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Abstract

Remediation of mine waste by covering by till is one of the more common methods used in Sweden to

prevent oxidation of sulphide-rich minerals. The Swedish experiences of such covers indicate that they

may be effective, but expensive to construct. Further investigations are needed to understand the processes

occurring in till covered waste deposits, and to be able to quantify the effects of this remediation method.

The Kristineberg mining area has been chosen as the main field site for the research program MiMi (Mitiga-

tion of the environmental impact of mining waste) funded by the Foundation for Strategic Environmental

Research (MISTRA). MiMi focuses on finding new and improved methods to mitigate the environmental

problems related to mining operations and disposal of mining waste. An extensive sampling program has

been carried out in Kristineberg during 1998 and 1999. The Kristineberg mine is a Boliden mine, located

within the Skellefte ore field. It is a Zn-Cu deposit developed in the 1940ies and still in production.

This thesis consists of three papers outlining the geochemical conditions prevailing in tailings impoundment

1 at the Kristineberg mine, after remediation by applying till cover. The impoundment investigated was in

use until the early 50ies and it was remediated 1996. Two different remediation methods have been used; in

the area with a shallow groundwater table 1.0 m of till was used to raise the groundwater table above the

tailings. In other areas, with a deeper groundwater table, a sealing layer consisting of a 0.3 m thick layer of

a compacted clayey till underlying a 1.5 m thick protective cover of unspecified till was used. Field studies

include sampling of solid tailings, saturated tailings pore water as well as pore water from the vadose zone.

Laboratory investigations consist of a five step sequential extraction on solid tailings samples.

Pre-remediation oxidation has resulted in a zonation of the tailings with an upper oxidised zone above

unoxidised tailings. Just below the oxidation front, there is a secondary enrichment of especially Cu but also

of other elements. Metals released by sulphide oxidation were thus secondarily enriched. Tailings remediated

by the combination of a till cover and a raised groundwater table, resulted in a remobilisation of metals

around and a few metres below the former oxidation front. Although the concentrations of several elements

still are high in the pore water, they are lower than before the remediation. The general conclusion is that the

remediation has succeeded in preventing further oxidation in this part of the impoundment.

Sequential extractions performed on selected samples from the drilling of the impoundment show that most

of the remaining sulphide associated trace elements in the oxidised zone still belong to the sulphide fraction.

At the level of the peaks of metal concentrations in the pore water (and the solid secondary enrichment) a

substantial part of the trace elements Cd, Co, Cu, Ni, and Zn is present in the adsorbed/exchangeable/

carbonate fraction. Other trace elements e.g., As, Ba, and Pb are retained with other secondary formations

such as amorphous or crystalline iron oxyhydroxides. Especially the adsorbed/exchangeable/carbonate fraction

is easily dissolved and the raised groundwater table remobilise these trace elements into the pore water, as

could be seen from the pore water extractions.

In impoundment 1 where the sealing layer was applied, sampling of the infiltrating water was performed by

tension lysimeters. Tension lysimeters were installed in the protective till cover, in the oxidised tailings, in

the uppermost unoxidised tailings and at an intermediate depth. Also the groundwater at the same location

was sampled. The tension lysimeters in the till protective cover contained relatively low concentrations of

most elements. Elements such as Al, Cd, Co, Cu, Fe, Mn, Ni, S, Si, and Zn had highest concentrations in the

second tension lysimeter in the tailings. Between the second and the third tension lysimeter the concentra-

tion of most elements decreased. The increase between the first and the second tension lysimeter can be

explained by remobilisation of secondarily retained oxidation products. The decrease between the second

and the third tension lysimeter is interpreted as co-precipitation with different iron oxyhydroxides as well as

adsorption onto secondarily formed minerals and primary mineral surfaces. Between the deepest tension

lysimeter and the groundwater table, the element concentrations decreases further. Most of the pre-remediation

oxidation products that are secondarily retained below the oxidation front and are released by the small

amount of infiltrating water, is tertiarily retained during continued transport downwards. If the depth to the

groundwater table is large enough, the metals released by infiltrating water thus do not reach the groundwater.
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the vadose zone of a remediated tailings impoundment, Kristineberg mine, northern Sweden.
Manuscript

During my postgraduate studies the following paper has also been written. It is, however, not
included in my licentiate thesis.

Ramstedt M., Carlsson E., Lövgren L., (2000). The aqueous geochemistry in the Udden pit
lake, northern Sweden. Manuscript



ABSTRACT

PREFACE

BACKGROUND ...................................................................................................................... 1

SCOPE OF THE THESIS ....................................................................................................... 1

INTRODUCTION ................................................................................................................... 1

SITE DESCRIPTION ............................................................................................................. 3

METHODOLOGY .................................................................................................................. 5

SAMPLE COLLECTION...................................................................................................................5

ANALYTICAL METHODS ................................................................................................................5

SUMMARY OF RESULTS ..................................................................................................... 6

CONCLUSIONS ...................................................................................................................... 7

FURTHER STUDIES.............................................................................................................. 8

ACKNOWLEDGEMENTS .................................................................................................... 8

REFERENCES ........................................................................................................................ 9

PAPER I - III



1

Background
Mining and its associated activities are not only important for Sweden’s national economy, they are
particularly important for the local economies of northern Sweden, since so many people depend
on them for employment. But despite the economic benefits also the environmental aspects have to
be assessed, since mining may lead to metal release into the environment. The environmental as-
pects of mining must thus be given careful consideration, since northern Sweden, in which mining
is important, often is referred to as “Europe’s final wilderness”. The MiMi-programme, financed
by MISTRA, is a joint effort by six universities, consultants and the two mining companies, Boliden
and LKAB. The aim of the MiMi-project is finding new and improved, efficient and cost-effective
remediation methods that can be used to prevent the environmental impact from mining waste. The
chosen field site is the Kristineberg mine, Västerbotten, northern Sweden.

At present, the annual amounts of waste arising from sulphidic and iron-ore mining operations in
Sweden amount to about 25 Mtonnes (million metric tons) of waste and about 20 Mtonnes of
tailings sand (MiMi 1997). In total more than 500 Mtonnes of mining waste have been deposited to
date (MiMi 1997). It is estimated that about 60% of the amount of waste rock and about 90% of
tailings sand originates from sulphidic ore mines (MiMi 1997). Although the current emissions
from facilities under operation are generally low the leaching of heavy metals from old mining
residues in Sweden is significant (MiMi 1997). Depending on local conditions such as hydrogeology,
climate, the buffering capacity of the waste material, and various chemical retention factors, differ-
ent deposits may give rise to different future environmental concerns. Relevant actions must be
taken to prevent present and future mining residues from posing a threat to health and environment.
There is also a need to develop efficient strategies for handling waste rock and tailings to prevent
future environmental problems and associated costs.

Scope of the thesis
This thesis covers the geochemical behaviour of sulphide-rich soil cover remediated tailings. At
the chosen field site, Kristineberg, two different remediation methods has been used at Impound-
ment 1; the application of a two-layer till cover and the application of till, in conjunction with a
raised groundwater table.

The purposes of the investigations in this thesis have been to determine the effects caused by the
two different remediation techniques. Have the methods proven effective in stopping or arresting
the oxidation at Impoundment 1? What is the current processes occurring within Impoundment 1?
These questions have been the most important to answer during the initial stage of the MiMi-
project. Hopefully some results from this licentiate thesis could contribute to the ongoing improve-
ments with regard to soil cover remediation. Mining will most likely continue to be an important
industry in the future in Sweden and elsewhere, improved knowledge about the remediation meth-
ods is therefor necessary.

Introduction
One of the common methods for remediating sulphide-bearing mine waste in Sweden is the appli-
cation of a till cover (dry cover) to prevent oxygen-generated acid mine drainage. The Swedish
experience of the use of dry covers is in the frontline. Full-scale remediation by dry cover has been
used in Sweden since 1989, when the old sulphide-rich waste-rock dump at Bersbo was remediated,
and this was also one of the first instances of the use of dry cover in the world (Lundgren 1997).

Low permeability barriers (sealing layers) can be constructed of fine-grained soils, mainly clay and
clayey till, geosynthetic clay liners (geotextile/bentonite liners), geomembranes (plastic liners),
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cement-stabilised products and some fine-grained residues from industrial processes (mainly sludge)
(MEND 1994, Lundgren 1995). But, of course, there are also experiences of the use of this tech-
nique in other countries. MEND research in Canada has led to the conclusion that dry covers may
be effective, though often expensive to construct (Feasby et al., 1997).

Another method is water cover (wet cover) for preventing oxygen diffusion into the waste. With
this method tailings can be deposited in natural lakes, or tailings can be flooded. Recent studies in
Canada, where sulphide-rich tailings have been deposited in natural lakes have shown encouraging
results (Fraser & Robertson, 1994; Pedersen et al., 1994). Flooding of tailings is comparable to the
situation with deposition in natural lakes if the waste has not been exposed to oxidising conditions.
Flooding may therefor be a potentially cost-effective remediation method An example of flooding
in Sweden is the Stekenjokk Cu-Zn mine in northern Sweden, where the tailings impoundment was
flooded in 1991 (Broman & Göransson, 1994). Ljungberg et al. (1997) and Holmström et al. (1999,
1999, and 2000) investigated the effectiveness of the flooding at Stekenjokk.

Other methods for remediation could include a combination of till cover and raising the groundwater
table (Lindvall et al., 1997) or by creating oxygen consuming barriers (Tremblay 1994, Elliot et al.

1997). The oxygen consuming barrier materials tested has been, e.g., peat, lime, stabilised sewage
sludge, and municipal solid waste compost.

The results obtained from field and laboratory studies of the dry cover remediation method, indi-
cating largely decreased water and oxygen diffusion rates due to the application of the sealing
layer, make this method one of the more important for further investigation. These investigations
should cover the function of a full-scale dry cover remediation engineered according to the best
knowledge and current common practises. Investigations should include detailed in situ studies of
the geochemical processes occurring in the cover as well as in the tailings. The emphasis should be
placed on detailed studies of the interfaces between various cover layers and the interface between
the cover and the waste. Field investigations and laboratory investigations aimed at assessing the
long-term efficiency of the sealing layer and the present remediation efficiency with regard to
water infiltration and oxygen diffusion must be given further consideration.

The work presented in this licentiate thesis has been carried out within the national Swedish re-
search programme “Mitigation of the Environmental Impact from Mining Waste” (MiMi, 1997).
The programme consists of five projects: 1) Field studies and Characterisation, 2) Laboratory stud-
ies of key processes, 3) Predictive Modelling, 4) Prevention and Control, and 5) Communication
and Commercialisation. This thesis is mainly a part of the first project, “Field studies and charac-
terisation”, and more specifically the subproject “Dry cover”. The chosen field site for the pro-
gramme is the Kristineberg Zn-Cu mine in northern Sweden. The work in this thesis started in 1998
and covers investigations of old sulphide-rich tailings in the so-called impoundment 1. It was
remediated in 1996 by a two-layer till cover and a combination of till and raising the groundwater
table (Lindvall et al. 1999). Some of the results presented in this thesis are from the other subproject
with which the author is associated, specifically the “Prevention and Control” programme and its
subproject “Long term performance of dry covers and dykes”.

The purpose of the sub-project “Dry cover” is to evaluate the effectiveness of a till cover in pre-
venting oxidation of sulphide-rich mining waste. There is also a long-term objective: predicting
future conditions. This perspective belong to the “ Prevention and Control” sub-project and its
purpose is to determine whether till cover remediation is an effective remediation method in the
long-term or if erosion by water run-off, cyclic freezing/thawing, and root penetration by vegeta-
tion will decrease the efficiency of the remediation.
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One of the investigations concerning Impoundment 1, where the combination of till covering and
raising the groundwater table was applied, has a more general approach to investigating and ex-
plaining the geochemistry of the impoundment after remediation. To further explain the geochemistry
of this part of Impoundment 1, the different zones of the tailings – oxidised tailings, secondarily
enriched unoxidised tailings, and unoxidised tailings from greater depth as well as tailings from the
peat-tailings boundary - have been investigated by a five-step sequential extraction method. The
aim was to present, in greater detail, the fractions in which elements are present at different depths
of the impoundment. To compare the two different remediation techniques, water infiltrating into
the vadose zone of the tailings was studied, with the use of tension lysimeters, in an area where the
two-layer till cover solution has been applied. The purpose was to study whether elements second-
arily retained during the oxidation, prior to the remediation, are mobilised after the remediation and
if so, which elements and why?

Site Description
The Kristineberg mining area is located in the western part of the Skellefte ore district, approxi-
mately 175 km south-west of Luleå (Figure 1). The bedrock consists of c. 1.9 Ga metamorphosed
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Figure 1.  Map showing the location of the Kristineberg mining area and impoundment 1 and 1B with
sampling locations.
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ore-bearing volcanic rocks overlain by metasedimentary rocks. The metasupracrustals display a
marked foliation and extensive sericitization (Vivallo and Willdén, 1988). Pyrite-rich massive sul-
phide ores are intercalated within a stratigraphic unit consisting of mainly basic volcanics and
redeposited volcano-clastic rocks (Willdén, 1986). The largest orebody in the area is the Kristineberg
Zn-Cu deposit. This deposit was discovered as early as 1918. Boliden Mineral AB opened the mine
and a mill in 1940. The mine is still active producing c. 600,000 tonnes per year, but the mill was
closed in 1991. Today the ore is transported by highway trucks to the Boliden concentrator 100 km
east of Kristineberg. Ten different mines situated within 50 km of Kristineberg have supplied the
concentrator with ore, but today only the Kristineberg mine is active. The five tailings impound-
ments, Impoundments 1, 1B, 2, 3 and 4, are located within the Kristineberg mining area (Figure 1).
The remediation of the tailings area was described in detail by Lindvall et al. (1999). Many differ-
ent ores from the western part of the Skellefte ore district have been processed at the concentrating
plant, and the impoundments contain a mixture of different tailings. Impoundments 1 and 2 are the
oldest and were used until the early 1950s, when Impoundment 3 was constructed. Later Impound-
ment 4 was constructed downstream. Low-grade pyrite and pyrrhotite concentrates, intended for
use in the production of sulphuric acid, were deposited in Impoundment 1B. However, these con-
centrates were not used and Impoundment 1B has been remediated. Impoundments 1 and 1B were
covered with till in 1996. The tailings were limed before the cover was applied. On Impoundment
1B, two layers of till were used. A 0.3 m thick sealing layer of compacted till with an estimated
maximum hydraulic conductivity of 1*10-9 m/s was applied on the tailings, and on top of that a
protective layer of 1.5 m unspecified till was applied. This system was also used on the northeast-
ern part of Impoundment 1, approximately half the impoundment. On the other half, 1 m of un-
specified till was applied on the tailings. In this area the groundwater table is shallow after
remediation, covering the tailings and occasionally reaching the surface. The till surface was
hydroseeded with grass, and today grass covers the surface. On the major part of Impoundment 2,
1 m unspecified till covers the tailings and the groundwater almost reaches the surface. The east-
ernmost part of Impoundment 2 is flooded. The till cover was applied during winter when the pond
was frozen. After snowmelt, in some areas in the northern part of the impoundment, the till sunk
into the tailings, resulting in barren tailings in a minor part of the impoundment. The drainage water
from the waste rock deposit is led into Impoundment 2. Until recently, Impoundment 3 has been
used as a sedimentation pond for the sludge from the mine water treatment using a straight liming
process, and it was also used as a sedimentation pond after the mill was closed. The tailings in
Impoundment 3 are partly covered by hydroxide sludge. The western part of Impoundment 3 has
been covered with 1 m unspecified till, and in the eastern part the groundwater almost reaches the
surface. All of Impoundment 3 will be covered with till. Impoundment 4 was flooded by raising the
existing dykes by 1.5 m. The water flowing from Impoundment 3 is limed before it reaches Im-
poundment 4.

The annual precipitation in the Kristineberg area varies between 400-800 mm/a (Axelsson et al.,
1991), and the annual mean temperature is 0.7 °C (Axelsson et al., 1986). The vegetation mostly
consists of coniferous forest but some deciduous forest occurs. Boglands are common. The major
soil type in the area is podzol weathered till (Granlund and Wennerholm, 1935; Granlund, 1943).
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Methodology

Sample collection

In Papers I, II and III, the fieldwork included sampling of till cover, solid tailings, and pore water.
Solid samples were collected using a drill rig. Pore water was extracted from the till cover and the
tailings within a few hours after collection using a glove box filled with Ar. A portable Millipore
vacuum pump and acid-washed Millipore 47 mm filterholders with 0.22 µm Millipore mem-
brane filters were used to extract the pore water.

The sequential extraction in Paper II was slightly modified from Hall et al. 1996a and b. In Paper II,
results from pore water extractions and solid tailings analysis presented in Paper I were also used.

In Paper III, the method described previously for drilling for the solid tailings was used. Tension
lysimeters were also installed. Till cover and tailings water was collected with cylindrical tension
lysimeters (length = 95 mm, outer diameter = 21 mm) made of PTFE (Polytetrafluoroethene) mixed
with glass and with a pore size of 2µm (Prenart equipment, Fredriksberg, Denmark). A slurry of
silica flour and deionized water was used to ensure good capillary contact between the cups and the
tailings. The location for the installation is presented in Figure 1. The level of the groundwater table
was monitored with a 2-inch polyethylene well close to the tension lysimeter installation and the
chemical composition of the groundwater was sampled with a BAT groundwater pipe (Torstensson
& Petsonk, 1988). The BAT groundwater pipe was installed close to the drilled hole in which the
solid tailings used in the paper was sampled. The procedure is as follows: a vial is evacuated from
air, a double-ended needle is attached to the sampling device. The device is then lowered through
the groundwater pipe. One end of the needle penetrates a membrane on the vial and the other
penetrates a rubber membrane on the BAT filter tip. Water enters the vial due to the pressure
gradient. This technique allows undisturbed sampling of groundwater without premature oxidation
of the sample. Samples were filtered in the field using the technique described for the pore water
extraction in Papers I and II.

Analytical methods

The samples of solid tailings and till were digested following the procedure described by Burman
et al. (1978). The samples were fused with LiBO

2
 at 1000 °C and the beads thus formed were

dissolved in 0.7 M suprapur HNO
3
 and then analysed using ICP-AES. For analysis of most sul-

phide-bound elements such as As, Cd, Co, Cr, Cu, Hg, Mn, Ni, Pb, S, and Zn tailings samples were
digested in 7M suprapur HNO

3
 in teflon bombs and heated in a micro-wave oven. The solutions

were then centrifuged, diluted and finally analysed by ICP-AES and ICP-MS.

The different kinds of water; groundwater, pore water, and tension lysimeter water discussed were
acidified with 1% suprapur HNO

3
 after filtering through 0.22 µm filters prior to analysis and then

analysed using high resolution ICP-SMS or ICP-AES. Hg was analysed with atomic fluorescence.

The mineralogy has been determined and studied using common optical microscopy and XRD.
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Summary of Results
In Paper I the results show that the oxidation and the weathering of the tailings in Impoundment 1
was intense prior to the remediation. In different parts of the impoundment the oxidation depth
differed between 0.1 and 1.15 m. This difference probably depends on the fact that in parts with a
more surficial groundwater the oxidation ceased long before remediation began; whereas, in parts
with a deeper groundwater, oxidation could continue for a longer time. A secondary enrichment
zone of Cu below the former oxidation front has been found. By studying thin sections from the
level of the enrichment zone the presence of covellite has been verified. In the case of soil cover
remediation in conjunction with a raised groundwater table, extracted pore water showed maxi-
mum concentrations for the elements Si, Al, As, Cd, Co, Cu, Pb, and Zn around and a few metres
below the former oxidation front. Compared with pre-remediation concentrations the levels today
are lower. This indicates that remediation has successfully prevented further oxidation.

Paper II contains the results from a speciation of tailings at different depths in Impoundment 1. In
the oxidised tailings the sulphide fraction still dominates for several elements such as Fe, S, Cd,
Co, Cu, Hg, and Zn although the concentrations are severely depleted compared to the unoxidised
tailings. Generally, the second most important fraction in this part of the tailings is the adsorbed/
exchangeable/carbonate fraction. Below the oxidation front the amount of sulphides in the tailings
increases sharply. The secondarily formed fractions, especially in the enrichment zone, still only
represent a minor part of the total amount. In the secondary enrichment zone, the total element
concentrations increase compared with the deeper unoxidised samples, mainly due to secondary
retention of oxidation products. For some elements, the secondary retention at this level is larger
than the total amount extracted for the deeper unoxidised samples, although in percentage terms it
only accounts for a minor part of the total at this level. In the secondary enrichment zone the
adsorbed/exchangeable/carbonate fraction represents about 20 wt% or more for Cd, Co, Mn, Ni,
and Zn. The amorphous iron oxyhydroxide or the crystalline iron oxide fractions are less important
at this level, although for As, Ba, and Cu, the amorphous iron oxyhydroxide fraction represents up
to 20 wt%. The most important fraction for Cu at this level is the sulphide fraction, which further
strengthens the hypothesis of secondary covellite formation due to transformation of pyrrhotite,
chalcopyrite, galena, and pyrite. At the lower end of the enrichment zone, ~200 cm below the till
surface the total concentration for most metals is lower, but the importance of the adsorbed/ex-
changeable/carbonate fraction is further enhanced for Cd, Cu, Ni, and Zn. These elements have 35
to 60 wt% of the total amount from this fraction. For As, Cd, Cu, Ni, and Pb, the secondary frac-
tions extracted; adsorbed/exchangeable/carbonates, labile organics, amorphous iron and manga-
nese oxyhydroxides, and crystalline iron oxyhydroxides represent between 60 and 80 wt% of the
total content. At greater depth in the impoundment the relative importance of the adsorbed/ex-
changeable/carbonate fraction decreases whilst the importance for amorphous iron oxyhydroxide
and crystalline iron oxide fractions increases. The sulphide extraction step is the most important
fraction for the sulphide-associated elements.

Paper III, containing results from the part of Impoundment 1 where a two-layer solution was ap-
plied, show how elements can be tertiarily retained within a tailings impoundment. After rain water
infiltrates through the sealing layer, consisting of a 0.3 m compacted clayey till with low hydraulic
conductivity, its pH decreases and the conductivity together with the concentrations of several
major and trace elements increases sharply. The amount of water infiltrating through the sealing
layer has been significantly reduced by the remediation actions (the estimated present infiltration
rate is 1.3*10-3 m3/m2,yr based on measurements of infiltration during summer 2000). In the upper-
most two tension lysimeters installed in the tailings, pH decreased to 3-3.2, and the conductivity
increased to 2.6-3.5 mS/cm. Elements such as Al, Cd, Co, Cu, Fe, Mn, Ni, S, Si, and Zn had the
highest concentrations in the second tension lysimeter, situated just below the former oxidation
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front. Examples of concentration averages for this tension lysimeter are Cd 600 µg/l, Fe 1500 mg/
l, Mn 11000 µg/l, Ni 1050 µg/l, S 1800 mg/l, and Zn 190000 µg/l. Between the second and the third
tension lysimeter the concentration of most elements decreased. The increase between the first
tension lysimeter (installed in the oxidised zone) and the second tension lysimeter (installed in the
secondarily enriched unoxidised tailings) can be explained by remobilisation of secondarily re-
tained oxidation products. The decrease between the second and the third tension lysimeters is
interpreted as co-precipitation with different iron oxyhydroxides as well as adsorption onto sec-
ondarily formed minerals and primary mineral surfaces. Calculations of saturation indices indicate
that different hydroxides may precipitate at the depth of the second and the third tension lysimeter
in the impoundment. This retention and precipitation probably takes place mainly as a result of the
increase in pH. Although the concentrations are lower at the location of the third tension lysimeter,
the calculations indicate that a larger array of hydroxides might precipitate. The pH increases from
3-3.2 in the uppermost two tension lysimeters up to 4-4.4 in the deepest installed tension lysimeter.
Between the deepest tension lysimeter and the groundwater table, the element concentrations de-
crease further. Here there is also a change in pH, which increases from 4.4 to 5-6.5 in the groundwater.
Most of the pre-remediation oxidation products that are secondarily retained below the oxidation
front and are released by the small amount of infiltrating water are retained again during the contin-
ued transport downwards. If the groundwater table is at a low enough depth, the metals released by
infiltrating water do not reach the groundwater. Analysis of solid tailings reveals that Cd, Co, Cu,
Ni, Pb, and Zn exhibit secondary enrichment below the oxidation front in the unoxidised tailings.

Conclusions
In the area of Impoundment 1 where the tailings has been remediated by the combination of a till
cover and a raised groundwater surface, elements are remobilized around and a few metres below
the former oxidation front. The raised groundwater table thus releases pre-remediation oxidation
products secondarily retained below the oxidation front. Although the concentrations of several
elements still are high in the pore water, current concentrations are lowered compared to before the
remediation. The general conclusion is that the remediation has succeeded in preventing further
oxidation in this part of the impoundment. The tailings were completely water-saturated during the
field investigations. This indicates that the possible oxygen transport to the tailings should be very
limited. At the level around and a few metres below the former oxidation front in the impoundment
a secondary enrichment of Cu has been verified by solid tailings analysis. The results from the
sequential extractions showed that the adsorbed/exchangeable/carbonate fraction, an easily
remobilized fraction, is of importance at this level of the impoundment for many elements. Thus
the increased pore water concentrations at this level can be explained by a remobilization of this
fraction due to the raised groundwater table level. The results from the sequential extractions also
strengthen the assumption of secondary covellite formation during the oxidation of Impoundment 1.

In the area of Impoundment 1 where the two-layer till remediation method has been used, elements
such as Al, Cd, Co, Cu, Fe, Mn, Ni, S, Si, and Zn are remobilized around the former oxidation zone.
The degree of infiltration through the sealing layer is very limited, especially compared with the
pre-remediation conditions. This indicates that the sealing layer is working well at present, pre-
venting water and oxygen diffusion. It is most likely that the sealing layer has arrested or largely
decreased the oxidation rate, since the concentrations of dissolved elements in the vadose zone are
not extremely high compared to other parts of the impoundment. When the infiltrating water is
transported towards the groundwater table the dissolved concentrations of most elements decrease.
Thus, these elements are retained within the tailings prior to reaching the groundwater table. A few
elements, such as Cu, exhibit increased concentrations in the groundwater compared to the concen-
trations at the depth of the deepest tension lysimeter. This is probably explained by the fact that the
installation is situated within one of the outflow areas of Impoundment 1 and that tailings groundwater
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from other parts of the impoundment is transported, and mixed with the infiltrating water from this
location’s vadose zone. The conclusion is that, although some elements have higher concentrations
within the groundwater than at the level of the deepest tension lysimeter, it is probably not a result
of mobilisation between the deepest tension lysimeter and the groundwater table, but rather on
“interference” from parts of the impoundment with higher concentrations of these elements in the
groundwater.

Observations made thus far indicate that the remediation has been successful in preventing further
oxidation in Impoundment 1.

Further studies
Whether or not the chosen methods also happen to be the most efficient in the long-term has not
been the object of investigation thus far. Field instrumentation measuring water infiltration and
oxygen diffusion lysimeters has been installed beneath the sealing layer at three different locations
with protective cover thicknesses of 0.3 m, 1.0 m, and 1.5 m respectively. Oxygen probes have
been installed above and below the sealing layer at all three areas with varied protective cover
thicknesses. Two weather stations have been installed to monitor precipitation and solar radiation
as well as air temperature. Tensiometers have been installed in a profile extending from the protec-
tive till surface and down into the tailings for collecting pore water pressure, tensiometers have also
been installed at the three areas with varied protective cover thicknesses. All tensiometers are con-
nected to the weather station and logged. Thermistors are installed in conjunction with the tensiom-
eters to provide information about frost depth penetration; these are also connected to the weather
station and logged. To estimate the frost depth penetration more accurately for the three different
protective cover thicknesses, frost depth measurement devices have been installed at all three sur-
faces. The purpose of the installation is to monitor changes in efficiency for the sealing layer after
repeated cycles of freezing and thawing. The material used as a sealing layer has also been investi-
gated in the laboratory with regard to changes in hydraulic conductivity after repeated cycles of
freezing and thawing.

The future work will involve the evaluation of the long-term data from these field installations and
an assessment of the change occurring within the dry cover during physical strain caused by, e.g.,
repeated cycles of freezing and thawing. Another aim is to evaluate the amount of protective cover
needed in northern Sweden, since an important part of the cost involved in constructing a dry cover
is based on the quantities of material needed.
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Abstract

     In the Kristineberg mining area in northern Sweden, massive, pyrite-rich Zn-Cu ores are intercalated in c. 1.9 Ga

volcano-sedimentary rocks.  Investigations of a tailings impoundment remediated by means of both till coverage and

raising the groundwater table have been undertaken. The aim of the study is to characterise the tailings with respect to

mineralogy, the chemical composition of both the tailings and the pore water and to try to identify the significant

reactions that may have occurred before and after remediation. It was found that the oxidation front had reached down

to depths of  between approximately 0.1 and 1.15 m before remediation. The oxidation of sulphides has produced high

concentrations of some metals in the pore water,  up to 26 mg/l Al, 16 mg/l Mn, 4.1 g/l Fe, 2.7 g/l and 82 mg/l Zn have

been measured. Concentrations of metals such as Cd, Co, Cu, Ni and Pb are lower, with average concentrations of 18.4

µg/l Cd, 83.8 µg/l Co, 45 µg/l Cu, 79.6 µg/l and 451 µg/l Pb. Higher concentrations in pore water of major elements

such as Ca, Fe, Mn, Mg and S have been measured at depth than at shallower levels. This is probably caused by flush

out of elements after remediation and vertical transport from the upper parts before remediation. The pH is relatively

high, around 5.5 at most depths in the tailings, except in and around the former oxidation zone where it is lower, and

where the highest dissolved  concentrations of elemenst such as As, Cd, Co, Cu, Pb and Zn occur. This is probably due

to the release of metals secondarily retained below the oxidation front prior to the remediation. Since the

groundwater table is raised, the groundwater reaches the retained metals, which leads to desorption of metals and

dissolution of secondary minerals.

Keywords: Mine Tailings; Remediation; Sulphide oxidation; Geochemistry

1. Introduction

     Acid drainage from mining waste has for some time been recognised as an environmental prob-
lem. Complex biological, geochemical and physical processes determine the mobilisation and dis-
persion of contaminants from untreated mining waste as well as from remediated waste deposits.
This in turn has an impact on the surrounding environment. A thorough characterisation of the
waste in question is necessary for understanding the problem of acid mine drainage, to predict
future problems and to find efficient remediation methods. Covering the waste with soil or water
are two common methods of remediation. In northern Sweden till deposited from the glacial ice
between 8000 and 10000 years ago is commonly used as soil cover. Both unremediated tailings and
tailings remediated with dry and water cover have been studied and characterised earlier by e.g.
Boorman and Watson, 1976; Blowes and Jambor 1990; Fraser and Robertson, 1994; Pedersen et
al., 1994; Pedersen et al., 1997; Holmström and Öhlander 1999; Holmström et al., 1999; Holmström
et al., 2000. Studies of tailings remediated by a combination of both methods, however, are few.
     The field studies within the Swedish MiMi-programme (Mitigation of the Environmental Im-
pact from Mining Waste), which will continue for several years, started in 1998 at the chosen field
site, the Kristineberg mine, named after a small village. The aim of the programme is to evaluate
existing remediation methods, and, if possible improve them, but also to try to find new efficient
and cost-effective remediation methods to solve the environmental problems related to mining and
disposal of mining wastes.
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     In this study,  sulphide-bearing tailings left without any cover for almost 50 years at the
Kristineberg mine have been studied two years after remediation. The impoundment has been
remediated by a combination of covering the waste with till, and by raising the groundwater table.
The aim of this study was to characterise the tailings mineralogy, the chemical composition of both
the tailings and pore waters and to identify important reactions that may have occurred before and
after the remediation.

2. Area description

     The Kristineberg mining area is located in the western part of the Skellefte district in northern
Sweden, approximately 175 km south-west of Luleå and consists of c. 1.9 Ga ore-bearing volcanic
rocks overlain by sedimentary rocks (Fig. 1). The metamorphosed volcanic and sedimentary rocks
display a marked foliation and extensive sericitization (Vivallo and Willdén, 1988). Pyrite-rich
massive sulphide ores are intercalated within a stratigraphic unit consisting of mainly basic volcanics
and redeposited volcano-clastic rocks (Willdén, 1986). For further description of the geology of the
area and the ores, see Du Rietz (1951), Gavelin (1943), Gavelin and Kulling (1955) and Grip
(1973).
     The largest ore body in the area is the Kristineberg Zn-Cu deposit, which was discovered as
early as 1918. Mining began in 1940 by Boliden Mineral AB and is still in progress. Other mines
close to the Kristineberg mine are the Kimheden, Hornträsk, Rävliden and Rävlidmyr mines, all of
which are closed and remediated. The annual precipitation in the area varies between 400 and 800
mm/y (Axelsson et al., 1991). A large part of the precipitation is in the form of snow which accu-
mulates during winter until the snowmelt season in late April – early May. The vegetation consists
mostly of coniferous forest, but some deciduous forest occurs. Boglands are common.  The major
soil type in the area is podzol weathered till (Granlund and Wennerholm, 1935; Granlund, 1943).
     Five tailings impoundments are located within the Kristineberg mining area (Fig. 1). Many
different ores from the western part of the Skellefte field mining district have been processed at the
processing plant, and the impoundments contain a mixture of different tailings. Impoundment 1,
the oldest impoundment within the mining area, has been investigated in this study. The impound-
ment is situated in a small valley and is underlain by peat and till.  It was used until the early 1950s
and has an area of approximately 0.10 km2 (Boliden Mineral AB, 1995) and the tailings was dis-
charged along the southern hill slope. Pre-remediation characterisation of the geochemistry and
hydrogeology of the impoundment was carried out by Qvarfort (1983), Axelsson et al. (1986),
Ekstav and Qvarfort (1989) and Axelsson et al. (1991) (see also compilation in Malmström et al.,
1999).
     In 1976 and 1978 attempts were made to seed grass on the impoundment. The impoundment
was finally remediated in 1996 by a combination of  raising the groundwater table, where this was
possible, by sealing of intercepting and draining ditches, and dry cover application on the remain-
ing regions of the impoundment. For a detailed description, see Lindvall et al., 1999. The intention
was to apply 1 m of unspecified till as a protective layer in areas with a shallow groundwater table,
and in other areas, apply 1.5 m of unspecified till as a protective layer on top a 0.3 m thick sealing
layer of clayey till. The thickness of the till cover ranges from 0.85 m up to almost 1.8 m; the
thickness of the whole impoundment ranges from a few metres up to approximately 11 m, with an
average thickness of 6 to 8 m. The groundwater table is shallow, reaching the surface in some parts
of the impoundment, and the impoundment is now almost completely covered by grass.
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3. Methodology

3.1. Sampling

     Sampling of solid tailings and pore water was performed in 1998. Five profiles were drilled in
Impoundment 1 using a drill-rig (Fig. 1). The profiles were spread across the impoundment. All
profiles extended down to the underlying peat/till. The drill cores were split into 20 cm subsamples
which were placed in polyethylene plastic bags immediately, or within a few minutes. A total of
127 samples of solid tailings and till were selected for analysis. Pore water was extracted from two
of the drill cores from both the saturated and unsaturated zones. A total of 54 samples of pore water
were extracted and analysed. Precautions were taken to avoid premature oxidation of the pore

Figure 1. Map showing the location of the Kristineberg mining area and Impoundment 1 with the sampling
locations.

water samples. All samples used for pore water extraction were transferred to double plastic bags
(Polyethylene) within a few minutes after retrieval. Both plastic bags were filled with Ar-gas. All
pore water samples were extracted within a few hours after the drilling using an Ar-gas filled glove
box. The material used for pore water extraction was taken from the inner core of the samples
stored in the plastic bags. Approximately 5 to 20 ml of water was extracted from each sample. The
pore water was extracted using a portable Millipore vacuum pump and Millipore 47 mm filter
holders with 0.22 µm Millipore membrane filters. The pore water was collected in acid washed
60 ml Azlon HDPE bottles. The filters were acid washed for three days using 5% HAc. All other
equipment was acid washed in 5% HNO3 prior to use and washed in 0.1 M HCl between samples in
the field in order to avoid contamination.

���������

	
���

� ��� ��� �



� �
�
�
�
�
�
�
�
�
	

�

��
������

��	
��

���� 		���� 		

�� ��

����������

�		
�����

��
���������

����

�������	���


���� ������

�

� ��

�

�



4

     Redox and pH were measured with a Metrohm Pt-electrode and a Metrohm combined pH-
electrode in the extracted pore water. The pH electrode was calibrated using two Titrisol pH 4 and
7 buffers. The redox electrode was checked using two Ag/AgCl Reagecon standards (124 mV
and 358 mV). All redox values have been adjusted to the standard hydrogen electrode.

3.2. Mineralogical examinations

     A total of 35 polished thin sections were made from the tailings sampled and studied by optical
microscopy, and XRD-analyses undertakenπ on 10 samples. The XRD-measurements were per-
formed with a TUR M62 diffractometer (step width 0.02°, accumulation time 2s/step) using CoKα
radiation over a 2θ range from 2° to 42°.

3.3. Analysis

     The samples of solid tailings were digested following the procedure described by Burman et al.,
(1978). Tailings samples were fused with LiBO2 at 1000°C and the beads thus formed were dis-
solved in 0.7 M suprapur HNO3. The major elements and Ba, Be, La, Mo, Nb, Sc, Sn, Sr, V, W, Y
and Zr were analysed by ICP-AES (ARL 3560 B). For analysis of As, Cd, Co, Cr, Cu, Hg, Mn, Ni,
Pb, S and Zn, tailings samples were digested in 7 M suprapur HNO3 in Teflon bombs and heated
in a micro-wave oven. The solutions were then centrifuged, diluted and finally analysed by ICP-
AES (ARL 3560 B) and ICP-MS (VG Elemental Plasma Quad). The pore waters were acidified
with 1% suprapur HNO3 prior to analysis and then analysed for Fe, Al, As, Ba, Cd, Co, Cr, Cu,
Mn, Mo, Ni, P, Pb and Zn using high resolution ICP-SMS (Finnigan MAT ELEMENT). Hg was
measured using atomic fluorescence (PS Analytical). Ca, K, Mg, Na, S, Si and Sr were analysed by
ICP-AES (ARL 3560 B). Due to the small amount of pore water, no anion analyses were made.
     The accuracy and precision of the analyses have been checked by analysing reference materials.
For solid tailings, the reference materials used were GBW 10, SARM-1, DRN and GSR 6. The pore
water was checked using synthetic quality check standards (see Ödman et al., 1999). The instru-
mental precision determined as ±1 std. deviation for three to four runs on the same sample was
generally better than 1% for the major elements and 10% for the trace elements when analysing
solid tailings. For the pore waters the precision was generally better than 5%.

4. Results

4.1. Chemical composition of the tailings

     The average chemical composition of the solid tailings is summarised in Table 1 with a subdivi-
sion between the tailings that were oxidised before remediation and unoxidised tailings. The
unoxidised tailings contain high concentrations of metals and metalloids with average values of
183 ppm As, 21.5 ppm Cd, 56.4 ppm Co, 956 ppm Cu, 463 ppm Pb, 14.4% S and 8861 ppm Zn,
whereas the oxidised tailings contain much lower concentrations; 36.2 ppm As, 1.47 ppm Cd, 7.77
ppm Co, 159 ppm Cu, 454 ppm Pb, 1.81% S and 559 ppm Zn. The concentrations of Si, Al, Ca, K,
Na, Ti (all expressed as oxides), Ba, Cr, Sr and Zr, elements which exist mainly in different sili-
cates, are especially higher in the oxidised zone. The depth of the oxidised zone formed before
remediation ranges from around 0.1 m (Profile 3) up to approximately 1.15 m (Profile 6), based on
the chemical composition and field observations during drilling.
     The concentration profiles of different elements versus depth in the tailings material generally
show relatively constant trends with depth in unoxidised tailings in all profiles, despite fluctuations
between individual points. This is shown in Figs. 2, 3, 4 and 5 which show concentration profiles
from Profiles 4 and 6. The fluctuations in the profiles are not surprising, considering that tailings
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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.

Element Unoxidised tailings Oxidised tailings
(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±1.47

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
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
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Figure 2. Profiles showing the concentrations of Al, Ca, Fe, Mg, Mn and Si (expressed as oxides) versus
depth in solid tailings in Profile 4.
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Figure 3. Profiles showing the concentrations of As, Cd, Co, Cu, Ni, Pb, S and Zn versus depth in solid
tailings in Profile 4.
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Figure 4. Profiles showing the concentrations of Al, Ca, Fe, Mg, Mn and Si (expressed as oxides) versus
depth in solid tailings in Profile 6.
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Figure 5. Profiles showing the concentrations of As, Cd, Co, Cu, Ni, Pb, S and Zn versus depth in solid
tailings in Profile 6.
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are affected by sedimentary processes such as graded bedding due to grain size and weight differ-
ences of different minerals, during deposition. Tailings from several different mines have also been
deposited in Impoundment 1. However, distinct peaks are discernible for some metals. For exam-
ple, Cu concentration peaks are found in most profiles below the pre-remediation oxidation front.
     The chemical composition of the overlying till used as cover material during remediation is very
different from that of the tailings. The till is richer in Al, Zr, Sr, Ca, Ba, Ti, Si, Na, K and has a lower
content of heavy metals than the underlying tailings (Fig. 2, 3, 4 and 5). The thickness of the
overlying till is estimated to be approximately 1 m in all profiles based on field observations and
the chemical composition, with the exception of Profile 7, where the thickness is around 1.5 m. In
most cases, the drilling reached the underlying till, which is also rich in Al, K, Zr, Ti, Si, Na and Sr
(Fig. 4). In Profile 3 the underlying till was situated approximately 6 m below the impoundment
surface, in Profile 5 around 9 m and in Profile 6 around 11 m. The underlying till was not sampled
in Profiles 4 and 7.

4.2. Mineralogy

     Based on chemical composition, the sulphide mineral content of the unoxidised tailings ranges
from 10 to 30% totally dominated by pyrite and the tailings are not economic to reclaim. The most
common sulphide minerals observed in the thin sections, in decreasing order of occurrence, are
pyrite (FeS2), pyrrhotite (Fe1-xS), sphalerite (ZnS), chalcopyrite (CuFeS2), galena (PbS) and covellite
(CuS). Pyrite is by far the most abundant sulphide mineral. Arsenopyrite (FeAsS) occurs in small
amounts. Based on the average chemical composition in Table 1, the weight% of the different
sulphides can be calculated. The results show that approximately 26% of the unoxidised tailings
consist of pyrite (as pyrite was more abundant than pyrrhotite, it has been assumed that all iron
sulphide is in the form of FeS2, which may lead to a slight underestimation of the iron sulphide
content). According to such calculations he tailings also consist of 1.3% sphalerite, 0.28%
chalcopyrite, 0.05% galena and 0.04% arsenopyrite. The content of the minor sulphides may be
overestimated, as all Cu, Zn, Pb and As has been assumed to occur in the form of these metal
sulphides. Fe-oxyhydroxides also occur, but these may have precipitated due to evaporation of
pore water after sampling, forming so-called tertiary minerals (Jambor, 1994). Gypsum occurs as
massive euhedral grains, some of which also appear to be of tertiary origin.
     In the oxidised tailings the sulphide content is generally low. The most common sulphide min-
erals in the oxidised tailings, in decreasing order of occurrence, are pyrite, chalcopyrite, pyrrhotite,
sphalerite and galena. Pyrrhotite has been shown in other investigations to be more easily oxidised
than the other sulphide minerals (Nicholson and Sharer, 1994; Blowes et al., 1998). Fe-oxyhydroxides
are common, occurring as individual grains, aggregates and coatings on the silicate minerals. The
pyrite content in the oxidised zone is approximated as 3.3% (again assuming that all iron sulphide
is in the form of pyrite), 0.08% is sphalerite, 0.05% chalcopyrite, 0.05% galena and 0.008%
arsenopyrite, respectively. These results are  based on the average composition shown in Table 1
and as mentioned above, may overestimate the minor sulphide content.
     The most common types of gangue minerals in both types of tailings are quartz (SiO2), K-
feldspar (KAlSi3O8), Mg-chlorite (e.g., (Fe,Mg,Al)6(Si,Al)4O10(OH)8), talc (Mg3Si4O10(OH)2),
plagioclase (NaAlSi3O8-CaAl2Si2O8), muscovite (KAl2(AlSi3)O10(OH)2), amfiboles/pyroxenes
(amphiboles: (X,Y,Z)7-8(Al,Si)2Si6O22(OH)2 where X = Ca, Na, Pb, K; Y = Fe(II), Li, Mg, Mn(II);
Z = Fe(III), Cr(III), Al, Ti; pyroxenes: XY(Al,Si)2O6 where X = Ca, Na, Zn, Li; Y = Cr, Al, Fe(III),
Ti, V) and biotite (K(Mg,Fe)3AlSi3O10(OH)2). Illmenite (FeTiO3), magnetite (Fe3O4), hematite
(Fe2O3), titanite (CaTiSiO5), epidote (Ca2(Al,Fe)3(SiO4)3(OH)), sericite (KAl2(AlSi3)O10(OH)2,
zircon (ZrSiO4), apatite (Ca5(PO4)3(OH,F,Cl)) and calcite (CaCO3) also occur, but in minor amounts.
A summary of the XRD-analyses of the tailings is shown in Table 2.
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4.3. Pore water in the tailings

     Pore water samples were taken from Profiles 4 and 6. The material from all depths from both
profiles was saturated with water except for the upper 2-3 m in Profile 6. The trend in pore water
pH is similar for both profiles, with relatively constant pH of  around 5.5 at depth (Fig. 6). The pH
is somewhat higher in the till cover in Profile 4, between 6 and 6.8. Below the till cover the pH
decreases to 4.6 to 4.8 in the upper part of the impoundment, including the depths at which the pre-
remediation oxidation zone occurs, then increases again to values of around 5.5 to 6 below this
zone. The pH close to the surface of the impoundment is lower in Profile 6, with values of around
3.8 to 4.6 in the uppermost 4.3 m where the pre-remediation oxidation front and the till cover are
situated. Below this depth the pH rises to between 5 and 6. The redox potential displays a similar
trend in both profiles (Fig. 6), though redox values are somewhat higher in Profile 4 than in Profile
6. Both profiles show decreasing redox potential with depth, with values ranging from approxi-
mately 150 to 550 mV.

Table 2. Summary of the relative abundances of minerals identified with XRD-analysis.

Profile/Depth (cm) Description Quartz Feldspar Chlorite Pyrite Muscovite Talc

4:80-90 till/ox ++++ ++++ + +
4:120-130 ox ++++ + ++++ + ++
4:140-150 ox/unox ++ + ++++ ++++ ++ ++++
4:200-240 unox ++++ ++++ ++++ +++ +++
4:320-340 unox ++++ ++++ ++++ +++ +++
4:480-500 unox ++++ + ++++ ++++ + +++
4:720-740 unox +++ ++++ ++++ +++ ++++
5:160-170 unox +++ ++++ ++++ + ++++
5:280-300 unox +++ ++++ ++++ + ++++
6:200-220 ox/unox ++ ++ ++++ ++ ++ ++++

++++ very common mineral, +++ common mineral, ++ minor mineral, + trace mineral.
Till/ox is a sample from the boundary between the till cover and the oxidised zone, ox denotes oxidised tailings,
unox are samples with unoxidised tailings and ox/unox is a sample from the boundary between the oxidised and
unoxidised zones.
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Figure 6. pH, Eh and total molar concentration versus depth for Profiles 4 and 6.
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     The total element concentration in the pore water is lower in the uppermost tailings (Fig. 6).
This is the case for both profiles. Elements such as Mn, Ni, Cr, Si, S, Mg, Fe and Ca in Profile 4 all
show high or the highest concentrations below approximately 6 m. In Profile 6 this is true for Sr,
Mn, S, Mg and Fe, but here the concentrations increases  below 2.5 m (Figs. 7 and 8). The dominat-
ing metals in the tailings pore water are Fe, S, Ca, Mg, Zn, Al, Si and Mn (Figs. 7 and 8). The heavy
metal concentrations are generally much lower deeper down in the tailings, e.g. for Cd, Co, Cu, Ni
and Pb..
     In both profiles, elements such as Sr, Pb, Mo, Mn, Co, Cd, As, Si (Profile 4) and Zn, Pb, Ni, Mo,
Na, Cu, Cr, Co, Cd, As, Al and Si (Profile 6) show maximum, or close to maximum concentrations,
around the former oxidation zone (situated around 1.35-1.45 m at Profile 4 and 2.1 m at Profile 6),
or approximately within two to three metres below it (Figs. 7 and 8).
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Figure 7. Profiles showing the concentrations of Ca, Fe, Mn, Mg, S, Si, Al, As, Cd, Co, Cu, Ni, Pb and Zn
versus depth in the pore water in profile 4.
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4.4. S.I. calculations

     Using pore water data, saturation indices (S.I.) of various minerals were calculated using the
geochemical equilibrium model PHREEQC (Parkhurst, 1995) with the MINTEQ database (Allison
et al., 1991). While thermodynamic calculations cannot confirm whether or not a mineral is actu-
ally present, they can indicate, for example, whether the mineral in question would have a tendency
to precipitate, or if present, dissolve. In these calculations the total S analyses from the pore waters
have been converted to sulphate, due to the lack of anion analyses. Although this is not entirely
correct, it may be a reasonable approximation. Saturation indices for carbonate minerals are not
reported, as carbon concentrations were not determined.
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Figure 8. Profiles showing the concentrations of Ca, Fe, Mn, Mg, S, Si, Al, As, Cd, Co, Cu, Ni, Pb and Zn
versus depth in the pore water in Profile 6.
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     The results showed that secondary sulphates such as gypsum (CaSO4⋅2H2O), anglesite (PbSO4),
barite (BaSO4) and different kinds of jarosite (KFe3(SO4)2(OH)6 and NaFe3(SO4)2(OH)6) may be
at solubility equilibrium with aqueous concentrations of elements such as Ca, S, Pb, Ba, K and Na
at some depths. Pore waters in both profiles were close to solubility equilibrium with gypsum at
most depths in the unoxidised tailings, whereas pore waters in the tailings were oversaturated with
respect to barite. Pore waters were  largely undersaturated with respect to anglesite at most depths,
other than a few modelled points where pore waters were close to equilibrium with this mineral. All
other secondary Cu or other metal-containing sulphates, as well as Mn-oxyhydroxides and Mn-
oxides, were found to be undersaturated.
     Pore waters in Profile 4 were oversaturated with respect to all jarosites (H-, K- and Na-jarosite),
Fe-oxyhydroxides and Fe-oxides, and even with respect to Fe(OH)3(am), other than at a single point
in the pre-remediation oxidising zone (Fig. 9). This is an unusual result, considering the highly
insoluble nature of Fe(OH)3(am) and the fast precipitation kinetics of this secondary mineral, par-
ticularly at the relatively high pH values and iron concentrations measured. This may indicate, for
example, that the measured redox potential does not reflect the Fe(II)/Fe(III) redox pair.
     Pore waters were oversaturated with respect to goethite, hematite and lepidocrocite throughout
Profile 6, however, pore waters were undersaturated with respect to Fe(OH)3(am) to a depth of 4 m.
Below 4 m Fe(OH)3(am) was close to solubility equilibrium with pore waters (Fig. 9).
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Figure 9. Profiles showing the S.I. for various minerals versus depth in Profiles 4 and 6.
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5. Discussion

5.1. Mass depletion and element mobility

     From Table 1 it is evident that the concentrations of the sulphide-bound elements Fe, As, Cd,
Co, Cu, S and Zn are much lower in the oxidised zone compared with the unoxidised. On the other
hand, elements such as Si, K, Na and Ti show higher concentrations in the oxidised zone. This is
due to losses of sulphide minerals during weathering, which increases the proportion of silicate
minerals.
     It is possible to determine the gains or losses during weathering by comparing the average
elemental composition of the oxidised zone with the composition of the unoxidised zone.  In the
calculations showed here it is assumed that Zr is an immobile element and occurs in minerals
resistant to weathering. Almost all of the total Zr content in most silicic rocks occurs in the mineral
zircon, ZrSiO4 (Watson and Harrison, 1983), which is resistant to low temperature weathering
(Nickel, 1973). This is illustrated in Fig. 10 by plotting the average composition of the oxidised
zone versus the composition of the unoxidised zone. The elements which fall below the line from
the origin to the Zr point have to various extents been lost during weathering. All elements except
Na, K and Sr have been depleted. Mixing of tailings and the till cover in some samples may be the
cause of the apparent enrichment of Na, K and Sr. The mass change in the oxidised zone can be
calculated with Equation 1:

Eq. 1. Mass change (%) = [ (CZr
un/Co

Zr)-1]*100

 where CZr
o is the concentration of Zr in the oxidised zone and CZr

un is the concentration of Zr in the
unoxidised zone. The results show that the mass change in the oxidised zone is 42.8% compared
with the unoxidised zone. This result suggests that almost half of the original material in the oxi-
dised zone has weathered and been transported away from the oxidising zone.
     If Zr is assumed to be immobile, the relative change in concentration between the oxidised and
unoxidised zones can be calculated for all the elements with Equation 2 (modified from Grant,
1986; Öhlander et al., 1989; Öhlander et al., 1991 and Land, 1998).

Eq. 2. mass change (%) = ((Ci
o/Ci

un)*(CZr
un/Co

Zr)-1

where Ci
o is the concentration of element i in the oxidised zone, Ci

un the concentration of element
i in the unoxidised zone, CZr

o the concentration of Zr in the oxidised zone and CZr
un the concentra-

tion of Zr in the unoxidised zone.
     It can be estimated from Equation 2 that As has decreased by 88.7%, Cd 96.1%, Co 92.1%, Cu
90.5%, Ni 56.6%, Pb 43.8%, S 92.8%, Zn 96.4% and Fe 79.8%. From these calculations the fol-
lowing order of mobility for different metals can be set up for the solid tailings:
Zn>Cd>S>Co>Cu>As>Fe>Ni>Pb.
     The mobility of these metals subsequent to release by sulphide oxidation is controlled by pre-
cipitation-dissolution reactions, co-precipitation reactions, solid-solution substitutions and adsorp-
tion-desorption reactions (Blowes and Jambor, 1990). The order of mobility calculated for the
tailings at Kristineberg indicates that Zn is a very mobile ion. This has also been shown by Johnson
and Thornton (1987), Kooner (1993) and Paulson (1997). Sphalerite is also considered to be rela-
tively easily oxidised (Jambor, 1994). Cd generally follows Zn, since their ion sizes are similar
(Brehler, 1978). Cd is therefore a common trace element in sphalerite. S has also been shown to be
relatively mobile in mine-waste environments (Ljungberg and Öhlander, 1996) but S in the form of
sulphate can also be controlled by reactions with, e.g., Fe-oxyhydroxides (Karltun, 1995) such as
adsorption and co-precipitation. Fe generally precipitates as different oxides, oxyhydroxides or
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hydroxysulphates (Fig. 9) and is therefore less mobile. The Ni2+ ion is similar in size to Fe2+. This
is one reason why Ni is common as trace component in Fe-minerals such as pyrrhotite (Fleischer,
1955). In the mine waste environment Ni may  in part be controlled by the same reactions control-
ling Fe. Cu is known to be relatively immobile compared to, for example, Zn (Kooner, 1993). Cu
can take part in solid-solution substitutions such as transformation of pyrrhotite into covellite (Blowes
and Jambor, 1990; Holmström et al., 1999). As is considered to be less mobile in acidic environ-
ments (Bowell, 1994), whereas Pb is less mobile as it often forms anglesite, which is relatively
insoluble (Williams, 1990). Jambor (1994) mentions that the general sequence of readily attacked
to increasingly resistant minerals is pyrrhotite>galena-sphalerite>pyrite-arsenopyrite>chalcopyrite
>magnetite, but it is also evident that the mobility of elements varies depending upon how easily
they are transported away from the source minerals after being released by sulphide oxidation.

5.2. Cu-enrichment zone

     Below the former oxidation front there is a zone in which enrichment of Cu occurs in the solid
phase, as shown in Figs. 3, 5 and 11. The thickness of this zone ranges from 0.1 to 0.2 m up to
almost 0.8 to 0.9 m in Profile 5. Holmström et al. (1999) found a similar Cu-enrichment zone with
a thickness of approximately 1 m in the tailings at the Cu-mine Laver, in northern Sweden. The Cu-
enrichment is evident in all drilled profiles, except in Profile 7, which is situated farthest away from
the old spigotting location. The solid phase Cu-concentration rises to a maximum of 4450 ppm Cu
(Profile 5) compared with the average value of 956 ppm Cu for unoxidised tailings. No other metal
shows this distinct enrichment, and the Cu enrichment is not followed by an enrichment of S or Fe
(Fig. 11). The enrichment is thus not due to increasing chalcopyrite content, but is instead probably
caused by formation of covellite, via transformation of pyrrhotite, chalcopyrite, galena and pyrite.
Secondary covellite has been identified in thin sections. An example of secondary covellite is shown
in Fig. 12. Similar reactions have been described by, for example, Boorman and Watson (1976),
Blowes and Jambor (1990), Blowes et al. (1992) and Holmström et al. (1999). Further immobilisa-
tion of Cu may occur, due to adsorption on mineral surfaces and co-precipitation with precipitating
oxyhydroxides (e.g., Holmström et al., 1999).
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Figure 10. Diagram to illustrate the method used to calculate the mass changes. All elements that fall below
the Zr-line have decreased in concentration during the weathering and vice versa. Note that some elements
have been scaled.
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Figure 11. Diagrams for samples from profile 5 to illustrate the Cu-enrichment below the oxidation zone.
The upper two figures illustrate the anomalous character of the samples of  the Cu-enrichment. The lower
figure shows the Cu-concentration vs. depth. The four analyses which show an enrichment are the same as
in the upper figures.
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Figure 12. The optical-microscope picture is showing a chalcopyrite grain (ch) which is being transformed
into covellite (cv). Plane-polarized light. From Profile 5 at a depth of  160-170 cm.
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5.3. Underlying till

   The solid heavy metal concentrations are rather high at the levels of the sampled profiles at which
the underlying till was reached (Profiles 3, 5 and 6), indicating that at least the uppermost part of
the underlying till has been affected by the tailings and the acid mine drainage. The concentrations
can be as high as 69 ppm As, 894 ppm Cu, 392 ppm Pb, 10.8% S and 5950 ppm Zn (Profile 6) in the
underlying till. It is possible that the uppermost part of the underlying till contains sulphides origi-
nating from the tailings and that leachate waters have penetrated into the till to unknown depths.
Additionally, metals may have adsorbed onto mineral surfaces or precipitated in the till as second-
ary minerals. Groundwater sampled 1.3 m below the tailings also contains high metal concentra-
tions, with average concentrations of 5.7 g/l Fe, 4.4 g/l S, 612 mg/l Mg and 0.3 mg/l Zn (Holmström,
unpublished data) indicating that the groundwater in the till is contaminated. These concentrations
can be compared with results from uncontaminated groundwater in northern Sweden (Land,1998),
in which concentrations such as  0.041-0.098 mg/l Fe, 0.774-0.779 mg/l S, and 0.676-0.770 mg/l
Mg were found. The geochemical modelling with pore water from Profile 6 also indicated
oversaturation with respect to some secondary minerals such as goethite, gypsum and K-jarosite in
the uppermost part of the underlying till, as in the rest of the tailings below the till cover (Fig. 9).

5.4. Processes affecting the pore water

     The concentrations of Fe and S are very high in the pore waters in both profiles. Profile 4 has
maximum concentrations of up to 4.1 g/l Fe and 2.7 g/l S, and profile 6 has maximum concentra-
tions of 2.1 g/ Fe and 1.7 g/l S. The Zn concentrations are also very high: up to 82 mg/l Zn in Profile
4 and 53 mg/l in Profile 6. The Mg, Al and Si concentrations are also high compared with, for
instance, the concentrations in soil water in natural till (Land, 1998). The maximum concentrations
are 276 mg/l Mg, 14.4 mg/l Al and 34 mg/l Si in profile 4 and 236 mg/l Mg, 26.2 mg/l Al and 26.9
mg/l Si in Profile 6, respectively. This indicates that the oxidation of sulphides prior to remediation
was intense and that buffering reactions with different silicates were important.
     Pre-remediation pH measurements in Impoundment 1 (slurry pH) by Qvarfort (1987) in the
beginning of the 1980s showed that the pH was low, between 2.6 and 3.8, with the exception of one
extreme value of 7.3, in the upper two metres of the impoundment, where the oxidation front was
situated. Humidity Cells tests (British Columbia Acid Mine Drainage Task Force, 1989) performed
(Holmström, unpubl.data) on samples from Impoundment 1 after remediation gave pH in leachates
which ranged from 2.3 up to 2.7 in oxidised tailings, comparable to the values found by Qvarfort
(1987), and from 3.7 to 4.6 in unoxidised tailings. These low pH values suggest that the pH in the
oxidised zone prior to remediation was low enough to make buffering reactions with different
silicates important. They also indicate that the pH values were higher in the unoxidised zone. Sili-
cate minerals provide the bulk of the buffering capacity when hydroxide minerals have been con-
sumed and no longer buffer (pH<3.5) (Blowes and Ptacek, 1994).
     The trend in pH of the pore water with depth is similar for both Profiles 4 and 6. A rather
constant pH is found at depth, but with a somewhat higher pH in the till cover in Profile 4, around
6 to 6.8. This is probably due to the liming during remediation. The dissolved Ca content is also
somewhat higher in the till cover in Profile 4 than in Profile 6.
     The dominating elements in the tailings pore water are Fe, S, Ca, Mg, Zn, Al, Si and Mn. In
Profile 6 the concentrations of some of these elements correlate reasonably well with pH. R2 =
59.8% for pH-Mg, 43.2% for pH-Fe and 62.5% for pH-S. This is not the case for Profile 4, where
the correlations are R2 = –2.7% for pH-Mg, -3.5% for pH-Fe and –2.4% for pH-S, respectively. The
correlation between Fe and Mg is good for both profiles (R2 = 96.7% for profile 4 and 83.8% for
Profile 6), indicating that pyrite oxidation has probably been buffered mostly by dissolution of Mg-
bearing silicates in the tailings where especially chlorite is common (Fig. 13). The total molar
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concentrations correlate well with pH through the entire profile in Profile 6 (R2 = 58.9%), but not in
Profile 4 (R2 = -2.8%). Considering only the upper 3 m of Profile 4 the correlation is better (R2 =
60.8%). These results indicate that pH, to some extent, controls the element concentrations in the
tailings, especially in the upper parts of the impoundment.
     The total element concentration of the pore water is now lower in the uppermost tailings in both
profiles, possibly indicating an outwash zone (Fig. 6). Elements such as Mn, Ni, Si, S, Mg, Fe and
Ca in Profile 4 all show high or highest concentrations below approximately 6 m. In Profile 6 this
is true for Sr, Mn, S, Mg and Fe, but here the concentrations are higher below 2.5 m. Ekstav (1989)
found indications that this was not the case prior to remediation, and concluded that there were no
major differences between shallow and deep groundwater.  The differences between the data pre-
sented by Ekstav (1989) and the present data may be explained, at least partly, by outwash of
elements after remediation. This  possible “outwash zone”  seems to be deeper in Profile 4 than in
Profile 6.
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Figure 13. Diagram showing pore water concnetrations from profiles 4 and 6 to illutrate that pyrite oxida-
tion presumably buffered by chlorite dissolution has been intense in the tailings.

     A possible explanation to that the outwash zone in Profile 4 is deeper than that of Profile 6 is that
the groundwater table was very shallow in the north-western part of the impoundment even before
remediation. The strong oxidation of sulphides stopped when the oxidation front reached the
groundwater table, which, according to the results from the drillings, was as shallow as 0.5 m
below the tailings surface in Profile 4, before remediation. Because the oxidation was the source of
increased concentrations of Fe, S and  other elements as well as of elements such as Ca and Mg
released by buffering reactions, the concentrations have decreased in the uppermost part of the
tailings since the oxidation stopped. In the south-eastern parts of Impoundment 1, where Profile 6
is located, the oxidation was still active when the till cover was applied. After till cover emplace-
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ment, the oxidation slowed down, perhaps ceased, and oxidation and weathering products have
been gradually flushed out by precipitation water and mixing and dilution with groundwater flow-
ing in from the till areas to the north-west of the impoundment. Since a much shorter period of time
has elapsed since the cessation of oxidation in the south-eastern part of the impoundment than in
the north-western part, the outwash zone is  shallower in Profile 6 than in Profile 4.
     Although the total molar concentration is higher deep down below 5-6 m depth (Fig. 6), the
heavy metal concentrations are in general much lower deeper down in the tailings. This is the case
for Cd, Co, Cu, Ni, Pb and Zn for Profile 6 and also for Profile 4, except for Ni and Zn. This is
probably an effect of the higher pH deeper down, which ranges from around 5 to almost 6 in both
profiles. The concentrations of these elements are probably controlled by adsorption/desorption
reactions. Heavy metals are considered to be more sensitive to changes in pH compared with major
cations such as Mg and Ca, and heavy metals are also more likely to be adsorbed onto different
hydrous metal oxides (e.g., Kinniburgh et al., 1976; Kinniburgh and Jackson, 1981). Adsorption of
major elements is only important at higher pH, above 6.5. Especially Ca, Mg and S are rather
mobile under the pH conditions prevailing today, and before remediation. These metals have been
transported by vertical flow from the zone of oxidation down to deeper levels prior to remediation,
which was also suggested and reported by Ekstav (1989). The high concentration of the major ions
below 6 m (Profile 4) and 2.5 m (Profile 6) may be remnants and a reflection of the older type of
contaminated water (Table 3).

Table 3. Average composition of the groundwaters
during 1983-1988 reported by Ekstav (1989).

Parameter Average±std.dev
(201 samples)

pH 4.88±0.37
[mg/l]
Ca 297±124
Fe 3906±1270
Mg 277±119
Na 6.56±0.68
SO

4
2- 8620±3174

Cd 0.08±0.03
Cr 0.05±0.03
Cu 2.5±1.67
Pb 1.39±0.57
Zn 333±197

     In both profiles, elements such as Al, As, Co, Cd, Cu, Pb, Si (Profile 4) and Al, As, Cd, Co, Cu,
Ni, Pb, Si and Zn (Profile 6) show maximum or close to maximum concentrations close to the
former oxidation front, situated at c.  1.35 m at Profile 4 and at c. 2.1 m at Profile 6, or  within a few
metres below. These maxima correlate rather well with the depths at which pH is lowest in both
profiles. Before remediation and during oxidation of the tailings, metals were released in the oxida-
tion zone and at the oxidation front. Surface adsorption and precipitation is more pronounced at
high pH. pH usually increases below the oxidation front in tailings, in which hardpans composed of
secondary minerals may also form (Boorman and Watson, 1976; McSweeney and Madison, 1988;
Blowes and Jambor, 1990; Blowes et al., 1992). The Humidity Cells tests performed also indicated
that pH is higher in unoxidised tailings at Kristineberg compared with oxidised tailings (Holmström,
unpubl.data). The released metals were probably transported downwards and precipitated as sec-
ondary minerals, or were adsorbed onto different particle surfaces when the pH increased below
the oxidation zone. Sequential extractions with a procedure slightly modified from Hall et al. (1996)
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have been performed with material from Profile 4 (Carlsson et al., 2000). The results show that
adsorbtion is important for metals such as Cd, Co, Cu, Ni and Zn, especially below the oxidation
front.
     The groundwater table was raised by approximately 0.5 m, even more in some areas, during
remediation. Possible explanations for the high metal concentrations below or close to the former
oxidation zone may thus be desorption of metals or dissolution of secondary minerals due to the
raised groundwater table used as a remediation method. The groundwater table reached the old
oxidation zone, where pH is still low today, thereby promoting desorption of metals and dissolution
of secondary minerals.

6. Conclusions

     Oxidation and weathering of tailings Impoundment 1 at Kristineberg appear to have been in-
tense before the impoundment was remediated. The oxidation front had penetrated down to depths
of  approximately 0.1 to 1.15 m before remediation with a downward movement at a maximum rate
of 2.6 cm/a. Below the oxidation front there is an enrichment zone in which Cu is immobilised. The
solid Cu-concentration in this zone can be as high as 4450 ppm Cu compared to the average of 956
ppm Cu in unoxidised tailings. Transformation of pyrrhotite, chalcopyrite, galena and pyrite into
covellite is a possible explanation. Adsorption of Cu onto different mineral surfaces is another
possible explanation.
     Assuming that Zr is immobile during weathering, it can be approximated that almost 43% of the
total mass has disappeared in the oxidised zone during weathering and oxidation. The As concen-
tration has decreased by 88.7%, Cd 96.1%, Cu 90.5%, Ni 56.6%, Pb 43.8%, S 92.8% and Fe
79.8%, respectively, giving an order of mobility of Zn>Cd>S>Co>Cu>As>Fe>Ni>Pb for the solid
tailings.
     It is probable that sulphide oxidation has ceased after remediation. Higher dissolved concentra-
tions of the major elements Ca, Fe, Mn, Mg, and S are measured at depth in the tailings. This could
be due to flush out of elements in the upper part of the tailings after remediation, and vertical
transport from the upper parts before and after remediation. Metals and metalloids such as Si, Al,
As, Cd, Co, Cu, Pb and Zn show maximum concentrations around the former oxidation zone and a
few metres below. The pH is rather high at most depths in the tailings, except in and around the
former oxidation zone, where the highest heavy metal concentrations are generally measured.
Desorption of metals after remediation is probably occurring as a result of  raising the groundwater
table.
     This study shows that remobilisation of elements from secondary minerals formed during oxi-
dation prior to the remediation, as well as by desorption is probably occurring in the tailings at
Kristineberg. This seems to be a consequence of the higher groundwater table. To be able to fully
understand and characterise the processes occurring in an impoundment remediated with both a till
cover and a raised groundwater table, the development of the water quality within the tailings in the
longer perspective must be studied by prolonged groundwater sampling. A more thorough under-
standing of the hydrology is also needed. Such studies are in progress. At Kristineberg a water-
covered downstream impoundment where pH is increased by liming function as a trap for metals
released from the upstream impoundments, including Impoundment 1 studied here (Lindvall et al.,
1999). However, in other cases where the groundwater table is raised as part of the remediation,
release of metals from their secondary retainment after oxidation may be a problem. The results of
this study illustrate that the best situation is when sulphide-rich waste never get the possibility to
come in direct contact with the atmosphere and oxidise, and  when such waste is remediated
unoxidised.



22

Acknowledgements

This study was financed and supported by the MISTRA-research programme “Mitigation of the
environmental impact from mining waste” (MiMi). We would like to thank Milan Vnuk for prepar-
ing all figures, Tsveta Stanimirova for doing the XRD-analyses, Gustav Ebenå and Ulf Pettersson
for help with the sampling, Christer Wikberg and Boliden AB, and especially Johan Ljungberg and
Manfred Lindvall. We also wish to thank all members at the Division of Applied Geology and all
personnel involved in the MiMi-project for constructive and interesting discussions.



23

References

Allison JD, Brown DS, Novo-Gradac KH. MINTEQA2/PRODEFA2-A Geochemical
assessment model for environmental systems. U.S. EPA Office of Research and De-
velopment, Environmental Research Laboratory, Athens, Georgia, EPA/600/3-91/021,
1991, 113 pp.

Axelsson C.-L., Karlqvist L., Lintu Y. and Olsson T. Gruvindustrins restproduktupplag –

fältundersökningar med vattenbalansstudie i Kristineberg, Uppsala Geosystem AB,
1991, (in Swedish, with Summary in English).

Axelsson C-L, Ekstav A, Holmén J, Jansson T. Efterbehandling av sandmagasin i Kristineberg,
Hydrogeologiska förutsättningar för åtgärdsplan: Lakvattenbalanser och
vittringsbegränsande åtgärder. Golder Geosystem AB, 1991 (In Swedish).

Axelsson C-L, Ekstav A. and Jansson T. Provtagning av sand och grundvatten i sandmagasin
1, 1B och 2 Kristineberg – Fältrapport. Golder Geosystems AB, 1991, Rapport

917-1687, (in Swedish).
Blowes DW, Jambor JL. The pore-water geochemistry and the mineralogy of the vadose zone

of sulfide tailings, Waite Amulet, Quebec, Canada. Applied Geochemistry 1990; 5:327-
346.

Blowes DW, Jambor JL, Appleyard EC, Reardon EJ, Cherry JA. Temporal observations of
the geochemistry and mineralogy of a sulfide-rich mine-tailings impoundment, Heath
Steele mines, New Brunswick. Explor. Mining Geol. 1992; 1:251-264.

Blowes DW, Jambor JL, Hanton-Fong CJ, Lortie L, Gould WD. Geochemical, mineralogical
and microbiological characterization of a sulphide-bearing carbonate-rich gold mine
tailings impoundment, Joutel, Québec. Applied Geochemistry 1998; 13:687-705.

Blowes DW, Ptacek CJ. Acid-neutralization mechanisms in inactive mine tailings. In: Jambor
JL and Blowes D, editors. Short course handbook on environmental geochemistry
of sulfide mine-wastes, May 1994, Waterloo, Ontario, Canada, 1994; 22: 271-291.

Boliden Mineral AB. Utredningar avseende efterbehandlingsåtgärder, Kristineberg Magasin 1
och 2. Boliden Mineral AB, 1995 (In Swedish).

Boorman RS, Watson DM. Chemical processes in abandoned sulphide tailings dumps and
environmental implication for Northeastern New Brunswick. CIM Bulletin 1976; 69:
86-96.

Bowell RJ. Sorption of arsenic by iron oxides and oxyhydroxides in soils. Applied
Geochemistry 1994; 9: 279-286.

Brehler B.  Cadmium. In: Wedepohl KH, editor. Handbook of Geochemistry., Springer
Verlag, Berlin, 1978, pp. 48A1-48O1.

British Columbia Acid Mine Drainage Task Force. Draft acid rock drainage technical guide,
Vol. 1. British Columbia Acid Mine Drainage Task Force Report 1989, 199 pp.

Burman J-O, Pontér C, Boström K. Metaborate digestion procedure for inductively coupled
plasma- optical emission spectrometry. Analytical Chemistry 1978; 50: 679-680.

Carlsson E, Thunberg J, Holmström H, Öhlander B. (2000) Sequential extraction of sulphide
tailings remediated by covering with till, Kristineberg mine, northern Sweden. in
prep.

Du Rietz T. Geology and ores of the Kristineberg deposit, Vesterbotten, Sweden. Sveriges
Geologiska Undersökning Series C No 524, Stockholm, 1951, 90 pp.

Ekstav A, Qvarfort U. (1989) Metallbalans Kristineberg. Kvartärgeologiska avd., Uppsala
universitet, Uppsala, Sweden, 1989 (in Swedish)

Fleischer M. Minor elements in some sulfide minerals. Economic Geology, 50th Anniversary
Volume 1955;  970-1024.



24

Fraser WW, Robertson JD. Subaqueous disposal of reactive mine waste: an overview and
update of case studies. MEND/Canada. In: Proceedings of International Land Recla-
mation and Mine Drainage Conference and the Third International Conference on the
Abatement of Acidic Drainage. Volume 1, April 24-29, 1994, Pittsburgh, USA, 1994;
1: 250-259.

Gavelin S, Kulling O. Beskrivning till Bergrundskarta över Västerbottens Län. Sveriges
Geologiska Undersökning Series Ca No 37, Stockholm, 1955, 297 pp. (In Swedish).

Gavelin S. On the distribution of metals at Rävliden, Northern Sweden, and in some other
copper-zinc ores. Sveriges Geologiska Undersökning C 454, 1943, 35 pp.

Granlund E, Wennerholm S.  Sambandet mellan Moräntyper samt Bestånds- och Skogstyper i
Västerbottens Lappmarker, Sveriges Geologiska Undersökning Series C No 384,
Stockholm, 1935, 65 pp. (In Swedish).

Granlund E. Beskrivning till Jordartskarta över Västerbottens Län nedanför Odlingsgränsen.
Seriges Geologiska Undersökning Series Ca No 26, Stockholm, 1943, 165 pp. (In
Swedish).

Grant JA. The isocon diagram-A simple solution to Gresens´ equation for metasomatic
alteration. Economic Geology 1986; 81: 1976-1982.

Grip E. Skelleftefältets sulfidmalmer. In: Grip E, Frietsch R, editors. Malm i Sverige Vol 2,
Almqvist & Wiksell, Stockholm, 1973, pp. 194-273. (In Swedish).

Hall GEM, Vaive JE, Beer R, Hoashi M. Selective leaches revisited, with emphasis on the
amorphous Fe oxyhydroxide phase extraction. Journal of Geochemical Exploration
1996; 56: 59-78.

Holmström H, Ljungberg J, Ekström M, Öhlander B.  Secondary copper enrichment in tailings
at the Laver mine, northern Sweden. Environmental Geology 1999; 38: 327-342.

Holmström H, Ljungberg J, Öhlander B. The character of the suspended and dissolved phases
in the water cover of the flooded mine tailings at Stekenjokk, northern Sweden. The
Science of the Total Environment 2000; 247: 15-31.

Holmström H, Öhlander B. Oxygen penetration and subsequent reactions in flooded sulphidic
mine tailings: A study at Stekenjokk, northern Sweden. Applied Geochemistry 1999;
14: 747-759.

Jambor JL. Mineralogy of sulfide-rich tailings and their oxidation products In: Jambor JL and
Blowes D, editors. Short course handbook on environmental geochemistry of sulfide
mine-wastes, May 1994, Waterloo, Ontario, Canada, 1994; 22: 59-102.

 Johnson CA, Thornton I.  Hydrological and chemical factors controlling the concentrations of
Fe, Cu, Zn and As in a river system contaminated by acid mine drainage. Water Re-
search 1987; 21: 359-365.

Karltun E. Sulphate adsorption on variable-charge minerals in podzolized soils in relation to
sulphur deposition and soil acidity. Doctoral Thesis, Swedish University of Agricul-
tural Sciences, Sweden, 1995, 43 pp.

Kinniburgh DG, Jackson ML. Cation adsorption by hydrous metal oxides and clay.  In:
Anderson MA, Rubin AJ, editors. Adsorption of inorganics at solid-liquid inter-
faces, Ann Arbor Science Publishers Inc, Ann Arbor, Michigan, 1981, pp. 91-160.

Kinniburgh DG, Jackson ML, Syers JK.  Adsorption of alkaline earth, transition, and heavy
metal cations by hydrous oxide gels of iron and aluminium. Soil Science Society of
America Journal 1976; 40: 796-799.

Kooner ZS. Comparative study of adsorption behaviour of copper, lead and zinc onto
goethite in aqueous systems. Environmental Geology 1993; 21: 242-250.



25

Malmström M, Werner K, Salmon U, Berglund S. Hydrogeology and geochemistry of mill
tailings impoundment 1, Kristineberg, Sweden: Compilation and interpretation of
pre-remediation data. MiMi Report, 1999; Mitigation of the environmental impact
from mining waste programme (MiMi), Stockholm, Sweden (in print).

Land M. Weathering of till in northern Sweden and its implications for the geochemistry of
soil water, groundwater and stream water. Doctoral thesis, Luleå University of Tech-
nology, Sweden, 1998, 35 pp.

Lindvall M, Eriksson N,  Ljungberg J. Decommissioning at Kristineberg mine, Sweden.
Sudbury ’99, Mining and the Environment II, September 13-17 1999; 3: 855-862.

Ljungberg J, Öhlander B. Weathering rate of sulphide-bearing mine tailings at the Laver mine,
Northern Sweden; Field studies and Humidity cells test. In: Ciccu R, editor. Proceed-
ings SWEMP 96,  7-11 Oct 1996 Cagliari, Italy, 1996; 819-826.

McSweeney K,  Madison FW.  Formation of a cemented subsurface horizon in sulfidic
minewaste. Journal of Environmental Quality 1988; 17: 256-262.

Nickel E. Experimental dissolution of light and heavy minerals in comparison with weathering
and intrastitial solution. Contributions to Sedimentology 1973; 1: 1-68.

Nicholson RV, Sharer JM. Laboratory studies of pyrrhotite oxidation kinetics. In: Alpers CN
and Blowes DW, editors. Environmental geochemistry of sulfide oxidation, ASC
Symposium series 550, Washington D.C., 1994,  pp. 14-31.

Ödman F, Ruth T, Pontér C.  Validation of a field filtration technique for characterization of
suspended particulate matter from freshwater. Part I. Major elements. Applied
Geochemistry 1999; 14: 301-317.

Öhlander B, Billström K, Hålenius E. Geochemistry of the Proterozoic wolframite-bearing
greisen veins and the associated granite at Rostberget, northern Sweden. Chemical
Geology 1989; 78: 135-150.

Öhlander B, Ingri J, Pontér C. Geochemistry of till weathering in the Kalix river watershed,
northern Sweden. In: Rosén K, editor. Chemical weathering under field conditions,
Swedish University of Agricultural Sciences, Report 63, Uppsala, Sweden, 1991, pp.
1-18.

Parkhurst DL. User´s guide to PHREEQC-A computer program for speciation, reaction path,
advective-transport, and inverse geochemical calculations. U.S. Geological Survey,
Water-Resources Investigations Report 95-4227, Denver, 1995., 151 pp.

Paulson AJ. The transport and fate of Fe, Mn, Cu, Zn, Cd, Pb and SO4 in a groundwater
plume and in downstream surface waters in the Coeur d´Alene Mining District, Idaho,
U.S.A. Applied Geochemistry 1997; 12: 447-464.

Pedersen TF., McNee JJ, Mueller B, Flather DH, Pelletier CA. Geochemistry of submerged
tailings in Andersson Lake, Manitoba: recent results. In: Proceedings of International
Land Reclamation and Mine Drainage Conference and the Third Conference on the
Abatement of Acidic Drainage, 24-29 April 1994, Pittsburgh, USA, 1994; 2: 288-
298.

Pedersen TF, McNee JJ, Flather D, Mueller B, Sahami A. Pelletier CA. Geochemistry of
submerged tailings in Buttle Lake and the Equity Silver tailings pond, British Colum-
bia, and Anderson Lake, Manitoba: What have we learned? . In: Proceedings of Fourth
International Conference on Acid Rock Drainage, 31 May-6 June 1997, Vancouver,
B.C, Canada, 1997; 3: 991-1005.

Qvarfort U. En kartläggning av sandmagasin från sulfidmalmsbrytning.

NaturvårdsverketsRapport SNV PM 1699, 1983, The Swedish national environment
protection board, Stockholm, Sweden (in Swedish)



26

Qvarfort U. Sandmagasin från sulfidmalmsbrytningen; En kartläggning och inventering.
Textdel. Institution of Quarternary Geology, Uppsala University, 1987, 79 pp. (In
Swedish).

Watson EB, Harrison TM. Zircon saturation revised: temperature and composition effects in
a variety of crystal magma types. Earth Planet and Science Letters 1983; 64: 295-
304.

Willdén M. Geology of the western part of the Skellefte field and the Kristineberg and
Hornträsk sulphide deposits. In: Rickard DT, editor. The Skellefte field, 7th IAGOD
Symposium. Excursion guide No. 4, Sveriges Geologiska Undersökning, 1986, pp.
46-52.

Williams PA. Oxide zone geochemistry. Ellis Horwood Limited, Chichester, England, 1990,
286 pp.

Vivallo W, Willdén M. Geology and geochemistry of an early Proterozoic volcanic arc
sequence at Kristineberg, Skellefte district, Sweden. GFF 1988; 110: 1-12.



II



1

Sequential extraction of sulphide-rich tailings remediated by the application of
till cover, Kristineberg mine, northern Sweden.

Erik Carlsson, Jonas Thunberg, Björn Öhlander, Henning Holmström

Abstract
A sequential extraction has been carried out on sulphide-rich mine tailings. The aim of the study was to investigate

how elements released by oxidation are secondarily retained in the tailings and the possible consequences of the

remediation. After investigation of the composition of the solid tailings, seven samples were chosen for sequential

extractions. Two samples were oxidised, situated just above the oxidation front; one sample from just below the former

oxidation front with increased concentrations of several elements; two unoxidised samples were from an intermediate

depth, and the deepest sample was from the tailings-peat boundary at the bottom of the impoundment. Five phases

were extracted; adsorbed/exchangeable/carbonate, labile organics, amorphous Fe-oxyhydroxides/Mn-oxides, crystal-

line Fe-oxides, and organics/sulphides. The possible effect from dried pore water on the results from the extraction has

been calculated and was considered as minor. In the oxidised tailings the sulphide fraction still dominates for several

elements such as Fe, S, Cd, Co, Cu, Hg, and Zn although the concentrations are severely depleted compared to the

unoxidised tailings. Generally, the second most important fraction is the adsorbed/exchangeable/carbonate fraction.

Below the oxidation front the amount of sulphides in the tailings increases sharply. The secondarily formed fractions,

especially in the enrichment zone, still only represent a part of the total amount. In the secondary enrichment zone, the

total element concentrations increase compared with the deeper unoxidised samples, mainly due to secondary reten-

tion. For some elements the secondary retention is larger than the total amount extracted for the deeper unoxidised

samples. In the secondary enrichment zone the adsorbed/exchangeable/carbonate fraction represents about 20 wt% or

more for Cd, Co, Mn, Ni, and Zn. The amorphous iron oxyhydroxide or the crystalline iron oxide fractions are less

important at this level, although for As, Ba, and Cu the amorphous iron oxyhydroxide fraction represents up to 20 wt%.

At the lower border of the enrichment zone the total concentration for most metals is lower, but the importance of the

adsorbed/exchangeable/carbonate fraction is further enhanced for Cd, Cu, Ni, and Zn. These elements have 35 to 60

wt% of the total amount from this fraction. For As, Cd, Cu, Ni, and Pb, the secondary fractions extracted (extractions

A to D) represent between 60 and 80 wt% of the total content. At greater depth in the impoundment the relative

importance of the adsorbed/exchangeable/carbonate fraction decreases whilst the importance for amorphous iron

oxyhydroxide and crystalline iron oxide fractions increases. The adsorbed/exchangeable/carbonate fraction is the

most easily remobilized fraction. A raised groundwater table previously situated below the enrichment zone may,

therefore result in a release of the secondarily retained metals.

Keywords: sulphide-rich tailings; sequential extraction; heavy metals

Introduction

Acid mine drainage from sulphide mine tailings is recognised as an important pollutant. Complex
relationships between biological, chemical and hydrological factors control the dispersion of con-
taminating effluents from untreated as well as remediated waste deposits. To be able to understand
key processes for designing efficient remediation methods, thorough investigations of the waste
are of fundamental importance. Studies of the mines at Laver (Holmström 2000, Ljungberg 1999)
and Kristineberg (Holmström 2000) in northern Sweden showed that a large part of the metals
released by sulphide oxidation is secondarily retained in the tailings below the oxidation front.
Adsorption to mineral surfaces was found to be a key process as well as secondary mineral forma-
tion. In this paper sequential extraction is used to quantify how various metals occur in various
zones in tailings remediated by the application of a till cover.

The sulphide-rich tailings at Kristineberg were left without any cover for almost 50 years and were
remediated in 1996 by the application of till cover. The tailings impoundments were remediated by
a combination of till coverage and raising the groundwater table. Holmström (2000) has studied the
mineralogy and the chemistry of the solid fraction as well as the composition of the pore water. The
aim of this investigation is to characterise the fractions in which the analysed elements occur. This
characterisation is performed by the use of sequential extractions with the various steps slightly
modified from Hall et al. (1996a) and Hall et al. (1996b). An understanding of how various ele-
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ments occur at different depths is important for the understanding of the present state of the im-
poundment. It could also be a useful tool for predicting future conditions in the impoundment.
Non-sequential extraction experiments were used by McGregor et al. (1998) to investigate the
constituents within shallow, weathered tailings in the vadose zone. The extracted fractions were
defined as water-soluble, acid-leachable, and reducible, based on the work of Ribet et al. (1995).
The results showed that large parts of the retained elements in the oxidised zone could be released
by acid-leaching or reducing conditions.

A disadvantage with the sequential extraction method is that the different steps partly overlap each
other. The fractions seldom consist entirely of one single type of extraction fraction and there is
generally some mixing. The sequential extraction technique derived by Tessier et al. (1979) was
used by Fanfani et al. (1997) to study mine tailings weathering. Although their results confirmed
the general alteration modalities observed in the area through mineral studies, the development of
a method was proposed. The sequential extraction procedure used in this study, slightly modified
from Hall et al. (1996a) and Hall et al. (1996b) is optimised for extractant selectivity and efficiency
for secondary Fe-oxyhydroxides. Since it was presumed that a large amount of the analysed ele-
ments would be present in this fraction, especially close to the previous oxidation zone, this method
was used in the sequential extractions.

Area description

The Kristineberg mining area is located in the western part of the Skellefte ore district, approxi-
mately 175 km south-west of Luleå (Figure 1). The approximately 1.9 Ga old ore-bearing volcanic
rocks are overlain by metasedimentary rocks. The metamorphosed volcanic and sedimentary rocks
display a marked foliation and extensive sericitization (Vivallo and Willdén, 1988). Pyrite-rich
sulphide ores are intercalated within a stratigraphic unit mainly consisting of basic volcanics and
redeposited volcano-clastic rocks (Willdén, 1986). For further description of the area and its geol-
ogy and ores, see Du Rietz (1951), Gavelin (1943), Gavelin and Kulling (1955) and Grip (1973).

The largest orebody in the area is the Kristineberg Zn-Cu deposit, which was discovered in 1918. It
was not until 1940 that mining activities were started by Boliden Mineral AB and mining is still in
progress. Other mines close to the Kristineberg mine are the Kimheden, Hornträsk, Rävliden and
Rävlidmyr mines, all of which are closed and remediated. The annual precipitation in the area
varies between 400-800 mm/y (Axelsson et al., 1991) and the annual mean temperature is 0.7°C
(Axelsson et al., 1986). The vegetation consists mainly of coniferous forest, but some deciduous
forest also occurs. Boglands are common. The major soil type in the area is podzol weathered till
(Granlund and Wennerholm, 1935; Granlund, 1943). Five tailing impoundments are located within
the Kristineberg mining area. As many as 10 different ores from the western part of the Skellefte
field mining district were processed in the processing plant, and thus the impoundments contain a
mix of several different kinds of tailings. In this study, Impoundment 1 was investigated (Figure 1).
It is the oldest within the mining area. It has a surface area of about 0.10 km2 and was used for
disposal of tailings until the early 1950s (Boliden Mineral AB, 1995). The tailing discharge was
located along the southern hillslope. In the years 1976 and 1978 attempts were made to sow grass.
In 1996 the impoundment was remediated by the application of till cover and raising the groundwater
table, after which grass was sown (Lindvall et al. 1999). After the remediation the groundwater
table has become shallow. In some parts of the impoundment it reaches the surface. The thickness
of the till cover ranges between 0.85 and 1.8 m. The intention was to use 1 m of unspecified (sandy-
sandy/silty) till as a protective layer in areas with a shallow groundwater table. In other areas 1.5 m
of till was placed above a 0.3 m sealing layer. The sealing layer consists of a compacted clayey till.
A few years after remediation the impoundment now is almost completely covered by grass. The
impoundment is located in a valley and underlain by peat and till. The thickness of the tailings
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ranges from a few metres to approximately 11 m. The average thickness is between 6 and 8 m. The
oxidation zone reaches a depth of about 50 cm in the tailings at the sampling location. After apply-
ing a till layer the oxidation zone is thus approximately 150 cm below the surface.
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Figure 1. Map showing the location of the Kristineberg mining area and Impoundment 1 and 1B with the
sampling locations.

Materials and methods

Sampling

The tailings were sampled during October 1998. The impoundment was sampled with a drill rig
(rotary drill) and the tailings were divided in 20 cm samples, except for the first 2 m, where sample
length was 10 cm. From the sampled tailings, pore water was extracted. Both solid tailings and pore
water were analysed. A total of 5 profiles were drilled in Impoundment 1 (drill profiles 3-7, Figure
1). Sampling occurred from the surface down to the underlying material. A total of 54 pore water
extractions were analysed together with 119 samples of the solid material. Mineralogical studies on
the material were also performed. A total of 35 thin sections from the impoundment have been
evaluated. The thin sections have been studied by optical microscopy and XRD-analyses have been
performed on 10 samples. The XRD-measurements were performed with a TUR M62 diffractometer
(step with 0.02°, accumulation time 2s/step) using CoKα radiation over a 2θ range from 2° to 42°.
The samples used for the sequential extraction are from drill profile 4 (Fig ure 1 and 2) and selec-
tions were based on pore water and solid tailings analyses. For a more detailed description of the
sampling methodology, see Holmström (2000). The samples were dried at 50°C and sieved, and the
grain size fraction <63 µm was used in the sequential extraction. This grain size was chosen, since



4

it was assumed that using the same grain size fraction would give comparable results from the
different samples. It is evident from the fieldwork, as well as from laboratory studies of the grain
size distribution, that graded bedding occurs in the tailings. The coarser grains were identified
visually as different kinds of silicates, indicating that the ore minerals persist mainly in the finer
fractions.

A total of seven samples were collected for the sequential extractions (Figure 2). Two samples are
from the oxidised zone of the tailings, 135 cm (Sample 121) and 145 cm (Sample 122) below the
till surface. One sample was taken just at the border of the oxidised zone, 155 cm (Sample 123)
down in the impoundment and another at an intermediate depth of 185 cm. Three samples were
collected from the lower part of the impoundment. Two of them were taken at the depths 770 cm
(Sample 156) and 790 cm (Sample 157) while the last one (Sample 164) is located at the peat –
tailings boundary at a depth of 932 cm. This sample contained some peat. All depths given are the
centre depths for the samples used in the sequential extraction.
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Figure 2. Samples depth with the different zones included.

Description of the tailings

In drill profile 4 the oxidation zone extends 0.5 m down in the tailings. This conclusion is based on
the chemical analyses performed. No differences with regard to colour between oxidised and
unoxidised tailings were found in profile 4. Generally the colour was grey – dark grey, and in some
samples a slight greenish tone in the oxidised part was also discernible. The water ratio* of the
tailings was investigated and found to vary between 0.13 and 0.32 with an average of 0.20 (40
samples). No relation between water ratio and depth was found. Compact densities have been
measured on eleven unoxidised samples from different depths. It was found to vary between 3.02
and 3.53 tonne/m3. With the compact density and the water ratio the undisturbed porosity for the
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samples has been calculated **. It varies between 0.35 and 0.46. Grain size distributions for Sam-
ples 128 (depth 220 cm) and 155 (depth 750 cm) from profile 4 in the tailings are presented in
Figure 3. Visual inspection during the sieving analyses revealed that the coarser grains mainly
consist of quartz and feldspar grains. Average concentrations of unoxidised tailings based on 73
samples and of oxidised tailings based on 12 samples are presented in Table 1.
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Figure 3. Grain size distribution for sample 128 (220 cm depth) and 155 (750 cm depth).

Mineralogy

In the unoxidised tailings the sulphide mineral content ranges from 10 to more than 30%. The most
common sulphide minerals are in decreasing order: pyrite, pyrrhotite, sphalerite, chalcopyrite, ga-
lena, and covellite. Pyrite is by far the most common sulphide mineral. Some of the Fe-hydroxides
identified in the tailings were formed by evaporation of pore water after sampling, so-called terti-
ary minerals (Jambor, 1994). Gypsum occurs as massive euhedral grains and some of them also
appear to be of tertiary origin.

* Water ratio, w =         where mw is the mass of  water in the sample and ms is the mass of the solid dry material

** n = 1-                 where  w =         and  w =                   if the sample situate below the ground water table

n is the undisturbed porosity, ρm is the field density for the undisturbed saturated sample, ρs is grain density
and ρw the density of water

mw

ρs(w+1)

ms

mw

ms

ρ
1-

- 1

ρm
ρs

ρm
ρw
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In the oxidised tailings the sulphide content is generally around 1 to 2%. The most common sul-
phide minerals are in decreasing order pyrite, chalcopyrite, pyrrhotite, sphalerite, and galena.

The most common types of gangue minerals in both types of tailings are quartz, K-feldspar, Mg-
chlorite, talc, plagioclase, muscovite, amphiboles/pyroxenes and biotite. Illmenite, magnetite,
hematite, titanite, epidote, sericite, zircon, apatite, and calcite also occur, but in minor amounts.

Element Unoxidised tailings Oxidised tailings
(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±1.47

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
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

Table 1. Average concentrations for oxidised and unoxidised

tailings in impoundment 1.
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Sequential extraction

The sequential extraction procedure used in this study was slightly modified from Hall et al. (1996a)
and Hall et al. (1996b), and is briefly outlined as follows. The extraction steps dissolve the follow-
ing fractions: Extraction A adsorbed/exchangeable/carbonate, Extraction B labile organics (e.g.,
humic and fulvic substances), Extraction C amorphous iron oxyhydroxides and manganese ox-
ides, Extraction D crystalline iron oxides (e.g., goethite, hematite, magnetite), and Extraction E

organics (e.g., humic and fulvic substances more refractory compared to those in extraction B) and
sulphides.

Extraction A: (1) To 1 g of dried and sieved sample in a centrifuge tube, 10 ml of 1.0 M CH
3
COONa

at pH 5 was added. The centrifuge tube was placed in a shaker for 6 h and then centrifuged for 15
min at 3000 rpm. (2) Supernatant was decanted into a test-tube. (3) Steps 1 and 2 were repeated. (4)
The residue was rinsed with 5 ml H

2
O, centrifuged and supernatant was added to the test-tube. Step

4 was done twice.

Extraction B: (5) To the residue, 50 ml of 0.1 M Na
4
P

2
O

7
 was added, and the centrifuge tube was

placed in a shaker for 1 h and then centrifuged. (6) Supernatant was decanted into a new test-tube.
(7) Steps 5 and 6 were repeated. (8) The residue was rinsed with 5 ml H

2
O, centrifuged and supernatant

was added to the test-tube. Step 8 was done twice.

Extraction C: (9) To the residue, 10 ml of 0.25 M NH
2
OH�HCl in 0.10 M HCl was added. The

centrifuge tube was placed in a water bath at 60°C for 2 h and then centrifuged. (10) Supernatant
was decanted into a test-tube. (11) Steps 9 and 10 were repeated. (12) The residue was rinsed with
5 ml H2O, centrifuged and supernatant was added to the test-tube. Step 12 was done twice.

Extraction D: (13) To the residue, 15 ml of 1.0 M NH
2
OH�HCl in 25% CH

3
COOH was added.

The centrifuge tube was placed in a water bath at 90°C for 3 h and then centrifuged. (14) Supernatant
was decanted into a test-tube. (15) Steps 13 and 14 were repeated, with the exception that the
heating was restricted to 1.5 h. (16) The residue was rinsed with 5 ml 25% CH

3
COOH, centrifuged

and supernatant was added to the test-tube. Step 16 was done twice.

Extraction E: (17) To the residue, 750 mg of KClO
3
 and 5 ml of 12 M HCl was added. The

centrifuge tube was vortexed and a further 10 ml of HCl was added. After 30 min, 15 ml of H
2
O was

added and then the tube was centrifuged. Supernatant was decanted into a test-tube. (18) To the
residue, 10 ml of 4 M HNO

3
 was added. The centrifuge tube was placed in a water bath at 90°C for

20 min and then centrifuged. Supernatant was decanted into a test-tube. (19) The residue was
rinsed with 5 ml H

2
O, centrifuged and supernatant was added to the test-tube. Step 19 was done

twice.

Standards and analytical methodology

Concentrations of Ca, Fe, K, Mg, Na, S, Si, Al, Cu, Mn and Zn in the sequential extraction solu-
tions were determined with ICP-AES, and As, Ba, Cd, Co, Cr, Mo, Ni, Pb, and Sr with ICP-SMS.
Hg was determined with AFS. Analyses of the solid residual for the elements Si, Al, Ca, Fe, K, Mg,
Mn, Na, P, Ti, Ba, Be, Cr, La, Mo, Nb, Sc, Sn, Sr, V, W, Y, Zn and Zr were performed with ICP-
AES, and Cd, Co, Cu, Hg, Ni and Pb with ICP-QMS.

The analytical precision (1σ, n=4 for ICP-AES and n=3 for ICP-SMS) for the analysed elements in
all samples as an average was 0.37% in Extraction A, 0.72% in Extraction B, 0.07% in Extraction
C, 0.01% in Extraction D, 0.15% in Extraction E and 3.39% in the residuals.
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Average procedural blanks for the elements Ca, Fe, Mg, S, Al, As, Ba, Cd, Co, Cr, Cu, Hg, Mn, Ni,
Pb and Zn in Extraction A was 4.8 %, in Extraction B 46.7%, in C 5.0%, in D 17.0%, and in E 7.7%
of the extracted amount from the samples, respectively. The elements with a generally high per-
centage in the total procedural blanks are Ca, Ba, and Ni. The elements Cd, Co, Cr, and Mn have a
high percentage in the total procedural blanks for the two oxidised samples, 121 and 122. The high
percentage rates depend on low concentrations in the extractions, sometimes with concentration
levels below detection limit. The concentrations below detection limit have been interpreted in the
calculations as half the detection level. Especially Extraction B has a lot of results below detection
limit.

Leaching selectivity and efficiency

Since the tailings were sampled below the groundwater table, pore water has dried, which might
affect the results. This of concern, particularly with respect to, the adsorbed/exchangeable/carbon-
ate fraction (sequential extraction step A). Calculations checking the relevance for this concern
based on the pore water analysis and the measured water ratios for the tailings were performed
(Table 2). Based on the water ratio, the pore water available to dry on 1 g of solid tailings has been
calculated. The amount from the pore water is controlled against the amount extracted in sequential
extraction step A. Results are presented in Table 2.

Extraction 4:122 A 4:126 A 4:156 A 4:164 A*

            Wt% of total from             Wt% of total from          Wt% of total from     Wt% of total from

pore water pore water pore water pore water

Ca 13.7 9.46 15.42 4.71

Fe 0.14 2.43 44.6 198.5

Mg 0.07 1.89 5.82 9.57

S 0.23 0.32 6.2 3.63

Si 9.06 4.2 2.62 4.31

Al 0.001 0.03 0.06 0.149

As 3.27 8.5 1.4 1.49

Ba 0.74 2.25 0.05 0.041

Cd 0.010 0.004 0.003 0.005

Co 0.045 0.112 0.07 0.187

Cr 0.034 0.112 0.24 0.047

Cu 0.001 0.000 0.000 0.002

Hg 0.268 0.071 0.65 -

Mn 2.22 2.62 2.32 2.60

Mo 5.50 0.40 - 3.32

Ni 0.304 0.144 0.50 1.56

Pb 14.74 1.39 0.033 0.022

Sr 4.44 26.2 1.41 4.41

Zn 0.002 0.019 0.04 0.007

Table 2 Calculated contribution from dried pore water in extraction step A. The * for sample 4:164 indicates it

is compared with pore water from sample 4:163.

The results reveal that in Extraction step A, the average contribution of the various elements from
dried pore water to the Extraction step A is 5.7%. The contribution for each element is lower than
10%, except for two samples for Ca (Samples 122 and 156) and Fe (Samples 156 and 164), and one
sample each for Pb (122) and Sr (126) (Table 2). Sample 164 was compared to pore water extracted
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from Sample 163 and might partially explain the extremely high contribution from pore water,
according to the calculations almost twice the extracted amount. On the other hand, Al, Cd, Co, Cr,
Cu, Ni, and Zn have a calculated pore water contribution to this extraction step of less than 1%
(Table 2). Transfer of leached elements from one extraction to another does not seem to be of
concern, since the variation in concentration between the different steps for the elements is rela-
tively large.

Another question arising is whether the extraction steps in this method extract the expected frac-
tions for the sulphide-rich tailings. The sequential extraction procedure employed is optimised for
extractant selectivity and efficiency for secondary Fe-oxyhydroxides. This is important, since it is
presumed that adsorption of trace elements onto this fraction plays an important role in the im-
poundment. One way to control the accuracy of the method for at least one of the steps is to calcu-
late the correlation between Fe and S in Extraction step E, which is supposed to dissolve sulphides.
The mineralogical results show that the most common sulphide in the tailings is pyrite (Holmström,
2000), FeS

2
. Recalculating the extracted amount of Fe and S to mmole, a correlation is derived

(Figure 4) which is extremely high (>0.99), and the linear fit gives the resulting formula FeS
1.89

.
This is very close to the ideal formula for pyrite and strengthens the assumption that sulphides
(mainly pyrite) are extracted in this particular step.
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Figure 4. Extracted amount of Fe (mmol) and S (mmol) in extraction E for all samples.

Results

The differences between the analysed element concentrations in the solid samples and the sum of
the sequential extractions are, for 26 out of 95 analyses, within 25% of the total analysed concen-
tration of the solid extraction in samples 121 to 156 (where total analysis have been performed)
(Table 3). The total amount extracted (including the residuals) of elements mainly present in sili-
cates (Al, Ca, Mg, Mn, Si, Ba, and Cr) generally sums up to less than the solid total concentration.
The elements that are present in sulphide minerals (Fe, As, Cd, Co, Cu, Hg, Mo, Ni, S, and Zn) are
enriched compared to the solid total concentration results. This is explained by the fact that the
material analysed for the solid total concentration and the material used in the extractions are not
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exactly the same, although they are from the same sample. The grain size <63 µm was selected in
the sequential extraction samples, whereas bulk samples were used for the analysis of total content.
The preferential grain size for the sulphides is smaller, as previously noted, compared to the sili-
cates.

4:121 vs. 4:122 vs. 4:123 vs. 4:126 vs. 4:156 vs. 4:157 vs. 4:157 vs. 4:164 vs. 4:164 vs.

4:121 4:122 4:123 4:126 4:156 4:156 4:158 4:163 4:166

Al 117.2 69.4 24.9 73.3 69 62.7 64.4 59.4 83.5

Ca 99.7 115 50 119.6 62.6 52.1 111.3 64.8 95.1

Fe 126.9 140.1 309.1 112.1 113.5 121.8 110.6 245.7 409.9

Mg 130.7 73.9 30.8 68.4 54 66.7 71.1 160.4 274.1

Mn 133.6 76.6 57 90.3 74.3 65.3 69.7 105.1 170.6

Si 73.6 72.3 16.3 73.3 83.3 69.7 72.4 45.6 71.6

As 134.6 131.7 804 115 323.2 81.3 74.6 277.8 508.8

Ba 118.9 54.9 60.9 50.4 60.5 50.6 47.5 42.5 65.5

Cd 203.2 67.4 1282.8 125.4 137.6 140.6 173 149.2 466.5

Co 233.4 198.9 341.8 160.4 132.1 184.3 165.6 346.3 460.5

Cr 68.9 174.3 40.5 118 54.8 60.4 76.6 166.1 189

Cu 409.6 69.4 411.1 220.6 116.3 133 135.1 421.1 741

Hg 253.5 115 2225.9 177.4 250.5 169.5 225.7 305.4 634.2

Mo 342.7 140.1 99.3 99.9 63.1 117.1 139.6 131.4 61

Ni 177.5 73.9 368.9 151.2 228.1 137.2 148.7 90 61.6

Pb 107.8 76.6 44.3 134.6 152.3 82.5 88.6 266.3 683.8

S 256.3 72.3 323.6 122.3 126.4 157.7 135.5 296.2 457

Sr 103.9 131.7 186.2 120.5 103.1 55.4 76.2 17.7 25.1

Zn 249.7 54.9 1511.2 112.9 105.8 101.4 139.6 160 600.5

Table 3 Comparison with solid tailings analyses calculated as: (Total extracted/solid tailings content)*100 which

gives an equal amount if the result is 100. Above 100 indicates higher concentrations in the extraction samples

and below 100 indicates depletion in the extraction samples compared to total tailings concentration.

The comparisons of the total extracted amount and composition of the tailings are performed be-
tween samples from the same depth. Exceptions are Samples 157 and 164, which are compared
with the closest sample analysed above and below. These two samples were not included in the
comparison above, but the general conclusion with respect to decreased concentration of silicate
elements and increased concentration of elements present in the sulphides also seems to be valid
for these two samples. Total concentrations were not analysed in these two samples. The reason for
this was a lack of material from some of the depths where both thin section, solid extraction analy-
sis and pore water sampling were performed. The closest sample with sufficient material was,
therefore, chosen for the sequential extractions.

Oxidised zone

In the oxidised zone, most elements are strongly depleted. This is especially true for elements
associated to different kinds of sulphides (Table 1, Figure 5, 6 and 7).

Major elements

For Ca, Al, Mg, Mn, and Si in the oxidised zone the major source is the residual; between 87.5 and
98.7 wt% is from that fraction. Nevertheless, for Ca, 11.9 wt% is extracted in the adsorbed/ex-
changeable/carbonate step. The residual mainly consists of silicates. The main contributor of Fe
(59.1 wt%) and S (80.7 wt%) in the oxidised zone is the sulphide fraction, although the sulphide
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content in the two oxidised samples is depleted. Sulphide content is 4.4 and 13 wt%, respectively,
in Samples 121 and 122. For the uppermost, oxidised sample the content of Fe in the residual is
level with the sulphide extraction step at 44 wt%. The second largest contributor of Fe is the re-
sidual with 28.6 wt% and third most important is adsorbed/exchangeable/carbonate extraction at
8.6 wt%. For S the other major contributor to the total content is the adsorbed/exchangeable/car-
bonate fraction at 18.3 wt%.
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Figure 5. Major elements fraction association expressed as mg/g or µg/g.
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Trace elements

In the oxidised zone the amounts of elements present in sulphide minerals are severely depleted
(Table 1, Figure 5, 6 and 7) compared with the deeper unoxidised tailings. For Cd, Co, Cu, Zn and
Ni (Sample 122), the major extraction in this zone is still the sulphide fraction. The wt% derived
from this fraction varies between slightly more than 20 (Ni, sample 121) and 92 wt% (Cd, Sample
121). The part not accounted for by sulphides generally derives from the adsorbed/exchangeable/
carbonate fraction (Cd, Co, Cu, Zn, and to some extent Ni). The part present in this fraction varies
between 3.1 wt% (Cu Sample 121) and 43.6 wt% (for Zn, Sample 122). Amorphous iron
oxyhydroxides seem to be important retainers for Ni in both samples from the oxidised zone (23.9
and 12.7 wt% respectively) as well as for Cu in the deeper sample from this zone (Sample 122) in
which 12.4 wt% is retained. Crystalline iron oxides are also an important retainer for Ni in this
sample (11.3 wt%).

Pb is retained with amorphous iron oxyhydroxides in both samples from the oxidised zone (48.1
and 18.7 wt%) as well as with crystalline iron oxides (34.8 and 55.1 wt%) and only a minor amount
associated to the sulphide extraction step is still present (11.6 and 10.7 wt%). Mo is mainly present
in the residual (61.5 and 65.1 wt%) with the remaining amount extracted almost solely in the
sulphide extraction (35.3 and 31.0 wt%). Cr is almost only present in the residual (94.0 and 94.5
wt%). The same is true for Ba (89.3 and 75.5 wt%), except for a minor part present in the amor-
phous iron oxyhydroxide fraction (6.9 and 16.9 wt%). For both samples, crystalline iron oxides are
also of minor importance (3.1 and 6.4 wt%). As, as a general rule, is mainly found in the crystalline
iron oxide fraction (67.1 and 33.0 wt%), except for the deeper oxidised sample, where the sulphide
fraction is slightly higher (35.5 wt%). For the uppermost sample, only 11.9 wt% was extracted in
the sulphide fraction. The adsorbed/exchangeable/carbonate fraction represented 10.3 and 10.0
wt%, respectively, in both samples and also amorphous iron oxyhydroxides contained a larger
amount of As (7.9 and 16.5 wt%). Sr was also present to the greatest degree in the residual in both
samples (87.6 and 84.6 wt%) and the second most important fraction was the crystalline iron ox-
ides (5.6 and 5.4 wt%).

Unoxidised zone

In the uppermost part of the unoxidised zone several elements exhibit secondary enrichment zones
(Holmström 2000). Elements such as Cd, Cu, and Zn exhibit a well-defined enrichment zone
(Figure 6).

Major elements

Ca, Al, Mg, Mn, and Si are for the most part, as was the case in the oxidised zone, present in the
residual fraction. As an average between 67.2 (Mn) and 96.5 wt% (Si) occur in the residual frac-
tion. Ca was also represented in the adsorbed/exchangeable/carbonate fraction (~8.3 wt%) as well
as in the amorphous iron oxyhydroxide fraction (~10.0 wt%). Al as an average had 5.8 wt% from
the amorphous iron oxyhydroxide fraction and 5.4 from the sulphide fraction. The second largest
average extraction for Mg was the sulphide fraction step, at 4.2 wt%. All other fractions for Mg
represented about or less than 2 wt%. Mn had 10.9 wt%, on average, extracted in the adsorbed/
exchangeable/carbonate fraction and 13.8 wt% from the sulphide fraction. For Si the average of all
fractions, except for the residual and the amorphous iron oxyhydroxide fraction that counted for
1.2 wt%, represented less than 1 wt%. Fe extracted, as an average, 80.4 wt% in the sulphide frac-
tion and 9.9 wt% from the residual. As an average 4,9 wt% was extracted for Fe in the amorphous
iron oxyhydroxide extraction. 2.1 wt% was extracted in the adsorbed/exchangeable/carbonate frac-
tion as well as in the crystalline iron oxide fraction. S is extracted mainly from the adsorbed/
exchangeable/carbonate fraction (average 8.1 wt%) and the sulphide fraction (average 90.6 wt%).
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Trace elements

The sample situated closest to the oxidation front exhibited increased concentrations of the trace
elements Cd, Cu (to a smaller extent also in the second sequential extraction sample below the
oxidation front), and Zn. Between 68.8 and 76.4 wt% was released in the sulphide extraction step
for these elements. For Cd and Zn, 19.0 and 18.6 wt%, respectively, is from the adsorbed/ex-
changeable/carbonate fraction, whereas for Cu only 5.0 wt% was released with that fraction. On
the other hand, 8.0 wt% Cu was extracted with the amorphous iron oxyhydroxide fraction. The
remaining part of these three elements mainly belongs to the residual, ranging from 4.1 to 14.8
wt%. Elements exhibiting possible enrichment in both the uppermost and the second uppermost
unoxidised sample are As and Ni, as well as the earlier mentioned Cu. Ni is extracted from the same
fractions in these samples as the previously described enriched trace elements. Most important are
the adsorbed/exchangeable/carbonate (average 44.1 wt%) and the sulphide fraction (average 37.2
wt%). As was extracted from amorphous iron oxyhydroxides (~22.15 wt%) and sulphides (~35.15
wt%) in both samples but in the uppermost unoxidised sample the residual contained a large amount
of As (35.7 wt%). In the deeper enriched sample the crystalline iron oxyhydroxides accounted for
23.4 wt% and the soluble organic fraction 14.5 wt%.

Below the enrichment zone Cd, Ni, Pb, and Zn are to an extent associated with the adsorbed/
exchangeable/carbonate fraction. As an average for these elements 36.6, 43.0, 19.0, and 29.4 wt%
was released in this extraction step. Especially for Pb the variation is large ranging from 0.2 to 36.5
wt%. The other important fraction is the sulphide extraction step (except for Pb) representing 49.3,
37.63, 7.57, and 59.1 wt% as an average. For Pb the important contributors are amorphous iron
oxyhydroxides (~59.5 wt%) and the crystalline iron oxyhydroxides (~12.9 wt%). For Cu the
adsorbed/exchangeable/carbonate fraction represents, as an average, 17.6 wt% and the amorphous
iron oxyhydroxides 12.5 wt%. These two fractions are the most important if the sulphide fraction is
not considered. The Cu extracted from the sulphide fraction, as an average in the unoxidised zone,
represents 55.8 wt% of the total Cu content.

Discussion

During the 40 years of oxidation taking place in the upper, unsaturated part of the impoundment the
oxidation products were transported downwards dissolved in pore water originating from percolat-
ing rain. Adsorption onto primary minerals and the formation of secondary minerals such as covellite
and iron hydroxides and co-precipitation with these below the oxidation front have been shown to
be important scavenger mechanisms retaining the oxidation products before the percolating water
reaches the groundwater table (Holmström 2000). After the remediation at Kristineberg the raised
groundwater table releases some of the retained secondary products. This is shown in the pore
water profiles for drill profile 4 (Figure 8) for the elements As, Cd, Cu, and Zn.

As can be seen from the analyses of total content in the solid samples, the peak in concentration for
Cu has been interpreted as a result of secondary enrichment (Sample 123, at the depth of 155 cm,
Figure 6), immediately below the oxidation front (Holmström 2000). According to the extractions,
the major part of Cu is from the sulphide fraction, accounting for almost 69 wt%. Of the extrac-
tions, consisting of secondary phases, adsorbed/exchangeable/carbonate accounts for 5 wt% and
amorphous iron oxyhydroxides for 8 wt%. Studies of thin sections reveal that at the depth 200-240
cm in Drill Profile 4 secondarily formed covellite is present (Holmström 2000). No thin sections
were available from the depth of 155 cm. From drill profile 5 in the impoundment, thin sections
level with Sample 123, at a depth of 160-170 cm, show covellite formation as well as at 190-200
cm. The solid tailings concentration of Cu in profile 5 between depths of 145 to 230 cm varies
between 2230 and 4450 ppm. Average concentration for Cu in the unoxidised tailings is 960 ppm
(Table 1). Thus, the secondary enrichment zone for Cu might have been formed by the formation of
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covellite, CuS (cf. Boorman and Watson, 1976; Blowes and Jambor, 1990; Lin and Qvarfort, 1996;
McGregor et al., 1997; Holmström 2000) due to transformation of pyrrhotite, chalcopyrite, galena,
and pyrite. The other fractions thought to be important scavengers, such as the adsorbed/exchange-
able/carbonate fraction and the amorphous and crystalline iron oxyhydroxide extractions, are thus
of minor importance for retaining Cu. It is possible that larger amounts of Cu prior to the remediation
had been retained with the adsorbed/exchangeable/carbonate fraction as well as with the amor-
phous and crystalline iron oxyhydroxide fractions. After raising the ground water table these frac-
tions dissolve, resulting in the peak for dissolved Cu in the pore water at this level.

According to Figure 6, presenting the total extracted amounts, Cd, Zn, and possibly As also exhibit
peaks for Sample 123 in the sequential extraction. Cd and Zn show generally good correlation with
the total content analysed, but at the level of the peak, as was the case for Cu, a substantially larger
amount has been extracted compared to the total content. Both Cd and Zn exhibit the same pattern
of fraction abundance. Some 19 wt% was extracted from the adsorbed/exchangeable/carbonate
fraction, slightly more than 76 wt% from the sulphide fraction and about 4 wt% from the residual.
The adsorbed/exchangeable/carbonate fraction for Cd (61.8 ppm) at this level represents more than
the total extracted amount in the deeper unoxidised samples. As for Cd, the adsorbed/exchange-
able/carbonate extraction step for Zn (21,690 ppm) is larger than the total extracted amount from
the deeper unoxidised samples. This shows how important this fraction could be for retaining cer-
tain elements within the impoundment. Unfortunately, this fraction is easily dissolved and might
thus, during changed environmental conditions, release large amounts to the surroundings. For As,
there is a better correlation for Sample 123 as compared to the total content in the solid sample
(Table 3). The largest fraction is not, as for Cu, Cd and Zn, the sulphide fraction. The largest
fraction for As is the residual at 35.7 wt% (243.3 ppm) and the second largest fraction is the sul-
phide fraction at 33.1 wt% (226 ppm), followed by the amorphous iron oxyhydroxide fraction
representing 22.3 wt% (151.8 ppm). Compared to the deeper extractions, the high contribution
from the residual in this sample is not representative. Generally, for the deeper samples, the re-
sidual part for As tends to be around 1 wt%.

There are differences in fraction associations between oxidised and unoxidised tailings. These de-
pend to a large extent on the differences in element concentration between the oxidised and unoxidised
tailings. The averages for the oxidised Samples, 121 and 122, and the average for the unoxidised
samples, Samples 123-164, are shown in Table 4. As can be seen, the residual is a more important
contributor in the oxidised tailings. In general, the elements’ association with the adsorbed/ex-
changeable/carbonate fraction is weakened by the transition from the oxidised to the unoxidised
tailings. Elements such as Ca, Fe, Al, As, Cr, Cu, and Mn exhibit increased amounts in the amor-
phous iron oxyhydroxide and/or crystalline iron oxide fraction in the unoxidised tailings and de-
creased concentrations in the adsorbed/exchangeable/carbonate fraction. Pb shows the opposite
behaviour.
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121-122 A B C D E RESIDUAL

ELEMENT Average Std.d. Average Std.d. Average Std.d. Average Std.d. Average Std.d. Average Std.d.

Ca 11.9 4.3 0.0 0.0 0.7 0.9 0.0 0.0 0.0 0.0 87.5 5.2
Fe 8.6 3.9 0.5 0.0 1.3 1.0 1.9 1.6 59.1 21.6 28.6 22.8

Mg 3.6 1.8 0.0 0.0 0.6 0.1 0.9 0.4 2.0 0.1 93.0 2.2

S 18.3 8.5 0.3 0.1 0.4 0.5 0.4 0.5 80.7 9.6 0.0 0.0

Si 0.0 0.0 0.5 0.1 0.3 0.0 0.2 0.0 0.3 0.0 98.6 0.1

Al 2.9 3.1 0.3 0.2 1.4 0.4 1.3 0.5 2.3 0.1 91.7 4.3

As 10.2 0.3 0.5 0.7 12.2 6.1 50.0 24.1 23.7 16.7 3.4 2.3

Ba 0.3 0.1 0.0 0.0 11.9 7.1 4.8 2.4 0.7 0.2 82.4 9.8

Cd 24.4 24.6 0.0 0.0 0.2 0.1 0.4 0.6 72.1 27.6 2.8 2.3

Co 16.6 6.5 0.0 0.0 0.2 0.1 0.0 0.1 82.2 7.2 0.9 0.7

Cr 1.9 1.9 0.0 0.0 0.9 0.2 1.2 1.7 1.7 0.4 94.3 0.4

Cu 18.0 21.0 5.1 6.3 7.8 6.6 2.0 0.8 66.9 35.0 0.3 0.3

Hg 0.6 0.2 15.8 9.5 1.7 0.5 19.0 0.8 55.7 2.9 7.3 6.5

Mn 5.5 2.7 0.0 0.0 0.8 0.1 1.6 0.4 2.7 0.1 89.4 3.1

Mo 0.3 0.2 0.6 0.8 1.2 0.6 1.5 2.1 33.2 3.1 63.3 2.6

Ni 24.8 14.7 0.0 0.0 18.3 7.9 5.6 8.0 30.8 11.4 20.5 3.3

Pb 0.5 0.6 2.5 2.7 33.4 20.8 44.9 14.4 11.2 0.6 7.6 4.9

Sr 2.4 0.3 2.1 1.0 2.9 0.7 5.5 0.1 1.2 0.1 85.9 1.8

Zn 25.7 25.4 0.4 0.1 0.9 0.1 1.2 0.4 63.8 18.9 7.9 5.9

123-164 A B C D E RESIDUAL

ELEMENT Average St.dev Average St.dev Average St.dev Average St.dev Average St.dev Average St.dev

Ca 8.3 6.3 0.0 0.0 10.0 6.1 1.7 1.6 1.1 0.8 78.9 10.3

Fe 2.1 3.0 0.8 0.3 4.9 3.0 2.1 1.5 80.4 3.7 9.9 1.2

Mg 1.2 0.7 0.0 0.0 1.8 1.0 1.8 0.5 4.2 1.9 90.9 3.4

S 5.1 3.0 1.3 1.2 0.4 0.2 0.0 0.0 93.1 2.6 0.0 0.0

Si 0.1 0.0 0.8 0.8 1.2 0.3 0.6 0.1 0.8 0.3 96.5 1.0

Al 2.2 2.2 0.8 0.8 5.8 1.7 2.8 0.7 5.4 2.1 83.0 4.5

As 3.3 4.6 6.6 4.5 14.5 7.4 7.1 9.4 60.8 24.1 7.7 15.6

Ba 2.3 2.3 0.0 0.0 20.1 5.3 9.3 4.6 1.4 1.1 66.9 8.7

Cd 33.1 23.9 0.3 0.2 3.1 3.5 4.3 5.6 57.5 18.6 1.6 1.5

Co 11.3 7.1 0.5 0.3 0.8 0.3 0.2 0.2 85.7 6.3 1.4 0.8

Cr 5.5 6.8 2.4 1.9 15.1 13.0 10.0 7.7 4.5 1.1 62.5 23.9

Cu 17.6 15.5 3.6 1.4 12.5 5.1 6.2 3.4 55.8 19.7 4.3 5.9

Hg 0.2 0.2 0.4 0.4 0.4 0.6 6.1 6.9 89.1 8.2 3.8 1.1

Mn 10.9 4.5 0.3 0.4 4.4 5.5 3.4 1.5 13.8 11.7 67.2 13.7

Mo 0.0 0.0 0.2 0.4 0.7 0.6 1.5 0.7 39.5 17.5 58.0 17.8

Ni 40.5 14.1 2.7 1.8 6.3 1.8 3.9 1.0 39.5 10.0 7.1 4.8

Pb 15.3 18.5 1.7 1.2 45.7 28.6 13.4 11.3 13.7 17.0 10.2 11.1

Sr 2.6 2.6 1.1 0.6 21.9 31.6 3.4 1.9 1.8 0.9 69.2 28.6

Zn 27.2 17.2 0.5 0.4 3.5 3.6 2.5 2.8 64.5 13.6 1.9 1.5

Table 4 Average fraction association (wt%) and standard deviation in the different zones.

A difference in retained amounts of mobilised elements between the oxidised and the unoxidised
part is evident in the impoundment. After evaluating Table 5 it is possible to conclude that the
amount of the elements retained in Extraction Steps A to D differ between the oxidised and the
unoxidised tailings. Generally, there is a larger accumulation of the elements in extraction steps A
to D in the unoxidised tailings. Exceptions are Mg, S, Hg, Mo, and Pb where the oxidised tailings
retained a larger amount, although the difference is minor for most elements. Elements with a
larger amount retained in fraction A to D in the unoxidised tailings are Ca, Fe, Al, As, Ba, Cd, Co,
Cr, Cu, Mn, Ni, Sr, and Zn. This might indicate a transport of mobilised elements from the oxi-



17

dised, uppermost, part of the impoundment. These elements are thus not retained in the upper part
but, subsequent to oxidation, transported downwards with percolating water into the unoxidised
tailings where they are partly retained in various ways, such as adsorption on mineral surfaces and/
or formation of secondary minerals.

Accumulated A-D, Average amount A-D, Accumulated A-D Average amount A-D,

Sample 121-122 Sample 121-122 Sample 123-164  Sample 123-164

wt% wt%

Ca mg 12.6 0.40 20.3 1.31

Fe mg 12.5 16.00 9.8 22.55

Mg mg 4.9 2.64 5.0 1.56

S mg 16.3 16.95 6.9 14.57

Si mg 1.0 1.95 2.5 2.85

Al µg 5.3 2178.99 12.4 3615.51

As µg 75.2 41.07 33.8 158.92

Ba µg 15.7 32.34 30.8 54.52

Cd µg 29.7 1.41 28.1 26.20

Co µg 15.2 5.80 12.6 10.35

Cr µg 4.0 1.72 42.3 19.40

Cu µg 14.3 91.50 28.4 885.67

Hg µg 40.5 1.25 3.3 0.46

Mn µg 7.3 51.79 19.2 113.96

Mo µg 3.5 1.15 2.3 0.59

Ni µg 45.7 1.80 52.0 5.52

Pb µg 81.5 512.28 84.3 502.81

Sr µg 12.6 2.46 26.5 8.62

Zn µg 30.9 578.34 24.3 8072.66

Table 5 Accumulated wt% and amount A-D in the different zones

The main association for Fe within Extraction Steps A to D changes from amorphous iron
oxyhydroxides in the unoxidised tailings to the adsorbed/exchangeable/carbonate fraction in the
oxidised. The same occurs for Al, although this is much less evident. S, Si, Ba, Cd, Co, Cu, Hg, Mo,
Ni, and Zn exhibit the same associations in both oxidised and unoxidised tailings, with a minor
exception for Ba and Ni, where the association to the crystalline iron oxyhydroxide and the amor-
phous iron oxyhydroxides increases in the oxidised zone. Also for Cu, there is a minor change,
since the crystalline iron oxide fraction is relatively smaller in the oxidised tailings. Ca and Mn are
more clearly associated to the adsorbed/exchangeable/carbonate fraction in the oxidised samples.
As, Pb and Sr have changed their major fraction from amorphous iron oxyhydroxides to the crys-
talline iron oxyhydroxides, having the amorphous iron oxyhydroxides as their second largest frac-
tion in the oxidised part. For Sr, the adsorbed/exchangeable/carbonate fraction is also important in
the oxidised zone. Cr was largely present in the two iron extractions for the unoxidised samples. In
the oxidised samples there seems to be no major secondary fraction. The major association seems
to be the ~2 wt% large adsorbed/exchangeable/carbonate fraction in the oxidised fraction. Hg ex-
hibits a rather large association with the soluble organic fraction that is not visible in the unoxidised
samples, but the largest fraction is the crystalline iron oxides in the oxidised zone. In the unoxidised
zone the crystalline iron oxides still constitute the most important fraction but at a lower level.

As and Cu exhibit peaks for the solid tailings analyses of the tailings below the former oxidation
front at about a depth of 2 m (Figure 7). These elements also show peaks in pore water concentra-
tions at the same depth (Figure 8). According to the sequential extractions performed, Sample 123



18

has 31.1 wt% (212.5 µg) of its As content in Extraction Steps A-D. In Sample 126 it has increased
to 61,8 wt% (380.1 µg). Cu has 16.3 wt% (1332 µg) in A-D in Sample 123 and in Sample 126 66.8
wt% (1465.7 µg). From Table 5 the average content of As and Cu in extraction steps A-D for
Samples 123-164 is reported to be 31.5 wt% (159 µg) and 40 wt% (885.7 µg). This increase in
Extraction Steps A to D for the samples below the oxidation front corresponds to the peaks in pore
water concentrations, and thus the elements retained below the oxidation front are presumed to
have become mobile after the rise in the ground water table. This results in high pore water concen-
trations at this level.
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Figure 7. Solid tailings and accumulated sequential extractions for drill profile 4.
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Conclusions

Several elements such as As and Cu have been secondarily enriched just below the former oxida-
tion front. After the remediation of the impoundment the raised ground water table has partly dis-
solved this enrichment, resulting in increased pore water concentrations at this level. The most
important secondary phase for Pb in the impoundment is amorphous iron oxyhydroxides and to a
smaller extent the crystalline iron oxides. This is the case also for Ba and Cr. The elements Ni, Cd,
Co, Mn, S, and Zn are almost entirely retained within the adsorbed/exchangeable/carbonate frac-
tion. As is retained in the crystalline iron oxides fraction and to lesser extent in the amorphous iron
oxyhydroxide fraction. Fe is mixed between adsorbed/exchangeable/carbonate and the amorphous
iron oxyhydroxide fraction (although the amounts are small as a percentage). Also Ca, Cu, and
partly Ni exhibit this fraction-association behaviour. Sr has a larger affinity for the amorphous iron
oxyhydroxide fraction. In the impoundment, the adsorbed/exchangeable/carbonate fraction gener-
ally exhibits the highest percentage for retention of mobilised elements followed by amorphous
iron oxyhydroxides and the crystalline iron oxides.

In the oxidised tailings the sulphide fraction still dominates for several elements such as Fe, S, Cd,
Co, Cu, Hg, and Zn. Averages for these elements in the oxidised zone range from 55.7 wt% (Hg) up
to 82.2 wt% (Co), although the concentrations are severely depleted compared to the unoxidised
tailings. Below the oxidation front the amount of sulphides in the tailings increases sharply, gener-
ally resulting in an even more pronounced association to the sulphide fraction for most of these
elements. The part extracted from the sulphide fraction for these elements in the unoxidised tailings
is between 55.8 wt% (Cu) to 93.1 wt% (S).
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Figure 8. Pore water and solid tailings in drill profile 4 for As, Cd, Cu and Zn.
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Cu is also enriched in the sulphide fraction for Sample 123 together with (As), Cd, (Ni), (S), (Fe)
and Zn. The accumulated amounts from the sequential extractions exhibit minor peaks for the
elements As, Ni, Fe, and S, whereas the solid tailings analyses do not. Evaluating the fraction
abundance, it is possible to conclude that the sum of the secondary fractions A to D is equal in size
to that of the sulphide extraction step for As and Ni. The elements Cd, Fe, and Zn are largely
associated with the sulphide extraction step (76-79 wt%) but the amount associated to the adsorbed/
exchangeable/carbonate fraction might be up to 19 wt% (Cd and Zn). Thus, it still represents a
considerable part of the total amount extracted at this level. Cu also associates mainly with the
sulphide extraction step (69 wt%), but 16.4 wt% is associated to extraction steps A-D. This repre-
sents more than average the retained (as µg) in the unoxidised tailings for these fractions added
together. The evident peak at this level thus probably corresponds to the formation of covellite, as
has been verified from thin sections around this level in the impoundment, but a large part is also
retained at this level as secondary precipitation products retained in Extraction Steps A to D.
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Geochemistry of the infiltrating water in the vadose zone of a remediated tail-
ings impoundment, Kristineberg mine, northern Sweden.

Erik Carlsson, Björn Öhlander, Henning Holmström

Abstract
At remediated tailings Impoundment 1 at Kristineberg, Northern Sweden, installations of tension lysimeters were

performed in the protective cover (10 cm, 50 cm, and 100 cm), in the oxidised tailings (150 cm), in the unoxidised

secondarily enriched tailings (200 cm) and in the unoxidised tailings (260 cm). The tension lysimeters in the till

protective cover contained relatively low concentrations of most elements. After infiltration through the sealing layer,

consisting of 0.3 m compacted clayey till, pH decreased and conductivity, together with the concentrations of several

major and trace elements, increased significantly. In the uppermost two tension lysimeters installed in the tailings pH

decreased to 3-3.2, and the conductivity increased to 2.6-3.5 mS/cm. Elements such as Al, Cd, Co, Cu, Fe, Mn, Ni, S, Si,

and Zn had the highest concentrations in the second tension lysimeter. Examples of concentration averages for this

tension lysimeter are Cd 600 µg/l, Fe 1500 mg/l, Mn 11000 µg/l, Ni 1050 µg/l, S 1800 mg/l, and Zn 190000 µg/l.

Between the second and the third tension lysimeter the concentration of most elements decreased. The increase be-

tween the first and the second tension lysimeter can be explained by remobilization of secondarily retained oxidation

products. The decrease between the second and the third tension lysimeters is interpreted as co-precipitation with

different iron oxyhydroxides as well as adsorption onto secondarily formed minerals and primary mineral surfaces.

Calculations of saturation indices indicate that several different hydroxides might precipitate at this level. This retainment

takes place mainly due to the increase in pH. The pH increases from 3-3.2 up to 4-4.4 in this depth interval. Between

the deepest tension lysimeter and the groundwater table, the element concentrations decrease further. Also, there is a

change in pH here, which increases from 4.4 up to 5-6.5 in the groundwater. Most of the pre-remediation oxidation

products that are secondarily retained below the oxidation front and are released by the small amount of infiltrating

water are retained again during continued transport downwards. If the depth to the groundwater table is large enough,

the metals released by infiltrating water do not reach the groundwater. Analysis of solid tailings reveal that Cd, Co, Cu,

Ni, Pb, and Zn exhibit secondary enrichments below the oxidation front in the unoxidised tailings.

Keywords: sulphide-rich tailings; heavy metals; vadose zone

Introduction

Acid mine drainage from sulphide-rich mine tailings is recognised as an important pollutant. Com-
plex relationships between biological, chemical and hydrological factors control the dispersion of
contaminating effluents from untreated as well as remediated waste deposits. To understand the
main processes is of fundamental importance for efficient remediation of the tailings and for avoid-
ing future problems. Both unremediated tailings and tailings remediated by different methods have
been studied and characterised over the past thirty years (e.g. Boorman and Watson, 1976; Blowes
and Jambor 1990; Fraser and Robertson, 1994; Pedersen et al., 1994; Pedersen et al., 1997;
Holmström et al., 2000).

The sulphide-rich tailings in the so-called Impoundment 1 at Kristineberg in northern Sweden were
left without any cover for almost 50 years. The impoundment was remediated in 1996 by a combi-
nation of covering the tailings with a protection layer of till, and by raising the groundwater table so
that the tailings were saturated (Lindvall et al., 1999). In areas with a deeper groundwater table a
more advanced till cover was used. This method consists of a sealing layer of compacted clayey till
with a thickness of 0.3 m and above that a 1.5 m thick protective cover of unspecified (sandy/
sandy-silty) till. In these areas, the groundwater table is located at about a depth of 2 m, thus about
4 m below the till surface. The mineralogy and the chemistry of the solid tailings fraction as well as
the composition of the pore water have been characterised by Holmström et al. (2000), who found
that raising the groundwater table resulted in release of metals secondarily retained below the oxi-
dation front prior to the remediation. Sequential extractions on the tailings from different depths
were performed by Carlsson et al. (2000). It was found that below the oxidation front, a large
proportion of the total concentration of several metals was present in the adsorbed/exchangeable/
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carbonate fraction. The aim of this investigation is to characterise the geochemistry of the water
infiltrating into the tailings of Impoundment 1, where the more advanced remediation technique
was used, and to study the efficiency of applying till cover on oxidised tailings. It was also of
interest to study if the secondarily retained elements were remobilized by the infiltrating water. The
sampling was performed with three tension lysimeters (Prenart Equipment AS, Denmark) installed
in the vadose zone of the tailings, above the present groundwater table, but beneath the sealing
layer and the protective cover, and with three additional tension lysimeters installed in the protec-
tive layer. The tailings groundwater has also been sampled at the location of the tension lysimeter
installation with a BAT groundwater pipe (Torstensson & Petsonk, 1988).

Area description

The Kristineberg mining area is located in the western part of the Skellefte ore district, approxi-
mately 175 km south-west of Luleå (Figure 1). The approximately 1.9 Ga old ore-bearing volcanic
rocks are overlain by sedimentary rocks. The metamorphosed volcanic and sedimentary rocks dis-
play a marked foliation and extensive sericitization (Vivallo and Willdén, 1988). Pyrite-rich sul-
phide ores are intercalated within a stratigraphic unit mainly consisting of basic volcanics and
redeposited volcano-clastic rocks (Willdén, 1986). For further description of the area and its geol-
ogy and ores, see Du Rietz (1951), Gavelin (1943), Gavelin and Kulling (1955) and Grip (1973).
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Figure 1. Map showing the location of the Kristineberg mining area and impoundment 1 and 1B with
sampling locations.
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The largest orebody in the area is the Kristineberg Zn-Cu deposit, which was discovered in 1918. It
was not until 1940 that Boliden Mineral AB started mining activities and mining is still in progress.
Other mines close to the Kristineberg mine are the Kimheden, Hornträsk, Rävliden and Rävlidmyr
mines, all of which are closed and remediated. The annual precipitation in the area varies between
400-800 mm/y (Axelsson et al., 1991) and the annual mean temperature is 0.7°C (Axelsson et al.,
1986). The vegetation consists mainly of coniferous forest, but some deciduous forest is also present
in the area. Boglands are common. The major soil type in the area is podzol weathered till (Granlund
and Wennerholm, 1935; Granlund, 1943). Five tailings impoundments are located within the
Kristineberg mining area. As many as 10 different ores from the western part of the Skellefte field
mining district were processed in the processing plant, and thus the impoundments contain a mix of
several different kind of tailings. In this study Impoundment 1 was investigated (Figure 1). It is the
oldest within the mining area. It has a surface area of about 0.10 km2 and until the early ’50s, it was
used for tailings disposal (Boliden Mineral AB, 1995). The tailings discharge was located along the
southern hillslope. In the years 1976 and 1978 attempts were made to sow grass seed. In 1996 the
impoundment was remediated by till covering, raising the groundwater table and seeding with
grass (Lindvall et al., 1999). After the remediation, the groundwater table is shallow. At some parts
of the impoundment, it reaches the surface. The intention was to use 1 m of unspecified (sandy-
sandy/silty) till as a protective layer in areas with a shallow groundwater table. In other areas 1.5 m
of till was applied above a 0.3 m sealing layer. The sealing layer consists of a compacted clayey till.
A few years after remediation the impoundment is now almost completely covered by grass. The
impoundment is located in a valley and underlain by peat and till. The thickness of the tailings
ranges from a few metres up to approximately 11 m. The average thickness is between 6 and 8 m.
The oxidation zone reaches about 50 cm depth in the tailings at the sampled location. After the
application of till cover the upper part of the oxidised zone is approximately 150 cm below the
surface.

Materials and methods

Sampling

Soil and tailings water were collected with cylindrical tension lysimeters (length = 95 mm, outer
diameter = 21 mm) made of PTFE (Polytetrafluoroethene) mixed with glass and with a pore size of
2µm (Prenart equipment, Fredriksberg, Denmark). Before installation the PTFE cups and tubings
were flushed with 1 l of 1.0 M HCl and then rinsed with 4 l of deinonized water. The PTFE cups
were installed horizontally or at a low angle at six depths from a trench in November 1998. In the
protective layer, the installation depths were 10 cm, 50 cm and 100 cm. In the tailings, one tension
lysimeter was installed close to the sealing layer, at a depth of 150 cm below the protective till
surface. The second tension lysimeter was installed at 200 cm whilst the deepest tension lysimeter
was installed at 260 cm depth. A slurry of silica flour and deionized water was used to ensure good
capillary contact between the cups and the tailings. The lysimeters were connected to a tension-
controlled vacuum pump in such a way that the difference between the vacuum and the soil tension
was held constant (-100 kPa). For two days following installation, the tailings water was purged
and discarded. Sampling was initiated in May 1999, after the thawing period. Sampling then con-
tinued on a monthly basis until late October 1999. Samples were filtered using 0.22 µm Millipore
filters. On some occasions, unfiltered samples were also analysed. There was no significant devia-
tion between filtered and unfiltered element concentrations.

Description of the tailings and the installation

In the area of the installation, the oxidation zone extends 0.3 to 0.5 m in the tailings, based on visual
inspection during excavations. Generally the colour in the oxidised zone is red-yellow and at some
levels a slightly greenish tone is discernible. Reddish coloured tailings were also interlayered in
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what seemed to be unoxidised tailings in the lower part of the oxidised zone. During tailings dis-
posal the spigotting location for the tailings was positioned in the opposite (northwestern) end of
the impoundment. It is probable that the installation area was at times dry during the tailings dis-
charge, which could have resulted in oxidation of the tailings during the use of the impoundment.
The oxidised tailings was from time to time covered with fresh tailings resulting in the layered
structure. Average chemical compositions of the unoxidised tailings based on 73 samples and of the
oxidised based on 12 samples are presented in Table 1. The area of the installation has been remediated
with a qualified 0.3 m thick sealing layer of compacted clayey till. Above this layer a 1.5 m thick
protective layer of unspecified (sandy/silty) till has been applied. The installation area is situated
close to a slope and the protective till cover is approximately 1.2 m thick. A tentative outline of the
installation is presented in Figure 2. The level of the groundwater table is monitored with a 2-inch
polyethylene well and the chemical composition of the groundwater is sampled with a BAT
groundwater pipe. The groundwater level is relatively stable at 4 to 5 m below the protective till
surface, thus approximately 1.5 to 2.5 m below the deepest tension lysimeter (Figure 2).

10 cm

30 cm

50 cm

150 cm

190 cm

260 cm

~ 400 cm

BAT sampling pipe

6 O

Sealing layer
Oxidised tailings
Unoxidised tailings

Groundwater
monitoring pipe    

Figure 2. Schematic outline of the installation. Black dots are tension lysimeters.
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Mineralogy
In the unoxidised tailings, the sulphide mineral content ranges from 10 to more than 30%. The most
common sulphide minerals are, in decreasing order, pyrite, pyrrhotite, sphalarite, chalcopyrite,
galena, and covellite. Pyrite is by far the most common sulphide mineral. Some of the Fe-hydrox-
ides identified in the tailings were formed by evaporation of pore water after sampling, so-called
tertiary minerals (Jambor, 1994). Gypsum occurs as massive euhedral grains, some of which also
appear to be of tertiary origin.

Element Unoxidised tailings Oxidised tailings Protective till cover Protective till cover

Impoundment 1 Impoundment 1 Impoundment 1 Impoundment 1b

(73 samples) (12 samples) (25 samples)  (15 samples)

[weight%±s.d ] [weight%±s.d ] [weight%±s.d ] [weight%±s.d ]

SiO
2

42.8±6.7 63.1±7.1 73.30±2.46 73.04±1.02

Al
2
O

3
9.35±1.50 11.4±1.5 12.04±0.40 12.06±0.36

CaO 1.01±0.49 1.24±0.74 1.89±0.25 1.848±0.11

Fe
2
O

3
24.0±5.0 8.45±3.59 4.03±1.81 3.6±0.46

K
2
O 0.81±0.40 1.88±0.97 3.22±0.15 3.3±0.20

MgO 7.73±1.46 6.65±3.52 1.18±0.52 1.07±0.17

MnO
2

0.12±0.02 0.11±0.02 0.09±0.01 0.08±0.01

Na
2
O 0.46±0.35 1.46±0.88 2.93±0.27 3.09±0.15

P
2
O

5
0.07±0.02 0.08±0.04 0.13±0.01 0.13±0.01

TiO
2

0.30±0.06 0.45±0.07 0.55±0.03 0.52±0.04

S 14.4±4.7 1.81±2.79 0.1165±0.2086* 0.0234±0.019

LOI 12.4±2.6 5.03±3.00 1.04±0.91 0.95±0.25

[ppm±s.d] [ppm±s.d] [ppm±s.d] [ppm±s.d]

As 183±157 36.2±28.9 11.69±5.78 9.55±2.77

Ba 281±79 481±193 694.00±41.85 732.53±32.70

Cd 21.5±12.5 1.47±2.39 0.24±0.18 0.14±0.03

Co 56.4±21.3 7.77±9.18 3.44±1.76 3.41±1.20

Cr 46.2±13.3 60.7±19.9 67.66±18.72 82.97±17.40

Cu 956±316 159±132 23.83±30.41* 14.16±4.79

Hg 2.42±1.17 0.94±0.52 0.22±0.17 -

La 22.4±5.3 25.7±5.5 29.16±3.95 27.11±2.29

Mo 24.0±6.7 17.7±11.3 14.42±12.00 -

Ni 5.95±2.58 4.52±3.35 8.21±4.39 13.42±6.48

Pb 463±283 454±318 20.84±31.73* 9.44±2.12

Sc 5.90±1.38 7.46±1.10 7.04±0.94 7.86±1.01

Sr 40.1±21.0 90.5±51.8 181.96±16.96 192.60±7.55

V 26.9±8.1 34.3±8.9 37.12±5.77 37.39±4.93

Y 17.6±3.1 21.2±3.3 26.46±2.48 25.95±1.35

Zn 8861±4744 559±919 66.55±67.88* 41.22±19.04

Zr 117±41 205±78 353.8±48.43 321.93±37.01

Table  1 Composition of unoxidised, oxidised tailings and till from Impoundment 1 and 1b. A * indicates

increased concentration due to contamination from the groundwater, raised as a part of the remediation.
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In the oxidised tailings, the sulphide content is generally around 1 to 2%. The most common sul-
phide minerals are, in decreasing order, pyrite, chalcopyrite, pyrrhotite, sphalerite, and galena.

The most common gangue minerals in both types of tailings are quartz, K-feldspar, Mg-chlorite,
talc, plagioclase, muscovite, amphiboles/pyroxenes and biotite. Illmenite, magnetite, hematite,
titanite, epidote, sericite, zirkon, apatite, and calcite also occur, but in minor amounts.

Standards and analytical methodology

All samples were acidified using 1% suprapure HNO
3
 and analysed for Ca, Fe, K, Mg, Na, Si, and

S with ICP-AES. High resolution ICP-MS was used for the analysis of Al, As, Ba, Cd, Co, Cr, Cu,
Mn, Mo, Ni, P, Pb, Sr, and Zn. Hg was analysed with atomic fluorescence. The tension lysimeter
water was checked using synthetic quality check standards (Ödman et al., 1999). The instrument
precision was determined by three to four runs on the sample material , as ±1 std. deviation. Gen-
erally, the deviation was better than 1.2% for major elements and 1.9% for trace elements.

Results

During the sampling season, the tension lysimeters were sampled at nine occasions from May to
October. It was not possible to extract water from every tension lysimeter at every occasion due to
the limited amount of water available. The tension lysimeter installed at 10 cm was sampled eight
times, the one at 50 cm was sampled six times and the deepest till tension lysimeter seven times. In
the tailings the tension lysimeter at 150 cm was sampled on all nine occasions and the intermediate
at 200 cm was sampled four times. The deepest tension lysimeter was sampled seven times.

Measurements of pH and conductivity have been dependent on the amount of water left, after the
amount needed for the element analyses has been withdrawn. The pH in the soil cover varies during
the sampling season between 4 and 5.5 (Table 2). For the three different installation depths pH was
4.5 - 5 in the 10 cm tension lysimeter; it increases to about 5.5 at the depth of 50 cm, and at 100 cm
it decreased to about 4 – 4.5. After percolating through the sealing layer pH decreases at 150 cm, in
the uppermost part of the oxidised zone, down to 3.2 - 3.6 (Figure 3, Table 2). The only sample
from a depth of 200 cm with enough water for measuring pH, exhibits a similar pH of about 3.2. In
the deepest tension lysimeter at a depth of 260 cm, pH increases to 4 – 4.4. In the groundwater, pH
varies between 5 and 6.4. For the till cover the conductivity level is about 150-200 µS/cm at the
depth of 10 cm. At 50 cm it increases to 200-400 µS/cm and at the deepest (100 cm) level the
conductivity is 200-1000 µS/cm. The relatively high conductivity of the till material is largely
explained by the reconstruction of the protective cover after installation, when some tailings were
mixed with the protective till. Measurement of conductivity was also hard to perform due to the
limited amount of water available, which affected the results. The conductivity in the tailings water
is high in both tension lysimeters, where measurement were it was possible to perform measure-
ments (Figure 3, Table 2). At the depth of 150 cm it varies between 2.6 and 3.5 mS/cm. At 260 cm
it is between 2.1 and 2.75 mS/cm. The conductivity level of the groundwater is comparable with
the deepest tension lysimeter at 2.3-3.05 mS/cm.

Major elements

In the till cover the concentration of Ca increases with depth. Average concentration (Table 2)
increases about five times up to 39.5 mg/l; that is still a magnitude lower than the concentration in
the uppermost tailings tension lysimeter. For K, average concentrations in the till increase slightly
with depth from 5.7 mg/l up to 12.5 mg/l. This is about the same level as in the tailings. Na is fairly
constant with depth in the till cover, and varies between 3.4 and 5.5 mg/l. Fe is at a level of 2 mg/l
in the deepest till tension lysimeter: this level is less than 2% of the lowest Fe concentration in the
tailings that is found in the uppermost tension lysimeter. Average S concentration increases from
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pH Conductivity Ca Fe K Mg Na
- µS/cm mg/l mg/l mg/l mg/l mg/l

1 (10 cm) Average 4.78 177.33 7.94 1.06 5.73 2.63 4.64
±s.d 0.15 37.00 1.36 1.84 0.87 0.56 1.26

2 (50 cm) Average 5.57 312.00 9.32 0.60 4.13 4.37 3.43
±s.d 0.13 246.98 1.17 1.45 2.82 4.19 1.61

3 (100 cm) Average 4.22 654.20 39.54 2.05 12.45 15.21 5.46
±s.d 0.19 496.84 7.79 4.03 2.12 3.99 1.03

4 (150 cm) Average 3.40 2930 369.22 121.82 18.93 43.50 343.22
±s.d 0.17 410 40.96 48.07 2.60 13.98 83.73

5 (200 cm) Average 3.23* - 370.25 1512.25 2.71* 145.00 12.28
±s.d - - 16.68 484.76 - 31.32 1.09

6 (260 cm) Average 4.20 2650 152.86 464.86 4.23 117.10 8.35
±s.d 0.23 390 45.43 107.29 0.93 28.96 2.01

Groundwater Average 5.91 2671 443.60 419.20 2.95 44.85 7.78
 pipe

±s.d 0.43 244 15.31 31.05 1.94 10.27 1.41

S Si Al As Cd Co Cr
mg/l mg/l µg/l µg/l µg/l µg/l µg/l

1 (10 cm) Average 6.73 1.24 490.0 B.d. 0.46 21.00 60.00
±s.d 0.96 0.41 90.83 - 0.07 5.56 146.48

2 (50 cm) Average 19.07 7.27 514.8 B.d. 1.06 19.24 130.25
±s.d 19.58 3.47 806.2 - 1.77 34.67 318.80

3 (100 cm) Average 65.76 15.89 2802.9 B.d. 5.42 110.54 128.76
±s.d 14.86 1.74 836.1 - 1.28 35.78 291.00

4 (150 cm) Average 803.2 29.67 34211 2.64* 94.48 845.78 3.52
±s.d 109.5 3.47 12412 - 36.72 226.32 2.35

5 (200 cm) Average 1822.5 45.35 158250 B.d. 643.50 1782.50 258.66
±s.d 471.5 0.95 53005.50 - 157.92 347.02 500.89

6 (260 cm) Average 743.4 6.02 109900 97.34 40.04 159.14 217.71
±s.d 47.2 0.64 6251 19.39 3.77 37.31 18.88

Groundwater Average 645.4 3.89 48.9 1.77* 0.40 0.36 0.62
 pipe

±s.d 39.2 0.30 40.0 - 0.57 0.35 0.67

Cu Hg Mn Mo Ni Pb Sr Zn
µg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l

1 (10 cm) Average 3.80 B.d. 202.12 14.52 49.78 1.53 136.48 180.17
±s.d 3.12 - 109.19 20.47 78.55 2.88 33.99 35.13

2 (50 cm) Average 6.55 B.d. 281.50 28.60 162.46 0.45 115.27 219.78
±s.d 13.89 - 351.17 49.36 338.51 0.59 115.69 361.34

3 (100 cm) Average 152.57 B.d. 1225.00 40.35 349.29 0.77 368.14 1439.29
±s.d 75.03 - 374.29 46.71 205.80 0.42 64.55 835.95

4 (150 cm) Average 635.78 0.0042** 6488.89 0.35 553.67 7.75 279.22 79911
±s.d 203.67 0.0008** 2117.23 0.43 104.82 2.83 53.21 18872

5 (200 cm) Average 41.37 0.0114* 11030 B.d. 1064.75 248.75 213.75 192000
±s.d 4.77 - 2555.5 - 337.95 97.81 17.15 35052

6 (260 cm) Average 0.462* 0.0024* 5428.57 0.72 156.43 170.57 170.00 36085.71
±s.d - - 1145.27 0.69 74.02 57.78 18.46 4238.88

Groundwater Average 1.97 B.d. 2470 0.350 0.710 0.472* 268.1 38.5
 pipe

±s.d 0.283 - 306.2 0.070 0.255 - 15.5 21.7

Table 2.  Average concentrations for tension lysimeter samples from the protective till cover, tailings and groundwater.

Note that the number of samples used for average and standard deviation calculations vary between 3 and 7. A * indicates

only one sample above detection limit. A ** indicates three samples above detection limit. B.d. indicates below detection limit.



8

400

300

350

250

150

200

pH
3 4 5 6 7

D
ep

th
 (

cm
)

400

300

350

250

150

200

Conductivity (mS/cm)
2.42.0 2.8 3.2 3.6

D
ep

th
 (

cm
)

Ca (mg/l)
200100 300 400 500

D
ep

th
 (

cm
)

400

300

350

250

150

200

K (mg/l)
1050 15 20 25

D
ep

th
 (

cm
)

400

300

350

250

150

200

Na (mg/l)
0 200 400 600

D
ep

th
 (

cm
)

400

300

350

250

150

200

Tension lysimeter -150 cm

Fe (mg/l)
5000 1000 1500 2000 2500

D
ep

th
 (

cm
)

400

300

350

250

150

200

Tension lysimeter -200 cm
Tension lysimeter -260 cm
Ground water pipe O

S (mg/l)
1200800400 1600 2000 2400 2800

D
ep

th
 (

cm
)

400

300

350

250

150

200

Si (mg/l)

400

300

350

250

150

200

100 20 4030 50

D
ep

th
 (

cm
)

Figure 3.  Tension lysimeter and groundwater concentrations; note the log
10

 scale for Al, Cd, Co, Cr, Cu,
Hg, Mn, Mo, Ni, Pb, and Zn.
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Figure 3.  cont.

6.7 mg/l in the uppermost to 65.8 mg/l in the deepest tension lysimeter. Still, this concentration is
much lower than the concentration in the uppermost tailings tension lysimeter. Si in the till in-
creases from an average of 1.2 mg/l in the uppermost till tension lysimeter to 15.9 mg/l in the
deepest. Compared to the results for the tailings, the Si concentration is two to three times higher in
the uppermost two tailings tension lysimeters but lower in the deepest.

The relatively high concentrations of S in till lysimeters can be explained by the fact that tailings
were mixed into the till cover during the refilling of the trench after the installation. Still, the
concentration obtained is low compared to the concentrations in the tailings. Table 1 contains till
composition, and the concentrations of S and sulphide associated elements are low. In the average
for the till from Impoundment 1 the relatively high concentration of S is due to precipitation from
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the raised groundwater, raised as a remediation measure at a part of the impoundment. The actual
content of S within the till is the value found for the till in Impoundment 1b, where a dry cover was
also applied.

Ca exhibits the same concentration interval for the uppermost two tension lysimeters installed in
the tailings, about 370 mg/l. In the deepest tension lysimeter, Figure 3, the concentration decreased
to less than half of the previous level. K and Na have higher concentrations in the tension lysimeter
located at 150 cm than in the two deeper ones at 200 and 260 cm. Fe, S, and Si exhibit a boomer-
ang-shaped curve resulting in increased concentrations for the tension lysimeter located at 200 cm
compared with the one at 150 cm. For the deepest tension lysimeter, installed at 260 cm, the con-
centrations have decreased down to the level of or even lower than the one found in the uppermost
tension lysimeter. The groundwater samples have similar concentrations of Fe, K, Na, and S as the
deepest tension lysimeter. The concentration of Ca in the groundwater is higher than in the deepest
tension lysimeter, but the concentration of Si is lower.

Trace elements

For the trace elements in the till cover, As is below detection limit in all samples and the elements
Al, Cd, Cu, Mn, Mo, Ni, Sr, and Zn increase with depth. The relatively high average concentrations
obtained for several of these elements, such as Co (110.5 µg/l), Cr (128.8 µg/l), Cu (152.6 µg/l),
Mn (1225 µg/l), Ni (349.3 µg/l), Sr (368.1 µg/l), and Zn (1439.3 µg/l), in the deepest till tension
lysimeter depend on the reconstruction of the till cover, as previously explained, when some tail-
ings may have been mixed with the till. Solid till analyses rule out the explanation that these con-
centrations could be caused by the till alone (Table 1).

As for Fe, S, and Si, the trace elements Al, Cd, Co, Hg, Mg, Mn, Mo, Zn and to some extent Ni and
Pb exhibit the boomerang-shaped concentration profile with the highest concentrations in the ten-
sion lysimeter installed at 200 cm. For Mg, Ni and Pb the decrease in the deepest tension lysimeter
is not as evident as for the other elements. Ba exhibits the opposite behaviour, with the lowest
concentration in the tension lysimeter at 200 cm. Cu and Sr have decreasing concentrations the
deeper the tension lysimeter is located in the tailings. Arsenic has only appeared in one sample
above the detection limit at 150 cm and in none at 200 cm. In the deepest tension lysimeter the
concentration is evidently increased, as is the case in all instances of sampling above the detection
limit. Cr has the same behaviour as As, with increased concentrations in the deepest tension lysimeter
and low concentrations in the other two installed in the tailings. Groundwater concentrations of the
elements Al, As, Cd, Co, Cr, Hg, Mg, Mn, Ni, Pb, and Zn are lower or even much lower compared
to the deepest tension lysimeter. The concentration of As is below the detection limit. For Ba and
Mo the concentrations are more or less at the same level in the deepest tension lysimeter and in the
groundwater. Cu has higher concentrations in the groundwater than in the deepest tension lysimeter.

This is also the case for Sr, although the difference is minor.

S.I. calculations

Using pore water data, saturation indices (S.I.) of various minerals were calculated using the
geochemical equilibrium model PHREEQC (Parkhurst, 1995) with the MINTEQ database (Allison
et al., 1991). While thermodynamic calculations cannot confirm whether or not a mineral is actu-
ally present, they can indicate, for example, whether the mineral in question would have a tendency
to precipitate, or if present, dissolve. In the calculations the total S analyses from the tension lysimeters
have been converted to sulphate. Although this is not entirely correct, it may be a reasonable ap-
proximation. Saturation indices for carbonate minerals are not reported, as alkalinity was not deter-
mined. The given conditions for the calculations have been of importance for the outcome. The
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uncertain parameter has been the pe level for the tension lysimeters, since measurements have not
been performed at the moment the underpressure has been released in the sample container but a
short while after. This has resulted in rather high pe values. In the case of the groundwater the
measurements have been performed immediately after release from the sampling tube. In the cal-
culations, sensitivity analysis were performed for both actual pe and when adjusting the pe for the
tension lysimeters stepwise to the level of the groundwater. The major result from varying pe was
that more Fe compounds such as different jarosites and hydroxides tended to exhibit oversaturation
at higher pe-levels in the deeper tension lysimeters and in the groundwater. Used pe level in the
presented calculations has been 3.7, which is the pe of the groundwater.

The results showed that in the uppermost tension lysimeter at 150 cm secondary hydroxides such as
AlOHSO

4
, Alunite, Gypsum, and Pyrophyllite might be oversaturaded. At 200 cm, in addition to

the above-mentioned minerals, also CuprousFerrite exhibited oversturation. In the deepest tension
lysimeter at 260 cm, where the pH is higher, the minerals indicated to be oversaturated changed. At
this level the minerals indicated to be oversaturated are Al

4
(OH)

10
SO

4
, AlOHSO

4
, Alunite, Barite,

CuprousFerrite, and Diaspore (AlOOH). For the groundwater the composition of the indicated
oversaturated compounds changed to Alunite, Barite, Fe(OH)

2.7
Cl

0.3
, Goethite (FeOOH), Gypsum,

and Lepidocrocite (FeOOH).

Discussion

Since the concentrations of different elements vary with installation depths of the tension lysimeters,
it is possible to discuss the element content in the tailings vadose zone as a matter of zonation. The
three tension lysimeters are installed at depths of 150, 200, and 260 cm, in the uppermost part of the
oxidised zone, just below the border of the oxidation front and in the unoxidised tailings, respec-
tively.

The second tension lysimeter installed at the 200 cm level quit functioning after four sampling
occasions. This may have been due to precipitations on the surface or within the tension lysimeter
pores. The concentrations of Fe and S decreased during the sampling period in this tension lysimeter
(Figure 4). This is also, to some extent, the case for the elements Al, Co, Mg, Mn, Ni, and Pb. This
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Figure 4. Fe and S time dependency in lysimeter 5 (200 cm).
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could reflect clogging of the tension lysimeter by precipitations. In the other tension lysimeters no
such time-dependant trends are visible. However, the S.I. calculations did not indicate that more
secondary minerals were oversaturated at this level. An alternative explanation is precipiting com-
pounds within the tubing of the tension lysimeter since the opening of the tube has not been sealed
from oxygen in-between the measurements. The possible precipitations inside the pores of the
tension lysimeter or on the outside could, due to the long exposure period, adsorb other elements
and thus function as a filter material. During the sampling period, this tension lysimeter was also
the most difficult to obtain water from. These two observations could depend on the presumed
precipitation at this level.

Water from rain percolates downwards in the protective cover. A part of the precipitation evapo-
rates, and some of the infiltrating water is removed by plants. The remaining part is hindered at the
sealing layer. Sometimes, even a “ false” groundwater level above the sealing layer is formed. A
minor portion of the water percolates through the sealing layer. Based on field infiltration lysimeter
studies at Kristineberg, the average infiltration volume during the summer months, through the
sealing layer, is ~1.3*10-3 m3/m2,yr (Carlsson, unpublished data). Compared with the pre-remediation
conditions the amount of water entering the tailings has been significantly reduced. This should
also be the case for the oxygen transport. In the till cover the element concentrations dissolved in
the infiltrating water are relatively low and pH is relatively high, but in the oxidised zone, elements
retained after previous oxidation are released. Due to the lack of buffering minerals left in the
oxidised tailings, pH decreases. A five-step sequential extraction method, slightly modified from
Hall et al. 1996a and b, was used by Carlsson et al. (2000) to investigate the fraction associations at
different depths in the tailings from the part of the impoundment where 1.0 m of till was applied
and the groundwater table raised. The conclusion from the extractions performed on the tailings
was that the adsorbed/exchangeable/carbonate fraction (the most easily extracted step), as well as
the amorphous iron (oxy) hydroxides fraction, is important for retaining elements at or below the
former oxidation zone. Elements to a large part (20-60 wt%) associated with these fraction are Cd,
Co, Cu, Ni, and Zn. This association is especially evident just below the former oxidation front,
where secondary enrichment has resulted in increased concentration of these elements. The pH is
low in the oxidised zone and just below it, resulting in release of the easily soluble secondary
products. The water is transported downwards and successively more retained products are dis-
solved. Entering the enrichment zone and leaving the oxidisation zone results in increased pH. The
increased pH results in lowered solubility for most of the elements and several elements are re-
tained again.

Sequences of pH-buffering have been noted within sulphide-rich tailings impoundments e.g., Johnson
et al. (2000). The observed pH-levels of 3-3.2, 4-4.4 and about 6 indicate that similar reactions as
found previously on unremediated tailings impoundments might also control the pH at Impound-
ment 1 after completed remediation. The pH-plateaus of approximately 3.0, 4.1, 5.6, and 6.7 are
generally referred to as dissolution of ferrihydrite, aluminiumhydroxides (AlOOH), siderite (FeCO

3
),

and calcite (CaCO
3
). The concentration of dissolved Fe increases between the first and the second

tension lysimeter which makes the assumption about dissolution of Fe oxyhydroxides as a pH-
buffer probable. Johnson et al. (2000) suggested that pH in a low pH zone (2.1 to 3.5) close to or
above the oxidation front might be controlled by jarosite transformation to ferrihydrite or goethite.
The lowered concentration of K and increased concentration of Fe make this explanation unlikely
at this impoundment. For the next pH-level situated at the location of the deepest tension lysimeter,
the concentration of dissolved Al is at the same level as at the previous lysimeter, although higher
than in the uppermost tension lysimeter. This fact does not mean that Al is not released within this
pH-interval but rather that the installation depth for the tension lysimeter might have been too deep
to coincide with the peak of dissolved Al. The contents of calcite is low and of siderite negligible in
the impoundment.
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Adsorption onto the precipitating and existing secondary phases probably has a major scavenging
effect, especially for trace elements such as Cu2+ and Pb2+. Cu2+ and Pb2+ were shown to have a
critical pH-interval for adsorption onto Fe- and Al-oxides of 3-5 (Kinniburgh & Jackson, 1981). Pb
often forms anglesite which is relatively insoluble (Williams, 1990). For Zn2+, Co2+, Ni2+, and Cd2+

the critical pH-interval is between 5-6.5 for adsorption onto Fe- and Al-oxides (Kinniburgh &
Jackson, 1981). Cu and Zn were also shown to adsorb onto Fe-hydroxides by Johnson & Thornton
(1987). It was also shown by Johnson & Thornton (1987), Kooner (1993), and Paulsen (1997) that
Zn is relatively mobile. Cd often follows Zn, since their ion sizes are similar (Brehler, 1978).
Continuously with increasing depth in the tailings, as pH increases from about 3 up to 4-4.4 in the
deepest tension lysimeter and finally to around pH 6 in the groundwater, mobility decreases and
adsorption reactions become increasingly important. As can be seen, the elements Cd, Co, Ni, and
Zn have about the same level of concentration in the tension lysimeters. In the groundwater, the
level has decreased compared to levels in the tension lysimeters. This can probably be explained by
the critical pH-interval for adsorption onto Fe- and Al-oxides, since the levels for these elements
were about 5-6.5, which is the pH of the groundwater. McGregor et al. (1998) found that goethite
could act as a sink for Ni and that other sinks detected for heavy metals included jarosite. Al et al.

(1997) found that Na, K, Ca, Mg, Al and Ni in a low-pH pore water may be controlled by precipi-
tation or co-precipitation in secondary mineral coatings on pyrite grain surfaces. The S.I. calcula-
tions indicated that different kinds of hydroxides could precipitate within the unoxidised tailings.
The trace elements behaviour could thus be controlled by these reactions within the unoxidised
tailings.

For Cu the concentration decreases with depth in all tension lysimeters. Although the groundwater
has an even higher pH it contains a higher concentration of Cu. This can be explained by the fact
that the groundwater is not entirely from the part of the impoundment in which the investigation is
performed and a transport of dissolved Cu from other parts of the impoundment is probable. Pb
behaves more like the elements Cd, Co, Ni, and Zn. The dissolved element concentrations thus
probably decrease by adsorption onto primary, secondary or tertiary formed minerals (re-precipi-
tated dissolved secondary minerals) to a large part. The dissolution of elements secondarily re-
tained below or in the oxidised zone and the following adsorption or re-precipitation at greater
depth is the probable cause for the boomerang-shaped concentration curve visible for Al, Cd, Co,
Fe, Hg, Mg, Mn, Mo, Ni, Pb, S, and Zn (Fig. 3). Figure 5 shows schematically how this occurs in
the impoundment. Most likely, the scavenging of dissolved oxidation products depends on pH-
changes within the vadose zone, enabling precipitates to form and trace elements to adsorb onto
precipitated or precipitating, e.g., Fe- and Al-hydroxides. Between the intermediate tension lysimeter
at 200 cm and the deepest tension lysimeter installed at 260 cm pH increases from about 3 to
between 4 and 4.4. Even deeper, in the groundwater, the pH is higher at a level of 5-6.5.

The groundwater entering this part of the impoundment is a mixture of groundwater from different
parts of the impoundment where two different tailings remediation techniques were used. The first
one is discussed above and the second is performed by raising the groundwater table above the
oxidised zone by the application of 1 m of unspecified till (Holmström et al., 2000). In the latter
case, there is a dissolution of the retained but easily remobilized fractions in the enrichment zone
(Holmström et al., 2000). The major part of the groundwater present at the sampling point probably
originates in the part of the impoundment remediated with 1.0 m of till cover. The element concen-
trations in the groundwater thus represent a mixture of a smaller amount of water infiltrating through
the sealing layer and groundwater transported to the tension lysimeter location from the area
remediated by 1.0 m of till cover.
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Just below the oxidation front, the unoxidised tailings buffer the infiltrating water and increase the
pH. When this occurs elements from the infiltrating water are immobilized. The elements thus
retained might very slowly be transported downwards if the buffering capacity (and thereby the
infiltrating water pH) decreases in the enrichment zone. However, this will take a very long time
due to the small amounts of water available for releasing the primary oxidation products. The
infiltrating water finally reaches the groundwater table located about 4-5 m below the till surface.
At this level, the major part of the dissolved elements in the tailings pore water has been removed,
and thus the groundwater contains low concentrations of most elements.

The increased concentration of Ca in the uppermost part of the tailings can be explained by the
remediation actions. Prior to the application of the sealing layer, 10 kg/m2 of lime was spread over
the impoundment. This lime, placed between the sealing layer and the tailings, dissolves as the
percolating water is transported through it.

According to the solid tailings analysis from a profile situated close to the tension lysimeter instal-
lation, the peak of Cu is very distinct (Figure 6). It is also situated very close to the oxidation front.
According to investigations by Boorman & Watson (1976), Blowes & Jambor (1990), Blowes et al.

(1992), and Holmström et al. (2000) Cu often forms secondary enrichment zones by the formation
of covellite by solid-solution substitutions, e.g., the transformation of pyrrhotite, chalcopyrite, ga-
lena, and pyrite. Covellite has been verified in the impoundment by investigations of thin sections
at the level of the secondary copper enrichment in the tailings (Holmström et al., 2000). It is thus
likely that the secondary enriched Cu can be explained largely by this transformation into second-
ary covellite. However, according to sequential extractions by Carlsson et al. (2000) the amount of
Cu present in an easily dissolved fraction (adsorbed/exchangeable/carbonates fraction) could amount

Protective
cover

Oxidised zone

Depth

Unoxidised zone

Groundwater table

Element concentration

Enrichment zone

Figure 5. Schematic outline over tailings vadose zone water and element transport (dots indicates the in-
stalled tension lysimeters). The figure is applicable to the elements Fe, S, Si, Al, Cd, Co, Hg, Mg, Mn, Mo,
and Zn.
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to more than the total content of Cu below the enrichment zone. After the remediation the major
retaining process for Cu is probably adsorption onto secondary iron oxyhydroxides. Cu, together
with the elements Cd, Co, and Ni seems to be largely retained at a depth between ~320 and 400 cm
below the till surface (Figure 6). Pb was retained at the depth of 250 cm in this profile whilst Zn has
a larger area of accumulation between 350 and 500 cm. At this point the till cover is about 200 cm
thick compared with the location of the tension lysimeter installation, where the till cover was
about 150 cm. If the depth in the tailings of the secondary enrichment zone is equal, the major
secondary formation of these elements should be at the depth of ~250-350 cm (~200 cm for Pb and
~300-450 cm for Zn). This is consistent with the findings from the tension lysimeters, since the
concentrations of these elements decrease largely between a depth of 200 and 260 cm in the tail-
ings. An exception is Pb that is higher at the 150 cm level than at 200 cm, which shows that it is
efficiently retained prior to the second tension lysimeter. Just below the oxidation front, a possible
increased concentration of Al is visible. The increase can be explained by silicate buffering reac-
tions; chlorite is particularly common.
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Figure 6. Solid tailings analysis from drill profile 7.



18

Conclusions

The percolating water entering the oxidised zone through the sealing layer has low element con-
centrations and a pH of just above 4. When infiltrating the oxidised tailings, pH decreases and
conductivity increases due to the remobilization of secondarily retained oxidation products. The
amount of water infiltrating through the sealing layer is low, compared with the pre-remediation
conditions, approximately 1.3*10-3 m3/m2,yr. The dissolved secondary products originate from both
the oxidised tailings and the unoxidised secondary enrichment zone dating back to the time prior to
the remediation. The amounts transported within the vadose zone of the impoundment are low due
to the limited water transport, although the concentrations can be high. In the part of the impound-
ment covered by a sealing layer, the elements thus released re-precipitate, co-precipitate, and ad-
sorb on tertiary formation products or onto primary mineral surfaces before reaching the groundwater
table. As could be seen from Figure 3, most elements have lower concentrations in the groundwater
than in the tailings unsaturated zone.

In other parts of the impoundment, covered by 1 m of unspecified till and protected from oxidation
by a raised groundwater table, similar processes occur. Several elements have increased solid con-
centrations just below the oxidised zone, and at the same level sampled pore water shows increased
concentrations, which indicates that secondarily retained elements are released. Sequential extrac-
tions show that the most easily dissolved fraction, the adsorbed/exchangeable/carbonate extrac-
tion, is an important provider to the total elements concentration just beneath the oxidation front.

Acknowledgements

This study was financed and supported by the MISTRA-research programme “Mitigation of the
environmental impact from mining waste” (MiMi). The autors would like to thank Milan Vnuk for
preparing all figures and Boliden AB, especially Johan Ljungberg and Manfred Lindvall. We also
wish to thank all members at the Division of Applied Geology and all personnel involved in the
MiMi-project for constructive and interesting discussions.



19

References

Al A., Blowes D.W., Martin C.J., Cabri L.J., Jambor J.L., 1997. Aqueous geochemistry and analy-
sis of pyrite surfaces in sulfide-rich mine tailings. Geochem. et Cosmoch. Acta 61, 12: 2353-2366.

Allison J.D., Brown D.S., Novo-Gradac K.H., 1991. MINTEQA2/PRODEFA2- A geochemical
assessment model for environmental systems. U.S. EPA Office of Research and Development,
Environmental Research Laboratory, Athens, Georgia, EPA/600/3-91/021, 113 pp.

Axelsson C.-L., Ekstav A., Holmén J., Jansson T., 1991. Efterbehandling av sandmagasin i
Kristineberg, Hydrogeologiska förutsättningar för åtgärdsplan: Lakvattenbalanser och
vittringsbegränsande åtgärder. Golder Geosystem AB. (In Swedish).

Axelsson C.-L., Karlqvist L., Lintu Y., Olsson T., 1986. Gruvindustrins restproduktupplag -
fältundersokningar med vattenbalansstudie i Kristineberg. Uppsala Geosystem AB, Sweden. (In
Swedish, Summary in English).

Blowes D.W., Jambor J.L., 1990. The pore-water geochemistry and the mineralogy of the vadose
zone of sulphide tailings, Waite Amulet, Quebec, Canada. Applied Geochemistry; 5:327-346.

Blowes D.W., Jambor J.L., Appleyard E.C., Reardon E.J., Cherry J.A., 1992. Temporal observa-
tions of the geochemistry and mineralogy of a sulfide-rich mine-tailings impoundment, Heath Steele
mines, New Brunswick. Explor. Mining Geol. 1:251-264.

Boliden Mineral AB., 1995. Utredningar avseende efterbehandlingsåtgärder, Kristineberg Magasin
1 och 2. Boliden Mineral AB. (In Swedish).

Boorman R.S., Watson D.M., 1976. Chemical processes in abandoned sulphide tailings dumps and
environmental implication for Northeastern New Brunnswick. CIM Bulletin 1976; 69: 86-96.

Brehler B., 1978. Cadmium. In: Wedepohl KH, editor. Handbook of Geochemistry., Springer Verlag,
Berlin, pp. 48A1-48O1.

Carlsson E., Thunberg J., Öhlander B., Holmström H., (2000). Sequential extraction of sulphide-
rich tailings remediated by covering with till, Kristineberg mine, northern Sweden. Manuscript

Du Rietz T., 1951. Geology and ores of the Kristineberg deposit, Vesterbotten, Sweden. Sveriges
Geologiska Undersökning. Series C No 524, Stockholm, 90 pp.

Ekstav E., 1989. Metallbalans-Kristineberg. Draft. (In Swedish)

Fraser W.W., Robertson J.D., 1994. Subaqueous disposal of reactive mine waste: an overview and
update of case studies. MEND/Canada. In: Proceedings of International Land Reclamation and
Mine Drainage Conference and the Third International Conference on the Abatement of Acidic
Drainage. Volume 1, April 24-29, 1994, Pittsburgh, USA, 1994; 1: 250-259.

Gavelin S., Kulling O., 1955. Beskrivning till Bergrundskarta över Västerbottens Län. Sveriges
Geologiska Undersökning. Series Ca No 37, Stockholm, 297 pp. (In Swedish).

Gavelin S., 1943. On the distribution of metals at Rävliden, Northern Sweden, and in some other
copper-zinc ores. Sveriges Geologiska Undersökning. C 454, 35 pp.



20

Granlund E., Wennerholm S., 1935. Sambandet mellan Moräntyper samt Bestånds-och Skogstyper
i Västerbottens Lappmarker, Sveriges Geologiska Undersökning. Series C No 384, Stockholm, 65
pp. (In Swedish).

Granlund E. 1943., Beskrivning till Jordartskarta över Västerbottens Län nedanför
Odlingsgränsen.Seriges Geologiska Undersökning. Series Ca No 26, Stockholm, 165 pp. (In Swed-
ish).

Grip E. 1973., Skelleftefältets sulfidmalmer. In:Grip E., Frietsch R., editors. Malm i Sverige Vol 2.
Almqvist&Wiksell, Stockholm. pp.194-273. (In Swedish).

Hall G.E.M., Vaive J.E., Beer, R., Hoashi, M., 1996a. Selective leaches revisited, with emphasis on
the amorphous Fe oxyhydroxide phase extraction. J. Geochem. Explor. 56, 59-78.

Hall, G.E.M., Vaive, J.E., MacLaurin, A.I., 1996b. Analytical aspects of the application of sodium
pyrophosphate reagent in the specific extraction of the labile organic component of humus and
soils. J. Geochem. Explor. 56, 23-36.

Holmström H., 2000. Geochemical processes in sulphidic mine tailings. Field and laboratory stud-
ies performed in northern Sweden at the Laver, Stekenjokk and Kristineberg mine-sites. Doctoral
thesis, Luleå University of Technology, Sweden, 26 pp.

Jambor J.L., 1994. Mineralogy of sulfide-rich tailings and their oxidation products. In: Jambor J.L.
and Blows D.W., editors. Short course handbook on environmental geochemistry of sulfide mine-
wastes, May, Waterloo, Ontario, Canada, 1994; 22: 59-102.

Johnson C.A., Thornton I., 1987. Hydrological and chemical factors controlling the concentrations
of Fe, Cu, Zn, and As in a river system contaminated by acid mine drainage. Water Research 21:
359-365.

Kinniburgh D.G., Jackson M.L., 1981. Cation adsorption by hydrous metal oxides and clay. In:
Anderson MA, Rubin AJ, editors. Adsorption of inorganics at solid-liquid interfaces, Ann Arbor
Science Publishers Inc, Ann Arbor, Michigan, 1981, pp. 91-160.

Parkhurst D.L.,1995. User´s guide to PHREEQC- A computer program for speciation, reaction
path, advective-transport, and inverse geochemical calculations. U.S. Geological Survey, Water-
Resources Investigations Report 95-4227, Denver, 1995, 151 pp.

Paulson A.J. 1997., The transport and fate of Fe, Mn, Cu, Zn, Cd, Pb and SO4 in a groundwater
plume and in downstream surface waters in the Coeur d´Alene Mining District, Idaho, U.S.A.
Applied Geochemistry; 12: 447-464.

Pedersen T.F., McNee J.J., Mueller B., Flather D.H., Pelletier C.A., 1994. Geochemistry of sub-
merged tailings in Andersson Lake, Manitoba: recent results. In: Proceedings of International Land
Reclamation and Mine Drainage Conference and the Third Conference on the Abatement of Acidic
Drainage, 24-29 April 1994, Pittsburgh, USA, 1994; 2: 288-298.

Pedersen T.F., McNee J.J., Flather D., Mueller B., Sahami A. Pelletier C.A., 1997. Geochemistry of
submerged tailings in Buttle Lake and the Equity Silver tailings pond, British Columbia, and
Anderson Lake, Manitoba: What have we learned? . In: Proceedings of Fourth International Con-
ference on Acid Rock Drainage, 31 May-6 June 1997, Vancouver, B.C, Canada, 1997; 3: 991-1005.



21

Torstensson, B. -A. & Petsonk, A.M., 1988: A hermetically isolated sampling method for groundwater
investigations. In A.G. Collind & A.I. Johnson (eds.): Groundwater contamination: Field methods,

ASTM STP 963, American society for Testing and Materials, Philadelphia, 274-289.

Willdén M. 1986. Geology of the western part of the Skellefte field and the Kristineberg and
Hornträsk sulphide deposits. In:Rickard DT, editor. The Skellefte field, 7th IAGOD
Symposium.Excursion guide No.4, Sveriges Geologiska Undersökning, pp. 46-52.

Williams P.A., 1990. Oxide zone geochemistry. Ellis Horwood Limited, Chichester, England,
286 pp.

Vivallo W., Willdén M., 1988. Geology and geochemistry of an early Proterozoic volcanic arc
sequence at Kristineberg, Skellefte district, Sweden. GFF 1988;110:1-12.




