
DOCTORA L  T H E S I S

Luleå University of  Technology
Department of Chemical Engineering and Geosciences

Division of Applied Geology

2006:27|: 02-5|: - -- 06 ⁄27 -- 

2006:27

Sulphide Oxidation, Oxygen Diffusion  
and Metal Mobility in Sulphide-bearing  

Mine Tailings in Northern Sweden

Lena Alakangas





Sulphide Oxidation, Oxygen Diffusion and Metal Mobility in Sulphide-

bearing Mine Tailings in northern Sweden

Lena Alakangas

Department of Chemical Engineering and Geosciences

Division of Applied Geology





Abstract

Large quantities of sulphide-bearing mining wastes produced from ore processing are deposited 
throughout the world. Sulphide oxidation in the wastes may release acidic water with high 

oxygen diffusion and metal mobility in unoxidised and oxidised
unoxidised

tailings from Kristineberg were studied in pilot-scale test cells (5*5*3 m3

till as a protective cover. Tailings were left uncovered in one cell. Unoxidised tailings in the test-
cells in the initial stage after deposition showed relatively low sulphur release (600-800 mg l-1) in 

deposition. Near-neutral pH found in the leachates was due to the presence of neutralisation by 
carbonate minerals and lime (Ca(OH)

2
) added prior to deposition. Similar sulphur concentrations 

were also found in the uncovered tailings. The sulphide oxidation rate increased over time in 

same magnitude and varied between 0.5 and 4 moles year-1 m-2. The Trisoplast layer seemed to 
fail as a barrier against oxygen. Field scale tailings studied at Laver and Kristineberg had oxidised
for more than 50 years. The tailings at Kristineberg have a high pyrite content (c. 25% and 50%) 

whereas those at Kristineberg were remediated in 1996. The transport of metals in the drainage 
water at Laver decreased during a study period of 8 years. The transport of dissolved sulphur 

measurements in the tailings and weathering rate estimations. The decline was considered natural 
as a result of the increased distance that oxygen has to travel to reach unoxidised sulphide grains. 

extent in layers cemented by jarosite and Fe-(oxy)hydroxides. Sequential extraction of these layers 
showed that metals such as Cu and Pb were mostly associated with crystalline Fe-(oxy)hydroxides. 

below the oxidation front. The studied Impoundment 1 at Kristineberg was remediated by two 

Analysis of pyrite grains by LA-ICP-SMS showed pyrite surfaces to be important for retention 

conditions expressed by pH and redox potential have a large impact on elements mobility’s. For 

most metals decreased in the drainage waters. 
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1. Background

Large quantities of mining wastes produced 
from sulphide ores have been deposited 
throughout the world. The environmental 
issue with sulphide bearing mine wastes is that 
they might potentially leach metals and acidic 
drainage water. This was recently recognized 

Sweden in 1976. A research programme was 
carried out from 1983 to 1988 by the SEPA 
(Swedish Environmental Protection Agency) 
to increase the knowledge on the importance 
of oxygen diffusion. Several programmes 
concerning mine wastes have been developed 
throughout the world in recent decades. 
The Division of Applied Geology at Luleå 
University of Technology has been one part in 
Sweden involved in these programmes. This 
thesis is a result of investigations within three 
research programmes; MiMi (Mitigation of the 

 and 
PIRAMID (Passive In-situ Remediation of 

Research Project of the European Commission 
Fifth Framework Programme.

1.1. Aims and scope of the study

This thesis presents results from three research 
programmes. The overall aim was to increase 
the knowledge of geochemical processes such 

metal leaching in unremediated and remediated 

and thereby contribute to the possibilities to 
improve remediation techniques.

geochemical studies of the acid mine drainage 
and the tailings at the closed Laver mine in 

aims were to evaluate changes of the sulphide 

determine the capacity of a cemented layer to 
retain metals at an unremediated impoundment. 
The results are presented in Papers I and II.

The aim of Georange was to contribute to contribute 
to a structural development of the mineral 
and mining sector in the northern part of the 

ifferent dry 
covers on unoxidised sulphide-rich tailings in 

conditions within this programme (Papers III 
and IV). The quality of the percolating waterquality of the percolating water 
and the oxygen diffusion through the covers 
were studied. 

The overall aim of the research programme 
MiMi was to improve the methods used to 
mitigate the environmental problems related 
to sulphide tailings deposits. In Papers V and 
VI
remediated oxidised sulphide-rich tailings were 
investigated during six years to evaluate the 

In Paper VII the study results of the capacity 
of pyrite surfaces to trap metals released by 
sulphide oxidation are presented.

2. Introduction

Sweden leads Europe in the production of iron 

constant production of ore and metals during 
the last 30 years. The annual ore production 

distributed between iron and sulphide ores 

waste represents the greatest amount of waste 

approximately 55 million tonnes annually 

2006).
Large quantities of mining wastes produced 

from sulphide ores have been deposited 
throughout the world. Because Fe-sulphides 
produce acidity when exposed to oxygen and 

result in an environmental issue. Mining wastes 

the mines. The dominating gangue minerals in 
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grained residues from the enrichment process 
and most are deposited as slurry in tailings 
impoundments or ponds. The dikes are often 
constructed by the coarser waste rock. 

iron-oxide and sulphide ores. The present iron-
oxide ores are located at Kiruna and Malmberget 
in northern Sweden (Figure 1; Geological survey 

ores are mainly concentrated at Aitik and the 

at Bergslagen in southern Sweden. Many mines 
in the Skellefte district have been active during 

in operation. 

Each mine has different techniques for 

combined with different geology results in 
different physical and chemical properties of 

were deposited several years or decades 
ago and are therefore partially oxidised. 
Remediation strategies and their effects may 
differ depending on the physical and chemical 
properties and if the waste is unoxidised or 

mine wastes were recently recognized as a 
worldwide problem. A main environmental 
concern with sulphide mine waste is that old 
oxidised deposits release acid and metals to 
the recipients. T
the environmental damage have been of high 

solutions are preferred for these sites. New 
solutions to reduce the environmental impact 
from newly produced wastes are also important 
topics.

2.1. Sulphide oxidation

contain high amounts of sulphides such as 
pyrite [FeS

2 1-x

and chalcopyrite [ CuFeS
2

Exposure to the atmosphere enables oxidation 

are the primary sulphides that cause acid when 
oxidised in the presence of oxygen and water 
(Reactions 1 and 2; Table 1). Pyrite oxidation 

the reactivity of pyrrhotite is higher due to 

are more complex processes than described by 
reactions 1-2 and occur through several reaction 

1982). Depending on the Fe content in the 

(Fe
7
S

8

Fe(II)-ion produced by the oxidation may 
oxidise further to Fe(III)-ions or precipitate 

physico-chemical conditions in the solution. 

Iron Mine

Arvidsjaur Luleå

Skellefteå

Umeå

Sundsvall

Gävle

Uppsala

250 km

Stockholm

Lycksele

Malå

Kiirunavaara

Aitik

Storliden

Svartliden

Maurliden

Garpenberg norra

Garpenbergsgruvan

Luvisagruvan

Garpenberg norra

Garpenbergsgruvan

Luvisagruvan

Malmberget

Petiknäs
BjörkdalKristineberg

Renström

Zinkgruvan
(Knalla-Burkland, Nygruvan)

Malmberget

Petiknäs
BjörkdalKristineberg

Renström

Zinkgruvan
(Knalla-Burkland, Nygruvan)

Non-Iron Mine

Bergslagen

Skellefte
district

Figure 1. Locations of active mine districts in Sweden.
The iron mines are located in northern Sweden at Kiruna 
and Malmberget. The sulphidic mines are mainly located 
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The oxidation of Fe(II) to Fe(III)-ion is a slow 

The stability of the Fe(III)-ion is limited pH 

even when the redox potential is high (Stumm 

additional oxidant of sulphides that  is even 
more effective than oxygen (Seal II and 

oxygen dominates as oxidant.

not generate acid when oxidised by oxygen 

either in main or trace amounts. Iron may be 

in an additional release of Fe when sphalerite 
is oxidised. In conditions with low amounts 

and transported away from the reaction site. 
Under more oxygenated conditions as in the 
recipients Fe(II) may oxidised (Blowes and 

precipitate as amorphous Fe-hydroxide or as 
Fe-oxyhydroxides with a production of acidity 

more acidity is produced than those sulphides 
not containing Fe. 

stable gangue minerals such as silicates in 

Sulphides are often replaced by secondary 

2003). These minerals could be insoluble 

hydroxyl-sulphates or hydrous oxides (Alpers et 

and Al that precipitate. These metal-hydroxides 
may transform into thermodynamically more 

gibbsite. Secondary minerals are important 
sinks for which trace elements can be sorbed 

Fe and Mn-(oxy)hydroxides and jarosite are 
especially important secondary minerals for 

1998). A common secondary mineral in mine 
waste where the concentration of Ca and S is 

observed near the surface or in the zone of 

Gypsum has not been reported in the literature 
as a sink for trace elements. 

2.2. Oxygen diffusion

Research on the sulphide oxidation mechanisms 
of sulphide minerals have been reported in the 

occurence of trace elements in the sulphide 

(1). FeS
2(s)

 + 3.5O
2
 + H

2
O => Fe2+ + 2SO

4
2- + 2H+

(2). *Fe
(1-x)

S
(s)

 + (2-0.5x)O
2(g)

 + xH
2
O

(l)
 => (1-x)Fe2+ + SO

4
2- + 2xH+

(3). Fe2+ + 0.25O
2(aq)

 + H+ => Fe3+ + 0.5H
2
O

(4). Fe2+ + 0.25H
2
O + 5/2H

2
O

(l)
 => Fe(OH)

3(s)
 + 2H+

(5). PbS
(s)

 + 2O
2
<=> SO

4
2-+ Pb2+

(6). CuFeS
2(s)

 + 4O
2
  <=> Fe2+ + 2SO

4
2- + Cu2+

(7). ZnS
(s)

 + 2O
2
  => SO

4
2- + Zn2+

(8). FeAsS
(s)

 + 3.25 O
2
 + 1.5H

2
O=> Fe2+ + SO

4
2- + 2H++ HAsO

4
2-

(9)a. FeS
2(s)

 + 14Fe3+ + 8H
2
O => 15Fe2+ + 2SO

4
2- + 16H+

(10). *Fe
(1-x)

S
(s)

 + (8-2x) Fe3+ + 4H
2
O => (9-3x)Fe2+ + SO

4
2-+ 8H+

(11). *Fe
(1-x)

S
(s)

 + (2-2x) Fe3+ => (3-3x)Fe2+ + S0
(s)

(12). PbS
(s)

 + 8Fe3+ + 4H
2
O => 8Fe2+ + SO

4
2- + 8H+ +Pb2+

(13). CuFeS
2(s)

 + 16Fe3+ + 8H
2
O => 17Fe2+ + 2SO

4
2- + 16H++Cu2+

(14). ZnS
(s)

 + 8Fe3+ + 4H
2
O => 8Fe2+ + SO

4
2- + 8H++Zn2+

(15). FeAsS
(s)

 + 13Fe3+ + 8H
2
O => 14Fe2+ + SO

4
2- + 13H++ H

3
AsO0

Table 1.
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oxygen is the most important factor for sulphide 

the reaction site may limit the oxidation rate 

Oxygen can be transported in a soil by 

Gas advection is a response of a total pressure 

response of a partial pressure or a concentration 

The amount of 
oxygen transported in gas-phase is higher than 

in water (c. 8.6 mg l-1) compared to air (256 
mg l-1

mole m-2 s-1) through a soil layer can bethrough a soil layer can be 
The

driving force for oxygen diffusion is the oxygen 

oxidation or decomposition of organic matter. 
       
     (1)

D
eff

of a pore space. The parameter tortuosityThe parameter tortuosity 
accounts for the random motion of oxygenrandom motion of oxygen 

Depending on the prevailing water content in 

have been considered in the evolution of the 
expression for D

eff,

oxygen transported in both air and water is the 
Elberling equation (Equation 2: Elberling et al. 
1993).
    
     (2)

where S
w H

 is 

considers the differences between the tortuosity 

 and 
materials with a saturation degree below 80% 

lysimeters could be used to estimate the D
eff

-2 s-1

height h can be determined with 
         
       (3)

where dC
lm

 is the oxygen concentration change 
with time in the lysimeter beneath a layer.
Equalising Equations 1 and 3 gives an 
expression for D

eff.

       (4)

condition with zero concentration in the 
lysimeters at time zero (C

lm

   
       (5)

where C
0
 is the oxygen concentration above 

a layer (assumed to be constant) and z is the 
distance between C

0
 and C(t).

the harmonic mean was used to estimate the
E

eff
 for all 

layers when the effective diffusivity, Di
eff

and

i

       
     (6)

The sulphide oxidation is suggested to be 
highest just after deposition when the sulphides 
are reactive and the transport path for oxygen 
is short. The active oxidation front will move 
downwards as sulphide oxidation proceeds. 
Equation 7 could estimate the rate of the 

TheThe

z

C
DF eff

H

w
wwaeff K

D
SSDD )1(

dt

dC
hF lm

dt

dC

C

z
hD lm

eff

h
t
z

tCC

C
D

lm
eff )(

ln
0

0

i
eff

i

iE
eff

D

m

mmm
D

)...( 21
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calculation assumes a uniformly distributed 
sulphide material in the tailings and that the 
oxygen transport to the oxidation front limits 

      
     (7)

t = time (s)

Q = Concentration of sulphide in the tailings (kg m -3)

D
eff

2 s-1)

x = Oxidation front depth (m)

C
O

= Concentrations of oxygen in the atmosphere-tailings 

boundary (0.265 kg m-3)

 = Mass oxygen consumed per unit mass of sulphide 

oxidised

2.3. Neutralisation

The acid release capacity from sulphide 
tailings is highly dependent on the content of 

silicates and hydroxides. The weathering of 
these minerals is dependent of the prevailing 

1-3; Table 2) is due to the fast dissolution rate. 
The dissolution of carbonates can maintain a 
near-neutral pH in the sulphide tailings’ pore-

calcite through the production of either carbonic 
acid or bicarbonate (Reaction 1 or 2; Table 2). 

which may escape into the atmosphere if the 
tailings are open. Dissolved carbon dioxide has 
been observed in pore-water in mine wastes 

of organic matter is another likely source of 
high carbon dioxide concentrations. In the 

with a consequent release of sulphate and 
acid. Carbonates and silicates may neutralise 
the acid produced by sulphide oxidation and 
maintain pH at a relatively high level in the 
initial stage after depostion until the carbonates 
are depleted. The dissolution of silicates is slow 

Reactions 3-4 in Table illustrate two general 
main dissolutions reactions by silicates. The 
congruent dissolution of silicate generates only 

silicate mineral in an incongruent weathering is 
altered to another mineral (Reaction 4). 

Metal-hydroxides of Al or Fe are often formed 
as secondary minerals after the weathering of 
primary minerals. These minerals may dissolve 
by consuming hydrogen ions as the pH 

due to a depletion of neutralisation minerals 

acid when precipitated (7-8). Depending on 
the amount of neutralisation minerals and acid 

of carbonates compared to pyrite and silicates 

2

2

oeff CD

xQ
t

(1). CaCO
3(s)

 +H+ =>Ca2+ + HCO
3

-

(2). CaCO
3(s)

 + 2H+ => Ca2++ CO
2(g)

+H
2
O

(3). (Mg, Ca)(CO
3
)

2(s)
 + 2H+ => Ca2+ + Mg2+ + 2HCO

3
-

(3).*MeAlSiO
4(s)

 + H+ + 0.5H
2
O => Mex+ + H

4
SiO

4
0 + Al(OH)

3(s)

(4).*MeAlSiO
4(s)

 + H+ + 3H
2
O => Mex+ + Al

2
Si

2
O

5
(OH)

4(s)

(5). Al(OH)
3(s)

 + 3H+ => Al3+ + 3H
2
O

(6). Fe(OH)
3(s)

 + 3H+ => Fe3+ + 3H
2
O

(7). K+ +3Fe(OH)
3(s)

 +2SO
4

2- + 3H+ =>KFe
3
(SO

4
)

2
(OH)

6(s)
 +3H

2
O

(8). K+ +3Al(OH)
3(s)

 +2SO
4

2- + 3H+ =>KAl
3
(SO

4
)

2
(OH)

6(s)
 +3H

2
O

      * Me=Ca, Na, K, Mg, Mn or Fe

2.4. Dry cover

The remediation of sulphide tailings is today 
a worldwide issue and many efforts have been 
undertaken to prevent sulphide oxidation (e.g. 

remediate acid mine drainage (e.g. Younger et 

of sulphide mine waste in Sweden is dominated 

Table 2. Summary of neutralisation reactions compiled 
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The major aim of these covers is to decrease the 

decrease the sulphide oxidation. Another aim 
with using soil cover systems is to decrease 

released elements from the oxidation site to the 
recipients. Because dry covers are commonly 

brief descriprion of a general dry cover system 
is presented here. A soil cover system may be 

Figure 2 shows a general description of a soil 

as an oxygen diffusion barrier is often applied 
to reduce the oxygen intrusion and the water 

low saturated hydraulic conductivity and the 
capacity to maintain a high degree of saturation 
to decrease the oxygen diffusion. The barrier 
could also consist of an oxygen consuming 
material. Its thickness varies from 0.1m to 0.3 
m and more depending on the material used. 
To protect the barrier from damages caused 

of soil such as gravel or till is applied above. 
The thickness of the protective cover is often 

as complements to maintain high moisture in 
the barrier. A capillary layer consists of coarser 
grain size material than the sealing layer. It 

above the sealing layer to reduce the potential 

2.4.1. Diffusion barrier

have hydraulic conductivity around 10-9 m s-1

or lower to effectively act as a barrier against 

showed a capacity to maintain high saturation 

A

D

B

C

Unspecified soil cover

Tailings

Sealing layer / barrier soil

Drainage layer

Figure 2. A general illustration of a dry cover design 
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2005). These cover may be effective as barriers 
against oxygen because they consume oxygen 

1997). The capability of municipal solid waste 
to reduce the hydraulic conductivity as a result 

physical property is more important than its 
decomposition to reduce oxygen intrusion 

organic matter by biological actions involves two 

The upper part of an organic layer has aerobic 
conditions; the lower part has anaerobic where 
no oxygen has access. Most of the consumed 
carbon serves as a source for energy.  Carbon 
dioxide is produced as a biproduct. Sulphate 
reducing reactions may occur in organic 
sludge where sulphur-reducing bacteria (SRB) 
converts sulphate to sulphides. The reduction 

(Reactions 1-3). 

SO
4
2- + 2CH

2
O + 2H+ =>

H
2
S + 2H

2
O + 2CO

2
   (1)

(pH <7)

SO
4
2 + 2CH

2
O =>

HS- + 2HCO
3
- + H+   (2)  

 (pH <7)

Me2+ + H
2
S +2HCO

3
- => 

MeS
(s)

 +2H
2
O +2CO

2
(3)

wetlands and permeable reactive barriers to treat 
mine drainage with high metal concentrations.

The decomposition of organic materials 

mobilise or immobilise metals. The mainThe main 
mechanisms for immobilization are sorption 

to humic acids or the formation of soluble or 
insoluble complexes with humic substances 

2005). An additional organic cover on oxidisedAn additional organic cover on oxidised 
tailings may lead to a dissolution of formerly 
precipitated Fe-oxyhydroxides and trace 

Chemical barriers could restrict the sulphide 

coatings of insoluble non-reactive precipitates 
such as Fe-oxyhydroxides or Fe-phosphate 
on the sulphide surfaces have been obtained. 
A natural coating of Fe-hydroxides on pyrite 

Iron-phosphate coatings on sulphides have been 

2003). Iron-phosphates have shown the 

after hydroxyapatite has dissolved (Equation 

1994).

     (4)
     

     (5)

3. Study sites 

This thesis focuses on sulphide mine tailings 

the sulphide oxidation results in the formation 
of acid mine drainage.

OHPOHCa

HOHPOCa

242
2

26410

2610

14)()(

HOHPOPb
OHPOHPb

14)()(
2610

26410

242
2
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3.1. Laver

is located 120 km from Luleå (Figure 3). The 
bedrock in the area consists mostly of 1.89 to 

1943). The dominating sulphide minerals in the 
ore are pyrrhotite and chalcopyrite with minor 

The total sulphide content was 2-3%. Gangue 

muscovite. No visible carbonate minerals in 

of carbonates probably occurred as fracture 

between 1936 and 1946 and the tailings were 
deposited in a valley nearby. The 12.2 ha 
tailings’ impoundment was grass covered 
in 1973. About 8.1 ha are exposed above the 

saturated. The brook Gråbergsbäcken runs near 
the open pits through the tailings area and to 
the recipient stream (Figure 3). 

3.2. Test-cells at Kristineberg

The Kristineberg mining area is located in 
the western part of the Skellefte district in 

six concrete cells (surface 5x5 mix concrete cells (surface 5x5 m2

m) (Figure 3) were constructed during the 

sulphide-rich tailings and covered with soil 
materials. The grain size of the tailings in the 
cells
sulphides were pyrite (FeS

2

1-x

4.8%. Gangue minerals were quartz [SilO[SilO
2

muscovite [KAl [KAl
2
(Si

3
AlO

10
)(OH)

2

[Mg
2
Al

4
Si

5
O

18 6
(SiAl

4

O
10

)(OH)
8
] talc [Mg

3
Si

4
O

10
(OH)

2

[CaCO
3 3

)
2

[KAlSi
3
O

8 2
O

6

K-feldspar [KAlSi
3
O

8
] and albite [NaAlSi

3
O

8
].

lower for the other silicates. Dolomite and 
calcite contents were approximately 2% each. 

The sealing layer in cells 1 and 2 consisted 
of 0.3 m clayey till (clay content 9%). A 0.25 
m thick layer of sewage sludge was used in 
cell 3. This sludge was a municipal waste from 

An apatite concentrate applied in a 0.1 m thick 
layer was used in cell 4. This concentrate was 
a mine waste from the Kiruna iron mine in 
northernmost Sweden. The Trisoplast in cell 

in a 0.05 m thick layer. 

till was applied above. The protective cover was 

a thickness of 1.2 m. An upper drainage layer 
placed above the sealing layers was intended 
to simulate run-off. Cell 6 was left open as a 
reference.

3.3. Impoundment 1at Kristineberg 

Impoundment 1 (Figure 3) investigated in this 
study is the oldest of the impoundments located 
at Kristineberg. Its area is approximately 0.11 
km2

5 m. The tailings material is relatively well 

deposited on till overlying the bedrock. At some 
locations peat was observed between the till and 
the tailings. The main gangue minerals in the 

weathering for 50 years before remediation in 
1996. Two remediation methods were used; 
an approximate 1 m thick soil layer consisting 

raised to saturate the tailings. The other part 
was covered with a cover consisting of two 
soil layers. The lower layer consisted of clayey 

top. Lime as carbonates was applied between 
the soil cover and the tailings.
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Figure 3.
A.An overview of the impoundment at Laver and of the brook Gråbergsbäcken.
B.A general illustration of the cover systems used in the test-cells at Kristineberg.
C.The locations of the groundwater sampling wells in Impoundment 1 at Kristineberg. 
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3.4. Summary of methods

Figure 3 shows the location of the mine sites 

in a brook that drains the impoundment was 
sampled and analysed for its suspended and 
dissolved concentration of elements to evaluate 
the amounts of metals released by sulphide 
oxidation (Paper I). Cemented layers observed 
in the impoundment were analysed for the 
content of elements to determine their capacity 
to retain metals (Paper II). In the test cells at 

and oxygen concentration within the cover 
and in the tailings were performed to evaluate 

Papers
III and IV). Groundwater in an impoundment 
at Kristineberg was sampled to evaluate 

techniques used to decrease the element 
concentrations with time (Papers V and VI).
Pyrite grain surfaces from this impoundment 
was analysed to determine its capacity to retain 
metals on its surfaces (Paper VII).

3.4.1. Gas sampling

Gas samplings were performed in the Laver 
tailings during 2001 (Paper I), and in the 
test cells during 2004 and 2005 (Paper IV).

were withdrawn from known depths using a 

valve without contaminating the samples with 

blanks were analysed for O
2 2 2

 and CH
4

by gas chromatography in the laboratory. More 
details are given in Paper I.

sampled and analysed in-situ every second 
week during 2004 and once a month during 

dioxide) were analyzed using a Maihak S710 
More

details are found in paper IV.

3.4.2. Analysis of solid materials

The cemented layers from the Laver tailings 
Paper II, were sampled 

and mineralogically characterised by XRD and 

SEM. To determine the chemical composition 

digested before analysis. Sequential extraction 
of the samples was performed to determine 
where the phases’ metals were bound. The 
sequential extraction procedure applied in 

following phases were extracted: 1. Adsorbed/
Carbonates/Exchangeable; 2.Labile organics; 
3.Amourphous Fe-and-Mn(oxy)hydroxides; 
4.Crystalline Fe-(oxy)hydroxides; 5. Stable 
organic compounds and sulphides. Paper II  
presents more detailed descriptions.
Pyrite grains were sampled in Kristineberg 
tailings. LA-ICP-SMS were used to analyse 
their surfaces and a layer below the surfaces 
to determine the surface enrichment of metals 
(Paper VII).

3.4.3. Water sampling 

Surface water (Paper I Papers
V and VI) and leachate water (Paper III) were 

Kristineberg and in the test-cells during 2001-
2005. Surface water in the brook at Laver 

was sampled for suspended dissolved (<0.22 
m) and particulate (>0.22 m) elemental 

concentrations. This sampling was performed 
every second week during 2001 (Paper I). At 

tailings was sampled with GeoN groundwater 
technology in sampling wells to minimise 

2005). Sampling was performed from 1998 to 

and during 2002-2003 by the present author 
(Papers V and VI). The leachate waters in the 

and by tension lysimeters in the sulphide 
Paper III).

Q® water. Filtrated water was stored in acid 
washed bottles and kept cool and in darkness 
until analysis. Blank analysis with Milli-Q 
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water instead of leachate water was performed. 
More details are given in Papers I, III, V and 
VI.

3.4.4. Water analysis

potential were performed with minor exposure 
of the samples to air. Redox potential was 
measured with a Metrohm®

pH with a Metrohm® combined pH electrode. 
All measured redox potential values were 
adjusted to the standard hydrogen electrode. 
The pH electrode was calibrated prior to the 
measurements. The electrical conductivity was 
determined with Hanna® conductivity meters. 

4. Summary of results and discussion

4.1. Evolution of the sulphide oxidation 

tailings could be characterised by three distinct 

intermediate zone with accumulated secondary 
minerals and a lower zone with unoxidised 
tailings (Figure 4). These zones were observed in 

move downwards with successive replacement 
of underlying layers. 

4.1.1. Oxygen concentrations 

is shallow and the distance for oxygen to the 
sulphide grains is short. Oxygen transport into 

by atmospheric pressure variations. The water 
content is often low in the upper part of the 

the oxygen availibility and the sulphide 
oxidation are assumed to be higher in newly 
deposited tailings than in older tailings where 

the oxidation front is deep. Coatings on the 
sulphide grains in old tailings could form a 
cemented crust in the tailings and thus restrict 
the oxygen entrance. In Paper IV results from 
oxygen measurements in the unoxidised tailings 
in one of the test-cells (cell 6) are presented. 

tailings showed wide variations (Figure 5) at 

throughout the tailings pile down to 0.9 m. The 
rather high oxygen concentrations in cell 6 at 
some occasions indicate rather low sulphide 

from the atmosphere as it was consumed. 
Occasions with low oxygen concentrations are 
either due to higher sulphide oxidation or that the 

content decreases as drainage and evaporation 
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proceed after deposition. Because the moisture 
content was not measured during the oxygen 

needs further investigations. The variations 
of oxygen concentrations are most likely 

D
eff

) for the tailings in 
cell 6 was estimated by equation 2. A D

eff
 of 

3*10-06 m2 s-1 was estimated at a low degree of 

and a D
eff

of 2.9*10-09 m2 s-1 at a high degree of 

-2 year-1

if the oxygen gradient is based on the oxygen 
measurements in cell 6.

Oxygen was also measured in the 
Laver tailings (Paper I
oxidation front was only 0.5 m and the surface 
was barren due to erosion (G1; Figure 3). The 
concentration decreased drastically at the 

ongoing sulphide oxidation (Figure 5). The 
concentrations were higher during June and 

oxygen easy could replace consumed oxygen. 
D

eff
) for the 

tailings at Laver was estimated by equation 7. 
The average D

eff
-08 m2 s-

1

m-2 year-1. The low D
eff

 may be a result of high 
water saturation or low porosity of the Laver 
tailings.

The majority of the Laver tailings were seeded 
with grass in 1974. Oxygen concentrations 
were near-atmospheric throughout the oxidised 
tailings in the grass covered areas (G2;
Figure 3). The oxidation zone depth here 
exceeded the sampling depth (1 m). The near-
atmospheric concentration indicates that the 

might have restricted the oxygen transport. This 
further suggests that grass has no properties as a 
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Figure 5. Oxygen concentrations in the a) unoxidised tailings in test-cells 6.b) oxidised in tailings with barren sur-
face at Laver. c) grass covered oxidised tailings at Laver.
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4.1.2. Sulphur concentrations and pH in 
leachate waters

concentration and pH in leachate waters are 
important indicators of prevailing sulphide 
oxidation. In Paper III
the leachate waters in the test-cells is presented. 

near-neutral (Figure 6) due to the high content 
of neutralisation minerals and to the lime added 
prior to deposition. The leachate waters showed 
a rather high Ca concentration. The relatively 
high carbonate content was approximately 2.5% 

lime added as Ca(OH)
3
 was approximately 10 

that the neutralisation was dominated by lime 

molar ratio of 2 in near-neutral conditions. The 
tailings contained approximately 50% of mainly 

that the neutralisation minerals may be depleted 

high in cell 6 as long as the carbonates remain; 

increase and the pH decrease. This has been 

Relatively low concentrations of sulphur 
were found in the unoxidised tailings of the 
leachate waters in cell 6 (c. 600-900 mg l-1;
Figure 7) compared to average concentrations 
found in the oxidised sulphide-tailings of the 
groundwater (c. 4000 mg l-1) in Impoundment 

The content of sulphides in the cell tailings 
was approximately double that of the tailings 

might increase the oxidation rate (Nicholson 

considered to be greatest during the early stage 

are more reactive without secondary mineral 
coatings that could otherwise decrease the 

sulphur concentration in cell 6 indicated that 
the sulphide oxidation had not reached its 
maximum rate. This might be due to the assumed 

oxygen diffusion and consequently the sulphide 
oxidation. An increased release of dissolved S 

of a decreased moisture content by drainage 
and evaporation. The sulphur concentration 

water (2mg l-1

groundwater in the surronding till (4 mg l-1).
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Figure 6. The pH and sulphur concentration in leachate 
waters in unoxidised tailings in cell 6 and in the brook 
that drainage the tailings at Laver.

pH and sulphur concentrations in drainage 
waters in the brook (Figure 6) that drain the 
tailings at Laver were much lower (Paper I)
than in the groundwater in Impoundment 1 at 
Kristineberg (Paper V and VI

Cu and S concentrations were higher in the 

the other trace elements were rather similar or 

sulphur concentration <10 mg l-1

-1 in the groundwater at Laver 

pH in the groundwater in Impoundment 1 was 

average sulphur concentration of approximately 
-1

lower concentration of sulphur and the higher 
pH in the Laver drainage water compared to the 
groundwater at Kristineberg was mainly due to 

and due to dilution. 
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of sulphide-associated elements in the brook 
from the Laver tailings decreased by more than 
40% and the pH increased by up to 1 pH unit 
(Table 3). The amounts of S carried annually 
in the drainage in 1993 and 2001 correspond 
to the changes in the oxidative release of S in 

oxidation rate between 1993 and 2001. The 
decreased concentration of sulphur was 
suggested to be natural and the effect of an 
increased distance for oxygen to the sulphide 
grain.

The oxygen measurements and the sulphur 
released in cell 6 indicate that the initial 
sulphide oxidation rate and the subsequent front 

high moisture content after deposition. Tailings 

rates measured on the tailings exposed 3-4 

decrease for the tailings exposed 10 years 

sulphide oxidation rate may have a maximum 

by the modelling in Figure 7. Table 3. The total annual transport of element in 

estimated weathering release during 1993.

4.1.3. Oxidation front movement

Figure 7 illustrates the oxidation front 
movement in the Laver tailings estimated by 

to be high and then declined as the oxidation 
front moved downwards. The main reason for 
this decline is the distance oxygen has to travel 
to reach the deeper parts of the tailings and 
the sulphide grains. If the sulphide content is 

to a longer path for oxygen to reach sulphides. 
A shallow groundwater table may partially 

the oxidation front movement. It is probable 
that saturation of the lower part of the oxidised 
tailings greatly impacts the decrease of the 
sulphide oxidation rate in old tailings as the 
front moves downwards.

0

-2

-4

-6

-8
0.01 0.1 1 10

Time (year)

O
xi

d
at

io
n

 d
ep

th
 (

m
)

100 1000 10000

Figure 7. The downward movement of the oxidation 
front in the Laver tailings with time. Note the log-scale 
on the time axis.

4.2. Trace elements 

4.2.1. Metal accumulation

will move downwards and then  trapped where 

mainly as hardpan formations (Boorman and 

If acidic leachate waters evaporate 

formed secondary minerals could cement the 

often obtained in tailings with high amount of 
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with high amount of carbonates. In the Laver 

grass-covered tailings below the oxidised zone 
at approximately 1 m depth (Paper II). These 
two layers differ in chemical composition. The 
shallower observed layer (C1; Figure 3) had 
reached a higher state of cementing. In this 
layer the cementing agents were recognized 
by XRD and SEM as jarosite [KFe(SO

4
)]

and Fe-(oxy)hydroxides (Figure 8). In the 

Fe-(oxy)hydroxides were observed. The trace 
elements found to be associated to these layers 

crystalline Fe-(oxy)hydroxides (Figure 9). 

 Laboratory studies have shown the surfacesLaboratory studies have shown the surfaces 

Pyrite formed in anoxic marine sediments has 

The capacity of pyrite 

B

C

B C

Iron-oxides
Jarosite

Figure 8. SEM images of the cemented layer sampled 
at G1 in the impoundment at Laver.

a Cu-enrichment zone was observed below 

probably also adsorbed to the mineral surfaces. 
This zone was suggested to be an important sink 

much lower extent. The retention mechanism at 
the pyrrhotite surface is that Fe is released and 
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surfaces to retain metals is presented in Paper
VII.  The results clearly show an enrichment 
of As, Cd, Cu and Zn on the pyrite surfaces 
below the oxidation front in the tailings, but 
not for Co and Ni (Figure 10). Arsenic was also 
enriched on the pyrite grains that survived in 
the oxidized zone. Copper has been enriched 
on pyrite surfaces in unoxidized tailings in 
the largest amount, followed by Zn and As. 
However, only 1.4 to 3.1% of the Cd and Zn 
released by sulphide oxidation in the oxidized 
zone have been enriched on the pyrite surfaces 
in the unoxidized tailings, but the corresponding 

that only 5-10% of the total amounts of metals 

weathering reach the surface-water system 

co-precipitation and precipitation are the main 
processes responsible for the transfer of metals 
from the aqueous to the solid phase. The role of 

though these are the most likely mechanisms 
for the immobilisation of metals studied here.

4.2.2. Physico-chemical conditions in the 
leachate waters

The relations between the elemental 
concentrations and pH and between pH and 
the redox potential in the groundwater at 
Kristineberg (Papers V and VI
water at Laver (Paper I) and in the leachate 
waters in the cells (Paper III) are summarised 
in Figure 11. Oxidative soil conditions usually 
give values ranging from 400 to 600 mV and 

and oxidised conditions occurred throughout 
the sampling period. Oxidised conditions were 
also found in the groundwater in the reference 

the apatite and Trisoplast layers. Anaerobic 
conditions seemed to occur below the sewage 
sludge in the test cell and sometimes in the deep 
pipe M below dry cover in Impoundment 1 at 

the redox potential increased in the groundwater 
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(dots) and the interior (open circles) of pyrite grains.

In a study of the oxidizing sulphide-bearing 

that active oxidation occurs in a sharp and 

By comparing the weathering rate estimated 

total amount of metals annually leaving the 
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wells. This was not observed in the Laver brook 
or in the test-cells where the redox potential 

constant. In the groundwater at Kristineberg 
the decreased redox potential and increased 
pH were effects of the remediation. In the 
Laver brook and in the test cells the physico-
chemical conditions were rather constant. The 

given by SEPA (Swedish Environmental 
Protection Argency) suggests that the Laver 

that the groundwater at certain locations in 

as very acidic (<5.6). 

4.2.3. Elemental concentrations in leachate 
waters

Most elements showed sensitivity to pH with 
decreasing concentrations and increasing pH 
(Figure 12). The recommended concentration 
values for some elements in contaminated 
groundwater given by SEPA (Swedish 
environmental protection agency) are shown 

Fe were low in the reference groundwater 

Laver. The concentrations of Al were below 
the recommended value by SEPA. The 
groundwater wells within Impoundment 1 at 
Kristineberg had lower concentrations than 
the recommended SEPA value in 2003. High 

and in the outgoing groundwater (well L). 
Aluminium was rapidly removed from leachate 

1  

2000). The possible occurrence of minerals 
that may precipitate in the leachates in the 
cells was calculated using the equilibrium 

and amorphous Al(OH)
3
 at pH >5 when gibbsite 

showed oversaturation. This was also observed 

1998). Iron was found in low concentrations 

in the cells and in most of the groundwater 
wells. Equilibrium calculations indicated Fe 

and by amorphous Fe(OH)
3
 at pH >4 and up 

to 6.5 in the groundwater. Oversaturation was 
indicated in both Fe-precipitates and suggested 

sludge cell where Fe(OH)
3
 was undersaturated 

and goethite oversaturated.

oxidation. These elements can be secondarily 

precipitation of secondary minerals or by 

to the recipient depending on the prevailing pH 

inner-sphere complexes have stronger bonds 

earth metals favour outer-sphere complex 

easily form hydrolysis are also greatly sorbed 

simultaneous precipitation of a chemical agent 
in conjunction with other elements by any 
mechanism and at any rate. 

concentrations in some leachate waters at 
certain pH (Figure 12). Copper was the only 
element with a high concentration in the Laver 
brook compared to the other leachate waters. 
Lead was high only in the underlying peat in 
Impoundment 1 in 2003. Sorption onto metal-
hydroxides is probably the main mechanism 
for the removal of these elements. Retention 
as sulphide precipitates on primary sulphide 
surfaces might be an additional sink especially 
for Cu. The pH for the adsorption edge onto 
Fe-(oxy)hydroxides has been reported in the 
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that Cd may have been retained by others 
adsorbents or mechanism than sorption to Fe-
(oxy)hydroxides.

Trace elements such as Co and Ni showed 

concentrations at pH <4 and >6. The Co and 
Ni concentrations at pH<4 in groundwater 
well J showed strong correlation with Al. A 

Al as pH increased suggested co-precipitation 
of Co and Ni with Al-hydroxides (Paper VI).
This correlation was also observed in other 

wells with Cr. The concentrations of Co and Ni 

in particular where the tailings were covered 

tailings were uncovered (Paper III). These 
high concentrations were primarily due to 

be competition for adsorption sites by other 
metals. The adsorption edge is lower for trace 

solution to a higher degree. 

especially in the leachate waters below the 

in the uncovered tailings. Manganese together 
with Co and Ni were probably released by 
pyrite oxidation. The Mn concentrations were 
relatively high in the Kristineberg groundwater 
and only certain wells showed a dependence of 
pH. Manganese(II)-ions are probably stable in 

relatively high redox potentials (Stumm and 

except in the sewage sludge cell. 
Arsenic showed high concentrations at high 

and clayey till. Arsenic occurs mainly as As(III) 

low pH. Arsenic has been showed to strongly 

species at pH >9. A decreased redox potential 
may reduce As(V) to As(III) and the adsorption 

explain the high As in the test cells and in some 

low redox potential occurred.

4.3. Remediation

4.3.1. Oxygen concentrations

Oxygen concentrations in tailings may 

be so long that remediation is usually necessary. 
Remediation of fresh tailings may reduce the 

life of the suphide oxidation. To evaluate the 

was studied in the test-cells (Paper IV
metal release (Paper V and VI) in Impoundment 
1 and in the test cells (Paper III). In the test-

in the tailings below the dry cover than within 
the cover (Figure 13). This suggests that the 
oxygen diffusion may have been limited by 

indicates that the protective cover limited the 
oxygen diffusion slightly. The tailings in the 
cells with a sealing layer of clayey till and 
the sewage sludge layer had lowest oxygen 
concentrations. Sewage sludge was most 

high consumption of oxygen. 

D
eff

D
eff

 were estimated for the non-consuming 
covers (clayey till and apatite) in the test-cells 

PaperIV) previously used 

The results from the estimations are shown in 
Table 4 and compared to data obtained by other 
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researchers. The D
eff

were relatively low in the oxidised old tailings 

in the cell tailings. This indicate that newly 

and thus similar sulphide oxidation rates. It It 
further indicates that a D

eff
 value below 10-09 m2

s-1 2 s-1

irrespective of material used in the cover. 

4.3.2. Mobilisation of metals by raised groundwater 
table

Metals in tailings may be released if the 
redox potential and pH conditions change. 

physico-chemical conditions changed after 
the groundwater was raised (Paper V). In 

increased. The raised groundwater table led to 
a remobilisation of metals formerly retained in 

elements were lower than before remediation 

Figure 13. Oxygen concentrations in sulphide-rich tailings below soil covers in the test-cells and in Impoundment 1 
at Kristineberg
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and before the present study started 1998
(Table 5). In the part of Impoundment 1 
remediated by dry cover with a sealing layer 

declined rather rapidly after remediation. The 
decline was probably a result of a decreased 

oxidation products. 

groundwater displacement. The concentrations 
were subsequently diluted by incoming 

uncontaminated groundwater. These elements 
that showed similar behavior are illustrated in 
Figure 12 by the average sulphur concentrations 
in the different sampling wells in Impoundment 
1. In the groundwater below the dry cover the 
concentrations decreased rather rapidly after 

K) and in well J. In the groundwater in the 

to increase as the groundwater table was raised 
(dashed lines) and thereafter a decline.

Study

Eberling et al., 1993 

Kim and and Benson, 2004

Tibble and Nicholson, 1997

Woyshner et al., 1997 
Yanful, 1993
Alakangas and Öhlander, 2005
This study

Kim and and Benson, 2004 

Woyshner et al., 1997 
Tibble and Nicholson, 1997 

Cabral et al. 2000
Yanful, 1993
Carlsson, 2002

Moreno and Neretnieks, 2004

This study

Sulphide

Covered tailings

Method Deff
(m2s-1)

Oxygen flux
(mole m-2 year-1)

40Fine grained 

Silty loam
-“-
Silty clay loam
-“-
Fresh 
Old (5-6 years) and (10 years)
Non-reactive
Pyrite and pyrrhotite
Old sandy  (60 years)
Fresh silty 

F
F
F
M
M
M
M
F
F
F

L+ M
F
F
F

M
M
F
F

L+M
L+M

F

F

F

M
M
F

F

F

Saturation

Dry
Modest

Wet
Wet
Dry
Wet
Dry
Wet

28%
27.5-46.9%

Wet 90%
Dry 17%

D+W
D+W
60%

25%

Wet 95%
Dry 0%

1.2E-05 **
2E-06**

4.2E-10**
1.5E-08*
6.2E-06*
1.9E-08*
7.7E-06*

1.7E-06
1.0-6.1E-08

5.5E-08
2.9E-09b**
3E-06b**

1.1E-08b*
1.7E-07*
2.5E-07

8.3E-09-9.7E-07
3.9E-09

1.6E-09

3.9E-09

4.9E-10

1.0E-09
2.0E-06
2.8E-09

2.6E-09

1.2E-09

1560 b, at surface  

581b
0.25b

33b
192 and 81b

66.5
9.9

0.8 at 0.5m depth 

941 at 0.5m depth

7b

6.2
0.13

0.008

0.4

0.34

1.0
1974
1.1

1.1

 2.0

Bentonite
Compacted till
clay
Sand (0.5m) and
non-sulphide
tailings (0.8m) and
Sandy gravel (0.3m)
Pulp and paper residues
Fine sand (0.3m)+ clay
(0.6m)+coarse sand (0.3m)
Clayey till (0.3m)
+ protective till cover (1m)
Clayey till, 0.3m
+ protective cover (1.3 m)
Clayey till (0.3m)
+ protective cover (1.5m)
Clayey till (0.3m) 
Clayey till (0.3m) 
Clayey till (0.3m)
protective cover (0.6 m)
Clayey till (0.3m)
+ protective cover (1.2 m)
Apatite concentrate (0.1m) 
+ protective cover (1.2m)

L= Laboratory, M= Modeling, F = Field , b Oxygen consumption method * diffusion in air  ** diffusion in water and air

Table 4. -
ered tailings.
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4.3.3. Remediation of unoxidised tailings

The lowest concentrations of metals and highest 
pH were found in tailings covered with sewage 

oxidation rate owing to low oxygen entry into 
the tailings. Metal concentrations were low 

metals may be removed from the soil solution 
through sorption to humic acids or forming 
soluble or insoluble complexes with humic 

The reason for this was probably because the 

well as among the highest sulphate and metal 
concentrations. This may be caused by failure 
in the mixing of the Trisoplast. 

Pre-remediation
(Ekstav, 1989)
Average±std.dev.

After remediation
Average±std.dev. in
group 1 pipes (D, E, 
M and O ) in 1998 

After remediation
Average ±std.dev. in
group 2 and 3  (F, G,
I, J) pipes in 1998 

After remediation
Average±std.dev. 
in group 1 pipes
in 2003

After remediation
Average±std.dev.
in groups 2 and 3
pipes in 2003

pH
Fe (mg l-1)
S  (mg l-1)
Al (μg l-1)
As (μg l-1)
Cd (μg l-1)
Co (μg l-1)
Cr (μg l-1)
Cu (μg l-1)
Mn (μg -1)
Ni (μg l-1)
Pb (μg l-1)
Zn (μg l-1)

4.8±0.4
3900±1300
2900±1000

80±30

50±30
2500±1700

1400±570
333000±200000

 6±0.4
1400±1400
1300±900
60±100
4.1±5.7
0.4±0.5
0.3±0.4
0.8±1.7
9.9±14
4600±3800
7.3±18
1.3±1.3
280±260

 4.2±0.5
4700±2700
3900±2000
93000±76000
330±550
1.1±1.7
270±320
70±50
6.3±6.5
11000±8700
170±210
14.0±21
31000±25000

6.4±0.5
420±340
660±160
16±19
1±1.6
0.03±0.04
0.2±0.3
0.1±0.2
0.7±0.4
1900±1000
1.7±2.3
0.2±0.5
50±80

5.4±0.7
1100±1600
920±1200
6100±13000
340± 580
0.07± 0.07
24±50
1.1±0.5
4.2±5.6
1400.1±1600
20±50
0.8±1.2
5800±6800

Average dissolved S concentration in saturated tailings 

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

1996 1997 1998 1999 2000 2001 2002 2003
Year

1996 1997 1998 1999 2000 2001 2002 2003
Year

S
 (

m
g

/l)

Average dissolved S concentration in dry cover part  

a)

b)

K

J

I

E

G

L

O

QM
0

1000

2000

3000

4000

5000

6000

S
 (

m
g

/l)

X

Figure14. The general evolution of the concentrations 

Table 5. Average elemental concentrations in Impoundment 1.

Pb decreased rather rapidly after remediation 

discussed previously. 

5. Overall conclusions

The results of this study indicate that sulphide 
oxidation may decrease naturally in old tailings 

as the distance for oxygen to diffuse to reach 
unoxidised tailings increases. A decrease of 
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oxygen transport may also develop as a result 
of higher saturation deeper down in the tailings 
close to the groundwater. 

Remediation of Impoundment 1 at 
Kristineberg seemed to be successful by applying 
a till cover and saturation of the tailings in one 

cover consisting of a sealing layer and protective 
cover in the other part. There were no major 
differences between the remediation techniques 
considering elemental concentrations and pH in 

decreased and pH increased slower in the part 

due to an initial remobilisation of formerly 
retained elements when the groundwater 
table was raised. This was followed by 
dilution with uncontaminated groundwater. 
A vertical movement of elements resulted in 
high concentrations in the groundwater in the 
underlying till and peat. The concentrations 

the underlying till indicated increasing pH and 
decreasing concentrations. 

D
ef,f

for cover systems showed large advantages for 
long-term studies without disturbing the cover 
systems. A disadvantage was that it could only 
be applied on non-consuming covers. The dry 
cover systems studied in the test-cells showed 
D

eff
 for the sealing layers between 1010-10 and 10-

08 mm2 s-1. The seasonal variations of D
eff

 were 
larger than between the different cover systems. 

-2

year-1

l-1) were observed in the leachate waters in the 
cells. Lowest oxygen and sulphur concentrations 
were observed in the cover system with sewage 

short-term perspective. Its function is uncertain 

matter will be consumed in a rather short time 
period. The estimation of The estimation of D

eff

for newly deposited tailings with high water 

remediated by dry cover showed relatively 

oxidation rates. Comparisons between different Comparisons between different 

research results shows that a D
eff

below 10below 10-09 m2

s-1 2

s-1.

and the concentrations decreased when pH 

also in the test-cells where the pH was near-
neutral. This might be due to remnants from 

almost depleted in leachate waters where the pH 
increased. These elements were suggested to be 

and were preferentially sorbed compared to 

high pH and low redox potential conditions 

since the sulphide content was higher in these 
tailings.

Cemented layers as well as pyrite surfaces 
showed some capacity to retain metals. Metals 
such as As and Pb were retained in the cemented 

trapped on the pyrite surfaces. Sequential 
extraction of the cemented layers showed 
that the metals were mostly associated with 

amounts of metals retained in cemented layers 
were low.

Further research

important to continue the measurements of 

for studies of long-term behaviour in the 
groundwater in Impoundment 1 at Kristineberg 
and in the test-cells. The apatite concentrate 

capacity to immobilise metals should be further 
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The long-term perspective for sewage sludge 

Sweden. The organic components that may 
occur in the leachates from sewage sludge 

of organic matter for the mobility of metals. 

interest to evaluate the future sulphide oxidation 
rate. This is also an interesting site to follow 
up if remediation of the impoundment will be 
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Abstract

The pyrrhotite-bearing tailings at the closed Cu mine at Laver in northern Sweden released metals 
to the drainage water as the sulphides were oxidised. The aim of this study was to estimate the 
evolution of the sulphide oxidation rate over time by using different methods. The estimations were 

with the estimated annual amount of S released from the tailings, based on volume of tailings that 
was assumed to oxidise each year. The volume of tailings oxidised each year was estimated from 
a model of declining movement of the oxidation front with time. The annual transport of sulphide-

the pH level had increased. The different methods used showed approximately similar release rate 
 m

caused by the increased distance for oxygen to reach unoxidised sulphide grains. 

Keywords Sulphide oxidation, sulphate release, oxygen diffusion, mine wastes, Laver, northern Sweden.
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Introduction

In wastes from mining, varying amounts of ore-
associated sulphides that not are extracted during 
concentration processes are exposed to the 
atmosphere when deposited in the surrounding 
areas. Sulphides such as pyrite (FeS ) and 
pyrrhotite (Fe S) will oxidise in the presence of 
oxygen and water in acid-producing reactions. 
The acid produced increases weathering of other 
minerals and mobilises metals such as Cd, Co, 
Cu, Fe, Pb and Zn in the waste. The resulting 
acid drainage may have high concentrations of 
metals, which is why remediation of sulphide 
mine wastes and prevention of metal-rich acid 
drainage is important. 
At the closed Laver copper mine in northern 
Sweden the impoundment was unremediated, 
except for the establishment of grass vegetation. 

and their AMD was performed (Ljungberg and 

the oxidised and unoxidised zones enabled 
an estimation of the average oxidation front 

 (Ljungberg and Öhlander, 

released elements was estimated (Holmström 

The drainage water leaves the tailings area 

therefore well suited for mass balance studies. 

the ore-associated metals, annually released by 
weathering in the tailings, were released into 

that a large proportion of the metals were 
retained in the tailings by secondary mineral 
precipitation and/or adsorption to primary and 
secondary mineral surfaces. However, this was 
not the case for dissolved S. In solution with 
low Ca concentrations, dissolved S, mainly 
occurring as SO , may be rather conservative 
and a relatively good indicator of the sulphide 
oxidation rate. The annual amount of S 

, dissolved 
phase) was similar to the amount estimated to 
be released by sulphide oxidation in the tailings 

) and to the amount estimated from 

other elements were released by weathering in 

greater abundance than they were transported 

The major aim of this study was to evaluate 
natural changes of the sulphide oxidation rate 
in old mine tailings over time by using different 
methods. Weathering rate in the tailings and 
amount of S transported in the drainage water 

Estimation of the mass transport of S in the 

Site description

The mine site studied is located at Laver, 

rather soon the main production was from 

dominated by granites. Diorite and meta-

million tonnes with an average content of 

in the ore were pyrrhotite and chalcopyrite 
with minor amounts of sphalerite, pyrite, and 
arsenopyrite. The mine, managed by Boliden 

million tonnes of tailings and a small amount 

The annual mean temperature in the area is 

open pits, through the tailings area and to the 

The tailings

exposed above the groundwater water table and 
the remainder was saturated. Gangue minerals 
are quartz, plagioclase, biotite and muscovite. 

sulphides, mostly pyrrhotite and chalcopyrite. 
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fertilised and seeded with grass (Ljungberg and 

layer has developed. Trees mainly belonging 
to the Pinus, Picea, and Salix families, have 
migrated into the tailings from adjacent 
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of the impoundment, small areas, especially 

Figure 1. Description of the sampling area, where G1 and G2 are the gas sampling points. G1 and G2 are located at 
the grass covered tailings, but G1 has an eroded surface.
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with tailings, was water saturated, and hosts a 
number of different plants. 

and geochemistry of the tailings, groundwater 
and drainage were carried out (Ljungberg 

have three distinct zones: an oxidised zone 

over the impoundment from few centimetres 

of sulphides, in contrast to the underlying 

in occurrence between the oxidised and the 
unoxidised zone. Biotite was the only silicate 
mineral that showed weathering at grain edges, 
although it was only slight. In the intermediate 
zone, there was secondary enrichment of Cu, and 

Methodology

Pore-gas

Pore gas sampling in the tailings was carried 

were inserted into the tailings horizontally at 

diameter as the tubes was used to insert the 
tubes horizontally. The ends of the tubes in the 
soil were covered with geotextile to prevent 
clogging by soil particles, and the upper end 

made by the tubes were sealed with bentonite 
to prevent atmospheric air following the liner. 
The horizontal tubes were collected in a vertical 

grain size and sulphide mineral content could 

.

Laver was smoothed, which may have resulted 

consumption below the oxidation zone, while at 

with argon and sealed with a rubber membrane. 

the gas from the soil, transferred the gas through 

Non-oxidised tailings Oxidised tailings
(% wt±s) (% wt±s)

SiO
2

69.9 ± 0.9 70.5 ± 0.7
Al

2
O

3
12.7 ± 0.3 12.7 ± 0.6

CaO 2.39 ± 0.16 2.05 ± 0.19
Fe

2
O

3
7.08 ± 0.7 6.93 ± 0.85

K
2
O 1.89 ± 0.16 2.20 ± 0.27

MgO 1.50 ± 0.15 1.21 ± 0.14
MnO 0.25 ± 0.05 0.22 ± 0.04
Na

2
O 2.75 ± 0.22 2.57 ± 0.23

P
2
O

5
0.08 ± 0.008 0.08 ± 0.012

TiO
2

0.19 ± 0.2 0.19 ± 0.02
LOI 1.3 ± 0.2 1.9 ± 0.3

ppm±s ppm±s

As 70 70
Ba 270 ± 39 337 ± 57
Be 1.69 ± 0.08 1.52 ± 0.06
Cd 4.3 ± 1.2 0.3 ± 0.1
Co 16 ± 5 3.5 ± 1.7
Cr 59 ± 9 37 ± 10
Cu 1112 ± 372 183 ± 53
Hg 0.05 0.05
La 57 ± 16 35 ± 19
Li 12.8 ± 1.2 9.2 ± 1.5
Mo 29 ± 7 25 ± 8
Ni 37.3 ± 4.6 13.4 ± 6.3
Pb 32.3 ± 6.8 46.7 ± 16.5
Rb 68.8 ± 5.9 80.0 ± 11.3
S 7300 ± 1637 2142 ± 1033
Sc 4.9 ± 0.9 4.1 ± 0.6
Sn 16.7 ± 3.4 28.9 ± 8.8
Sr 147 ± 20 133 ± 23
Th 6.5 ± 0.4 4.5 ± 1.5
U 4.4 ± 0.6 1.9 ± 0.1
V 43.2 ± 3.9 39.9 ± 3.4
W 23.4 ± 6.3 20.1 ± 5.7
Y 20.1 ± 1.7 11.0 ± 1.8
Yb 2.8 ± 0.2 2.2 ± 0.2
Zn 1116 ± 233 194 ± 70
Zr 117.5 ± 8.3 106.5 ± 8.4

Table 1. Average chemical composition of oxidised and 
non-oxidised tailings at Laver (Ljungberg and Öhlander, 
2001).
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glass bottle without contaminating the samples 

emptied once prior to sampling to ensure that 

for O , N , CO  and CH  by gas chromatography 
in the laboratory. No other gases were presumed 
to occur in the tailings. The atmospheric air 
pressure and air temperature were measured on 
each sampling occasion. 

m) and particulate 
m) elemental concentrations. The water 

and trace element in the suspended phase. The 

stored in frozen state until required for analysis.

using Suprapure® nitric acid. Water samples 
for POC (particulate organic matter) and DOC 
(dissolved organic carbon) determinations were 

m) mounted in stainless steel 

Samples for determination of TOC (total organic 
carbon) were collected in tube directly from 

equipment and bottles were acid-washed before 
sampling, except the bottles for anion analyses. 
A Hydrolab Surveyor II probe, calibrated before 
sampling, was used to measure pH, DO, redox 
potential (Eh), electrical conductivity (EC) 
and temperature. Atmospheric air pressure and 
temperature were measured on each sampling 
occasion. The stream discharge was estimated 

cross-section area. 

Estimation of the oxidation front movement

The amounts of tailings exposed each year to 

) and with the tailings area above 

estimated from the mass of tailings exposed to 
oxidation each year multiplied by the differences 
in elemental concentrations between oxidised 
and unoxidised zones (Ljungberg and Öhlander, 

discharge with the elemental concentrations 

method was used in this paper for the estimation 
of the weathering rate and for the S transport 

0
(m)

50 ml syringe

Valve

Valve connection 

Valve connection Valve connection 

Gas sampling set-up

Field installation

T-connector with
movable valve

Needle

Sealed glass
bottle for sample

0.1

0.2

0.5

1.0

0
(m)

0.1

0.2

0.5

1.0

Figure 2. Field installation and gas sampling set-up.

Water sampling
Water samples were collected in the 

site. Nineteen water samples were collected 

became ice-free after the winter, to mid-

washed Millipore®

m, mounted in parallel acid-washed 
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estimated by also including the suspended 
phase. The oxidation front movement was 

The calculation 
assumes that the sulphide material is uniformly 
distributed in the tailings and that the oxidation 
rate is limited by the oxygen transport to the 

      

t = time (s)

)

D
eff

 s  )

x = Oxidation front depth (m)

C = Concentrations of oxygen at the atmosphere-tailings

)

 = Mass oxygen consumed per unit mass of sulphide

        oxidised 

Analytical methods

Pore gas analyses

Gas samples were analysed for O , N , CO ,
CH  and H
instrument. The detection limit for each gas was 

were stored in room temperature until analysis. 

Water samples

matter for the main element determination 
were wet-ashed in concentrated nitric acid in 

C and then dry-ashed at 

then fused with lithium metaborate in graphite 
C, followed by dissolution 

trace element determination were dissolved 

oven. Dissolved and suspended phases were 
analysed using ICP-AES (Inductively Coupled 
Plasma-Atomic Emission Spectroscopy) to 
determine Ca, Fe, Si, Mn, Sr, Zn, Mg, Na, K and 

measurements for each sample, was generally 

Plasma- Sector Mass Spectrometry) was used 
for the determination of Cu, Cd, Co, Ni, Pb and 
Zn.

measurements for each sample, was generally 

and Total organic matter (TOC) were analysed 

combusting element analyser. Standard 
procedures was used and a temperature of 

high-temperature combustion instrument.

Results

Geochemistry of the brook water

been described in more detailed in Ljungberg and 

oxygenated throughout the sampling period in 

Trends in the volume of the water discharge were 

in early spring when the topsoil are saturated 
with water from the snowmelt, although the 

heavy rainfalls. The temperature and electrical 
conductivity (EC) variations throughout the 

C both years, and the 

beginning of March. In general, the EC in the 

due to dilution, except in the spring when the 

Electrical conductivity was, in general, lower 

elemental concentrations. The pH was higher 

The average total organic carbon (TOC) was 
 and the average particulate organic 

which results in a dissolved organic carbon 
. The origin of the organic carbon 

was probably the surrounding woodlands. No 

2

2

oeff CD

xQ
t
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strong correlations were observed between any 
element and organic carbon. 

dissolved and particular concentrations of 

some elements such as S, Mn and Zn, the 
concentration trends were similar to those for 
the conductivity. High elemental concentrations 

the concentrations, which thereafter increased 
during the summer and autumn. Irregular 
concentration patterns were found for elements 
such as As, Pb and Cu. Cadmium, Al, Zn and 
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Figure 3.Time series of conductivity, discharge, pH and temperature in Gråbergsbrook at Laver during 1993 and 
2001. The estimated total annual discharges in the Gråbergsbrook during 1993 and 2001 were approximately 
1,700,000 m3 and 1,400,000 m3, respectively
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silicates-associated elements such as Ca, K, 

originated from weathering of biotite and 
plagioclase, which were common minerals in the 

Dissolved and suspended phases

Lead and Fe also exhibited a considerable 

total mass transported, and with little change in 
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Figure 4.Time series of suspended dissolved and particular elemental concentrations in Gråbergs-brook at Laver 
during 1993 and 2001

mean of Fe and Al transport is probably 
particles of Fe and Al-hydroxides, which are 
stable under the releatively high pH and well 

these particles are probably smaller than the 

and are thus probably accounted by both the 

increased the dissolved values and dismissed 

was not evaluated. For elements such as Cd, Cr, 
Cu, Mn, Ni and Zn, the proportion transported 
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K, S, Zn and Ca were predominantly in the 
dissolved phase, and the phase fraction was 

Some elements such as S, As and Pb show 
a decrease in the proportion transported by 
the suspended phase and an increase in the 

which could be due to desorption at higher 

since both S and As occur as oxyanions. 

Gas concentrations

dioxide concentrations in the Laver tailings in 

covered area but where the tailings were barren 

visible boundary between the oxidised and 

Al
As
Ba
Ca
Cd
Co
Cr
Cu
Fe
K
Mg
Mn
Na
Ni
Pb
S
Si
Zn

-
-
-
-
13
40
72
3000
3 500
-
-
600

80
-
16 900
-
3000

880
1.7
14.0
14 000
2.20
4.6
0.52
140
2000
2400
2700
500
3000
5.2
0.78
17 800
8 200
380

460
1.05
10
9 900
0.6
2.3
1.1
70
1 050
1 600
1 000 
240
2 100
2.6
0.52
10 400
6000
200

Element Estimated weathering
rate in the tailings

 (kg/a) (1993)

Transport in the
Gråbergs brook 1993

 (Kg/a)
 suspended + dissolved phase

Transport in the
Gråbergs brook 2001

 (Kg/a) 
suspended + dissolved phase

Table 2.

Ca   0.7   0.7
Fe   41.6   47.6
K   1.7   1.0
Mg   0.9   1.4
Na   0.1   0.5
S   1.2   0.4
Si   2.0   2.1
Al   15.0   15.6
As   26.9   10.4
Ba   3.0   3.5
Cd   1.8   3.0
Co   1.4   1.6
Cr   55.2   80.4
Cu   3.4   12.1
Mn   0.5   1.1
Ni   2.2   11.8
Pb   49.5   38.5
Zn    0.3   1.0

ELEMENT  1993 %  2001%

Table 3. The suspended particular concen-
tration of each element (in 1993 and 2001)
shown as a precentage of the total suspended 
concentration of that element
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the unoxidised tailings. Cemented aggregates 
of different sizes were also widespread in the 
oxidised zone and the surface was cemented. 
The oxygen concentration decreased (Fig. 5) 
with depth as a result of sulphide oxidation, 
since the lower limit for the oxidised zone at 
this location was interpreted to be at a depth 

particularly strong

November and June, there was no similar large 

humus layer beneath the grass vegetation was 
denoted to zero m. The oxidation zone where 

the near-atmospheric concentrations of oxygen 

sampling occasions. No evidence of decreased 
oxygen concentration in the deeper material 
that might have been the result of the presence 
of vegetation and humus layer was observed. 

were relatively constant with depth in both 
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Figure 5.Gas-phase profiles of O
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2
 concentration in the tailings at Laver, northern Sweden. G1 and G2 are 

located in the grass covered tailings, but G1 has eroded surface.  
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atmosphere. The carbon dioxide concentrations 
were lower in the barren part of the tailings 

to a higher decay of organic matter beneath the 
vegetation. The occurrence of carbon dioxide 
below the barren parts suggests that organic 
matter also decayed here or that carbonate 
minerals were dissolving. No evidence of 

any sampling occasion.

Discussion

indicate that the sulphide oxidation rate may 

hypothesis was supported by the pH conditions, 

resulted in higher elemental concentration and 
decreased pH rather than the opposite. The 

to an annual average oxidation front movement 

Low sulphide content and the high reactivity 
of pyrrhotite  have been shown to increase the 
oxidation front movement (Nicholson et al., 

however, not assumed to be uniform with time, 
due to the increased travel path for oxygen 
to reach an unoxidised sulphide grain as the 
oxidation front moves downwards (Ritchie, 

. Oxygen diffusion may therefore be a 
limiting factor for the sulphide oxidation rate 
in old tailings such as at Laver.

Laver tailings, diffusion is the dominating 
transport mechanism for oxygen  (Davis and 

. Diffusion is a result of oxygen 
concentration gradient caused e.g. by oxygen 
consumption by sulphide oxidation. The 

penetrable a soil is for a gas. The effective 
D

eff
 ) for oxygen has a 

m  s
s , depending on the degree 
of saturation and physical structure of the soil 

. Because
the saturation in a soil varies due to wet and 
dry periods, D

eff
 is not expected to be constant 

during a year. Old tailings may be cemented due 
to formation of secondary minerals (Boorman 

a result of drying. This may lead to decrease 
of the D

eff
 one to two orders of magnitude as 

However, an average D
eff

 can be estimated for 

depth in the tailings and sulphide content is 

-

. The time used in the calculation was from 

diffusivity was assumed to be constant with 

Solving D
eff

 s-

tailings. This is a relatively low D
eff

, which is 

observed in sandy material with a saturation of 

sand with a high degree of cementation between 

The possibility that a decrease in the sulphide 
oxidation rate might have been caused by 
a natural decrease in oxygen supply can be 

The calculations show fast movement of the 
oxidation front in the tailings at Laver the 

sulphides are fresh and the reactive sulphide 
grains are shallower located, and declining rate 
of movement over time (note the log scale on the 
time axis). The major reason for this decrease 
is the distance oxygen had to travel to reach 
deeper parts of the tailings, and the increased 
distance to the unoxidised core of the coarse 

have been caused by development of a rim of 
oxidation products on the grain surfaces. This 
results in that less oxygen reaches the unoxidised 
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sulphides over a particular amount of time. 

if there is no groundwater present. When the 
oxidation front reaches the groundwater table 
the oxidation rate of sulphides will decrease 

.  Because the 
depth of the water table was generally between 

The lateral groundwater transport rate in the 
 by  (Ljungberg 

north-western part of the tailings impoundment 
to reach the water outlet in the south-western 
part. The slow movement of the dissolved 
elements from the tailings groundwater results 

in the tailings several years or decades ago. 

 in the Laver 

, which was rather similar to 

that decrease of sulphide oxidation occurs as 
tailings get old. Further decrease of the metal 

. Some errors 
can arise when comparing the amount of S 

tailings, because secondary S-bearing minerals 
such as gypsum and covellite can precipitate 

.
Gypsum was, however, only observed in trace 
amounts in the Laver tailings and the Ca and S 
concentrations were relatively low.
The rate of suphate released as mole per m  of 
the impoundment during a year can be calculated 
from the amount of S released in the tailings 
and from the annually amount of S transported 

rate at Laver was rather low, which may be 
a result of increased distance to the reactive 
sulphide grains due to the low sulphide content 
in the Laver tailings. High water saturation 
and the development of cemented layers in 
tailings may decrease the oxygen consumption. 
Unfortunately the moisture in the tailings was 
not determined and cemented layers were found 
in the tailings but only partially spread over the 
impoundment.
The low oxygen concentration at some 

indicate that sulphide oxidation occurred. The 
low oxygen concentration in October and May 
indicate that the sulphide oxidation rate was 
high or that the moisture in the tailings was 
high, which both could have decreased the 

saturation decreased the oxygen diffusion 
rather than increased oxidation, since the 
sulphide oxidation rate is expected to be low 

concentrations near atmospheric values were 
found below the grass covered sampling 
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time axis
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This indicates that the grass had no function 
as a barrier against oxygen, which has been 

was not limited by presence of water in the pore 
space. This shows that low degree of saturation 

not the oxygen diffusion. 

using the oxygen concentration measurements 
D

eff

was estimated.  Presence of other gases such as 
carbon dioxide was ignored.

 s )

D
eff

soil (m  s  )

beneath a layer (mole m )

Using the previously estimated average 
 s ) and the 

the tailings was estimated to approximately 
 year

that pyrrhotite (FeS) oxidation was the only 
mechanism for oxygen consumption and 
oxygen was the only oxidant, then for each 

were consumed. The resulting sulphate release 
 year ,

based on the oxygen measurements, which was 

mole m  year ) calculated from the release of 
S in the tailings and from the transport of S in 

result suggests that the status of the sulphide 
oxidation can be roughly estimated by using 
S carried in drainage water and weathering 
release estimated from the oxidation front 
movement each year as well as from oxygen 
measurements.

Based on the amount of sulphur  released
in the tailings 1993

Based on the amount of sulphur  released
in the tailings  2001

Based on the transport of  sulphur 
in the brook 1993

Based on the transport of  sulphur 
in the brook  2001

Based on the oxygen concentration measurement
in the tailings

Mass sulphur
(kg year-1)

17,000

11,300

17,800

10,400

Sulphate release rate
(mole year-1 m-2)

6.6

4.4

6.9

4.0

4.4

Table 4. Estimated amount of sulphur release, sulphide oxidation and oxygen flux in the tailings 
based on weathering release, transport in the brook and oxygen measurements. The oxygen con-
sumption rate is based on the sulphide oxidation rate. 
The oxygen flux into the tailings is based on oxygen measurements.

z

c
DF eff
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Conclusions

The annual transport of sulphide-associated 

This suggests decreased sulphide oxidation rate 

of the oxidation front movement support the 
hypothesis that the decreased rate of sulphide 
oxidation was probably a consequence of the 
increased distance that oxygen had to travel to 
reach unoxidised sulphides as sulphides were 
consumed. The amounts of S carried annually 

the changes in the oxidative release of S in the 
tailings. Because the results agreed well with 
each other, the status of the sulphide oxidation 
occurring in tailings could be estimated by either 
S transported in drainage water, S released by 
oxidation in the tailings, or by determination of 
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Introduction

The oxidation of sulphides, such as pyrrhotite and pyr-
ite, is an acid producing reaction, which will further
increase the weathering of other minerals, leading to the
formation of acid mine drainage (AMD), often with
high concentrations of metals. The Fe (II) released by
the pyrite and pyrrhotite oxidation may precipitate as
Fe(II)-sulphates, Fe-oxyhydroxide or Fe-hydroxysul-
phates. The first phases of Fe that precipitate from mine
drainage are less stable Fe-precipitates, such as amor-
phous Fe-oxides or Fe-sulphates. The precipitates
transform over time into thermodynamically more sta-
ble crystalline phases such as goethite (Bigham and
Nordstrom 2000). One of the many ways of preventing
AMD from sulphide-bearing mine tailings is to cover the
tailings with material with low permeability or submerge
the tailings, thereby decreasing oxygen diffusion into the

tailings. Cemented layers, or hardpans, are common in
inactive tailings impoundments, and how hardpans may
influence properties such as water infiltration, oxygen
diffusion rate and accumulation of metals have been
studied previously by Ahmed (1995), Courtin-Nomade
et al. (2003), Lin (1997), Mc Gregor et al. (1998),
McGregor and Blowes (2002) and McSweeney and
Madison (1988). Secondary mineral precipitates are
commonly observed at the tailings surface or in the
interface between the oxidised and unoxidised tailings as
an accumulation zone, which may form hardpan if the
zone dries out. Sulphide-rich tailings form cementing
layers more readily than if the sulphide content is low or
lacking (Agnew and Taylor 2000; Dold and Fontbote
2001). Pyrrhotite-rich tailings form cemented layers
more easily than pyrite-rich tailings due to the more
reactive structure of pyrrhotite (Agnew and Taylor 2000;
Ahmed 1995). An overview of different cemented layers
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Abstract Cemented layers (hard-
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tite content, almost no pyrite and no
carbonates. Two cemented layers at
different locations in the Laver tail-
ings impoundment were investi-
gated, with the aim to determine
their effects on metal mobility. The
cementing agents were mainly jaro-
site and Fe-oxyhydroxides in the
layer formed where the tailings have
a barren surface, whereas only Fe-
oxyhydroxides were identified below

grass-covered tailings surface. Ar-
senic was enriched in both layers
which also exhibit high concentra-
tions of Mo, V, Hg and Pb com-
pared to unoxidised tailings.
Sequential extraction indicates that
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retained with crystalline Fe-oxides,
and therefore potentially will be re-
mobilised if the oxic conditions be-
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impoundment.

Keywords Hardpan Æ Cementing
layer Æ Metal mobility Æ Northern
Sweden Æ Norrbotten Æ Laver

Environ Geol (2006)
DOI 10.1007/s00254-006-0253-x ORIGINAL ARTICLE

L. Alakangas (&) Æ B. Öhlander
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(hardpans) and their cementing agents, studied in Aus-
tralia, was presented by Agnew and Taylor (2000).
Different cementing agents observed earlier are jarosite
and gypsum (McGregor and Blowes 2002), jarosite and
goethite (Agnew and Taylor 2000; McGregor and
Blowes 2002; Ribet et al. 1995) and melanterite and
copiapate (Jambor 2003). The type of cemented layer
depends on the Eh–pH conditions, element concentra-
tions and availability and on the water saturation
occurring at the time of formation.

Laver, northern Sweden, is an abandoned Cu-mine
that leaches heavy metals to the recipient. The low
content of sulphides and carbonates in the Laver tailings
(Ljungberg and Öhlander 2001) suggests a limited for-
mation of cemented layers. However, cemented layers
and aggregates have been observed at different locations
in the tailings, indicating that the low sulphur and car-
bonate contents do not completely prevent the forma-
tion of cemented layers. The aim of this study was to
investigate the character of these cemented layers
formed in tailings with relatively low sulphide content,
and to investigate effects of these cemented layers on
metal mobility. The chemical composition of the ce-
mented layers is compared with other zones present in
the tailings, and solid speciation of the heavy metal
distribution was studied by using sequential extraction.

Site description

The abandoned Laver copper mine is situated in
northern Sweden, 120 km from Luleå (Fig. 1). The
bedrock in the area consists mostly of 1.89–1.86 Ga old
rocks, dominated by granites. Diorite and meta-volcanic
rock also occur, and the Laver mine is situated in the
latter (Ödman 1943). The original copper ore deposit
contained 1.537 million tonnes with an average content
of 1.51% Cu. The dominating sulphide minerals in the
ore were pyrrhotite and chalcopyrite with minor
amounts of sphalerite, pyrite and arsenopyrite. Gangue
minerals were quartz, plagioclase, biotite and muscovite.
The mine, managed by Boliden Mineral AB, was closed
in 1946 after 10 years of operation, with a resulting
production of 1.2 million tonnes of tailings and a small
amount of waste rock (Ljungberg and Öhlander 2001).
The annual mean temperature in the area is 0.5�C. The
Gråbergs brook runs near the open pit, through the
tailings area and to the recipient downstream (Fig. 1).
The drainage area is 5.44 km2.

The tailings

The tailings impoundment (12.2 ha) is situated south
of the open pit. In about 4.1 ha of the impoundment,
the groundwater table almost reaches the surface. The

tailings have both grass covered and barren areas. In the
southeastern part (Fig. 1) of the tailings, small areas,
especially slopes, are barren due to erosion. In 1951 and
1952, a snowmelt runoff washed away 25% of the tail-
ings downstream. As a result, the old clarification pond
was filled with sulphide-rich coarse fractions, and the
finer fractions were washed away by the river system. A
new clarification pond was constructed 3 km down-
stream. The remaining tailings were levelled out in 1974
and limed, fertilised and seeded with grass (Ljungberg
and Öhlander 2001), and are today to a large extent
covered by lush grass. Some trees have migrated to the
tailings, mainly from the Pinus, Picea and Salix families.
The old filled-in clarification pond, which was water
saturated, is now a habitat for a number of different
plants. In 1993, studies of the tailings mineralogy, pore
water concentrations, groundwater composition and the
drainage geochemistry were carried out (Ljungberg and
Öhlander 2001).

Methodology

Cemented layers were sampled at two different loca-
tions, at point C1 and point C2 (Fig. 1). At C1 cemented
layers occur as a layer on the surface, and as widespread
aggregates in the oxidised zone, and as a continuous
layer at a depth of approximately 0.3 m. This location
has a barren surface. The cemented layer at a depth of
0.3 m is about 0.2 m thick, and is situated between the
oxidised zone and the underlying grey unoxidised zone.
The second cemented layer (C2) (Fig. 1) was observed at
a depth of 0.4 m, and here there is grass on the surface.
The samples were collected at a depth of 0.3 m at C1 and
at a depth of 0.4 m at C2. Both layers were hard to
penetrate with a spade in the field. After collection the
samples were dried in room temperature. No oxygen-
free atmosphere was required because of the oxidised
conditions occurring in the tailings where they were
collected.

Analytical method

The samples were analysed to determine their chemical
compositions. Samples for analysis of As, Cd, Co, Cu
Hg, Ni, Pb, B, Sb, Sn, Se and S were dried at 50̊C and
dissolved in supra pure nitric acid in Teflon bombs in a
microwave oven. Samples for analysis of Ba, Be, Cr, La,
Mo, Nb, Sc, V, W, Y, Zn, Zr, Si, Al, Ca, Fe, K, Mg, Mn,
Na, P and Ti were dried and melted with lithium me-
taborate and dissolved in HNO3. Silica, Ca, Al, Fe, K,
Mg, Mn Na, P, Ti, As, Ba, Be, Cr, Cu, La, Mo, Nb, S,
Sc, Sn, Sr, V, W, Y, Zn and Zr were analysed by
inductive coupled plasma-atomic emission spectrometry
(ICP-AES) and Cd, Co, Hg, Ni and Pb using inductive



coupled plasma-quadrupole mass spectrometry (ICP-
QMS). The specific surface area was determined by
using nitrogen adsorption measurements performed
with a Micromeritic ASAP 2010 instrument. Samples
were degassed overnight prior to analysis. The specific
surface area was calculated using the BET equation.
Mineralogical analyses were performed using a Phillips
XL 30 scanning electron microscope (SEM), with a
LaB6 emission source, and an Oxford Instrument ISIS
Ge energy dispersive X-ray (EDX) detector attached to
the SEM. The samples were covered with a thin film of
gold using a BAL-TEC MED 020 instrument. The

mineralogy was characterised by powder X-ray diffrac-
tion (XRD) with copper radiation. The diffractometer
used was a Siemens D5000, and the filament installation
was rated at 40 kV and 40 mA.

Sequential extraction

The sequential extraction chosen here was performed
with the aim of understanding under which conditions
heavy metals, bound in the cemented layers, can be
mobilised. The cemented layers are all collected from
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oxidised conditions in the tailings. No special steps have
therefore been taken to avoid air contact with the sam-
ples.

One gram of a homogenised sample was leached in
polypropylene centrifuge tubes. Milli-Q water was used
throughout the extraction process. The decanted super-
natants and blank samples after each step were analysed
for Ca, Fe, K, Mg, Na, S, Mn by ICP-AES, and for Al,
Cu, As, Ba, Cd, Co, Cr, Zn, Ni and Pb using inductive
coupled plasma-sector mass spectrometry (ICP-SMS).
Mercury was determined by atomic fluorescence spec-
trometry (AFS). The sequential extraction procedure
applied in this study was a slightly modified version of
that used by Hall et al. (1996). The five following steps
were carried out:

Step 1. Adsorbed/exchangeable/carbonates About
10 ml 1.0 M Na-acetate (pH 5) was added to the sam-
ples and shaked for 6 h at room temperature. This was
done twice. The sample was then washed twice with 5 ml
of Milli-Q water and centrifuged for 15 min at
3,000 rpm after the last treatment. The supernatants
were decanted into test bottles after each treatment.

Step 2. Labile organics About 50 ml 0.1 M Na4P2O7

was added to the residues and shaked for 2 h. This was
done twice. The sample was then washed twice with 5 ml
of Milli-Q water and centrifuged for 15 min at
3,000 rpm after the last treatment. The supernatants
were decanted into test bottles after each treatment.

Step 3. Amorphous Fe oxy-hydroxides/Mn oxides
About 10 ml 0.25 M NH2OHÆHCl in 0.1 M HCl were
added to the residues and placed in a 60�C water bath
for 2 h and shaken continually. This was done twice.
The sample was then washed twice with 5 ml of Milli-Q
water and centrifuged for 15 min at 3,000 rpm after the
last treatment. The supernatants were decanted into test
bottles after each treatment.

Step 4. Crystalline iron oxides About 15 ml 1.0 M
NH2OHÆHCl in 25% CH3COOH were added to the
residues and placed in a 90�C water bath for 3 h and the
samples were shaken continually. This was done twice,
but the second time they were only placed in the bath for
1.5 h. The sample was washed twice with 5 ml 25%
CH3COOH and centrifuged for 15 min at 3,000 rpm
after the last treatment. The supernatants were decanted
into test bottles after each treatment.

Step 5. Sulphides and organics About 750 mg KClO3

and 5 ml 12 M HCl was added to the residues and after
the reaction had started 10 ml of 12 M HCl was added.
After 30 min, 15 ml of Milli-Q water were added, and
the samples was shaked continuously. The samples was
centrifuged for 15 min at 3,000 rpm and decanted, and
then 10 ml 4 M HNO3 was added to the residuals and
placed in a 90�C water bath for 20 min and continually
shaken. Finally, the sample was washed twice with Milli-
Q water and centrifuged, decanted and added to a test
bottles.

Results

The two cemented layers differed in colour. The one from
location C1 had a red–brown colour, while C2 had a
green–brown colour. In the field, both layers were diffi-
cult to penetrate with a spade, though they were easy to
crack at room temperature when they were dry. The
grain size was coarser at C2, having a surface area of
10 m2 g)1, whereas at C1 the surface area was 16 m2 g)1.

Comparison between the two different cemented layers
and the unoxidised and oxidised tailings

The average compositions of the oxidised, unoxidised
tailings and the cemented layers are shown in Table 1.
The cemented layers had a higher content of Fe, re-
ported as Fe2O3, 21.4 and 9.42% at C1 and C2 respec-
tively, than in the unoxidised and oxidised tailings, 7.08
and 6.93% respectively (Table 1). Manganese was also
higher in the cemented layers compared to the other
zones (Table 1). Sulphur was present in high concen-
trations only at C1 (19,800 ppm), but C2 had higher
concentrations (3,575 ppm) than the oxidised tailings.
Sulphide-associated elements such as Cd, Co, Ni and Zn
were depleted in the oxidised zone, and were also low in

Table 1 Comparison of the chemical composition of two different
cemented layers, unoxidised zone and oxidised zone in the Laver
tailings, northern Sweden

Element Unoxidised
tailings

Oxidised
tailings

Cemented
layer 1

Cemented
layer 2

Percentage
SiO2 70 70.5 55 68
TiO2 0.19 0.19 0.19 0.14
P2O5 0.08 0.08 0.07 0.06
Na2O 2.8 2.6 1.6 2.2
MnO2 0.3 0.22 0.55 0.41
MgO 1.5 1.2 1.7 1.5
K2O 1.9 2.2 1.9 2
Fe2O3 7.0 6.9 21 9.4
Al2O3 13 13 10 12
CaO 2.4 2.05 1.8 2
mg/kg
As 70 70 1800 120
Ba 270 340 370 280
Cd 4.3 0.3 0.14 0.25
Co 16 3.5 3.2 3
Cr 59 37 47 47
Cu 1,100 180 830 280
Hg 0.05 0.05 0.85 0.42
Ni 37 13 5.6 9.2
Pb 32 47 70 50
S 7,300 2,100 20,000 3,600
Zn 1,100 190 204 110
Mo 29 25 45 41
V 37 13 69 42

The average chemical composition of the oxidised and unoxidised
is from Ljungberg (2001)



Fig. 2 SEM images and EDS
analyses of cemented layer 1



the cemented layers. However, the Cu concentration was
higher in the cemented layers than in the oxidised tail-
ings.

Arsenic was enriched in the cemented layers, and the
concentrations of Pb, Hg, Mo and V (C1) were higher
than in the tailings. Arsenic appears in concentrations of
1,755 ppm at C1 and 115 ppm at C2, which makes the
enrichment about 17 times greater at C1 and twice as
great at C2 as in both the oxidised and unoxidised tail-
ings. Zinc and Ni were almost as depleted in the ce-
mented layers as in the oxidised tailings. In the cemented
layer C1, As, S, Fe and Pb were higher than in C2.
Silicate-associated elements such as Al2O3, SiO2, CaO,
MgO, K2O and Na2O showed lower concentrations in
the cemented layers due to dilution by the higher Fe2O3

content.
The XRD analysis indicated the presence of iron

sulphate, goethite and jarosite in the C1. Analyses by
EDS of C1 samples showed that K, S and Fe were en-
riched in certain areas (Fig. 2), which suggests that K-
jarosite occurs. Areas with Fe-enrichment (Fig. 2) indi-
cated Fe-oxyhydroxide coatings on a silicate mineral,
probably plagioclase. In Fig. 2, SEM images of the

suggested jarosite and Fe-oxyhydroxide are shown.
SEM–EDS (Fig. 3) from C2 showed no enrichment of
Fe-oxyhydroxide coatings surrounding silicates, only
scattered grains, probably due to the low iron content in
this layer.

Sequential extraction

Adsorbed/exchangeable/carbonates

The total amounts of sorbed elements to mineral sur-
faces were low, approximately 2–5 mg element sorbed
per g of sample (if the entire extracted amount of ele-
ments in the first step is assumed to have been sorbed)
(Fig. 4). The elements extracted were mainly K, S, Mn
and Zn. Cadmium, Co, Cr and Ni were, in proportion to
the other elements, low in this step.

Labile organics

The extracted amounts of elements were lowest in this
step, 1.5–1.8 mg of the total amounts in C1 and C2,

Fig. 3 SEM images and EDS
analyses of cemented layer 2
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respectively (Fig. 4). The elements extracted were mainly
Fe, K, Al, S and As, and in minor amounts Cu and Zn.
Cadmium, Co, Cr and Ni were almost absent in this step.

Amorphous Fe oxy-hydroxides/Mn oxides

Iron was the main element extracted in this step, with a
Fe content of 12 and 18 mg/g in C1 and C2, respectively
(Fig. 4). Potassium, Na, Mg and Al were also released
but in low amounts compared to Fe, though higher than
in the first and second steps. Extracted trace elements
were dominated by Cu, Mn, Zn, Pb and As, and in
higher contents than in the first and second steps. The Fe
and Cu concentrations were higher in C1 than in C2,
while Mn and Zn are higher in C2. Relatively low
amounts of elements such as Cd, Co, Cr and Ni were
extracted.

Crystalline iron oxides

The amounts of extracted Fe were 60 and 45% in C1 and
C2, respectively, of the total amount extracted (Fig. 4).
Manganese was also extracted to its greatest extent in
this step. Copper, Pb, Zn and As had the highest con-
centrations in this iron oxide extraction step. Iron, As,
Zn and Cu was higher in C1 than in C2. Cadmium, Co,
Cr and Ni were almost absent in this step.

Stable organic compounds and sulphides

Iron, Al and S were extracted in similar concentrations
as in step 3 (Fig. 4). Arsenic was extracted in relatively
high amounts compared to steps 1, 2 and 3, and shows
the highest concentrations in C1. Copper, Mn and Zn
were also extracted in high amounts. The Cu content
was higher in C2.

Discussion

Cementing agents in the cemented layers

The annual mass transport of metals in the surface water
drained from the Laver tailings in 1993 was only 5–10%
of the amount annually released by weathering. The
amount of S in the drainage was approximately equal to
the amount annually released by weathering (Ljungberg
and Öhlander 2001). The remaining 90–95% of metals
were secondarily retained within the tailings, probably
mainly as secondary precipitates and by sorption to
mineral surfaces (Ljungberg and Öhlander 2001). Ver-
tically, the tailings had three distinct zones: an oxidised
zone, a secondary copper enrichment zone, and an un-
oxidised zone. In the upper oxidised part there has been

a significant depletion of sulphides, in contrast to the
underlying unoxidised part (Table 1). In the intermedi-
ate zone, there was secondary enrichment of Cu and S,
and the main secondary mineral was identified as
covellite, Holmström and others (1999). Gypsum,
marchasite, and Fe-hydroxides were also identified in
the tailings as secondary minerals. The chemical com-
position of the cemented layers showed a high amount
of Fe2O3 and MnO2 compared with the unoxidised
tailings, and in C1 there was also high concentration of
sulphur. The XRD analyses indicated the presence of
jarosite, iron-sulphate and goethite by XRD as second-
ary minerals in the cemented layers. Areas with high K,
S and Fe concentration, illustrated by SEM images and
EDS results for C1 (Fig. 2), were probably composed of
jarosite. The presence of jarosite in C1 suggests that
locally low pH (<3) was achieved during oxidation, and
that the concentrations were high at the time of forma-
tion for dissolved S (>3,000 lg)l) and for Fe (Bigham
1994). The formation of jarosite could be illustrated as
following:

Kþ þ 3Fe3þ þ þ2SO42� þ 6H2O
, KFe3ðSO4Þ2ðOHÞ6ð3Þ þ 6Hþ ð1Þ

The sulphide and carbonate content were low in the
Laver tailings for a hardpan formation at the surface.
Therefore, dissolved S and Fe were probably trans-
ported upward and concentrated at the surface by high
evaporation as the surface was barren. There was no
significant difference between the silicate-bound ele-
ments in the oxidised and the unoxidised zones, and
biotite was the only silicate mineral that showed slight
weathering at grain edges (Ljungberg and Öhlander
2001). Potassium is an interlayer-ion in biotite, and was
the probable source for K (Banwart and Malmström
2001) for the jarosite formation. In C2, Fe-oxyhydrox-
ides dominated as secondary minerals, while jarosite was
absent. Iron precipitates such as lepidocrocite, ferrihy-
drite and goethite are more likely to precipitate than
jarosite; if the pH is higher than 3, the water content is
low and the dissolved S concentrations are lower than
3,000 lg/l (Bigham 1994). It is possible that jarosite was
formed initially, and as the pH increased over time due
to decreased sulphide oxidation rate and buffering
reactions, jarosite may have become unstable and
transformed to more stable phases such as goethite
(Bigham 1994; Jambor 2003). The transformation reac-
tion is acid-producing and may be written as:

Kþ þ 3Fe3þ þ þ2SO2�
4 þ 6H2O

, KFe3ðSO4Þ2ðOHÞ6ðsÞ þ 6Hþ: ð2Þ
The dissolution of jarosite by sequential extraction is
likely to occur in the reducing steps (steps 3 and 4). The
amounts of K and S released in these steps indicate that if
jarosite was dissolved, only small amounts were present.



This suggests that Fe-oxyhydroxides were the predomi-
nant cementing agents in both layers. The sequential
extraction results also suggest that crystalline Fe-oxy-
hydroxides were predominant. The SEM images show
that the Fe-oxyhydroxide coats silicate minerals in C1.
No pyrrhotite grains covered by Fe-oxyhydroxides were
observed. Pyrrhotite grains in oxidised mine tailings have
been observed to be surrounded by oxidation products
such as native sulphur in the innermost layer, followed by
goethite and then an outermost layer of a sulphate-
bearing goethite. The innermost native sulphur will oxi-
dise further (Mc Gregor et al. 1998). Native sulphur was
not identified either by SEM–EDS or XRD analysis. The
high amount of sulphur in C1 (Table 1) compared to the
amount extracted (Fig. 5) could be due to the fact that
large sulphide grains were not dissolved in the last
sequential extraction step and remained in the residual.

The mobility of heavy metals in the cemented layers

The first extraction step could simulate natural acid
conditions, and the results suggest that low amounts of
metal would be mobilised if natural acidic conditions
occur. Metals co-precipitated with carbonates and gyp-
sum would dissolve, but this is not so important here
due to the low content of these minerals in the Laver
tailings (Ljungberg and Öhlander 2001). Calcium and S
were, however, extracted (Fig. 4), and probably origi-
nates from gypsum, but the concentrations were very
low (Ca 0.2 mg g)1; S 2.7 mg g)1). The extracted Zn
could be a result of co-precipitation with soluble Fe (II)
sulphate minerals (Blowes et al. 1992). Vermiculite [(Mg,
Fe, Al)3(Si, Al)4(OH)2 · H2O] is a common soluble
mineral formed by biotite weathering (Dold 2003;
Malmström and Banwart 1997). Low amounts of Mg,
Fe and Al were extracted in the first step, which suggests
the presence of small amounts of vermiculite. In the
second step, sodium pyrophosphate with a pH of 10
was used, because it shows little attack on sulphides and
Fe-oxides (Hall et al. 1996). Elements bound to labile

organic compounds such as simple humus and fulvic
acids are expected to be released. Only a small amount
of elements was bound to labile organics (Fig. 5a).

The most important extraction fractions seem to be
obtained in extraction steps 3 and 4 (Fig. 5a), which
represent the reducing steps that dissolve amorphous
and crystalline iron oxides. The results indicate that C1
had a higher content of crystalline Fe-oxides and C2 had
more amorphous iron oxides (Fig. 5a). Iron oxides are
widely recognised as traps for metals that could be
sorbed or co-precipitated (Balistrieri and Murray 1982;
Borggaard and Elbering 2003; Bowell 1994; Herbert
1996; Kooner 1993). Some of the elements such as As,
Pb, Ni, Co, Cu and Zn occurring in the cemented layers
were completely extracted (Fig. 5b), but the total con-
centrations of Zn, Co and Ni (Table 1) were low. The
depletion of Co and Ni indicates that pyrrhotite was
almost completely oxidised since these elements proba-
bly occurred initially in the pyrrhotite structure (John-
son and others 2000), and they were effectively mobilised
in the low pH environment of active oxidation. It seems
as if Zn, As, Cu, Pb and Hg was bound to the reducing
steps (Fig. 5), and more associated with crystalline iron
oxides. Copper and Zn are elements which have been
observed to be incorporated in goethite (Mc Gregor
et al. 1998) and Cu, Mn and Zn in jarosite (Dold 2001).
Copper and Zn could thus be associated with the
structure of crystalline iron oxides, since their highest
concentrations occur in these steps. Sorption of Zn in-
crease onto ferric hydroxides (goethite) surfaces at pH
>5 (Dzombak and Morel 1990). This may explain the
low Zn concentrations in the cemented layers, which
were probably formed in acidic conditions. Other ca-
tions such as Cu, Cd and Pb are adsorbed in lower pH
range, Dzombak and Morel (1990), which may explain
why Cu and Pb are more enriched than Zn in the ce-
mented layers than in the oxidised tailings.

Arsenic was the only trace element strongly enriched
(Table 1) in the cemented layers, but concentrations
of other ore-associated elements such as Pb, Mo, V and
Hg (Table 1) were also higher than in the unoxidised

Fig. 5 a The distribution of the
amount extracted metals in dif-
ferent sequential extraction
steps, where S1 adsorbed/
exchangeable/carbonates; S2
Labile organics; S3 amorphous
Mn/Fe oxides; S4 crystalline
iron oxides; S5 stable organics
and sulphides. b Ratios between
the extracted amount and the
total amount of metals in the
untreated sample



tailings. These metals, often forming oxyanions, are
probably controlled by adsorption/co-precipitation with
Fe(OH)3, which has a positive surface charge at low pH
levels (Stumm and Morgan 1996). Arsenic is known to
be sorbed to iron oxide or precipitated with iron
(Courtin-Nomade et al. 2003; Dold 2001), or could, as
arsenate, be substituted for sulphate in the jarosite
structure. Studies of cemented tailings from an arseno-
pyrite-rich waste, showed that As was adsorbed to
jarosite rather than co-precipitated, and resinous
amorphous material was identified to be richer in As
than crystalline phases such as goethite and jarosite
(Courtin-Nomade et al. 2003). It is well known that
humus may cover Fe–Mn oxides surfaces (Thurman
1985) or goethite (Tipping and Cooke 1982) giving them
a negative charge, which increases the adsorption
capacity of cations to surfaces which otherwise have a
positive charge. Manganese oxides and goethite, which
are common oxides in natural environments (Borggaard
and Elbering 2003) have a pHzpc of approximately 7.2
and 9–10.5, respectively (Petersson et al. 1993), which
make these oxides positively charged at lower pH levels
with an affinity for anions (Stumm and Morgan 1996).
The assumed low pH under the formation of the ce-
mented layer (C1) suggests that the Fe and Mn oxides
were positively charged, and the attraction for anions to
the surface was high.

The third and fourth steps in the sequential extraction
represent reducing conditions that might occur in mine
tailings if the redox potential is lowered, which could be
the case if the groundwater table is raised or if the
content of organic matter increases. If reducing condi-
tions develop, the cementing layers will probably dis-
solve and elements such as As, Pb and Hg, bound to Fe-
oxides, will be released to the drainage water.

The last extraction step has been shown to completely
dissolve sulphides (Chao and Sanzolone 1977). Some
attack on silicates are likely (Hall et al. 1996), but the
heavy metals of interest, such as Cu, Zn, Pb and as well
as As, are not likely to occur to any high degree in
the silicate structure. Some Mn, Zn, As and Cu were
dissolved in this step (Fig. 4) probably originating

from dissolution of primary sulphide minerals such as
chalcopyrite, pyrrhotite, arsenopyrite and sphalerite.
Only low amounts of silicate-associated elements such as
Al and Mg were extracted, which indicate that the attack
by the reagents on silicates was weak.

Conclusion

Although the content of pyrrhotite and carbonates was
low in the Laver tailings, cemented layers were formed.
The two different cemented layers that were studied are
situated at two different locations: C1 at 0.3 m depths
where the surface was barren and C2 at 0.4 m depths
where there was a grass cover. Jarosite and Fe-oxyhy-
droxides, including goethite, were the most important
cementing agents, small amounts of jarosite occurred in
the layer where the surface was barren. This suggests
that the pH level was low when the cementing layer in
the barren part was formed. The content of Fe-oxyhy-
droxides was higher at C1 than at C2. Arsenic was en-
riched in the cementing layers, and relatively high
concentrations of Mo, V, Hg and Pb occurred compared
to the unoxidised tailings. These metals seemed to be
mainly sorbed/co-precipitated with the crystalline Fe-
oxides, and potentially, they will be remobilised if the
oxic conditions change to more reducing conditions, for
instance as a result of remediation of the tailings
impoundment. The low amount of sulphur released by
the sequential extraction indicated that the extraction
did not dissolve all sulphur. Any sulphur that might
have been left in the residual could have been sulphides
that survived the extraction.
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University of Technology, for their support when carrying out the
XRD, SEM and EDS analyses. The ICP analyses were performed
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Abstract

Pilot-scale studies of leachate water quality from covered and uncovered unoxidised sulphide-rich 
tailings in six test cells (5x5x3 m(5x5x3 m3) were conducted during 2004 and 2005. The covers consistedwere conducted during 2004 and 2005. The covers consisted 

reference cell, tailings were uncovered. All leachates had near-neutral pH as a result of neutralization 
by Ca(OH)

2
 added prior to deposition. Average dissolved sulphur concentrations were c.600 mg l-1,

except in the sewage sludge cell (300 mg l-1). The source of sulphur was mainly pyrite oxidation, 
but residual sulphur probably remained from the enrichment process. The near-neutral pH favored 
precipitation of metal-(oxy)hydroxides with subsequent removal of trace elements such as Al, Cd, 
Cu, Cr, Fe and Pb (<15 μg l-1) from the solutions. High concentrations of Co, Mn, Ni and Zn were 
found in the apatite and Trisoplast cells and in the uncovered tailings. High As concentrations 
were found in the leachate from cells covered with sewage sludge and clayey till. Lowest metal 
concentrations and redox potential, and highest pH were found in the sewage sludge cell. The
decreased elemental concentrations during 2004 suggest improvements with time for the covers.
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Introduction

In mining waste, ore-associated sulphides 
that are not extracted during concentration 
processes may be exposed to the atmosphere 
when deposited. Iron-sulphides such as pyrite 
(FeS

2
) and pyrrhotite (Fe

1-x
S) oxidise in the 

presence of oxygen and water in acid-producing 
reactions. The acid produced may increase 
weathering of other minerals and mobilise 
metals such as Cd, Co, Cu, Pb and Zn. The
oxidation of sulphides and its metal-rich acid 
drainage (AMD) are worldwide environmental 
problems, and have therefore been investigated 
by a number of researchers (Höglund et al.,
2005; MEND/Canada, 2006). Remediation of 
sulphide mine waste and prevention of AMD 
are, therefore, important topics. One techniqueOne technique 
to prevent sulphide oxidation is to apply dry 
cover on the wastes (Lindvall et al., 1997; 
Höglund et al., 2005; Yanful, 1993). The aim 
of using such cover is to reduce the oxygen 

and thereby decrease the sulphide oxidation.
The application of dry cover can be simple or 
complex, ranging from a one single layer to 
several layers. Several investigations of the 
effectiviness of different materials such as soil 
(Tibble and Nicholson, 1997; Woyshner and 
Swarbrick, 1997; Yanful et al., 1999; Yanful et 
al., 2002; Höglund et al., 2005), non-reactive 
mine waste (Bigham, 1994; Aubertin et al.,
1997), oxygen-consuming organic materials 
(Reardon and Poscente, 1984; Elliott et al.,
1997; Tasse et al., 1997; Cabral et al., 2000;
Peppas et al., 2000; Hallberg et al., 2005) or 
geo-synthetic materials (Aubertin et al., 2000)
have been evaluated.There are still considerable 
uncertainties regarding the optimisation of dry 
covers with regard to long-term performance 

have been proven useful for studies of various 
types of dry covers (Aubertin et al., 1997). A 
major advantage with pilot-scale test cells is that 
they facilitate studies of various types of covers 

and thus narrow the commonly observed gap 

studies of the effectiveness of dry cover on 
tailings have been performed on tailings which 
have been exposed to weathering for some time, 

but the most advantageous method is to apply 
dry cover on unoxidised waste to minimiseminimise
sulphide oxidation. Therefore, a project was 
initiated to study the quality and quantity of 

through different dry covers on unoxidised 

conditions.. The cover systems consisted of 
layers with low hydraulic permeability (clayey
till and Trisoplast), an oxygen-consuming 
layer (sewage sludge) and a layer of apatitea layer of apatite 
concentrate. The primary aim of using the 
apatite layer was to immobilise metals such as 
Cu, Pb and Zn by retention mechanisms with 
phosphate minerals. The aim of this paper was 

to decrease the leachate of metals by studying 
the quality of the percolating water through the 
tailings. The oxygen intrusion through the dryoxygen intrusion through the dry 
covers has been presented in Alakangas et al.
2006.

Test cells

Six concrete cells (surface 5x5 m2, depth 3 m) 
(Figure1) were constructed during the summer 
of 2001 at the Kristineberg mine site, ownedKristineberg mine site, owned 
by the mining company Boliden. An inert 
HDPE liner (high-density polyetylene) covers 

attack of possible acid produced by the pyrite 
oxidation. The cells were insulated from the 
inside and outside in an attempt to prevent 
horizontal freezing. Windows were installed in 
the walls in cells 2, 4 and 6, where the different 
layers could be viewed. At the bottom, a 0.3-m
thick drainage layer was applied followed by 
1.0 m sulphide-rich tailings (Figure1). Different 
sealing layers were used on the sulphide-rich 
tailings, above which another drainage layer 

The protective cover was 0.6 m thick in cell 1, 
whereas the other cells had a thickness of 1.2
m. The sealing layers and the sewage sludge 
layer consisted of 0.3 m clayey till in cells 1 
and 2; 0.25 m sewage sludge in cell 3; 0.1 m 
of apatite concentrate in cell 4 and 0.05 m of 
Trisoplast in cell 5. The upper drainage was 
attended to simulate run-off. In cell 6, tailings 
were left uncovered as a reference.
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Materials in the tailings and cover systems

as sandy-silt, and the dominating sulphides 
were pyrite (FeS

2
), approximately 48%,

and pyrrhotite (Fe
1-x

S), approximately 
4.8%. Gangue minerals were quartz[SiO[SiO

2
],

muscovite [KAl
2
(Si

3
AlO

10
)(OH)

2
], cordierit 

[Mg
2
Al

4
Si

5
O

18
], clorite [(Mg,Fe)

6
(SiAl

4
O

10
)

(OH)
8
]

,
talc [Mg

3
Si

4
O

10
(OH)

2
], calcite 

[CaCO
3
], dolomite [Mg,Ca(CO

3
)

2
], microcline 

[KAlSi
3
O

8
], diopside [Ca(Mg,Al)(Si,Al)

2
O

6
],

K-feldspar [KAlSi
3
O

8
] and albite [NaAlSi

3
O

8
].

The calcite and dolomite contents were 
approximately 2.5%, respectively. The quartz 
content was c. 20% and the content of other 
silicates was much lower. The concentration 
of trace elements such as As, Cu, Cd, Pb and 
Zn were high in the tailings (Table 1). Before 
deposition, lime as Ca(OH)

2
 was added, 

approximately 10 kg per tonne of tailings 
(Forsmark, personal communication).

Sealing layers and oxygen- consuming layer

The clayey till in cells 1 and 2 was a local 
glacial soil, with a clay content of 9%. The
sewage sludge in cell 3, a municipal waste 
from a community close to Kristineberg, 
constituted a non-compacted layer that did not 
allow geotechnical measurements. The sludge 
showed high contents of elements such as Al, 
Ca, Cr and P compared to the tailings (Table 1).

The apatite concentrate in cell 4 was a waste 
from the Kiruna iron mine in northernmost 
Sweden. The grain size distribution was 
dominated by silt. The concentrate consisted 
of approximately 83.5% hydroxyapatite 
(Ca

5
(PO

4
)

3
(OH), 5% of other calcium phosphate 

minerals, and 11.5% of calcite. The apatite 
concentrate showed high concentration of Ca, 
Cr, Ni and P compared to the tailings (Table 1).

The Trisoplast in cell 5 was a mixture of 
11.8% bentonite, 0.2% polymer and 88.0%
tailings.

0

Drainage layer

1

2

3

Cell 1

(m)

Cell 2 Cell 3 Cell 4 Cell 5 Cell 6

Tailings

Apatite concentrate

Trisoplast

Clayey till

Till cover

Sewage sludge

Suction cups

Drainage probe

Figure 1. a) Location of the test-cells at Kristineberg.
b) Schematic picture over the layers in the cover sys-
tems in test-cells 1-6.
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The physical properties such as porosity, 
saturated hydraulic conductivity, dry density 
and bulk density determined in laboratory for 
the sealing layers are summarised in Table 2.

The samplings were conducted during 2004
and 2005, in general, once a month depending 
on the availability of water. Water for cationfor cation 

%
acetic-acid, and rinsed by Milli-Q® water byby
using HNO

3

until analysis. Blank analysis with Milli-Q®

water instead of leachates contributed <3.5%
of  the sample concentrations of Al, As, Ca, Co, 
Fe, Mg, Mn, Ni, S, Si, Pb and Zn. The blank 
contributions of Al, Cr and Pb occasionally 
exceeded concentrations in samples with low 
concentrations.

Determination of pH, conductivity and 
redox potential was performed prior to the 
sampling with minor exposure to air. Redox 
potential was measured with a Metrohm® Pt 
electrode and pH with a Metrohm® combined 
pH electrode. All measured redox potential 
values were adjusted to the standard hydrogen 
electrode. The pH electrode was calibrated 
prior to the measurements. The electrical 
conductivity (EC) was measured with a Hanna®

conductivity meter. Low water content in theLow water content in the 
tailings limited the number of samples (taken
from tension lysimeters) for determination of 
pH, redox and electrical conductivity (EC),
since cation analysis was preferred.

Sample analysis

Dissolved concentrations of Ca, Fe, K, Mg, 
Mn, Na, S, Si and Zn, were analysed using 
Inductively Coupled Plasma-Atomic Emission 
Spectoscopy (ICP-AES), and dissolved 
Al, As, Cd, Co, Cr, Cu, Ni, P, Pb and Zn by 
using Inductively Coupled Plasma - Mass 
Spectroscopy (ICP-SMS). The precision was 
generally better than 10%.

Material

Clayey till
Apatite
Tristoplast
Tailings

40.5
35

55.4

3.5*10-8

3.2*10-8

4.0*10-11

1.31*10-5

1.62
1.77

1.7

2.72
2.72
2.45
3.82

Porosity (%) Saturated
hydraulic

conductivity
(m/s)

Dry density
(g/cm3)

Bulk density
(g/cm3)

Table 2. Physical properties of the different materials 
used in the cover systems in the test-cells determined by 
laboratory measurements, SLU (2005).

Table 1. Chemical composition of sulphide-tailings, 
apatite and sewage sludge in the test-cells.

SiO
2

Al
2
O

3

CaO
Fe

2
O

3

K
2
O

MgO
MnO
Na

2
O

P
2
O

5

TiO
2

% TS
ppm
As
Cd
Co
Cr
Cu
Hg
Ni
Pb
S
Zn

0.5
0.06
54.5
0.3
<0.06
0.1
0.04
0.2
38.2
0.007
99.8

36.6
0.5
<2
208
38
<0.04
150
0
612
24

40.3
4.4
6.5
11.9
0.65
4.8
0.2
0.2
0.03
0.2
90.2

3290
11.7
73.9
28.5
1430
2.85
14.3
1270
141000
6080

35.7
4.05
4.8
13.5
0.63
3.7
0.1
0.3
0.04
0.2
92.4

3610
8.19
81.6
25.1
1480
2.84
12.8
1270
209000
5330

52.2 (Al)
10.3 (Ca)
10.6 (Fe)
1.4   (K)
1.4   (Mg)
0.2   (Mn)

18.9  (P)

20.3

<10
<2
<2
34
219

9.3
49

377

Apatite
conentrate

(%)

Sulphide
tailings

(%)

Sulphide
tailings

(%)

Sewage
sludge
(ppm)

Sampling of leachate waters

was collected by the drainage probe above the 
sealing layer (Figure 2), and water that had 
percolated through all layers at the outlet probe 
at the bottom of the cells. Tension lysimeters 
(PRENART Equipment ApS, 2006) were used 
for sampling water from the tailings, and located 
in the tailings, 0.1 and 0.5 m below the sealing 
layers or oxygen-consuming barrier (Figure 2).
The water from the tension lysimeters was 
withdrawn by using a vacuum pump.



5

Results and discussion 

Physico-chemical conditions in the leachate 
waters

The physico-chemical properties, pH, redox 
potential and electrical conductivity (EC), were 
measured in leachates in the tailings and in the 
bottom in the test cells. Rather wide variations 
of the measured parameters occurred during the 

far from steady-state conditions. Analysis of 

layer was only adequate just after installation, 
since it was subsequently contaminated by the 

was approximately 5, while near-neutral pH was 
measured in the waters at the bottom and in the 
tension lysimeters (Figure 3). The increasing 
pH downwards was a result of neutralisation byneutralisation by by 
minerals such as calcite and dolomite present in 
the tailings, but primary by Ca(OH)

2
 added prior 

to deposition. The sewage sludge had slightly 
higher pH compared to the other cells, which 
may be a result of high ion exchange capacity 
and alkalinity (Tasse et al., 1997; Peppas et al.,
2000), which may neutralise acidity. Slightly
increasing average pH was found in the tailings 

with covers of clayey till (Cell 2) and sewage 
sludge in 2005.

No correlations between the measured 
redox potential and pH in the leachates were 
found, in contrast to what was observed in the 
groundwater in the remediated sulphide tailings 
at Kristineberg (Alakangas and Öhlander, 
2006), where pH increased when the redox 
potential decreased. The redox potential ranged 
between -100 mV and 600 mV, with lowest 
potential in the cell with sewage sludge. The
highest redox potential was, generally, found 
below the Trisoplast and the apatite layers, 
indicating that diffusion of oxygen may have 
been higher through these layers compared to 
the others. This is in conformity with results of 
oxygen concentration measurements below the 
sealing layers (Alakangas et al., 2006).

The electrical conductivity (EC) ranged 
between 1.3 to 5 mS cm-1 (Figure 3), with 
highest values in the leachates below the cover 
systems with sewage sludge and Trisoplast.
The variations in EC were wide in each cell, 
but were smaller during 2005, which indicates 
more stable physico-chemical conditions 
(Figure 3).

A

B

Figure 2. Location of installed equipment; A. Tension lysimeter B. Water outlets.
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Sulphur and Fe 

The total content of Fe-sulphides such as 
pyrite and pyrrhotite in the tailings was rather 
high, approximately 50%, which implies that 
the weathering of these minerals may have a 
major impact on the chemical composition 
of the leachates. The release of Fe and S 
may be indicators of ongoing Fe-sulphide 
oxidation, but as Fe easily precipitates as Fe-
(oxy)hydroxides in near neutral pH, dissolved 
S may be a better indicator. The sulphur 
concentration, on the other hand, may be 
affected by precipitations of gypsum when 

collected in the protective cover had an average 
dissolved S concentration of approximately

2 mg l-1, and the average concentrations in 
the leachates were approximately 300-700
mg l-1 during the sampling period (Figure 4).
The concentration of dissolved S in the 
uncovered tailings was much lower than the 
average concentration found in groundwater
(3000 mg l-1) in oxidised pyrite tailings at 
Kristineberg (Ekstav and Qvarfort, 1989). ThisThis
suggests that sulphide oxidation occurred in thesulphide oxidation occurred in the occurred in thein thein the 
tailings, but at a relatively low rate.

In the uncovered tailings, the average 
concentration was only slightly higher than 
in the other cells, indicating that the sulphide 
oxidation has not reached its maximum rate. In 
unoxidised fresh tailings the sulphides should 
be more reactive than in oxidised tailings, 
as secondary precipitates may decrease the 
oxidation rate (Nicholson, 1994). The average 
dissolved S concentration was lowest in the 
sewage sludge cell, which also showed lowest 
oxygen concentration in the tailings (Alakangas
et al., 2006).

The tailings may have been saturated prior 
to deposition, which decreases the sulphide 
oxidation rate, as the oxygen diffusion is lower 
in water than in air (Cussler, 1997). This may 
result in similar initial sulphide oxidation rate 
in the uncovered tailings as in covered tailings.
Drainage and evaporation may reduce the 
saturation with time, and increase the sulphide 
oxidation in the uncovered tailings. This was 
indicated by the increased S concentration 
in the uncovered tailings in 2005, while the 
concentrations decreased in the covered 
tailings.

It may be possible that S was present in 
the tailings pore water before deposition 

processes. After deposition, the dissolved S 
may have been washed out from the tailings 
by percolating water, explaining the decreased 
average dissolved S concentration during 2005
in the leachates. This type of wash-out has 
been observed in the initial stage of leaching 
of sulphide tailings in e.g., Humidity cell 
tests (Carlsson, 2002). This may result in an 
overestimation of the sulphide oxidation rate.

A rough estimation of the amount of S 
released in the cells during a year can be 
performed. The amount of water collected 

Figure 3. Time series of pH, redox potential (Eh) and 
electrical conductivity (EC) in leachate waters sampled in 
the outlet in the bottom of the cell, and in water from the 
tension lysimeters in the tailings during 2004 and 2005.
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during a year is multiplied by the average 
dissolved S concentration in the leachates 
assuming constant concentration throughout 
the year. The amounts of S released were then 
approximately 7 mole year-1 m-2 during 2004 in 
the cells with clayey till, apatite and Trisoplast,
and in cells with sewage sludge and uncovered 
tailings approximately 4 mole year-1 m-2. In 
2005, the amount decreased to below 4 mole 
year-1 m-2 (cells 1, 2 and 4) and 1 mole year-1 m-2

(cell 3), except for cell 5, where it was similar 
to the 2004 approximation. In the uncovered 
tailings the amount increased to 8 mole year-1

m-2 in 2005. This estimation of the relesed
amount of S is rather crude, since the S 

concentration varied during a year, and also 
due to the fact that melt-water may have 
percolated along the cell walls rather than 
through the tailings during spring and thereby 
increased the amount of total percolated water 
(Shcherbakova, 2006). The amount of dissolved 

clayey till and apatite cells were approximately 
1-2 mole year-1 m-2 (Alakangas et al., 2006).
This corresponds to a sulphate release rate of 
less than 1 mole year-1 m-2 if pyrite is assumed 
to be oxidised.

The Fe concentration varied between <0.002
and 30 mg l-1 in the leachates (Figure 4), and in 
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Figure 4. Time series of the dissolved S and Fe concentrations in the leachate waters sampled in the outlet in the 
bottom of the cell, and in tension lysimeters in the tailings during 2004 and 2005.
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-1.
The depletion of Fe in the tailings was probably 
caused by formation of secondary Fe precipitates 
such as Fe-(oxy)hydroxides, Fe-carbonates and 
Fe-sulphates due to the near neutral pH and high 
sulphur concentration. The possible occurenceThe possible occurence 
of minerals that may precipitate in the leachates 
in the cells was calculated using the equilibrium 
geochemical model PHREEQC, (Parkhurst and 
Appelo, 1999), with the database MINTEQA2
(Allison et al., 1991). Siderite (FeCO(FeCO

3
) and Fe-

sulphates such as melanterite were suggestedwere suggested 
by PHREEQC to be undersaturated in theto be undersaturated in thein thein the 
solution in all cells. Goethite and amorphous. Goethite and amorphousGoethite and amorphousGoethite and amorphous 
Fe(OH)

3
 were indicated to be oversaturated 

and suggested to precipitate in cells 1, 2, 5 and 
6. In the sewage sludge cell, the calculation 
indicated that Fe(OH)

3
 was undersaturated and 

goethite oversaturated.

Neutralisation

and in the leachates near-neutral, which suggests 
that buffering reactions by carbonate dissolution 
occurred in the tailings. The carbonate content 
in the tailings was approximately 5%, with equal 
amounts of dolomite and calcite. The Ca and Mg 
concentrations were approximately >300 mg l-1

and >50 mg l-1, respectively, in the leachates in 
the cells (Figure 5a). This could be compared to 
the concentrations of Ca and Mg in groundwater 
in the surroundings, which were found to be less 
than 3 mg l-1 (Alakangas and Öhlander, 2006)

mg l-1. The higher concentrations of Ca than of 

dissolution of calcite compared to dolomite, 
which is well known (Blowes and Ptacek,Blowes and Ptacek, 
1994). The presence of talc [Mg[Mg

3
Si

4
O

10
(OH)

2
],

chlorite [(Mg, Fe)
6
(SiAl

4
O

10
)(OH)

8
]

,  
and

bassanit [CaSO
4

x0.5H
2
O] in the tailings may] in the tailings may in the tailings may 

be additional sources of Ca and Mg. The higher 
average concentrations of Ca than of S in the 
cover system with sewage sludge were probably 
a result of additional release of Ca from the 
sludge, as its content in the solid phase was 
relatively high (approximtely 10w%). Lower 
Ca concentration was found in the leachates 
in the Trisoplast cover system during 2004
compared to the other cells, suggesting that 

Ca was retained by e.g., exchange processes 
in the bentonite. Gypsum is one of the most 
abundance sulphate minerals and is often 
found in mine waste (Jambor, 2003) where 
high concentrations of both Ca and S occur.
The formation of gypsum is independent of 
pH (Carroll-Webb and Walther, 1988). The
equilibrium calculations showed that gypsum 
and anhydrite were in near-equlibrium with the 
leachates in all cells throughout the sampling 
period. If gypsum was precipitated, this 
suggests that the concentrations of Ca and S 
may have been higher initially, or Ca and S may 
have formed the aqueousaqueous complex CaSO40,
and therefore may have been accounted for 
in the dissolved phase (Deutsch, 1997). The
acid released by the oxidation of pyrite may be 
neutralised by either carbonates in the tailings 
or by Ca(OH)

2
 added to the tailings prior to 

the deposition. The molar ratio between Ca/S 
should be equal to 2, if calcite was the mineral 
that was neutralising the acid in a solution of 
near-neutral pH (Al et al., 2000). The molar 
concentrations of dissolved Ca and S in thetrations of dissolved Ca and S in the 
leachates showed a strong correlation (Figure

that the acid produced by the sulphide oxidation 
was neutralised by lime rather than calcite. TheThe
net reaction whereby the acid produced by pyrite 
oxidation is neutralised by Ca(OH)

2
, and all Fe 

produced is precipitated as Fe-(oxy)hydroxides
is described in Equation 1. Calcium hydroxideCalcium hydroxide 
is more reactive than calcite and, therefore, 
probably dominated the neutralisation process.

FeS
2(s)

 +2Ca(OH)
2(s)

+ 3.75O
2(l)

 <=>
Fe(OH)

3(s)
 + 2SO

4
2-+ 2Ca 2++ 0.5H

2
O (1)    

     

The concentrations of silicate-associated 
elements such as Na, Mg, K and Si were 
relatively high, with concentrations of Na and 
Mg up to 100 mg l-1, and with even higher 
concentration in the Trisoplast cell. The
concentrations of K and Si were up to 60 and 30
mg l-1, respectively, with highest concentration 
found in the sewage sludge cell. In the 
groundwater in the surrounding till, the average 
concentrations of Mg, Na and K were <2 mg l-1

and Si <6 mg l-1. In the water percolated through 
the protective cover, the concentrations of Mg, 



9

Na and K were <1 mg l-1 and Si <20 mg l-1. The
concentrations of Na, Mg, K and Si were, in 
general, higher than in the groundwater in the 
remediated tailings at Kristineberg, especially 
of K and Na. The sources of K were probably 
muscovite and K-feldspar. The sources of Mg 
were several. Dolomite was probably most 
important, but chlorite has been evaluated as 
a relatively important neutralisation mineralneutralisation mineral mineral 
(Höglund et al., 2005). The high concentration 
of Na may be due to weathering of sodium-
rich plagioclase. Elements such as K and Si 
increased and Mg and Na decreased during 
2005, except for K in the sewage sludge and 
apatite cover systems. The relatively high 

concentrations of Na, Mg, K and Si indicate 
that a relatively intense weathering of silicates 
occurred in the tailings.

The average concentration of Al was low, 
<50 μg l-1, which probably was a result of 
precipitation of hydroxide, as it precipitates as 
pH approaches 5 (Stumm and Morgan, 1996).
Removal of Al in form of hydroxides is optimal 
in the pH range between 7 and 9 (Peppas et al.,
2000).
gibbsite Al(OH)

3 ,  
as it is oversaturated in the 

leachates. The calculations further showed that 
amorphous Al(OH)

3
was undersaturated in cells

1, 2, 4 and 6, and close to equilibrium in cells 3
and 5. There was no increase inAl concentrationThere was no increase in Al concentration 
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bottom of the cell, and in tension lysimeters in the tailings during 2004 and 2005. b) Molar ratios between dissolved 
Ca and S in the leachate waters in the bottom water.
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with time, which suggests no dissolution of 
amorphous Al(OH)

3
 in cells 1, 2, 4 and 6.

Trace element concentrations

The high concentrations of Mn, Co, Ni and 
Zn indicate that oxidation of sulphides such as 
pyrite, pyrrhotite and sphalerite occurred. The
Mn concentrations ranged between 10 and 40
mg l-1, Zn between 10 and 70 mg l-1 and Co 
and Ni up to 500 and 700 μg l-1, respectively
(Figure 6). Manganese, Co and Ni are often 
related to Fe-sulphides. Cobolt and Ni could 
be retained onto metal-(oxy)hydroxides of Fe 
and Al (Balistrieri and Murray, 1982; Dzombak 
and Morel, 1990; Kooner, 1993; Stumm and 
Morgan, 1996) or co-precipitate with Al-
hydroxides (Alakangas and Öhlander, 2006).

The dissolved concentration of Cu, Cr and Pb 
were low, with concentrations of Cu and Pb <5
μg l-1 and of Cr <2 μg l-1. The low concentrations 
of  Cu, Cr and Pb suggest low weathering rate 
of minerals containing these metals, such as 
magnetite, chalcopyrite and galena, or that Cu 
and Pb were removed from solution by co-
precipitation or sorption, since cation sorption 
increases as pH increases (Stumm and Morgan, 
1996). The adsorption edge is lower for trace 
elements such as Cu and Pb (Dzombak and 
Morel, 1990; Stumm and Morgan, 1996) than 
for Co and Ni. Therefore, Co and Ni may 
remain in the solution if such competiting 
metals are present. Cadmium is often related to 
sphalerite, as it could substitute for Zn in the 
structure (Seal II and Hammarstrom, 2003)Seal II and Hammarstrom, 2003).
The concentration of Cd was, relatively low 
compared to Co and Ni, below 15 μg l-1 during 
2004 and <10 μg l-1 during 2005. Zinc and Cd 
are known to remain in solution at high pH as 
the adsorption edge for these are relatively high 
(O’Day et al., 1996; Höglund et al., 2005), so
the low concentration of Cd was unexpected.
Similar trends were found in the groundwater in 
the remediated tailings at Kristineberg, where 
the Cd concentration was almost depleted after 
remediation when pH increased (Alakangas
and Öhlander, 2006).

Manganese, Co, Ni and Zn were highest 
in the cells with apatite and Trisoplast layers 
and in the uncovered tailings, which suggests 
that the oxidation was higher here. This is 

supported by the slightly lower average pH.
The layers of apatite concentrate and Trisoplast
were, however, thinner than the other layers, 
which may have increased the oxygen intrusion 
and therby the sulphide oxidation. The oxygen 
concentrations were, in general, higher below 
these layers than below the clayey till and 
sewage sludge layer (Alakangas et al., 2006).
The primary aim of using the apatite layer was, 
however, to immobilise metals such as Cu, Pb 
and Zn.

Hydroxyapatite has shown to effectively 
immobilise heavy metals such as Cd, Zn and Pb 
from contaminated waters and soils (Ma et al.,
1994; Singh et al., 2001; Cao et al., 2002; Cao et 
al., 2004). Retention mechanisms are sorption, 
complexation, co-precipitation or ion exchange 
(Ma et al., 1994; Xu et al., 1994; Chen et al., 1997; 
Mavropoulos et al., 2002). Lead is immobilised 
rapidly and effectively by hydroxyapatite, and 
selectively in the presence of Al, Cd, Cu, Fe(II),
Ni and Zn (Ma et al., 1994). The amount sorbed 
to hydroxyapatite was suggested to decrease 
in the order Pb(II) > Cd(II) > Zn(II) (Singh et 
al., 2001). One retention mechanism for Pb is 
replacement of Ca in the hydroxyapatite, after 
dissolution of the hydroxyapatite (Equation 2),
and thereafter precipitation of a more stable 
hydroxypyromorphite (Equation 3) (Ma et al.,
1994).

     (2)

     (3)

Hydroxyapatite [Ca
5
(PO

4
)

3
(OH)] was 

concentrate used in cell 4. The leachates in this 
cell showed that phosphate-related retention of 
Cu, Pb and Zn probably did not occur, since 
the concentrations were higher here than in 
the other cells. No increased concentrations 
of Ca were found in the leachates as a result 
of exchange reactions in the apatite lattice.
Therefore, the possibility for new minerals to 
form was reduced. The leachates in the tailings 

OHPOHCa
HOHPOCa

242
2

26410

2610
14)()(

HOHPOPb
OHPOHPb

14)()(
2610

26410

242
2
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did not percolate through the apatite layer, 
which also reduces the possibilty for retention 
of Cu, Pb and Zn. This study indicated that this 
kind of apatite concentrate placed above the 
tailings did not immobilise these metals, but 
rather increased mobilisation.

The aim of using sewage sludge as a cover 
was to decrease the oxygen diffusion into 
the tailings by consumption of oxygen by 
decomposition of the organic matter in the 
sludge. The concentrations of Al, Cd, Co, Cu,Al, Cd, Co, Cu, 
Fe, Ni and Zn were low in this cell. The main were low in this cell. The mainThe main 
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explanation for this was probably a lower 
sulphide oxidation rate and subsequently low 
release of metals. The low redox potential 
and relatively high concentrations of sulphate 
and organic matter may have enabled the 
production of H

2
S, which togheter with metals 

such as Cd, Co, Cu, Fe, Ni, Pb and Zn and could 
have formed secondary sulphides (Peppas et 
al., 2000; Blowes et al. 2003). It is however, 
uncertain if the redox potential was low enough 
for such reactions. The high concentrations of 
carbon dioxide and methane indicate anaerobic 
decomposition (Peppas et al., 2000) and 
consequently a low redox potential. The low 
concentration of Al, Cd, Co, Cu, Fe, Ni and 
Zn below the sewage sludge may also be due 
to other mechanisms such as adsorption, co-
precipitation, precipitation of carbonates and 
hydroxides.

Metals may be removed from the soil 
solution by sorbing to humic acids or forming 
soluble or insoluble complexes with humic 
substances (Kerndorff and Schnitzer, 1980;
Peppas et al., 2000; Theodorates et al., 2000;
Gibert et al., 2005). Experimental studies of 
sorption to humic acids at pH 2.4-5.8 showed 
that Al, Cd, Cr, Cu, Fe, Pb and Zn were most 
readily removed from the solution compared 
to Co, Mn and Ni (Kerndorff and Schnitzer, 
1980).

Arsenic mainly occurs as anions in water 
solutions. Its mobility is highest when pH 
is lower than approximately 5.5, but near-
neutral pH does not prevent leaching of As, 
which remains soluble at high pH. The AsThe As 
concentration was high in the leachates in the 
sewage sludge cell, but also below the clayey 
till layers. Arsenic was probably released fromArsenic was probably released from 
the tailings, which contained high amounts 
of As, approximately 3500 ppm. Low redoxow redox 
potential in the sewage sludge cell may reduce 
As(V) to As (III), which is preferentially 
adsorbed onto Fe-(oxy)hydroxides at alkaline 
conditions. At near-neutral pH, as in the cells, 

and arsenite (Morin and Calas, 2006). Because 

sorption decreases with increasing pH (Stumm
and Morgan, 1996), cations may preferentially 
be sorbed before As in the cells. The relatively 

low sulphide oxidation may have limited the 
amount of Fe released and therefore also the 
precipitation of Fe-(oxy)hydroxides, the main 
adsorbent for As.

Conclusions

The test cells contribute to long-term studies 
of undisturbed cover systems on sulphide 
tailings. This study is an initial description of 
the chemical status of the leachates below the 

of unoxidised tailings. The presence of sulphur 
in the leachates (300-600m mg l-1) indicated 
that sulphide oxidation occurred in the tailings.
Residual sulphur from the enrichment process 
may be an additional source, which will 
decrease with time. Lime added prior to the 
deposition affected the chemical composition 
in the leachates, which showed near-neutral pH.
When lime and carbonates are consumed the pH 
will fall, which could mobilise retained metals 
in the tailings. The life-time of the observed 
favourable conditions below the sewage sludge 
cover is uncertain, but over the short term, it 

studies of sewage sludge are interesting for 

other cover systems to decrease metal leaching 
was rather similar. The apatite concentrate 
showed lower capacity to retain metals than 
expected, and should therefore be studied 
in mixture with tailings or when leachates 
percolate through the concentrate. Hopefully,Hopefully, 
expanded and continued investigations will 
enable a deeper understanding of the evolution 
of leachates below the covers.
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the entire cover and for the sealing layers, 

Material

Clayey till

Apatite

Trisoplast

Tailings

Porosity (%) Saturated hydraulic
conductivity (m/s)

Dry density
(g/cm3)

Bulk density (g/cm3)

40.5

35

55.4

3.5E-08

3.2E-08

4E-11

1.31E-05

1.62

1.77

1.7

2.72

2.72

2.45

3,82
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result in D
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Study

Eberling et al., 1993 

Kim and and Benson, 2004

Tibble and Nicholson, 1997

Woyshner et al., 1997 
Yanful, 1993
Alakangas and Öhlander, 2005
This study

Kim and and Benson, 2004 

Woyshner et al., 1997 
Tibble and Nicholson, 1997 

Cabral et al. 2000
Yanful, 1993
Carlsson, 2002

Moreno and Neretnieks, 2004

This study

Sulphide

Covered tailings

Method Deff
(m2s-1)

Oxygen flux
(mole m-2 year-1)

40Fine grained 

Silty loam
-“-
Silty clay loam
-“-
Fresh 
Old (5-6 years) and (10 years)
Non-reactive
Pyrite and pyrrhotite
Old sandy  (60 years)
Fresh silty 

F
F
F
M
M
M
M
F
F
F

L+ M
F
F
F

M
M
F
F

L+M
L+M

F

F

F

M
M
F

F

F

Saturation

Dry
Modest

Wet
Wet
Dry
Wet
Dry
Wet

28%
27.5-46.9%

Wet 90%
Dry 17%

D+W
D+W
60%

25%

Wet 95%
Dry 0%

1.2E-05 **
2E-06**

4.2E-10**
1.5E-08*
6.2E-06*
1.9E-08*
7.7E-06*

1.7E-06
1.0-6.1E-08

5.5E-08
2.9E-09b**
3E-06b**

1.1E-08b*
1.7E-07*
2.5E-07

8.3E-09-9.7E-07
3.9E-09

1.6E-09

3.9E-09

4.9E-10

1.0E-09
2.0E-06
2.8E-09

2.6E-09

1.2E-09

1560 b, at surface  

581b
0.25b

33b
192 and 81b

66.5
9.9

0.8 at 0.5m depth 

941 at 0.5m depth

7b

6.2
0.13

0.008

0.4

0.34

1.0
1974
1.1

1.1

 2.0

Bentonite
Compacted till
clay
Sand (0.5m) and
non-sulphide
tailings (0.8m) and
Sandy gravel (0.3m)
Pulp and paper residues
Fine sand (0.3m)+ clay
(0.6m)+coarse sand (0.3m)
Clayey till (0.3m)
+ protective till cover (1m)
Clayey till, 0.3m
+ protective cover (1.3 m)
Clayey till (0.3m)
+ protective cover (1.5m)
Clayey till (0.3m) 
Clayey till (0.3m) 
Clayey till (0.3m)
protective cover (0.6 m)
Clayey till (0.3m)
+ protective cover (1.2 m)
Apatite concentrate (0.1m) 
+ protective cover (1.2m)

L= Laboratory, M= Modeling, F = Field , b Oxygen consumption method * diffusion in air  ** diffusion in water and air

Table 2.
covers.
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Abstract

At the Kristineberg mine in northern Sweden, sulphide-rich tailings left open for 50 years were 
remediated in 1996. Dry cover was applied on one part of an impoundment, and tailings was 
saturated and combined with simple till cover on the other part. Groundwater wells installed in 
the impoundment were sampled from 1998 during a period of 6 years. The results showed that the 
groundwater quality varied considerably in the impoundment, even under the same type of cover. 
Metals such as Fe, S, Mg, Mn and Zn, secondarily retained in the tailings, were remobilised when 
the groundwater was raised. The highest average dissolved Fe concentration in the groundwater 
was approximately 9000 mg l-1and of S 7000 mg l-1 in 1998 in 2003 the average concentrations had 
decreased to 900 mg l-1 for Fe and to 900 mg l-1

a result of decreased sulphide oxidation resulted in a general decrease of elemental concentrations. 
It took approximately eight years after remediation before the most contaminated groundwater left 
the impoundment. In the part with dry cover, the decreased concentration of Fe, S, Mg, Mn and 
Zn were an effect of decreased amount of percolating water. The Zn concentration decreased, but 
was still relatively high. In general, areas which developed low redox potential had the highest 
pH and lowest elemental concentration. Such areas were found in the downstream part of the 
impoundment, where the groundwater level was relatively deep. A pronounced decrease in metals 
such as Cu, Cd and Pb throughout the impoundment indicates that these metals were retained in 
stable phases as precipitates or/and adsorbed onto mineral surfaces in the tailings and underlying 
till. They will probably remain immobile as long as the conditions with relatively high pH and low 
redox potential are sustained. 

Keywords: mine tailings, sulphide oxidation, remediation, groundwater geochemistry
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1. Introduction

Large quantities of waste rock and mill tailings 
from sulphide ores are deposited throughout the 
world. Sulphide-bearing mine wastes may pose 
an environmental problem, due to the formation 
of acidic drainage waters with high content of 
dissolved metals, commonly referred to as acid 
mine drainage (AMD). Common sulphides 
in tailings, which cause problems with AMD, 
are pyrite (FeS

2
) and pyrrhotite (Fe

1-x
S).

Remediation of sulphide mine waste in Sweden 
is dominated by two methods; soil cover and 
water cover, (Lundgren, 1997; Öhlander et 
al., 1997; Holmström et al., 1999; Holmström 
and Öhlander, 1999; Malmström et al., 1999; 
Öhlander and Holmström, 2000; Eriksson et 
al., 2001; Holmström et al., 2001; Lundgren, 
2001; Widerlund et al., 2001; Öhlander et al., 
2001; Carlsson, 2002). The major aim with the 
covers is to decrease the oxygen intrusion into 
the tailings, thereby decreasing the sulphide 
oxidation. Another aim of using soil cover 

which transports released elements from the 
oxidation site to the recipients. In 1997 the 
research programme MiMi (Mitigation of the 
Environmental Impact from Mining Waste) 
began, with aim to improve the methods used 
to mitigate the environmental (Qvarfort, 1989) 
problems related to sulphide tailings deposits. 
(Höglund et al., 2005). The Kristineberg mine 

impoundments, the sulphide-rich tailings 
had been left open for 50 years but were 
remediated during 1996. The aim of the present 
study is to evaluate the groundwater quality 

the remediation, and describe the processes 
resulting in quality changes. 

2. Study site

The Kristineberg mining area is located in the 
western part of the Skellefte district in northern 
Sweden, approximately 175km southwest of 
Luleå (Figure 1). The c.1.9 Ga massive pyrite 
rich ore bodies are intercalated within volcanic 
rocks and overlain by sedimentary rocks. The 
Kristineberg Zn-Cu mine has been mined since 
1940 by Boliden Mineral AB. The geology of 

the area and the ores has been described earlier 
(du Rietz, 1953; Qvarfort, 1989; Axelsson et 
al., 1991). Five tailings impoundments (Figure 
1) are located within the mining area. The area 
is drained towards the east via Vormbäcken, 
through Vormträsket and further downstream. 
The regional annual average; precipitation in 
the area is 600-700mm, evaporation 300mm 
and air temperature 0.7ºC (Raab and Vedin, 
1995).

2.1 Description of Impoundment 1 and the 
tailings

Impoundment 1 investigated in this study is the 
oldest impoundment (Figure 1) at Kristineberg. 
The impoundment area is approximately 0.11 
km2, with a tailings thickness from a few metres 
to10 m. The tailings material is relatively well-

(Malmström et al., 1999). The tailings were 
deposited on till overlying the bedrock, but at 
some locations, peat was observed between 
the till and the tailings. Characterisation of 
the groundwater quality and hydrogeology of 
Impoundment 1 before remediation has been 
carried out previously (Axelsson et al., 1986; 
Qvarfort, 1989; Axelsson et al., 1991). 

The mineralogy and the pore-water 
geochemistry were studied by Carlsson (2002) 
and Holmström et al. (2001) after remediation, 
and the results are summarised and discussed 
by Höglund et al. (2005), Malmström et al. 
(1999) and Öhlander et al. (2001). The main 
gangue minerals in the tailings at Impound-
ment 1 were, in decreasing order, quartz, K-
feldspar, Mg-rich chlorite, talc, plagioclase, 
muscovite, amphiboles/pyroxenes and biotite.
The unoxidised tailings contain approximately 
26% pyrite, 1.3% sphalerite, 0.28% chalco-
pyrite, 0.05% galena and 0.04% arsenopyrite 
(Holmström et al., 2001). The average chemical 
composition of Impoundment 1 is summarised 
in Table 1. The amount of sulphide minerals in 
the oxidised zone was generally around 1-2%, 
while sulphide-associated elements such as S, 
Fe, Zn, Cd, Co, Cu and As were depleted, as 
was Mg. The total mass loss of elements from 
the oxidised zone was almost 43%, and the 
mobility of metals was in an order of Zn>Cd >S 
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>Co >Cu>As>Fe>Ni >Pb for the solid tailings, 
(Holmström et al., 2001). Iron oxyhydroxides 
were common in the oxidised tailings and 
occurred as grain aggregates or coatings on the 
silicate minerals. 

Impoundment 1 was exposed for weathering 
during 50 years before remediation started 
in 1996. The vadose zone consists of both 
oxidised and unoxidised tailings (Figure 2a).
The thickness of the oxidised zone in Impound-
ment 1 increased towards south-east and 
had a thickness of 0.1-1.15 m before the 
remediation. Two remediation methods were 
used; one part of the impoundment was 
covered by a approximately 1m thick soil layer 

groundwater level was raised to saturate the 
tailings, the other part was covered with a soil 
cover consisting of two layers, (Figure 2b).
The lower layer consists of clayey till 
(0.3 m) with low hydraulic conductivity 
(K~5*10-9 m s-1

till (c.1.5 m) on top. This till, typical for 
northern Sweden, consists mainly of quartz 
and feldspar and has low content of sulphides 
and sulphide-bound metals (Holmström et 
al., 2001). Where possible, the groundwater 
table was raised by sealing of intercepting 
and drainage ditches (Figure 2b). Lime as 
carbonates was applied between the soil 

Figure 1. The location of the tailings impoundments at Kristineberg, northern Sweden.

Element Unoxidized tailings Oxidized tailings
Impoundment 1 Impoundment 1
 (73 samples)  (12 samples) 

[weight%±s.d ] [weight%±s.d ]

SiO
2

42.8±6.7 63.1±7.1
Al

2
O

3
9.35±1.50 11.4±1.5

CaO 1.01±0.49 1.24±0.74
Fe

2
O

3
24.0±5.0 8.45±3.59

K
2
O 0.81±0.40 1.88±0.97

MgO 7.73±1.46 6.65±3.52
MnO

2
0.12±0.02 0.11±0.02

Na
2
O 0.46±0.35 1.46±0.88

P
2
O

5
0.07±0.02 0.08±0.04

TiO
2

0.30±0.06 0.45±0.07
S 14.4±4.7 1.81±2.79
LOI 12.4±2.6 5.03±3.00

[ppm±s.d] [ppm±s.d]

As 183±157 36.2±28.9
Ba 281±79 481±193
Cd 21.5±12.5 1.47±2.39
Co 56.4±21.3 7.77±9.18
Cr 46.2±13.3 60.7±19.9
Cu 956±316 159±132
Hg 2.42±1.17 0.94±0.52
La 22.4±5.3 25.7±5.5
Mo 24.0±6.7 17.7±11.3
Ni 5.95±2.58 4.52±3.35
Pb 463±283 454±318
Sc 5.90±1.38 7.46±1.10
Sr 40.1±21.0 90.5±51.8
V 26.9±8.1 34.3±8.9
Y 17.6±3.1 21.2±3.3
Zn 8861±4744 559±919
Zr 117±41 205±78

Table 1. The average chemical composition of
oxidised and unoxidised tailings in Impoundment1
at Kristineberg.  Samples affected by secondary 
enrichment are excluded. All major elements except
S are expressed as oxides.
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cover and the tailings. Measurements of the 
groundwater levels (Correge et al. 2001) during 
2000 provided data for an isometric map
(Figure 2c) for Impoundment 1. The highest 
absolute groundwater level was found along 
the slope in the south-western part of the 
impoundment, in piezometer V8. The area 
around piezometer V8 constitutes a hydrological 
dome, thus leading the groundwater from 
this zone to the surrounding areas eastwards 
(Correge et al., 2001).

3. Methodology

Fourteen groundwater sampling wells and 29 
piezometers were installed in Impoundment 1 
(Figures 1 and 3) at different depths. The 
groundwater sampling wells D-I (Figure 3) 
are located in the area with raised groundwater 
level and simple dry cover and wells J, K, M, 
O and Q in the part with dry cover. A reference 
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well, P, was located on the western slope outside 
Impoundment 1 in natural till, and samples 
recharge water. Well L, located just outside 
of Impoundment 1 in the natural till, sample 
discharge water. The depths of the wells are 
shown in brackets in Figure 3. 

3.1 Field sampling

The depth from the surface to the groundwater 
was measured during 1998-2003 in 29 
piezometers across the impoundment
(Figure 3) using an electronic probe. Sampling 
of the groundwater began two years after 
remediation in August 1998, and continued 
until winter 2003. A sampling technique to 
minimise oxidation of the water samples during 
collection was used. The groundwater sampling 
was performed using GeoN groundwater technology 

extension well were installed in the ground 
below the groundwater level. The groundwater 

at the top. The water sampler (GeoN probe) 
carries an evacuated glass bottle, with a cap and 
a rubber disc, to which a double-ended needle 
was, connected (Figure 4). The glass bottles in 
the sampler were acid-washed in 5% nitric acid 
for three days and rinsed in Milli-Q® water prior 
to the sampling occasion. Prior to the sampling 

argon several times to decrease the presence of 
oxygen. As the sampling probe connects the 

water was drawn into the evacuated bottle by 
suction.

On each sampling occasion, two samples 

was not used for analysis due to the presence 

within a few hours. The water samples for 

Millipore®

washed in 5% acetic acid and rinsed in Milli-
Q® water. The water sample for dissolved 

Whatman®

Till cover Clayey till

Oxidised tailings

Unoxidised tailings

Figure 2. a) Cross section of Impoundment 1
before remediation. b) Cross section of Impoundment 1 
after remediation. 
c)
in Impoundment 1, 2000-10-10,
showing the groundwater altitude (m.a.s.l.) (Correge et 
al. 2001).

a

b

c
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before use at 450ºC for 24h. Determination 
of pH, conductivity and redox potential were 
performed with minor exposure of the samples 
to air. Redox potential and pH were measured 
with Metrohm® Pt electrode and a Metrohm®

combined pH electrode. All redox potential 
values were adjusted to the standard hydrogen 
electrode. The pH electrode was calibrated 
prior to the measurements. The electrical 
conductivity was determined with Hanna®

conductivity meters. Blank analysis with Milli-
Q® water instead of groundwater contributed 
<5% in the sample concentration for Ca, Fe, Mg, 
S, Si, Mn and Pb, and <7% for Al, As, Ni, Co, 
Zn Si, As, Hg and Ni. The blank contributions 
for Cu, Cd, Cr and Pb occasionally exceeded 
sample concentration in samples with low 
concentrations.

3.2 Analytical methods 

dark and cooled until analysis. Dissolved phases 
of Ca, Fe, Si, Mn, Sr, Zn, Mg, Na, K and S were 
determined using atomic emission spectroscopy 
with an inductively coupled plasma (ICP-AES), 
and mass spectrometry with inductively coupled 
plasma (ICP-MS) for determination of Al, As, 
Ba, Cd, Co, Cr, Cu, Mo, Ni, P, Pb and Zn. The 
precision was generally better than 5%. DOC 
was analysed using a Carlo Erba® model 1108 
high-temperature combusting element analyser 
using standard procedures and at a temperature 
of 1030 C.
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Figure 3.  Location of the groundwater sampling wells 
(GeoN) and the piezometers for measurements of the 
groundwater level in Impoundment 1 at Kristineberg. 
Wells D-I are located in the part of the impoundment 
with raised groundwater level and simple cover, and 
wells J, K, L, M, O and Q are located in the part of the 
impoundment with dry cover. The sampling levels in 
the Geo-N-wells are shown within brackets.
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Figure 4.
located at the bottom in the groundwater 
sampling wells (GeoN) installed in the 
groundwater in Impoundment 1.
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4. Results 

4.1 The average elemental concentrations in 
the reference well 

The reference well P was installed during 
2000 at 3.0 m depth in the till slope, west of 
Impoundment 1 (Figure 3), and was expected 
to represent uncontaminated recharging 
groundwater. The measured dissolved oxygen 
concentration was higher in June (8.62 mg l-1)
than in August (2.02 mg l-1) and October
(3.49 mg l-1) in 2002. Seasonal variations of 
selected element concentrations and pH during 
2000-2003 are shown in Figure 5. The average 
pH was around 6 and the redox potential was 
approximately 400 mV throughout the sampling 
period. The DOC concentration was around
2.8 cm g l-1 and the electrical conductivity (EC) 
6 mS m-1. Silicate-associated elements such as 
Ca, Si and Mg had average concentrations <6 mg 
l-1and the average Fe, S and Zn concentrations 
were 0.7 mg l-1, 3.7 mg l-1 -1,
respectively. The sources of dissolved S, Fe and 
Zn are probably minor amounts of sulphides 
occurring in the surrounding till and bedrock. 
High initial concentration, approximately 

-1, of Mn was found during 2000, but 
dropped to a relatively constant concentration 
during 2002-2003. 

4.2 The part of Impoundment 1 with saturated 
tailings and simple till cover

Wells E, G and I were installed shallower (3m) 
than the corresponding wells D, F and H (8 m) 
below the soil surface in the part with simple 
till cover and raised groundwater level (Figure 2).

Changes in groundwater level in the part 

piezometers GV1, GV3 and GV4 (Figures 6a 
and b). The groundwater level varied less than 
0.5 m in this area during 1998-2000, which 
were relatively normal years. After two dry 
years (2001 and 2002) the level sank almost 
with 1m (Figures 6a and b). In the area around 
wells D and E, and in the east, western and 
south eastern direction from wells H and I, the 
groundwater levels were mainly found deep 
below the soil surface. In the south eastern area 
around wells D and E, the groundwater level 
before remediation was deep approximately 3m 
below the soil surface (Figure 6b).  During the 
remediation the level was raised, but relatively 
often the level was still within the oxidised 
tailings in the south eastern area, while in the 
area around wells H and I, the groundwater 
reached the soil surface (Figure 6). The affected 
area with water on the surface was marked by 
the presence of red iron precipitations on the 
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Figure 5. Time series of dissolved Fe, S, Mn, Mg, Zn, Al, Ca, and Si concentrations and pH in the reference well P 
during 2000-2003. Values within brackets are suggested to be erroneous.
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top of the till cover. In general, the groundwater 
level appeared to rise during late spring and 
autumn in response to snowmelt and autumn 
rainfall, but showed a rather irregular pattern in 
the saturated tailings.

4.2.1 Physico-chemical conditions

The pre-remediation average pH in the 
impoundment (Ekstav and Qvarfort, 1989)
was around 5.0. The pH for wells D, E, F, G 
and I during 2003 was around 6 (Figure 7), 
values similar to those found in the reference 
well P (Figure 5). pH increasing in wells E, 
F, G and I during 1998-2003,. This increase 
was not so evident in well D, which also had a 
relatively high initial pH during 1998. From the 
beginning lower pH was found in the shallower 
wells E and G than in the corresponding deep 
wells, probably because the shallow wells are 
situated closer to the oxidation front. During 
2003, the shallower wells approached the same 
pH as corresponding deep wells. This was not 
the case for wells H and I. Well I had higher 
pH than the deeper well H, which was installed 
in the underlying peat, where the pH was low 
and almost constant throughout the sampling 
period (Skoglund, 2003). The average pH was 
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generally increasing after remediation in the 
part with raised groundwater level, while the 
redox potential was relatively constant. The 
redox potential during the sampling period 
was lowest in wells D and E, around 200 mV, 
while the other wells had values around 300-
400 mV in the saturated tailings. The electrical 
conductivity was highest in wells H and I, 
around 20 mS cm-1, and in the other wells in 
the range of 2-8 mS cm-1.

4.2.2 Average elemental concentrations

The average concentrations of selected elements 
in the groundwater at the part of Impoundment 
1 with raised groundwater level are shown in 
Table 2 for the years 1998 and 2003. Before 
remediation the average S concentration in 
the groundwater was in average 2900 mg l-1

and the Fe concentration 3900 mg l-1. Similar 
or higher S concentrations were found in the 
wells in the initial stage after remediation 
than before, except in well D. Well D had the 
lowest initial Fe and S concentrations, and 
of these only Fe decreased until 2003.  The 
average concentrations of Fe ranged between 
2700 and 9000 mg l-1, and of S between 2200 
and 7000 mg l-1in wells D, F, G and I during 
1998. Highest concentrations of metals were 
found in the deeper wells H and I, where well 
H had higher than well I. The opposite trend 
was observed for wells D, E, F and G, where 
the shallower wells had higher concentrations 
than the corresponding deeper wells. The 
average Fe and S concentrations in all wells 
except for well H decreased to values between 
150-900 mg l-1 and 130-900 mg l-1, respectively 
until 2003. In general, the saturated tailings 
had lower concentrations than the tailings 
with dry cover, except for well H. The average 
dissolved Ca concentrations were rather similar 
and constant during the whole sampling period 
in most wells (Table 2), with concentrations 
around 400-500 mg l-1 in wells D, E, H and 
I. The initial average Ca concentrations were 
rather low in wells F and G (c. 100-200 mg l-1)
and decreased during 2003. Magnesium, which 
mostly originates from weathering of chlorite, 
showed varied average concentrations between 
the wells. Before remediation the average Mg 
concentration was approximately 280 mg l-1,

a

b
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and after remediation wells F, H and I had 
higher average concentrations.

The average Al concentrations were in 
-1 initially, and 

decreased during 2003, except in well H.  The 
average Si concentration varied in the range 
1.6-11 mg l-1 during 1998 and between 1-16 
mg l-1 during 2003. Before remediation, the 
initial average concentrations of Cd, Cr, Cu, Pb 
and Zn were 80, 50, 2500, 1390 and 333,000 

-1, respectively. Compared to the initial 
concentration after remediation (1998), the 
decrease during 2003 was most obvious in the 
saturated tailings, with decreases of 70-90% of 
the initial average concentrations. The average 
Cu and Pb concentrations were low in all wells, 
much lower than before remediation, and even 
lower than in the reference well P at some 
locations. The Zn concentration in wells D and 
E was as low as in the reference well. High 
concentrations of As were found in all wells, 
with highest concentrations found in well G. 
The average As concentration increased until 
2003 in wells F, H, and I, while it was rather 
similar in the other wells in 2003. Lowest 
concentrations of As, Cd, Cr, Cu, Pb, Ni and Zn 

were found in well D. In general, wells D, E, 
F and G showed rather low amounts of metals 
and metalloids, while wells H and I showed 
high values.

The dissolved organic carbon (DOC) 
content was relatively high in well H as a result 
of the location in the peat. On some occasions 
during the sampling period, water collection 
in this well has been problematic due to high 
gas concentrations. The water sample smells 
of H

2
S

(g)
, which probably originates from the 

decay of organic matter occurring at the bottom 
with sulphate as oxidant.

4.2.3 Evolution of the elemental concentrations

The concentration variations of Mn, Zn, Fe, 
S, Mg, Si, Al and Ca during 1998-2003 in 
the different wells are shown in Figure 8. The 
concentration trends of Mn, Fe, S, Mg and 
Zn had a similar pattern, which indicates that 
the concentrations of these elements were 
controlled by similar or correlated processes. 
Well D had the lowest initial Fe and S 
concentrations with an increasing trend until 
2002, when the concentration decreased. The 
highest concentrations of Fe, S, Zn, Mn, Mg, 
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Table 2. The average concentration of selected elements in the groundwater  in the part of  Impoundment 1 with raised groundwater level at Kristineberg, northern Sweden

Initial average 
concentration

Pipe D PipeE Pipe F Pipe G Pipe H Pipe I Pre remediation Pipe PPipe D PipeE Pipe F Pipe G Pipe H Pipe I
(1998) n=9 (1998) n=9 (1998) n=7 (1998) n=9 (1998) n=6 (1998) n= 9 1983 (2000) n=1(2003) n=4 (2003) n=3 (2003) n=4 (2003) n=3 (2003) n=4 (2003) n=3

Ca (mg/l)

Fe (mg/l)

Mg (mg/l)

S (mg/l)

Si (mg/l)

Al (mg/l)

As (μg/l)

Cd (μg/l)

Cr (μg/l)

Cu (μg/l)

Mn (μg/l)

Ni (μg/l)

Pb (μg/l)

Zn (μg/l)

pH

redox (mV)

Electric conductivity
(mS/cm)

445±27.8

68±9.9

27.6±2.9

422±22.5

1.9±0.1

74.5±117.8

0.9±1.1

0.6±0.3

1.7±2.9

8.2±7.6

947.3±79.9

39.4±39.4

6.4±0.11

156±12.4

1.8±0.3

370±17.4

2772.2±214.9

175.7±8.1

2176.7±115.2

10.8±0.6

16.5±19.0

5.8±3.1

1.3±0.9

0.8±0.5

32.7±18.7

8483.3±319.1

42.1±23.5

4.2±1.4

520.2±127.3

5.6±0.16

188±30.2

6.2±0.7

103.4±9.9

3782.5±709.4

362.6±49.6

3083.8±468.8

1.6±0.1

79287.5±9160.7

13.7±10.5

0.7±0.2

101.3±65.5

18.4

11210±1614.6

52.6±33.2

37.0±38.4

353125±94437.3

4.5±0.1

370±5.8

8±0.7

196.4±82.1

2762.2±570.1

257.6±56.7

2516.7±600.4

4±0.7

155855.6±69752.4

1210±171.8

3.4±1.8

88.6±44.6

18.5±11.2

6388.9±303.8

99.1±60.3

9.1±3.5

217333.3±47765.1

4.2±0.2

400±16.5

6.6±1.3

394.7±30.1

17733.3±1736.3

1630±102.6

14483.3±1090.7

11.2±0.9

207166.7±13377.8

48.1±8.7

1140±83.7

46233.3±2813.3

18.1±14.0

19.4±3.1

2546.7±179

4.4±0.09

351±5.1

26±2.8

369.7±24.2

8908.9±814.2

830.8±54.4

7021.1±611.3

8.1±2

92255.6±5585.3

8.2±1.9

0.3±0.2

96.3±14.6

23200±1654.5

12.5±7.2

12.5±7.2

4.6±0.1

347±7.3

15.1±1.2

297±124

3906±1270

277±119

2877.31059.5

80±30

50±30

2500±1670

1390±570

333000±197000

3.1

0.3

1.5

3.6

5.4

0.1±0-1

0.1±0.1

0.1±0.2

0.7±0.9

178±34.6

2.6±1.7

0.4±0.2

17.2±26.9

6.2*

385*

0.02*

493.3±8.4

135.8±22.1

66.5±5.2

551.3±16.8

2.4±0.05

1.8±0.4

1.07±0.6

0.02*

0.03*

0.8±0.21

1102.5±77.5

0.5±0.28

0.06±0.01

6.6±1.3

6.5±0.2

214±8.8

2.6±0.3

402.7±25.6

900.7±72.9

45.6±3.6

887.7±35.1

15.7±0.6

35.6±18.9

5.2*

0.05±0.01

0.3± 0.1

**

3296.7±171.1

4.4*

1.71*

59.7±15.8

6.5±0.5

182±19

3.7±0

18.3±1.2

186.5±19

11.6±1.9

131.8±15.1

1±0.08

143.7±18.9

75.9*

0.05±0.02

1.3±0.09

1.07*

617.5±75.3

1.2±0.7

0.05*

631.3±59.4

5.9±0.15

303±20

0.9±0.07

152±45.0

146.3±24.4

4.7±0.4

220.5±49.3

2.6±0.2

2642.5±437.5

1255±142.5

0.1±0.05

1.8±0.36

2.1*

509±71

2.6±0.8

0.12*

4810.0±470.0

5.3±0.19

361±16.6

1.3±0.16

396±4

16975±662.5

1445±60

13050±550

7.3±0.2

250750.0±17125.0

 213.4±273.3

**

908.3±70.75

**

45700±2350

**

8.6±0.69

2250.0±105.0

4.7±0.14

364±7.8

17±4.7

417.3±19.3

779±12.5

15.4±3.2

799.5±22.5

4.7±1.3

247.3±120.3

9.6±2.5

0.1±0.11

**

**

3887.5±408.8

3.4±2.8

**

15875.0±3312.5

6±0.09

217±27.6

3.6±0.2

*   Only one value
** Below the detection limits
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Figure 8. Time series of the concentrations of dissolved Fe, S, Mn, Mg, Zn, Al, Ca, and Si in wells D-I during 1998-
2003 in the part of the Impoundment 1 with raised groundwater level. Values within brackets are suggested to be 
erroneous.
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Si, Al and Ca in wells F and G were observed 

the concentrations decreased rather rapidly 
in the deep well F, while the shallow well G 
showed a more constant decrease. Well I had 
high and relatively constant concentration 
initially compared to the other wells, (except 
for well H), but the concentrations suddenly 
decreased during 2000-2001. In the shallow 
well E, the highest concentrations appeared 
during 2000 and in corresponding deep well D 
during 2002. 

In most wells the Ca and Si concentrations 
were relatively constant during 1998-2003. 
Wells D and E showed an increasing trend of 
Si. In well F the concentrations of dissolved 
Ca and Si were rather low and decreased with 
time. The concentration variations of Ca, Si 
and Al were most irregular in well G, where 
the concentrations were rather high compared 
to the other wells.

4.3 The part of Impoundment 1 with dry cover

Wells J, K, L, M, O and Q were installed below 
the dry cover (Figure 2). Wells J and K are 
installed close together, but well K samples 
the groundwater deeper down (c.10m) in the 
till below the tailings. Relatively close to J 
and K, well M samples water from a shallow 
point below the oxidation front, but it was 
dried out during 2002. Well L samples shallow 
discharging groundwater, and is located 
outside the tailings in the surrounding till. Well 
Q is located close to the part with the raised 
groundwater level and relatively deep (c. 8 m).

Before remediation, the groundwater levels 
were deeper at the part of the impoundment 
which was remediated by dry cover than at 
the part with raised groundwater level. The 
groundwater level are generally illustrated 
by piezometer V4 (Figure 9), was located 
approximately 2 m below the oxidised tailings 
in the dry cover area. After remediation the 
level increased to approximately 1m below the 
oxidised zone (2-2.5 m below the soil surface). 
The seasonal groundwater level variation was 
rather similar to that of the part with raised 
groundwater level, with increasing levels in 

was within 0.5m. However, after remediation 

the groundwater surface was located within the 
tailings, and in piezometer V4 the groundwater 
level was located in the oxidised zone (Figure 
9).

Figure 9. Seasonal variations of the groundwater 
levels in the part of Impoundment 1 with dry cover, 
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4.3.1. Physico-chemical conditions

The pre-remediation average pH in the 
impoundment (Ekstav and Qvarfort, 1989) was 
around 5.0. Wells J, K and L had pH lower than 
5 during 1998, while wells M, O and Q had 
higher values (Figure 10). The pH was slightly 
increasing in wells J and L while in well K it 
was slightly decreasing during 2003. Wells 
M, O and Q had average pH (around 6.0), 
similar to the reference well P during 1998-
2003.  An initial increase of the pH was found 
in the wells, except for well K. In general, low 
pH was coupled to high redox potential. The 
redox potential were lowest in wells O and Q, 
between 100 and 200 mV, while the other wells 
had values around 300-400 mV. The electrical 
conductivity was highest in wells J and K, 
around 10 mS cm-1, during 1998 and 2003.

4.3.2 Average elemental concentrations

In the part with dry cover, the average Fe and 
S concentrations were almost constant during 
1998-2003 in wells O, L and Q, while for wells 
J and K the concentrations increased (Table 3). 
The average Fe and S concentrations during 
1998 were below 1000 mg l-1 in wells O and 
Q. These wells, together with well D, had the 
lowest Fe and S concentrations during the 
period 1998-2003 in the whole impoundment. 
In general, most wells showed lower average 
concentrations of most elements during 2003 
compared to 1998 (Table 3), except for wells K 
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Table 3. The average concentration of selected elements in the groundwater  in the part of  Impoundment 1 with raised groundwater level at Kristineberg, northern Sweden
Initial average 
concentration Pipe J PipeK Pipe L Pipe O Pipe P Pipe Q Pre remediationPipe J Pipe K Pipe L Pipe O Pipe P Pipe Q

(1998) n= 7 (1998) n= 9 (1998) n= 6 (1998) n=9 (2000) n=1 (2001) n= 6 1983(2003) n=3 (2003) n=4 (2003) n=6 (2003) n=3 (2003) n=4 (2003) n=4

Ca (mg/l)

Fe (mg/l)

Mg (mg/l)

S (mg/l)

Si (mg/l)

As (μg/l)

Cd (μg/l)

Cr (μg/l)

Cu (μg/l)

Mn (μg/l)

Ni (μg/l)

Pb (μg/l)
Zn (μg/l)

pH

redox (mV)

El. conductivity
(mS/cm)

304.4±16.3

2964 ±236

370.5±14.2

2878.8±131.1

23.5±1.2

1.1±0.8

0.4±0.4

6.8±9.1

21213±1485

518.8±66.6

2.1±1.3

1764±1079

3.4±0.05

201±13

7.3±0.5

384±35.4

5474±631

590.2±48.1

4215.6±348.6

10.4±0.9

1.7±0.8

0.3±0.2

20000±1522

19.0±6.2

7.1±6.9

354±207

5.2±0.1

266±18

10.5±0.9

378.8±23.2

1175±79

154.2±5.3

1253.3±41.3

11.2±0.4

9.2±2.7

1.6±0.1

6.7±12.7

4.6±2.0

6577±229

65.7±11.1

6.3±0.8

4863±541

4.5±0.08

374±31

4.0±0.3

443.1±16.2

412±22

41.8±4.1

638.0±33.3

3.9±0.3

52.2±41.5

0.4±0.6

0.7±0.7

2.0±0.3

2392±194

38±23

5.9±44

215±72

2.7±0.3

3.1

0.3

1.5

3.6

5.4

0.1±0-1

0.1±0.1

0.06 ±0.2

0.7±0.9

178±35

2.6±1.7

0.4±0.2

17±27

6.2*

385*

0.02*

379.8±32.6

389±59

29.9±3

548.2±53.5

15.2±1.0

4345.0±453.3

0.2±0.1

0.9±0.1

0.8±0.1

2143.3±267

1.7±0.4

0.6±0.3

2890±213

6.2±0.15

160±9

2.1±0.27

297.0±124.0

3906±1270

277.0±119.0

2877.3±1059.5

80.±30

50±30

2500±1670

1390±570

333000±197000

289.7±139.5

4077±1780

358.0±162.3

3050.0±1378.4

15.2±5.7

**

66.0±56.9

0.9±1.37

**

15033±7635

109.4±100.3

3.1±1.8

725±2407

4.2±0.9

219±95

10.0±4.0

353.5±12.5

7163±253

622.0±36.0

5107.5±232.5

10.1±0.2

17.2±0.1

67.6±101.2

7.53±0.6

**

22000±700

39.1±3.6

4.3±1.2

1144±1144

4.9±0.09

334±46

13.3±0.55

378.3±20.4

1099±382

105.5±38.8

1080.5±254.3

12.2±3.7

2.5±1.0

2.15±0.2

1.49±0.1

**

4968±1759

58.8±28.0

2.1±1.0

2534±1245

5.1±0.11

243±114

4.8±0

442.0±22.0

331±12

29.1±2.2

576.7±30.2

5.1±0.3

0.51*

0.0±0.1

0.14*

1.4*

1523±56

3.5±2.4

**

107±101

6.1±0.4

204±39

14.3±13.8

2.7±0.1

0.4

1.1±0.0

3.4±0.4

5.0±0.1

0.1± 0.1

0.10± 0.1

0.2±0.02

3.4±3.1

17±18

1.8±0.4

0.1±0.1

55±59

6.4±0.18

372±46

0.38±0

322.8±25.3

583±117

53.2±8.1

657.8±50.9

16.3±0.5

2255.0±207.5

Al      (μg/l) 210625.0±16715.6 1548.9±196.9 3240.0±500.9 14.1±43.8 184.7±30.629866.7±44961.4 1897.5±122.5 2335.0±1152.4 25.7±11.9 13±6.7 157.6±68.5

0.8±0.3

3225±508

2.6±0.3

0.2±0.0

3640±530

6.2±0.09

187±30

3.0±0.3

*   Only one value
** Below the detection limits
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and Q.  Most elements had higher concentrations 
in wells K and Q during 2003 than during 1998 
and 2001, respectively. 

The average Ca concentrations were around 
300-400 mg l-1 during both 1998 and 2003. 
Dissolved Ca to a large extent originates from the 
dissolution of calcite, which was spread on the 
tailings during remediation. Magnesium, which 
mostly originates from chlorite dissolution, 
had varied average concentrations between 
the wells. Before remediation the average 
Mg concentration was approximately 280
mg l-1, and after remediation wells J and K had 
higher average concentrations. The average Al 
concentrations were in the range of 52-210 000

-1 initially, and decreased during 2003. 
The average Si concentration varied around 10 
mg l-1 during 1998 and 2003. Wells L, O and Q 
had increased Si concentration during 2003.

In general, a very substantial concentration 
decrease in Cd, Cr, Cu, Pb and Zn was 
found throughout in the impoundment after 
remediation. At some wells in the part with
dry cover, the heavy-metal concentrations
increased compared to the initial concentrations 
during 1998, but not compared to the pre-
remediation concentrations. The average Cu 
and Pb concentrations were low in all wells, 
even lower than in the reference well P at some 
locations. The Cd and Cr concentrations after 
remediation were high in wells J and K, while in 
the other wells the Cd concentration was similar 
as in the reference well. No wells had as high Zn 
concentration as in the pre-remediation. Almost 
all wells had relatively high As concentrations 
compared to the reference well, with highest 

concentrations found in well Q. The average 
As concentration increased until 2003 in wells 
J and K. The lowest concentrations of Cd, Cr, 
Cu, Pb, Ni and Zn were observed in wells O 
and Q, and highest in the part with dry cover 
were observed in well K.

The dissolved organic carbon (DOC) content 
was relatively high in wells J and K compared to 
the other wells in the impoundment, throughout 
the sampling period. In wells L, O and Q the 
concentrations of DOC were around 4 mg l-1. In 
well J, as in well H, there was a smell of  H

2
S

(g)
,

but there was no problem to collect water. 

4.3.3 Evolution of the elemental concentrations

The concentration variations of Mn, Zn, Fe, 
S, Mg, Si, Al and Ca during 1998-2003 in the 
different wells are shown in Figure 11. The 
concentration trends of Mn, Fe, S, Mg and Zn 
appeared similar, which also was the case in the 
part with raised groundwater level. Wells M, O 
and Q had rather low amounts of metals while 
wells J, K and L had higher values. In well K Fe 
and S concentrations slowly increased, while in 
wells M and Q showed rapid decrease in Fe, S, 
Mg, Mn, and Zn concentrations. In wells J, L 
and O, concentration peaks of Fe and S could 
be observed during 2001, with a subsequent 
decrease in the concentrations. The decreased 
concentration of Fe and S was not as rapid as 
for wells E, F, G and I in the part with raised 
groundwater level. 

In most wells the Ca and Si concentrations 
were relatively constant during 1998-2003. In 
well Q the concentration trends of Si and Ca 
were similar to those of Fe, S, Mg, Mn and Zn. 

Figure 10. Time series of pH in the groundwater wells J, K, L, O and Q located in the area with dry cover at 
Impoundment 1during 1998-2003. Values within brackets are suggested to be erroneous.
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Figure 11. Time series of the dissolved Fe, S, Mn, Mg, Zn, Al, Ca, and Si concentration in wells J, K, L, M, O and 
Q at the part of the Impoundment 1 with dry cover during 1998-2003. Values within brackets are suggested to be 
erroneous.
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Well J showed a decreasing trend of Si and Al. 
The concentration variations of Ca, Si and Al 
were most irregular in wells M and Q compared 
to the other wells in Impoundment 1. 

5. Discussion

5.1 Remobilisation of elements by the raised 
groundwater level

The depth of the groundwater level (in 
wells E, G and I) before the remediation and 
the approximated average annual rise of the 
groundwater level are illustrated in Figure 
12a. There was probably no uniform rise 
of the groundwater level, since the former 
depths varied. Areas with relatively shallow 
groundwater table before remediation had also 
thinner oxidised zone (around well G) than the 
area with deeper levels (around wells E and I; 
Figure 12 a). Areas with shallow groundwater 
table were therefore saturated before the areas 
with deeper levels. 

As the groundwater level was raised, 
dissolution and remobilisation of secondarily 
retained oxidation products in the vadose zone 
became possible. Increased concentrations of 
sulphide-associated elements such as S, Fe, 
Mn and Zn as well as of Mg were observed in 
the groundwater (Figure 8). This is generally 
illustrated by average S concentration in the 
shallower wells (Figure 12b). 

The groundwater level rise emanated from 
the area around V8. The water from the area 
upstream of this point was earlier partly diverted 
from the impoundment by open ditches. After 
remediation this water was allowed to enter 
the impoundment. The groundwater was then 
gradually spread so that the rise occurred later 
at lower altitudes eastwards. The estimated 

piezometer V8 to the groundwater wells E, G 
and I (Correge, 2001) were similar to the time 
it took to saturate the former vadose zone at 
those wells when the groundwater table was 
raised (Figure 12b). The elements that were 
washed away from the former vadose zone 

or were retained. The increased concentrations 
(Figure 12b) of dissolved S at different times 
in different areas were therefore affected by 

products as well as the local wash-out by the 
gradual groundwater rise. In well G the tailings 
and the cover were saturated rather rapid after 
remediation (Figure 12a). When the sampling 
period started in 1998 the wash-out products 
were replaced by uncontaminated groundwater, 
as a result of limited oxygen supply (Figure 12b). 

properties similar to that of the reference well P.

3 m

2 m

1 m

Area around
pipe G

Year
3

Year
2

Year
1

Year
0

Year
4

Year
3

Year
2

Year
1

Year
0

Year
4,5

Year
3,6

Year
2

Year
1

Year
0

Area around
pipe I

Area around
pipe E

Till cover

Till cover

GWL

Oxidised
tailings

Unoxidised
tailings

Figure 12. a) Illustration of the annual groundwater 
level rise in wells G, I and E. b) The concentration of 
S with time in the shallow wells G, I and E.  Iron, Mn, 
Mg, Zn and S had similar concentration patterns (not 

in well G and thereafter in wells I and E.

1999 2000

Pipe E

Pipe G

Pipe I

2001 Year

2000

Pipe E,G Dissolved S concentration (mg/l) Pipe I

7000



16

In well I the oxidation zone become saturated 
later approximately in 2000 (Figure 12a), and 
the increase and decline of concentration is 
illustrated in Figure 12b. The groundwater level 
reached the lower level of the oxidised zone 
during 1999-2000 in well E, and the dissolved 
sulphur concentration subsequently increased 
(12a and b). 

The stagnant bottom water at 8m depth in 
the area around well H, which was situated 
in the underlying peat (Skoglund, 2003), was 

level. This explains the relatively constant and 
high concentrations of Fe, S, Zn, Mg and Si, 
and low pH, throughout the sampling period
(Figure 8).

Temporal variations of the groundwater level 
in the impoundment may have implications for 
the chemical reactions in the former unsaturated 
zone. The changes in the groundwater levels 
result in short-term seasonal variations in the 
groundwater geochemistry, as illustrated by 
the changes in dissolved sulphur in Figure 13. 
In the saturated tailings where the remediation 
was successful (e.g., around well G), the 
sulphur concentration decreased with time 
irrespectively of the variations in the level
(Figure 13a). This indicates that elements 
retained in the former vadose zone were washed 
away and “steady state” of lower sulphur 
concentration was achieved. The tailings 
where never fully saturated in the area around 
wells D and E (Figures 13b and c), probably 
due to fractures in the underlying bedrock or 
poorly sealed ditches. The depth from the soil 
surface to the groundwater after remediation 
was still relatively deep and located in or 

dissolved sulphur concentration, with increased 
concentration when the level was raised into the 
oxidised zone and retained sulphur was washed 
away, and decreased concentrations when the 
level sank (Figure 13b). The decreased level 
was caused by the dry summers, and therefore 
increased sulphur concentrations may be 
found if the groundwater level rises. In the 
deeper well the sulphur concentration seemed 
to be unaffected by the seasonal groundwater 

5.2 Geochemistry of the groundwater in the 
part with dry cover

The general changed concentration of 
elements such as Fe, S, Mg and Mn in the 
north-eastern part of the impoundment is 
illustrated by the average S concentrations 

water (Carlsson, 2002) through the dry cover 
decreased the concentrations in wells  L, M, 
O and Q. Well K is located deep (10m) in theWell K is located deep (10m) in the 
underlying till below the tailings, and showed 
increased S concentration (Figure 14a), which 
indicate vertical movement of elements. TheThe
percolating water below the dry cover had high 
concentrations of elements (Carlsson, 2002),  
the low amount of percolating water will 
probably not affect the groundwater chemistry 
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concentrations in the north-eastern part (wells 

released elements that followed the groundwater 
displacement through the impoundment.

After remediation, higher pH and lower 
redox potential was, in general, observed in the 
wells with deeper groundwater levels (wells 
D, E, M, O and Q). The lower redox potential 
found in the wells located further downstream 
in the impoundment (wells D, E, M, O and 
Q) may be a result of oxygen consumption by 
the sulphide tailings. Wells F, G and I. close 

of Fe-oxyhydroxides may increase the pH 
and lower the redox potential; evidence of 
Fe-oxyhydroxides dissolution was, however, 
not indicated by geochemical equilibrium 
calculations (Alakangas and Öhlander, 2005).

Outgoing water quality from Impoundment 
1 during the sampling period can be illustrated 
by well L, with low and relatively constant 
elemental concentrations, but with relatively 
low pH. The decreased concentration of S in 
well L after 2000 suggests that contaminated 
groundwater was leaving Impoundment 1, 
and gradually replaced by groundwater less 
contaminated than before remediation. Eight 
years after remediation (2003) the polluted 
groundwater was more or less in steady-state 
conditions with lower elemental concentrations 
and higher pH than before remediation 
throughout Impoundment 1. 

Below the dry cover, the groundwater 
level changed only slightly as a result of the 
remediation, with depths below the tailings 
about 2m before and 1m after remediation. The

similar throughout the impoundment, with 
high groundwater levels during the summer in 
response to the snowmelt, and also in the autumn 
in response to the intense autumn rains. The 
variations in the groundwater level and of the 
sulphur concentration (well Q) at below the dry 
cover are illustrated in Figure 14b. The sulphur 
concentrations in this area were more related to 

the other areas. 

5.3 Relation between Me and S

The correlation between Fe and S was 
stronger for wells in the saturated part of the 
impoundment than in the dry cover part (Figure 
15). This was probably due to the fact that the 

the saturated part resulted in a uniform element 
composition. The correlations between Zn 
and S, and Mg and S were not as strong as 
between Fe and S. Below the dry cover, the 
elemental composition in the groundwater was 

by the groundwater coming from the upstream 
tailings area.

The average molar ratio Fe/S for wells 
E, F, G, H, I, J, K and L was approximately 
0.70, rather close to the molar ratio of pyrite 
(0.5), which was the main source of Fe and 
S. Fe has additional sources from weathering 
of pyrrhotite and chlorite. This could explain 
the higher molar ratio.  For wells D, O, M 
and Q the molar ratio was lower with values 
of 0.1; 0.41; 0.057 and 0.46, respectively. 
The lower Fe concentration may be a result 
of precipitation of Fe-oxyhydroxides, since 

Figure 14. a) The concentration of S with time in the 
wells at the part of the impoundment with dry cover.  
Iron, Mn, Mg, Zn and S had similar concentration 
patterns (not shown here).  b) The dissolved sulphur 

below dry cover.
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equilibrium calculations indicated over 
saturation for goethite and equilibrium for 
amorphous Fe(OH)

3
 in these pipes (Alakangas 

and Öhlander, 2005).  

For each mole of pyrite oxidised and 
depending on the oxidant, 2 moles or 17 moles 
of acid are generated. To neutralise the acid 
produced, between 0.2 moles and 1.7 mole of 

chlorite is consumed. The average molar ratio 
for Mg/S was 0.12 ±0.017 in the saturated 
tailings. The neutralisation capacity by chlorite 
for the acid generated by the sulphide oxidation 
in Impoundment 1 was thus around 60%, if 
all sulphur is assumed to be generated by the 
sulphide oxidation and all Mg from chlorite 
dissolution.
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The major source of Zn was the oxidation 
of ZnS. The relation between the Zn and S 

wells in the saturated tailings, which may be 
due to the complex behaviour of Zn mobility 
(Höglund et al., 2005). It is well-known that 
zinc will adsorb onto mineral surfaces if the 
pH is high enough (Stumm and Morgan, 1996). 
Zinc may have been released from zinc-bearing 

in the spring, and precipitated again during 
the winter. This behaviour has been observed 
previously (Carlsson, 2002). 

5.4 Trace elements

The effects on the trace element concentration as 
a result of pH and redox potential change have 
been presented by Alakangas and Öhlander, 
2005. Pyrite  is a common source of trace 
metals such as Ni, Mn and Co, sphalerite to 
Zn, Cu, Cd and Mn, galena to Pb, chalcopyrite 
to Cu and arsenopyrite to As (Jambor, 1994). 
As the sulphides in Impoundment 1 oxidised 
in the vadose zone, elements such as As, Cd, 
Cu, Zn, Ni and Pb were released to the pore 

water. Before remediation the concentrations 
of elements such as Pb, Cu, and Zn were high. 
Several elements such as Cu, Zn and As have 
been reported to adsorb to or co-precipitate 
with secondary formed minerals such as 
Fe-oxyhydroxides and jarosite (Stumm and 
Morgan, 1996; Mc Gregor et al., 1998; Dold, 
2001; Courtin-Nomade et al., 2003; Höglund 
et al., 2005). Also, anions such as those of As 
and S are reported to sorb to Fe-oxyhydroxides 
at low pH (Bowell, 1994; Pfeifer et al., 2004; 
Bednar et al., 2005). Rapid decreases in Cu, 
Cd and Pb concentrations were observed in the 
whole impoundment after remediation. In some 
areas, the concentrations were as low as in the 
reference well. Heavy metals such as Cu, Cd and 
Pb were probably adsorbed or precipitated as 
secondary sulphide minerals due to the change 
of pH and redox potential (Höglund et al., 
2005). Covellite (CuS) is a common observed 
secondary mineral in sulphidic waste, often 
precipitated just below the groundwater level 
(Boorman and Watson, 1976). A Cu-enrichment 
zone with covellite as well as adsorbed Cu 

was observed in Impoundment 1 below the 
oxidation zone (Holmström et al., 1999). The 
source of Al and Si are mainly aluminum 
silicates. Relatively high concentrations of Al 
and Si were found in areas where pH <5, which 
resulted in precipitation of Al-hydroxides when 
the pH increased (Alakangas and Öhlander, 
2005). Cobalt, Ni and Cr was removed with 
Al, probably co-precipitated with this metal 
(Alakangas and Öhlander, 2005). 

In some wells increased concentrations of As 
were observed during 2003. The main factors 
that control the behaviour of As are pH and 
redox potential. Arsenic (V) is mainly anionic 
(H

2
AsO

4
-, HAsO

4
2-, H

2
AsO

3
-) in the pH range 

3-9, while As(III) is a neutral species (H
3
AsO

3
)

at existing pH. Arsenic(V) dominates sorption 
to Fe-oxyhydroxides compared to the species 
of As(III) (Bednar et al., 2005). Sorbed As(V) 
was probably reduced to the less sorbing As(III) 
when the redox potential was decreased, thus 
leading to greater leaching of As (Pfeifer et al., 

2004).

6. Conclusions

Before remediation, Impoundment 1 had high 
concentration of sulphide-associated elements 
such as Fe, S, Cu and Zn in the groundwater. 
Metals released by the sulphide oxidation were 
also partly secondarily retained in the tailings. 
In 1996, Impoundment 1 was remediated by two 
methods. On one part of the impoundment the 
tailings were saturated by raised groundwater 
level and a till cover was applied. On the 
other part, a dry cover was applied. After 
remediation, elements such as Fe, S, Mn, Mg 
and Zn, secondarily retained in the tailings, 
were remobilised by the raised groundwater 

as a result of decreased sulphide oxidation rate 
decreased the element concentrations and the 
redox potential and increased the pH. During 
2003, the concentrations of Fe, S, Mn, Mg and 
Zn in the groundwater at the part with raised 
groundwater level were lower than during 1998, 

concentrations. It took approximately six 
years (eight year after remediation) before 
the contaminated groundwater left the 
impoundment and low elemental concentration 
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Abstract

An impoundment with sulphide-rich tailings at Kristineberg, northern Sweden was remediated in 
1996 by applying double dry cover on one part, and raised groundwater level combined with simple 
till cover on the other part. The mobility of trace elements in the impoundment groundwater after 
remediation was studied from 1998 to 2003. Elements retained in the vadose zone were mobilised 
when the groundwater table was raised. The concentrations of Cd, Co, Cr, Cu, Ni and Pb decreased 
rather rapid in comparison with Fe, Mg, Mn, S and Zn, which concentrations were diluted by 
uncontaminated groundwater. In areas with high pH (c. 6) and low redox potential (<200 mV) Al, 
Cd, Co, Cr, Cu, Fe, Ni, Pb and Zn were almost depleted. In areas with low pH (<5) and higher 
redox potential (>200 <400mV) the concentrations of Co, Cr and Ni were high and were suggested 
to co-precipitated with Al-hydroxides as pH increased. Equilibrium calculations indicated that 
gibbsite controlled the concentration of Al at pH <5, and amorphous Al(OH)

3
 at higher pH. Iron 

was controlled by goethite at pH <4, and amorphous Fe(OH)
3
 at pH >4 up to 6.5. Copper, Cd and 

Pb were probably retained onto mineral surfaces such as sulphides and Fe-oxyhydroxides, rather 
rapid after remediation. Arsenic was the only element that showed increased concentration in some 
areas after remediation when pH increased and the redox potential decreased.

Keywords: remediation, mine tailings, dry cover, contaminated groundwater, trace elements
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1. Introduction

Sulphide-rich mine wastes may be a problem 
for the environment due to the formation of 
acidic drainage waters commonly referred 
to as acid mine drainage (AMD). High 
concentrations of trace elements such as As, 
Cd, Co, Cu, Mo, Ni, Pb and Zn are common in 
AMD (Nordstrom, 1982; Blowes and Jambor, 
1990; Yanful and St-Arnaud, 1992; Jambor, 
1994; Banks et al., 1997; Dold and Fontbote, 
2002; Höglund et al., 2005). Their mobility 
is in general enhanced by low pH, and many 
efforts have been undertaken to reduce their 
transport in soil and water systems (Lundgren, 
1997; Nicholson et al., 1997; Öhlander et al., 
1997; Yanful et al., 1999; Blowes et al., 2000; 
Peppas et al., 2000; Widerlund et al., 2001;
Carlsson, 2002; Öhlander et al., 2003; Younger 
et al., 2004; Höglund et al., 2005). Remediation 
of sulphide mine-waste in Sweden is dominated 
by two methods; soil cover and water cover. 
The major aim with the covers is to decrease 
the oxygen intrusion into the tailings, thereby 
decreasing the sulphide oxidation. Another aim 
of soil cover systems is to decrease the water 

from the oxidation site to the recipients. In 1997
the research programme MiMi (Mitigation of 
the environmental impact from Mining waste) 
(Höglund et al., 2005) started. The major aim 
of this programme was to improve the methods 
used to mitigate the environmental problems 
related to sulphide tailings deposits. The 

Remediation usually leads to changes in both pH 
and redox potential, which affect the mobility 
of metals. Therefore, a programme for studies 
of the evolution of groundwater geochemistry 
with time and space after remediation of 
a tailings impoundment was initiated. The 
general impact on the groundwater quality after 
remediation has been discussed by Alakangas 
et al. (2006). The objective of the present 

and mobility of trace elements when the 
physiochemical conditions changed as a result 
of remediation of oxidised sulphide tailings. 
The evolution of trace element concentrations 
in the groundwater in the tailings was studied 
during 1998-2003.

Impoundment 4
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Impoundment 2Impoundment 2

Industrial areaIndustrial area

Waste
rock
pile

Waste
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Impoundment 1Impoundment 1

Impoundment 3

Water
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Impoundment 1BImpoundment 1B

N

0 200 400 m

Vormbäcken
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Figure 1. Kristineberg mine site in northern Sweden, and the locations of the impoundments. The groundwater was 
studied in Impoundment 1
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2. Study site

The Kristineberg mining area is located in 
the western part of the Skellefte district in 
northern Sweden, approximately 175 km 
southwest of Luleå (Figure 1). The c. 1.9 Ga 
massive pyrite- rich orebodies are intercalated 
within metavolcanic rocks and overlain by 
metasedimentary rocks. The Kristineberg Zn-
Cu ore has been mined since 1940 by Boliden 
Mineral AB. The geology of the area and the 
ores has been described previously (du Rietz, 
1953). The annual average regional precipitation 
in the area is c. 600-700 mm, evaporation 300 
mm, and air temperature is 0.7ºC (Raab and 
Vedin, 1995).

2.1 Description of Impoundment 1 and the 
tailings

Impoundment 1 is the oldest impoundment 

investigated in this study. The impoundment 
area is approximately 0.11km2, with an average 
tailings thickness of 5m and a maximum 
depth of 10m. The tailings were deposited on 
till overlying the bedrock. Peat was observed 
between the till and the tailings. The tailings 
material is relatively well-sorted and could 

al., 1999). The main gangue minerals in the 
tailings at Impoundment 1 are, in decreasing 
order, quartz, K-feldspar, Mg-chlorite, talc, 
plagioclase, muscovite, amphiboles/pyroxenes 
and biotite. The unoxidised tailings contain 
approximately 26% pyrite, 1.3% sphalerite, 
0.28% chalcopyrite, 0.05% galena and 0.04% 
arsenopyrite (Holmström et al., 2001). The 
average chemical composition of the tailings in 
Impoundment 1 is summarized in table 1.

The groundwater in Impoundment 1 at 
Kristineberg has been polluted by sulphide 
oxidation products such as Fe, S, Cu, Cd and Zn 
for 50 years. Impoundment 1 was remediated 
in 1996 by two methods; one part of the 
impoundment has a soil cover (c.1m) consisting 

to saturate the tailings (Figure 2). The other 
part has a soil cover consisting of two layers. 
The soil cover consists of a layer of clayey till 
(0.3m) with low hydraulic conductivity, which 

The till in the protective cover mainly consists 
of quartz and feldspar and is a typical north 
Swedish till with low content of sulphides 
and sulphide-bound metals (Holmström et al., 
2001). Lime as carbonates was applied between 
the soil cover and the tailings. The groundwater 
table was raised where this was possible, by 
sealing of intercepting and drainage ditches. 
Characterisation of the groundwater quality 
and hydrogeology of Impoundment 1 was 
carried out before remediation (Axelsson et al., 
1986; Ekstav and Qvarfort, 1989; Axelsson et 
al., 1991). The mineralogy and the pore-water 
geochemistry were studied by Carlsson (2002) 
and Holmström et al. (2001) after remediation. 
These results were further summarized and 
discussed by Höglund et al. (2005) and Öhlander 
et al. (2003).

Element Unoxidized tailings Oxidized tailings
Impoundment 1 Impoundment 1
 (73 samples)  (12 samples) 

[weight%±s.d ] [weight%±s.d ]

SiO
2

42.8±6.7 63.1±7.1
Al

2
O

3
9.35±1.50 11.4±1.5

CaO 1.01±0.49 1.24±0.74
Fe

2
O

3
24.0±5.0 8.45±3.59

K
2
O 0.81±0.40 1.88±0.97

MgO 7.73±1.46 6.65±3.52
MnO

2
0.12±0.02 0.11±0.02

Na
2
O 0.46±0.35 1.46±0.88

P
2
O

5
0.07±0.02 0.08±0.04

TiO
2

0.30±0.06 0.45±0.07
S 14.4±4.7 1.81±2.79
LOI 12.4±2.6 5.03±3.00

[ppm±s.d] [ppm±s.d]

As 183±157 36.2±28.9
Ba 281±79 481±193
Cd 21.5±12.5 1.47±2.39
Co 56.4±21.3 7.77±9.18
Cr 46.2±13.3 60.7±19.9
Cu 956±316 159±132
Hg 2.42±1.17 0.94±0.52
La 22.4±5.3 25.7±5.5
Mo 24.0±6.7 17.7±11.3
Ni 5.95±2.58 4.52±3.35
Pb 463±283 454±318
Sc 5.90±1.38 7.46±1.10
Sr 40.1±21.0 90.5±51.8
V 26.9±8.1 34.3±8.9
Y 17.6±3.1 21.2±3.3
Zn 8861±4744 559±919
Zr 117±41 205±78

Table 1. Average chemical composition of the oxidised 
and unoxidised tailings at Kristineberg, Impoundment 1
(Holmström et al., 2001). Samples affected by secondary 
enrichment are excluded. All major elements except S 
are expressed as oxides.
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2.2 Effects on the groundwater by the 
remediation
The groundwater sampling wells D-I are 
located in the area with raised groundwater 
level and wells J, K, M, O and Q in the 
part with advanced dry cover (Figure 2). A 
reference, well P, located on the western slope 
outside Impoundment 1 in natural till, samples 
recharge water. The depth of the wells is shown 
in brackets in Figure 2. Well L was located in 
the surrounding till and sampled discharging 
groundwater from Impoundment 1. Field 
observations provided data for an isometric map 

where the highest groundwater level was found 
along the slope in the south-western part of the 
impoundment, in well V8 (Figure 2). The area 
around well 8 constitutes a hydrological dome, 
thus leading the groundwater from this zone 
to the surroundings areas eastwards (Correge 
et al., 2001). The area is drained towards the 
east via Vormbäcken, through Vormträsket and 
further downstream. 

When the groundwater level in the south-
western part of Impoundment 1 (Figure 2) was 
raised, elements present in the pore-water and/
or secondarily retained in the vadose zone were 
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Figure 2.  Location of the groundwater sampling wells (GeoN), and the piezometers in Impoundment 1 at Kristineberg. 
Wells D-I are located in the part of the impoundment with raised groundwater level, and wells J, K, M, O and Q are 
located in the part of the impoundment with dry cover. Sampling wells P and L are reference wells, and located in 
surrounding till. The depths of the Geo-N wells are shown in brackets. In the piezometers the depths of the water table 
have been measured and in the GeoN wells groundwater sampling has been performed.
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released and mobilised. The general effects on 
the concentrations of Fe, Mg, Mn, S and Zn are 
illustrated by dissolved S in Figure 3. The rise 
was not instantaneous, and therefore increased 
elemental concentrations were observed at 
different times in different groundwater wells 
in the part of the impoundment with raised 
level. Thereafter, uncontaminated groundwater 
replaced the contaminated groundwater and 
diluted the concentrations (Figure 3a). The
sulphide oxidation decreased throughout the 
impoundment as oxygen supply was limited 
by the water saturation and the dry cover. 
The general decrease in the concentrations 
in the north-eastern part of the impoundment 

(Figure 3b), was a result of decreased rate of 
percolating water, (Carlsson, 2002), owing to 
low hydraulic conductivity of the sealing layer. 
Elements such as Fe, Mg, Mn, S and Zn followed 
the groundwater displacement through the 
impoundment, which was observed as a slight 
increase in the concentrations in the north-
eastern part (wells Q, J and L). Groundwater
wells J, K and L are located in the downstream 
part of the impoundment and had relatively 
constant and high Fe and S concentrations 
throughout the sampling period after the 
remediation. The effects and general impact on 
the groundwater quality after remediation was 
reported by Alakangas et al. (2006). 

Figure 3. The general evolution of the concentrations of Fe, Mg, Mn, Zn and S after remediation are illustrated by 
dissolved S in the monitoring wells a) E, G and I located where the groundwater level was raised b) J, K, L, M, O and 
Q where double dry cover was applied. The time for the concentration increase in the wells differs as a result of a non-

are interpreted concentrations after remediation, but before the sampling started.
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3. Methodology

3.1 Field sampling

Sampling of the groundwater began two years 
after remediation in August 1998, and continued 
until winter 2003. A sampling technique to 
minimise oxidation of the water samples during 
collection was used. The groundwater sampling 
was performed using GeoN groundwater 
technology (Hallberg, 2005). For a more 
detailed description of the sampling technique, 
see Alakangas et al. (2006). The water samples 

which was performed within a few hours. The 

through 0.22um Millipore® nitrocellulose 

and rinsed in Milli-Q water. Determination 
of pH, conductivity and redox potential were 
performed with minor exposure of the samples 
to air. Redox potential and pH were measured 
with Metrohm® Pt electrode and Metrohm®

combined pH electrode. All redox potential 
values were adjusted to the standard hydrogen 
electrode. The pH electrode was calibrated prior 
to the determination. The electrical conductivity 
was measured with Hanna® conductivity meters. 
Blank analysis with Milli-Q water instead of 
groundwater contributed <5% in the sample 
concentrations for Ca, Fe, Mg, S, Si, Mn and Pb, 
and <7% for Al, As, Ni, Co, Zn Si, As, Hg and 
Ni. The blank contributions for Cu, Cd, Cr and 
Pb occasionally exceeded sample concentration 
in samples with low concentrations. 

3.2 Analytical methods

dark and cooled until analysis. Dissolved 
phases were analysed using inductively 
coupled plasma-atomic emission spectroscopy 
(ICP-AES) to determine Ca, Mg, Fe Mn, Zn 
and S, and inductively coupled plasma-mass 
spectroscopy (ICP-MS) for Al, As, Cd, Co, 
Cr, Cu, Mo, Ni, Pb and Zn. The precision was 
generally better than 5%. Several metals such 
as As, Cd, Co Cu, Ni and Pb had values below 
the detection limit during some sampling 
occasions. For copper, 30-50% of the values 
were below the detection limits in all wells 
except for wells M, P and Q. Between 40-50% 

of the values were below the detection limit for 
Pb in wells D, E, F and O, between 40-60% for 
Ni in wells D, E, H and I, between 40-60% for 
Co in wells D, E, F, H and I, >50% for Cd in 
wells E, F, H and I, and >50% for As in wells 
D. In such cases, concentrations corresponding 
to half the detection limit values were used in 

4. Results 

4.1. pH, redox potential and electrical 
conductivity in the groundwater 

Figures 4a and b show the relationship between 
the redox potential and pH, and between the 
electrical conductivity (EC) and pH in the 
groundwater wells located in Impoundment 1
after remediation. In general, the redox potential 
decreased as pH increased, and EC was highest 
at pH 4-5, and at redox potential between 300-
400 mV.

4.1.1 Reference wells P and recharge well L

Well P is situated in the surrounding till outside 

Impoundment 1 (Figure 2). The pH was around 
6, redox potential around 300 mV and EC 
<1 mS cm-1 in well P (Figures 4a and b). Well L, 
situated in the till between Impoundment 1 and 

from Impoundment 1. The pH in well L was 
between 4 and 5, the EC around 5 mS cm-1, and 
redox potential as in well P. 

4.1.2 Wells in Impoundment 1 

The results indicate four groups of groundwater 
wells, which had rather different physico-
chemical properties.
Group 1. Wells D, E, M, O and Q are located 
at different locations over the impoundment, 
but show similar chemical characteristics. 
These wells had deep groundwater level and 
wells M, O and Q are located in the part of 
the impoundment with dry cover. Wells D and 
E are located in the saturated tailings, but the 
groundwater level remained deep in the area 
around these wells. The wells had relatively 
low redox potential (<200 mV), high pH (>5), 
and low EC (<10 mS cm-1) (Figures 4a and b). 
Group 2. The wells F, G and I are located in the 
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areas with saturated tailings, and had relatively 
high redox potential (>200 mV) compared to 
the other wells. The pH was in the range of 
4.5-5.5. The highest EC, >10 mS cm-1, was 
observed in well I, while the other wells had 
values <10 mS cm-1.
Group 3. Well J differs from the other groups, 
having relatively intermediate redox potential 
(~ 200mV), low EC (5-10 mS cm-1) and low 
pH (3-4). 

4.1.3 Electroneutrality

The relationship between the calculated cation 
and anion charge in the different wells is shown 
in Figure 4c. Calculations of the electroneutrality 
in the different wells differ <2% on average, 
which indicates the accuracy of the analysis 
of the major ions. The major ions used in the 
calculations, and which have a major impact on 
the EC, were Fe, Mg, Ca, and in some wells 
also Al and Zn, and the dominating anion was 
dissolved S occurring as sulphate. Bicarbonate 

Figure 4. The relationship between the a) redox potential and pH. b) electrical conductivity (EC) and pH. 
c) Calculated electrical charge in the groundwater wells in Impoundment 1.
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Group 4. Wells H and K differ from the others 
wells owing to their locations, and therefore 
differ in behaviour. Well H is situated in aWell H is situated in a 
depression in the underlying bedrock with 
relatively stagnant water, and has therefore not 
yet been affected by the fresh water dilution 
(Skoglund, 2003). Well K is located deep 
(10m) in the underlying till below the tailings, 

transport. Wells H and K had pH values, redox 
potential and EC similar to group 2 wells, 
but are excluded from discussions of group 2 

remediation.

was almost absent in the groundwater, and does 

well M, which had some alkalinity. 

4.1.4 Evolution of pH, rdox potential and EC.

The evolution of pH, redox potential and EC 
in the groundwater with time after remediation 
is shown in Figures 5a-f. Group 1 wells D, E, 
M, O and Q had relatively constant pH (c. 6-
7), and EC, while the redox potential varied 
and showed a slight decrease followed by an 
increase during the end of the sampling period 
(Figures 5a-c). The pH increased in wells F, 
G, I, J and L, while well K showed a decrease 
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Figure 5. Time series for a) pH in the groundwater wells  D, E, M, O and Q. b) redox potential in wells  D, E, M, O and 
Q. c) electrical conductivity (EC) in wells  D, E, M, O and Q. d) pH in wells F, G, H, I, J, K and L. e) redox potential 
in wells F, G, H, I, J, K and L. f) electrical conductivity (EC) in wells F, G, H, I, J, K and L.
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(Figure 5d). Well G showed most variation in 
pH during the sampling period. In 2003, pH 
was >5 in wells F, G and I, while in wells J 
and L it was around 4. Wells F-L had relatively 
high and constant redox potential during 1998-
2003 (Figure 5d). The EC showed a decreasing 
trend for wells F, G and I.  In well H, the EC 
also decreased, but seemed to increase again 
at the end of the sampling period. Well P had
relatively constant pH, redox potential and EC
throughout the sampling period.

4.2 Average trace element concentrations

The average dissolved elemental concentrations 
in the groundwater before and after remediation 
are shown in Table 2. Wells H, K and L showed 

since they are not located in the tailings 
groundwater and are therefore not included 
in Table 2. Pipe Q is excluded from group 1,
since it was installed after 1998. In general, the 
concentration decreased and the pH increased 
in Impoundment 1 after remediation. The high 
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standard deviations for some elements show 
that the concentrations varied considerably 
between the wells in the same group. Group 1
wells had slightly higher average pH in 2003 
than in 1998, while for group 2 and 3 wells the 
change was more pronounced. The average pH 
was higher and most elemental concentrations 
lower for group 1 wells than for group 2 wells. 
The average Fe, S, Cd, Cr, Cu, Pb and Zn 
concentration in group 1 and 2 were lower in 
2003 than before remediation. Elements such 
as Cu, Cr and Cd in group 1 wells were as low 
as in the reference well P in 2003. In 2003 the 
concentration of Mn, Fe and S were still high in 
group 1 and 2 wells compared to pipe P.

4. 3. Elemental concentrations in relation to pH

In Figure 6, elemental concentrations versus 
pH are shown. Most metals showed relatively 
strong relationship with pH, with decreasing 
concentrations as pH increases. In most wells, 
lower metal concentrations occurred as pH 
approached 5. 

4.3.1 Reference well P and recharge well L

The concentrations of As, Cd, Co, Cr, Cu, Ni 
and Pb were in general <0.2 μg,l-1, Fe <2 μg l-1,
Al <35 μg l-1 , Mn <50 μg l-1  and Zn <25 μg 
l-1  in the reference well P (Figure 6). In well L 
the concentrations of Cd, Cr, Cu and Pb were 
<10 μg l-1 throughout the sampling period. The 

Co and Ni concentrations were relatively high, 
approximately 100 μg l-1. Manganese and Zn 
concentrations were around 7000 μg l-1, and 
these elements followed the concentration trend 
for dissolved S (Figure 3b). The concentrations 
of Al and Fe were around 1000 mg l-1 and 2500 
μg l-1, respectively, in well L. 

4.3.2 Wells in Impoundment 1 

Group 1: In general, the lowest elemental 
concentrations in Impoundment 1 were found 
in the group 1 wells (high pH and low redox 
potential) after remediation. The concentrations 
of Fe were <5000 mg l-1 and the concentrations 
were <1000 μg l-1 for Al and Zn. These wells 
had the lowest Al and Zn concentrations in 
the impoundment; occasionally even as low 
as in the reference well P (Figure 6). The 
concentrations of Mn were relatively high in 
some of these wells, with concentrations up to 
10,000 μg l-1.  In general, the concentrations of 
Co and Cr were <1 μg l-1, Cu and Ni <10 μg l-1,
Cd and Pb <6 μg l-1. The concentrations of As 
were <100 μg l-1 in wells D, M and O, but high 
in well Q, with concentrations >1000 μg l-1.
Group 2:  In general, group 2 wells had high 
concentration of metals, but with considerable 
variations. The concentrations of Fe ranged 
between 5-10,000 mg l-1, Zn between 230 -
270,000 μg l-1, Mn between 5-7,000 μg l-1and Al 
between1000 -220,000 μg l-1 during the sampling 

Table 2. The average elemental concentrations in the groundwater, in group 1, group 2 and 3 wells, before and after 
remediation in 1998 and 2003.

Pre-remediation
(Ekstav, 1989)
Average±std.dev.

After remediation
Average±std.dev. in
group 1 pipes (D, E,
M and O ) in 1998 

After remediation
Average ±std.dev. in
group 2 and 3  (F, G,
I, J) pipes in 1998 

After remediation
Average±std.dev.
in group 1 pipes
in 2003

After remediation
Average±std.dev.
in groups 2 and 3
pipes in 2003

pH
Fe (mg l-1)
S  (mg l-1)
Al (μg l-1)
As (μg l-1)
Cd (μg l-1)
Co (μg l-1)
Cr (μg l-1)
Cu (μg l-1)
Mn (μg -1)
Ni (μg l-1)
Pb (μg l-1)
Zn (μg l-1)

4.8±0.4
3900±1300
2900±1000

80±30

50±30
2500±1700

1400±570
333000±200000

 6±0.4
1400±1400
1300±900
60±100
4.1±5.7
0.4±0.5
0.3±0.4
0.8±1.7
9.9±14
4600±3800
7.3±18
1.3±1.3
280±260

 4.2±0.5
4700±2700
3900±2000
93000±76000
330±550
1.1±1.7
270±320
70±50
6.3±6.5
11000±8700
170±210
14.0±21
31000±25000

6.4±0.5
420±340
660±160
16±19
1±1.6
0.03±0.04
0.2±0.3
0.1±0.2
0.7±0.4
1900±1000
1.7±2.3
0.2±0.5
50±80

5.4±0.7
1100±1600
920±1200
6100±13000
340± 580
0.07± 0.07
24±50
1.1±0.5
4.2±5.6
1400.1±1600
20±50
0.8±1.2
5800±6800
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period. The wide range of concentrations was 
a result of increased pH with time in group 
2 wells. Well I had highest concentrations of 
Cr, Mn and Pb (Figure 6), even after a strong 
decrease throughout the sampling period. The 
concentrations of Cd, Co and Ni were low in 
well I, while the others wells in group 2 had 
high concentrations. Chromium was highest in 
wells F and G. Occasionally, there were high 
concentrations of Cu in some wells during the 

sampling period. The As concentrations were 
relatively low in the group 2 wells, except for 
wellG, which has concentrations between 1000
and 2000 μg l-1.
Group 3. The Al concentrations were high in 
well J, and decreased as pH increased. Well 
J had intermediate concentrations of Cr, Pb 
and Zn, but elevated concentrations of Co and 
Ni. The Ni concentrations ranged between 
c. 100 and 600 μg l-1, Co between 100 and 
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Figure 6. The relation between selected trace elements and pH in the groundwater wells.
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800 μg l-1, and Zn between 400-16,600 μg l-

1. Chromium was <25 μg l-1, and Pb was <10
μg l-1. The Fe concentration was relatively low 
and constant (approximately around 5000 mg 
l-1) compared to other wells. Cadmium, Cu and 
Mn concentrations were very low, <5 μg l-1.
Group 4. High concentrations of Al, Fe and 
Ni were found in wells H and K, with the 
highest concentrations in well H. Well H 
differs from the other wells with constant and 
very high concentrations of elements such as 
Fe, S, Al, Zn and Cr throughout the sampling 
period. Chromium was high also in well K.
The concentrations of Cd, Cu and Co were 
relatively low in these wells, <5 μg l-1 and lowμg l-1 and lowg l-1 and low 
also for Pb, but on some occasions, high Cu 
and Pb concentrations occurred in well H. The 
As concentration was <5 μg lμg lg l-1 in well K, but 
high in well H. 

5. Discussion 

The groundwater quality in Impoundment 1

groundwater with similar characteristics as in 

entered the groundwater, and of the minerals 
present in the aquifer that may have reacted 
with the water. The effect of remediation 

was not apparent immediately throughout 
Impoundment 1 owing to the long residence 
time of groundwater. After remediation the 
polluted groundwater was gradually replaced 
by less contaminated groundwater, since the 
sulphide oxidation rate decreased as a result of 
limited oxygen supply. This resulted in lower 
elemental concentrations and higher pH in the 
groundwater throughout the Impoundment 1 in 
2003.

Outgoing water quality from Impoundment 1
can be illustrated by well L, which had rather low 
and relatively constant elemental concentrations, 
and relatively low pH. Concentrations of trace 
elements such as Cd, Cu, Cr and Pb were 
low throughout the sampling period, which 
indicates low mobility for these metals. The 
concentration of Al, Ni and Co in well L 
followed the S concentration trend illustrated 
in Figure 3. These metals were probably mobile 
as a result of the low pH (mainly <5) in well 
L. The decreased concentration in well L after 
2000 suggests that contaminated groundwater 
was leaving Impoundment 1, and was gradually 
replaced by groundwater less contaminated than 
before remediation, due to decreased release of 
sulphide oxidation products (Alakangas et al., 
2006).
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5. 1 Concentrations of Fe, Mn and Zn

Amorphous Fe(OH)
3,
 Al(OH)

3
and SiO

2,

crystalline hydroxides such as gibbsite and 
goethite and metal-sulphates of Al, Fe and Ca 
are secondary minerals commonly observed in 
sulphide tailings. These minerals may control 
or limit the dissolved concentrations of Al, 
Fe, Ca, S and Si (Alpers, 1994; Jambor, 1994;
Bigham and Nordstrom, 2000). Other dissolved 
trace elements may be removed from solution 
by sorption to or co-precipitation with these 
secondary minerals. The possible occurrence of 
minerals that may be present in the groundwater 
at different pH and redox potential has been 
calculated using the equilibrium geochemical 
model PHREEQC (Parkhurst and Appelo, 
1999), with the database MINTEQA2 (Allison 
et al., 1991). The saturation index (SI) is 

solution ion activity product (IAP) and the 
solubility equilibrium constant (K

sp
). Positive 

and negative SI values indicate that the solution 
is oversaturated or undersaturated, respectively, 
with a mineral phase, and that precipitation 
or dissolution are possible. Values close to 
zero (±0.5) indicate equilibrium between the 
solution and mineral phase. 

In Figure 7, the SI values of minerals that 
may control the Fe, Al and Si concentrations 
in Impoundment 1 are related to pH. Iron 
seemed to be controlled by goethite at pH <4, 
and by amorphous Fe(OH)

3
 at pH >4 and up to 

6.5 (Figure 7). Jarosite was in equilibrium in 
the same pH interval as amorphous Fe(OH)

3
.

Jarosite is likely to precipitate when the pH is 
lower than 3 and sulphate concentration >3000 
mg l-1, (Bigham, 1994).No wellin Impoundment 
1 had such low pH, but jarosite may have been 
formed in the vadose zone before remediation, 
and dissolved or converted to goethite as pH 
increased (Bigham and Nordstrom, 2000),
since the SI values indicate undersaturation 
for jarosite at pH >6 and oversaturation for 
goethite.

The estimated SI values indicated 
oversaturation for goethite (SI >5) and 
amorphous Fe-hydroxides when pH >5, which 
suggests that these minerals could precipitate. 
No dissolution of Fe-oxyhydroxides as the 
redox potential decreased after remediation 

was indicated by the SI values (Figure 7). The 
redox potential was rather constant in areas 
with high pH (group1) (Figure 5), but probably 
decreased as a result of the remediation before 
the sampling started.

Figure 7. Relation between saturated index (SI values) 
and pH, for secondary minerals that may control the 
concentrations of Fe, S, Al and Si in the groundwater, 
based on the geochemical model PHREEQC. Minerals 
in equilibrium are located between the dashed lines.
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An initial wash-out of the vadose zone in the 
group 2 wells was suggested, which initially 
increased the Fe concentration (Figure 3 and 
Alakangas et al. (2006). The source of Fe was 
mainly from pyrite oxidation and from dissolved 
Fe in the pore water. The Fe concentration 
decreased sharply when the groundwater was 
replaced by less contaminated groundwater 
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(Figure 3a). Precipitation of Fe-oxyhydroxides 
may also have removed Fe as indicated by 
the SI values when pH increased. However, 
the decreased Fe concentrations followed the 
S trend in the group 2 wells, as illustrated by 

eventual formation of Fe-oxyhydroxides. 
The Fe concentration was rather constant 

when pH was <4 (Figure 6; well J) and the 
redox potential was low, which probably 
reduced the possibility for Fe-oxyhydroxides 
to form. The groundwater conditions with low 
pH and low redox potential probably enhanced 
the possibility for Fe(II) to sustain dissolved, 
and precipitate later as Fe-oxyhydroxides when 
the groundwater reached the surface. 

The Mn and Zn concentrations showed 
similar behaviour as the Fe concentration. 
Manganese is a redox-sensitive element and 
may therefore have been stable in solution 
in reduced form, Mn(II), and followed the 
groundwater displacement, and oxidised when 
reaching more oxidised conditions, like Fe. 
Zinc seemed to be unaffected by the pH change 
and the decreased redox potential; instead, the 
decreased Zn concentration after remediation 
was probably caused by dilution by unpolluted 
groundwater rather than by other processes.

5. 2 Concentrations of Al

The primary source of dissolved Al in 
Impoundment 1 was mainly aluminium silicates 
such as chlorite. The dissolution of chlorite may 
produce kaolinite (Al

2
Si

2
O

5
(OH)

4
), silica and 

dissolved cations (Equation 1). Kaolinite may 
equilibrate with the groundwater containing its 
dissolved components Al and Si (Equation 2).

Mg
3
Si

4
O

10
(OH)

2
+H

2
SO

4
=>5Mg2+ + 

Al
2
SiO

5
(OH)

4
 +Si(OH)

4
+5H

2
O (1)

Al
2
Si

2
O

5
(OH)

4
 +6H+ => 2Al3+ +

2 Si(OH)
4
 +H

2
O (2)

Al3+ + 3H
2
O=> Al(OH)

3(S)
 + 3H+ (3)

Since the weathering of chlorite and kaolinite is 
irreversible, Al release was limited by reactions 
1 and 2, while the overall Al solubility may 
be controlled by equilibrium with secondary 

minerals such as Al(OH)
3

( Equation 3). 
Dissolved Si may be limited by amorphous 
SiO

2
(Equation 4).

Si(OH)
4
=> H

2
O+ SiO

2(am.)
(4)

The near-equilibrium SI values for kaolinite, 
gibbsite and amorphous SiO

2
 at pH <5 in the 

groundwater (Figure 7) suggest that reactions 1-
4 occurred. As a result of low pH,the weathering 
rate of chlorite and of kaolinite was probably 
higher before remediation. This may explain 
the high concentration of dissolved Al (Figure 
6) and Si in well J during 1998 compared to the 
other wells. The dissolution of kaolinite may 
be incongruent, with higher release of Al than 
of Si, especially between pH 2 and 4 (Carroll-
Webb and Walther, 1988).

The dissolved Al concentrations were highly 
dependent on pH (Figure 6), and decreased 
as pH increased in the groundwater. The Al 
concentrations in Impoundment 1 ranged 
between 5 - 300,000 μg l-1, and the pH ranged 
between 3.3 and 7.3. Aluminium was rapidly 
removed from the solution as pH approached 5, 
at approximately pH 4.8, which is in agreement 
with other results (Nordstrom and Ball, 1986;
Stumm and Morgan, 1996), and consistent 
with the pK

1  
for hydrolysis of Al (Bigham and 

Nordstrom, 2000). At pH <5, gibbsite seemed 
to be the mineral phase that controlled the 
concentration of Al, and amorphous Al(OH)

3

at pH >5 (Figure 7), which has also  been 
observed in earlier studies (Nordstrom and 
Ball, 1986; Monterroso et al., 1994; Shum and 
Lavkulich, 1998). In wells with pH >5 the Al 
concentrations were <100 μg l-1 throughout the 
sampling period, and SI values showed that 
the solution was oversaturated with respect to 
gibbsite and in equilibrium with amorphous 
Al(OH)

3
 (Figure 6).

5. 3 Concentrations of Cd, Cu, Cr, Co, Ni and 
Pb

Concentrations of Cd, Co, Cr, Cu, Ni and Pb 
showed different behaviour compared to that 
of Fe, Mn, Mg, S and Zn, which followed 
the S concentration trend (Figure 3). This 
suggests that Cd, Co, Cr, Cu, Ni and Pb were 
more affected by the changed environmental 



14

conditions such as pH and redox potential than 
by dilution. In general, the concentrations of 
these metals decreased more rapidly and before 
the concentrations of Fe, Mn, Mg, Zn and S 
decreased.

The low concentrations of Cd, Cu and Pb 
in Impoundment 1 in 1998 (Figure 6 and Table 
2) indicate that these elements were rather 
immobile in the pH obtained after remediation. 
These metals were probably removed rapidly 
after remediation in 1996 as a result of the 
higher pH and low redox potential that may 
have increased sorption to mineral surfaces and 
precipitation of secondary sulphide minerals. 
It has been suggested that Cu, Cd and Pb may 
retain in tailings with soil cover, and form 
secondary sulphides as they may replace Fe 
or Zn in more soluble sulphides as pyrrhotite 
and sphalerite (Höglund et al., 2005). The

low throughout the sampling period (well L; 
Figure 6), which indicates that these metals 
were retained within the impoundment after 
remediation.

Copper occasionally showed high 
concentration at higher pH, which may be a 
result of desorption from mineral surface if 
Cu(II) was reduced to Cu(I) as a consequence 
of the decreased redox potential. The pH

50

(pH where 50% of the initial concentration is 
adsorbed) has been shown to decrease in the 
order Pb > Zn > Cd, regardless of adsorbent 
used, (Jean and Bancroft, 1986).  Others studies 
have shown Cu to be the least mobile metal in 
soils when comparing common contamination 
metals, and Pb the second after Cu, (Korte et 
al., 1975).  Lead was almost depleted at pH 
5, while Cd was depleted throughout the pH 
range (Figure 6). Lead has been observed to be 
mobile only under very acidic conditions, pH 
<3 (Deutsch, 1997).

Increased solid concentrations of mainly 
Cu, but also of Cd and Pb were observed 
just below the oxidation zone in the tailings 
in Impoundment 1 (Holmström et al., 2001).
Copper was retained as covellite, CuS, but 
also probably adsorbed onto mineral surfaces 
(Holmström et al., 1999). Similar enrichment 
zones of Cu have been observed in other 
sulphide mine tailings (Boorman and Watson, 

1976; Blowes et al., 1990; Lin, 1997; Mc 
Gregor et al., 1998) , where Cu was replacing 
Fe in the sphalerite, pyrite or pyrrhotite 
structure (Blowes and Jambor, 1990). A similar
mechanism is suggested to occur for Cd and Pb.

Cu and Cd enrichment on the pyrite surfaces 
(Öhlander et al., 2006). Cadmium, Pb and Cu 
are known to adsorb onto sulphides (Jean and 
Bancroft, 1986; Kornicker and Morse, 1991;
Muller et al., 2002). The Cu enrichment zone 
was probably developed before remediation, 
but may have expanded after remediation. 

Sequential extraction performed on the 
tailings showed that Pb was related to the 
reducible fraction (Carlsson, 2002), which 
mainly reduces amorphous and crystalline Fe, 
Mn-hydroxides. Stable secondary minerals such 
as anglesite, PbSO

4,
which form at high sulphate 

concentrations and oxidised conditions, may 
have limited the dissolved Pb concentration 
in the vadose zone (Alpers et al., 2000). This 
mineral is common as an oxidation product 
of galena and rather insoluble (Alpers et al., 
1989), and may, therefore, have been extracted 
in the metal-oxide fraction. 

Chromium occurs as Cr(III)  or Cr (VI) under 
natural environmental conditions.  At low redox 
potential, Cr (VI) may be reduced to Cr, which 
is less mobile than Cr(VI), as it may precipitate 
to Cr (OH)

3
or Fe

x
Cr

1-x
(OH)

3
 under alkaline 

and slightly acidic conditions. Chromium (VI) 
occurs as anions (HCrO

4
-, CrO2-

4
) or as neutral 

species (H
2
CrO

4
0) under oxidised conditions 

and may be sorbed to metal oxides at pH 2-7 
(Zachara et al., 1987). The concentrations of 
Cr at pH <4 (well J) and when pH > 5 (group 
2 wells) may be due to precipitation of Cr(III) 
, and are discussed further in next section. 
Adsorption of Cr(VI) decreased with increasing 
pH and in the presence of competing anions 
such as sulphate, resulting in high mobility of 
Cr (Zachara et al., 1987). The high and constant 
concentration of Cr at pH 4-5 in environments 
with high sulphate concentrations (wells K, L, 
H; Figure 6), suggests that Cr (VI) dominates 
and was competing with sulphate for sorption 
sites.

Nickel and Co have been observed to be 
mobile in pore water at pH <5.7 (Jurjovec et 
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al., 2002), which is rather similar to the pH 
where the dissolved concentrations of Ni  was 
high in Impoundment 1 (Figure 6). The higher 
concentration of Ni at pH >5 suggests that Co 
was less mobile in the groundwater than Ni.

The concentrations of trace metals in 
Impoundment 1 decrease with increasing pH 
in the following order: Zn >Ni > Co > Pb > 

observations reported by Blowes and Jambor, 
(1990), who observed the following order of 
metal mobility at the Waite Amulet tailings site 

to observations of mobility in pore-water by 
column experiments of leached tailings from 
Kid Creek, Canada (Jurjovec et al., 2002). 

5.3.1. Co-precipitation of Al- Co, Co and Ni

Metals such as Co, Cr and Ni can be sorbed 
to or co-precipitate with metal hydroxides 
of Al and Fe (Balistrieri and Murray, 1982;
Dzombak and Morel, 1990; Kooner, 1993;
Alpers, 1994; Bowell, 1994; Herbert, 1996;
Stumm and Morgan, 1996; Mc Gregor et al., 
1998; Borggaard and Elbering, 2003). The

concentrations of Ni, Co and Cr were high at 
low pH conditions (Figure 6), and dissolved 
Al and Si concentrations were correlated with 
these elements (group 2 and 3 wells; Figure 8). 
The simultaneous decrease of Al, Ni, Co and 
Cr concentrations in Impoundment 1 when 
the pH increased (group 2 and 3) may be due 
to formation of Al-hydroxides. Calculated SI 

mentioned earlier. Which trace elements that 
were correlated with Al in each well, depend 
on which trace elements that were elevated 
in the well. Dissolved Cr was elevated in the 
groundwater in wells G and I, Ni in well J, 
and Co in wells J and G. Therefore, in well G, 
Cr, Ni and Co were co-precipitated with Al, in 
wells J, Ni and Co were co-precipitated with 
Al, and in well I, only Cr was precipitated 
with Al (Figure 8). The correlations between 
Al and trace elements in Figure 8 were high in 
well J (R=0.97) compared to the other wells. 
Co-precipitation was probably not the only 
mechanism removing these trace elements in 
wells F, G and I, as these wells were affected 
when the polluted groundwater was replaced 

Figure 8 The relation between dissolved a) Al, Co, Cr and Ni in well F, b) Al, Co, Cr and Ni in well G c) Al and Cr in 
well I d) Al, Co and Ni concentrations in well J
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by less contaminated groundwater, which was 
not the case in well J. 

In well J, only the concentrations of Si, 
Al, Co, Cr and Ni decreased, which was 
entirely an effect of pH increase. In well J, 
Al-hydroxides were formed at pH <5 (which 
was indicated by the SI values to be gibbsite), 
when Al concentration was high (here, 240,000 
μg l-1). The precipitation of Al-hydroxides is 
independent of the redox potential (Stumm 
and Morgan, 1996) and these may therefore 
precipitate at the low redox potential developed 
by remediation. Aluminium hydroxides are, as 
Fe-oxyhydroxides, known adsorbents for trace 
elements. In the case of Impoundment 1, it 
seems that Al-hydroxides were more important 
for the removal of trace elements from the 
groundwater than Fe-oxyhydroxides after 
1998, since the low redox potential conditions 
may have decreased the presence of Fe (III). 

In the wells where pH was >5 when the 
sampling started (group 1 wells), dissolved Co, 
Cr and Ni may have been removed earlier from 
the groundwater with similar mechanisms as 
discussed above, if Al or Fe-hydroxides were 
formed (Kinniburgh et al., 1976).  Selective 
extraction of the tailings in Impoundment 1
showed higher amounts of amorphous and 
crystalline Fe-hydroxide fractions deeper down 
than in the vadose zone, (Carlsson, 2002), 
where pH was >5.  Nickel, Co and Cr were 
related to these fractions, suggesting that these 
trace elements may have been co-precipitated 
or adsorbed to Fe- hydroxides in the tailings 

5. 4.  Mobilisation of arsenic

Under oxidised conditions, As is mainly anionic 
in the pH range 3-9, and readily adsorbed to Fe-
oxyhydroxides at low pH (Sracek et al., 2004). 
Increased pH can cause release of adsorbed As, 

low pH conditions (Stumm and Morgan, 1996).  
Arsenic (V) may be reduced to As(III)  under 
low redox potential conditions. Arsenic(III)  
is a neutral species at pH <9.2 and therefore 
more mobile compared to As (V). At higher pH 
As(III)  is in its ionised form H

2
AsO

3
- and has 

The primary source of As is sulphides, 
mainly arsenopyrite, as in Impoundment 1. The 
concentrations of As in the groundwater were 
in most wells <10 μg l-1 after remediation. High 
concentrations, >1000 μg l-1, were, however, 
obtained in wells G and Q (Figure 5). Other 
wells with similar pH also had rather high 
concentrations, but not as high as these wells. 
The location and the chemical conditions are 
the opposite in wells G and Q. Well G had low 
pH and high redox potential, while well Q had 
high pH and low redox potential (Figure 4). 
Before remediation both wells probably had 
oxidised conditions and low pH, which favours 
the presence of As(V) compared to As(III). 
The oversaturation with respect to secondary 
Fe-oxides indicates that these were stable after 
remediation, and As(V) may then have been 
sorbed by Fe-oxides and hydroxides (Fuller et 
al., 1993; Bowell, 1994). After remediation, the 
redox potential probably decreased and As may 
have been released from the surface as As(V) 

Figure 9. Time series of dissolved As concentrations in the groundwater in wells G and Q.
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was reduced to As(III), or released from Fe-
oxyhydroxides if these were dissolved.  The 
release just after remediation was probably 
higher in well Q, as the redox potential was 
lower in this well. This may explain the 
higher concentration observed in well Q 
compared to well G. Arsenic(III) may have 

of the impoundment, explaining the decreased 
concentration of As with time.

Dissolution of secondary As-minerals such 
as scorodite, FeAsO

4
*2H

2
O, commonly found 

in mine waste as it precipitates at very acidic 
and oxidised conditions, could also have been a 
potential source (Alpers et al., 2000). Increased
pH may also increase As concentration in 

decreases with increased pH (Stumm and 
Morgan, 1996).

6. Conclusions

The remediation of the sulphide-rich tailings 
at Kristineberg has resulted in improved water 
quality. In general, elemental concentrations 
decreased and pH increased during the sampling 
period. In the area with double dry cover, the 

immediate result of the remediation and the main 
mechanism for the decreased concentration of 
elements and increased pH in the groundwater. 
In the part of the impoundment with simple dry 
cover and raised groundwater table, the effects 
were not immediate, since oxidation products 
secondarily retained in the vadose zone were 
mobilised before the polluted groundwater was 
replaced by less contaminated groundwater. 
The concentrations of trace elements such as 
Cu, Cd, Pb, Co, Ni and Cr were low in wells 
with high pH and low redox potential. Important 
mechanisms for removal of Cu, Cd and Pb were 
replacement of Fe(II) on pyrite surface and 
sorption onto mineral surfaces, which probably 
occurred immediately after remediation when 
the redox potential decreased and pH increased. 
Iron concentrations in the groundwater seemed 
to be controlled by goethite at pH <4, and 
amorphous Fe(OH)

3
 at pH >4 up to 6.5. Low 

redox potential in some areas diminished the 
possibility for formation of Fe- oxyhydroxides 
after remediation. 

Most elements showed pH dependency and 
most pH-sensitive were Al and Cr. In wells 
with low initial pH and high redox potential, 
trace element concentrations decreased as 
pH approached 5.  Metals such as Co, Cr 
and Ni were removed from the solution by 
co-precipitation with Al-hydroxide as pH 
increased.  At pH <5, gibbsite seemed to be the 
mineral that controlled the concentration of Al, 
and amorphous Al(OH)

3
 at pH >5. Aluminium 

hydroxides were probably more important for 
removal of trace elements from solution than 
Fe-oxyhydroxides, since formation of the latter 
was limited by the low redox potential. 

Arsenic was mobilised at some locations as 
a result of decreased redox potential. Lowered 
redox potential may cause As(V) to be reduced 
to As(III), which is more mobile than As(V), 
thereby causing higher concentration in the 
groundwater.  Increased pH in some parts of the 
impoundment resulted in desorption of anions 
such as arsenate from mineral surfaces. Redox 
potential, pH and elemental concentrations 
differed among the groundwater wells even 
under the same cover. This illustrates the 
importance of time-series as well as of several 
sampling locations distributed over the 
impoundment when the effects of remediation 
are studied. A single sample location may give 
totally misleading results.
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Abstract

Metals released from oxidation and weathering of sulphide minerals in mine tailings are to a 
high degree retained at deeper levels within the tailings themselves. To be able to predict what 
could happen in the future with these secondarily retained metals, it is important to understand 
the retention mechanisms. In this study an attempt to use laser ablation high-resolution ICP-MS
(LA-ICP-SMS) to quantify enrichment of trace elements on pyrite surfaces in  mine tailings 

Kristineberg mine in northern Sweden. At each spot hit by the laser, the surface layer was analyzed 

immediately below. The crater diameter for a laser shot was known, and by estimating the crater 
depth and total pyrite surface, the total enrichment on pyrite grains was calculated. Results are 
presented for As, Cd, Co, Cu, Ni and Zn. The results clearly show that there was an enrichment of 
As, Cd, Cu and Zn on the pyrite surfaces below the oxidation front in the tailings, but not of Co 
and Ni. Arsenic was also enriched on the pyrite grains that survived in the oxidized zone. Copper 
has been enriched on pyrite surfaces in unoxidized tailings in the largest amount, followed by 
Zn and As. However, only 1.4 to 3.1% of the Cd and Zn released by sulphide oxidation in the 
oxidized zone have been enriched on the pyrite surfaces in the unoxidized tailings, but for As and 

in these calculations, and the results shall not be taken too literally but  allowed the conclusion 
that enrichment on pyrite surfaces is an important process for retention of As and Cu below the 
oxidation front in pyrite rich tailings. Laser ablation is not a surface analysis technique, but more 
of a thin layer method, and gives no information on the type of processes resulting in enrichment 
on the pyrite surfaces. Although only pyrite grains that appeared to be fresh and without surface 
coatings were used in this study, the possibility that a thin layer of Fe-hydroxides occurred must 
be considered. Both adsorption to the pyrite directly or to Fe-oxyhydroxides may explain the 
enrichment of As, Cd, Cu and Zn on the pyrite surfaces, and, in the case of Cu, also the replacement 
of Fe(II) by Cu(II) in pyrite. 

Keywords: Mine tailings; Oxidation; Metal enrichment; Pyrite surfaces; LA-ICP-SMS 
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1. Introduction

It has been shown by laboratory studies 
that the surfaces of sulphide minerals have a 

and Morse, 1991), and pyrite formed in anoxic 
marine sediments has been suggested to be an 
important sink for As, Hg, and Mo, moderately 
important for Co, Cu, Mn, and Ni, and less 
important for Cr, Cd, Pb, and Zn (Belzile and 

tailings deposits, the pyrite content is high 
below the oxidation front, and metal retention 
by adsorption to pyrite may potentially be 

of adsorption to pyrite in relation to the total 
secondary retainment of metals has not been 

Metals released by oxidation of sulphides 
are to a large extent secondarily retained below 
the oxidation front where pH is higher. In a 
study of the oxidizing sulphide-bearing mine 
tailings at the Laver mine in northern Sweden, 
with unusually favourable conditions for 
estimation of mass balances, it was found that 
active oxidation occurs in a sharp and distinct 

and Öhlander, 2001). By a comparison of the 

and laboratory studies, with the total amount 
of metals annually leaving the tailings with 
drainage waters it was concluded that only 5-
10% of the total amounts of metals such as Cd, 
Co, Cu Ni and Zn released by the weathering 
reach the surface-water system downstream the 
mining area. Metals released from oxidation 
and weathering of sulphide minerals are, thus, 
to a high degree retained at deeper levels within 
the tailings themselves. It was concluded 

important retention mechanism was surface 
adsorption.

The importance of adsorption as a mechanism 
for secondary metal retention in mine tailings has 
also been studied using sequential extraction. It 

the adsorbed/exchangeable fraction carried a 
large part of the metals below the oxidation 

front in pyrite-rich tailings. Secondary minerals 
such as Fe- and Al-oxyhydroxides have a high 
capacity for adsorbing trace metals (Dzombak 

al., 1997). In pyrite-rich tailings, the role of Fe-
oxyhydroxides, in particular, can be expected to 
be large in the oxidised zone and in downstream 
areas, but the abundance of Fe-oxyhydroxides 
below the oxidation front may be low. By using 

on pyrite grains sampled from mine tailings, Al 
et al. (1997) found a considerable adsorption of 
elements such as Cu, Ag, Pb, Zn and Cd from 
the pore water. Müller et al. (2002) studiedMüller et al. (2002) studied(2002) studied 

an oxidising tailings impoundment by using 
laser ablation high-resolution ICP-MS (LA-
ICP-SMS). At each spot hit by the laser, the 

and a second shot on the same spot gave the 
chemical composition of the pyrite immediately 
below. A higher concentration of the different 
elements in the surface analysis was interpreted 
as adsorption, which was found to be common. 
The surface adsorption of Cd, Cu and Zn on 
pyrite was most important below the oxidation 
front, whereas elements such as Ag, As, Au and 
Bi were preferably adsorbed to the low amount 
of pyrite remaining in the oxidised zone. 
However, LA-ICP-SMS does not give a real 
surface analysis, but the chemical composition 

depth during ablation. The diameter is known, 
and if the crater depth for a laser shot could be 

assuming that the higher concentration in 

by adsorption. Since processes other than 
adsorption may also lead to metal enrichments 
at grain surfaces, and the laser analysis gives 
no possibility to distinguish between different 
processes, the term surface enrichment is used in 
the following text. Examples of other processes 
are ion exchange and exchange of ions in 
monovalent complex forms (Nagy and Konya, 
1988). In addition, pyrite grains that seem fresh 
and without surface coatings may still have a 
thin Fe-hydroxide surface layer (Nicholson et 
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In this study, we determined a typical crater 
depth during ablation on pyrite, and used the 

scale the importance of surface enrichments 
of metals to pyrite below the oxidation front 
in oxidizing pyrite-rich tailings. Results are 
shown for As,Cd, Co, Cu, Ni and Zn.

2. Site description

The Kristineberg mine is located in the western 
part of the Skellefte ore district, approximately 
175 km southwest of Luleå in northern Sweden 
(Fig. 1), and has been operated by Boliden 
since the operation was commissioned in 
1940. The mining area The bedrock consists of 
ca.1.9 Ga metamorphosed ore-bearing volcanic 
rocks overlain by metasedimentary rocks. The 
metasupracrustals display a marked foliation 
and extensive sericitization (Vivallo and 

ores are intercalated within a stratigraphic 
unit consisting of mainly basic volcanics and 

The largest orebody in the area is the 
Kristineberg Zn-Cu deposit, which was 
brought into production in 1940. In the past, ten 
different mines within 50 km of Kristineberg 
have supplied Kristineberg mill with ore, 
but today the Kristineberg mine is the only 
remaining active mine in the area. The mine 
produces ca. 450,000 tonnes of ore per year. 
The Kristineberg mill was closed in 1991, and 
today the mined  ore is transported by highway 
trucks for processing in the Boliden mill, 
situated c. 100 km to the east. 

Sulphide-rich tailings have been deposited 

site in this study, is the oldest, used until the 
early 1950s. The tailings impoundments are 

al., 1999). Both dry covers with till as cover 

Impoundments 1 and 1B (Fig. 1) were covered 

was distributed on the surface of the tailings 
before the cover was applied. On Impoundment 
1B, a composite cover was applied as a sealing 
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Fig. 1. Map showing the location of the Kristineberg mining area, and a map of Impoundment 1 showing the 



layer, where 0.3 m compacted till with a 
maximum hydraulic conductivity of 5.10-9 m/s 
was applied. On top of that layer, a protective 

This system was also used on the northeastern 
part of Impoundment 1, covering approximately 
half the impoundment area. On the remaining 

was applied on the tailings and the new concept 
of groundwater saturation was implemented. 
Groundwater saturation was maintained by 
water management, whereby existing drainage 

and surface water to enter the area from up-
gradient areas. By covering the area with 1 m of 

the phreatic level. In this area, the groundwater 
table is now shallow, completely covering the 
tailings and occasionally reaching the ground 
surface. The till surface was hydroseeded with 
grass, and today grass covers the surface. 

The pyrite grains used in this study were 

(Fig. 1), where the underlying till was reached 

tailings in Impoundment 1 ranges from a few 
up to 11 m (Holmström et al., 2001). The 
tailings were oxidized in more than 40 years 
before the remediation, and a distinct zonation 
with an oxidised zone above the unoxidized 
tailing has developed. The thickness of the 

in the tailings in decreasing order are: pyrite, 
pyrrhotite, sphalerite, chalcopyrite, galena and 
covellite. Gangue minerals include quartz, K-
feldspar, chlorite, talc, plagioclase, muscovite, 
amphiboles, pyroxene, biotite and carbonates. 
The chemical composition of oxidized and 
unoxidized tailings (Table 1) clearly shows 
that the sulphides have been largely lost in the 
oxidized zone. Sequential extraction results 

fractions of As, Cd, Co, Cu, Mn, Ni, Pb and 
Zn were adsorbed to mineral surfaces within 
the unoxidised tailings. The geochemistry of 
tailings and pore water were studied in detail in 

The annual precipitation in the Kristineberg 

area varies between 400-800 mm/a (Axelsson 
et al., 1991), and the annual mean temperature 

in the Kristineberg area mostly consists of 

of deciduous forest. Boglands are common. 

produced from weathered glacial till (Granlund 

[weight%±s.d ] [weight%±s.d ]
SiO2 42.8±6.7 63.1±7.1
Al2O3 9.35±1.50 11.4±1.47 
CaO 1.01±0.49 1.24±0.74 
Fe2O3 24.0±5.0 8.45±3.59
K2O 0.81±0.40 1.88±0.97 
MgO 7.73±1.46 6.65±3.52 
MnO2 0.12±0.02 0.11±0.02 
Na2O 0.46±0.35 1.46±0.88 
P2O5 0.07±0.02 0.08±0.04 
TiO2 0.30±0.06 0.45±0.07 
S 14.4±4.7 1.81±2.79
LOI 12.4±2.6 5.03±3.00

[ppm±s.d] [ppm±s.d]
As 183±157 36.2±28.9
Ba 281±79 481±193
Be 0.84±0.15 1.06±0.37 
Cd 21.5±12.5 1.47±2.39 
Co 56.4±21.3 7.77±9.18 
Cr 46.2±13.3 60.7±19.9 
Cu 956±316 159±132
Hg 2.42±1.17 0.94±0.52 
La 22.4±5.3 25.7±5.5
Mo 24.0±6.7 17.7±11.3 
Ni 5.95±2.58 4.52±3.35 
Pb 463±283 454±318
Sc 5.90±1.38 7.46±1.10 
Sr 40.1±21.0 90.5±51.8 
V 26.9±8.1 34.3±8.9
Y 17.6±3.1 21.2±3.3
Zn 8861±4744 559±919 
Zr 117±41 205±78

Element Unoxidised tailings Oxidised tailings
(73 samples) (12 samples) 

3. Methods

3.1. Sampling and treatment of pyrite grains

February 2000. Samples were taken from both 
the oxidized and unoxidized zones. During 
drilling, 19 samples between 15 and 50 cm 
long were taken in a continuous column from 
a depth of 130 cm, the bottom of the till cover, 

Table 1. Average composition of oxidised and unoxidised
tailings at Kristineberg, impoundment 1. Samples affected
by secondary enrichment are excluded. All major elements
except S are expressed as oxides.
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were stored in plastic bags and kept frozen 
until further treatment. From each sample, 
between three and six larger grains of pyrite 
were sampled for analysis. Prior to analysis, 
the samples were thawed, sieved (0.5 mm 
sieve size) and repeatedly rinsed with high-
purity Milli-Q water in order to remove the 
clay fraction. After drying the samples at room 
temperature, the pyrite grains were separated 
from the remaining material by handpicking 
with wooden toothpicks. The pyrite grains 
were optically selected using a microscope. 
Only fresh grains without any visible cover, 
coating, inclusions or zoning were taken. This 
was the only treatment applied before placing 
the grains in the ablation chamber.

3.2. LA-ICP-SMS analysis

The analysis of the pyrite grains was 
performed using an ELEMENT ICP-SFMS 

(both from Thermo Finnigan MAT GmbH, 
Bremen, Germany), within a few weeks after 
sampling. A two-stage approach was used.  A 

associated elements, and a second ablation at 
the same spot sampled the interior of the pyrite 
grains. The LA parameters used in this work, 
especially energy, were carefully optimized in 
order to be able to sample both the surface and 
the interior of the grains. The pyrite grains were 
placed in the ablation cell in groups of three 
to six grains with a size of approximately 0.5 
mm. Each group represents a drill core sample 
from a certain depth. Depending on the size 
of the grains, up to six different groups could 
be analyzed without opening the ablation cell. 
The sequence started with the analysis of the 
carrier gas without LA (argon gas blank). Gas 
blanks were repeatedly measured to determine 
the limit of detection (LOD), based on the 3s 
criterion: the LOD is three times the standard 
deviation of a sample (the gas blank in this 
case), which contains no analyte. The laser was 
then programmed to perform continuous raster 
ablation on one grain at a time. The ablation 
setting used was:

Energy: 2.0mJ
Ablation diameter: 10μm
Number of shots in each crater: 1
Repetion rate: 10Hz
Time delay: 0.1s

sequence was directly performed, using the 
same ablation setting, at exactly the same 

possible to study the difference between the 
surface and the interior layers of the grains. 
Great care was taken to ensure that an optimum 
focus of these rather irregularly shaped pyrite 
grains was obtained, and that the pyrites were 
representatively sampled by the probe. A 
potential problem of laser ablation arises from 
fractionation (mass removal based on thermal 
properties). Fractionation does occur during 
laser pulses and will depend on the sample and 

et al., 1998). To avoid non-representative 
sampling, a low ablation energy setting was 
used to minimize enhanced ablation. To study 
eventual fractionations, ablation of surface and 
interior layers was also performed on a polished 
pyrite standard, which was homogeneous in 
composition and contained no inclusions. 
Since no difference between the elemental 
composition of the two layers of the calibration 
standard could be found, it was concluded that 
the elemental fractionation due to ablation 
effects and depletion of certain elements in the 
interior layer was negligible. The elemental 
concentrations were calculated using external 
calibration against a polished in-house pyrite 

et al. 2001). In LA-ICP-SMS analysis, 
normalization of the response of the analyte 

2000). In this work Fe was used for this purpose. 
The conversion of the intensity signals for a 
particular element to concentration in ppm 
was carried out by comparing the intensity 
obtained during sample measurements with 
the intensity signals from the external pyrite 
calibration standard after IS correction by 
using Fe (Axelsson and Rodushkin, 2000). All 
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background-corrected using the values obtained 
during blank gas measurements. 

3.3. Depth measurement procedure

The typical depth of a laser shot on a pyrite 
surface was determined by using scanning 
electron microscopy (SEM) on a polished 
section of pyrite to which laser ablation (LA) 
had been applied. The depth was measured in 
seven craters, which also gave some information 
about the precision. In order to study craters 
deep enough for reliable depth measurements, 

(Fig. 2.). The average depth for a single shot was 
obtained by dividing the measured total depths 

SEM on a non-ablated area situated as close 
as possible to the crater, noting the working 
distance, followed by measurement of the 
working distance in the bottom of the crater, 
the difference in working distances was used 
to determine the crater depths. The ablationThe ablation 
setting used was:

100x100μm apart
Energy: 2.0mJ
Ablation diameter: 20μm
Number of shots in each crater: 60
Repetion rate: 20Hz
Time delay: 0.1s

3.4. Calculation of the total enrichment on 
pyrite surfaces

If the depth of a laser crater is known as 
well as the density of the tailings, and the pyrite 
concentration and the surface area of pyrite are 
known, then the enriched mass of an element 
could be calculated by using the difference in 

laser shots on the pyrite grains. This difference 
in concentration is multiplied by the total mass 
(PM) of the surface layer of the pyrite grains 
(PM=crater depth multiplied by the surface 
area of pyrite multiplied by the density of 
pyrite). The density of pyrite is assumed to be 
5.02 g/cm3.

Each sample represented a section of the 
tailings pile, corresponding to the length of 
the sampled section of the drill core. Sampling 
was performed to a depth of 600 cm, but the 
total depth to the underlying till was 865 cm 
including the till cover. The values for the 
section 660-865 cm were assumed to be equal to 
the average values of the three deepest samples. 

3

for tailings bulk density, 26 wt.% pyrite in 
unoxidized tailings and 3.3 wt.% in oxidized 
tailings were used (Holmström et al., 2001). The 
total surface area of pyrite potentially available 

area, including both grain surfaces and internal 
surfaces in fractures and other inhomogeneities. 

Fig. 2. Typical laser craters obtained durig the depth determination. To the left the crater grid is shown, and to the 
right a single crater more in detail. The arrows show the approximate place were the SEM have been focused.
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for the grain fractions 36-52 μm and 85-120
μm of pyrite was estimated at 0.66 m2/g and 
0.75 m2/g, respectively (Mathews and Robins, 

wt.%, Gleisner and Herbert (2002) reported a 

m2/g, while pyrite grains separated with the 
aid of heavy liquids had a surface area of 0.62
m2/g. Since the Kristineberg tailings are similar 
to the tailings studied by Gleisner and Herbert 
(2002), the value 0.62 m2/g was used here. The 

to correspond to values for pyrite in tailings, 
since although the grain fractions 36-52 μm 
and 85-120 μm are common i tailings, both 
smaller and larger grains occur, but support that 
the chosen BET value is of reasonably correct 
magnitude.

The total mass (Mi)  (in g) of an element 
enriched on the pyrite surfaces in a one-m2

cross section of the whole tailings pile is =

1
j L P (PM) (C

1
-C

2
), where i=element, 

(cm), =density of tailings (g/cm3), P=pyrite 
concentration (wt. %), PM=Total mass of%), PM=Total mass of 
surface layer of pyrite in a drill core sample (g), 
C

1

C
2
=concentration of second laser shot (ppm).

4. Results 

The average depth of a single shot, based 
on the seven crater measurements, was 0.20 ± 

following calculations.

oxidized zone, a limited number of fresh, small 
pyrite grains (close to 0.5 mm in size) were 
present. Other pyrites exhibited a skeletal form, 
as a result of oxidation. Lower in the oxidized 
zone, the pyrite grains were generally larger 
(up to 1 mm in size). Below the oxidation front 
the pyrite grains were not weathered. From 

fresh and occasionally up to 1 mm in size, but 
generally approximately 0.5 mm. No pyrites 

the grains were too small, smaller than 0.5 mm.

are shown in Fig. 3 for As, Cd, Co, Cu, Ni 
and Zn. Cobalt and Ni did not show obvious 
enrichment in the surface layer of the pyrite 
grains in comparison to the interior layer. Cobalt 
is a common trace element in pyrite (Fleischer, 
1955), and high concentrations are common. 

of Co in pyrite varied considerably with depth, 

small. The varying Co concentrations probably 

deposited in Impoundment 1 (Holmström et 

determine precisely, because several partsbecause several parts 
of the ICP-SFMS equipment contain this 
element, and Ni can be released due to abrasion 

high background signals for Ni (Müller et al., 
2002).
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Enrichment on pyrite was most obvious 
for Cu and As. For Cu, there was a distinct 

in all samples, but especially between 300 and 

oxidation front. The highest Cu concentration 

cm depth. Zn concentration was also higher 

concentrations were lower than for Cu, and the 
strongest surface enrichment occurred deeper 
down in the tailings.  The Cd concentrations 
were low, but there was an obvious enrichment 
on pyrite surfaces between depths of 350 and 
500 cm. Arsenic concentrations were high, 
and there was a strong enrichment on pyrite 
surfaces, except around the oxidation front.

The results of the calculations of the total 
amounts of As, Cd, Cu and Zn enriched on 
pyrite surfaces in a one-m2 cross section of 
the tailings pile is shown in Table 2, for all 
samples. These amounts were compared with 
the total loss from a one-m2 cross section of 
the oxidised zone, 1.05 m thick, based on the 
average concentrations in Table 1. The simplest 

the bulk density 2.04 g/cm3 for both oxidized 
and unoxidized tailing, and use the average 
concentrations. An alternative method for 
calculating the mass loss of various elements 
during weathering is to assume that Zr is 
immobile (Holmström et al., 2001). Then, the 
mass change is

Mass change (%) =
 ((C

i
o/C

i
un)(C

Zr
un/C

Zr
o

where C
i
o = concentration of element i in 

oxidized tailings, C
i
un = concentration of element 

i in unoxidized tailings, C
Zr

o = concentration of 
Zr in oxidized tailings, and C

Zr
un = concentration 

of Zr in unoxidized tailings. 

Using the bulk density and the relative mass 
change gives the total amounts. The results of 
both methods of calculating the mass loss are 
included in Table 2.

According to the calculations presented in 

As released from the oxidized zone has been 

secondarily retained on pyrite surfaces, mainly 
in the unoxidized zone. For Cu, a large part 
of the mass released by weathering has also 
been retained on pyrite, between 43 and 47%. 

lower, between 3.0 and 3.1% and between 1.4 
and 1.5%, respectively.

Mass loss1 314.4   42.90   1707   17783
Mass loss2 347.6   44.26   1870   18980

Sample As (g) Cd (g) Cu (g) Zn (g)

Total in oxidized zone 4.97 0.066 11.79 1.54
235-245 cm    2.03   0   12.87   1.40
245-265 cm    1.58   0.014   13.80   0.96
265-280 cm    13.30   0   12.40   0.37
280-300 cm    7.50   0   17.67   1.21
300-325 cm    14.12   0.017   86.49   8.17
325-340 cm    6.26   0.005   117.96   5.84
340-360 cm    4.91   0.006   70.22   3.33
360-375 cm    5.47   0.070   38.91   17.37
375-400 cm    6.09   0.067   60.30   5.72
400-430 cm    27.59   0.40   8.06   6.73
430-450 cm    16.32   0.053   13.33   1.61
450-500 cm    36.15   0.50   111.60   42.27
500-535 cm    8.56   0.034   14.73   17.87
535-560 cm    6.20   0.011   10.08   9.34
560-600 cm    6.73   0   36.27   19.96
600-865 cm    58.36   0.087   153.11   122.31

130-160 cm    2.84   0   6.20   0.42
160-200 cm    2.06   0.014   2.48   0.23
200-220 cm    0.04   0.019   2.64   0.25
220-235 cm    0.03   0.033   0.47   0.64

Total in unoxidized zone 221.17 1.26 797.80 264.46

Total in tailings pile 226.14 1.33 809.59 266.0

1 Just comparing concentrations in the oxidized and unoxidized zones.
2 Assuming Zr is immobile.

Table 2. Amounts of As, Cd, Cu and Zn enriched 
on pyrite surfaces in all samples as well as the total 
amounts, in a one-m2 cross section of the tailings pile. 
Also shown are the total mass losses of these elements 
from the oxidized zone during oxidation.

5. Discussion

The average Cu content in unoxidized 
tailings was 956 ppm, but there was a distinct 
secondary enrichment just below the oxidation 
front, mainly explained by formation of covellite 

Cu enrichment on pyrite surfaces occurred just 
below the peak with high total concentration 
of Cu in the tailings. Arsenic showed varying 
concentrations with depth in the tailings. 

values between 6 and 7 in the till cover, around 
6 in the upper part of the oxidized zone, 
probably due to liming during remediation, 
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to about 5.5 occurred at ca. 280 cm, and 
then an irregular increase to about 6 at depth

pH was probably considerably lower around 
the oxidation front before remediation. The 

high, c. 790 μg/l, only in one sample, taken c. 
30 cm below the oxidation front where pH was 

was below 20 μg/l. The Zn concentrations 
varied, but were generally high through the 

Pore water concentrations of Cd were high 

but otherwise low. Arsenic was high from the 
uppermost part of the oxidised zone down to 
380 cm, and at deeper levels the concentration 

concentration was almost 6 mg/l. The Co 
concentrations showed a pattern similar to that 

observed for Cd, but the high concentrations, 

The uppermost sample in the oxidized zone also 
had a rather high concentration. Nickel showed 
a slow increase from c. 10-50 μg/l in the till 
cover, in the oxidized zone and just below the 
oxidation front to 260 μg/l at depth.

The strong pH dependence of adsorption is 
well known (Stumm, 1992) and experimentally 
described, for instance by Jean and Bancroft 
(1986) for the adsorption of Hg, Pb, Zn and Cd 

Murray (1982) for the adsorption of Cu, Pb, 
Zn and Cd on goethite, by Wang et al. (1989a)
for the adsorption of Cu by pyrite, and by 
Kooner (1993) and Palmqvist et al. (1997) for 
the adsorption of Cu, Pb and Zn onto goethite. 
There is a narrow pH range in which the 
adsorption of a cation goes from near-zero to 
almost 100% adsorption. 
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Only one pore water sample with relatively 
low pH had high Cu concentration. Otherwise, 
the Cu was immobilised by enrichment on 
pyrite and other processes. Enrichment of Cd 
on pyrite occurred just below the zone with 
high pore water concentrations, indicating 
a pH control. Before remediation, the upper 
part of the unoxidized zone was unsaturated. 

saturated due to the raised groundwater level, 
and the high concentrations of Cu and Cd in 
the pore water just below the oxidation front 
may be a result of desorption due to the low 
pH. Zn enrichment on pyrite surfaces was 
lowest below the oxidation front where pH is 
lowest, but otherwise there was no correlation 
between enrichment on pyrite and pore water 
concentration. Their was no obvious correlation 
between pore water concentrations of As and 
enrichment on pyrite surfaces. Since Ni and Co 
do not appear to be enriched on pyrite, there 
was no correlation between enrichment and 
pore water concentrations. 

The pH of point of zero charge for pyrite has 

2002), suggesting that the pyrite surfaces in 
the tailings studied here had a negative surface 
charge. Cations may thus have been adsorbed, 
but Cu is adsorbed at lower pH than Cd and 
Zn. Cu(II) has a stronger tendency than Cd(II) 
and Zn(II) to replace Fe(II) in iron sulphides, 
which is also a possible mechanism for the Cu 
enrichment at the pyrite surfaces (Zouboulis et 
al., 1992).

Arsenic in aqueous solution occurs as 

are oxidizing, and as arsenite (As(III)) in 
environments with lower redox (Smedley 
and Kinniburgh, 2002). If pH is >5, arsenite 
is strongly adsorbed to pyrite (Bostick and 
Fendorf, 2003). No speciation of As in the pore 
waters in Kristineberg has been performed, but 
the possiblity that arsenite occurred below the 
oxidation front must be considered.

To the naked eye under the microscope, the 
pyrite grains used in this study appeared fresh 
and without surface coatings, but the possibility 
that a thin layer of Fe-hydroxide occurred 
cannot be ruled out (cf. Nicholson et al., 1990;
Holmström et al., 1998). The pore waters in 

depth, and seem to have been oversaturated with 
both Fe-hydroxides and goethite (Holmström 
et al., 2001). Sequential extraction performed 

amorphous Fe-oxyhydroxides and crystalline 
Fe-oxides occurred below the oxidation front 
(Carlsson et al., 2002). However, the signal 

the second on the pyrite grains (Müller et al., 
2002). This suggests that if there is a coating 
of Fe-oxyhydroxides on the pyrite grains, this 
coating must be considerably thinner than 
the crater depth 0.2 μm, since it is not at all 

In general, adsorption of cations to mineral 
surfaces increases with pH and anions are 
preferably adsorbed at low pH (Stumm, 
1992). Cu(II) is one of the divalent metal 
ions that are most strongly adsorbed to iron 
oxyhydroxides, such as goethite and hydrous 
ferric oxide (Dzombak and Morel, 1990). It 

is adsorbed to goethite at pH > 4.5 (Palmqvist 
et al., 1997). On the other hand, arsenate is 
strongly adsorbed to iron oxyhydroxides in a 
very wide pH-range, extending from below 
pH 3 to above pH 9 (Dixit and Hering, 2003). 
Thus, both cationic Cu(II) and anionic As(V) 
may be simultaneously adsorbed to the same 
mineral particle.

According to the results shown in Table 2, 
Cu was enriched on pyrite surfaces in the largest 
amount, followed by Zn and As. However, 
when comparing the total amounts released 
from sulphide oxidation in the oxidized zone, 
As has been retained on pyrite surfaces to the 
highest degree followed by Cu, but only around 
1.5% of the Zn. 

According to the sequential extraction 

Cu content in the tailings below the oxidation 

(adsorbed/exchangeable/carbonates), and 12% 
in the leaching step corresponding to amorphous 
Fe oxyhydroxides. The average Cu content in 

2 section of 
the tailings pile, more than the 798 g that appear 
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to have been enriched on pyrite surfaces (Table 
2). Varying amounts, but generally less than 5% 
of the total As content in the tailings below the 

step. Considering the average As content of 183 
ppm in unoxidized tailings, 5% corresponds to 

2 section of the tailings pile, 
which is less than the amount suggested to have 
been enriched on pyrite surfaces (Table 2). The 
leaching step corresponding to amorphous Fe 
oxyhydroxides was most important for As. 
For Cd and Zn, the amounts released in the 

enrichments on pyrite surfaces. For Cd, Cu and 
Zn, there were no contradictions between the 
calculated enrichments on pyrite surfaces and 
the results of the sequential extraction, but for 
As there was.

There were many uncertain assumptions 
used in the calculation of the amounts of 
the various elements enriched on the pyrite 
surfaces. One of the most uncertain parameters 
was the assumed BET surface of pyrite, which 

the approximation that the laser shots on the 
somewhat irregularly shaped pyrite grains 
from the tailings had the same cater depth as 
the one determined during the controlled depth 
estimation was uncertain. The estimated total 
amounts enriched on pyrite surfaces should, 
thus, not be taken too literally, but clearly 
indicate that scavenging to pyrite surfaces is an 
important process below the oxidation front in 
pyrite-rich tailing, especially for As and Cu of 
the studied elements. The laser technique used 
in this study gives no information about the 
retention mechanisms. Both adsorption to the 
pyrite directly or to Fe-oxyhydroxides must be 
considered, and, in the case of Cu, replacement 
of Fe(II) by Cu(II) in pyrite. It is also possible 
that Cu adsorption on pyrite to some extent 
already occurred during the processing of the 

the oxidation front indicates that the Cu source 

not process water.

6. Conclusions

The laser ablation results clearly showed 
that there was an enrichment of As, Cd, Cu and 
Zn on the pyrite surfaces below the oxidation 
front in the tailings, but not of Co and Ni. 
Arsenic was also enriched on the pyrite grains 
that survived in the oxidized zone. Copper has 
been enriched on pyrite surfaces in the largest 
amount, followed by Zn and As. However, 
according to the calculations presented in 
Table 2, only 1.4 to 3.1% of the Cd and Zn 
released by sulphide oxidation in the oxidized 
zone has been enriched on the pyrite surfaces 
in the unoxidized tailings, but for As and Cu, 

respectively. There are many uncertainties in 
these calculations, and the results should not be 
taken too literally, but  allow the conclusion that 
enrichment on pyrite surfaces is an important 
process for retention of As and Cu below the 
oxidation front in pyrite rich tailings. This 
must be considered when trying to understand 
and quantify why tailings on the time scale of 
decades secondarily retain most of the metals 
released by sulphide oxidation.

Laser ablation is not a surface-analysis 
technique, but more of a thin-layer method, and 
gives no information on the type of processes 
resulting in enrichment on the pyrite surfaces. 
Although only pyrite grains which appeared to 
be fresh and without surface coatings were used 
in this study, the possibility that a thin layer of 
Fe-hydroxides occurred must be considered. 
Both adsorption to the pyrite directly or to Fe-
oxyhydroxides may explain the enrichment of 
As, Cd, Cu and Zn on the pyrite surfaces, and, 
in the case of Cu, also replacement of Fe(II) by 
Cu(II) in pyrite.
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