14Fe3+(aq) + 8H2O  15Fe2+(aq) + 
2SO4

2-(aq) + 16H+(aq)    (2)
 
4Fe2+(aq) + O2(g) + 4H+(aq)  Fe3+(aq) + 2H2O  
      (3)
 
Fe3+(aq) + 3H2O  Fe(OH)3 + 3H+(aq) (4)

There are also several sul dic minerals prone 
to generating acid with ferric iron as an oxidant 
such as chalcopyrite (CuFeS2) (Reaction 5), 
sphalerite (ZnS) (Reaction 6), galena (PbS) 
(Reaction 7) and covellite (CuS) (Reaction 8) to 
mention a few (Plumlee 1999).

CuFeS2(s) + 16Fe3+ + 8H2O  17Fe2+(aq) + 
2SO4

2-(aq) + 16H+ + Cu2+    (5)

ZnS(s) + 8Fe3+ + 4H2O  8Fe2+(aq) + SO4
2-(aq) + 

8H+ + Zn2+      (6)

PbS(s) + 8Fe3+ + 4H2O  8Fe2+(aq) + SO4
2-(aq) + 

8H+ + Pb2+      (7)

CuS(s) + 2Fe3+ + 4H2O  8Fe2+(aq) + SO4
2-(aq) 

+ 8H+ + Cu2+      (8)
 
Depending on the geochemistry of the mine 
waste, oxidation of pyrite has been shown to 
involve formation of relatively stable secondary 
products such as goethite (FeO(OH)) and 
gypsum (CaSO4·2H2O) if calcite is present, 
and the less stable secondary products 
ferrihydrite (5Fe2O3·9H2O), schwertmannite 
(Fe8O8(OH)6SO4) and arosite ( Fe3(SO4)2(OH)6) 
(Dold 2014) which can all transform to the 
more stable goethite. The reactions occurring 
are largely dependent on which minerals being 
present in the sul dic mine waste and the pH 
generated as an effect of the reactions described. 
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By characterizing the waste, predictions of the 
mobility of the elements associated with the 
sul des can be made.

Several factors are known to affect sul de 
oxidation and AMD generation. Besides 
mineralogical composition, the primary factors 
are:

Oxygen availability: Mine waste deposits with 
high permeability are associated with high 
oxygen ingress. In atmospheric air, the normal 
oxygen content is ~21%. Oxygen also exists 
dissolved in water. However, the concentration 
in the water phase is low, only ~10 ppm. This 
value can vary as the solubility of oxygen 
is dependent on atmospheric pressure, other 
dissolved substances (e.g. salinity and dissolved 
gases) and temperature (Tromans 1998). 

Water availability: It has been con rmed that 
both oxygen and water are required for the 
generation of AMD (INAP 2009).  Water can 
originate from precipitation or nearby waterways 
but also from groundwater ow. Run off and 
evaporation/evapotranspiration are factors 

that reduce the water supply. The extent of the 
contamination is, therefore, largely dependent 
on local conditions such as groundwater ow, 
topography and precipitation.

Temperature: It has been shown that the oxidation 
of pyrite is strongly temperature-dependent and 
that freezing temperatures will limit but not 
eliminate oxygen consumption resulting from 
pyrite oxidation.  An approximation of the 
pyrite oxidation rate can be calculated with the 
Arrhenius equation (Nicholson et al. 1988),

ln (k1/k2) = Ea(T1-T2)/(RT1T2) Arrhenius equation

where Ea is the activation energy (values for 
pyrite oxidation can be found in the literature 
and usually vary from 50 to 88 kJ/mol), k1 and k2 
are reaction rates at temperatures T1 and T2 and R 
is the gas constant (Lowson 1982).

Surface area: A larger surface area is normally 
associated with more exposed sul de minerals. 
Surface area is inversely proportional to particle 
size. This is the reason why tailings generally 
have a large capacity to generate acid.

Oxygen

Precipitation

Sulfide-bearing
minerals

Leachate
Fig. 2.1. Illustration of the formation of ARD (left) and AMD drainage in the Falu copper mine district, 
Sweden (right). The characteristic orange color is a sign of the presence of iron hydroxides in the water.



5

Buffering minerals: Neutralization reactions 
from buffering minerals can play a role in 
counteracting the appearance of AMD. Most 
important buffering minerals are carbonates such 
as calcite (CaCO3), which rapidly reacts and 
buffer at ~pH 8. Siderite buffers at a pH of ~5-6. 
In addition, silicate minerals may buffer but they 
react slowly and cannot maintain a neutral pH. 
Aluminum hydroxides and iron hydroxides such 
as ferrihydrite, goethite and gibbsite buffer at pH 
generally <4 (Lottermoser 2010).

Microbial activity: Microbial activity plays 
an important role in accelerating the rate 
of acid generation, whereby inhibition of 
microorganisms can impede the rate of acid 
generation. Bacteria such as Acidithiobacillus 
ferrooxidans and Leptospirillum ferrooxidans 
are catalysts in the reaction oxidizing Fe2+ to Fe3 
(Dold 2014). It is not uncommon that studies 
aiming to detect sul de oxidation fail due to 
the loss of microbial activity in unfavorable 
laboratory conditions (Dold 2014). 

pH: For bacteria to thrive, environmental 
conditions must be favorable and pH is a key 
factor. For example, A. ferrooxidans shows its 
highest activity levels at pH < 3.2 (Dold 2014).

There are many known cases of sul de oxidation 
and AMD formation worldwide. One famous 
case is the Rio Tinto, located in southwest Spain, 
whose orange color is a result of sul dic mining 
activities beside the river. Studies at Luleå 
University of Technology have characterized 
and monitored several local cases of AMD (e.g. 
L ungberg and Öhlander 2001; Alakangas et al. 
2010; illain 2014).

2.2. Prediction methods

There is often a lag time between the initiation 
of mining and the formation of acid from the 
generated waste (UCB 1988). The acid producing 
potential (AP) varies and is dependent on the 
mineralogy and particle size (US EPA 1994). 
Prediction of the AP is therefore important and a 
requirement at an early stage (SFS 2013). There 
is a variety of prediction methods to assess the 
acid formation from mine waste. These methods 

can be divided into static and kinetic methods. 
The choice of method/methods is often based 
on a combination of economics and the time 
available to conduct the test (INAP 2009). 

Static tests

Static tests aim to predict AP and neutralization 
potential (NP). Acid-base accounting (ABA) 
developed by Sobek et al. (1978) is a common 
method used to assess the AP of sul dic mine 
waste. The AP is calculated based on the sulfur 
content of the sample (AP = 31.25 * %S) and 
the NP is determined by titration with HCl. 
By subtracting the AP from the NP, the net 
neutralization potential (NNP) is determined. The 
units are expressed in mass of calcium carbonate 
(CaCO3) per 1000 metric tons of rock. A sample 
with a NNP>20 is regarded as not having any AP, 
whereas a NNP<-20 is classi ed as potentially 
acid producing. As the test is based on several 
simpli cations/assumptions, a wide range of 
modi ed ABA methods has been developed 
with the aim of increasing the accuracy of the 
test (e.g. Lapakko 1993; Ferguson and Morin 
1991; Coastech 1989). A European standard has 
now been developed (CEN 2011).

Kinetic tests

Unlike static tests, kinetic tests attempt to induce 
natural oxidation reactions to occur. This way, 
information about the sul de oxidation rate and 
the leachate quality can be assessed. This is a 
tool to predict geochemical reactions occurring 
in the eld over time. A common kinetic test 
is the humidity cell test originally developed 
by Sobek et al. (1978), but a large number of 
modi ed methods exist as well as a standard 
procedure (ASTM 1996). Generally, the sample 
is leached with water after exposing it to cycles 
of dry and humid air. The test requires a long 
time for completion, sometimes up to several 
years. Soxhelet extraction tests, column tests, 
batch reactor tests and eld scale tests are 
other examples of kinetic tests (US EPA 1994). 

inetic tests should be considered to provide a 
rough estimate of the reactions that may occur 
and do not re ect the nal situation in the eld.
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2.3. Prevention/treatment methods

There are various approaches to prevent or 
minimize acidic leachate water generated from 
sul dic mine waste. Prevention techniques aim 
at preventing or slowing down the formation 
of AMD whereas treatment techniques use 
chemicals to neutralize the acid (Höglund et 
al. 2004). Neutralization of existing AMD 
with calcite (CaCO3), which aims to form iron 
precipitate and gypsum according to the reaction 
below (Simón et al. 2001), is widely used but 
it requires monitoring and maintenance over a 
long time, which is costly and not a sustainable 
solution as it has to be repeated continuously. 

Fe3+(aq) + 2SO4
2-(aq) + H+(aq)+ 2CaCO3(s) 

+ 5H2O  Fe(OH)3(s) + 2CaSO4·2H2O(s) + 
2CO2(g)

Lime (CaO) is an inexpensive chemical but 
generates other problems, such as lime sludge 
formation, which have to be taken care of 
(Lottermoser 2010). Environmental authorities 
in Sweden require long-term low-maintenance 
remediation methods and therefore continuous 
liming is not a recommended practice. Prevention 
at the source is preferred over chemical treatment 
methods (Johnson and Hallberg 2005; INAP 
2009). 

As oxygen is the most important factor for 
oxidation, traditional strategies in the mitigation 
of AMD are directed towards preventing, or 
at least limiting, oxygen from reaching the 
waste. This way oxidation rates will slow down 
(Höglund et al. 2004; INAP 2009). This can be 
achieved by applying a water cover on top of 
the waste (Holmström and Öhlander 1999) (Fig. 
2.2) or by covering the waste with a dry cover 
(Lindvall et al. 1997).

Water cover

Underwater disposal takes advantage of the 
fact that the oxygen diffusion rate is 104 times 
lower in water than in air. This, together with 
the fact that the O2 concentration in water is 
~20,000 times lower than in air, explains why 
oxygen transport is so strongly reduced through 

a water cover (Höglund et al. 2004; INAP 2009). 
However, the water-cover technique has many 
draw-backs, such as the need for continuous 
maintenance of mine dams and the risk of 
failure. It also occupies a large space. Wind-
induced resuspension of water-cover tailings has 
also been shown to be a problem, thus failing 
to prevent AMD formation (Yanful et al., 2000; 
Yanful and Catalan 2002). 

Fig. 2.2. Water covered tailings at ristineberg, northern 
Sweden. ristineberg mine is visible in the background. 
Photo: Peter Nason

Dry cover

Dry covers are constructed to prevent oxygen 
and water from reaching the waste. They are 
considered a low-maintenance solution. A dry 
cover comprises several layers and is placed over 
the mine waste (Fig. 2.3). It usually consists of 
a vegetation layer followed by a protective layer 
and a sealing layer. In Sweden, the thickness of 
the protective layer is commonly 1.2-1.5m, and 
made of unsorted glacial till. Its main function 
is to protect the integrity of the sealing layer 
(e.g., from root penetration, freezing/thawing, 
erosion) (Höglund et al. 2004). The sealing 
layer is designed to have a high degree of water 
saturation to reduce oxygen diffusion and to 
avoid crack formation due to desiccation, through 
which water and oxygen could reach the waste. 
A low hydraulic conductivity to reduce drainage 
into the underlying waste is also of importance. 
Hydraulic conductivity is negatively correlated 
to porosity in the case of ne-grained material 
(Marion et al. 1992; oltermann and Gorelick 
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1995) and the speci c surface area (Benson and 
Trast 1995). A high porosity enables water to 
enter the material, but the large surface area also 
enhances chemical interactions binding water 
to particles, thereby limiting water transport, 
resulting in a high degree of saturation. A soil 
that often exhibits these properties is clayey 
glacial till and such soils are used in sealing 
layers whenever possible (SME 1998). However, 
many mines are not located in close proximity to 
till that has these properties, creating a need for 
alternative solutions. The optimal thickness of a 
sealing layer depends on several factors such as 
oxygen diffusion, oxygen concentrations and the 
hydraulic conductivity of the material (Carlsson 
2002). In Sweden, generally a thickness of ~0.3 
m is used.

1×10-9 m/s is generally aimed for when 
constructing sealing layers (Höglund et al. 
2004). A high water retention capacity together 
with a high degree of saturation prevents air-
entry, and thereby stops oxygen reaching the 
waste. This may limit oxidation of the tailings 
more ef ciently than a material that exhibits a 
hydraulic conductivity of 1×10-9 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 retain moisture to avoid 
desiccation cracks through 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 suf cient shear strength 
to allow compaction in dry cover applications. 

Installation of a dry cover is an expensive 
procedure. In the remediation process, the 
operator has to apply the best available technique 
(BAT). The Integrated Pollution Prevention and 
Control directive (IPPC 2008) and the Industrial 
Emissions Directive (IED 2010) de nition of 
Best Available Technique is the following: “Best” 
refers to being most effective in achieving a high 
general level of protection of the environment. 
“Available” refers to a developed technique that 
can be implemented under economically and 
technically viable conditions, and is reasonably 
accessible to the operator. “Technique” includes 
both the technology used and the way in which 
the installation is designed, built, maintained, 
operated and decommissioned. Depending on 
the conditions at a speci c site, the BAT can 
vary.

3. 

The quantity of material needed to cover waste 
rock dumps and tailings impoundments is huge, 
therefore there is an urgent need to nd alternative 
cover systems that are both cost- and material 
ef cient, and ful ll the long-term requirements. 
In recent years, research has been carried out to 
assess the potential of industrial waste materials 

Fig. 2.3. Illustration of a dry cover design showing 
the vegetation layer, protective layer and sealing layer. 
Sometimes a drainage layer is applied on the top or/and 
below the sealing layer.

Protective layer

Sealing layer

Sulfide-bearing
mine waste

Protective layer

Sealing layer

Sulfide-bearing
mine waste

Vegetation layerVegetation layer

 One way to asses a material’s ability to hold 
water is to perform suction tests, also called 
water retention capacity tests.  However, in the 
literature, use of this test is not often reported. 
Studies generally focus on the hydraulic 
conductivity. The EU Land ll Directive (EU 
1999) requires a hydraulic conductivity of 
1×10-9 m/s for sealing layers on municipal 
land lls for hazardous waste. Although the 
regulation does not apply to mine wastes, 
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to mitigate AMD (e.g. Sartz 2010; Bertocchi et 
al. 2006; B ckström and arlsson 2006; Nason 
2013).

Sewage sludge is one residual waste that has been 
considered a candidate for use in sealing layers. 
A study on using sewage sludge as a water-
saturated layer applied as a nal cover system 
on tailings, showed reduced oxygen diffusion 
from the air to the tailings as well as a decreased 
oxidation rate of sul de minerals (Peppas et al. 
2000). Nason (2013) also observed that sewage 
sludge could act as an organic reactive barrier 
to oxygen diffusion and slow down the sul de 
oxidation process of tailings. However, after 8 
years of use, the organic fraction had degraded 
by 85%, suggesting that sewage sludge is not a 
viable long-term dry cover technique. Several 
studies on organic paper mill wastes have 
indicated that they may be effective as covers 
(e.g. Cabral et al. 2000; Chtaini et al. 2001). 
However, the degradation of the organic matter 
was a concern in these studies. 

To bypass the risk of organic degradation, 
avoiding materials containing organic matter 
in long-term AMD mitigation cases may be 
preferable. Alakangas et al. (2014) listed a 
variety of inorganic industrial wastes that are 
potential candidates in sealing layers, such as 
cement kiln dust, lime kiln dust, y ash and 
green liquor dregs.

3.1. Cement kiln dust

Cement kiln dust (C D) is an alkaline solid 
waste removed from cement kiln exhaust gas 
by electrostatic precipitators. Several studies 
have shown that it has the ability to neutralize 
AMD (Duchesne and Doye 2003; Mackie and 
Walsh 2012). The amount needed to neutralize 
the mine waste is proportional to its lime content 
(Mackie and Walsh 2012). C D has also been 
used as a cover material/liner for sanitary 
land lls (Ballivy et al. 1992; Crosby et al. 
2000). Siddique and Ra or (2012) summarize 
various C D characterization studies.  Due to its 
chemical, physical and hydrological properties it 
may be a candidate for use in sealing layers. 

3.2. Lime kiln dust

Lime kiln dust (L D) is an alkaline waste 
removed from air pollution control lters at lime 
plants. L D has many physical similarities to 
C D, but its chemical composition varies. It has 
been used in the neutralization of AMD and as a 
barrier material (Rich and Hutchison 1994). As 
it absorbs moisture and cements when wetted, it 
may be a potential candidate for use in sealing 
layers.

3.3. Fly ash

Fly ash (FA) is an alkaline incineration residue 
with low permeability. Ashes are produced 
during the incineration of coal, bio fuels (e.g. 
woodchips) and municipal solid wastes. FA 
generated by the latter is usually not considered 
an alternative in sealing layers because, due to 
its high heavy metal content, it is classi ed as 
hazardous waste itself. It has natural pozzolanic 
and cementitious properties. FA has been 
tested in liner applications for various land lls 
(Ribbing 2007; Travar et al. 2009). The use of 
FA in AMD control has been investigated by 
several researchers (e.g. Bertocchi et al. 2006; 
Polat et al. 2002; Stouraiti et al. 2002; Xenidis et 
al. 2002).  One risk is that it can become brittle 
when cementing, resulting in crack formation 
when used in sealing layer applications. 
Mixing FA with other materials may therefore 
be necessary. B ckström and arlsson (2006) 
covered mine tailings with a mixture of ash and 
digested sewage sludge. The cover reduced metal 
leaching from the tailings and a vegetation cover 
could be successfully established. Fly ashes 
have also been tested in an attempt to prevent 
root penetration. Due to its high salt content, 
high pH and hardness, root penetration was 
prevented. Combined with a super cial sewage 
sludge layer, the construction prevented oxygen 
diffusion because of the high degree of saturation 
due to the high water retention capacity (Greger 
et al. 2006; Stoltz and Greger 2006).
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3.4. 

Green liquor dregs (GLD) represent another 
alkaline and inorganic waste with low 
permeability (Fig. 3.1). They originate from the 
chemical recycling process at sulfate pulp and 
paper mills. 

hydroxide and sodium sul de (white liquor) to 
form cellulose and black liquor. By disrupting 
the chemical bonds between cellulose and lignin 
and removing non-process elements (NPE) such 
as Mg, Si and Al originating from the wood, 
the cellulose can be liberated and continues its 
route through the pulp and paper making process 
(Lundqvist et al. 2006). A ma or advantage of 
using this method is that the inorganic chemicals 
used in the process can be recycled and reused 
in the recovery boiler. After the removal of 
water and burning the black liquor, a smelt is 
formed. The smelt is dissolved with weak white 
liquor, forming green liquor. The green liquor is 
then clari ed, after which GLD containing the 
unwanted NPE is removed and placed on a lime 
mud lter for dewatering. The white liquor can 
then be recycled in a several step process, as 
shown in Fig. 3.2. The process of retrieving the 
GLD can vary slightly between paper mills but 
usually follows the steps described.

GLD is the largest waste fraction from sulfate 
pulp mills and usually all of it is land lled. In 
Sweden ~300 000 tons of GLD is produced 
annually (Hamberg et al. 2013). Since land lling 
of GLD is costly, reusing the material would be a 

Fig. 3.1. Green liquor dregs

The world’s largest producer of sulfate mass is 
the United States, followed by Canada, China, 
Brazil, Sweden, Finland, Japan and Russia (SI 
2014). Most paper mills today use the sulfate 
production process (Fig. 3.2). The process 
involves treating wood chips with sodium 

Fig. 3.2. Overview of the kraft production process that generates green liquor dregs.
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great gain for the pulp and paper mill industries. 
GLD is classi ed as a non-hazardous chemical 
waste by the Swedish EPA (SFS 2001). It has 
been reported that it could act as a neutralizing 
agent for acidic wastewater (Pöykiö et al. 2006) 
and for sul dic mine waste (B ckström et al. 
2010). It has also been used in a few sanitary 
land ll cover applications (Pousette and M csik 
2000; Hargelius 2008). Together with the fact 
that GLD is alkaline and has a low hydraulic 
conductivity (Toikka 1998), the possibility 
arises of using it in the construction of sealing 
layers for sul dic mine waste.

3.5. Selecting a sealing layer candidate 

All of the wastes discussed exhibit favorable 
qualities, such as low hydraulic conductivity, 
indicating that they may be suitable for use in 
sealing layers. As Sweden has a large number 
of paper mills, the focus is on the re-use of their 
wastes. Fly ashes were previously considered a 
waste and generated large problems for the paper 
mills. Today a lot of the ash produced is re-used 
in other applications such as in land ll liners or 
cover constructions. As GLD is widely produced 
in Sweden and still lacks a de ned area of use, 
the potential for using it in sealing layers was the 
focus of the study described herein.

All of the materials mentioned are alkaline. One 
risk of using highly alkaline materials in sealing 
layers is that they can promote the formation 
of thiosalts. Thiosalts, such as thiosulfate, are 
intermediate products that form by a reaction 
of sul de and sul te in a neutral to high pH 
environment. Large quantities can pose a risk of 
subsequent acidi cation and leaching of metals. 
Thiosulfate can oxidize and form sulfuric acid 
under oxic conditions, and in the anoxic/dysoxic 
environment below the sealing layer, thiosulfate 
can undergo disproportionation, forming sulfate 
and acidity (Schippers 2004; Siu 1999; Zop  
et al. 2004). There is also a risk of leaching 
of metals in high pH environments (alkaline 
leaching).

4. 
 

The overall aim of the work described in this 
thesis was to evaluate the applicability of using 
GLD when constructing sealing layers over 
reactive sul dic mine waste. The research, as 
well as the discussion of future planned full-
scale applications, essentially follows the ow-
chart depicted in Figure 4.1. The steps involved 
are brie y described below.

Feasibility

Characterization

Long-term stability

Geochemical interactions

Improving the properties

Pilot-scale trial

Full-scale trial

Application on
other mine sites

Fig. 4.1. Steps for conducting an evaluation of GLD for 
future use in sealing layers for sul dic mine waste.

The study started with a brief evaluation of the 
technical feasibility and the interest expressed 
by the industry for using GLD as an alternative 
material in the prevention of the formation of 
AMD. The economic aspects and transport 
logistics of using GLD were not the focus of 
this study but have been evaluated by M csik 
and Maurice (2014). The study then proceeded 
to characterize the material intended for use for 
this purpose. An assessment of GLD’s long-
term function to prevent water and oxygen 
intrusion was carried out. Possible geochemical 
interactions with sul dic mine waste were 
identi ed and evaluated with the intention of 
improving the properties in order to function as 
a high–quality sealing layer. Finally, strategies 
for advancing towards the practical use of a 
sealing layer based on GLD in a pilot-scale and 
full-scale application are described.
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4.1. Materials

A variety of materials have been used in the 
study. The fresh GLD in the characterization 
study was obtained from three pulp and 
paper mills: Billerud orsn s AB, Iggesund 
Paperboard and Smur t appa, all located 
in the northern part of Sweden. Aged GLD to 
assess the long-term stability originated only 
from the latter two sources. The residual wastes, 

y ash and bark sludge, used as additives to 
improve the properties of GLD, originated 
from Billerud orsn s AB pulp and paper mill. 
Another additive, glacial till, was obtained 
from Ragn-Sells land ll in Br nnkl ppen, and 
from BDX Material in Boden, both located in 
northern Sweden. Tailings originating from 

ristineberg mine, northern Sweden, were 
characterized to evaluate chemical interactions 
when mixed with GLD. Besides silicate minerals 
(e.g. quartz (SiO2), -feldspar ( AlSi3O8), 
Mg-chlorite (Fe,Mg,Al)6(Si,Al)4O10(OH)8], 
talc [Mg3Si4O10(OH)2], plagioclase 
(NaAlSi3O8–CaAl2Si2O8) and muscovite 

[ Al2(AlSi3)O10(OH)2], the tailings contained 
pyrite, pyrrhotite, sphalerite, chalcopyrite, 
galena, covellite and minor amounts 
of carbonates (Holmström et al. 2001).  

4.2. Site description and sampling

Aged material was obtained from two land lls, 
the Rönnsk r land ll and the Iggesund land ll 
(Fig 4.2) to evaluate the long-term stability of 
the GLD. At the Rönnsk r land ll, GLD had 
been placed as a sealing layer on top of sul dic 
tailings and had been in place for 6 years at 
the time of sampling (Fig. 4.3). The Iggesund 
land ll belongs to Iggesund pulp and paper mill 
and contained GLD from 0-13 years of age. The 
climate zone of both sites is classi ed as subarctic 
with temperatures below 0°C between October 
and April. The mean annual temperature at both 
sites is 5°C and the mean total precipitation is 
600 mm/y for the Iggesund site and 400mm/y 
at the Rönnskär site (SMHI 2014). Of the 
precipitation, 50% is lost due to evaporation and 
transpiration (Axelsson et al. 1991). 

Fig. 4.2. Map showing the location of Rönnskär land ll and Iggesund land ll.

250 km

Rönnskär

Iggesund
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GLD from Smur t appa was sampled at a 
test plot at the Rönnskär land ll using a plastic 
shovel (Fig 4.3). In addition, intact soil cores 
were collected by slowly pushing a 15 cm 
long cylinder with an internal diameter of 7 cm 
horizontally into the sealing layer until it was 
completely lled with GLD. The collected 
samples were stored at 8 °C until analysis. 
GLD from the Iggesund land ll (Fig. 4.4) was 
collected by drilling using a mobile drill rig 
(Georig 607, Geotech Ltd, Askim, Sweden). 
Samples were taken with an auger (Fig. 4.5) to 
enable sampling at different depths to acquire 
material of different ages. The samples were 
then placed in diffusion bags until analysis. 

In the context of the pilot-scale study, mixing 
GLD with till was carried out at Ragn-Sells 
land ll site at Brännkläppen in Boden, Sweden. 
Five to 15% GLD was blended with two types of 
till (Brännkläppen till and BDX till) using either 
a crusher bucket (Allu Group Inc.) attached to 
a loader or a mobile asphalt plant. To ensure 
reliable feeding, the till was rst placed in a line 
and a 50/50 GLD/till mix (prepared by a loader) 
was spread out on top of the till before being 
processed 1-5 times by the crusher bucket or 
in 1-2 runs (45 sec or 2×45 sec) by the mobile 
plant. Total volumes of 10-60 tons were mixed 
to evaluate the ability to produce a homogeneous 
product.  Two sealing layers were constructed: 
one with a mix of 10% GLD and 90% till and one 
with till only. The liners were compacted in two 
layers by passing a hydraulic plate compactor 
(Liacom) with a service weight of 600 kg over 
each layer six times. The nal thickness of the 
sealing layers was 50 cm.

Fig. 4.3. Pit showing the GLD sealing layer (black) on 
top of tailings.

Fig. 4.4. Drawing of the Iggesund land ll from above 
with marked drill holes (upper picture) and from the side 
(lower picture). 
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Fig. 4.5. GLD sampling technique using an auger.
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4.3. Analytical methods performed in the 
laboratory

Particle characterization

Particle size distribution is one of the most 
important parameters in materials science and 
in geosciences. Particle size distribution can be 
measured in many ways. Sieve analysis used to 
be very common but has now fallen from favor 
and other techniques are now used. However, 
it remains an important tool for classi cation. 
Sedimentation techniques are often used but are 
gradually being replaced by the laser diffraction 
method which is the most widely used particle 
size analysis approach today for ne-grained 
materials; it was also the method of choice in 
this study. The advantage with this method is that 
it is known to yield highly reproducible results 
and can assess both particles in suspension 
and dry powders. The particles are illuminated 
simultaneously and the diffraction pattern is 
recorded by a photodetector. The intensity of light 
scattered by a particle is directly proportional 
to the particle size. It is important that the 
concentration of the particles is suf ciently low 
to avoid particle overlap and multiple scattering 
(Pabst and Gregorova 2007).

The surface properties of the particles were 
analyzed.  The surface charge of the particles, or 
zeta potential, was obtained by electrophoresis, 
which is the most common method for 
determining this. Electrophoretic mobility 
measurements used in this study were obtained 
by applying an electric eld across a system of 
suspended particles. The pH of the suspension 
was ad usted from 2-11 to determine the charge 
of the particles at various pHs. A common way 
to calculate the zeta potential, which was the 
method used in this study, is to determine the 
mobility of the particles from the velocity and 
the applied electric eld using Smoluchowski’s 
equation (Hunter 1981).

Surface structures were studied with a Scanning 
Electron Microscope (SEM) (FEI Magellan 400 
XH), a method for high-resolution imaging of 
surfaces.

A decreased particle size is associated with an 
increased surface area. The surface area is an 
important parameter when studying surface 
reactions. The speci c surface area of the particles 
was determined for some of the materials used 
in this study (GLD, FA and tailings) using BET 
N2 adsorption measurements (Brunauer et al. 
1938). Before analysis, the samples were dried 
with a freeze dryer system.

Mineralogical and chemical properties

The mineralogical characterization was carried 
out with x-ray diffraction analysis (XRD) while 
the chemical characterization was carried out 
by analyzing the samples with inductively 
coupled plasma mass spectrometry (ICP-
MS). All element analyses were performed at 
an accredited laboratory (ALS Scandinavia, 
Sweden). Leaching tests at L/S 10, modi ed from 
a Swedish standard (SIS 2003) were used and 
the buffering capacity of GLD was determined 
by the batch titration method. Another series 
of batch leaching experiments was carried out 
according to a method described by Steenari et 
al. (1999) and the samples were titrated with 
0.1M HCl. pH was measured and the alkalinity 
was calculated at each step terminating at an L/S 
ratio of 1800. 

The tailings used in the study were analyzed by 
both static and kinetic testing in addition to the 
chemical characterization. Acid–base accounting 
(ABA), developed by Sobek et al. (1978), was 
the static test used to examine the tailings’ 
acid-producing potential (AP) and neutralizing 
potential (NP). A modi ed weathering cell 
technique (Cruz et al. 2001; Hakkou et al. 2008) 
was selected as the method of choice for kinetic 
testing of the tailings, as it has been shown to 
be a faster and valid alternative to traditional 
humidity cell tests, which can be a very slow and 
tedious procedure ( illeneuve et al. 2003). The 
differences between the weathering cell method 
and traditional humidity cell tests are that a 
smaller amount of material is used (a total of 67 g 
based on dry weight) and more frequent leaching 
is performed. Leaching cycles are carried 
out twice a week by leaching the sample with 
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50 mL of deionized water on days 1 and 4, while 
exposing the samples to atmospheric air on 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 h, the bottle 
was centrifuged at 4000 rpm for 10 min and the 
leachate was decanted. The leachate was ltered 
through a 0.45 μm nylon membrane lter. A 
total of 54 leaching cycles were performed. In 
cycles 39, 41, 43, 48, 49, and 50, HCl was added 
to the samples containing GLD to consume 
the remaining NP and stimulate/enhance the 
formation of AMD. Sulfate was measured at 
450 nm with a U – IS spectrophotometer 
(Beckman Coulter AB, Bromma, Sweden) 
and thiosulfate analysis was carried out using 
iodimetric titration. Thermodynamic modeling 
of the leachates from the weathering cell was 
carried out. Saturation indices of minerals were 
calculated using the equilibrium geochemical 
speciation/mass transfer model PHREEQC-2 
(Parkhurst and Appelo 1999) and the Wateq 4f 
database. alues of the saturation index were 
calculated using the equation SI = log(IAP/KS), 
where SI is the saturation index, IAP is the ion 
activity product and KS is the solubility constant 
for the reaction. The leachates were classi ed as 
under-saturated, saturated and super-saturated 
when the values of SI were negative, zero or 
positive, respectively, in connection with the 
solid phase.

Physical properties

The physical properties can be divided into 
hydrological characteristics and compaction 
characteristics of the material. The hydrological 
study included analysis of water content, 
hydraulic conductivity and water retention 
capacity. 

Many hydraulic conductivity tests are available. 
Selecting the type to use depends on the properties 
of the material to be tested (for example particle 
size) and the time scale. In this study, two 
methods to measure the hydraulic conductivity 
were used, the Constant Head Permeability 
(CHP) method and the Constant Rate of Strain 
(CRS) method. The CHP method was performed 

according to a Swedish standard (SIS 1989). 
The principals behind this test are to apply a 
hydraulic gradient that is maintained across a 
specimen via a differential head at two points. 
The CRS tests were performed according to a 
standard procedure (SIS 1991). Prior to analysis, 
the samples were set under a 30 kPa load for 
28 days, resembling a 1.5 m protective cover. 
The samples were then placed in an oedometer 
and an increase in induced stress was applied. 
Drainage was only allowed from the top. The 
hydraulic conductivity was calculated based on 
the deformation and the pore pressure from the 
lower surface. The effect that freezing may have 
on the hydraulic conductivity was assessed by 
exposing the material to repeated freeze-thaw 
cycles before subsequent CHP tests. 

Water retention is a key property with respect to 
a material’s hydraulic behavior. It can be de ned 
as the relationship between the amount of water 
held in the soil and the forces holding it. The 
water retention capacity (WRC) was analyzed 
using a Tempe cell apparatus (Soilmoisture 
Corp., Goleta, CA, USA), as illustrated in Fig 
4.6. The samples were packed into cylinders 
and saturated from below. The cylinders were 
then placed on a ceramic plate and a pressure 
was applied. A graph was then obtained showing 

Fig. 4.6. Tempe cell apparatus.
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the relationship between the material’s water 
tension and water content. There is a wide 
range of models that describe water retention 
characteristics. One of the most common is the 
van Genuchten model (van Genuchten 1980), 
which was used in this study when tting a curve 
to the data ( oo et al. 2014). 

The compaction properties of the materials were 
assessed. Specimens were tested for uniaxial 
compressive strengths. By using a multivolume 
helium pycnometer, the compact density could 
be determined. The compact density was 
then used to calculate the GLD’s porosity (n), 
pore number (e) and degree of saturation (Sr). 
Compaction properties were determined by 

lling a column with three layers of material 
and then compacting each layer with 25 blows 
using an automatic Proctor compactor according 
to a Swedish standard procedure (SIS 1994). 
Analyses of the maximum dry density, porosity 
and optimum water content were carried out. 

4.4. Methods performed 

Ground penetrating radar (GPR) surveys were 
carried out across the Rönnskär land ll to 
characterize the integrity of the sealing layer. 
GPR is a geophysical technique for imaging 
the shallow subsurface by transmitting high-
frequency electromagnetic waves into the 
ground. GPR pro les were obtained by manually 
towing the antenna along measured survey lines 
across the land ll. A “hip chain” was used to 
trigger each measurement and keep track of 
distance along the pro les.

Cone Penetration Test (CPT) measurements 
were performed at the Rönnskär and Iggesund 
land ll according to a standard procedure (CEN/
ISO 2005) to determine each tested material’s 
undrained compressive strength ( fu) and angle 
of internal friction ( ). Compaction properties 
were studied in the eld by measuring the 
density on the surface of the material by water 
volumetry and with a Troxler nuclear density 
gauge at depths of 50 mm and 250 mm.

4.5. Discussion of the selected methods

The reproducibility of hydraulic conductivity 
of the GLD was not consistent, indicating that 
the accuracy of the hydraulic conductivity 
results could be questioned. The accuracy of the 
hydraulic conductivity depends on many factors 
including the instrument and methodology. It 
is also dependent on the degree of compaction 
of the material. Pousette and M csik (2000) 
studied GLD originating from Mondi Dynäs, 
Billerud orsnäs and Smur t appa and found 
that the degree of compaction was related to 
the water content of the GLD. To increase the 
degree of compaction, a reduction in the water 
content is necessary.  GLD with a dry matter 
content of 20 – 40 % achieved the highest degree 
of compaction (Pousette and M csik 2000). The 
samples used in this study were compacted 
using either an automatic Proctor compactor or 
by manually compacting the samples. This could 
result in a variation in the degree of compaction 
that may affect the hydraulic conductivity. 
Another common occurrence in hydraulic 
conductivity set-ups is piping along the interface 
between the material and the test cylinder. The 
risk of piping can be minimized by applying 
a thin layer of montmorillonite to the surface 
walls of the test cylinder which was done in this 
study. It is dif cult to determine the ef ciency 
of this thin layer in the prevention of piping. It is 
also dif cult to know how closely the hydraulic 
conductivity tests mimic eld conditions. Both 
hydraulic test techniques performed in this 
study are, however, commonly used in research 
and industrial applications. Small variations in 
the hydraulic conductivity was not a concern 
as it may be more important to reduce oxygen 
diffusion though a GLD sealing layer, as has 
already been discussed in section 2.3.

It was also noted that GLD aggregated when 
dried completely. Some results such as particle 
size and surface area could be questioned since 
the material had to be ground beforehand, which 
could have affected the outcome. To verify the 
accuracy of the results obtained, the material 
was also freeze dried to avoid the formation 
of aggregates, thus avoiding grinding. It was 
concluded that the grinding had not affected the 
particle size.
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One identi ed discrepancy was that even though 
GLD contained large quantities of sulfur, no 
sulfur species could be detected with XRD. 
The reason for this is probably a combination 
of the fact that the detection limit of the XRD 
instrument is ~2% mineral occurrence and that 
amorphous phases and poorly crystalline solids 
cannot be detected.

Another identi ed uncertainty concerned the 
mixing of GLD in the eld. Mixing GLD with 
other materials carries the risk of heterogeneity, 
especially if large volumes of material are used. 
This will affect the end results of the analyses 
conducted thereafter. The risk of producing a 
heterogeneous mix was greater in the eld than 
in the laboratory, as large volumes of materials 
were used. It was noted that great care must 
be exercised when using a loader for mixing 
materials as it may result in the inclusion of 
material from the ground that can affect the 
performance of the blend.

5. 

5.1. Feasibility

An analysis and evaluation of the proposed 
pro ect was undertaken to determine: (1) 
the mining industry’s needs and interest in 
alternative ways to remediate sul dic mine 
waste; (2) whether there is a need and interest 
from the pulp and paper industry to nd a use 
for GLD and decommission disposal; and (3) 
whether using GLD is technically feasible as 
regards transport distances.

This pro ect, nanced by FORMAS, has been 
a close collaboration with the emphasis on 
the mining and paper mill industries. The 
collaboration between the public and private 
sectors has been of great importance in taking 
the pro ect forward and ful lling the needs and 
interests of each sector with a common aim of 
moving towards a more sustainable and greener 
society. Over the years, there was an open 
dialogue between all parties to determine the 
actual steps required to take the pro ect forward. 

Collaboration and oint interests were key 
factors. 

It could be concluded that there was a clear 
interest and a desire by the mining industry to 
develop new and improved technologies in the 
prevention of AMD. The number of sites in need 
of reclamation is large. There were also cases of 
sites that had already been reclaimed but where 
the reclamation was not very successful and has 
to be improved, such as the imheden mine site 
( illain 2014). 

In addition, the pulp and paper mill industry 
expressed interest in the pro ect as many paper 
mills have to deal with overfull land lls and the 
economic burden of closing and opening new 
land lls. Paper mills without their own land ll 
sites had to pay handling and transportation 
costs to get their GLD to land lls in other areas. 
On top of this, concerns were raised regarding 
a future tax for land lling GLD, which is not 
currently sub ected to a waste disposal tax.

Mine waste deposits are usually large, requiring 
large quantities of cover material. M csik and 
Maurice (2014) assessed the transport economics, 
transport logistics, handling and management 
and other surrounding costs and showed that 
the use of GLD may be feasible depending on 
the distance to other alternatives. The greatest 
costs relate to transportation distances and mode 
of transport. To reduce transportation costs, 
selecting GLD from paper mills close to the site 
of remediation is recommended.

5.2. Potential

The potential of GLD to function as a sealing 
layer was assessed. For GLD to be used in this 
capacity in dry covers, its primary function 
should be to minimize oxygen diffusion and 
reduce water percolation into the underlying 
waste. Characterization is a fundamental 
process in material science and focus is on the 
properties and the performance of the material. 
The GLD’s properties were investigated and 
measured to obtain a good understanding of 
the material. Methods for identi cation of the 
properties associated with oxygen diffusion 
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and hydraulic properties were identi ed. A low 
hydraulic conductivity minimizes the water that 
can percolate through the cover. A material with 
a good ability to retain water is an advantage as 
a cover since a high degree of saturation limits 
the oxygen diffusion and is also more resistant 
to drought and crack formation. Moreover, the 
mechanical strength of GLD was assessed since 
a sealing layer material must be strong enough to 
ensure slope and surface stability and function in 
this engineering application. As GLD is a waste 
and its composition is in uenced by the process 
and wood type, various batches were used to 
assess the variation associated with the material 
from the pulp and paper mills.

The results suggest that the GLD tested in this 
study possess properties that limit water and 
oxygen ingress (Paper I). GLD was found to be 
a relatively ne-grained material with average 
d10, d50 and d90 values of 1.9  0.5 m, 11.9 

 3.9 and 26.4  0.5 m, respectively.  It is 
mainly composed of calcite (CaCO3) but could 
contain small amounts of brucite (Mg(OH)2), 
a common form of Mg in ash. It had a low 
hydraulic conductivity (10 8 to 10 9 m/s) and a 
high water retention capacity (WRC) (Fig. 5.1). 
The material had a large storage reservoir of 
water as the porosity was high, amounting to 
73-82%. The volume of water in pore spaces 

of a material directly controls the diffusion of 
oxygen from the atmosphere (Heinse et al. 
2015). The characteristics of GLD are adequate 
– it has a small particle size, high porosity and 
large surface area (18 m2/g) – to limit the water 

ow through it. Combining these properties can 
result in a high grade of saturation as water can 
bind to the particle surface, thereby limiting 
water transport.

The chemical and mineralogical composition 
varied between the different batches, but these 
variations were not re ected in properties such 
as hydraulic conductivity and WRC (Paper I). 
The Ca content varied between batches. This 
is largely dependent on the dewatering process 
of the GLD, where a pre-coat lime mud lter 
(the pre-coat is a mixture of CaCO3, CaO and 
Ca(OH)2) is used.  After being dewatered, the 
GLD is scraped off the lter together with a thin 
section of lime mud from the pre-coat. This leads 
to the addition of various amounts lime mud, 
which strongly in uence the nal composition 
of the dregs. Leaching of contaminants from the 
GLD was low – below regulatory levels. GLD 
was found to be a sticky material and one concern 
is that it may be dif cult to apply in full-scale 
operations. The shear strength was insuf cient 
for engineering applications. Improving the 
mechanical properties is therefore necessary. 

Fig. 5.1. Water retention capacity (WRC) of GLD from four pulp and paper mills. Data for GLD orig-
inating from Billerud orsnäs and Iggesund can be found in paper I and paper II, respectively. Data for 
GLD from Smur t appa and SCA Obbola is reproduced from Hamberg et al. 2013. Clayey silt and 
sandy silt are given as references (Bussière et al. 2003).
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Based on the evaluation of the applied 
methods and the information obtained from the 
characterization study of the Billerud orsnäs 
paper mill GLD (Paper I), an investigation 

nanced by SP Processum was conducted with 
GLD from other paper mills (Hamberg et al. 
2013). To reduce transportation distances in case 
of future implementation of GLD as a sealing 
layer, the characterized GLDs were selected 
from various paper mills located in the vicinity 
of the Skellefte district mine area (Fig 5.2). This 
study, like the Billerud orsnäs study (Paper I), 
revealed small differences between pulp mills. 
There are variations in GLD from different pulp 
and paper mills, but the differences are small 
and do not appear to change the properties that 
make it useful for constructing sealing layers.

5.3. Long-term stability

Before implementing a dry cover solution to 
prevent the formation of AMD, its long-term 
viability must have been demonstrated. The 
de nition of “long-term” in this context is not 
consistent as there are no universal regulatory 
guidelines de ning how long a sealing layer 
must last. However, > 100 years (INAP 2009) 
or hundreds to thousands of years (Höglund 
et al. 2004) are often used, but time frames 
of 10,000 years or “until the next glaciation” 
are also sometimes mentioned. Predicting the 
performance of a sealing layer over a time 
horizon of 10,000 years may, however, be 
dif cult, thus many implemented cover schemes 
have been designed to last for 100 years (INAP 
2009). Studies of covers operating between 10 
to 15 years indicated that they could not stop 
oxidation and water in ltration completely 
(Wilson 2008; Wilson et al. 2003; Taylor et al. 
2003). This indicates that zero oxidation may 
be an unachievable goal. Reducing oxidation 
to a degree where metal concentrations in the 
water discharged from the land ll do not exceed 
regulatory guidelines may be suf cient. The 
design goal for a dry cover can vary depending 
on the speci c circumstances of the site, but 
one criterion should be to minimize the need for 
water treatment.

The long-term performance of a GLD sealing 
layer was predicted using GLD aged 0-13 years, 
obtained from the Rönnskär land ll and the 
Iggesund land ll. The GLD originated from 
Smur t appa paper mill and the Iggesund 
pulp and paper mill, respectively. Four main 
properties have been found to affect the long-
term performance of a dry cover: hydraulic 
conductivity, water retention capacity, degree of 
saturation and physical integrity (O’ ane 2003). 
Identifying how these properties change as the 
material ages will make it possible to predict 
the sealing layer’s long-term performance with 
respect to preventing water and oxygen ingress.

The effects of aging on GLD were shown to 
depend largely on the amount of water that 
passes through the material, changing its 
chemical composition and ultimately its pH 

Fig. 5.2. Map of Sweden indicating the three sul dic 
mining districts (Norrbotten, the Skellefteå eld and 
Bergslagen) and the pulp and paper mills from which 
GLD samples were obtained for the characterization 
study (Paper I, Paper II, Hamberg et al. 2013).
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(Paper ). However, the results revealed no 
great changes in the relevant properties of GLD 
with increasing age. The materials exhibited 
a high WRC (Sr >85% under eld conditions) 
(Fig. 5.3). All tested samples showed a high 
degree of water saturation (91-100%) with 
low hydraulic conductivity (10-8-10-9 m/s) 
irrespective of age (Paper ). Sub ecting fresh 
GLD to freezing and thawing in the laboratory 
did not have any ma or effect on the hydraulic 
conductivity (Paper II). After four freeze-thaw 
cycles, the samples showed ~ 20 % higher 
hydraulic conductivity than samples not 
sub ected to freezing. However, this increase 
could be due to the test equipment, i.e. water 
could have taken pathways along the sides of the 

test tube, as no difference was seen between fresh 
and aged samples taken from the land lls (Paper 

). The freeze–thaw process is considered not 
to be a critical factor affecting the hydraulic 
conductivity in the mixture. The results are 
similar to the characterization study on fresh 
GLD originating from Billerud orsnäs, where 
the samples varied in their chemical composition 
but their hydraulic conductivity, buffering 
capacity, pH, and particle sizes varied little 
(Paper I). Due to the production process of GLD 
(burned at high temperatures) it does not contain 
organic matter (Martins et al. 2007) meaning 
that GLD is not susceptible to organic matter 
degradation that may harm the integrity of the 
sealing layer. Some elements, primarily sulfur 

Fig. 5.3.  Water retention capacity (WRC) of aged and fresh GLD from three pulp and paper 
mills: Iggesund (a), SCA Obbola and Smur t appa (b). Data pertaining to aged GLD originat-
ing from Iggesund and Smur t appa eld samples and fresh GLD originating from Iggesund 
can be found in paper . Data pertaining to fresh GLD from Smur t appa and GLD aged 0, 1 
and 7 years from SCA Obbola is reproduced from Hamberg et al. 2013.
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and potassium, can be expected to leach from 
GLD-based sealing layers over time. However, 
the loss of these elements does not seem to affect 
its performance as a cover. The shear strength 
of the GLD increased over time in the eld but 
not to a degree that would ensure the long-term 
integrity of the sealing layer. The GPR study at 
the Rönnskär site indicated that the GLD sealing 
layer exhibited many vertical dislocations, such 
that the distance between its surface and the 
ground surface varied between 25 and 40 cm 
(Fig. 5.4). Ruptures of the sealing layer were 

experiments. A 30 cm thick GLD sealing layer 
with a hydraulic conductivity of 10-8 m/s would 
retain its buffering capabilities (i.e. would not 
suffer appreciable calcite dissolution) for more 
than 200,000 years. Thus, GLD is expected to 
be a viable sealing layer for mine waste in the 
long term.

Fig. 5.4. A 45 m GPR pro le of the GLD sealing layer at the Rönnskär site, showing its integrity after 6 years in 
operation (Paper ). ertical dislocations and variations in the thickness of the GLD sealing layer are visible. The 
pale spot in the layer at 20-23 m is probably due to the accumulation of water above the surface of the GLD.
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not observed and are considered unlikely due to 
the material’s softness and plasticity (Paper I ). 
However, one section of the radiogram appeared 
paler than the rest, which was attributed to the 
accumulation of water above the sealing layer 
resulting in a weakening of the GPR signal. In 
some places, the sealing layer had also been 
compressed or dislocated horizontally, causing 
its thickness to decline from the original 50 
cm at the time of application to 20 cm six 
years later. Improving its shear strength is 
therefore necessary. One concern was that its 
ma or constituent, calcite, might dissolve and 
fundamentally change its properties. However, 
there was no indication that this will be problem 
as the time required for a GLD cover to become 
non-functional in the eld was estimated on the 
basis of the density and hydraulic conductivity 
as well as the performance in the batch leaching 

5.4. Geochemical interactions

In a dry cover construction, a GLD sealing layer 
would be placed directly on top of sul dic tailings. 
The use of an alkaline material overlying acid-
generating mine waste could potentially result 
in favorable as well as unfavorable geochemical 
reactions. As GLD consists of calcite and has 
a high pH (Paper I), it is possible that it could 
provide a long-term source of alkalinity, thereby 
neutralizing the acid that may be produced by 
the mine waste. It may also lead to formation 
of a chemically induced hardpan layer at the 
interface between the alkaline GLD and acid 
generating mine waste. Passivation of the acid 
generating particles may occur in the form of a 
coating on the particle surface (INAP 2009). 

One risk of using highly alkaline materials in 
sealing layers for sul dic mine waste is that 
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they can promote the formation of thiosulfate 
which can oxidize under oxic conditions, or can 
undergo disproportionation in an anoxic/dysoxic 
environment and form acidity (Schippers 2004; 
Siu 1999 and Zop  et al. 2004).

GLD was blended with tailings and sub ected 
to subsequent leaching (weathering cell tests) 
to assess the geochemical reactions that take 
place at the interface of a GLD sealing layer 
and sul dic mine waste. A mix of FA, GLD and 
tailings was also analyzed to allow prediction 
of the geochemical behavior of the metals in 
blends of GLD and ash, as FA may be a potential 
additive to improve the shear strength in a 
sealing layer (Paper II).

Tailings originating from the ristineberg 
mine, northern Sweden, were taken from the 
mineral processing sequence after addition of 
lime to the process water. They were identi ed 
as strongly acid-producing, based on the acid–
base accounting (ABA) calculation from the S 
content (Paper III). The effectiveness of GLD to 
control acid generation and metal leaching from 
sul dic tailings was assessed along with the risk 
of generating thiosulfate.

GLD exhibited a high buffering capacity, 
indicating that it could buffer acidity generated 
by the mine waste (Paper I). Based on the NNP 
of the tailings and the buffering capacity of the 
GLD (18.5 mmol H+/g dry weight to maintain 
a pH >6) obtained in Paper I, 479 kg GLD/ton 
of tailings (i.e. a blend of 30 % GLD and 70 % 
tailings) is required to maintain a pH>6.

Fig. 5.5 shows the development of various 
factors/element concentrations versus time 
in leachate samples. In the tailings samples, 
the Ca, Mg and Mn ions are expected to 
originate from carbonates and are likely to be 
the products of neutralization reactions (Fig. 
5.5e). The dissolution and leaching of these 
elements is caused by acid generation related 
to pyrite oxidation. In the rst 30 cycles of the 
experiment, the concentrations of these metals in 
the leachates were low, but they were higher than 
in natural waters, indicating that pyrite oxidation 

is occurring but is buffered by the carbonates. It 
is also possible that the environment of the GLD 
admixtures was low in oxygen during the rst 35 
cycles of the experiments as the ability of GLD 
to hold water prevented it from drying between 
cycles. The thiosulfate concentration was 
highest at the start of the weathering cell tests 
for all samples and decreased over time (Fig. 
5.5d). The highest thiosulfate concentration was 
found in the samples containing GLD and this 
is attributed to the paper production process, 
where sodium hydrosul de in weak black liquor 
is oxidized to sodium thiosulfate. However, 
thiosulfate in the tailings may have formed by 
the reaction of metal sul des and sul te in the 
alkaline environment. It is possible that acid 
generation occurs when thiosulfate oxidizes or 
undergoes disproportionation. However, the 
large buffering capacity of GLD can maintain 
the pH at a high level.

An indication of alkaline leaching was observed 
in the rst few cycles, but a pH of 7-9 facilitated 
the precipitation of metals such as Cd, Cu, Ni, 
Co, Cr and Zn (Fig. 5.5f). This is in accordance 
with a study by Lu et al. (2013) who examined the 
effect of alkaline dry covers on tailings and found 
that a continued high pH ( 11) in the tailings led 
to leaching of sul de-associated metals, whilst 
a lower pH induced metal precipitation. Lu et 
al. (2013) also found an indication of hardpan 
formation below the studied sealing layer. Ca2+ 
and SO4

2  ions generated in the neutralization 
and sul de oxidation process can lead to gypsum 
formation (CaSO4

.2H2O) (Othmani et al. 2013). 
However, the effectiveness of this reaction 
depends on the solubility of the neutralizing 
minerals and the amount of in ltrating water 
available to transport the alkalinity down to 
the underlying sul dic waste (INAP 2009). At 
the Rönnskär site, where GLD was placed as a 
sealing layer on top of sul dic mine waste, there 
was no indication of any gypsum formation or 
other precipitates that had changed the texture 
and structure. If gypsum had formed in this 
way, the CPT results would have indicated the 
presence of hard sections, but the GLD was 
found to be soft all the way from the top to the 
bottom of the land ll (Paper ). Perhaps the 
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Fig. 5.5. Development of various factors/element concentrations versus time (cycles) in leachate samples Tailings 
replicate 1, Tailings replicate 2, GLD, 50% GLD/50% Tailings, and 50% GLD/25% Tailings/25% FA, where a) is pH, 
b) conductivity, c) sulfate, d) thiosulfate, e) Ca, f) Zn, g) Pb and h) As. (Paper III)
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low hydraulic conductivity combined with a low 
solubility of the calcite present in the GLD was 
not suf cient to induce the formation of gypsum.
The alkalinity of GLD has a direct effect on 
the stabilization of most trace elements except 
for As (Fig. 5.5h) and Mo, when blended with 
tailings. As long as the GLD can buffer the 
acidity formed by the oxidation of tailings and 
the potential contribution of acidity due to the 
oxidation/disproportionation of thiosulfate to 
sulfate, most of the trace elements are expected 
to be stable. As a result of adding FA to GLD and 
tailings, increased leaching of Al and sulfate was 
observed. This is expected to originate from the 
ash itself. No other ma or changes in leaching 
behavior were recorded.

In summary, using GLD as a sealing layer 
may produce geochemical reactions with 
the underlying tailings. The leachate water 
percolating through the GLD is alkaline. If the 
pH is very high, >11, it may mobilize some of 
the metals present in the underlying tailings. 
Below this pH, the GLD has the ability to prevent 
metal leaching from the tailings. However, if 
the buffering capacity is consumed, the metals 
can be expected to become mobile. Due to the 
low solubility of calcite, combined with the low 
hydraulic conductivity and high water retention 
capacity of GLD, this is not expected to occur 
for a very long time (see section 5.3). Restriction 
of using a GLD sealing layer on top of tailings 
rich in As and Mo may be considered due to 
the increased leaching of these trace elements 
as a result of their mobility at high pH (Dold 
2003). Adding FA may be an alternative in order 
to improve the physical stability of the sealing 
layer. 

5.5. Improving the properties of the 
material

As has been shown, even though GLD exhibits 
favorable hydraulic and chemical properties for 
use in sealing layers, its physical properties, i.e. 
shear strength, are insuf cient and have to be 
improved before it can be used in engineering 
applications. Another issue is the transportation 
costs: it would be expensive to transport GLD, 
which has high water content, due to the large 

quantities needed to cover the extensive mine 
waste deposits. Finding suitable additives that 
can improve the shear strength of the GLD 
without compromising its ability to limit 
water and oxygen ingress is a challenge but a 
necessity before progressing to a full-scale eld 
trial. FA, tailings and glacial till were selected 
as candidates with the aim of improving the 
properties of GLD.

Adding FA to GLD was a promising approach 
to improve the shear strength of the mixture due 
to its pozzolanic and cementitious properties 
(Paper II). The addition of 18-32% FA resulted 
in a hydraulic conductivity of 2×10-9-4×10-8 
m/s (Paper III). Blending tailings with GLD 
resulted in low uniaxial compressive strength 
and was not a suitable solution (Table 1).  

Mix (%)

 GLD         Tailings         FA

Curing 
time 

(months)

Uniaxial 
compressive 

strength ( , kPa)

100 - - 1 11.8 ± 2.2
30 70 - 1 15.7 ± 4.3
60 40 - 1 19.0 ± 13.4
20 70 10 1 91.5 ± 7.0
20 70 10 3 250 ± 23
60 30 10 1 58.4 ± 10.1
60 30 10 3 116 ± 35

Table 1. Uniaxial compressive strength of GLD with and 
without additives (Paper II). According to the SGI (2007) 
classi cation system of uniaxial compressive strength, 
a compressive strength of 10-20 kPa is regarded as very 
low, 40-75 kPa as medium, whilst 75-150 kPa and 150-
300 kPa are regarded as high and very high, respectively.

However, a proportion of tailings:GLD:FA 
of 7:2:1 was found to be a satisfactory recipe. 
This way, tailings needed for deposition could 
be used to reduce the amount of GLD required, 
thus decreasing transportation costs. However, 
further research, particularly pertaining to the 
logistics and evaluation in a pilot-scale set up, 
is necessary before using such mixtures for 
construction of sealing layers on an industrial 
scale.

Another way to stabilize GLD and, at the same 
time, reduce the transportation cost would be 
to use GLD to modify and improve local till 
from the mine sites of interest in cases where 
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the till does not have suf ciently low hydraulic 
conductivity and high water retention capacity 
to prevent oxygen and water ingress in a cover 
construction. In theory, by ad usting the grain 
size distribution of the till by mixing it with GLD, 
and thereby changing its dry density, void ratio 
and speci c gravity, a different water retention 
characteristic curve could be achieved. This 
methodology with an attached mathematical 
model to predict the water retention curve from 
the particle size distribution has previously been 
proposed by Fredlund et al. (1997).

The compaction performance of till was affected 
by the addition of GLD (Paper I ). Proctor 
compaction tests showed that a maximum of 
20% GLD could be mixed with till. At higher 
additions, the plastic behavior of GLD prevented 
compaction by the Proctor method. The GLD 
had a water content (w) of 120-150% (by weight 
%). Its liquid limit, wL, was ~132%, implying 
that the GLD would tend to transform from a 
plastic to liquid consistency at a w above this 
value. The 5 % GLD blend exhibited the highest 
dry density and lowest porosity and w among 
the tested samples (Fig. 5.6) (Paper I ). As the 

asphalt plant provides the most intensive mixing, 
followed by the crusher and mixing by hand in the 
laboratory, it can be concluded that the amount 
of GLD in the mix and the mixing energy/time 
applied to the samples was negatively correlated 
with the degree of compaction (Fig. 5.6). This 
was observed for 10 and 15 % GLD. For the 5 % 
GLD mix, the mixing energy did not show any 
clear effect, probably because of the low porosity 
of the blend. The w was dependent on the mixing 
technology used to produce the material. This 
was also con rmed in the WRC curves, where 
two identical blends (10% GLD blended with 
till) mixed with a loader (L) or asphalt plant (A) 
produced different WRC curves (Fig. 5.7).

Mixing large volumes of material may result in 
heterogeneity. Therefore, mixing of till/GLD 
was evaluated under both laboratory and eld 
conditions to ensure that a uniform material 
could be obtained, in which the properties were 
the same throughout. Performing the mixing 
in the eld facilitated the planning of a large-
scale application of a GLD/till blend as a sealing 
layer. Mixing of 95/5, 90/10 and 85/15 till/
GLD was undertaken. Compaction properties 
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Fig. 5.6. Correlation between water content (w) and porosity of till/GLD samples.
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were determined in the laboratory and all three 
mixing proportions showed a high degree of 
compaction. Compaction properties were also 
studied on a pilot-scale construction with two 
sealing layers: one with a mix of 10/90 GLD/till 
and one with till only. To reach a high degree of 
compaction, it was concluded that a dry density 
of minimum 1800 kg/m3 had to be achieved. Till 
alone reached a dry density of 1800 kg/m3 at the 
surface and 2100 kg/m3 at a depth of 25 cm. Till 
supplemented with GLD reached a dry density 
of 1750 kg/m3 at the surface and 2000 kg/m3 at 
25 cm depth. However, the value is expected to 
increase after application of the protective layer 
as this layer would also undergo compaction. 
Therefore, suf cient compaction appears to 
have been achieved.

The hydraulic conductivity varied due to 
dif culties in obtaining a consistent level of 
compaction in the lab. However, most blends 
exhibited a hydraulic conductivity of 1 × 10-8 
m/s or lower. This was substantially lower than 
for till, which had a hydraulic conductivity 
of 3.9 × 10-7 m/s. Mixing 10 % GLD with till 
that had a silt content of 30 % was suf cient 
to achieve a hydraulic conductivity of 10-8– 
10-9 m/s. In addition, the water retention capacity 
increased (Fig. 5.7). GLD blended with FA and a 
small amount of bark sludge had a higher WRC 
than GLD without additives (Fig. 5.7), which is 
probably due to the hydrophilic nature of y ash 

(Wang and Wu 2006). Also, the large surface area 
(8.3m2/g) and the small particle size (d50 of 15.4 
± 1.4 μm) could have contributed to the increase 
in WRC. A small decrease (10 %) in WRC was 
observed for the blend of GLD/tailings/bark 
sludge (Fig. 5.7). This may be due to the smaller 
surface area of the tailings particles (4.0 m2/g), 
limiting the binding of water. 

Both FA and till were considered suitable 
additives for improving the compaction properties 
and achieving a low hydraulic conductivity 
and high water retention capacity. Taking the 
economic aspect into account, it would be less 
expensive to use nearby till, if available, with 
the addition of GLD to modify and improve it, 
thereby avoiding transport of large quantities of 
material (M csik and Maurice 2014). Adequate 
mixing could be achieved under eld conditions. 

Finding a recipe for a till/GLD blend that meets 
the criteria for decreased hydraulic conductivity 
to limit percolation and increased water retention 
capacity to decrease oxygen in ux through 
the material and that can also be compacted 
under eld conditions would be an advantage. 
Depending on the character of the local till, this 
recipe would be site-speci c for different mines.
The dry density of the till/GLD blends serves as 
a good indicator of their function as a liner, as 
the WRC and hydraulic performance relate to 
the mixture’s porosity/dry density. The quality 
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of till, including its particle size and w, as well 
as the quality of GLD, including its w and wL, 
are important factors in uencing the compaction 
and hydraulic conductivity of till/GLD mixtures.

5.6. Pilot-scale application

Based on all gathered information pertaining to 
GLD, the natural step towards full-scale use in 
sealing layers was to set-up a pilot-scale scale 
study. Designing such a trial in the eld can help 
to identify problems and potential issues that 
may arise and indicate how to correct them. 

A 400m2 multi-layer construction land ll cover 
was established in August 2014 at the Ragn-
Sells waste management site at Brännkläppen, 
5 km northeast of Boden, Sweden. The area 
was divided into six parts, each 8 × 12 m, and 
referred to as Cells 1-6. The foundation of the 
construction consisted of 0.2 m of till from the 
Ragn-Sells waste site. A sealing layer consisting 
of till blended with 10% GLD was applied on 
top of this layer. Cells 1-3 consisted of a sealing 
layer containing GLD from Doms ö, Smur t 

appa and SCA Obbola respectively, all with a 
thickness of 0.5 m. The GLD in the sealing layer 
in cells 4-6 consisted of GLD originating from 
Metsä board applied at a thickness between 0.25 
and 0.5 m (Table 2). The locations of the paper 
mills are given in Fig. 5.2. A summary of the 
materials and thicknesses of each layer for the 
cells is given in Table 2. 

Five lysimeters were placed below the sealing 
layer of each cell, four of them measuring 
400×300×165 mm and one measuring 
600×400×225 mm (Fig. 5.8). The lysimeters 
were lled with pebbles and covered with 
a geomembrane. A drainage layer of 5 cm 
sand was placed on the top. Four lysimeters 
measuring 400×300×165 mm were placed ust 
above the sealing layer on the bottom of the 
protective layer. In total, four of the lysimeters 
below the sealing layer were lled with waste 
rock, two with waste rock from the Aitik mine 
and two from the Maurliden mine, both located 
in northern Sweden. 

A 1.5 m protective layer of glacial till, originating 
from Näsliden mine site, northern Sweden 
(which is in need of reclamation), was applied 
on top of the till/GLD sealing layer (Fig. 5.9). 
Three vertical temperature probes were installed 
in the protective layer. Each probe had sensors 
at three depths: one ust below the top surface, 
and at depths of 0.7 m and 1.4 m. A schematic 
image of the pilot scale construction is shown 
in Fig. 5.10, whilst Fig. 5.11 shows the nished 
construction.

The implementation of quality control 
procedures was an important part of the pilot-
scale set up. Measurements were carried out 
to control the quality of the test cells as they 
were prepared. This involved a characterization 
study of all the ingoing materials, assurance 

Table 2. Overview of the selected materials, the thickness of the sealing layers and the number of passes with 
the hydraulic compactor to compact each cell.

Cell 1 Cell 2 Cell 3 Cell 4 Cell 5 Cell 6

GLD Smur t 
appa

SCA 
Obbola Doms ö Metsä 

Board
Metsä 
Board

Metsä
Board

Thickness (m) 0.5 0.5 0.5 0.5 0.5 0.25 GLS/Till  
0.25 Till

Compaction (# 
of passes) 6 and 9 6 6 6 3 6
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Fig. 5.8. Installation of lysimeters.

Fig. 5.9. Application of the protective layer using a loader.
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Fig. 5.10. Schematic image of the pilot-scale construction. 

Fig. 5.11. The pilot-scale construction seen from the north side (a) and south side (b).
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of achieving homogeneity when mixing GLD 
with till and measurements of the thickness to 
observe possible inclinations of each layer in 
the dry cover. Quality control of the compaction 
of the sealing layers was implemented using 
three different methods. A standard proctor 
compaction test was applied in the laboratory 
whilst water volumetry and nuclear density 
gauge measurements (using a Troxler apparatus) 
were used for in- eld measurements. At a depth 
of 25 cm, all the blends had reached a high 
degree of compaction: a dry density of >1800 
kg/m3 (Fig. 5.12). At the surface, a dry density 
of 1600-1800 kg/m3 was achieved. This is 
considered suf cient for the construction as the 
value is expected to increase due to the weight of 
the protective layer.

for use in sealing layers (Filipsson et al. 2015). A 
guidance manual describing the technical details 
of constructing a sealing layer with GLD blended 
with till for mine waste reclamation has recently 
been published (M csik et al. 2015). It includes 
recommendations for appropriate storage of 
the materials, mixing procedures, application, 
compaction and quality control procedures.

5.7. Future research

A full-scale application is planned to take 
place September 2015, at the Näsliden mine 
site. Näsliden mine was in production between 
the years 1970 and 1989. Cu, Zn, Au and Ag 
were extracted during this period. A waste rock 
deposit of 4.5 ha will be covered with a GLD/
till blend as a part of the remediation plan. 

Fig. 5.12. Dry density of blends of 90% till and 10% GLD originating from 
Smur t appa, SCA Obbola, Doms ö and Metsä Board compacted in the laborato-
ry using the standard Proctor compaction test and in the eld using six passes of a 
hydraulic plate compactor, with the exception of the sealing layer in cell 5 (Metsä 
board) which was run over three times. The eld samples were analyzed with a 
Troxler apparatus at 250mm and 50 mm, and at the surface by water volumetry.
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As there was a lack of available till when 
constructing the slopes, the nal construction had 
a steeper slope inclination ~1:2, than originally 
intended (1:3-1:4). After the rst winter, the 
construction showed signs of erosion. To prevent 
further erosion, the slopes were sown with grass 
seed to speed up vegetation establishment. 

The results of the laboratory and eld analysis 
show that it is feasible to mix till/GLD at full-
scale, producing 80-120 tons/h and that 5-15% 
GLD was suf cient to improve the hydraulic 
properties of till with a silt content of 10-30% 

Within the framework of a pro ect nanced by 
INNO A, both the pilot-scale application at 

Brännkläppen and the full-scale application at 
Näsliden will be monitored in order to evaluate 
the potential for using a mix of GLD/till as an 
alternative sealing layer material. This work will 
involve characterization of all materials used and 
evaluation of the quality of the method, focusing 
on material mixing, application methods, 
geochemical stability of the covers, oxygen 
diffusion, water percolation and evaluation of 
the sul de oxidation of the underlying waste. 
The resistance to frost heave and cyclical drying-
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wetting of the till/GLD blend will also be studied. 
The chemical interactions between tailings, till 
and GLD will be investigated to assess the long-
term environmental effect of the construction. 
Oxygen ingress, moisture, temperature, water 
in ltration and the geochemistry of pore water 
and drainage waters will also be monitored. The 
results from this full-scale application as well 
as the pilot-scale application will be crucial in 
evaluating whether such a cover could be used 
on other mine waste sites in the future.

6. 

In a dry cover, the sealing layer’s primary 
function should be to minimize oxygen diffusion 
and reduce water percolation into the underlying 
waste. The conclusion of this research is that 
GLD has great potential to function as a sealing 
layer for sul dic mine waste, as it exhibited a 
high water retention capacity and a high degree 
of saturation. Its hydraulic conductivity was 
low, in the range of 10-8-10-9 m/s, reducing the 
migration of water to the underlying mine waste. 
Frost action had no ma or effect on the hydraulic 
conductivity. It has, however, insuf cient shear 
strength for engineering applications but, by 
blending GLD with y ash and/or glacial till, a 
product with better compaction properties can 
be achieved. 

Using GLD as a sealing layer may produce 
geochemical reactions with the underlying 
tailings. If the pH of the leachate water percolating 
through is very high, >11, it may mobilize some 
of the metals present in the underlying tailings. 
Below this, at pH ~8-11, the GLD has the ability 
to prevent metal leaching from the tailings. Using 
a GLD sealing layer on top of tailings rich in As 
and Mo may be considered inappropriate due to 
the increased leaching of these trace elements as 
a result of their mobility at high pH.

The addition of 5-15% GLD was suf cient to 
improve the hydraulic properties of till with a 
silt content of 10-30% for use in sealing layers. 
Blending GLD with till will also reduce the 
risk of alkaline leaching. GLD is expected to 
be a viable sealing layer for mine waste in the 

long term as it can be used without the risk of 
biodegradation of the material and its main 
constituent, calcite, exhibited limited dissolution 
when tested.

ariation in the properties of GLD may be a 
critical factor and quality control of the material 
must be undertaken before use in a large scale 
set-up. Based on the results presented in this 
thesis, the main focus of such a quality control 
should be on the water content, and if till is 
added, the particle size distribution of the till.

At the Näsliden mine site in northern Sweden, 
applying a cover consisting of till/GLD was 
considered the BAT; this is a big step forward for 
the use of GLD in reclamation of mine waste. 
The results from the ongoing pilot-study at the 
Brännkläppen land ll and the full-scale study at 
the Näsliden mine site will reveal the function of 
a GLD-based sealing layer in situ and allow the 
potential for this approach to be evaluated where 
after it can be applied at other sites.
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Abstract: Using alternative materials such as residual products from other industries to 
mitigate the negative effects of acid rock drainage would simultaneously solve two 
environmental problems. The main residual product still landfilled by sulphate paper mills 
is the alkaline material green liquor dregs (GLD). A physical, mineralogical and chemical 
characterization of four batches of GLD was carried out to evaluate the potential to use it 
as a sealing layer in the construction of dry covers on sulphide-bearing mine waste. GLD 
has relatively low hydraulic conductivity (10 8 to 10 9 m/s), a high water retention capacity 
(WRC) and small particle size. Whilst the chemical and mineralogical composition varied 
between the different batches, these variations were not reflected in properties such as 
hydraulic conductivity and WRC. Due to relatively low trace element concentrations, 
leaching of contaminants from the GLD is not a concern for the environment. However, 
GLD is a sticky material, difficult to apply on mine waste deposits and the shear strength is 
insufficient for engineering applications. Therefore, improving the mechanical properties is 
necessary. In addition, GLD has a high buffering capacity indicating that it could act as an 
alkaline barrier. Once engineering technicalities have been overcome, the long-term 
effectiveness of GLD should be studied, especially the effect of aging and how the sealing 
layer would be engineered in respect to topography and climatic conditions. 

Keywords: green liquor dregs; acid rock drainage; sulphidic mine waste; sealing layer 
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1. Introduction 

The major potential long-term environmental effect of mining is the formation of acid rock drainage 
(ARD) in sulphide-bearing mine waste, which can last for hundreds of years in a specific deposit [1,2]. 
The traditional strategy to reduce ARD generation is to prevent oxygen from reaching the waste to 
decelerate oxidation. This can be achieved by applying a dry cover or a water cover [1,2]. A composite 
dry cover usually consists of a protective layer and a sealing layer. The function of the protective layer 
is to protect the integrity of the sealing layer (e.g., root penetration, freezing/thawing, erosion) [3]. The 
sealing layer material in a dry cover should have the ability to minimize oxygen diffusion and reduce 
water percolation into the waste. Using a material with low hydraulic conductivity minimizes water 
percolation, oxygen transport and the risk of ARD formation. A high degree of water saturation is 
important to reduce the oxygen diffusion and to avoid desiccation cracks through which water and 
oxygen may reach the waste. The oxygen diffusion rate is 104 times lower in water than in air. This, 
together with the fact that the O2 concentration in water is ~20,000 times lower than in air, explains 
why oxygen transport is so strongly reduced in saturated sealing layers or through a water cover [1,2]. 
Moreover, a sealing layer material must have mechanical strength to ensure slope and surface stability. 
To avoid high maintenance costs the material should be durable and not be prone to degradation. The 
composite cover is usually constructed by using natural soils, in glaciated terrains often till. 

Using alternative materials such as industrial waste to mitigate the negative effects of ARD would 
solve two environmental problems at the same time. However, there is an urgent need for detailed 
research on the function of alternative materials before they can be used on an industrial scale. In 
particular, reliable predictions of the long-term efficiency are important [2]. 

Pulp and paper mills generate large amounts of waste such as fiber sludge, mesa lime (ML), green 
liquor dregs (GLD) and fly ash (FA). The alkaline waste materials ML, GLD and FA have properties 
suggesting that they could be useful for remediation of reactive mine waste [4–8] or neutralization of 
ARD [9–12]. Most paper mills use the sulphate production process where wood chips are treated with 
sodium hydroxide and sodium sulphide to liberate the cellulose. The method enables the inorganic 
chemical to be recycled and reused. However, large amounts of waste are released where GLD makes 
up the largest fraction retrieved in the chemical recovery cycle. Reuse and recycling of the GLD is 
limited and most of the GLD produced in Sweden, ~240,000 t per year, is still landfilled, mainly at the 
pulp and paper mills own deposits. Even though the waste is not currently subjected to a tax for 
landfilling, the pulp and paper mills are facing disposal problems. GLD comprises one of the streams 
out of the pulping process to reduce the concentration of non-process elements (NPE), such as Mg, Si 
and Al originating from the wood [13]. The GLD retrieving process, using a pre-coat lime mud filter 
(the pre-coat is a mixture of CaCO3, CaO and Ca(OH)2), leads to various amounts of lime mud mixed 
with the green liquor, which strongly influences the final composition of the dregs. GLD is classified 
as a non-hazardous chemical waste by the Swedish EPA [14]. It has a high content of calcite, is 
alkaline and has been shown to have a low hydraulic conductivity [15]. This opens up the possibility of 
using it for construction of sealing layers in covers on sulphidic mine waste. 

Since landfilling is costly, reusing the material would be beneficial for both the pulp and paper  
mills and the mining industry. Although GLD has been used in several sanitary landfill cover  
applications [16,17], no extensive characterization of the material has been performed. The objectives 
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of the present study were, on the basis of laboratory investigations, (i) to characterize the GLD 
physically, mineralogically and chemically to define variations in the material properties and (ii) to 
evaluate the feasibility of using GLD in sealing layers. 

2. Materials and Methods

2.1. Materials 

GLD were obtained from the Billerud Karlsborg sulphate pulp and paper mill in northern Sweden. 
The sampling took place on four occasions and ~30 kg were collected each time and stored in sealed 
cans, to prevent the samples from drying, at room temperature. The four batches are referred to as A, 
B, C and D herein. 

2.2. Methods 

2.2.1. Mineralogical Characterization 

X-ray diffraction analysis (XRD) was performed with a Siemens D5000 diffractometer (Siemens, 
Munich, Germany) using CuK  radiation generated at 40 kV and 40 mA. The scanning range was 
measured in Bragg-Brentano geometry from 5° to 90°. 

2.2.2. Chemical Characterization 

Concentrations of 31 elements were determined for all four batches of GLD with duplicate samples. 
The modified EPA method 200.7 (ICP-AES) and 200.8 (ICP-SMS) [18] were used and performed by 
an accredited laboratory (ALS Scandinavia, Luleå, Sweden). Dry matter content, was determined 
drying the sample at 105 °C for 24 h according to Swedish standard SS 028113-1 [19]. Ca concentrations 
were analyzed using ICP-OES (Varian Vista MPX, Varian, Palo Alto, CA, USA) at the Billerud paper 
mill for 14 samples of GLD. 

The buffering capacity was determined for GLD batches A, B, C, and D with the batch titration 
method. The procedure was modified from the method described by Wyatt [20]. 0.75 g of dried GLD 
was placed in 50 mL plastic containers and mixed with 0–16 mL of 1 M HCl with 0.5 mL increments. 
Water was added to obtain a final volume of 20 mL. The samples were placed on an orbital shaker (IKA 
KS 260 basic, IKA-Werke GmbH & Co., Staufen, Germany) and agitated for 24 h to reach equilibrium. 
The pH was measured with a pH meter (Metrohm Ltd, 704 pH Meter, Herisau, Switzerland). 

A leaching test was performed in triplicate of GLD. The procedure was modified from the Swedish 
standard SS-EN 12457-4 [21]. 70 g dry mass of GLD was added to 700 mL of high purity Milli-QTM 
water (Millipore, Bedford, MA, USA) with pH 7 (taking the water content of the sample into 
consideration) to achieve a liquid-to-solid (L/S) ratio of 10 mL/g. The samples were agitated once a 
day for 6 days and centrifuged to collect the supernatant. The eluates were filtered with a 45 μm nylon 
membrane and analyzed by an accredited laboratory (ALS Scandinavia, Luleå, Sweden) according to 
the previously described method. The L/S ratio was selected to simulate the long-term leaching. 
Assuming we have a 0.3 m cover with a weight of 400 kg/m2 and the infiltration through the saturated 
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cover is 50 L/m2 per year gives a L/S of 0.125 L/kg per year. This means that it is expected to take 80 
years to achieve L/S 10 in the field by percolation through a traditional cover [22]. 

2.2.3. Physical Characterization 

Dry matter content was analyzed at the Billerud paper mill on 178 samples over one year. Paste pH 
was analyzed in duplicate with a pH meter (Metrohm Ltd., 704 pH Meter, Herisau, Switzerland) for all 
four batches of GLD according to Weber et al. [23]. 

Laser diffraction analysis was conducted on duplicate samples for all four batches of GLD using a 
CILAS Granulometer 1064 (CILAS, Orléans, France) to obtain the particle size distribution, which 
was calculated using the CILAS software. 

To determine the surface properties of the particles, the pH effect on the electrophoretic mobility was 
analyzed with a ZetaPhoremeter IV (ZetaCOMPACT, CAD instrumentation, Les Essarts le Roi, France) 
with attached charge-couple device (CCD) video camera. The analysis was done after suspending 
GLD batch B (n = 3) in 1 mM KNO3 and adjusting the pH with either HNO3 or KOH to values between 
2 and 12. The analysis was performed when the solution maintained the desired pH for 30 min. The 
results were analyzed with the zeta4 software (Parker Hannifin Corporation, Rohnert Park, CA, USA). 

The surface area was analyzed in duplicate for all four batches of GLD. The samples were dried 
with a freeze dryer system (Freezone 4.5, Labconco Corp., Kansas City, MO, USA). To determine the 
surface area, the samples were analyzed with a DeSorb 2300A/FlowSorb instrument (Micromeritics, 
Norcross, GA, USA). 

Constant Rate of Strain (CRS) tests were performed on GLD batches B and D according to a 
standard procedure [24]. Cylinders measuring 15 cm × 7 cm diameter were filled with GLD. The 
samples were set under a 30 kPa load for 28 days resembling a 1.5 m protective cover. The cylinders 
were placed in an oedometer and an increase of induced stress was applied on the samples. Drainage 
was only allowed from the top. The hydraulic conductivity was calculated based on the deformation 
and the pore pressure from the lower surface. 

The water retention capacity (WRC) was measured on GLD batches B and D in duplicate. The 
samples were packed into cylinders and saturated from below. The cylinders were placed on a ceramic 
plate and pressurized from below using a pressure plate apparatus (Soilmoisture Corp., Goleta, CA, 
USA). The applied tensions were: 0.1, 0.5, 0.8, 1.0, 2.5 and 5.0 m water column (mwc). 50 and 150 mwc 
were determined on separate bulk samples. The volume of the loose samples was calculated using the 
bulk density, which was determined from the weight of the dried samples (105 °C for 24 h) divided by 
the cylinder volume. The total porosity was calculated for GLD batches B and D according to the 
equation: Total porosity = (Particle density – Bulk density)/Particle density. Density was determined 
from the WRC. 

A multivolume helium pycnometer (Pycnometer 1305, Micromeritics, Nercross, GA, USA) was 
used to determine the density of GLD batch B (n = 3). The bulk density and compact density were 
calculated for GLD samples from batches B and D. 

Surface and crystal structures were studied on GLD batch A using an FEI Magellan 400 XHR 
Scanning Electron Microscope. 
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Replicate samples of GLD were packed into cylinders measuring 15 cm × 7 cm diameter and cured 
for one month at 5 °C (soil temperature in field conditions) under a load of 20 kPa, equivalent to a 1 m 
top cover. The samples were tested for uniaxial compressive strengths. The deformation rate was set 
at 1.5%/min. 

3. Results

Dry matter content of the GLD was measured on 178 occasions over one year at the Billerud
Karlsborg paper mill. Average dry content was 46% ± 7% with 5th and 90th percentiles of 35% and 
54%, respectively. For 14 of the samples, concentrations of Ca were measured at Billerud. Dry matter 
content and Ca concentration were correlated with a correlation coefficient of 0.75. 

The XRD analyses showed that the crystalline phase of the GLD mainly is composed of calcite 
(CaCO3). Brucite (Mg(OH)2), a common form of Mg in ash, could also be detected. However, the 
detection limit is ~2% of sample and amorphous phases or poorly crystalline solids cannot be detected 
with the XRD. Particle size distribution according to laser diffraction analysis is shown in Figure 1. 
GLD appears to be a relatively fine-grained material with average d10, d50 and d90 values for the four 
batches of 1.9 ± 0.5 m, 11.9 ± 3.9 and 26.4 ± 0.5 m, respectively. The scanning electron microscope 
(SEM) measurements detected calcite crystals. 

Table 1 shows the chemical composition of the different batches of GLD. Since calcite is the 
dominant mineral, the Ca concentration is high. Lime mud added in the process is the Ca source. The 
concentration of Mg is high, supporting the presence of brucite. Concentrations of Mn, Si, Al, K and P 
are also relatively high, indicating the presence of amorphous phases not detected by XRD. In the 
context of mine waste applications it is worth mentioning that the S content is high, ranging from 8330 
to 18,650 mg/kg. Zn is the only trace metal that has a relatively high concentration, ranging from 733 
to 1820 mg/kg. Table 2 shows the leached concentrations of elements, which are compared with the 
regulatory levels of important contaminants [25]. Most of the contaminants were below the level of 
leachates from inert waste. Of the trace metals, Hg and Pb exceeded this limit but not the limit for 
non-hazardous waste. K was readily leached where 97% was released. The average S concentration 
was 7990 mg/kg, which corresponds to a sulphate concentration of 23,970 mg/kg if it is assumed that 
S occurs as sulphate and corresponds to ~86% of the total sulphate in GLD. This is slightly higher than 
the leaching limit for non-hazardous waste. It should be mentioned that the leaching experiments 
performed when obtaining regulation limits were pursued using a one-step (one day) leaching test, 
whilst the leaching test used for GLD was performed with the batch leaching method that was ongoing 
for 6 days to simulate the long-term effect of leaching. 

The zeta ( ) potential for GLD batch B is negative over the entire pH range. Thus, cations could 
adsorb to the surface of the GLD particles. The isoelectric point (the pH where the net electric charge 
of the particles is 0) was not attained. 

In Table 3, the results of the measurements of surface area, paste pH, porosity, hydraulic 
conductivity, compact density and bulk density are summarized. There are differences between the 
batches, but not so large that they change the character of the material. Paste pH is high (10.0 to 11.0), 
the hydraulic conductivity rather low (10 8 to 10 9 m/s), porosity relatively high (73.2% to 82.2%), 
bulk density ranges between 0.44 and 0.67 g/m3 and compact density ranges from 2.47 to 2.60 g/cm3. 
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Figure 1. Particle size distribution of green liquor dregs (GLD) batches A, B, C and D. For 
comparison, data for typical sealing layers consisting of clayey till is included [1]. 

Table 1. Metal concentrations in GLD duplicate batches A–D expressed on a dry matter basis. 

Element Unit
Sample batch 

A1 A2 B1 B2 C1 C2 D1 D2 
Dry matter (DM) % 51.4 51.6 47.8 47.2 37.9 38.0 35.7 35.5 
Si mg/kg 4,960 5,020 6,630 6,850 9,720 10,500 12,300 12,400 
Al mg/kg 2,700 2,720 2,900 3,090 5,280 5,180 9,820 9,890 
Ca mg/kg 317,000 317,000 295,000 296,500 252,000 247,000 219,000 217,000
Fe mg/kg 3,190 3,170 4,540 3,360 5,700 6,520 9,650 7,260 
K mg/kg 1,910 2,050 2,910 2,970 3,010 3,060 3,360 3,570 
Mg mg/kg 37,800 38,300 43,400 43,900 50,600 49,600 72,400 73,300 
Mn mg/kg 8,350 8,430 10,800 10,900 12,900 12,700 17,300 17,500 
P mg/kg 4,000 4,030 3,590 3,610 1,270 1,250 922 911 
LOI 1000 °C % DM 41.3 41.4 40.7 40.8 43.1 43.1 39.9 40.0 
As mg/kg 0.305 0.225 0.327 0.172 0.332 0.383 0.474 0.431 
Cd mg/kg 3.54 3.69 5.80 5.53 4.98 4.87 8.29 8.65 
Co mg/kg 3.34 3.04 3.96 3.67 4.83 4.72 5.63 5.77 
Cr mg/kg 71.9 80.2 93.2 94.3 92.0 97.7 126 127 
Cu mg/kg 101 109 112 108 179 159 224 202 
Hg mg/kg 0.04 0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 
Ni mg/kg 29.3 31.6 53.6 46.7 51.7 40.7 60.8 49.5 
Pb mg/kg 2.27 2.56 2.86 2.96 3.28 3.26 5.88 6.13 
S mg/kg 7,880 8,780 10,500 9,150 13,500 13,200 18,600 18,700 
Zn mg/kg 701 764 1,120 1,060 1,230 1,200 1,840 1,800 
CaO % DM 44.3 44.3 41.0 41.0 35.3 34.6 30.6 30.4 
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Table 2. Leaching of GLD (average of triplicate) with standard deviations at L/S 10 
compared with regulatory limits for inert and non-hazardous leached with the same L/S 
ratio [25]. N/A = no data available. 

Element 
GLD L/S 10 

(mg/kg) 

Leaching limit values 
at landfills for inert 

waste (mg/kg) 

Leaching limit values at 
landfills for non-hazardous  

waste (mg/kg) 

Relative mass released 
from GLD (%) 

Si 3.03 ± 0.00 N/A N/A 0.01 
Al 0.34 ± 0.19 N/A N/A 0.01 
Ca 29.4 ± 18.0 N/A N/A 0.01 
Fe 0.23 ± 0.00 N/A N/A 0.01 
K 1433 ± 12 N/A N/A 97.0 

Mg 8.3 ± 3.0 N/A N/A 0.09 
Mn 0.97 ± 0.76 N/A N/A 0.01 
P 3.07 ± 0.37 N/A N/A 0.08 

As 0.002 ± 0.002 0.5 2 0.32 
Cd 0.0003 ± 0.0000 0.04 1 0.01 
Co 0.0006± 0.0000 N/A N/A 0.01 
Cr 0.44 ± 0.07 0.5 10 0.7 
Cu 0.045 ± 0.015 2 50 0.04 
Hg 0.22 ± 0.00 0.01 0.2 0.08 
Ni 7.01 ± 3.00 0.4 10 0.02 
Pb 1.89 ± 0.00 0.5 10 0.06 
S 7,990 ± 104 Sulphate: 1,000 Sulphate: 20,000 85.6 

Zn 0.088 ± 0.051 4 10 0.01 

Table 3. Surface area, pH, hydraulic conductivity, bulk density, compact density and 
porosity of GLD batches A, B, C and D. The analyses were performed on duplicate 
samples, except for hydraulic conductivity and pH which were measured in triplicate. 

GLD  
batch 

Surface  
area (m2/g) 

pH 
Hydraulic  

conductivity (m/s)
Bulk density 

(g/cm3) 
Compact density 

(calculated) (g/cm3)
Compact density (by 
pycnometer) (g/cm3)

Porosity 
(%) 

A 12.1 ± 0.1 11.0 ± 0.1 N/A N/A N/A N/A N/A 
B 16.8 ± 0.1 10.0 ± 0.0 1 × 10 8 ± 7 × 10 9 0.67 ± 0.00 2.60 ± 0.00 2.57 ± 0.00 73.2 ± 0.4
C 21.4 ± 0.0 10.6 ± 0.1 N/A N/A N/A N/A N/A 
D 20.4 ± 0.2 10.1 ± 0.0 1 × 10 8 ± 7 × 10 9 0.44 ± 0.00 2.47 ± 0.00 N/A 82.2 ± 0.1

The WRC curves for batches B and D are presented in Figure 2. Compared with five sealing layers 
made of clayey till, commonly used in glaciated terrains [1], the WRC is significantly higher for GLD. 
The acid neutralizing capacity pattern was similar between pH 7.8 and 11, for the four batches of GLD 
with a large buffering at pH 8. Small differences were found between pH 2 and 7.8. To maintain 
pH > 6, the average neutralization capacity was high with the average value 18.5 mmol H+/g dry 
weight for the four batches of GLD. 

The shear strength of GLD was assessed at 11.8 ± 1.6 kPa after one month curing time. This is a 
low value compared with other materials used for construction of sealing layers. Clayey till and 
Ca-bentonite have 4 times higher values and Na-bentonite 6 times higher values [26]. 
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Figure 2. Water retention characteristics of GLD batches B and D. The results for two 
types of silt are also included for comparison [27]. The area between the dashed lines 
indicates the water retention capacity (WRC) of five sealing layers made of clayey till 
reported by Höglund et al. [1]. 

 

4. Discussion 

4.1. Material Variation 

To enable the reuse of GLD, the effect of varying material compositions on the desired function 
should be understood to identify possible limitations. The dry content of GLD monitored at the 
Billerud mill ranges between 29% and 72%, commonly within the range 36% and 54%. Increasing dry 
content is a consequence of larger amounts of lime mud scraped off from the filter coating. This 
decreases the relative concentration of non-process elements. 

The XRD analysis indicated the presence of calcite and small amounts of brucite, which is in 
agreement with Martins et al. [28], while no other buffering minerals were detected. Calcite crystals 
were detected by SEM analysis. The chemical analysis showed large amounts of sulphur but no 
crystalline forms of this element was detected. However, Martins et al. [28] found gipsite in GLD, not 
detectible by XRD. Ettringite and gypsum are other solid forms of sulphate that may be present in 
small amounts and therefore not picked up by XRD due to the instruments detection limit. It is likely 
that mainly amorphous and liquid forms of sulphate are present in GLD and can therefore not be 
detected with XRD. Based on the ANC, up to 75% of the GLD content is CaCO3, assuming that the 
source of alkalinity that is buffering around pH 8.3 is only CaCO3. The higher content of Ca in batches 
A and B (Table 1) explains the higher acid buffering capacity observed compared to the two other 
batches (Figure 3). The observed variation in the chemical and mineralogical composition of the GLD 
can be caused both by the origin of the wood and the efficiency of the GLD retrieval. The variation 
between batches had no strong effect regarding the hydraulic conductivity, buffering capacity, pH and 
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particle size of the studied materials compared to the natural variation observed in the replicates. 
However, the surface area, the density and the porosity varied significantly between the batches. The 
observed variation may complicate the use of the residual product on a large scale. Therefore potential 
negative effects of the quality variation on the intended application of the material should be addressed. 

Figure 3. Acid neutralization capacity for GLD batch A, B, C and D. 

4.2. Use of GLD in Sealing Layers 

A sealing layer applied on reactive mine waste should function as a barrier for oxygen transport. 
Pore size and degree of saturation affect the effective diffusion coefficient, De, which in turn affects 
the oxygen flux through the material. The porosity forms channels for oxygen diffusion if the pores are 
not saturated. De increases with increasing pore size and quantity [29] and the oxygen penetration 
decreases when the particles are irregularly shaped compared to a more regular structure [30]. 
Decreasing particle size is correlated to increasing total porosity [29]. GLD is a fine-grained material. 
Comparing the particle size distribution of GLD with sealing layers made of clayey till [1] shows that 
GLD particles are significantly smaller with a d50 of 12 m compared to 60 m for the till. A sealing 
layer should be homogeneous to achieve uniform water saturation and GLD has a small particle size 
throughout the material. As the porosity of GLD is high, >70%, oxygen diffusion may occur if it dries. 
Oxygen diffusion decreases sharply as the degree of saturation increases above 85% [1]. WRC is a 
hydraulic property affecting the transport of fluids in the material. GLD has very high water retention 
potential, much higher compared to other cover materials (Figure 2) such as clayey till. The high WRC 
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is assumed to be due to the grain structure together with the ionic charge of the particles. Although the 
particle size falls into the range of silt, the WRC is more comparable to clayey materials than silty 
materials, especially at high under-pressures. Due to the high WRC, GLD has good potential to reduce 
the oxygen flux through a sealing layer by maintaining saturated or close to saturated conditions. The 
risk of shrinkage and cracking due to desiccation is reduced, which is otherwise a common problem in 
clay and may have a significant impact on the sealing layer performance. 

A sealing layer should consist of a material that decreases water infiltration. Decreasing the particle 
size of a material is usually correlated to decreasing its hydraulic conductivity [31,32]. Hydraulic 
conductivity is negatively correlated to porosity in the case of fine-grained material [33,34] and the 
specific surface area [32]. A high porosity enables water to enter the material, but the large surface 
area also enhances chemical interactions binding water to particles, thereby limiting water transport, 
resulting in high grade of saturation. Our results showed that GLD has adequate characteristics, such 
as a small particle size, high porosity and average surface area of 18 m2/g, to limit the water flow 
through the material. The tests confirmed a relatively low hydraulic conductivity, between 1 × 10 8 
and 7 × 10 9 m/s. However, it did not reach the recommended minimum hydraulic conductivity [1] of 
1 × 10 9 m/s. 

There are several advantages of using GLD over virgin material such as till and other natural soils 
for construction of sealing layers. Opening quarries is not only costly but also has a significant 
environmental impact. A shortage of fine-grained cover material close to the mines is often an issue [2]. 
However, because the quality of GLD varies, there is a risk that not all of the GLD produced would 
have the appropriate characteristics for use in sealing layer applications. Based on the results, GLD 
with low hydraulic conductivity would be most suitable to use for construction of sealing layers. 
However, the small variations observed between the batches of GLD from Billerud are not expected to 
lead to complications if used for barrier applications. GLD has previously been used in applications 
such as a stabilization agent for road construction [15]. 

Ideally, the material used as a sealing layer should both decrease oxygen penetration, water 
infiltration and simultaneously function as a chemically reactive barrier retaining heavy metal ions 
originating from the mine waste. A major concern when using residual products is assessing their 
potentially negative impact on the environment. Both undesired alteration of the material, which may 
alter its sealing function, and side effects on underlying mine waste caused by GLD leachates are 
potential issues to be addressed. The GLD from Billerud, however, has low content of most potentially 
harmful metals. The leaching data indicated that a large amount of the K and S content was leached. It 
is possible that the sulphate leached from the GLD may increase the chance of gypsum precipitation 
and could decrease the chance of jarosite formation in the underlying sulphidic waste [35]. It can be 
concluded that calcite was not dissolved despite of the repeated leaching test. The pH remained at a 
high level (pH 11.6). The leaching behavior is likely to change if the material is acidified resulting in a 
lower pH. Due to the production process of GLD (burned at high temperatures) it does not contain 
organic matter meaning that GLD is not susceptible to organic matter degradation that may harm the 
integrity of the sealing layer [28]. The material also lacks elements that are likely to interact and 
transform into harmful substances or oxidize easily, thereby changing its initial structure and 
properties. The -potential is similar to those of kaolinite and montmorillonite at lower pH, but the clay 
minerals show a larger negative charge at high pH [36]. The -potential had a negative correlation with 



Minerals 2014, 4 340 

pH which can be related to its high content of CaCO3 and is consistent with other electrokinetic studies 
on calcite summarized by Guichet et al. [37]. For pH below 8, the presence of CaCO3 decreases 
leading to more free Ca2+ in solution [37]. The measured -potential should therefore be less negative 
for pH below 8, which is consistent with the result. The electrical properties of calcite are a 
controversial topic. Electrokinetic measurements have shown to be dependent on CO2 partial pressure 
and have yielded different results on calcites of various origins [37]. The calcite in the GLD has a 
negative -potential at all pH levels, which is not the case with kaolinite. This indicates that the GLD 
particles are relatively stable and resist the formation of aggregates [38]. This, together with the high 
WRC, suggests that crack formation due to aggregation, providing a pathway for water and oxygen, 
would be limited. The function can be maintained independent of the pH. 

The buffering capacity of GLD is high, which is consistent with its high carbonate content. To 
maintain pH > 6, the average neutralization capacity was 18.5 mmol H+/g dry weight for the four 
batches of GLD. The high buffering capacity indicates that GLD could act as an alkaline barrier. The 
high grade of saturation will minimize oxygen intrusion into the underlying sulphidic waste, slowing 
down oxidation. Only small amounts of alkalinity would therefore be consumed by the mine waste, 
resulting in a long lasting sealing layer. This is in agreement with Jia et al. [22] who showed that it is 
feasible to use GLD as a cover material to immobilize trace metals in tailings. Leaching experiments 
have shown that the amount of elements released was below the leaching limits for non-hazardous 
waste regulated by the European Union [25], making it a good candidate for sealing layer applications. 
In addition, it has been shown that addition of 10% green liquor dregs to reactive, sulphide-rich 
tailings reduced leaching of metals such as Cu, Co, Cd and Ni [39]. A probable explanation is that 
GLD increases pH, thereby immobilizing metal ions by precipitation of secondary minerals and 
absorption to mineral surfaces [1]. 

4.3. Limitations 

The results indicate that the application of GLD may be effective in the Swedish subarctic climate 
since the neutralization capacity is expected to last for a long time because the dissolution of buffering 
compounds such as CaO, Ca(OH)2 and CaCO3 will be slow due to the low hydraulic conductivity of 
the material and low precipitation. However, the applicability of a GLD sealing layer may not be 
suitable in all environments. Waste rock piles have to be carefully engineered diverting the water away 
from the pyritic waste. In climate zones with very high annual precipitation, there is a risk of water 
flow on top of the sealing layer. This may harm the integrity of the sealing layer or slowly dissolve the 
chemical compounds compromising its long-term function. The function may also be compromised if 
the material dries, which is a risk arid regions. 

Although GLD has shown desirable properties to function as a sealing layer, some practical issues 
have to be addressed beforehand. The material is very sticky, making it difficult to handle on a large 
scale. In addition, the total amount of GLD annually produced is small in comparison with the amount 
of mine waste. In Sweden, as an example, the annual production of GLD is ca. 240,000 t produced in 
many mills spread over the country, many situated far away from the mining areas. Logistics and 
transport economics must be considered. During 2010, 89 million tons of mine waste was produced, 
most of it from mines where sulphide-bearing ores were mined [40]. 



Minerals 2014, 4 341 

The shear strength of GLD was assessed at 11.8 ± 1.6 kPa after one month curing time, which is 
low compared to the shear strength of bentonite and clayey till. Such low shear strength is insufficient 
for engineering applications [26]. It is important that the material exhibit sufficient compressive 
strength to support the weight of a protective layer but also exhibit plasticity to resist cracking that can 
be caused by differential settlements in the landfill. If GLD is applied as a sealing layer in a slope, 
there is a risk of sliding due to the low shear strength and the high water content. Improving the 
mechanical properties is therefore necessary. A mixture with the proportions 7:2:1 of tailings: GLD: 
fly ash was found to be geotechnically satisfactory but its function as oxygen barrier remains to be 
proven [41]. GLD may also be frost sensitive, which is a common problem with silty soils, causing 
damage to the cover (i.e., frost heave) when used at shallow depths in cold regions. 

5. Conclusions

GLD has the potential to be used as sealing layer in dry covers on mine waste since it has relatively low
hydraulic conductivity, a high WRC and small particle size. Although the chemical and mineralogical 
composition varied between the different batches, these variations were not reflected in properties such 
as hydraulic conductivity and WRC. Leaching of contaminants from the GLD is not a concern for the 
environment. However, GLD is a sticky material, difficult to apply on mine waste deposits and the 
shear strength is insufficient for engineering applications. Improving the mechanical properties is therefore 
necessary. Mixing the GLD with tailings and additives such as fly ash is a promising methodology to 
increase the shear strength and even lower the hydraulic conductivity, but further research is necessary 
before using such mixtures for construction of sealing layers on an industrial scale. 

GLD shows a high buffering capacity indicating that it could act as an alkaline barrier. Due to the 
low hydraulic conductivity, the buffering capacity will not be consumed in a very long time in 
subarctic regions. A practical evaluation of the use of GLD taking the climate/geographical region into 
consideration needs to be pursued. Covers on mine waste should be efficient in a very long-term 
perspective. Therefore, the effects of aging on GLD properties should be studied. 
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Abstract The present study addresses the effectiveness

of green liquor dregs (GLD, a residue from paper pulp-

making) as a paste additive with different proportions in

tailings for stabilizing mine waste by testing of uniaxial

compressive strength and hydraulic conductivity. Selected

samples were also investigated for freeze–thaw effect on

hydraulic conductivity, and the water retention capacity

was discussed based on previous results. Fly ash was also

added to the paste to study the auxiliary functions such as

solidification in the sealing material. GLD have the

potential for use as a barrier layer material for stabilizing

mine tailings by decreasing water percolation and

improving water retention properties. However, the solid-

ified paste of GLD-amended tailings possesses low uniaxial

compressive strength, but the addition of fly ash to the

paste increased the uniaxial compressive strength by up to

2–3 times 1 month after it was solidified, with a further

two- to threefold strength increase after 3-months curing

time. Although the hydraulic conductivity of the tailings

paste decreased as a consequence of mixing with both GLD

and FA, the difference was within one order of magnitude.

The hydraulic conductivity was also reduced as the water/

solid ratio of pure GLD decreased. The climatic freeze–

thaw cyclic process led to 20 % increase in hydraulic

conductivity. A proportion of 7:2:1 for tailings:GLD:FA

was found to be a geotechnical satisfactory recipe to seal

the mine waste. If porosity is reduced, improved water

retention capacity and no cracking in the tailings can be

assured, oxygen diffusion is limited, and oxidation of the

mine waste is decelerated, thus mitigating acid rock

drainage.

Keywords Fly ash � Freeze–thaw � Green liquor dregs �
Hydraulic conductivity � Tailings stabilization �
Uniaxial compressive strength

Introduction

Waste rock and tailings, a by-product of mining metal

sulfide ores, contain sulfide-bearing minerals. In the pres-

ence of water and oxygen, unstable sulfide minerals

undergo oxidation; for example, the oxidation of iron sul-

fides (pyrite, pyrrhotite) generates acid rock drainage

(ARD), which can last hundreds or even thousands of years

[1]. ARD may deteriorate surface- and groundwater quality

and adversely affect ecosystems [2, 3]. Common remedi-

ation options for tailings sites include the application of a

dry surface cover, liming (the addition of lime to the mine

waste) and underwater storage [4, 5].

Sweden is one of the most active mining countries in

Europe, generating approximately 59 million tonnes of

reactive sulfidic mine tailings annually [6]. Attention has

therefore focused on tailings management, in particular the

monitoring of contaminated sites, development of new

reliable strategies for tailings remediation and prediction of

the environmental fate of the contaminants, especially

heavy metals [7, 8].

A number of methods are used for tailings remediation,

including stabilization of the waste disposal site and col-

lection and treatment of ARD off-site [9, 10]. One of the

ARD remediation methods used in Sweden is liming;

however, ARD neutralization at liming stations is costly

and generates large quantities of waste in the form of a
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sludge consisting mainly of gypsum and iron hydroxides

[11]. Various less expensive alkaline materials, such as red

mud (the residue from bauxite refining) and cement kiln

dust, are also added to mine waste to neutralize it and

enhance hydroxide precipitation [12, 13]. A number of

alkaline by-products from paper production, such as green

liquor dregs (GLD) and fly ash (FA), have been assessed

for their use as alkaline additives to neutralize and stabilize

sulfide-rich mine waste [14, 15]. The use of these alter-

native waste materials as paste additives to mitigate the

negative effects of ARD offers a solution to both envi-

ronmental problems simultaneously.

The process of tailings stabilization requires the use of

binders and additives to form a paste [10], to improve

water retention and the hydro-geotechnical properties by

lowering the permeability, reducing water percolation and

decreasing free oxygen transport. This hinders in situ sul-

fide oxidation in the tailings dumps and prevents ARD

generation for long periods. The addition of natural po-

zzolans such as fly ash to the tailings also improves its

plasticity and volume stabilization [16]. The FA generated

from the paper mill is expected to have similar geotech-

nical properties in tailings stabilizations.

The solubility and/or chemical reactivity of tailings is

also reduced by stabilization and freeze–thaw properties.

Frost heave is a potential threat to sealing layers placed

over mine waste in cold climates. The freeze–thaw

expansion and contraction cause lifting and settling, lead-

ing to non-plastic cracking which enables the infiltration of

water and air and accelerates tailings oxidation. This action

also increases the initial voids ratio as well as compress-

ibility of tailings and causes a significant increase in

hydraulic conductivity [17]. In Sweden, the frost depth

typically varies between 1.0 and 2.5 m [4].

In the present study, the authors hypothesize that the

GLD mixed with tailings can be used to construct sealing

layer for mine waste. The purposes of mixing GLD and

tailings are to reduce the amount of free water and to limit

oxygen transport. On the other hand, the addition of GLD

can add alkalinity to the mine waste to prevent the ARD.

Green liquor dregs are a residual product of the sulfate

pulping process in the pulp and paper industry. It typically

comprises sodium carbonate, sodium hydroxide calcium

carbonate, unburned carbon, sulfides and traces of heavy

metals and has a pH of 10–12 [18]. Each year large

amounts of GLD (1.34 9 105 tonnes) are generated and

landfilled in Sweden [19]; however, limited work has been

performed on acid rock drainage mitigation using paper

mill wastes [20].

Earlier studies have found that the addition of 10 % dry

wt of GLD halved the hydraulic conductivity of the tail-

ings. Due to its alkalinity, 10 % dry wt of GLD reduced Cu

leaching by a factor of 4–10 and reduced the leaching of

other metals, including Co, Cd and Ni [20]. The addition of

30 % dry wt mixture of GLD and FA to tailings collected

at an abandoned copper mine was found to reduce the

hydraulic conductivity by more than one order of magni-

tude [18]. However, the leaching of some minor metals can

increase at high pH, such as As when pH is higher than 8

and Pb when pH is higher than 10 [21–23].

Based on the above chemical results, the authors intend

to test the mixture of GLD with tailings to construct a

sealing layer to protect the mine waste. The effect of FA on

stabilization of the paste is also of interest.

With respect to the use of GLD as additives in the

tailings as sealing material, there are a few issues in need of

solving, such as (1) to find out a better recipe for different

proportions of GLD, tailings and FA and (2) to evaluate the

effect of geotechnical, hydraulic and chemical parameters

on mine waste stabilization.

Due to the high water content, the transport of GLD can

be costly. To serve as a suitable covering material, GLD

have to meet the prerequisites such as sealing, limited

treatment and beneficial for both economy and environ-

ment. The same principles apply to FA.

The overall objective of the present study is to use GLD

mixed with tailings to remedy mine waste, both to achieve

stabilization and to use as low amount of GLD as possible.

Similarly, FA is planned to be used in the recipe only when

necessary.

The specific objectives of the present study were (1) to

evaluate different mixing proportions of additives (GLD

and FA) required to construct a barrier layer for stabilizing

the tailings geotechnically, on the basis of laboratory

testing of uniaxial compressive strength and hydraulic

conductivity; (2) to assess the water transport and the effect

of freeze–thaw actions on hydraulic conductivity of the

tailings mixture containing additives for mine waste

remediation; and (3) to discuss the environmental proper-

ties of the mixtures, for example reducing water percola-

tion, increasing buffering capacity and reducing the impact

of ARD.

Materials and Methods

Raw Materials

The tailings sample used in the present study was collected

from the concentrator at the Kristineberg mine, Boliden AS

mining company and was a blend of mine waste from

Maurliden and Kristineberg in Sweden. The total amount

of the obtained tailings was ca. 50 kg. The raw materials,

GLD and FA, were obtained from the Billerud Karlsborg

sulfate pulp and paper mill in northern Sweden. The

amount of GLD and FA was ca. 20–30 kg each. The GLD
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(Fig. 1a) were first mixed, placed back into the container

and then hand-shaken to achieve a homogeneous blend.

The raw material GLD used for hydraulic conductivity

test, Sample no. Lab 6 (see Table 3 in section ‘‘Constant-head

Hydraulic Conductivity’’ and Table 6 in section ‘‘Hydraulic

Conductivity’’), was obtained from the Iggesund Mill, a pulp

and paperboard mill, Sweden. The amount of GLD was ca.

30 kg. The reason to include the Lab 6 sample was to assure

the results of hydraulic conductivity comparable between the

raw Iggesund GLD sample and the field sample (see ‘‘Field

samples’’ and ‘‘Hydraulic conductivity’’ section).

Field Samples

To study the effect of water/solid ratio of GLD on

hydraulic conductivity, field GLD samples were obtained

from a landfill site in Iggesund, Sweden, using piston

samplers. The reason to use the Iggesund field samples

instead of the Billerud field samples was the impossibility

to obtain pure GLD samples from the landfill site. The

Billerud GLD was landfilled together with other waste,

while the Iggesund GLD was pure. Three samples, with

duplicates of each, were collected at depths of 1.5–2.0,

4.6–5.0 and 6.7–7.0 m below ground level, which were

assumed to be of different ages, since disposal of GLD at

the landfill site had been done in batches (Table 1).

Laboratory Tests

This work was carried out in the CompLab geotechnical

testing laboratory, Luleå University of Technology, Swe-

den. Two geotechnical tests (uniaxial compressive strength

and constant-head hydraulic conductivity) together with

studies of freeze–thaw effect on geotechnical properties

were performed. GLD and FA with different proportions

were added to the tailings to enhance its cohesive proper-

ties and to increase its compressive strength.

Uniaxial Compressive Strength

Seven cylindrical test specimens measuring 100 mm

(height) 9 50 mm (diameter) containing varying propor-

tions of the additives were prepared for the uniaxial com-

pressive strength tests after curing periods of either 1 or

3 months (Table 2). Each experiment was repeated on the

duplicated samples to ensure the reliability of the test

results, making 14 tests in total. Two FA samples (and their

replicates) were stored for 3 months to study the effect of

curing time. The test specimens were prepared by sys-

tematical compaction of the material into the cylindrical

mold in layers of approximately 100 mm thickness. Pre-

pared specimens were then stored at ?5 �C (equivalent to

field soil temperature) under a pressure of 20 kPa to sim-

ulate a load of a soil column about 1 m deep.

The edges of the testing machine platens were lightly

coated with petroleum jelly to reduce friction between the

steel and the test specimen. Deformation rate was set at

1.5 %/min, and the applied force was recorded every 10 s

until specimen failure.

Constant-head Hydraulic Conductivity

The hydraulic conductivity tests were done in accordance

with ASTM D7100-11 [24]. Tailings samples obtained

from the field (labeled Field 1–3, Table 1) and the labo-

ratory-prepared specimens (Table 3) were both tested for

constant-head hydraulic conductivity. As the materials in

Fig. 1 a Sample of green liquor

dregs (residue from paper pulp-

making process). b Mixing

additives and tailings

Table 1 GLD samples (plus replicate sample) from landfill site for

use in hydraulic conductivity tests

Sample no. Depth (m) Age

Field 1 1.5–2.0 New

Field 2 4.6–5.0 Intermediate

Field 3 6.7–7.0 Old
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the original field samples were inhomogeneous, they were

recompacted before testing. The proportions of tailings,

GLD and FA in the laboratory specimens (labeled Lab 1–5)

are given in Table 3. A total of 18 hydraulic conductivity

tests were carried out.

During specimen preparation, the interior of a standard

piston sampling tube was coated with bentonite clay to

prevent leakage of water along the tube surface. A filter

was placed at the base of the tube, and the material to be

tested was then compacted into the tube in layers of

approximately 100 mm thickness; a second filter was

placed at the top of the compacted material. Both ends

were then sealed; a water inlet was positioned at the lower

end and an outlet at the top (Fig. 2). Milli-qTM filtered and

deionized water was used in the tests.

After initially purging air from the specimen, influent

water at constant head was introduced at the base inlet. The

rate of effluent flow, Q, from the upper outlet was moni-

tored until constant. The hydraulic conductivity, k, was

then calculated from Darcy’s law:

k ¼ QL

Ab
ð1Þ

where Q is the flux (m3/s); L is the length of the sample in

the flow direction (m); A is the cross-section area (m2); and

b is the difference of hydraulic head (m).

An average flow rate was then obtained from the last

three measurements after a constant flow rate had been

achieved.

The hydraulic gradient (dimensionless), i = b/L was

based on the following assumptions:

• GLD solution with a water/solid ratio of 90–150 % has

a hydraulic conductivity of 10-8–10-9 m/s [25]

• a hydraulic gradient [8 is recommended for clay

(hydraulic conductivity\10-8 m/s) [26]

• the soils used as hydraulic barriers are often fine-

grained soils such as clay, silt and fine-grained tills;

therefore, the recommended hydraulic conductivity of

the landfill barrier material is\10-9 m/s [27].

From the above considerations, a value of 30 was ini-

tially chosen for the hydraulic gradient. Subsequently,

however, it was reduced to about 26 when the test speci-

mens were found to have a slightly higher hydraulic con-

ductivity than expected.

Freeze–Thaw Cycle and Subsequent Hydraulic

Conductivity

To investigate how a cyclic freeze–thaw process might

affect their geotechnical properties, laboratory freezing

experiments were conducted on two samples (labelled

Freeze 1–2, Table 4) and their replicates. These were

selected because of their high porosity, allowing them to be

more densely compacted; a low hydraulic conductivity was

therefore expected. The tests were conducted over a two-

Table 2 Composition of test specimens

Sample

no.

Tailings

(%)*

GLD

(%)

FA

(%)

Curing time

(months)

1 – 100 – 1

2 70 30 – 1

3 40 60 – 1

4 70 20 10 1

5 70 20 10 3

6 30 60 10 1

7 30 60 10 3

* Dry weight; includes replicates

Table 3 Composition of hydraulic conductivity test specimens

Sample no. Tailings (%)* GLD (%) FA (%)

Lab 1** – 100 –

Lab 2*** 70 30 –

Lab 3*** 40 60 –

Lab 4*** 70 20 10

Lab 5*** 40 50 10

Lab 6**** – 100 –

* Dry wt; includes replicates. ** Fresh GLD obtained directly from

the Billerud paper mill. *** GLD contained in the sample obtained

from the Billerud paper mill. **** Fresh GLD obtained directly from

the Iggesund paper mill

Continuous
flow

Outflow

b

Outflow

L

Fig. 2 Experimental arrangement for constant-head hydraulic con-

ductivity test
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week period during which four freeze–thaw cycles were

performed. The temperature range, based on likely field

conditions, was chosen to be between -7 and ?8 �C.
The temperature record for one sample is shown in

Fig. 3. A typical cycle lasted about 5.5 days. It took

approximately 3.4 h for the sample temperature to decrease

from ?8 to -1 �C, followed by a lag phase of about 13.7 h

at -1 �C and then a rapid decrease to -7 �C. The tem-

perature then rose rapidly to -1 �C, followed by a shorter

lag phase then a rapid increase to a plateau at ?8 �C.
The hydraulic conductivity was then determined for the

freeze–thaw specimens. Prior to freezing, the samples had

been compacted in the same manner as described in the

previous section. However, it was impossible to perform

hydraulic conductivity test using frozen specimens, as

significant leakage through the sample occurred. Thus,

specimens were recompacted at an early stage of testing,

for the purpose of eliminating the impact of freezing and

thawing on hydraulic conductivity.

Results

Uniaxial Compressive Strength Tests

Results after 1-month curing from the uniaxial compressive

strength tests (Table 5) show very low uniaxial compres-

sive strength (12–19 kPa) for GLD alone, or for GLD (30

and 60 %) mixed with tailings (70 and 40 %), represented

by samples 1–3. Conversely, when 10 % of either tailings

or GLD was replaced by fly ash (i.e., samples 4 and 6), the

strength increased fourfold to 58–92 kPa, which is defined

as medium to high level by SGI [28]. Moreover, it indicates

that the fly ash hydration in the test affects the strength of

the mixture. Samples stored for 3 months developed a

strength of approximately 116–250 kPa (high to very

high), up to 2–3 times higher than 1-month cured samples.

After storage, large cracks in one of the duplicates of

sample no. 3 were observed and it was found to have a

lower uniaxial compressive strength (9.5 kPa) than its

counterpart (28.4 kPa). Even with a low (10 %) FA con-

tent, very high uniaxial compressive strength was recorded

for sample 5.

Hydraulic Conductivity

Hydraulic conductivity test results are summarized in

Table 6, which also gives the water/solid ratios and bulk

densities.

Freezing and Hydraulic Conductivity Tests

After being subjected to the cyclic freeze–thaw process, the

samples were tested for hydraulic conductivity. The results

are summarized in Table 7.

Discussion

Uniaxial Compressive Strength Tests

It would be expected that if GLD-modified tailings paste is

placed at the top of a tailings heap, its very low uniaxial

compressive strength (15–16 kPa) might be adequate.

Table 4 Laboratory-prepared samples (% dry wt; includes repli-

cates) used for freeze–thaw hydraulic conductivity tests

Sample no. Tailings (%) GLD (%) FA (%)

Freeze 1 70 20 10

Freeze 2 40 50 10

Fig. 3 Freeze–thaw

temperature-change record for

mixed material (the figure refers

to sample no. Freeze 1)
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However, for the placement on a slope (hillside, tailings

stack, etc.), fly ash should be added to produce a paste mix

with medium-to-high uniaxial compressive strength

(60–90 kPa) to physically stabilize the slope [28].

The paste composed of GLD plus tailings possesses low

uniaxial compressive strength; however, the addition of

biofuel incineration generated FA to the paste greatly

improved uniaxial compressive strength (Table 5). The

samples (no. 4–5 and 7; Table 5) can undertake high to very

high shear strength. This is consistent with the findings of

Prashanth et al. [29], who showed that the strength of poz-

zolanic fly ash increases over time because of its lime con-

tent, while non-pozzolanic fly ash does not increase in

strength even with the addition of lime (Table 8).

The present study has shown that the component of fly

ash hydrated in the test effectively reinforces the strength

of GLD-modified tailings. Termkhajornkit et al. [30] found

that FA of burned coal in cement concrete seals the cracks

caused both by autogenous and by drying shrinkage, since

hydration products of FA seem to modify the microstruc-

ture. They showed that most cracking occurred within

28 days, while FA continued to hydrate after 28 days and

therefore tended to seal these cracks. However, greater FA

content also tends to bring about some uncertainty

regarding the strength, since the risk of cracking increases

after hydration.

The challenge in cold climates for producing a cover for

mine waste using fly ash is that some FA components can

cause cracking in winter during the snow-melt period due

to frost heave [31]. However, an evaluation by Prashanth

et al. [29] of the role of pozzolanic FA as a hydraulic

Table 5 Laboratory uniaxial compressive strength test results

Sample no. Proportions of

tailings/GLD/FA (%)

Uniaxial compressive

strength** (s, kPa)
Classification*

(kPa)

Water/solid

ratio (w, %)

Bulk density

(q, g/cm3)

1 –/100/– 11.8 ± 2.2 Very low (10–20) 117 0.63

2 70/30/– 15.7 ± 4.3 Very low (10–20) 49 1.26

3 40/60/– 19.0 ± 13.4 Very low (10–20) 78 0.93

4 70/20/10 91.5 ± 7.0 High (75–150) 35 1.57

5 70/20/10 250 ± 23 Very high (150–300) 35 1.57

6 30/60/10 58.4 ± 10.1 Medium (40–75) 62 1.07

7 30/60/10 116 ± 35 High (75–150) 62 1.07

* SGI, 2007 [28]. ** How were the numbers corrected: Mean ± SE (standard error). Replicates included

Table 6 Hydraulic

conductivity (HC) results

(mean ± SE, including

replicates) for field and

laboratory test specimens

Sample no. Proportions of tailings/

GLD/FA (%)

HC

(10-9 m/s)

Water/solid

ratio (%)

Bulk density

(g/cm3)

Field 1 –/100/– 50.2 ± 45.8 76.5 ± 2.1 0.91 ± 0.04

Field 2 –/100/– 42.0 ± 36.8 59.5 ± 2.1 1.04 ± 0.00

Field 3 –/100/– 8.1 ± 0.9 55.0 ± 1.4 1.00 ± 0.01

Lab 1 –/100/– 30.3 ± 4.0 116 ± 1 0.65 ± 0.01

Lab 2 70/30/– 24.2 ± 16.6 49.5 ± 0.7 1.27 ± 0.03

Lab 3 40/60/– 32.1 ± 2.1 77.5 ± 0.7 0.90 ± 0.02

Lab 4 70/20/10 25.6 ± 2.6 36.5 ± 2.1 1.45 ± 0.04

Lab 5 40/50/10 42.6 ± 11.9 64.5 ± 2.1 1.02 ± 0.04

Lab 6 –/100/– 5.6 ± 2.3 60 ± 1 1.64 ± 0.00

Table 7 Results of constant-head hydraulic conductivity (HC) tests

(mean ± SE, including replicates) after freeze–thaw cycles and

recompaction

Sample no. Proportions of tailings/

GLD/FA (%)

HC

(k, 10-9 m/s)

Water/solid

ratio (%)

Freeze 1 70/20/10 35.0 ± 13.0 35.5 ± 2.1

Freeze 2 40/50/10 52.3 ± 8.1 59.0 ± 1.4

Table 8 Element composition of GLD (from Billerud paper mill),

FA (from Billerud paper mill) and tailings (from Kristineberg mine,

Boliden AS) [20]

Elements GLD (mg/kg) FA (mg/kg) Tailings (mg/kg)

SiO2 1 39 32

CaO 41 24 2

MgO 7 4 6

Na2O 3 2 1
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barrier in landfills showed that the fly ash material did not

crack because of their low shrinkage. The low shrinkage of

FA materials is generally attributed to the silica gel formed

during hydration. Moreover, the pozzolanic effect is also

linked to the very small grain size and the acidic oxide

contents in the FA.

The main advantage of using GLD alone as a mine

waste cover is that it does not solidify but remains plastic

and is therefore not easily affected by frost heave [31].

Although both FA [32] and GLD [18] are individually

difficult to compact, a blend of GLD and FA both decreases

pore space in the tailings and increases their plastic prop-

erties due to the combination of the ability of FA to fill

micropores [30] and the plastic properties of GLD [31].

Hydraulic Conductivity

In general, the most commonly used FA for solids consoli-

dation and soil remediation is the product of coal-fired

power plants. In Sweden, however, FA produced from bio-

fuel incineration, and during the recovery boiling process for

the paper producing, is more common. Incineration of bio-

fuel generates large quantities of FA (4.9 9 104 tonnes per

year) in Sweden [33]. The ash contains calcium and mag-

nesium and has a low nitrogen content. Wood ash generated

from both municipal heating plants and the forest industry

has a hydraulic conductivity of between 10-7 and 10-11 m/s

[31]. The texture of GLD usually resembles a fine clay with a

hydraulic conductivity in the range 10-8–10-9 m/s [31, 34].

Different proportion of GLD, tailings and FA resulted in

a variation of hydraulic conductivity within one order of

magnitude. The hydraulic conductivity results for GLD in

the present study were in general agreement with previous

findings, although the values for samples Field 2 and Field

3 displayed high variation between replicates (Table 6).

This was assumed to have been due to differences in water

content, bulk density and the method of compaction.

The hydraulic conductivity of laboratory samples (Lab

1–5), especially unmixed GLD, became one order of mag-

nitude higher (10-8 m/s) than the expected value, 10-9 m/s,

which is the guideline value for barrier layers in Sweden

[27]. A possible reason is that the GLD used had a relatively

high water content, which would have resulted in the mate-

rial being kneaded, rather than compacted, when the samples

were being prepared, resulting in highly porous and perme-

able samples. The experimental results indicated that the

optimal water/solid ratio for GLD is substantially lower

(\60 %) than the GLD water/solid ratio used (120 %).

Comparative results for GLD from other paper pulp mills

have shown that the optimal water content was between 25

and 45 % [25].

Further, when the pure landfilled GLD were considered,

the decrease water/solid ratio of GLD led to a dramatic

decrease in the hydraulic conductivity. The Billerud raw

sample (Lab 1) showed 5 times higher hydraulic conduc-

tivity than the Iggesund raw sample (Lab 6), which could

be due to the lower bulk density and higher water/solid

ratio in the former than in the latter (Table 6).

Field samples taken from deposited GLD exhibited

lower hydraulic conductivity than fresh GLD obtained

from the Iggesund paper mill (Lab 6; Table 6). The field

sample from 6.7 to 7.0 m depth was found to have identical

hydraulic conductivity as Lab 6. The field samples from

shallower depths in the GLD deposit were found to have

similar water content to Lab 6 (Table 6), implying that

some water had been forced out of the consolidated field

material by overburden pressure. The lower moisture

content (55–78 %) ensured that the material was more

easily compacted, leading to a lower porosity and lower

hydraulic conductivity. Thus, if current paper production

processes generating GLD cannot be changed, a less por-

ous—that is, with lower hydraulic conductivity—GLD for

tailings remediation may be found in existing landfills.

Earlier studies showed that the addition of 30 % GLD

and FA to tailings reduced the hydraulic conductivity of the

tailings by 1–3 orders of magnitude [20]. By contrast, the

present study shows that the addition of 30 % GLD

decreased the hydraulic conductivity by about 20 %

(Table 6). In the previous study, the same type of GLD was

used, although the GLD was fresher. The tailings used

previously were obtained from another mine site in

Nautanen, northern Sweden, which was coarser than the

tailings used herein. These might be the main reasons to

explain the difference. Addition of FA may decrease the

porosity of the tailings, as demonstrated by grain size

distributions of the FA, GLD and tailings [18]. GLD pos-

sess a higher water retention capacity than tailings due to

its finer particle size distribution (d10: 1.4 lm, d50:

9.5 lm, d90: 20.2 lm) than that of tailings (d10: 3.6 lm,

d50: 35.5 lm, d90: 99.1 lm) [20]. Based on the results for

particle size distribution of 4 fly ash samples from different

peat and wood fuelled circulating fluidized bed boilers and

bubbling fluidized bed boilers, d10, d50 and d90 is in the

range of 1–10, 7–150 and 80–600 lm, respectively [35]. In

comparison with FA with respect to the same amount of

percentage, the grain size values of GLD were in the low

threshold. The water retention capacity of tailings was

therefore increased by modifying it with GLD. Replacing

some of the GLD with FA increased the hydraulic con-

ductivity (Table 6), possibly due to the larger grain size of

the FA [35].

It is suggested the more practical alternative method of

reducing the hydraulic conductivity would be to dewater

the GLD to reduce its water/solid ratio, especially as the

cost of waste landfilling increases. Moreover, the trans-

portation cost would also be lowered by dewatering.
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Freezing and Hydraulic Conductivity Tests

Though GLD on their own has higher porosity than either

FA or tailings, its finer particle size distribution is more

likely to be responsible for retaining the water, and there-

fore more GLD content in the modified paste would be

expected to result in slower water movement [18].

After the freeze–thaw tests, considerable leakage

occurred when attempts were made to test the frozen

samples for hydraulic conductivity. The axial rupture of a

test sleeve indicated a large radial expansion caused by

freezing. This was attributed to the fact that the sample was

free to expand only in the axial direction. Thus, it was

inferred that the sample had expanded significantly in the

radial direction, possibly allowing channels to form in the

sample. The large water flow might also be explained by

destruction of the bentonite clay seal by freezing, which

would allow water to infiltrate via the least resistant path,

that is, along the inner surface of the sleeve.

Results of the freeze–thaw samples showed that the

hydraulic conductivity was ca. 20 % higher than that of

samples not subjected to freezing (Tables 6 vs. 7). The

freeze–thaw process is considered not to be a critical factor

affecting the hydraulic conductivity in the mixture. The

higher hydraulic conductivity values were considered to

have been due to non-plastic changes and the formation of

channeled water pathways similar to those observed by

Proskin et al. [17], which ultimately affected the velocity of

water flow.

Water retention Capacity

The different water retention capacities of GLD, and of

tailings-plus-GLD blends, have been investigated previ-

ously [18]; the results are shown in Fig. 4.

It shows that GLD have a higher water retention

capacity than either clayey silt or sandy silt. GLD-modified

tailings have also been compared to other materials (such

as till) used for sealing layers. Although the particle sizes

of GLD and silt are similar, the water retention capacity of

GLD is 4–5 times higher than for the clayey till, which is

the most commonly used sealing layer material for mine

waste cover in Sweden [5], particularly at high capillary

suction pressure (Fig. 4).

The GLD had a higher water retention capacity than the

desulfurized tailings, resembled the finer sulfidic tailings

one [36]. Thus, GLD can reduce oxygen diffusion within

the sealing layer under saturated or near-saturated condi-

tions [18]. As a consequence, the weathering of tailings can

be decelerated.

Outlooks for Using Additives

The geotechnical stabilization of amended tailings paste

focuses in the above discussion. It is notable that chemical

stabilization is an important factor in tailings stabilization.

Results from previous leaching tests [31] revealed that

GLD have a direct effect on the metal leaching from tail-

ings, attributed to its alkaline properties and negative zeta

potential [18]. The alkalinity of the GLD was found to raise

the pH in the stabilized tailings and to reduce leaching of

heavy metals such as Cu, Co, Cd and Ni. An addition of

10 % GLD to tailings on a dry weight basis was found to

be sufficient to reduce Cu leaching by a factor of 4–10 [20].

Mixtures of alkaline by-products (10 % by volume) and

oxidized waste rock have been evaluated during 6 months

in 30-L experimental drums in another study [38]. Higher

concentrations of Cu, Zn and Pb were in sampling lysi-

meters (in the middle of the drum) with FA-amended waste

rock than in the GLD-amended system. The same trend
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for GLD and of GLD-modified

tailings (modified from [18]).

The dry weight ratio of

GLD:tailings:bark sludge was

64:32:4. The minor amount of

bark sludge (BS) was included

to make the modified tailings

more readily compacted. The

results for two types of silt [37]

are also included for

comparison. The space between

the broken lines indicates the

water retention capacity of the

five sealing layers using clayey

till reported by Höglund and

Herbert [5]
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was observed in the outflowing leachates in comparison of

FA with GLD. On the other hand, these elements were in

higher concentrations in the reference system than in the

FA- or GLD-amended system [38]. The results show that

GLD are a better candidate than FA in immobilizing the

trace elements from the waste rock.

Other previous studies of hydraulic conductivity and

physical stabilization have also demonstrated the potential

for the application of GLD in tailings stabilization. The

studies confirmed that the addition of GLD may decrease

the mobilization of heavy metals and a GLD/fly ash mix-

ture has the potential to decrease the hydraulic conductivity

of the tailings [20, 39].

If the prerequisites of decreased porosity, increased

retention time of water and no cracking are all met, the goal

of limiting free oxygen diffusion in tailings can be

achieved. As a consequence, acid rock drainage can be

mitigated.

Future Research

To achieve a better understanding of the stabilization

mechanisms, factors such as curing time in the shear

strength test and potential damaging of amended tailings

caused by freezing are of interest for further investigation.

To qualitatively and quantitatively evaluate water

drainage from dry cover containing alkaline materials to

the tailings, chemical properties such as acid neutraliza-

tion capacity together with chemical characterization of

different additives are under investigation at Luleå Uni-

versity of Technology. Based on the results of physical

and chemical stabilization tests, a comprehensive evalua-

tion will be performed to determine the optimal propor-

tions of tailings and additives. In addition, the selected

ratio of the paste will be tested in field trials in the near

future.

Conclusions

In the present study, the effectiveness of green liquor dregs

as a past additive with different proportions in tailings for

stabilizing mine waste has been studied. Fly ash was added

to the paste to study solidification in the potential sealing

material. In general, a proportion of tailings:green liquor

dregs:fly ash at 7:2:1 was found to be satisfactory as a

recipe.

Specific conclusions are drawn as follows:

• Paste sample of tailings and GLD had a low uniaxial

compressive strength. The addition of fly ash to the

GLD-modified tailings paste increased strength, possi-

bly due to the fly ash hydration. Longer curing period

enhanced strength, though a closer investigation is

needed.

• Although the hydraulic conductivity of the tailings

paste was reduced as a consequence of mixing both

GLD and FA, the difference was not dramatic. The

hydraulic conductivity was reduced as the water/solid

ratio of pure GLD decreased.

• Repeated freezing and thawing is considered not to be a

critical factor affecting the hydraulic conductivity in

the mixture.
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18. Mäkitalo, M.: Green liquor dregs as sealing layer material to

cover sulphidic mine waste deposits. Licentiate thesis. Luleå
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Received: 12 August 2014 / Accepted: 15 April 2015

� Springer-Verlag Berlin Heidelberg 2015

Abstract Green liquor dregs (GLD), a residual product

from sulfate paper mills, was blended with tailings, fly ash,

and bark sludge with the aim of improving the material’s

physical properties so that it could function as a sealing

layer in dry covers on sulfidic mine waste. Geotechnical

and geochemical investigations, including weathering cell

tests, were carried out on GLD with admixtures to assess

their effectiveness. Due to its alkaline character, GLD was

shown to have the potential to improve leachate quality by

decreasing metal mobility when blended with tailings. The

admixtures showed favorable sealing layer properties such

as high water retention capacity and low hydraulic con-

ductivity. However, caution must be exercised when the

dregs are blended with tailings containing large amounts of

As and Mo, since increased leaching of these elements may

be expected.

Keywords Acid mine drainage � Remediation �
Humidity cell � Sulfide oxidation

Introduction

Mining mainly produces two types of wastes: waste rock

and tailings. Waste rock is the material that is removed to

access the ore, while tailings are finely ground material

retrieved after ore processing. Mine waste from sulfide ores

is often chemically reactive because it can contain iron

sulfides such as pyrite and pyrrhotite. When these minerals

are exposed to atmospheric oxygen, they oxidize, gener-

ating acidity (Höglund et al. 2004). If insufficient alkaline

material is present to neutralize this acidity, metals may be

mobilized. This leachate is called acid rock drainage

(ARD). A common method to mitigate ARD formation is

to cover the mine waste with a sealing layer made of soil

(in Sweden, often till) that has a high degree of water

saturation to limit oxygen diffusion, and a low hydraulic

conductivity to reduce water percolation. To protect the

integrity of the sealing layer, a protective layer is placed on

top. The use of till in sealing layers is often costly due to

the long distances that the material has to be transported, as

it is seldom possible to find till of suitable quality close to

the mine.

A relatively new technology uses industrial residual

waste (e.g. sewage sludge, fly ash, green liquor dregs) in

sealing layers, taking advantage of the nature of these

materials to prevent ARD. Green liquor dregs (GLD) is

the largest waste fraction retrieved in the chemical re-

covery cycle at sulfate pulp and paper mills. The material
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has been shown to have favorable qualities for use in

sealing layers, such as low hydraulic conductivity, high

water retention capacity, and high pH (Mäkitalo et al.

2014). However, its physical properties (shear strength

and stickiness) have to be improved before it can be used

in engineering applications. Adding fly ash to GLD may

improve the shear strength of the mixture due to its

pozzolanic and cementitious properties (Jia et al. 2013).

However, mixing may be difficult on a large scale due to

the sticky consistency. 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. Since

the production of GLD is low (in Sweden, &240,000 t per

year) compared to mine waste (89 million t per year,

Swedish EPA 2012), it has to be used efficiently. Also,

transportation economics have to be considered. Mixing

GLD and tailings (a local material) is one way to reduce

GLD consumption per m2 of sealing layer (GLD is ‘‘di-

luted’’ with tailings), and consequently improve its eco-

nomic viability.

It has previously been shown that the addition of 10 %

GLD to tailings reduced metal leaching, especially of

copper (Maurice et al. 2010). Paper mill waste has also

been proven effective in controlling ARD by reducing

oxygen diffusion (Chtaini et al. 2001) and creating an al-

kaline front (Bellaloui et al. 1999). We hypothesized that

GLD with additives may stabilize tailings and reduce metal

leaching not only due to the sealing effect, but also because

it has the potential to raise the pH and act as an alkaline

barrier.

One risk of using highly alkaline materials in sealing

layers is that they can promote the formation of thiosalts.

Thiosalts, such as thiosulfate, are intermediate products

that form by a reaction of sulfide and sulfite in a neutral to

high pH environment. High amounts can pose a risk of

subsequent acidification and leaching of metals. Thiosul-

fate can oxidize and form sulfuric acid under oxic condi-

tions, and in the anoxic/dysoxic environment below the

sealing layer, thiosulfate can undergo disproportionation,

forming sulfate and acidity (Schippers 2004; Siu 1999;

Zopfi et al. 2004).

Our primary objectives were to characterize tailings, fly

ash (FA), and bark sludge (BS), and the feasibility of

blending them with GLD to create an admixture that would

inhibit flow of water and oxygen and to evaluate their

potential use as a sealing layer material. The effectiveness

of GLD to control acid generation and metal leaching from

sulfidic tailings was assessed along with the risk of gen-

erating thiosulfate.

Materials and Methods

Material

Tailings, originating from the Kristineberg Mine in north-

ern Sweden, were kindly provided by New Boliden AB.

Tailings originating from this mine are known to contain

pyrite, pyrrhotite, sphalerite, chalcopyrite, galena and

covellite (Holmström et al. 2001). The tailings were taken

from the mineral process after addition of lime to the

process water. GLD, FA, and BS were provided by Bill-

erud Karlsborg AB pulp and paper mill. 30 kg of GLD

were collected on three occasions and stored in sealed

plastic containers at room temperature. The three batches

are referred to as A, B, and C. FA was collected from a

filter and originates from bark combustion. The BS is the

dewatered fraction released from the logs at the rinsing

process. It is a mixture of bark, soil, and needles. It was

stored in sealed plastic bags at 0.75 kg/bag at -20 �C. All
materials are considered residual waste.

Methods

Physical Properties

Using the method described in SIS (1991), constant rate of

strain (CRS) tests and measurements of bulk density were

carried out in duplicate on samples of GLD mixed with

various amounts of tailings, FA, and BS to evaluate hy-

draulic conductivity. Cylinders measuring 15 9 7 cm were

filled with the blends and pressurized with a 30 kPa load on

the top of the sample over 28 days, simulating a 1.5 m top

cover. An increase of induced stress was applied to the

samples in an oedometer, allowing drainage only from the

top. Based on the deformation and pore pressure, the hy-

draulic conductivity could be determined. Compact density

measurements of tailings and FA were carried out in trip-

licate using a multi-volume helium pycnometer

(Pycnometer 1305, Micromeritics, Nercross, GA, USA).

Laser diffraction analysis was carried out in duplicate using

a CILAS laser-based Granulometer 1064 (CILAS, Orléans,

France) to obtain particle size distributions for tailings and

FA. The dry matter content was measured in duplicate on

the above described samples according to Swedish standard

SS 028113-1 (SIS 1981). The surface areas of tailings and

FA were analyzed in triplicate with a FlowSorb instrument

(Micromeritics, Norcross, GA, USA) as previously de-

scribed by Peterson and Slamovich (1999). The water re-

tention capacities (WRC) of a 64/32/4 mixture of

GLD/tailings/BS and a similar mixture of GLD/FA/BS

(mixtures given in dry matter content) were measured in
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duplicate. The mixtures were blended by hand for 5 min to

obtain a homogeneous product. Cylinders filled with the

blend were placed on ceramic plates, and were saturated

and pressurized from below using applied tensions of 0.1,

2.5, and 10.0 m water column (mwc) using a pressure plate

apparatus (Soilmoisture Corp., USA). Pressures of 25, 50,

and 150 mwc were applied to separate bulk samples. The

bulk volume was measured using the bulk density deter-

mined from the weight of the dried samples (105 �C for

24 h) divided by the cylinder volume.

Geochemical Properties

Chemical analyses of tailings and FA were carried out in

duplicate. An accredited laboratory (ALS Scandinavia,

Luleå, Sweden) undertook the analyses using the modified

EPA method 200.7 (ICP-AES) and 200.8 (ICP-MS) (US

EPA 1991).

Acid–base accounting (ABA) developed by Sobek et al.

(1978) was used to examine the tailings’ acid-producing

potential (AP) and neutralizing potential (NP). The NP was

determined in triplicate by adding 0.1 M of HCl to the

sample followed by incubation 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 0.1 M NaOH to determine the volume of

consumed HCl. The AP was calculated from the total

amount of sulfur in the sample using Eq. 1; the net neu-

tralization potential (NNP) was calculated using Eq. 2

(Sobek et al. 1978). Total sulfur was analyzed with a

LECO Sulfur Analyzer (LECO Corp., MI, USA).

AP ¼ 31:25�% S ð1Þ
NNP ¼ NP� P ð2Þ

A modified weathering cell method (Cruz et al. 2001;

Hakkou et al. 2008), a faster and valid alternative to tra-

ditional humidity cell tests (Villeneuve et al. 2003) was

used. A total of 67 g (dry weight) of material was placed in

250 ml centrifuge bottles in duplicate. The materials were

tailings, GLD, and blends of 50/50 GLD/tailings and 50/25/

25 GLD/tailings/FA (prepared as previously described).

Leaching cycles were carried out twice a week by leaching

the sample with 50 mL of deionized water on days 1 and 4,

while exposing the samples to atmospheric air on 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 h, the bottle was centrifuged at 4000 rpm for

10 min and the leachate was recovered by decantation. The

leachate was filtered with a 0.45 lm nylon membrane fil-

ter. 54 leaching cycles were performed in total. On cycles

39, 41, 43, 48, 49, and 50, HCl was added to the GLD, and

the two blends to consume the remaining NP and stimulate/

enhance the formation of AMD. Acid was added to one of

the tailing replicates, sample T1, in cycles 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 carried out by ALS Scandinavia, Sweden. Sulfate was

measured at 450 nm with a UV–VIS spectrophotometer

(Beckman Coulter AB, Bromma, Sweden, DU� 730 life

science) and thiosulfate analysis was carried out using

iodimetric titration. Saturation indices of possible minerals

were calculated using PHREEQC (Parkhurst and Appelo

1999) and the Wateq 4f database.

Results and Discussion

Sealing Layer Potential

GLD has advantageous hydraulic properties because of its

small particle size (average d10, d50, and d90 values are

1.9 ± 0.5, 11.9 ± 3.9, and 26.4 ± 0.5 lm, respectively)

and large surface area, which makes it a candidate for use

in sealing layers (Mäkitalo et al. 2014). The GLD

amendments (FA and tailings) appeared to increase the

hydraulic conductivity by up to an order of magnitude

(Table 1). The hydraulic conductivity varied between

1E-08 and 2E-09 m/s. The 50/50 GLD/tailings blend

showed the lowest hydraulic conductivity, with an average

of 5E-09 m/s. However, the variation between the repli-

cates was large and could not be confirmed as being related

to bulk density. Variation in chemical composition between

different batches of the GLD is believed have affected

hydraulic conductivity. Samples 1–3 were run with the

same batch and showed less variation than samples 4–7

that were run with two different batches of GLD. As GLD

is a residual product, it is unlikely to be homogenous; thus,

hydraulic conductivity is a property that may vary. How-

ever, when designing a sealing layer, the water retention

properties of the material should be considered since the

most important factors limiting oxygen diffusion is the

material’s ability to stay saturated. GLD has consistently

shown a high water retention capacity compared to mate-

rials with similar particle size such as clayey/sandy silt

(Mäkitalo et al. 2014). A 36 % average increase in WRC

was noted for GLD/FA/BS compared with GLD without

additives, which is most likely due to the hydrophilic na-

ture of fly ash (Wang and Wu 2006). Also, the large surface

area (8.3 m2/g) and the small particle size (d50 of

15.4 ± 1.4 lm) could have contributed to the WRC in-

crease. A small decrease (10 %) in WRC was observed for

the blend of GLD/tailings/BS (Fig. 1). This may be due to

the smaller surface area of the tailings particles (4.0 m2/g),

limiting the binding of water. A difference in compact
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density was also noted between tailings (3.52 ± 0.00

g/cm3) and FA (2.75 ± 0.01 g/cm3).

The high WRC is expected to limit the amount of

oxygen reaching the waste. This means that even though

the hydraulic conductivity was approximately an order of

magnitude higher than that generally aimed for when cre-

ating sealing layers (Höglund et al. 2004), the high WRC

together with the high degree of saturation prevents air

from entering, and thus stops oxygen from reaching the

waste. This may limit oxidation of the tailings more effi-

ciently than a material that exhibits a hydraulic conduc-

tivity of 1 9 10-9 m/s but that may dry out more easily.

The oxygen that moves through a saturated sealing layer is

largely the oxygen that is dissolved in the water that per-

colates through. The high water retention capacity of GLD

with or without additives, together with a protective layer

placed on top in a sealing layer construction, are expected

to limit the risk of drying, However, if the degree of

saturation decreases, it has been shown that dried GLD has

the ability to regain its hydraulic conductivity when

rewetted (Hamberg et al. 2013).

It remains to be investigated if BS is needed to mix GLD

on a large scale. It is likely that mechanical mixing is

largely dependent on the equipment and that BS may

therefore be unnecessary. Eliminating BS would reduce the

risk of increased porosity caused by organic degradation.

GLD has low shear strength (Mäkitalo et al. 2014). Such

shear strength levels may be acceptable in horizontal ap-

plications. However, on a slope, the risk of slippage is

obvious. For such a case, the addition of FA is a viable

option. Jia et al. (2013) showed that by adding 10 % FA to

a blend of tailings and GLD, the shear strength improved

5–10 times to 58–92 kPa (medium to high shear strength;

BSI 2006), after curing for 1 month. This is related to the

self-hardening properties of the FA. After 3 months of

curing, an increase in shear strength of up to 250 kPa

(which is very high; BSI 2006), was possible (Jia et al.

2013).

Geochemical Behavior

Mixing GLD with tailings, and FA was found to change

how the constituents evolve. Figure 2 shows the water

quality of the leachate versus time (leaching cycle). The

initial pH of the tailings was high (pH & 10) in the

weathering cell. This was due to the fact that lime had been

added to the tailings. Table 2 shows that the tailings con-

tained 15 % sulfur and was rich in elements that are often a

problem in ARD (e.g. Cu, Zn, Cr, Al). The d90, d50, and

d10 was 102.2 ± 10.8, 36.5 ± 3.4, and 3.7 ± 0.3 lm re-

spectively, making them likely to be prone to oxidation;

sulfate production in samples high in pyrite have been

showed to be negatively correlated with particle size

Table 1 Hydraulic conductivity and bulk density of green liquor dregs (GLD) amended with tailings (T), fly ash (FA), and bark sludge (BS)

Run GLD (%) Additive Additive (%) BS (%) Hydraulic conductivity (m/s) Bulk density (g/cm3)

Run 1 Run 2 Run 1 Run 2

1 50 T 50 – 7-8E-09 2E-09 1.56 1.55

2 33 T 66 – 1-2E-08 1-3E-08 1.78 1.69

3 25 T 75 – 1E-08 1-3E-08 1.86 1.81

4 76 T 19 5 1E-08 5-6E-09 1.48 1.57

5 76 FA 19 5 8E-09 2-3E-08 1.44 1.55

6 64 T 32 4 2E-08 4E-08 1.59 1.61

7 64 FA 32 4 2E-09 2-4E-08 1.48 1.47

8 73 T 18 9 1.5E-08 4-5E-09 1.52 1.56

9 73 FA 18 9 4-7E-09 3-4E-08 1.45 1.48

10 62 T 31 8 1-4E-08 1-2E-08 1.63 1.61

11 62 FA 31 8 2E-09 to 4E-08 2-4E-08 1.46 1.52
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Fig. 1 Water retention characteristics of GLD/T/BS and GLD/FA/

BS. The result for GLD without amendments is shown as a reference

(Mäkitalo et al. 2014)
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(Bradham and Caruccio 1997). ABA results indicated that

the tailings were strongly acid-producing. This was con-

firmed by the generation of acid leachate after 33 cycles,

indicating that the carbonates in sample T2 had been

consumed. For the replicate sample, this process took

longer. Acid (a total of 0.021 mol) was added to T1 on

cycles 39 and 43 in an attempt to speed up the process by

consuming the remaining carbonates. This attempt was

successful and the two replicates behaved similarly as the

pH decreased and stabilized just below pH 4. The electrical

conductivity (EC) increased, indicating greater weathering.

Sánchez España et al. (2005) showed that there is a clear

correlation between EC, total dissolved solids, and sulfate,

meaning that increased EC can be an indication of ARD.

Consuming all the carbonates in the GLD and the

GLD/tailings blend without acid addition was expected to

take a long time since it has previously been shown that

GLD’s buffering capacity is large (18.5 mmol H?/g dry

weight to maintain a pH[ 6) (Mäkitalo et al. 2014). The

tailings were identified as strongly acid-producing, based

on their NNP value: -437 kg CaCO3/ton. Based on the

NNP of the tailings and the buffering capacity of the GLD,

479 kg GLD/ton of T (i.e. a blend of 30 % GLD and 70 %

tailings) is required to maintain a pH[ 6. Since a 50/50
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blend was used, the carbonates were expected to buffer any

acidity formed. A total of six acid additions were carried

out on cycles 39, 41, 43, 48, 49, and 50 to consume the

carbonates present in GLD, enabling evaluation of the

leaching behavior when the buffering capacity ceased. The

pH dropped instantly when the acid was added but in-

creased during the following cycle indicating that carbon-

ate dissolution was too slow to be complete. A total of

1.34 mol of HCl was added to the GLD (0.02 mol/g) and

0.71 mol to each of the GLD blends (0.01 mol/g).

Fe leaching was very low for all samples until the acid

addition. The tailings from Kristineberg mine contain high

quantities of pyrite. It was 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

automatically indicate the absence of pyrite oxidation, as

free Fe is directly adsorbed or precipitated as metal oxides/

hydroxides at neutral or high pH levels (Gleisner and

Herbert 2002). This was also confirmed with the modeling

data. Based on the calculations of mineral saturation indi-

ces, Fe is saturated in the solution and maghemite, goethite,

and Fe(OH)3 are expected to be stable (Table 3). Ca, Mg

and Mn occurred as carbonates and are likely the products

of neutralization reactions in the tailings. The dissolution

and leaching of these elements is caused by acid generation

related to pyrite oxidation. In the first 30 cycles of the

0 

1000 

2000 

3000 

4000 

5000 

6000 
HG

JI

K

0 10 20 30 40 50 60 

C
o 

μg
/k

g 
  

Pb
 μ

g/
kg

   
A

l μ
g/

kg
   

Zn
 μ

g/
kg

   
A

s 
μg

/k
g 

  

Cycle 

1 

10 

100 

1000 

10000 

100000 

1000000 

0 10 20 30 40 50 60 
Cycle 

0.1 

1 

10 

100 

1000 

10000 

100000 

0 10 20 30 40 50 60 
Cycle 

0.1 

1 

10 

100 

1000 

10000 

0 10 20 30 40 50 60 
Cycle 

1 

10 

100 

1000 

10000 

100000 

1000000 

0 10 20 30 40 50 60 
Cycle 

T1 

T2 

GLD 

GLD + T 

GLD + T + FA 

Fig. 2 continued

Mine Water Environ

123



experiment, the concentrations of these metals in the lea-

chate were low, indicating that pyrite oxidation is very

slow. It is therefore likely that the environment of the GLD

admixtures was dysoxic during the first 35 cycles of the

experiments. The material’s ability to hold water prevents

it from drying between cycles. Even after centrifugation,

large amounts of water (25 % of the added H2O in the first

few cycles) remained in the material, preventing oxygen

Table 2 The average total

element content of tailings

(T) and fly ash (FA); n = 3

Element Unit GLD, Batch A T FA

Dry matter (DM) % 52 ± 0 99.8 ± 0.0 99.8 ± 0.1

Si mg/kg 4990 ± 42 141000 ± 973 175000 ± 14300

Al mg/kg 2710 ± 14 44700 ± 631 38900 ± 766

Ca mg/kg 317000 ± 0 10600 ± 298 172000 ± 3200

Fe mg/kg 3180 ± 14 165000 ± 9314 17900 ± 5300

K mg/kg 1980 ± 99 7540 ± 141 47300 ± 1700

Mg mg/kg 38050 ± 353 26400 ± 367 22500 ± 971

Mn mg/kg 8390 ± 57 862 ± 12 11500 ± 662

Na mg/kg 20950 ± 212 3260 ± 112 16200 ± 409

P mg/kg 4015 ± 21 317 ± 18 15100 ± 396

LOI 1000 �C % DM 41 ± 0 9 ± 0 6.2 ± 2.8

As mg/kg 0.3 ± 0.1 233 ± 14 \3 ± 0

Cd mg/kg 3.6 ± 0.1 24 ± 27 4.4 ± 0.4

Co mg/kg 3.2 ± 0.2 120 ± 6 13.4 ± 2.4

Cr mg/kg 76 ± 6 1280 ± 80 205 ± 16

Cu mg/kg 105 ± 6 2460 ± 67 88 ± 12

Hg mg/kg 0.04 ± 0.00 0.57 ± 0.03 0.61 ± 0.06

Ni mg/kg 30 ± 2 71 ± 2 96 ± 9

Pb mg/kg 2.4 ± 0.2 1500 ± 61 47 ± 1

S mg/kg 8330 ± 636 129000 ± 5570 14000 ± 954

Zn mg/kg 733 ± 45 6870 ± 276 1450 ± 79

Green liquor dregs (GLD) is shown for comparison (Mäkitalo et al. 2014)

Table 3 Saturation indices (SI)

of major phases for a sample of

T2 and the GLD blends on

cycles 4, 27 and 35 in the

weathering cell tests

Sample T2 GLD ? T GLD ? T ? FA

Cycle 4 27 35 4 27 35 4 27 35

Barite BaSO4 0.67 0.21 0.24 0.29 0.83 -0.02 0.75 0.58 0.48

Boehmite AlOOH 0.26 0.23 0.24 -2.8 1.26 -1.11 -1.74 -0.59 -0.68

Brucite Mg(OH)2 -4.29 -5.80 -9.79 -0.38 -4.94 -2.69 -0.36 -2.11 -2.26

Cu(OH)2 -1.63 -2.36 -2.84 -0.92 -2.15 -2.76 -1.51 -2.76 -2.76

Diaspore AlOOH 1.96 1.93 1.94 -0.04 1.12 1.03 -0.04 1.12 1.03

Epsomite MgSO4 -3.02 -4.18 -3.31 -4.88 -3.26 -3.28 -4.88 -3.26 -3.28

Fe(OH)3 0.42 0.36 -0.4 -1.09 0.3 0.34 -1.09 0.3 0.34

Gibbsite Al(OH)3 0.73 0.70 0.71 -2.33 -1.73 -0.64 -1.27 -0.12 -0.2

Goethite FeOOH 6.31 6.25 5.49 5.7 6.34 6.3 4.8 6.19 6.23

Gypsum CaSO4 -0.27 -1.31 -0.90 -2.72 -1.73 -1.55 -0.77 -1.21 -1.33

Hausmannite Mn3O4 -8.53 -8.53 -17.69 5.94 -13.91 1.71 9.1 2.33 2.23

Maghemite Fe2O3 4.23 4.11 2.59 3.01 4.29 4.2 1.22 4 4.08

Manganite MnOOH -3.51 -5.53 -2.55 1.67 -5.53 0.32 3.07 0.48 0.58

Ni(OH)2 -3.02 -3.82 -6.12 -0.14 -3.44 -2.33 0.03 -1.52 -1.82

ZnO -2.71 -3.14 -4.72 -1.61 -3.31 -2.49 -1.61 -2.13 -2.2

Zn(OH)2 -2.9 -3.33 -4.91 -1.8 -3.5 -2.68 -1.8 -2.32 -2.39

pH 7.6 7.3 5.1 9.85 8.9 8.5 10.7 8.6 8.8

Mine Water Environ

123



from entering. The geochemical modeling result indicates

that brucite is saturated in GLD while epsomite is under-

saturated (results not shown). When GLD is mixed with

tailings and FA, brucite becomes undersaturated and ep-

somite remains undersaturated. There is an indication that

Mn exists in solid form in the GLD blends as hausmannite,

manganite, and birnessite (Table 3).

Both the GLD and GLD blends showed high levels of

sulfate leaching from the start of the weathering ex-

periment while the initial sulfate concentrations of the

tailings leachates were low. For GLD, the leaching of

sulfate decreased with time and was almost absent at cycle

15, whilst the concentration fluctuated throughout the ex-

periment for all of the other samples.

The thiosulfate concentration was highest at the start of

the weathering cell tests for all samples and decreased over

time. The highest thiosulfate concentration was found in

the samples containing GLD and is attributed to the paper

production process, where sodium hydrosulfide in weak

black liquor is oxidized to sodium thiosulfate. However,

thiosulfate in the tailings may have formed by the reaction

of metal sulfides and sulfite in the alkaline environment.

Comparing the mix of tailings and GLD with the unmixed

T2 and GLD sample, a 10 % decrease (median value) of

thiosulfate was observed in the mix whilst the leaching of

sulfate increased by an average of &40 %, suggesting

oxidation/proportionation of thiosulfate. The conversion

from thiosulfate to sulfate is complex with intermediate

sulfur species formed, which may explain why no clear

negative correlation between thiosulfate and sulfate was

noted (Schippers and Sand 1999). However, acid gen-

eration due to this mechanism does not seem to be an issue

for this application, since pH could be maintained at a high

level.

Similar leaching behavior of Cd, Cu, Ni, Co, Cr, Zn, and

Hg was observed for the blends except in the first few

experimental cycles. These elements originate mainly from

sulfide minerals in the tailings (Table 2). The leaching of

these metals, with the exception of Cr, Hg, and Zn, in-

creased in the first few cycles of the blends compared to the

GLD and tailings alone. Such leaching is expected to be

largely pH dependent. At high pH and low Eh, these metals

occur as soluble metal oxide ions (Brookins 2008). Since

pH was[11 for the blends in the first leaching cycle, Zn

should be soluble as ZnO2
2-. A small increase in metal

leaching (e.g. Ni, Zn, Cu) was noted at cycle 5, presumably

due to the liberation of metals adsorbed to mineral surfaces

(see next paragraph) due to sample disturbance, i.e. re-

peated wetting, stirring, and centrifugation. It is possible

that this lag phase varies, depending on the metal and how

strongly it binds to mineral surfaces. This could explain the

fluctuation in leaching behavior during the first few cycles.

During cycles &5–35, metal leaching decreased for the

blends as the pH decreased. When the pH was alkaline, but

below 11 or 12, Cd, Cu, Ni, Co, Cr, and Zn were retained

as sulfides or oxides/hydroxides. Several studies indicate

that adsorption on sulfide mineral surfaces may be another

mechanism, as they have a strong affinity to adsorb dis-

solved metals (Jean and Bancroft 1986; Wang et al. 1989;

Müller et al. 2002). Carlsson (2000) showed that As, Cd,

Co, Cu, Mn, Ni, Pb, and Zn were adsorbed to mineral

surfaces in tailings originating from Kristineberg. Zn is

expected to be stable as ZnS and Cr as Cr2O3, while Hg is

likely to bind to ZnS at this pH. This accords with the

decrease of these metals in the leachate when pH decreased

to\11 in the GLD and blended samples. For example, the

GLD/tailings showed a 50–90 % reduction in leached Zn

compared with tailings and GLD alone until cycle 28. At

cycle 35, when T1 showed a drop in pH and increased

leaching of Zn, the effect became greater. The Zn leached

from the GLD/tailings blend at 2 lg/L, while a level of

48,000 lg/L was observed for T1. Ni behaved similarly to

Zn, and is expected to be precipitated as Ni(OH)2 between

pH 8–12. Modeling data shows that the saturation indices

of ZnO, ZnO2, and Ni(OH)2 correlate to pH (Table 3).

The leaching of Pb was slightly induced by the GLD

application when the pH was above 6 but still at a very low

level. This may be due to the highly alkaline environment

caused by the blends. In mildly alkaline and reducing

conditions, Pb tends to precipitate as carbonates if bicar-

bonate ions are available, or as sulfides in a strongly re-

ducing environment (Brennan and Lindsay 1996). At

pH\ 6, the leaching of Pb due to the oxidation of pyrite is

visible for T2, whilst the GLD application is able to retain

Pb at a low level.

Mo and As showed an increase in leaching as a result of

the GLD. The largest increase occurred in the first few

cycles. This is explained by tendency of both to become

mobile at high pH. Under anaerobic conditions, the mo-

bility of As increases. This supports the hypothesis that

sulfide oxidation was limited in the blends before acid was

added and the carbonates were consumed. The highest

concentrations were generated for the GLD/tailings sample

in cycles 1 (2500 lg/L) and 2 (450 lg/L). Mo concentra-

tions increased by a factor up to 10 in the leachate from the

blends when the pH was high.

GLD has the potential to both reduce the amount of

leachate generated in tailings and, due to their alkaline

nature, improve leachate quality by decreasing metal mo-

bility. Effectiveness is expected to last for a long time if it

is blended properly. However, increased leaching of As and

Mo may cause problems if the tailings used as an amend-

ment for GLD contain large amounts of these elements.

Caution must be exercised in this case.

Mine Water Environ

123



When the buffering capacity is consumed and the pH

decreases to\6, trace elements such as Cd, Cu, Ni, Co, Cr,

Zn, and Hg become mobile. This can be seen in Fig. 2 after

cycle &35 when acid is added. Acid addition represents

the worst-case scenario of what might happen when all of

the buffering capacity is consumed. In natural conditions,

the acid would be generated from the oxidation of pyrite.

T2 showed an increased concentration of sulfate in cycle

33 (Fig. 2c), after a 6 month-long break, an indication of

sulfide weathering. The oxidation of pyrite might have

required time to start or the tailings had dried, which en-

abled oxygen to reach the mineral surface. For the other

samples, no signs of oxidation were observed. Although the

tailings are rich in FeS2 and possibly FeS, the iron leached

after the artificial acidification is not likely to originate

from pyrite dissolution since it is acid-insoluble (Luther

1987; Rohwerder et al. 2003). A comparison of the Fe and

S concentrations shows that it is unlikely that the metals are

derived from the sulfide minerals since the molar ratio of

Fe:S at the time of the first acid addition on cycle 39 was

22:1, suggesting that the Fe originates from iron oxi-hy-

droxides, most likely from common secondary precipitates

such as ferrihydrite, jarosite, schwertmannite, lepi-

docrocite, and goethite (Gleisner and Herbert 2002; Jöns-

son 2003). The large negatively charged surface area of the

secondary precipitates enables adsorption of metal cations

that were released during the acidification.

Part of the iron and sulfur may also originate from

oxidation of other sulfide minerals. Barite is a sulfate that

was saturated throughout the humidity cell test (Table 3).

Arsenopyrite, chalcopyrite, covellite, galena, pyrrhotite,

and sphalerite have been reported in tailings from Kristi-

neberg (Holmström et al. 2001). The molecular structures

of these sulfide minerals are different from pyrite and can

be dissolved by non-oxidative proton attack (Rohwerder

et al. 2003; Schippers and Sand 1999) in anoxic and

dysoxic conditions, releasing ferrous iron (e.g. from chal-

copyrite and pyrrhotite). The concentration of leached iron

was greatest in the GLD/tailings blend (Fig. 2e). This

happened because 24 mL of HCl was added to the

GLD/tailings blend while only 1 mL of HCl was added to

T1. The ratio of leaching from the GLD/tailings blend

compared to the tailings alone is close to 24 times, which

confirms the fact that more H? was available in the

GLD/tailings blend, enabling dissolution of more iron ox-

ide and hydroxide. This was only seen at the first acid

addition. After this worst-case scenario, the iron occurring

as hydroxide was almost depleted.

The artificial acidification causes dissolution and

leaching of Ca, Mg, and Mn minerals. A more likely and

natural scenario is that the leaching of the elements occurs

slowly, at the same rate as pyrite oxidation. Modeling data

indicated the formation of gypsum in the GLD blends. The

Ca and SO4
2- originating from the GLD may induce this

process at low pH.

When acid was added during cycle 39, Cd, Ni, Co, Cr,

Zn, Pb, and Hg concentrations increased in the blends

compared to the GLD and tailings samples. This is believed

to be an effect of the larger amount of acid being added to

the blends than to the tailings. The acid addition to the

blends caused the pH to decrease to\8, suggesting that the

CaCO3 was consumed. In this case, GLD is expected to have

lost its ability to act as an alkaline barrier. However, at cycle

41, only Ni, Co, and Mn showed increased leaching. For all

of the other sulfide-associated elements, leaching decreased

and, on cycle 54, only Ni and Mn showed increased leaching

behavior for the blends compared to tailings alone.

The observed leaching of Al, K and Na is most likely

due to aluminosilicate dissolution such as biotite, K-feld-

spars, and albite. Al was initially mobile in the blends due

to their high pH (Brookins 2008). As pH decreased, Al is

expected to precipitate as Al(OH)3. When the samples were

acidified and the pH fell to\4, Al dissolves since Al hy-

droxides buffer at a pH of 3.8–4.8. Modeling data showed

that Al and S minerals were saturated with respect to

boehmite, diaspore, gibbsite, and gypsum.

The low pH caused by the acid addition may have

contributed to As stabilization. The leaching of As de-

creased to \2 lg/L (cycle 54) in the blended samples.

When sulfidic tailings oxidize, amorphous Fe(OH)3 and

goethite form, which can adsorb As. Similarly, when

oxidation causes the pH to decrease, Mo concentrations in

the leachate can be expected to fall, as seen in the weath-

ering cell. The mobility of Mo is greatly restricted at low

pH where jarosite and schwertmannite play an important

role in the retention of anions and oxyanions such as

HMoO4
-, H2AsO4

-, and SO4
2- (Dold 2003).

It can be concluded that after the buffering capacity is

consumed, the GLD loses its ability to stabilize metals in

the tailings. Assuming that oxygen only enters through

water transport (i.e. the water saturation degree of the

sealing layer is 1.0), and an expected 300 mm infiltration/

year, which is normal for the area (1 9 E - 8 m/s), the

oxygen flux is &0.1 mol/m2/year. Pyrite depletion in a

30 cm thick 30/70 GLD/tailings sealing layer would take

approximately 11,000 years. GLD has a direct effect on

metal mobility in the tailings and decreases the concen-

tration of Fe, Al, and trace elements (Cd, Co, Cr, Cu, Mn,

Ni and Zn) in the leachate. A small increase in Pb leaching

is noted in alkaline conditions but, when the pH decreases

in the tailings due to pyrite oxidization, GLD can maintain

a high pH, preventing the leaching of Pb. If neutralization

stops for some reason (the construction is incorrect or acid

originating from another source contributes additional

acidity), the metals show a different behavior, as seen in

the diagrams when acid was added (Fig. 2).
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Conclusions

The GLD blended with FA or tailings had a low hydraulic

conductivity, even though it was greater than GLD without

amendments. However, the water retention capacity was

maintained at a high level in the blend, compared to other

materials traditionally used in the construction of sealing

layers (such as clayey till). This means that the material

may stay saturated, even during droughts, when used in a

sealing layer application preventing oxygen from reaching

the waste, thereby slowing down the oxidation of the un-

derlying mine waste.

The alkalinity of the GLD has a direct effect on the

stabilization of most trace elements except for As and Mo,

when blended with tailings. FA addition positively affected

the water-holding capacity and had no negative effects on

the leaching behavior and may be an alternative way to

improve the physical stability of the sealing layer. As long

as the GLD can buffer the acidity formed by tailings

oxidation and the potential contribution of acidity due to

the oxidation/disproportionation of thiosulfate to sulfate,

most of the trace elements are expected to be stable.

However, if the buffering capacity is consumed, the metals

can be expected to become mobile.

Based on the low hydraulic conductivity observed dur-

ing the tests and the fact that oxygen mainly reaches the

mine waste as a result of the percolation of water, and not

through direct transport in the pore gas due to the water

saturation of the sealing layer, oxygen diffusion is expected

to be very low. The depletion of pyrite in the sealing layer,

made of GLD and tailings in this study, would take ap-

proximately 11,000 years based on the oxygen transport

and oxidation rates. Restriction the use of a GLD blend

with tailings rich in As and Mo may be considered due to

the increased leaching of these trace elements as a result of

their mobility at high pH.
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Mäkitalo M, Jia Y, Maurice C, Öhlander B (2014) Characterization of

green liquor dregs, potentially useful for prevention of the

formation of acid rock drainage. Minerals 4:330–344
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Abstract A common solution to minimize forma-

tion of acid rock drainage in sulfide-bearing mine

waste is to construct a composite cover comprising till.

Due to a shortage of fine-grained till close to mines,

other sealant materials must be considered. Here, the

feasibility of using green liquor dregs (GLD), an

alkaline and inorganic residual waste, as an additive to

improve low quality till in the construction of sealing

layers in cover system designs was studied. GLD was

blended with three types of till in a pilot scale study.

10–15 % (wet weight) GLD was found to be sufficient

to take full advantage of the physical properties of the

residual waste. Different mixing techniques were also

evaluated. The results showed that the quality of till,

i.e., hydraulic conductivity and water retention ca-

pacity, could be improved by addition of 10 % GLD.

Short duration and efficient mixing was preferred as

vigorous mixing released water bound in the GLD,

resulting in increased w and reduced compaction

efficiency, making the blended material difficult to

apply and use in sealing layer constructions.

Keywords Acid rock drainage � Sealing layer �
Dry cover � Barrier � Green liquor dregs

1 Introduction

Mining generates two main types of residue: waste

rock and tailings. Waste rock is a material that lacks

economic amounts of valuable mineral and is removed

to access the ore, whereas tailings are finely ground

material left over after processing in the mill. Mine

waste from sulfide ores may cause a significant

environmental impact because it often contains iron

sulfides, such as pyrite and pyrrhotite. Acidification

caused by oxidation of these minerals occurs when

they are exposed to atmospheric oxygen (Höglund

et al. 2004). Entering water (snow melt, rain etc.) can

transport the oxidation products generated in the mine

waste. This leachate is called acid rock drainage

(ARD) and often contains high levels of heavy metals.

ARD is one of the most significant challenges when
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dealing with sulfidic, pyrite-rich mine waste. One

common technique to mitigate the formation of ARD

is to apply a barrier made of soil (in Sweden often

glacial till) on top of the mine waste (SME 1998). The

barrier is designed to have a high degree of water

saturation to limit oxygen diffusion and low hydraulic

conductivity to reduce drainage into the underlying

waste. A protective layer is placed on top of the barrier

to protect its integrity. Using glacial till in barriers, or

so-called sealing layers, is often associated with large

costs due to the long distances the material has to be

transported, as finding till of suitable quality located

close to the mine is seldom possible. Therefore,

methods aimed at improving the properties of till

available in mining areas may offer a viable alterna-

tive provided that the related costs are reasonable. For

a till to qualify as a good sealing layer, it should have a

saturation level of[85 % (Höglund et al. 2004) and

low hydraulic conductivity, ideally 10-8–10-9 m/s, to

reduce oxygen and water ingress, thereby slowing

down the formation of ARD. One way to reduce the

till’s heterogeneity and increase its sealing properties

is to adjust the particle size distribution and change the

porosity. This can be achieved by removing large

boulders and adding a fine-grained material of suitable

quality.

One potential candidate for a till additive is the non-

hazardous residual waste green liquor dregs (GLD),

which has been characterized previously (Mäkitalo

et al. 2014). GLD is the largest waste fraction

generated in the chemical recovery cycle at sulfate

pulp and paper mills and the production in Sweden is

*240,000 t/year. The material is inorganic, has a

small particle size (clay–silt fraction) and high

porosity ([75 %). In addition, it possesses favorable

properties, such as low hydraulic conductivity and

high water retention capacity (WRC), for use in

sealing layers to reduce oxygen ingress in the preven-

tion of ARD (Mäkitalo et al. 2014). However, GLD

has a low shear strength (Mäkitalo et al. 2014), making

it difficult to use in engineering applications. It would

also be expensive to transport GLD due to the large

quantities needed per m2 and its high w. However,

adding GLD to modify and improve the till to a grade

where it can be used as a sealing layer could be an

economically viable solution. Adequate mixing would

be necessary to ensure the quality of the till/GLD

blend.

The aim of this study was to investigate ways to

improve the quality of till by addition of various

proportions of GLD and evaluate whether the mixes

obtained met criteria for decreased hydraulic conduc-

tivity to limit percolation and increased WRC to

decrease oxygen influx through the material. Com-

paction under field conditions was also an important

criterion. Mixing large volumes of material carries the

risk of heterogeneous mixing. Therefore, mixing of the

selected proportions of till/GLD was conducted under

both laboratory and field conditions to ensure that a

uniform material could be obtained where every part

had the same properties. In the field, two different

techniques, a loader with a crusher bucket and amobile

asphalt plant, were used in a pilot scale experiment.

2 Methodology

2.1 Material

Green liquor dregs was provided by the Smurfit Kappa

sulfate pulp and paper mill in northern Sweden. Three

types of till were used, henceforth referred to as Till A,

B and C. Till A was excavated at the Ragn-Sells waste

management site at Brännkläppen, Sweden. Till B

originated from BDX Material, Sweden, and Till C

from the former Näsliden mine operated by New

Boliden AB.

2.2 Methods

2.2.1 Mixing Procedure

Four proportions of till/GLD were used; 90/10, 80/20,

70/30 and 50/50 to estimate the maximum proportion

of GLD that could be added to till whilst fulfilling the

required compaction properties. The mixes were

blended in laboratory and analysis of the maximum

dry density, porosity and optimum water content were

carried out by an accredited laboratory (MRM, Luleå,

Sweden) using a standard procedure (EN 13286-2,

2010). Based on the compaction results of these mixes

(see Sect. 3), 5–15 % GLD were blended with two

types of till (A and B) using either a crusher bucket

(Allu Group Inc.) attached to a loader or a mobile

asphalt plant. To ensure reliable feeding, the till was

first placed in a row and a 50/50 GLD/till mix
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(prepared by a loader) was spread out on top of the till

before being processed 1–5 times (referred to as

4:1–4:5 herein) by the crusher bucket or in 1–2 runs

(45 or 2 9 45 s) by the mobile plant. Total volumes of

10–60 tons were mixed to evaluate the ability to

obtain a homogeneous product. The composition of

the different mixes and the total amount mixed are

shown in Table 1.

2.2.2 Laboratory Tests

The compaction properties of till/GLD blended in the

field and the 95/5, 90/10 and 85/15 blends employed in

the laboratory tests were determined using the stan-

dard Proctor compaction test. The compaction energy

was 2.65 J cm-3 according to the Swedish Standard

SS 027109 (SIS 1994) and was measured by filling a

column with three layers of material and then com-

pacting each layer with 25 blows using an automatic

Proctor compactor.

Hydraulic conductivity tests were carried out

according to the Swedish standard (SIS 1989) and

interpreted using Darcy’s equation. Water was pressed

through a column from below and collected in

sampling bottles using a constant water head. The

amount of permeated water was monitored by weigh-

ing. The density of the mixes was calculated using the

volume and weight of the material placed in the

columns. The water content (w) was evaluated after

the material had been dried at 105 �C for 24 h. The

WRC, i.e. the relationship between the water potential

and the w of a soil/material was analyzed on sample

4:3 (n = 3), sample 1 (n = 2); GLD (n = 2) and Till

C (n = 2). The samples were compacted in cylinders

and saturated from below. The cylinders were then

placed on a ceramic plate and pressure was applied

using a pressure plate apparatus (Soilmoisture Corp.,

Goleta, CA, USA).

Particle size characterization of the three types of

till used in the study was carried out by an accredited

laboratory (MRM, Luleå, Sweden) as per EN

933-1:2012 standard (ECS 2012). The tills were first

screened through a grid with a spacing of 100 mm to

remove gravel.

2.2.3 Field Tests

Compaction properties were studied on a pilot scale

construction. Two sealing layers were constructed:

one with a mix of 10 % GLD/Till C and one with Till

C only. The liners were compacted in two layers by

passing a hydraulic plate compactor (Liacom) with a

service weight of 600 kg over each layer six times.

The final thickness was 50 cm. Density was measured

on the surface by water volumetry and with a Troxler

nuclear density gauge at a depth of 50 and 250 mm.

Material was also compacted in the laboratory with the

Proctor method (as above).

Table 1 Composition, mixing equipment, mixing time, total amount generated, median and average hydraulic conductivity (K),

density (q) and water content (w) of the different blends tested

Mix nr Composition, mixing

equipment, time

Total amount

(tonne)

Median K

(10-9 m/s)

Average K

(10-9 m/s)

q (g/cm3) w (%)

1 10 % GLD/Till A, asphalt plant, 45 s 60 10 10.4 ± 9.4 2.0 ± 0.0 N/A

2 15 % GLD/Till A, asphalt plant, 45 s 30 10 12.5 ± 4.9 1.9 ± 0.0 21.4

3 10 % GLD/Till A, asphalt plant, 2 9 45 s 10 10 9.8 ± 3.2 2.0 ± 0.0 18.4

4 1 10 % GLD/Till A, crusher, 1 run 30 44 61.4 ± 51.6 2.0 ± 0.0 19.1

4:2 10 % GLD/Till A, crusher, 2 runs 30 5 4.9 ± 3.9 2.1 ± 0.0 N/A

4:3 10 % GLD/Till A, crusher, 3 runs 30 7 4.8 ± 3.5 2.1 ± 0.0 N/A

4:4 10 % GLD/Till A, crusher, 4 runs 30 37 32.7 ± 13.1 2.0 ± 0.0 19.1

4:5 10 % GLD/Till A, crusher, 5 runs 30 26 55.7 ± 29.5 2.1 ± 0.1 16.1

5 5 % GLD/Till A, asphalt plant, 45 s 30 37 30.9 ± 31.7 2.1 ± 0.0 13.1

6 5 % GLD/Till A, asphalt plant, 2 9 45 s 30 15 13.7 ± 3.2 2.0 ± 0.0 16.4

7 10 % GLD/Till B, asphalt plant, 45 s 30 7 21.2 ± 26.7 2.1 ± 0.0 13.6

8 10 % GLD/Till B, asphalt plant, 2 9 45 s 30 7 8.17 ± 3.6 2.1 ± 0.1 13.8

The results are given as mean ± standard error (n = 3)
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3 Results and Discussion

3.1 Identifying Mixing Proportions

The compaction performance was found to be affected

by GLD addition. The Proctor compaction test showed

that a maximum of 20 %GLD could be mixed with till.

At higher additions, GLD’s plastic behavior prevented

compaction by the Proctormethod. The GLD had aw of

120–150 % (by weight %). Its liquid limit, wL, was

*132 %, implying that the GLD would tend to

transform from a plastic to liquid consistency at a

w above this value. Based on the compaction results,

5–15 % GLD was mixed with till for further analysis.

The composition of themixes is summarized inTable 1.

3.2 Reduction of Hydraulic Conductivity

The hydraulic conductivity depends on the arrange-

ment of particles, i.e., pore size, particle size and

particle shape, as well as the bonding mechanisms

between the particles (Mitchell 1993). GLD is a fine

grained material with an average d90 of 63 lm, d50 of

14 lm and d10 of 2 lm (Hamberg et al. 2013). Only

minor variations in particle size have been observed

between GLD from different pulp mills. In contrast,

the particle size of till originating from different

locations may vary widely. Till containing rocks or

larger gravels is not suitable for use in sealing layers as

it will increase the hydraulic conductivity. Therefore,

this fraction was sieved. The distribution of fine

particles varied in the three types of till used (Fig. 1).

A large difference in porosity and density between

GLD and till was observed. GLD had a substantially

higher porosity of 83 ± 3 % compared to 36 ± 1 %

for till. The Proctor results showed that the density of

GLD and till was 1.21 ± 0.05 and 1.98 ± 0.08 g/cm3,

respectively. The maximum density for all blends was

1.9–2.1 g/cm3. The hydraulic conductivity most likely

varied due to difficulties in obtaining a consistent level

of compaction in the lab. However, most blends

exhibited a hydraulic conductivity of 1 9 10-8 m/s or

lower (Table 1). This was substantially lower than for

till, which had a hydraulic conductivity of 3.9 9 10-7 m/s.

The result indicated a negative correlation between

mixing time and the hydraulic conductivity with an

exception of Mix 4:4 and 4:5 (Table 1). It is likely that

a more homogeneous product was achieved with

longer mixing time, decreasing the hydraulic conduc-

tivity. However, the multiple mixing times with the

loader may have resulted in inclusion of coarser till

material from the ground which would explain the

increased hydraulic conductivity ofMix 4:4 and 4:5. A

well-graded material usually exhibits a low hydraulic

conductivity (Daniel and Trautwein 1994). Mixing

10 % GLD with till having a silt content of 30 % (Till

A) was sufficient to achieve a hydraulic conductivity

of 10-8–10-9 m/s (Table 1).

Fig. 1 Particle size distribution of Till A, B and C. The three materials had the same maximum particle size but different distributions

of fine grains
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3.3 Moisture Retention

The WRC is positively related to clay content as small

particle size and large surface area promotes water

adsorption (Hillel 1998; Reichert et al. 2009). The

WRC for both the tested mixes was high, i.e. they

showed high degrees of water saturation even at a very

high pressure. Mix 1 had an even higher WRC than

clayey silt (Fig. 2). Oxygen diffusion has been shown

to decrease sharply as the degree of saturation

increases above 85 % (Höglund et al. 2004). Decreas-

ing the degree of water saturation to\85 % required a

pressure of -390 kPa for Mix 1 and -120 kPa for

Mix 4:3 (Fig. 2). -10 kPa is regarded as the field

capacity of soils (Hillel 1998). At this pressure, the

mixes were still in the boundary effect stage, i.e.,

almost all pores were water-filled and the mixes were

essentially water saturated. The WRC of Mix 1 and

Mix 4:3 was much higher than for till without GLD

addition (Till C) as well as GLD alone (Fig. 2).

Interestingly, Mix 1 and Mix 4:3 were of the same

composition (10 % GLD) but were blended with

different techniques. Mix 1 blended with the asphalt

plant showed a higher w, lower dry density and higher

porosity compared toMix 4:3 blended with the crusher

bucket. This may be because Mix 1 was subjected to

more intensive mixing, resulting in different

physical/geotechnical properties compared to the less

disturbed Mix 4:3. The results indicated that intensive

mixing of GLD releases bound water, increasing the

porosity and value of w but decreasing the dry density.

A greaterWRC can then be achieved. It has previously

been shown that the w at field capacity is affected by

macroporosity and structure (Sharma and Uehara

1968). On the other hand, the w at the wilting point

(-1500 kPa) is not dependent on the structure because

the majority of the water is held by adsorption (Aina

and Periaswamy 1985). This may explain why the

difference in WRC between Mix 1 and 4:3 decreased

at this pressure.

3.4 Evaluation of Mixing Procedure

To enable the use of GLD as an additive, factors

affecting the final product quality need to be consid-

ered. Obtaining a homogenous material is essential to

ensure consistent quality. Sufficient homogeneity may

be achieved by either the crusher bucket or mobile

asphalt plant methods. Other factors may also be

important (e.g., production capacity, rental costs, size

of landfill, availability, etc.). The production capacity

of the asphalt plant was 90 t/h (45 s mixing time),

whereas the loader’s capacity was 180 t/h (mixed one

time). The material homogeneity was tested by proof-

rolling, i.e., making a ball in the palm of the hand. This

was carried out to ensure that the mixes had a uniform

density and sufficient w for compaction purposes.

Comparing the compaction properties of the tested

samples revealed that the amount of GLD influenced

the maximal degree of compaction. The 5 % GLD

blend exhibited the highest dry density and lowest

porosity and w among the tested samples. As the

asphalt plant provides the most intensive mixing,

followed by the crusher and mixing by hand in the

laboratory, it can be concluded that the amount of

GLD in the mix and the mixing energy/time applied to

the samples was negatively correlated with the degree

of compaction (Fig. 3). This was observed for 10 and

15 % GLD. For the 5 % GLD mix, the mixing energy

did not show any clear effect most likely due to the

small porosity of the blend. The w was dependent on

the mixing technology used to produce the material
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Fig. 2 Water retention

curves of Mix 1, Mix 4:3,

GLD, clayey silt (Bussière

et al. 2003) and Till C
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and negatively correlated with the maximal dry

density. The mixing time appeared to affect the

properties of the blends and was positively correlated

with the w and silt content of the till/GLD mixtures. A

long mixing time increased the porosity of blends with

high silt content, whereas the converse was observed

for blends with low silt content. Therefore, use of a till

with high silt content may increase the production

speed and efficiency. To obtain a product suitable for

sealing layer purposes, the observed variations of the

feed materials (GLD and till) must be taken into

account and the proportions and mixing energy

optimized.

3.5 Compaction Properties

The dry density is an indicator of the compactness of a

material of a given volume. To assess the degree of

compaction, the maximum dry density attained for a

given soil with a standard amount of compactive effort

was determined.Based on the Proctor compaction tests, a

dry density of 1800 kg/m3 was needed to achieve a high

degreeof compaction.Densitymeasurementsof twofinal

constructions of sealing layers, one comprising 10 %

GLDandof theother till only, showed that both liners had

a dry density well above the required value at a depth of

250 mm when using Troxler apparatus (Fig. 4). Proctor

0.25 

0.3 

0.35 

0.4 

25201510
n 

w [%] 

Lab - 5% GLD 
Lab - 10% GLD 
Lab - 15% GLD 

15% GLD 

10% GLD 

5% GLD 

Asphalt plant
5% GLD, 45 s  
Asphalt plant
5% GLD, 90 s  
Asphalt plant
10% GLD, 45 s  
Crusher 
10% GLD  
Asphalt plant
15% GLD, 45 s  

Fig. 3 Correlation between

water content (w) and
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compaction tests showed similar values as the Troxler

gauge. The compaction of the surface of the till showed

similar results whenmeasured by both Troxler gauge and

water volumetry. Till alone reached a dry density of

1800 kg/m3, whereas till supplemented with GLD

reached a dry density of *1750 kg/m3. However, this

value is expected to increase after application of the

protective layer because this layer would also be

compacted. Therefore, sufficient compaction appears to

have been achieved.

3.6 Economics

Overall, the results showed that GLD addition as a

method to improve till may be a viable option to

reduce operation and/or remediation costs compared

with traditional remediation solutions. An assess-

ment of transport economics, transport logistics,

handling and management and other surrounding

costs has been made and showed that the largest

costs relate to transportation distances and mode of

transportation (Mácsik and Maurice 2014). The

study showed that using GLD as an additive

(addition of 10 %) to till may be an economical

alternative provided the distance to till fulfilling the

requirements for sealant material is larger than

*25 km and GLD can be obtained within a

reasonable distance of the remediation site (Mácsik

and Maurice 2014).

4 Summary and Conclusions

The aim of this project was to produce mixes of till and

GLD with decreased hydraulic conductivity compared

to till and high WRC. The results showed that it is

possible to produce homogeneous mixtures under field

conditions and obtain a material suitable for sealing

layers. Till blended with 10 % GLD using an asphalt

plant exhibited a higher WRC than till without

addition of GLD, but also higher than clayey silt. As

the WRC and hydraulic performance relate to the

mixtures porosity/dry density, the dry density of the

till/GLD blends serves as a good indication of their

function as a liner. The quality of till, such as particle

size and w, as well as the quality of GLD, such as

w and liquid limit (wL), are important factors influ-

encing the compaction and hydraulic conductivity of

till/GLD mixtures. The amount of GLD and mixing

energy should be adjusted depending on the geotech-

nical properties, mainly particle size and w.
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Abstract. One of the mining industry’s main 
concerns is the management of waste rock and 
tailings generated by sul de ore extraction. 
Upon exposure of atmospheric oxygen, iron 
sul des oxidize generating acidity. In ltrating 
water form a metal-rich acidic leachate called 
acid mine drainage (AMD), that can cause 
serious environmental problems Green liquor 
dregs (GLD) are a residual waste from the sulfate 
pulp and paper mills that resists the passage of 
oxygen and water and could thus be used to seal 
mine wastes, preventing their oxidation and 
AMD formation. To enable its use in dry mine 
waste covers, the long-term ef ciency of such 
GLD sealing layers must be evaluated. In this 
study, fresh GLD and GLD aged for 3 to 13 
years was collected from two sites and analyzed 
to determine how aging affects its chemical and 
physical properties. Aged and fresh GLD were 
very similar with respect to all the properties 
important in a sealing layer. In particular, there 
was no evidence of calcite dissolution in aged 
GLD samples. Aged GLD also exhibited high 
water saturation (>91%) and chemical stability, 
both of which are important for effective 
long-term sealing. The shear strength of GLD 
deployed in the eld increased over time but 
not suf ciently to ensure the long-term physical 
integrity of a pure GLD sealing layer. The 
development of hybrid materials with improved 
shear strength will therefore be necessary. 

Keywords: Sul dic mine waste; oxidation; water 
retention capacity; dry cover; remediation

1. Introduction 

Tailings and waste rock generated by the 
mining of sul dic ores must be managed and 
disposed of in a way that guarantees the protection 
of the environment as well as human health 
and safety. A ma or problem associated with 
sul dic mine waste is the formation of acid mine 
drainage (AMD), a metal-rich acidic leachate 
formed by the waste’s oxidation that causes 
serious environmental problems [1]. A common 
technique for preventing its formation is to bury 
the waste underneath a dry soil cover whose 
purpose is to prevent oxygen from reaching the 
waste and thereby retard its oxidation [2]. The 
dry cover usually consists of a sealing layer 
with a high degree of water saturation to prevent 
oxygen in ux and low hydraulic conductivity 
to limit water in ltration, thereby reducing the 
amount of drainage water reaching the waste. 
A protective layer is applied above the sealing 
layer to protect its integrity. Unfortunately, 
there is a lack of sealing materials that are both 
inexpensive and capable of ef ciently preventing 
oxygen and water from reaching the stored waste 
in the long term. Clayey glacial till is often used 
as the sealing layer [3] when possible but many 
mines are not located in close proximity to tills 
with the necessary properties, creating a need for 
alternative solutions. Recent studies have shown 
that certain industrial wastes and residues could 
potentially be useful in this context [4-7].  

One material that has shown particular 
promise in preventing oxygen and water ingress 
is green liquor dregs (GLD) [8], which is the 
largest waste fraction generated during the 
chemical recovery cycle at sulfate pulp mills 
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and is classi ed as non-hazardous chemical 
waste by the Swedish EPA [9]. This alkaline 
inorganic waste contains calcite, brucite, 
amorphous phases and insoluble solids, and 
is known to have low hydraulic conductivity 
(<10-8 m/s) and a high water retention capacity 
[8].  Previous studies have shown it could be 
a viable alternative to traditional materials for 
the construction of sealing layers [8, 10-11]. 
However, there is a lack of information on its 
long-term performance, which is required before 
it can be considered a general solution. 

Four main properties have been determined to 
affect the long-term performance of a dry cover: 
hydraulic conductivity, water retention capacity, 
degree of saturation and physical integrity [12]. 
Identifying how these properties change as the 
material ages will make it possible to predict 
a sealing layer’s long-term performance at 
preventing water and oxygen ingress.

In this study, GLD aged for 3 to 13 years 
originating from two paper mills was collected 
from two land ll sites and compared to fresh 
GLD of the same origin. The aim was to assess 
how the four key cover performance properties 
listed above changed as the GLD aged and to thus 
predict its long-term performance as a barrier to 
oxygen and water in dry cover applications for 
sul dic mine waste.

2. Materials and methods

2.1 Material      
    

Fresh GLD was kindly provided by the 
Smur t appa (S ) and Iggesund sulfate pulp 
and paper mills, both of which are located in 
northern Sweden.

Aged GLD originating from Iggesund was 
collected at the Iggesund paper mill land ll. 
GLD has been stored at this site since 1998 in an 
organized pattern, making it possible to collect 
GLD of 3, 8 and 13 years of age. Aged GLD 
(6 years old) originating from S  was sampled 
at the Rönnskar land ll at Rönnskärsverken, 
Sweden, where it had been placed as a sealing 
layer on top of oxidized tailings (applied in 
2006). The site had also been used for disposal 
of snow from large parts of the surrounding 
industrial area.

2.2 Methods

2.2.1 Sampling     
   

GLD from S  was sampled at a test plot 
at the Rönnskär land ll using a plastic shovel. 
In addition, intact soil cores were collected by 
slowly pushing a 15 cm long cylinder with an 
internal diameter of 7 cm horizontally into the 
sealing layer until it was completely lled with 
GLD. The collected samples were stored at 8 °C 
until analysis.

GLD from the Iggesund site was collected 
by drilling using a mobile drill rig (Georig 
607, Geotech Ltd, Askim, Sweden). Samples 
were taken with an auger to enable sampling at 
different depths and the acquisition of material 
of different ages. The samples were then placed 
in diffusion bags. Pictures were taken of frozen 
GLD collected from the upper part of the land ll.  

2.2.2 Physical properties

Water retention capacity (WRC) was 
measured on aged and fresh GLD in duplicate. 
The samples were packed into cylinders and 
saturated from below. The cylinders were then 
placed on a ceramic plate and pressurized 
from below using a pressure plate apparatus 
(Soilmoisture Corp., USA). The volume of the 
loose samples was calculated from their bulk 
density, which was determined from the weight 
of the dried samples (105 °C for 24 h) divided 
by the cylinder volume. The total porosity of 
the GLD samples was calculated according to 
the following equation: Total porosity = (Particle 
density – Bulk density) / Particle density. The 
bulk density of the GLD sealing layer at the 
Rönnskär land ll was measured in the eld by 
means of a Balloon Densometer Test (n=1). A 
multivolume helium pycnometer (Pycnometer 
1305, Micromeritics, Nercross, GA, USA) was 
used to determine the compact density of fresh 
and aged GLD originating from Iggesund (n=2) 
and aged GLD originating from S  (n=3). The 
compact density was then used to calculate the 
GLD’s porosity (n), pore number (e) and degree 
of saturation (Sr). 

Ground penetrating radar (GPR) is a 
geophysical technique for imaging the shallow 
subsurface by transmitting high-frequency 
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electromagnetic waves into the ground [13-
14]. GPR surveys were carried out across the 
Rönnskär land ll to characterize the integrity 
of the sealing layer. A RAMAC GPR system 
(Malå Geoscience, Sweden) was used with 800 
MHz and 500 Mhz monostatic shielded antennas 
(Malå Geoscience, Sweden). GPR pro les were 
obtained by manually towing the antenna along 
measured survey lines across the land ll. A “hip 
chain” was used to trigger each measurement 
and keep track of distance along the pro les. 
The sampling frequency was 2500 MHz and 
a trace interval of 2 cm was used. The number 
of stacking was set to 8. After acquisition, the 
pro les were sub ected to post-survey processing 
including time zero ad ustment, subtraction of 
DC-shift and dewow, gain function, bandpass 

lter and background removal using the 
Re ex2Dquick software package (Sandmeier 
scienti c software).

Cone Penetration Test (CPT) measurements 
were performed at both land lls according to a 
standard procedure [15] to determine each tested 
material’s undrained compressive strength ( fu) 
and angle of internal friction ( ). 

Cylindrical specimens (5 cm x 10 cm) of 
fresh GLD from Iggesund (n=2) and aged GLD 
(n=3) collected at the Rönnskär site were tested 
under uniaxial compression with an air-hydraulic 
apparatus. Compression tests were carried out at 
a deformation rate of 1.5 mm/s. 

The dry matter content of fresh and aged 
GLD from Iggesund and S  was determined 
(n=3) according to the standard method [16]. 
Paste pH was analyzed on fresh and aged 
samples (n=3) with a pH meter (Metrohm 
Ltd, 704 pH Meter, Herisau, Switzerland) as 
described previously [17].

Hydraulic conductivity tests on fresh 
and aged GLD (n=3) from S  were carried 
out with the Constant Rate of Strain (CRS) 
method according to a standard procedure 
[18]. Cylinders measuring 15 cm x 7 cm in 
diameter were lled with GLD. The samples 
were then placed under a 30 kPa load for 28 
days to mimic the conditions encountered 
in a 1.5 m protective cover. The cylinders 
were placed in an oedometer and sub ected 
to a progressively increasing induced stress. 

Drainage was only allowed from the top. The 
hydraulic conductivity was calculated based on 
the deformation and the pore pressure from the 
lower surface. Hydraulic conductivity tests on 
Iggesund GLD of 0 (fresh), 3, 8 and 13 years of 
age were performed in duplicate by the Constant 
Head Permeability (CHP) method according to 
a Swedish standard [19] and the results were 
interpreted using Darcy’s equation. Water was 
pressed through the column from below and 
collected in sampling bottles using a constant 
water head. The amount of permeated water was 
monitored continuously. The samples’ density 
was then calculated, enabling their water content 
to be determined after drying at 105 °C for 24h.

2.2.3 Chemical properties    
      

Batch leaching tests on fresh GLD from S  and 
Iggesund were performed in duplicate according 
to a modi cation of the Swedish Standard SS-
EN 12457 4 [20]. Samples containing 20 g of 
GLD on a dry matter basis were placed in 250 
ml centrifuge bottles (Beckman coulter) and 200 
ml of Milli-Q water with pH of 6.3 (matching 
that of the local snow) was added to achieve 
a liquid/solid (L/S) ratio of 10. The mixtures 
were then shaken with an end-over-end shaker 
for 24 hours and centrifuged at 4000rpm for 10 
min, after which 20% of the supernatants were 
removed and ltered through a 0.22 μm lter. The 
leachates’ pH, electrical conductivity (EC) and 
redox potential (Eh) were analyzed immediately 
using a oltkraft PH-100ATC pH meter, a WTW 
Multi 350i multimeter (type Level 1 with WTW 
323 electrode, Weilheim, Germany), and a pH/
ion meter (Radiometer, Copenhagen, Denmark) 
with an Ag/AgCl electrode, respectively. Eh 
values were obtained by adding 207 m  to 
the readings obtained with the pH/ion meter. 
Chemical analyses were conducted by an 
accredited laboratory (ALS Scandinavia AB, 
Luleå, Sweden). After the leachate’s removal, 
the bottles were topped up with additional 
Milli-Q water to restore an L/S ratio of 10, and 
the leachate collection and analysis procedure 
was repeated as described above on day 3 and 
day 25 after the establishment of the experiment. 

Another series of batch leaching experiments 
were performed in duplicate using fresh GLD 
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Sample Age (years) Depth (m) w1 (%) w2 (%) k1 (m/s) k2 (m/s) pd1 (t/m3) pd2 (t/m3) DM (%)

Iggesund ~13 6.7-7.0 54 56 8.69E-09 7.42E-09 0.99 1.01 59±6

Iggesund ~8 4.6-5.0 61 58 1.60E-08 6.80E-08 1.04 1.04 63±3

Iggesund ~3 1.5-2.0 75 78 8.26E-08 1.78E-08 0.93 0.88 62±3

Iggesund 0 0 115 117 2.74E-08 3.31E-08 0.65 0.64 60±4

SK Rönnkär 6 0.5 191 192 3.67E-08±2.9E-09 N/A N/A 41±5

SK 0 N/A N/A N/A 3.23E-09±3.26E-09 N/A N/A 44±4

Sample Age (years) Depth (m)  1 (t/m3)  2 (t/m3)  s(t/m3) Sr (%) e n (%) pH

Iggesund ~13 6.7-7,0 1.53 1.58 2.58 91 1.57 61 10.3±0.1

Iggesund ~8 4.6-5.0 1.68 1.63 2.66 100 1.48 60 9.8±0.5

Iggesund ~3 1.5-2.0 1.62 1.57 2.58 100 1.85 65 10.2±1.2

Iggesund 0 0 1.39 1.39 2.56 100 2.99 75 12.5±0.1

SK Rönnskär 6 0.5 1.2 N/A 2.12±0.16 98.6 4.3 80 9.3±0.3

SK 0 N/A N/A N/A N/A N/A N/A N/A 12.2±0.2

from Iggesund according to a previously 
described method [21]. Samples containing 10 
g of GLD on a dry matter basis were placed in a 
150 ml polypropylene bottle together with 100 
ml of Milli-Q water to establish an L/S ratio 
of 10. The resulting mixtures were agitated on 
a shaker at 6 rpm for about 24 hours, which 
was previously shown to be suf cient time to 
establish near-equilibrium conditions when 
dealing with ne-grained residues [22]. The 
mixtures were then left to stand for 2 days, 
after which the supernatants were collected and 

ltered through a 0.22μm lter. Their pH was 
measured with a oltkraft PH-100ATC pH-
meter and their alkalinity was calculated by 
titration with 0.1M HCl. The bottles were then 
re lled with the same amount of Milli-Q water 
to restore an L/S ratio of 10, and the procedure 
was repeated. After 13 such cycles, the samples 
were transferred to 1L polypropylene bottles and 
the experiment continued with increasing L/S 
ratios over 13 further cycles, terminating at an 
L/S ratio of 1800.

3. Results and Discussion

3.1 Changes in physical properties

Hydraulic conductivity tests showed no 
signi cant difference in hydraulic conductivity 
between fresh and aged GLD originating from 
Iggesund (Table 1). However, the hydraulic 
conductivity of aged GLD from the Rönnskär 
site was one order of magnitude higher than that 
of fresh GLD. This was probably because the 
GLD at the Rönnskär site had reacted with the 
underlying tailings, since it has been shown that 
the tailings below the GLD sealing layer had 
undergone extensive oxidation and were very 
acidic when the sealing layer was applied [23]. 
However, the measured hydraulic conductivity 
of 10E-8 m/s did not appear to affect the sealing 
layer’s function since aged GLD from the two 
sites exhibited high levels of water saturation 
(Sr) (91-100%; see Table 2). This can be related 
to the material’s high ability to hold water (Fig. 
1), which is expected to minimize the passage of 
oxygen by ensuring that the GLD layer remains 
saturated or almost saturated. High water 

Table 1. Hydraulic conductivity, dry matter content (DM) (n=4), dry density ( d) and water content (w) of aged 
and fresh GLD. S  Rönnskär refers to GLD originating from Smur t appa placed at the Rönnskär land ll where-
as S  refers to fresh GLD from Smur t appa. Data for the fresh GLD from S  is included for reference purposes 
[27]. Fresh and aged S  GLD samples were analyzed in triplicate.

Table 2. Properties of aged and fresh GLD. The dry density (Table 1) was used to calculate the porosity (n), pore 
number (e) and degree of saturation (Sr). Compact density ( s) and pH values are reported as averages of three 
measurements. S  Rönnskär refers to GLD originating from Smur t appa placed at the Rönnskär land ll where-
as S  refers to fresh GLD from Smur t appa.
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Figure 1. Water retention capacities of aged GLD from the Rönnskär and 
Iggesund sites and fresh GLD originating from the Iggesund paper mill. Note the 
variation between GLD samples of different ages.
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Figure 2. Small (~1-2 mm) segregated ice growths 
(indicated by arrows) visible in frozen GLD sampled 
from the Iggesund land ll. The white sections are lime 
mud originating from the lter used during the collection 
of GLD in the paper mill.

retention also reduces the risk of shrinkage 
and cracking due to desiccation, which is a 
common problem with clay minerals and can 
have signi cant adverse effects on sealing layer 
performance. The material’s high water retention 
capacity may be due to the ionic charges on its 
constituent particles’ surfaces [24-25]. Earlier 
studies showed that the rate of oxygen diffusion 
decreases signi cantly as the degree of saturation 
increases above 85% [26]. A pressure of -20kPa 
was required to reduce the Sr of GLD of 13 and 8 
years of age to 85% (Fig. 1), while GLD aged 0, 
3 and 6 years exhibited a Sr of 92% at the same 
pressure. At the eld capacity of soil (-10kPa), 
the GLD samples exhibited a Sr of 94-98%. The 
high water content of GLD and the strength of 
its binding to water are ma or advantages for 
a sealing material because they encourage the 
formation of a water-saturated layer that will 
prevent oxygen penetration.

The use of frost-sensitive materials in sealing 
layers presents a risk of ice lens formation, which 
could damage the sealing layer via frost heaving 
if it is close to the ground surface in a cold 
region. Moreover, when ice lenses melt, they 
form channels that can potentially allow water 
and oxygen to pass through the sealing layer and 
reach the underlying tailings, thus impairing the 
sealing layer’s function. Channel propagation is 
a common problem in silty soils [28]. Analyses 
of frozen GLD samples originating from the 

Iggesund land ll revealed 
only minor segregated ice 
growth, producing pieces of 
ice that are ~1-2 mm wide 
(Fig. 2). These would be 
expected to thaw during the 
summer and would not cause 
remaining channels because 
of GLD’s high plasticity 
[10]. It has previously been 
shown that sub ecting GLD 
to repeated freeze-thaw 
cycles did not affect its 
hydraulic properties [10].

Field analyses indicated 
that neither aging nor depth 
altered the texture of the 
GLD. The measured CPT 

parameters revealed only minor differences 
between the two types of GLD and between 
samples of different depths and ages. However, 
uniaxial compression tests on aged GLD 
revealed its compressive strength to be almost 
three times higher than that of fresh GLD 
(Table 3). CPT measurements also indicated that 
the compressive strength of aged samples in the 

eld was around twice that of fresh material. 
However, although the shear strength of GLD 
increases with age in eld applications, the GPR 
studies indicated that even aged material is too 
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Table 3. Parameters given from the CPT data and 
uniaxial compressive strength tests.

CPT measurements Lab 
measurements

Material

Undrained 
compressed 

strength 
fu (kPa) 

(median)

Angle of 
internal 

Uniaxial 
compressed 

fu (kPa) 

GLD 
Rönnskär 

aged
67.5  38.7 27.4±7.8

GLD 
Iggesund 

aged 
55.9 35.2± 2.7 N/A

GLD 
Iggesund 

fresh
N/A N/A 11.8±2.2
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Figure 3. A 45 m GPR pro le of the GLD sealing layer at the Rönnskär site showing its integrity after 6 years in 
operation. ertical dislocations and variations in the thickness of the GLD sealing layer are visible. The pale spot in 
the layer at 20-23 m is probably due to the accumulation of water above the surface of the GLD.

soft to be used alone in sealing layers: the buried 
sealing layer exhibited many vertical dislocations 
such that the distance between its surface and 
the ground surface varied between 25 and 40 cm 
(Fig. 3). The GPR data also revealed a section 
of the sealing layer that appeared paler than the 
rest, which was attributed to the accumulation 
of water above the sealing layer resulting in 
a weakening of the GPR signal. A rupture of 
the layer was considered unlikely due to the 
material’s softness and plasticity [10]. In some 
places, the sealing layer had been compressed 
or dislocated horizontally, causing its thickness 
to decline from the original 50 cm at the time of 
application to 20 cm six years later.

It can be concluded that the physical 
properties of fresh and aged GLD are similar. 
The aged GLD had not undergone any physical 
changes that would be expected to alter its 
performance as a sealing layer. Its ability to retain 
water declined somewhat with age, but even old 
material exhibited a high degree of saturation 
(91-100%), suggesting that GLD layers would 
be effective at limiting the amount of oxygen 
reaching the underlying mine waste.  However, 
the material’s low shear strength may cause 
problems and reduce its long-term performance 
as a sealing layer because compression could 
reduce the layer’s thickness and reduce its 
resistance to the passage of water and oxygen. 
Blending GLD with till to take advantage of 
the former’s favorable hydraulic properties 
and the latter’s mechanical properties has been 
demonstrated to produce a cover material with 
improved shear strength [10]. Adding y ash has 
also been reported to increase the shear strength 
of the GLD [11, 29].

3.2 Changes in chemical properties   

It has previously been shown that GLD’s 
chemical and mineralogical composition varies 
with the origin of the wood used at the pulp mill 
and the mill’s GLD retrieval process [8]. This 
makes it dif cult to directly compare fresh and 
aged GLD. However, comparing the chemical 
compositions of such materials can still give an 
indication of how they respond to aging. 
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Sulfate is a ma or constituent of GLD. The 
sulfur concentrations of fresh and aged GLD 
differed substantially, indicating that sulfur 
leaching had occurred in the aged material from 
both Iggesund (Table 4) and Rönnskär (Table 
5). Batch leaching experiments on fresh GLD 
samples con rmed the high leachability of S 
from the Iggesund material, which lost 16% 
of its original sulfur content during the rst 
24 hours of the experiment (Table 4). This is 
consistent with the results of a previous study on 
the leachability of GLD [30]. Conversely, only 
0.04% of the original S content was lost from 
the S  GLD over the rst 24 hours. This may 
indicate that the process used at the Rönnskär 
mill differs slightly from that used at Iggesund, 
producing more insoluble sulfur species. The 
Al and  concentrations of aged GLD from 
the Rönnskär site were lower than those in the 
corresponding fresh material (Table 5), whereas 
the concentrations of these elements in the 
Iggesund GLD varied unpredictably with age 

(Table 4).  was the most extensively leached 
of the elements considered in the batch tests: 
fresh GLD samples from Iggesund and S  lost 
40% and 15% of their original  contents over 
24 hours’ leaching. In contrast, the rate of Al 
leaching from fresh GLD in the batch tests was 
quite low for both the S  and Iggesund materials. 
It is therefore possible that the large variation 
in the Al contents of the aged GLD samples 
was due to natural variation between samples 
rather than leaching. The same applies to Mn 
and Mg, whose concentrations varied widely 
in the aged GLD samples, especially at the 
Rönnskär site (Table 5) but which exhibited no 
appreciable leaching during the batch tests with 
either material. Some leaching of Cr may have 
occurred since the concentration of this metal in 
aged GLD was lower than in fresh material. In 
the batch leaching experiments, 1.7% of the S  
GLD’s Cr content was lost over the rst 24 hours 
(Table 5). Other elements whose concentrations 
in aged Rönnskär GLD were lower than in fresh 

Table 4. Metal concentrations in GLD from Iggesund (n=1) fresh (n=3) expressed on a dry matter basis. Re-
sults from the batch leaching tests on fresh GLD from Iggesund at an L/S ratio of 10 are also shown. Results 
are quoted in terms of the %age loss relative to the original elemental content.

Element
Sample batch Batch leaching at L/S 10

0 years
(mg/kg)

~3 years 
(mg/kg)

~8 years
(mg/kg)

~13 years
(mg/kg)

Day 1
(%)

Day 3
(%)

Day 25
(%)

(DM) 57.0±0.8% 68.4% 66.3% 62.3% N/A N/A N/A

Si 3300±490 84100 7940 37900 N/A N/A N/A
Al 6700±160 20800 4440 10700 3.8E-3 3.7E-3 -2.3E-3
Ca 295000±5400 236000 339000 310000 1.7E-3 3.4E-4 -8.3E-4
Fe 7920±910 13200 5380 6790 2.9E-3 1.6E-4 -1.4E-3
K 3410±190 8590 2020 6290 40.0 0.2 0.7
Mg 30500±390 29300 20600 16200 8.2E-3 1.6E-3 -5.1E-3
Mn 17300±390 9370 6890 4980 4.6E-4 1.6E-4 -1.0E-4
P 1490±10 2370 3700 3540 N/A N/A N/A
LOI 1000 °C 36.1±0.2% DM 32.8% DM 40.3% DM 36.5% DM N/A N/A N/A
As 0.19±0.08 0.90 0.24 1.15 0.2 -0.8 0.3
Cd 14.7±0.3 5.9 7.8 3.6 4.7E-3 4.8E-4 -5.7E-4
Co 12.9±0.2 10.7 8.4 5.6 8.7E-3 8.9E-5 -2.0E-3
Cr 97.3±6.7 97.5 93.0 44.1 6.1E-3 3.2E-4 -1.6E-3
Cu 170±2 135 98.3 60.4 5.2E-3 -2.1E-3 3.8E-5
Hg <0.04 <0.04 <0.04 0.0415 0.3 0.1 0.05
Ni 64.6±0.6 43.2 49.6 29.2 0.2 0.01 0.02
Pb 26.1±0.3 22.3 46.9 25.4 4.4E-3 7.6E-4 7.7E-4
S 22000±400 2900 8030 8450 15.7 3.6E-4 2.1
Zn 2800±40 1810 1430 1110 6.6E-4 0.1 2.2E-4
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material and which may therefore have leached 
included Ni, Cu, Co and Cd. These elements 
exhibited moderate levels of leaching on day 
1 of the batch leaching test (0.01-0.2%). The 
calcium in the GLD is expected to originate 
from calcite as previous mineralogical analysis 

cause free Ca2+ to precipitate as gypsum and 
signi cantly change the material’s texture and 
structure. If gypsum had formed in this way, the 
CPT results would have indicated the presence 
of hard sections, but the GLD was found to be 
soft all the way from the top to the bottom of 

Table 5. Metal concentrations in GLD from S  (fresh GLD) (n=5) and S  Rönnskär (aged GLD) expressed 
on a dry matter basis. Results from the batch leaching tests on fresh GLD from S  at an L/S ratio of 10 are 
also shown. Results are quoted in terms of the %age loss relative to the original elemental content. 

Element

Sample batch Batch leaching L/S 10

0 years 
(mg/kg)

6 years a (mg/
kg)

6 years b 
(mg/kg)

Day 1
(%)

Day 3
(%)

Dag 25
(%)

 ma e  41.7±5.8% 36.3% 53.0% N/A N/A N/A

Si 44000±39400 6260 3380 N/A N/A N/A

Al 122000±144000 3500 2080 0.08 0.01 -9.9

Ca 220000±71600 208000 334000 3.1E-3 6.5E-4 1.6E-3

Fe 8100±5500 6130 2810 2.5E-4 5.0E-5 1.1E-3

K 12600±1600 7360 <750 15.3 -5.6E-3 0.2

Mg 22200±6440 43800 21200 1.0E-4 2.0E-3 1.2E-4

Mn 10000±2900 19400 9060 3.2E-3 4.3EE-5 5.1E-3

P 3770±1130 3240 5540 N/A N/A N/A

LOI 1000 °C 59.3±2.6% DM 53.0% DM 45.3% DM N/A N/A N/A

As 2.2±1.9 1.6 <0.1 1.9 0.2 0.1

Cd 8.0±2.2 9.3 5.8 0.01 -4.9E-4 5.2E-3

Co 8.4±2.2 12.2 5.5 0.1 1.8E-3 -6.2E-3

Cr 132.7±117.3 140 71.7 1.7 0.09 0.4

Cu 196.4±144.7 156 69.8 0.2 0.03 0.4

Hg <0.04 <0.04 <0.04 3.2E-4 0.05 0.05

Ni 77.3±63.3 111 70.1 0.2 4.5E-3 -0.01

Pb 21.0±5.4 16.4 10.4 8.1E-3 -2.89E-4 9.3E-3

S 14100±2130 7150 1760 0.04 -0.7 -2.6

Zn 1390±524 2120 1020 0.03 2.9E-3 0.1

showed the presence of this mineral [8]. Calcite 
has low solubility in neutral and alkaline water 
but dissolves more readily in acidic water [31]. 
The calcium concentrations of the aged GLD 
at Rönnskär and Iggesund were similar to or 
greater than those of fresh GLD, indicating that 
the rainwater that had percolated through the 
GLD had not dissolved its calcite. The slightly 
acidic milliQ water (pH 6.3, chosen to match 
the pH of the melted snow at the site) used in 
the batch leaching test also did not dissolve the 
calcite present in fresh GLD. One of the original 
concerns about using GLD in sealing layers was 
the potential dissolution of calcite, which could 

the land ll. The cold and only slightly acidic 
rainwater was thus incapable of dissolving 
the calcite. In addition, the GLD is alkaline 
independent of its calcite content [32], which 
would disfavor calcite dissolution.

The pH of the GLD at the Rönnskär land ll 
had decreased from 12.5 to 9.3 over six years 
(Table 2). At the Iggesund land ll site, the pH 
of the aged GLD varied between 9.3-11.0 and 
was lower than that of the fresh material. It is not 
clear to what extent this variation is due to natural 
variation between batches or the dissolution of 
alkaline compounds. The pH and alkalinity of 
fresh Iggesund GLD decreased steadily during 
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Figure 4. pH and alkalinity (g/L) as CaCO3 of fresh GLD 
from the Iggesund paper mill.

titration, eventually stabilizing at an L/S of 40 
(Fig. 4). The pH stabilized at ~10 and remained 
at this value until the test concluded at an L/S 
of 1800. The aged GLD at the Rönnskär land ll 
had probably already reached this stage whereas 
many samples from the Iggesund site had not. 
The samples at the Rönnskär site exhibited 
greater variation with age. This was attributed 
to the super cial placement of the GLD at this 
site and its reactions with the acidic tailings 
combined with the fact that the site had been 
used for snow disposal, causing large stress 
on the sealing layer during snow melt. Deep 
furrows caused by loaders’ wheels were visible 
at the site. The site also lacked drainage so large 
quantities of water may have percolated through 
the sealing layer, which exhibited dislocations in 
the radiogram image. Based on the slow decrease 
in pH observed during the sequential leaching 
of fresh GLD from Iggesund, during which the 
samples were shaken extensively, the calcite in 
this material is not expected to dissolve to an 
extent that would affect its quality as a cover in 
the long term.

4. Conclusions

The effects of aging on GLD largely depend 
on the amount of water that passes through the 
material, changing its chemical composition 
and ultimately its pH. A previous study on 
fresh GLD showed that while samples varied 
in their chemical composition, their hydraulic 
conductivity, buffering capacity, pH, and 
particle sizes were all rather consistent [8]. This 
is consistent with our ndings, which revealed 
no great changes in the properties of GLD after 
several years’ use in a sealing layer: the material 
exhibited a WRC of >85% under eld conditions 
and retained a high degree of water saturation 
with low hydraulic conductivity independently 
of its age.

Some elements, primarily sulfur and 
potassium, can be expected to leach from GLD-
based sealing layers over time. However, the 
loss of these elements does not seem to affect 
its performance as a cover. The shear strength 
of the GLD increased over time in the eld but 
not to a degree that would ensure the long-term 
integrity of the sealing layer. Improving its shear 
strength is therefore a necessity. It is important 
for the dry cover to be correctly installed with 
a 1.2-1.5 m protective layer above the sealing 
layer to protect the sealing layer from additional 
stress of the sort observed at the Rönnskär site.

The results indicate that GLD is not expected 
to undergo any physical or mineralogical changes 
that will affect its ability to prevent oxygen from 
reaching underlying mine waste. The ma or 
concern is that its ma or constituent, calcite, 
might dissolve and fundamentally change its 
properties. However, there is no indication that 
this will occur over periods of thousands of 
years. Therefore GLD is expected to be a viable 
sealing layer for mine waste in the long term.

While this study examined GLD samples of 
various ages, it provides no information on the 
material’s responses to climatic changes such 
as transitions from dry to wet periods. A 400m2 

pilot scale study using a blend of GLD and till 
as a sealing layer has been established and is 
being monitored. This will hopefully provide 
more detailed insight into the cover system’s 
performance and enable long-term evaluation of 
its behavior in situ.

The time required for a GLD cover to become 
non-functional in the eld was estimated on the 
basis of the materials’ density and hydraulic 
conductivity as well as their performance in the 
batch leaching experiments. A 30 cm thick GLD 
sealing layer with a hydraulic conductivity of 
1E-08 m/s would retain its buffering capabilities 
(i.e. would not suffer appreciable calcite 
dissolution) for more than 200.000 years.
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