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ABSTRACT
Pyrrhotite-bearing tailings were deposited in an impoundment at the Copper mine at Laver in
Northern Sweden 1936-1946. Sulphide oxidation has released acidity and metals to the
recipient since deposition. Sampling of surface water was performed in a brook draining the
tailings impoundment in 1993, 2001 and 2004-05. The dissolved concentration of sulphide
associated elements such as Cu, S and Zn decreased by more than 40 % between 1993 and
2001, and pH increased in 2001 and in 2004-05 compared to 1993. The annual amount of
elements released from the tailings was estimated based on the volume of tailings assumed to
oxidise each year, which depends on the oxidation front movement with time. The mass
transport of S in the brook during 1993 and 2001 corresponded very well with the estimated
annual amount of S released from the tailings. Secondary precipitates such as covellite and
gypsum which could retain sulphur was observed in the tailings, but in low amounts. The
results suggest that the oxidation rate in the tailings decreases with time and might be a
consequence of the increased distance that oxygen had to travel to reach unoxidised sulphide
grains or cores of grains in the tailings.
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INTRODUCTION
In wastes from mining, varying amounts of ore-associated sulphides that are not extracted
during concentration processes are exposed to the atmosphere when deposited in the
surrounding areas. Sulphides such as pyrite (FeS2) and pyrrhotite (Fe1-xS) will oxidise in the
presence of oxygen and water in acid-producing reactions resulting in acid mine drainage
(AMD). At the closed Laver copper mine in Northern Sweden, the impoundment is
unremediated, except for the establishment of grass vegetation. In 1993 a detailed study of the
Laver tailings and their AMD was performed (Ljungberg and Öhlander, 2001). A mass
balance of the weathered and released elements was performed in 1993 (Holmström et al.,
1999; Ljungberg and Öhlander, 2001). The mass balance showed that only 5-10 % of the oreassociated metals, released by weathering in the tailings, reached the brook. Holmström et al.
(1999) suggested that a large proportion of the metals were retained in the tailings by
secondary mineral precipitation and/or adsorption to primary and secondary mineral surfaces.
However, this was not the case for dissolved S. In solutions with low Ca concentrations as in
Laver, dissolved S, mainly occurring as SO42-, may be rather conservative and a relatively
good indicator of the sulphide oxidation rates. The amount of S transported in a brook that
drains the mine area (dissolved phase, 16,500 Kg year-1) was similar to the estimated amount
released by sulphide oxidation in the tailings (16,900 Kg year-1) and to the amount estimated
from humidity cells tests (15,100 Kg year-1) (Ljungberg and Öhlander, 2001). The major aim
of this study is to evaluate natural changes of the sulphide oxidation rate in old mine tailings
over time with Laver as a study site. Determination of the water quality in the brook was
performed in 1993, 2001 and 2004-05. Estimation of the mass transport of S in the brook and
the weathering rate in the tailings in 2001 was compared with the previous estimation from
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1993. Average effective diffusion coefficient for oxygen over time was calculated from the
known oxidation front movement, and the oxygen flux into the tailings was estimated by field
measurements in 2001.
SITE DESCRIPTION
The mine site studied is located at Laver, Northern Sweden, 120 Km from Luleå (Fig.1). The
bedrock in the area consists mostly of 1.89 to 1.86 Ga old rocks, dominated by granites.
Diorite and meta-volcanic rock also occur, and the Laver mine is situated in the latter
(Ödman, 1943). The original copper ore deposit contained 1.537 million metric tonnes with
an average content of 1.51 % Cu. The mine, managed by Boliden Mineral AB, was closed in
1946 after 10 years of operation, with a resulting production of 1.2 million metric tonnes of
tailings and small amounts of waste rock (Ljungberg and Öhlander, 2001). The annual mean
temperature in the area is 0.5 ºC, the annual average precipitation 600 mm and evaporation
300mm. The Gråbergsbäcken runs close to the open pits, through the tailings area and into the
recipient stream (Fig.1). This brook collects all the drainage water from the mine area. The
12.2 ha impoundment with tailings is situated south of the open pit, and about 8.1 ha was
exposed above the groundwater water table and the remainder was saturated. Gangue minerals
are quartz, plagioclase, biotite and muscovite. The tailings contained approximately 2-3 %
sulphides, mostly pyrrhotite and chalcopyrite. There were no visible carbonate minerals in the
tailings, but probably small amounts of carbonate occurred as fracture fillings in plagioclase.
The tailings had both grass covered and barren areas. In the southeast part of the
impoundment, small areas, especially slopes, were barren due to erosion. The grain size of the
tailings varies between 50 and 200 µm. The upper oxidised part is depleted of sulphides, in
contrast to the underlying unoxidised material (Holmström et al., 1999).

Figure 1. Location of Laver in Northern
Sweden and a description of the sampling
area. Gas sampling points (G1 and G2) are
located in the tailings. The sampling locations
(P1 and P2) for surface water in
Gråbergsbäcken.

2

METHODOLOGY
Pore-gas
Pore gas sampling in the tailings was carried out in a vertical profile. Gas sampling tubes of
polyethylene were inserted into the tailings horizontally at several depths down to 1m. The
ends of the tubes in the tailings were covered with geotextile to prevent clogging. The upper
end had a three-way valve. Samples of pore gas were extracted from known depths using a 50
mL syringe, and transferred to the sealed argon filled glass bottle without contaminating the
samples with atmospheric gas. Blank bottles were used to check diffusion of contamination.
The gas filled bottles and blanks were analysed for O2 by gas chromatography in laboratory.
Water sampling and water flux measurements
Water sampling was performed at two locations in the Gråbergsbäcken (P1 and P2)
downstream the mine site (Fig.1). P1 and P2 were sampled in 1993, P1 again during 2001 and
P2 during 2004-05. Details about the sampling method are described by Ljungberg and
Öhlander (2001) and by Forsberg (2005). A Hydrolab Surveyor II probe, calibrated before
sampling, was used to measure pH, dissolved oxygen (DO), redox potential (Eh), electrical
conductivity (EC) and temperature. Atmospheric air pressure and temperature were measured
on each sampling occasion. The stream discharge was estimated by measuring the water
velocity through a fixed cross-section area every second week. Dissolved phases were
analysed using ICP-AES (Inductively Coupled Plasma-Atomic Emission Spectroscopy).
Estimation of the oxidation front movement
The average rate of the oxidation front movement (2.8 cm) determined in field, was
multiplied with the bulk density (1.45 g cm-3) and with the tailings area above the
groundwater table (8.1 ha) (Ljungberg and Öhlander, 2001). The oxidation rate was then
estimated from the mass of tailings exposed to oxidation each year multiplied by the
differences in elemental concentrations between oxidised and unoxidised zones (Ljungberg
and Öhlander, 2001). The annual transport of elements in the brook was estimated by
multiplying the discharge with the elemental concentrations (Ljungberg and Öhlander, 2001).
The average Deff was estimated for oxidised tailings by using Eq. 1, since the oxidation depth
in the tailings and sulphide content were known. In Laver the pyrrhotite content was on
average 2 wt% and the bulk density 1.45 g cm-3. The time used in the calculation was from
the closure of operations in 1946 until 1993, and the oxidation depth used was 1.35 m. The
calculation assumes that the sulphide material is uniformly distributed in the tailings and that
the oxidation rate is limited by the oxygen transport to the oxidation front (Ritchie, 1994).
(1)
t = time (s)
Q = Concentration of sulphide in the tailings (Kg m -3)
Deff = Effective diffusion coefficient (m2 s-1)
x = Oxidation front depth (m)
C0 = Concentrations of oxygen at the atmosphere-tailings boundary (0.265 Kg m-3)
ε = Mass oxygen consumed per unit mass of sulphide oxidised
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Oxygen flux into the tailings could be estimated by Fick`s first law (Eq. 2) by using the
oxygen concentration measurements and estimated Deff by Eq. 1.
(2)
F = Oxygen flux (mol m-2 s-1)
Deff = Effective diffusion coefficient in the soil (m2 s-1)
Δc = Oxygen concentration differences above and beneath a layer (mol m-3)

Δz= Thickness of the soil layer (m)
RESULTS AND DISCUSSION
The brook was oxygenated throughout the sampling periods in 2001 and 2004-05, with
saturation >96 %, in general. Average annual temperature in the brook was 9°C. The brook
was frozen from late October-November until the beginning of March. The discharge in the
Gråbergsbäcken during 1993 and 2001 were estimated to 1.7 km3 and 1.4 km3, respectively.
Trends in the volume of the water discharge were similar in both years with high levels in
early spring when the topsoil is saturated with water from the snowmelt. Heavy rainfall is
reflected in high discharge. The annual precipitation was 600 mm in 1993, 533 mm in 2001,
525 mm in 2004 and 588 mm in 2005. In general, the electrical conductivity (EC) in the brook
was lower when the discharge was high due to dilution, except in the spring when the first
washout from the drainage area occurs which increased the conductivity (Fig. 2). In general,
EC was lower throughout 2001 and 2004-05 than during 1993, which indicates higher
dissolved elemental concentrations in the brook during 1993. The sampling point P2 is
located downstream of P1, with a mire between the two points.

Figure 2. Time series of pH and electrical conductivity at P1 and P2 in Gråbergsbäcken at Laver during 1993,
2001 and 2004-05. The estimated total annual discharges in the Gråbergsbäcken during 1993 and 2001 were
approximately 1,700,000 m3 and 1,400,000 m3, respectively. The first three values for P2 2004-05 are for spring
2005 and the rest from summer and autumn 2004.
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In spite of the smaller discharge that could dilute concentrations, the average pH was
higher in 2001 than in 1993. The pH was relatively high also in 2004-05 (Fig. 2). Fig. 3 shows
variations of dissolved concentrations of Cu, Fe, S and Zn at P1 in 1993 and 2001 and at P2 in
1993 and 2004-05. High elemental concentrations occurred before the spring flood, which
diluted the concentrations. Thereafter during the summer and autumn, the concentrations
increased. The dissolved S concentration was slightly higher in both P1 and P2 in 1993
compared to 2001 and 2004-05. The average dissolved S concentration was in 1993, 11±3.2
mg L-1 (P1) and 10.5±3 mg L-l (P2), and in 2001 8.2±2.3 mg L-1 (P1) and 7.5±0.8 mg L-l (P2)
in 2004-05 (Fig. 3). The dissolved phase (<0.22 µm) dominates the transport of most elements
in the brook. Fe exhibited a considerable suspended particulate transport comprising 10-50 %
of the total mass transported, and with little change in the fractions between P1 and P2 and
from 1993 to 2001 and 2004-05. At the sampling point downstream from the mire (P2) the
particulate fraction was higher for Fe. The principle particle form for Fe is probably as
hydroxides, which are stable under the relatively high pH and well oxygenated conditions
prevails in the brook. Some of these particles are probably smaller than the filter pore size
used (Laxen and Chandler, 1987), and particles are thus probably accounted both in the
suspended dissolved and particular phases. This artificially increases the dissolved values and
dismisses the suspended. The significance of this was evaluated by Forsberg (2005). Also the
dissolved concentration of Cu and Zn decreased from 1993 to 2001 and 2004-05.

Figure 3.Time series of dissolved concentrations for Cu, Fe, S and Zn at P1 and P2 in Gråbergsbäcken at Laver
during 1993, 2001 and 2004-05. The first three values for P2 2004-05 are for spring 2005 and the rest from
summer and autumn 2004.

The lower element concentrations and higher pH level in the brook indicate that the sulphide
oxidation rate may have decreased in 2001 and 2004-05 compared to 1993. The lower annual
discharge in the brook during 2001 compared to 1993 would have resulted in higher elemental
concentration and decreased pH rather than the opposite. Diffusion of oxygen is a result of
oxygen concentration gradients caused e.g. by oxygen consumption by sulphide oxidation. In
unsaturated and fine-grained soils as in the Laver tailings, diffusion is supposed to be the
dominating transport mechanism for oxygen (Davis and Ritchie, 1987) and might be a
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limiting factor for the sulphide oxidation rate in old tailings. The effective diffusion
coefficient (Deff) for oxygen has a value between the diffusion in air (1.78 x 10-05 m2 s-1) and
diffusion in water (1.78 x 10-09 m2 s-1) (Cussler, 1997), depending on the degree of saturation
and the physical structure of the soil (e.g. Elberling, 1996). Because the saturation in a soil
varies, Deff is not expected to be constant during a year. If the oxygen diffusivity is assumed to
be constant with depth and oxygen the only significant oxidant, solving Deff in Eq. 1 result in
an average oxygen diffusion coefficient of 5.5 x 10-08 m2 s-1 over approximately 50 years. This
is a relatively low Deff, closer to the diffusion coefficient in water than in air. Such a low
diffusion coefficient has been observed in sandy material with a saturation of 70-80 %
(Reardon and Moddle, 1985), and in sand with a high degree of cementation between the
grains (Elberling, 1996). Old tailings may be cemented due to formation of secondary
minerals (among others, Boorman and Watson, 1976; Blowes et al., 1991; Alakangas and
Öhlander, 2006), often as a result of drying. This may lead to a decrease of the Deff with one
to two orders of magnitude as the cementation increases (Elberling, 1996).
A decrease of the sulphide oxidation could also be natural, and could be tested by using
Eq. 1. Calculations show fast movement of the oxidation front in the tailings the first years
after depositing (Fig. 4), when the sulphides are fresh and the reactive sulphide grains are in
the upper part of the profile. Low sulphide content and the high reactivity of pyrrhotite have
been shown to increase the oxidation front movement (Nicholson et al., 1997). The rate of
movement declines over time (note the log scale on the time axis) and the major reason for
that is the increased distance oxygen had to travel to reach deeper parts of the tailings, and the
increased distance to the unoxidised core of coarse sulphide grains (Ritchie, 1994). The latter
may have been caused by development of a rim of oxidation products on the grain surfaces.
This results in that less oxygen reaches the unoxidised sulphides with time. High water
saturation and the development of cemented layers in tailings may also decrease the oxygen
intrusion. Unfortunately the moisture in the Laver tailings was not determined, but cemented
layers were found in the tailings but only partially spread over the impoundment (Alakangas
and Öhlander, 2006).

Figure 4. The downwards oxidation front movement in the Laver tailings by time.

According to Eq. 1 it would take approximately 5000 years before the oxidation front
reaches the deepest part of the Laver tailings (14 m) when the groundwater level is not
considered. When the oxidation front reaches the groundwater table the oxidation rate of
sulphides will decrease significantly, due to the low rate of diffusion of oxygen in water
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(Cussler, 1997). Because the depth of the water table was generally between 3.5 and 8 in
Laver, the oxidation front will reach the groundwater after 320 to 1650 years.
The lateral groundwater transport rate in the tailings was estimated to 15 m year-1
(Ljungberg and Öhlander, 2001). This implies that it takes at least 50 years for the
groundwater from the north-western part of the tailings impoundment to reach the water outlet
in the south-western part. The slow movement of the dissolved elements from the tailings
groundwater results in that the brook reflects processes that occurred in the tailings several
years or decades ago.
Table 1. The total annual transport of element in Gråbergsbäcken in 1993 and 2001, compared with the
weathering release during 1993.

The annual transport of elements in the brook and the estimated sulphur release rate in the
tailings in 1993 and 2001 are shown in Table 1. In 2001 the transport of Co, Cu, Mn, Ni and
Zn was 50 % lower than the amounts transported in 1993, and for Pb and As it was 30-40 %
lower. The transport of silicate-associated elements such as Ca, K, Mg, Na and Si was 30 %
lower in 2001 than in 1993. The amount of S transported in the brook decreased by 40 %
compared to 1993. The released sulphide oxidation products in 2001 was estimated in the
same way as for 1993 (Ljungberg and Öhlander, 2001) but using 1.87 cm as the thickness of
the oxidising zone weathered during 2001 instead of the average value of 2.8 cm. The
estimated release rate of S in the tailings in 2001 was then 11,300 Kg year-1, which was rather
similar to the amount of S carried in the brook in 2001 (10,400 Kg year-1; Table 1). The
results indicate the sulphide oxidation rate decreases with time. Some errors can arise when
comparing the amount of S carried in the brook with the release rate in the tailings, since
secondary S-bearing minerals such as gypsum and covellite can precipitate in the tailings
(Boorman and Watson, 1976; Alpers, 1994; Jambor, 1994; Holmström et al., 1999). Gypsum
and covellite were, however, only observed in trace amounts in the Laver tailings and the
primary carbonate content in the tailings was low.
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Table 2. Estimated amount of sulphur release, sulphide oxidation and oxygen flux in the tailings based on
weathering release, mass transport in Gråbergsbäcken and oxygen measurements. The oxygen consumption
rate is based on the sulphide oxidation rate. The oxygen flux into the tailings is based on oxygen
measurements.

Using the previously estimated average diffusion coefficient (5.5 x 10-08 m2 s-1) and the
differences in oxygen concentration between the atmosphere and the soil, an average value of
the oxygen flux into the tailings was estimated to approximately 9.9 mol m-2 year-1 during
2001. Assuming that pyrrhotite (FeS) oxidation was the only mechanism for oxygen
consumption and oxygen was the only oxidant, then for eachol of sulphate produced, 9/4 mol
of oxygen were consumed. The resulting sulphate release was then approximately 4.4 mol m-2
year-1, based on the oxygen measurements. This is similar to the sulphate release rate (4.0 and
4.4 mol m-2 year-1) calculated from the release of S in the tailings and from the transport of S
in the brook during 2001 (Table 2). Similar oxygen fluxes have been observed in saturated
fine tailings and in covered tailings (Alakangas et al., 2008).
CONCLUSIONS
The annual transport of sulphide-associated elements in the brook from the Laver tailings
decreased by more than 40 % between 1993 and 2001, and the pH increased by up to 1 pH
unit. This suggests decreased sulphide oxidation rate with time, probably as a consequence of
the increased distance that oxygen had to travel to reach unoxidised sulphides. The amounts
of S carried annually in the drainage water in the brook in 1993 and 2001 and 2004-05
correspond to estimated changes in the oxidative release of S in the tailings.
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