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Reclamation of Copper Mine Tailings Using Sewage Sludge

Abstract

Tailings are the fine-grained fraction of waste produced during mining operations.
This work was carried out on tailings from the Aitik copper mine in northern
Sweden. Establishment of vegetation on the Aitik mine tailings deposit is planned to
take place at closure of the mine, using sewage sludge as fertiliser. However, the
tailings contain traces of metal sulphides, e.g. pyrite, FeS,, and chalcopyrite, CuFeS,.
When the sulphides are oxidised, they start to weather and release metals and strong
acid, affecting the plant establishment. This thesis investigated physical and chemical
growing conditions for plants in tailings with and without sewage sludge, and how
these conditions changed when the tailings were oxidised. Studies on tailings
properties were related to growth and metal uptake by barley (Hordeum vulgare) and
red fescue (Festuca rubra) cultivated on the tailings. Fine sand particles (diameter
0.06-0.2 mm) and moderately large pores (diameter 30-300 pm) dominated the
tailings. Oxidation processes resulted in a slightly higher percentage of fine
pores (diameter <5um) due to the formation of aggregating iron(IlI)hydroxide and
in a pH decrease due to the acid produced as sulphides oxidised. As oxidation
proceeded and pH decreased from neutral to 4.5, Al, Cd, Cu, Pb and Zn
concentrations in tailings solution increased by 2-3 orders of magnitude. Compared
with mineral fertiliser, sewage sludge consistently increased plant biomass
production, due to the contribution of nutrients and organic matter, and increased
the percentage of large pores (30-300 pm) and fine pores (<5 pum). The effect of the
sludge on pH was generally limited. In the field trial, higher levels of Al, As, Cr,
Cu, Pb and Zn were found in red fescue grown in sludge-treated tailings compared
with tailings treated with mineral fertiliser. In the climate chamber experiment,
sludge effects on Cu in tailings and plants depended on the degree of oxidation of
the material. In unoxidised tailings, sewage sludge slightly increased Cu levels in
solutions and fescue shoots, but in oxidised tailings the opposite occurred. In
general, the sewage sludge did not counteract the toxic conditions caused by
sulphide oxidation, but had beneficial effects on plant growth irrespective of
oxidation degree of the tailings material.

Keywords: mine tailings, sewage sludge, sulphide oxidation, porosity, metals, DOC,
plant uptake
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1 Introduction

It has been estimated that 70% of the material excavated in mining
operations worldwide ends up as waste (Hartman, 1987). Sweden is one of
the main producers of copper, iron, lead, silver and zinc in the European
Union and produces about 58 million metric tons of mine waste each year.
To get a picture of the quantities produced, imagine a one metre high and
one metre wide wall encircling the whole globe — this is the amount of
mine waste produced in Sweden over two years. Of this waste, 76% is
produced by sulphide mines (Froberg & Hoglund, 2004).

The fine-grained fraction of the waste is called tailings and constitutes
about 50% of the total amount. The tailings are pumped out as sandy slurries
on deposits, resulting in large areas of bare sand. Without any protective
cover, the surface of the deposit will dry out and the sand will be exposed to
wind and water erosion. The wind can carry the tailings particles to adjacent
environments where they may silt up receiving streams. Dust storms from
the deposits may also disturb surrounding villages and threaten human health
(Draskovi, 1973; Bergholm & Steen, 1989; Sidle et al., 1991). In addition,
tailings from sulphide mines contain traces of metal sulphides, e.g. pyrite
(FeS,) and chalcopyrite (CuFeS,), which start to weather when the tailings
are exposed to the air and oxygen diffuses through the material. This can
result in the liberation of metals and strong acid from the tailings, which
may pollute adjacent areas (Kleinmann et al., 1981; Allan, 1997).

One way to diminish those impacts on the surrounding landscape is to
stabilise the tailings by vegetation. Mining companies and researchers have
been working on vegetation establishment on mine tailings for over half a
century (e.g. Peters, 1970; Archer et al., 1988; Plass, 2000). During the past
30 years a considerable amount of research has been conducted on the
feasibility of using municipal sludge (sewage sludge) to stimulate the
revegetation of mine land by improving the physical and chemical
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conditions necessary for plant growth in the tailings (Sopper, 1993). Sewage
sludge is the solid waste that has been separated through sedimentation from
municipal sewage water. Fresh sewage sludge contains about 50% organic
matter on a dry-matter basis and high amounts of nitrogen and phosphorus,
and has a pH near 7.0. It has in many cases been reported to increase the
survival and primary production of vegetation established on tailings deposits
(Bergholm & Steen, 1989; Borgegird & Rydin, 1989; Pietz ef al., 1989;
Sopper, 1993; Pichtel e al., 1994; Lan et al., 1998; Voeller ef al., 1998;
Theodoratos et al., 2000; Wang et al., 2008).

The willingness to use sewage sludge on mine tailings has increased
because the sludge nowadays constitutes a huge disposal problem and is
available at a low cost, while the area of abandoned mine tailings deposits is
expanding. A dream scenario for both the mining industry and municipal
authorities would be for a mixture of the two wastes to form a growth
substrate in which a sustainable ecosystem could develop. However, both
materials are potentially hazardous (Sopper, 1993; Plass, 2000), and such a
mixture needs to be thoroughly investigated. Of principal significance is
how sewage sludge, due to its high content of organic matter, affects the
potential for metals to enter the soil solution phase, where their mobility and
bioavailability will increase the environmental risks.

As sulphidic mine tailings are highly reactive when exposed to air and
water, the deposit environment is a complex system of coupled physical and
biochemical processes (Younger ef al., 2002; Gleisner, 2005). This should be
taken into account when adding a new material to the tailings. Mine tailings
are usually saturated with water when deposited on the tailings pond, but are
drained and oxidised when exposed to air at the time of plant establishment
and sewage sludge application. The chemical reactions caused by the
sulphide oxidation can then occur rapidly (Kleinmann et al., 1981; Allan,
1997), drastically changing the growing environment. In addition, the
decomposition rate of the sewage sludge is expected to be high during the
first months after application (Ledin, 2006; Wennman & Kitterer, 2004).
This requires improved knowledge about how growing conditions may
change in the tailings during the initial stage of plant establishment, and how
they are affected by sewage sludge application during this crucial period.
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2 Obijectives

The overall aim of this thesis was to investigate physical and chemical
growing conditions in sulphide mine tailings with and without sewage
sludge application, and to determine whether these growing conditions
would change during the initial oxidation of the tailings. The term ‘oxidised
tailings’ is used in the text to refer to tailings that have been drained and
exposed to air during a limited time period. The studies were performed as
field, column and climate chamber experiments.

The specific objectives were to:

1. Characterise physical and chemical conditions for plant growth in
unoxidised and oxidised tailings with respect to:
a. Texture, porosity and penetrability
b. pH and contents of nutrient elements and trace elements

2. Study the effects of sewage sludge application on:

Porosity and penetrability

pH

Chemical extractability and plant uptake of metals

Leaching behaviour of metals

The chemistry of copper in solution (total dissolved Cu and
free Cu) in relation to the copper uptake in plants grown in
tailings with different degrees of weathering

o a0 ow

Figure 1 gives an overview of the studies performed to achieve the specific
objectives. The trace elements studied included aluminium (Al), arsenic (As),
cadmium (Cd), chromium (Cr), copper (Cu), lead (Pb), manganese (Mn),
nickel (Ni) and zinc (Zn). Although As is not a metal in the strict sense, it is
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referred to as a ‘metal’ in the text. Metal speciation in tailings solution was
carried out solely on Cu, as this element was expected to occur in high
levels in both mine tailings and sewage sludge.

S0 000 Plant uptake
I | A Papets I, I

Particle surfaces

Texture and porosity ™ &, ¢ éi"cm-s im
bt Solution 4,13:'3'-;'-,;%:\.};’ i
B T Me 5,
| Paper v . ~p W’
St ieathienig of |
Leaching - primary minerals
Paper |1l l

Figure 1. Overview of the studies performed (Papers I, II, III and IV) on the Aitik mine
tailings and their relations to factors affecting growth and metal uptake by plants. Arrows
represent the flow of metals (Me) between the different pools in the system. Illustrations of
aboveground parts of the plant and the tailings particles by Martin Holmer.

The work reported in this thesis formed part of a remediation
programme for the Aitik copper mine area in the county of Norrbotten in
northern Sweden. In the following, the study object and the methodology
used are briefly described in Chapter 3. The results of the studies related to
objectives 1 and 2 are then presented in Chapters 4 and 5, respectively.
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3 Studies Performed

3.1 The Aitik Copper Mine as a Study Object

Aitik 1s an open copper mine situated about 100 km north of the Arctic
Circle and 15 km south-east of the town of Gillivare in the county of
Norrbotten, northern Sweden. The mine was opened in the year 1968 and
is planned to be used at least until the year 2025.

The Aitik deposit is hosted by strongly altered and deformed volcano-
sedimentary rocks. The main ore zone is sheared in a north-south direction.
It consists of biotite, quartz and muscovite. Sulphide minerals occur
disseminated and consist mainly of chalcopyrite (CuFeS,), pyrite (FeS,) and
sphalerite (ZnS). The chalcopyrite is the value mineral and the mean copper
concentration in the ore is about 4000 g per ton (0.4%). In addition to
copper, gold and silver are extracted from the ore and occur at
concentrations of 0.2 g and 3.5 g per ton, respectively. The ore is finely
crushed and milled to fine sand particles and mixed with water to separate
the sulphide particles from the gangue minerals through flotation processes.
Each year about 18-19 million tons of ore are produced, from which 68 000
tons of copper, 55 tons of silver and 1.5 tons of gold metal are produced.
The rest of the ore remains as tailings, which mainly consist of silicate
minerals (feldspar, plagioclase, biotite and muscovite), but also some of the
sulphide minerals since a 100% metal recovery is not possible to achieve
(Lindvall & Eriksson, 2003; Wanhainen et al., 2003).

The tailings are pumped out as slurry into a lagoon (Figures 2 and 3).
The area of the deposit, about 11 km’, will have increased to about 13-14
km’at closure of the mine. In addition to the natural topography, the lagoon
is delineated by dam walls. The thickness of the deposit in the lagoon is
increasing by about 1 metre per year, and currently ranges from a few to
about 40 metres. The deposit is gently sloping from the east side where the
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slurry is emitted from pipes to the far west side with a difference in height of
about 30 metres over 5 000 metres, but the final design of the deposit at the
time of closure has yet to be decided. The water from the tailings slurry is
collected in a reservoir downstream from the tailings deposit. In the water
reservoir, ultrafine particles are settled and the water is returned to the mill
through a channel system. Each year, about 20% of the water from the
tailings pond system is discharged into an adjacent river (Lindvall, 2005).
The discharge occurs in late spring after the snow and ice melt in the tailings
pond, and in summer after heavy rain falls.

2=

Figure 2. The open pit of the Aitik copper mine (left) and one of the pipelines pumping out
the mine tailings onto the deposit (right). (Photos: Stig Ledin and Asa Sjéblom)

The climate of the region is sub-arctic, with cool summers (mean
temperature 13 °C) and cold winters (mean temperature -14 °C). The
average annual precipitation is around 680 mm (Eriksson, 1992). The
surrounding landscape consists of glacial tills and bogs. The glacial tills are
forested mainly by Scots pine (Pinus silvestris) and Norway spruce (Picea
abies). The ground vegetation is dominated by dwarf shrubs, such as
cowberry (Vaccinium vitis idaea), whortleberry (Vaccinium myrtillus) and
crowberry (Empetrum nigrum), and different species of grass, mosses and
lichens (Ledin, 2006). Due to the Midnight Sun, the vegetation is more
luxuriant than expected in this climate. So far, no signs have been found of
any impact of the mining activity on fish or bottom fauna in the
surrounding surface waters, but increases in the metal content in moss
species have been observed in the proximity of the mine (Lindvall, 2005).

A remediation programme for the Aitik copper mine area was started in
1989. Within this programme, investigations related to waste management
strategies were carried out during about 15 years. The results from those
investigations are presented in a licentiate thesis by Lindvall (2005).
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A collaboration between the mining company Boliden Mineral AB and
the Swedish University of Agricultural Sciences was initiated in 1995 and
aimed at developing methods for establishing sustainable vegetation on the
deposit at closure of the mine. The species selection trials, that were carried
out close to the tailings deposit, did not fall within of the scope of the
present thesis. They are presented in a report by Ledin (2006). The results of
those trials showed that plant establishment on the mine tailings was only
sustainable if sewage sludge had been added to the tailings. The results
further suggested that grass species should be used as an initial vegetation, as
grasses are less sensitive to wind erosion and cover the surface rapidly
compared to trees and bushes. The native grass should be protected against
the wind by a rapidly growing cereal, e.g. barley, during the first season
(Ledin, 2006).

Lake Sakajarvi

Water reservoir M

Figure 3. Overview of the Aitik mine site. Points 1, 2 and 3 show where sampling of the
tailings took place.

3.2 Field Studies

Field trials were performed close to the north-western part of the main
tailings deposit (point 3 in Figure 3). The experimental plots were prepared
at a higher altitude than the main deposit and had therefore been effectively
drained and oxidised.

3.2.1 Physical studies (Paper )

The first field trial studied the physical conditions for plant growth in tailings
with and without sewage sludge application and described how the
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conditions changed with the degree of oxidation of the tailings. The soil
variables studied included texture, penetration resistance, pore size
distribution, total porosity and plant-available water content. The plant
available water was determined as the difference between water content at
field capacity and the wilting point.

The site was originally one part of the species selection trials (Ledin,
2006) and had been prepared two years earlier. At that time, the site was
divided into plots with the following treatments: (1) untreated, (2) mineral
fertiliser addition corresponding to 0.007, 0.003 and 0.006 kg m™ of nitrogen
(N), phosphorus (P) and potassium (K), respectively, and (3) treatment with
sewage sludge from the Gillivare treatment plant (30% by volume
incorporated to a soil depth of 20 ¢cm). The plots were originally vegetated,
and desiccated plants occurred occasionally at the time of sampling.
However, due to a low survival of the plants, the tailings samples used in the
present studies did not contain roots or other plant material.

To compare oxidised with unoxidised tailings, studies were performed
both on the experimental site (oxidised tailings) and on the main tailings
deposit (unoxidised tailings) (Points 1 and 3 in Figure 3). Texture analyses
were made on loose tailings from both sites, according to Carter (1993).
Penetrability studies were made in situ with a penetrometer in which a
loadcell measured the force required to push the penetrometer probe
through the tailings. Soil cores (height 10 cm, diameter 7.2 cm) were
sampled in situ down to 30 cm depth. In addition, loose unoxidised tailings
from the deposit were transported to the laboratory, where they were mixed
with fresh sewage sludge (0, 16 and 33% by volume), placed in steel
cylinders (height 5 c¢m, diameter 7.2 c¢cm) and subjected to packing by a
compaction press. For the porosity measurements, the relationship between
soil water potential and moisture content in the cores was determined using
hanging-columns and pressure plates.

3.2.2 Chemical studies (Paper II)

The second field trial compared sludge effects on the chemical conditions
for growth between unoxidised and oxidised tailings, with the focus on pH
and the chemical distribution and plant availability of Al, As, Cd, Cr, Cu,
Mn, Ni, Pb and Zn. The site was divided into 32 plots, containing eight
treatments, but only two of the treatments were selected for the study: plots
treated with mineral fertiliser (NPK-treated) and plots treated with sewage
sludge from the Henriksdal treatment plant in Stockholm (20% by volume
incorporated to 20 cm) (Figure 4). Mineral fertiliser was applied at a
considerably higher rate than in the first field trial (0.02 kg N, 0.73 kg P and
1.4 kg K per m’), with the intention of increasing the survival rate of the
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plants and decreasing the difference in nutrient supply between sludge-
treated and NPK-treated plots. To study metal uptake in plants, plots were
sown with red fescue (Festuca rubra) and barley (Hordeum vulgare). These
species were chosen based on the results from previous species selection trials
(Ledin, 2006).

G & i 5 gy AR g = ~

Figure 4. The second field trial performed close to the tailings deposit. Plots used for the
study were NPK-treated or treated with sewage sludge and sown with barley and red fescue.
(Photo: Stig Ledin)

Unoxidised tailings were sampled on the experimental site at the
beginning of the experiment (in June, at the time of sowing), and in
oxidised tailings three months later (in September, at the time of harvesting).
Aboveground plant biomass was collected by clipping at the tailings surface.
All plant material was dried (50°C) weighed, milled, boiled in 7 M HNO,
and analysed with respect to concentrations of Al, As, Cd, Cr, Cu, Mn, Ni,
Pb and Zn. The grain and straw of the barley were milled and analysed
separately.

In addition to estimates of the metal uptake in plants, ‘plant availability’
was related to the following metal fractions in the tailings: (1) exchangeable
non-specifically adsorbed elements extracted with 1 M NH,NO;; and (2)
exchangeable specifically adsorbed elements extracted with 0.5 M NH Ac +
0.02 M EDTA. The remaining element fractions that could only be
extracted with 7 M HNO,, were assumed to be bound to primary and
secondary minerals and not immediately available to plants. Thus, all tailings
samples were subjected to pH measurement (1:5 tailings to water ratio) and
then sequentially extracted by NH NO,, NH,Ac-EDTA and HNO, (1:10
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tailings to liquid ratios). The levels of Al, As, Cd, Cr, Cu, Mn, Ni, Pb and
Zn were analysed in the extracts.

3.3 Column Leaching (Paper III)

A column experiment running during 20 months examined the effects of
sewage sludge on the leaching of Al, Cd, Cu, Mn, Ni, Pb and Zn from the
Aitik mine tailings during the course of sulphide oxidation. The study
examined how the effects of sludge on leaching behaviour of metals changed
with the initial oxidation processes.

The experiment was performed in six plexiglass columns (inner
diameter 3.2 cm, length 14 cm) filled with untreated tailings, collected at the
tailings deposit (point 2 in Figure 3) and tailings treated with sewage sludge,
from the Henriksdal treatment plant in Stockholm (3 replicates for each
treatment). Deionised water was transported through silicon tubes into the
columns by a peristaltic pump. The leachate from the columns was collected
in plastic bottles placed in a vacuum chamber. To obtain unsaturated flow
conditions, constant vacuum was maintained in the vacuum chamber using a
pump controlled by a pressure sensor. To promote oxidation of the tailings,
the leaching was temporarily interrupted after approximately 75 mL of
leachate had been collected from each column and the columns were dried
at room temperature (20°C) for 45 days. These leaching and drying cycles
were performed 13 times in total. The leachate samples collected after each
cycle were analysed with respect to pH, metals, dissolved organic carbon
(DOC) and sulphate (SO 42’).

3.4 Solution Chemistry and Plant Uptake of Cu (Paper IV)

The final study examined whether eftects of sewage sludge on Cu in tailings
and plants differed between tailings with different degrees of sulphide
weathering. The study focused on DOC, free Cu and total dissolved Cu in
the tailings solution, and on growth and Cu content of roots and shoots of
red fescue.

In this study, three different types of tailings were used, all derived from
the Aitik copper mine: fresh unoxidised tailings (taken directly from the
flotation process), moderately oxidised tailings (collected in a semi-dry area
of the eastern part of the tailings deposit) and highly oxidised tailings
(oxidised during three months in a climate chamber prior to the
experiment). Pots were filled with the different tailings types (1 kg
substrate/pot, four replicates) and treated with either nutrient solution
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(corresponding to 600 mg N, 250 mg P, 300 mg K kg substrate) or sewage
sludge (20% by volume), and placed in a climate chamber for 6 weeks. Seeds
of red fescue were sown densely in the pots. The plants were irrigated with
deionised water twice a week, in amounts corresponding to the water
consumption, which was determined by weighing the pots. Tailings solution
was sampled with Rhizon tension lysimeters (Rhizon SMS, Rhizosphere
Research Products, Wageningen, the Netherlands) in the beginning of the
experiment and then every second week, in total four times. These small
lysimeters (length 100 mm, diameter 2.5 mm) are made from a hydrophilic
porous polymer with a mean pore size of 0.1 um, through which the soil
solution is transferred. All solutions were analysed to determine their pH,
free Cu activity, tot-Cu, tot-SOf’, and DOC. The shoots of the fescue were
harvested after 6 weeks by cutting the plants at the soil surface. The roots
were then removed from the pots and rinsed. Both shoots and roots were
dried, weighed, milled and analysed with respect to Cu concentrations.

3.5 Equipment Used for Chemical Analyses

Metal concentrations in tailings, plant materials and tailings solutions were
determined by ICP-MS (Elan 6100) (Papers II, III and IV). Sulphate was
determined on an anion chromatograph (Dionex, MODULE/SP) and DOC
(dissolved organic carbon) was determined using a TOC-analyser (Shimatzu
5000A) (Papers II and III). The free copper ion concentration (Cu’") was
measured potentiometrically using a copper ion selective electrode (Cu-ISE
Orion 96-29, Thermo Electron Corporation, Beverly, MA) (Paper IV).
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4 Conditions for Plant Growth in
Sulphidic Mine Tailings

Mine tailings are low in the nutrients necessary for plant growth. In
addition, as the tailings lack organic matter and usually have a coarse texture,
the water- and nutrient-holding capacities are very low (Bradshaw &
Chadwick, 1980; Clemensson-Lindell et al., 1992). However, the most
important process when it comes to the conditions for plant growth in
sulphidic mine tailings is the dissolution of the sulphide minerals and the
subsequent buffering processes. Weathering of sulphide tailings causes
dissolution and leaching of metals because sulphuric acid is generated during
the sulphide oxidation (Singer & Stumm, 1970; Kleinmann et al., 1981).
When percolating through the mine tailings, the leachate may react with
buffering minerals, such as carbonates, aluminium hydroxide and alumino-
silicates, and thus be partially or totally neutralised, depending on the
sulphide oxidation rate and the abundance and neutralising capacity of the
buffering minerals (Bruggenwert et al., 1991: Blowes & Ptacek, 1994;
Stromberg & Eriksson, 1996; Bellaloui ef al., 1999). Some silicates, e.g.
muscovite and garnet, are more resistant to weathering than e.g. biotite and
Ca-rich plagioclase (Ollier, 1969). The processes of sulphide oxidation and
the subsequent reactions are described in more detail in the Special
Appendix. They are strongly dependent on the mineralogy of the tailings
and other soil properties, including particle size and hydrological regime
(Gleisner, 2005).

Against this background, an important question was whether the metal
sulphides in the Aitik mine tailings were able to produce acidity during the
first growing season, despite the high content of buffering silicate minerals.
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4.1 Physical Aspects

The physical properties of the tailings are of critical importance to both
weathering processes and plant establishment, as they determine the
hydrological regime (Passioura, 2002; Gleisner, 2005).

According to the results from the first field study (Paper I), particles of
fine sand (diameter 0.06-0.2 mm) dominate the Aitik mine tailings (Table II
in Paper I). The high percentage of sand particles implies a low specific
surface area of the tailings, and thus a low aggregation and capacity for
binding nutrients and retaining water (Brady & Weil, 1996). It also implies a
lower amount of sulphide exposed to reaction compared with finer grained
tailings (Gleisner, 2005). On the other hand, due to the coarse texture there
is a risk of a low capacity of the buffering minerals to neutralise acid
conditions.

Due to the sandy texture, moderately large pores (diameter 30-300 pm)
constituted about 50-70% of the pore system in the material not treated
with sludge in both wunoxidised and oxidised tailings (Paper I).
Those pores are rapidly drained and filled with air at field capacity, allowing
high oxygen advection and hence a great degree of acid production
(Ferguson & Eriksson, 1988; Gleisner, 2005). Plants only manage to capture
a very small part of the ‘free’ water occurring in these pores. The percentage
of fine pores (diameter <5 pm) was higher in oxidised tailings than in
unoxidised ones. The iron(III)hydroxides eventually formed during sulphide
oxidation probably caused increased aggregation and settling of particles
(Blowes & Ptacek, 1994; Lin, 1997). However, although a higher
aggregation of the particles would increase the capacity of the tailings to
hold water and nutrients, it also gives rise to increased hardness of the
tailings. The mechanical resistance was considerably higher in oxidised
tailings on the experimental site than in the unoxidised tailings (Paper I).
Root growth slows markedly once the resistance exceeds about 1 MPa and
falls to almost zero at a resistance of about 5 MPa (Bengough & Mullins,
1990). Hence, according to the penetrometer studies on the Aitik mine
tailings, roots were able to penetrate down to 40 cm in unoxidised, but only
to 10-15 cm in oxidised tailings (taking only the mechanical aspects into
consideration).

4.2 Chemical Aspects

Minimum and maximum values of chemical variables found in untreated
tailings used in the different studies are summarised and compared with
corresponding values in Swedish agricultural soils and guideline values for
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contaminated soils in Table 1. As the tailings were collected at different sites,
some chemical properties differed between the tailings types used in the
different studies, especially pH and total content of sulphur and copper.
Compared with agricultural soils, the nutrient status of untreated tailings
was very low, especially regarding the nitrogen content (Paper II).
Accordingly, plants were not able to survive in untreated tailings. This was
observed at an early stage in tailings plots without any addition of nutrients.

Table 1. Variations in selected chemical properties between different types of mine tailings collected at the
Aitik copper mine and used in the different experiments (minimum and maximum values), compared
with corresponding values in Swedish agricultural soils (mean * standard deviation, n=25) (Eriksson,
2000, 2001) and to the guideline values for total metal content in contaminated soils (Swedish
Environmental Protection Agency, 1998).

Parameter Aitik mine tailings Agricultural soils Limits
pH 35-7.5 63
Tot-S (%) 0.1-2.4 005
Tot-N (%) 0.01-0.02 03
P-AL (mg 100 g 0.3-4.5 106
K-AL (mg 100 g 1.2-6.7 137+85
Al (mgkg") 8600 - 10400
As  (mgkg") 3.9-7.1 40+41
Cd  (mgkg") 0.09 - 0.14 0.23+0.17 2
Cr (mgkg") 12-14 20.5+13.2 100
Cu (mgkg") 180 - 570 14.6 + 10.5 600
Fe (mgkg") 24000 - 37000 e
Mn (mgkg") 530 - 740 4224356 e
Ni (mgkg)) 9-11 137 50
Pb  (mgkg)) 35-11 17.1 £ 10.2 100
Zn (mgkg’) 57 -76 59 £ 29 800

Tot: total content. AL: ammonium lactate/acetic acid-extracted (Egnér et al., 1960).
The metals were extracted by 7 M HNO,.

The tailings only contained elevated levels of total Cu (Table 1).
However, the total content of a metal is a poor prediction of its
bioavailability. Metals and other elements occur in many different chemical
forms in the environment and only a few of these forms, are bioavailable, i.e.
they can be taken up by plants, animals or microorganisms (Viets, 1962;
Landner & Reuther, 2004; Datta & Young, 2005). The metal fractions
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considered most plant-available are those occurring in aqueous solution.
There are several chemical processes controlling these metals, of which the
adsorption processes are considered the most important ones (Alloway,
1990). They include cation exchange at charged surfaces, such as silicate
clays and organic matter, and specific adsorption at surfaces of minerals, such
as iron and manganese oxides, hydroxides and amorphous aluminosilicates,
as well as surfaces on organic matter (Ross, 1994).

Due to the sandy texture and the almost complete lack of organic matter,
the cation exchange capacity is probably low in the Aitik mine tailings,
decreasing the preference for cation exchange on the mineral surfaces.
Specific adsorption is probably of greater importance due to the abundance
of alumino-silicates, oxides and hydroxides of Fe, Al and Mn in the tailings
(Bourg, 1988). The specific adsorption is highly pH-dependent and involves
direct ionic and covalent bonding between the surface group and the
adsorbed metal ion. At low pH the occupation of H' on the surface group
leads to a decrease in the bonding of the metal to the particle and thus an
increase in the metal concentration in solution (Ross, 1994). As long as the
tailings remain reduced, i.e. are water saturated, the availability of the metals
is rather low, as formation of metal sulphides, metal hydroxides and metal
carbonates of low solubility are the main chemical processes. When the
tailings oxidise, however, the minerals can dissolve and metals are released,
as mentioned in the introduction to this chapter. In addition, the pH
decrease associated with the sulphide oxidation leads to desorption of the
metals from the mineral surfaces (Bourg, 1988) (Figure 1).

In all trials performed with the Aitik mine tailings, the oxidising sulphides
gave rise to acidity. Thus, the weathering rate of the silicates did not exceed
the rate of sulphide oxidation and acid production. At a rapid rate of acid
production by the sulphide minerals, calcite is the dominant buffering
mineral because of its faster dissolution kinetics compared to silicates. The
low amounts of calcite in the tailings (Lindvall & Eriksson, 2003) were
rapidly consumed, allowing the sulphides to produce an acid leachate.

The second field study (Paper II) showed that pH in the NPK-treated
Aitik mine tailings decreased during the three months of oxidation, from 6.6
to 4.3, and the colour of the tailings turned from grayish to yellowish
(Figure 5), due to the formation of iron (III) hydroxides during the
oxidation process (Paper II). This rapid pH decrease was also observed
during preparation of the tailings used in the climate chamber experiment
(Paper IV). The column experiment (Paper III) also showed decreasing
leachate pH during the course of oxidation of the material. In all these
experiments, decreasing pH in the tailings resulted in increased solubility of
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all metals studied, which for several metals ended up in solution
concentrations potentially toxic to plants (Bowen, 1979; Kabata-Pendias,
2001). Concentrations of Al, Cd, Cu, Pb and Zn in the leachate increased
by 2-3 orders of magnitude as sulphide oxidation progressed (Paper III)
(Figure ©).

Figure 5. Unoxidised tailings (left) and oxidised tailings (right) from the Aitik copper mine
(scale 5:1). The light particles in the unoxidised tailings are mineral grains of quartz,

muscovite and plagioclase. The dark grains are mainly biotite. In the oxidised tailings the
particles are coated with yellowish iron (III) hydroxides formed during the weathering
process. (Photo: Stig Ledin)

Figure 6 shows the strong relationship between pH and total dissolved
Cu and free Cu found in solutions from untreated tailings in the column
study (Paper III) and from NPK-treated pots in the climate chamber
experiment (Paper IV). The concentration of total dissolved Cu in solution
increased by 2-3 orders of magnitude as pH decreased from neutral to
around 4.5-5 in both the column and climate chamber experiments, with
similar regression equations for the two sets of results (Figures 6a and 6b).
The concentration of free Cu increased by 6 orders of magnitude within the
same pH interval (Figure 6¢). The steep increase in free Cu with decreasing
pH was probably due to the release of copper ions from both oxidising
sulphides and labile Cu complexes in solution. This is relevant to consider as
the free ion is postulated to be a better predictor of toxicity to plants than
the total dissolved metal concentration (Morel, 1983; Minnich et al., 1987;
Sauvé et al., 1996; Lofts et al., 2004).
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pots in the climate chamber, and (c) free Cu (ug L") in solution from pots in the climate
chamber. Equations and correlation coefficients of exponential regressions are included.
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The results from the column study showed that the total amounts of Al,
Cu, Mn, Ni and Pb leached from each column correlated both to mean pH
and total amounts of leached SO, (Paper III). In those columns that had the
highest degree of sulphide oxidation, the percentage of metal leached in
relation to the total element content was highest for Cd, Cu, Ni and Zn,
which indicates a high mobility of those metals when the sulphides begin to
oxidise. Similar results have been reported by other researchers investigating
metals released due to the weathering of sulphidic material (Sohlenius &
Oborn, 2004; Da Pelo et al., 2008). In the field, the percentages of
specifically adsorbed fractions were generally lower and the percentages of
the most soluble fraction generally higher in oxidised tailings than in
unoxidised ones, reflecting the lower pH in the former. The difference was
greatest for Cd, Ni, Pb and Zn (Tables 2 and 3 in Paper II), which agrees
with the data from the column experiment showing a high solubility of
those elements (Paper III).
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5 Use of Sewage Sludge on Sulphidic
Mine Tallings

About 240 000 metric tons (dry weight) of sewage sludge are produced
annually in Swedish municipal waste water treatment plants. The municipal
waste is stabilised to sludge in sewage-treatment plants through putrefaction,
aeration or liming, and is dewatered to a dry matter content of 20-30%
(Swedish Environmental Protection Agency, 1996) (Figure 7).

Sewage sludge contains about 30-50% organic matter, and approximately
40 g nitrogen, 24 g phosphorus and 3 g potassium per kg dry matter (DM)
(Swedish Environmental Protection Agency, 1996; Theodoratos et al.,
2000). The high carbon and nutrient content and the fast decomposition
rate make the sludge suitable for use as a soil amendment on unfertile mine
tailings, and it has been proven to improve the survival and biomass
production of plants (Pietz et al., 1989; Clemensson-Lindell et al., 1992;
Pichtel ef al., 1994; Ledin, 2006). Furthermore, recycling of the sludge
would minimise the problem of sludge disposal, which is currently a serious
issue due to the recent EU ban on landfilling of organic material. However,
the beneficial aspects of using sewage sludge should be assessed together with
the potentially detrimental ones. There are restrictions on using sewage
sludge as a soil amendment on agricultural land due to its content of heavy
metals and toxic organic pollutants and to the risk of spreading pathogens.
Trace metals and organic pollutants in the sludge mainly derive from
wastewater produced by industrial activities. In addition, Al and Fe are used
during processing of the sewage sludge in the treatment plant in order to
precipitate phosphorus, usually resulting in high levels of those elements in
the sludge (Swedish Environmental Agency, 1996). Other problems
associated with the sewage sludge are the leaching of nitrogen and
phosphorus (Clemensson-Lindell et al., 1992).
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With regard to metals, the use of sewage sludge on mine tailings can be
considered from a different perspective than sludge application on
agricultural land. Accumulation of potentially toxic metals in agricultural
soils due to the use of sewage sludge is the result of repeated applications of
metal-contaminated sewage sludge (Alloway & Jackson, 1991), while the
reclamation of abandoned mine deposits usually only involves a single
treatment (Pichtel e al., 1994). The total amount of metals applied to the
tailings through the sewage sludge is therefore very small in relation to the
high content of metals found in the tailings themselves. Nevertheless,
although the sewage sludge does not contribute to any significant amounts
of metals to the tailings, it can still have significant effects on the metals in
terms of chemical distribution and plant availability.
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Figure 7. The sewage sludge used on the trials with the Aitik mine tailings. (Photo: Stig
Ledin)

5.1 Sludge Effects on Physical Conditions

From a physical point of view, addition of sewage sludge to sandy soils is
generally considered beneficial to plants, as the organic matter in the sludge
decreases bulk density and mechanical resistance, and increases the total
porosity and the content of plant-available water (Tester, 1990; Weber et al.,
2007; Asadu et al., 2008).
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This was confirmed by the results from the first field study (Paper I). In
general, the addition of sewage sludge increased the total porosity in the
Aitik mine tailings. A decrease in the percentage of large pores (diameter
>30 pm) and an increase in moderately fine pores (5-30 pm) by the sewage
sludge would have been the most beneficial effect for plants, as this should
involve an increase in the content of plant-available water. Roots are able to
extract water from pores with a diameter down to 6 um (Brady & Weil,
1996). However, the sewage sludge increased the percentage of fine pores
(diameter <5 pm), holding water partly not available to plants, and the
largest pores (diameter 30-300 pum), which are filled with air most of the
time (Paper I). Therefore, the addition of sewage sludge caused a smaller
increase in the content of plant-available water than in total porosity. The
increase in stored plant-available water by the sewage sludge was about 3%
by volume in the fresh unoxidised material prepared in laboratory. This
implies that the sewage sludge increased the volume of plant-available water
in the tailings by about 60 000 litres per hectare in the uppermost 20 cm
layer, corresponding to 6 mm of rain. Evapotranspiration from a grass field
during a sunny summer day is around 3 mm (Johansson & Linnér, 1977).
Thus, the sewage sludge can supply the vegetation with water for about two
extra summer days.

The sludge eftects on porosity observed in fresh material appeared to be
long-lasting, as sludge-treated tailings that had been subjected to weathering
for two years also contained a higher percentage of fine pores (diameter <5
pm) and large pores (diameter 30-300 pum) than oxidised tailings without
any treatment (Paper I). However, the difference in mechanical resistance
between unoxidised and oxidised tailings was significantly greater when the
tailings had been treated with sewage sludge or mineral fertiliser (Figure 1 in
Paper I). Yellowish hard pans, i.e. cemented layers of tailings, were observed
in NPK-treated and sludge-treated plots at the experimental site, but not in
the untreated plots. Adsorption of the added phosphates and/or organic
matter on the iron oxides formed during sulphide oxidation may have
caused increased aggregation and settling of particles, which resulted in
increased cementation of the tailings (Blowes & Ptacek, 1994; Lin, 1997,
Rietra et al., 1997). This might have been a long-term eftect, as hard pans
were not observed in any of the treatments in the second field experiment
(Paper II), where the tailings had been oxidised during a shorter period
(three months).

33



5.2 Sludge Effects on Chemical Conditions

5.2.1 pH

In all experiments acidic conditions were found in oxidised tailings,
irrespective of treatment. In the second field trial, however, slightly higher
pH values were found in sludge treated tailings (pH 4.8) than in NPK-
treated tailings (pH 4.3) at the end of the experiment (Paper II). In the
column study the sewage sludge treatment resulted in a higher pH value in
leachate on the first leaching occasion (Figure 2 in Paper III). The pH then
decreased gradually in all columns, and no further influence of the sewage
sludge on pH could be confirmed statistically (Paper III). In the climate
chamber experiment, similar pH values were found between treatments
throughout the experiment (Figure 1 in Paper IV).

The limited effect of the sewage sludge on pH suggests that the sludge
did not have any impact on the sulphide oxidation process in the tailings.
Other studies have shown either promoting effects (Wakao et al., 1983;
Evangelou, 1995; Cravotta, 1998; Meyer ef al., 1999) or inhibiting eftects
(Loomis & Hood, 1984; Younger et al., 1997; Cheong et al., 1998; Kim et
al., 1999) of sewage sludge on sulphide oxidation. The column study (Paper
IIT) showed a high sensitivity of the ongoing oxidation processes and
indicated that indirect eftects of the sewage sludge, such as effects on bulk
density and water-holding capacity, might be important for the effect of
sludge on pyrite oxidation. Such indirect effects — and problems in handling
them practically — could be one explanation for the difterent results obtained
by the different researchers cited above.

5.2.2 Metals

Humic acids are regarded as the metal-immobilising fraction of the organic
matter in the sewage sludge, due to their low solubility and high ability to
interact with soil particles. The mechanisms involved include ion exchange
between H' and metal ions on acidic functional groups, especially R-
COOH and R-OH groups, and specific adsorption processes (Kerndorft &
Schnitzer, 1980; Schnitzer, 1986; McBride, 1989; Pinheiro et al., 2000;
Tipping, 2002; Milne et al., 2003). In addition to the solid-state organic
matter acting as a sink for metals, the organic matter also generates DOC,
which is a water-soluble fraction. This fraction is said to include fulvic acids,
which differ from the humic acids in that they have lower molecular mass, a
higher concentration of the reactive functional groups and a higher
solubility. They can form water-soluble complexes with many metals over a
wide pH range and are considered to be the most important organic fraction
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in terms of transporting metals in soil solution. The organo-metallic
complexes formed may maintain the metal ions in solution, which prevents
the metal from being converted into insoluble compounds by adsorption or
precipitation. However, it is important to note that (i) only part of the fulvic
acid is soluble and solubility depends strongly on pH and metal loading, and
(i1) other organic compounds, not classified as fulvic acids, also contribute to
DOC (Schnitzer, 1986; Alloway & Jackson, 1991; Ross, 1994; Tipping,
2002).

Due to both metal immobilising and mobilising eftects by the organic
matter, there is no single answer regarding the effects sewage sludge will
have on metals in mine tailings. Several studies have shown that metals can
be effectively removed from acidic mine leachate by sewage sludge
(Peterson & Gschwind, 1972; Edgerton ef al., 1975; Pietz et al., 1989;
Theodoratos et al., 2000), while other studies have shown enhanced metal
mobility (Baham & Sposito, 1983; Harwood et al., 1987; Clemensson-
Lindell et al., 1992; Ross, 1994; Fairley et al., 1998).

Table 2. Selected chemical properties of sewage sludge from the Henriksdal treatment plant (Stockholm)
(mean t standard deviation, n=4) compared with the limits for total metal content in sewage sludge
used on agricultural land (Swedish Environmental Protection Agency, 1996).

Parameter Henriksdal sewage sludge Limit
pH 78
Tot-S (%) o8
Tot-N (%) 43
Tot-P (%) 40
Tot-C (%) 248
P-AL (mg 100 g™ 600
CaO (%) 38
Al (mgkg) 5850 £ 156 e
As  (mgkg') 30401
Cd (mgkg) 0.67 £ 0.06 2
Cr (mgkg)) 14.4 £0.7 100
Cu (mgkg") 539 £ 100 600
Fe  (mgkg) 1mooos
Mn (mgkg)) 947+63
Ni  (mgkg") 125 £ 3.6 50
Pb  (mgkg") 182+ 0.6 100
Zn (mgkg)) 267 £ 7 800

Tot: total content; AL: ammonium lactate/acetic acid-extracted (Egnér et al., 1960);
The metals were extracted by 7 M HNO,; ‘Analysed by Stockholm Vatten (2002).
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Although the total amounts of several elements in the solid phase material
were similar between sewage sludge and the Aitik mine tailings (Tables 1
and 2), chemical extractability, solubility and plant availability of the metals
differed between NPK-treated and sludge-treated tailings (Papers II, III and
IV). This will be discussed in the following text.

Chemical extractability

Figure 8 shows the concentrations of some elements found in the most
weakly bound fraction, extracted by NH,NO,, and in the specifically
adsorbed fraction, extracted by NH,Ac-EDTA, in unoxidised and oxidised
samples, with and without sewage sludge application. The fraction extracted
by HNO,, which included 90-99% of the total concentrations of the
elements referred to in Figure 8, is not included in the diagram as this
fraction was of minor importance for metal uptake in plants, and any effects
of sulphide oxidation and/or sewage sludge application on this fraction were
not measurable due to its dominance in the tailings (Paper II).

As mentioned before, the NH/NO,-extractability of the elements
generally increased with time, due to sulphide oxidation. This was observed
in both NPK-treated and sludge-treated tailings. A significant treatment
effect on this fraction was only found for Zn and Cd, however, and only in
the unoxidised tailings, where a higher level of Zn and a lower level of Cd
were found in the sludge-treated samples (Figure 8). Element amounts in the
specifically adsorbed fraction (extracted by NH,Ac-EDTA) were generally
higher in sludge-treated samples than in NPK-treated in both unoxidised
and oxidised tailings. This agreed with other studies showing that adding
sewage sludge to soil increases the fraction of metals held in organically
bound complexes (Basta & Sloan, 1999; Theodoratus et al., 2000).
However, the difference was only significant for As in the unoxodised
tailings and for As, Cu and Ni in the oxidised tailings (Figure 8). The
generally small difference between treatments in chemical extractability may
be related to the presence of phosphates in the NPK-treated plots, which
may also have influenced the metal distribution (Hettiarichichi, 1997; Rietra
et al., 2001), and to differences in leaching between plots, removing metals
from the most soluble fraction.

In Figure 8 it can be noted that the sum of the NH NO-extractable and
the NH, Ac-EDTA-extractable fractions decreased for Ni in both treatments
and for Zn and Cd in the sludge-treated plots during oxidation. Those
elements are considered mobile in soils (Kabata-Pendias, 2001) and may
have been easily removed from the top layer of the field plots by leaching,
after being released through the oxidation process. This agrees with data

36



from the column study showing a high mobility of those elements in both
treatments during sulphide oxidation (Paper III). In relation to the total
element content, the sum of the NH,NO -extractable and NH,Ac-EDTA-
extractable fractions was highest for Cd (8.6-17.1%) and Pb (16.8-34.5%)
(Paper II). It has been found in previous studies that high amounts of Cd in
soils occur in the exchangeable fractions (Eriksson, 1989; He & Singh,
1993). Lead is generally not considered mobile in soils (Kabata-Pendias,
2001), but in the tailings this metal probably occurred in sulphides and thus
was released in the oxidation processes (Paper II).
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Figure 8. Average concentrations of Cu, Zn, As, Ni and Cd in NH NO,-extracted fraction
and NH,Ac-EDTA-extracted fraction in unoxidised (left) and oxidised (right) Aitik mine
tailings from NPK-treated plots and plots treated with sewage sludge (SS). *Significantly
(p<0.05) different from the corresponding sample in the NPK-treated plot.
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Leaching behaviour

As long as pH was within the range 6.5-7.5, a clear metal mobilising effect
of the sewage sludge was observed in the column leaching test (Paper III).
Significantly higher concentrations of Al, Cu, Ni, Pb and Zn were found in
leachate from sludge-treated tailings under those conditions, compared with
untreated tailings. This effect was also observed for Cu in the climate
chamber experiment (Paper 1V), and was explained by the complexation of
metals to DOC leached from the sewage sludge. As leaching proceeded,
however, and pH started to decrease in both untreated and sludge-treated
columns, pH became the determining factor for metal leaching, irrespective
of treatment. On the whole, the effects of sludge on the leaching of all
metals studied appeared to be limited, as differences between treatments
expressed as leached metal amounts could not be confirmed statistically
(Paper I1I).

Solution chemistry of Cu

Figure 9 shows the effects of sewage sludge on the Cu/pH-relationship
found in the column study (Paper III) and in the climate chamber
experiment (Paper IV), previously presented for non-sludge tailings (Figure
6). A comparison between the regression equations of the different
treatments suggests that sewage sludge addition decreased the dependency of
total dissolved Cu on pH. This is probably an effect of a different impact of
organic matter in the sludge at different pH values. The sludge increased the
amount of total dissolved Cu at high pH, due to the binding to DOC
(Papers III and IV). It has been shown that the complexation of Cu by
DOC from sewage sludge is greatest at neutral pH (Ashworth & Alloway,
2007). As sulphide oxidation progressed, DOC from sludge-treated tailings
decreased, and the binding of Cu to the solid phase organic matter then
became more dependent on the Cu concentration in aqueous solution, at
least within the pH range 4 - 5 (Figure 9a). At pH values below 4, however,
data from the column study suggest that metal immobilising effects of the
sludge were less significant (Figure 3 in Paper III).

Although sewage sludge occasionally decreased the concentrations of free
Cu under acidic conditions (Figure 2 in Paper IV), it did not significantly
moderate the steep increase in free Cu with decreasing pH (Figure 9c¢). This
weak effect of the sludge on free Cuprobably depended on the high amount
of metals in the sewage sludge product itself (Table 2), Al, Cu and Fe
occupying binding sites on the organic matter surfaces, and Cu replenishing
the Cu pool in solution.
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Figure 9. Total dissolved Cu (ug L") as a function of pH in solutions from a) columns and b)
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5.3 Plant Growth

The nutrient content of the sewage sludge was far above the corresponding
levels in untreated Aitik mine tailings (Tables 1 and 2). This resulted in a
dense vegetation cover and a high survival of the plants (Papers II and 1V),
which is consistent with several studies reporting improved growth when
using sewage sludge on mine tailings (e.g. Pietz ef al., 1989; Pichtel ef al.,
1994; Zabowski & Everett, 1997; Ye ef al., 2001). The sewage sludge was
superior to the mineral fertiliser in terms of stimulation of biomass
production, although the difference between treatments was greater in the
field (Figure 1 in Paper II) than in the climate chamber experiment (Table 4
in Paper IV). In NPK-treated tailings the biomass of barley grain was about
50% lower than normal yields of barley in the area. In sludge-treated tailings,
however, the yield was similar to the background values (Figure 1 in Paper
II). In the climate chamber experiment, a very low root biomass was found
in both treatments under acidic conditions, but both root and shoot biomass
were consistently higher where sewage sludge had been added to the tailings
(Table 4 in Paper IV).

In previous plant selection trials with the Aitik mine tailings it was found
that although NPK fertilisation supported good growth at the time
immediately after application, the vegetation did not survive after the first
growing season unless NPK application was repeated. In sludge-treated
tailings, however, the survival was good for several years after a single
treatment except for the first plant selection trial (Ledin, 2006). Although
the sewage sludge slightly increased the porosity and water-holding capacity
of the tailings due to its organic matter content (Paper I), it is likely that it
was mainly its strong nutritional effect that promoted plant growth. The
organic matter served as a nutrient reservoir, counteracted the nutrient
leaching and supplied plants with nutrients in pace with the mineralisation.
Wilden et al. (1999) found that application of mineral fertiliser caused a
short-term (about 1 month) increase of nitrate (NO,) in soil solution, while
application of sewage sludge caused a long-term (about 16 months) increase.

5.4 Metal Uptake by Plants

The metal uptake by vegetation in mine tailings is of great concern as it can
lead to accumulation in grazing animals. The Aitik deposit may become a
significant pasture for reindeer, moose and hares living in the area. These
animals are attracted to the open windy area on the deposit, where they can
avoid heat and mosquitoes (Figure 10).
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Figure 10. Reindeer are frequent visitors to the flat and open tailings deposit, here grazing the
grass on one of the vegetation establishment trials on the Aitik mine tailings.

(Photo: Tiris Takala)

Reindeer and moose in particular are consumed by humans, and during the
summer months about 40-60% of the reindeer diet is composed of different
grass species (Cederlund et al., 1980).

Elevated amounts of metals in plants grown on mine tailings have been
reported from mining districts all over the world (e.¢. Smith & Bradshaw,
1979; Pietz et al., 1989; Hao et al., 2004; Askaer ef al., 2008). It is difficult to
draw any general conclusions about the effects of sewage sludge on metal
uptake by plants grown on soils or mine tailings, as the effects are highly
dependent on plant species, biomass production, metal properties and
substrate characteristics. Although results showing increased metal levels in
plants due to sewage sludge application appear to dominate the literature
(e.g. Ernst, 1988; Pietz et al., 1989; Sopper, 1993; Hooda et al., 1997; Lan et
al., 1998; Singh & Grawal, 2007), some studies also report the contrary
(Christensen & Tjell, 1983; Clemensson-Lindell ef al., 1992; Theodoratos et
al., 2000; Chiu et al., 2005).

High metal solubility generally corresponded to high metal levels in
plants grown on the Aitik mine tailings both in the NPK treatment and the
sewage sludge-treatment (Papers II and IV). In the field study (Paper II), the
amounts of all metals studied were far above background levels in both
barley and fescue. Barley contained 175 mg Cu kg on NPK-treated tailings
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and 125 mg Cu kg on sludge-treated tailings (Paper II), which exceeded
the maximum tolerable Cu level in dry forage for daily intake by cattle (100
mg kg', NRC, 1980). Copper amounts in red fescue grown on NPK-
treated oxidised tailings in the climate chamber (168 mg kg') also exceeded
this value (Paper 1V) (Figure 11).

Despite indications of higher specific adsorption of some metals in tailings
treated with sewage sludge compared with NPK-treatments, significantly
higher levels of Al, As, Cr, Cu, Pb and Zn were found in red fescue shoots
grown on sludge-treated tailings (Figure 3 in Paper II). In barley plants,
however, only Mn and Zn occurred in higher concentrations in the sewage
sludge treatment (Figure 2 in Paper II). Slightly higher Cu concentrations in
fescue shoots on sludge-treated tailings than on NPK-treated tailings were
also found in the unoxidised tailings in the climate chamber experiment
(Figure 11), despite similar solution concentrations of free Cu in the two
treatments (Paper IV). This promoting effect of the sewage sludge on metal
uptake by fescue may be related to soluble metal-organic complexes in the
sludge-treated tailings (Wallace ef al., 1974; Minnich et al., 1987; McBride,
1989; Zhang et al., 2001). Fulvic acids can promote metal convection and
diftusion and thus increase the delivery of metals from the solid phase of the
tailings to the tailings solution (Wallace et al., 1974; Zhang et al., 2001).
Furthermore, the DOC of the sludge also includes low-molecular weight
organic acids (LOAs; R-(COOH), ), which can form metal complexes that
make the metals more available to the plants than the metal ion alone. The
LOAs are generated through breakdown of organic matter and have been
shown to constitute about 8% of the soluble organic carbon in sewage
sludge (Baham & Sposito, 1983). The presence of anions of LOAs, especially
citrate, malonate, malate and lactate, has been shown to increase the
bioavailability of metals (McBride, 1981; Ahumada et al., 2001; Parker et al.,
2001; Inaba & Takenaka, 2005). However, although plants are able to take
up LOAs (Jones & Darrah, 1992; Molas & Baran, 2004), it is still unclear
whether the plants absorb whole metal-LOA complexes or metals in the
form of free ions resulting from the dissociation of these complexes in the
solution (Molas & Baran, 2004; Inaba & Takenaka, 2005). The uptake
mechanisms are probably plant-specific, which may explain the difference in
sludge effects on metal uptake between red fescue and barley (Paper II). In
previous studies red fescue has been suggested to be able to take up chelated
metals (Boswell, 1975; Miller & Boswell, 1978), while barley has been
shown to have a lower capacity to take up metal chelates than other plant
species (Ebbs & Kochian, 1998).
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However, the effects of sludge seemed to vary between tailings with
different degrees of sulphide oxidation (Paper IV) (Figure 11). The slightly
higher Cu concentrations observed in fescue shoots from sludge-treated
unoxidised tailings were not observed in shoots grown on highly oxidised
tailings. Instead, about 6-fold lower levels of Cu were found in shoots from
sludge-treated tailings compared with NPK-treated tailings under those
conditions. Bearing in mind the weak eftect of the sewage sludge on Cu in
solution, this observation was surprising. However, one should consider the
toxic conditions occurring in those tailings. Root growth in the tailings
without sewage sludge was almost completely inhibited due to toxic
conditions caused by the sulphide oxidation. Surprisingly, shoots were able
to grow in those pots despite the damaged root tissue, but a high flow of
metals from solution to shoots could be expected due to the limited root
biomass. In the sludge-treated tailings root growth was also depressed, but
not to the same extent (Table 4 in Paper IV). This effect of the sewage
sludge on roots was probably more important for Cu uptake in shoots under
those conditions than any sludge eftect on Cu chemistry in solution.
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Figure 11. Cu content in shoots of red fescue (Festuca rubra) grown in climate chamber, with
unoxidised tailings (left), moderately oxidised tailings (center) and highly oxidised tailings
(right). NPK = tailings treated with mineral fertiliser; SS = tailings treated with sewage
sludge. Note the difterent scales.

In tailings with a lower degree of oxidation, the Cu content in roots was
consistently lower in tailings treated with sewage sludge than in NPK-
treated tailings (Figure 3d and 3e in Paper IV). The difference in sludge
effects between roots and shoots in those tailings is difficult to explain, but
may be related to differences in sludge eftects on biomass between roots and
shoots. The higher biomass due to sludge application may have caused a
dilution effect on Cu level in the plants that was greater for roots than shoots
(Table 4 in Paper IV). Another explanation is that metal translocation within
the plants was higher in sludge-treated tailings than in NPK-treated. This
may be related to the soluble metal-organic complexes. When metals are
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bound in neutral-charged complexes with organic compounds, their affinity
for the negative charges in the cell walls is reduced (White, 1981; Cataldo et
al., 1988) and the complexes may therefore be more rapidly transported
from roots to shoots if organic matter is present.

Levels of Cu found in red fescue shoots in the field (Figure 3 in Paper II)
did not agree with the levels found in any of the corresponding treatments
on any of the tailings types used in the climate chamber experiment. There
are a number of differences between these two plant studies, including pH
conditions, NPK fertilisation, plant growth and climatic conditions, that
could explain the different results.
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6 Conclusions

This thesis provides physical, chemical and biological perspectives on how
sulphide oxidation and sewage sludge application influence mine tailings,
with the focus on the first months after oxidation of the tailings.

In relation to the initial objectives formulated it was concluded that:

- From a physical point of view, plants are able to grow on
unoxidised tailings, although the coarse texture and the
predominance of large pores can cause rapid drying of the
tailings and an elevated risk of nutrient leaching from added
fertilisers. In oxidised tailings, however, iron hydroxides formed
during sulphide oxidation can increase the hardness of the
tailings, limiting root penetration.

- From a nutrient perspective, plants are not able to grow in
untreated tailings, mainly due to lack of nitrogen. In tailings
fertilised with either NPK fertiliser or sewage sludge, however,
plants grow well during the initial stage of plant establishment,
as long as pH remains non-acidic, i.e. in unoxidised tailings or in
tailings with a low sulphide level (about 0.1%). Sewage sludge is
superior to NPK fertiliser in terms of biomass production and
plant survival, due to its high content of both nutrients and
organic matter.

- Due to sulphide oxidation processes, the chemical conditions in
tailings with a sulphide level of about 1% can change within
three months after oxidation has started, i.e. during the initial
stage of plant establishment. This results in an inhospitable
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environment for plants due to low pH and increased
concentrations of metals in aqueous solution. Cadmium, Cu, Pb
and Zn are suggested to be the elements that need most
attention in the future management of the Aitik tailings deposit.
Compared to other elements, high proportions of those
elements were found in the most soluble fractions in oxidised
tailings, and their level in solutions increased by 2-3 orders of
magnitude as sulphide oxidation proceeded.

The porosity in the tailings was increased by sludge application
in both unoxidised and oxidised tailings. Sewage sludge addition
resulted in an increased percentage of large pores (diameter 30-
300 pm) and very fine pores (diameter <5 pm) and a slight
increase in plant-available water. In the oxidised tailings there is
a risk of increased cementation in the presence of sewage sludge
or mineral fertiliser.

Slightly higher pH wvalues were occasionally found in tailings
treated with sewage sludge, but in general the buffering effect of
the sewage sludge was limited.

Application of sewage sludge resulted in elevated levels of Zn
and lower levels of As and Cd in the most weakly bound
fraction of the unoxidised tailings, and increased levels of
specifically adsorbed As, Cu and Ni in oxidised tailings, all
compared with the NPK treatment. Red fescue grown on
sludge-treated field plots contained significantly higher levels of
Al, As, Cr, Cu, Pb and Zn compared to the corresponding plots
treated with mineral fertiliser.

In fresh and unoxidised material, leachate concentrations of Al,
Cu, Ni, Pb and Zn were higher in sludge-treated than in NPK-
treated tailings, due to initially high concentrations of dissolved
organic carbon. As leaching proceeded, however, the amounts
of Al, Cu, Mn and Ni leached were more closely related to the
degree of sulphide oxidation occurring in the tailings than to
treatment.



- The effects of the sewage sludge on Cu in solution and plants
depended on the degree of oxidation of the substrate. In
unoxidised tailings, application of sewage sludge resulted in
increased solubility and shoot accumulation of Cu compared
with tailings treated with NPK fertiliser, probably due to DOC
forming soluble complexes with Cu. Sewage sludge also seemed
to promote translocation of Cu to shoots in those tailings. In
oxidised tailings, however, slightly lower contents of total
dissolved Cu and free Cu were found in solution. Under those
conditions considerably lower metal levels were found in fescue
grown on sludge-treated than on NPK-treated tailings, probably
due to beneficial effects of the sludge on plant growth,
moderating the toxic effects caused by the sulphide oxidation. In
general, sludge effects on metal uptake in plants appeared to
depend on plant growth and metal translocations within plants —
factors that can vary widely between species and treatments.

As this thesis shows, sewage sludge is suitable for use as an organic
amendment on the Aitik copper mine tailings, due to the plant nutrition
effect. However, the growing conditions can change rapidly in tailings
containing a sulphide level >1%. When those tailings are oxidised, the sewage
sludge will still have a beneficial effect on plant growth, but its buffering and
immobilising effect will not be sufficient to counteract the toxic conditions
that develop in the tailings.
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7 Future Perspectives

From a metal immobilisation perspective, the possibility of using an organic
amendment that is ‘cleaner’ (i.e. with a lower content of mainly trivalent
metals) than sewage sludge should be considered in the reclamation of the
Aitik mine tailings. Peat is a suitable alternative, but repeated additions of
mineral fertiliser would then be needed as the nutrient content of the peat is
low, limiting the conditions for sustainable growth and long-term survival of
the plants. Furthermore, the use of peat would be much less cost-eftective
than the use of sewage sludge. Alternatively, a combination of sewage sludge
and peat could be used.

In order to obtain a sustainable vegetation cover, the best alternative
would be a sulphide content in the tailings that is sufficiently low at the time
of plant establishment, to avoid a net acidification in the tailings. In that case
there would be no need for a strong metal immobilisation caused by sewage
sludge addition. In pilot trials, the mining company is investigating the
possibilities of reducing the pyrite content in the tailings during the last years
of operation, by introducing a scavenger flotation step in the process. That
will generate a small amount of a product with a very high pyrite content,
which will be managed and deposited separately, and a high amount of
tailings with a low content of pyrite, which would create a top layer suitable
for plant establishment on the deposit. That layer would be expected to have
properties similar to the unoxidised tailings used in Paper IV, i.e. a low
sulphide content and pH values near 7.0. In such a scenario, the use of
sewage sludge instead of mineral fertiliser would result (at least initially) in
somewhat increased metal concentrations in the tailings soil solution, and
possibly also (for red fescue) an increased uptake and translocation of metals.
However, as long as pH remains non-acidic, the metal levels in tailings
solution and plants would remain below toxic levels.
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This thesis highlights areas that need further investigation. The studies
described focused mainly on the first months after exposure of the tailings to
air and mixing with the sewage sludge. Further research on the behaviour of
metals in tailings that have been stabilised for several years after sludge
application is needed to determine the long-term effects of sewage sludge
application, i.e. as the organic matter decomposes further and the biological
activity in the tailings increases. Existing studies on Aitik mine tailings show
that although the organic matter decomposes rapidly during the first
growing season, around half of it may remain in the tailings after five
growing seasons. Increased knowledge is needed on the availability of metals
bound in this remaining organic matter. The long-term effects of the sewage
sludge on metals are uncertain. One alternative is that the organic matter in
the sewage sludge is the major binding agent in the sludge, and that further
mineralisation of the organic matter could release metals into more soluble
forms. Another alternative is that the microbiological activity will cease with
time due to the depletion of degradable humic substances and that metals
bound in both inorganic and organic compounds will be maintained at a
low degree of bioavailability.

Nutrient dynamics, decomposition processes and the role of micro-
organisms in the sludge/tailings mixture were not examined in this work.
Studies on the risk of nitrate and phosphorus leaching from sludge-treated
tailings should be included in any further assessment of the environmental
risks associated with sludge application.

The results presented in this thesis indicate the importance of organic
acids on metal uptake by red fescue grown on the tailings. This should be
explored in more detail, preferably under more controlled conditions in the
absence of oxidative processes. Plant physiological studies on metal
complexes occurring in the xylem sap of plants grown in the absence and
presence of sewage sludge would contribute to knowledge within this area.

Other sampling methods that provide important complementary
information to the lysimeter technique used in this work should be tested, as
they could provide a deeper insight into differences in metal chemistry and
organic acids between bulk solution and rhizosphere solution.
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8 Pa ren svenska (Swedish Summary)

De flesta gruvorna i Sverige ir malmgruvor dir man bryter sulfidmalm, som
innehéller flera olika metaller, t.ex. koppar, zink, guld och silver. For att
anrika metallen krossas malmen till partiklar i sandstorlek och genom en
process som kallas flotation kan den Onskade metallen koncentreras och
transporteras vidare till smiltverken. Metallhalterna i malmen ir mycket liga,
vilket gor att stora mangder malm mdste brytas for varje gram koncentrerad
metall. Foljaktligen produceras stora mingder restprodukter vid metall-
utvinningen. Den krossade malmen som blir kvar och fortfarande kan
innehilla smd mingder sulfider kallas f6r anrikningssand och pumpas ut pi
Oppna magasin. Nir anrikningssanden fir ligga oskyddat utan vixtticke kan
den transporteras av vind och vatten och férorena omgivningarna. Sulfiderna
i sanden kan bérja vittra, vilket kan leda till att surt lakvatten bildas, med
hoga halter av metaller. Att efterbehandla gruvavfall med bista mgjliga
teknik ir dirfor en viktig framtidsfriga for savil gruvindustrin som miljon.
Genom att etablera vegetation pd magasinet kan sanden bindas och ett
fungerande ekosystem aterskapas. For att kunna fi vixter att trivas i den
niringsfattiga sanden madste dock niring tillsittas och forsurning undvikas. I
detta syfte kan avloppsslam anvindas. Avloppsslam ar den restprodukt med
hog halt organiska dmnen, som separerats frin det kommunala avlopps-
vattnet genom sedimentation. Firskt slam innehdller hoga halter kol, kvive
och fosfor och andra vixtniringsimnen, och genom att anvinda slammet p3
gruvavfallsupplag kan dessa amnen komma till nytta for vixterna.
Anvindning av avloppsslam 4r dock inte problemfri, eftersom slammet,
liksom gruvsanden, innehiller metaller som i for hoga koncentrationer ir
giftiga for vixter och djur. Effekterna av att anvinda slam pé anrikningssand
miste darfor undersGkas noga. Den fasta fasen av det organiska materialet 1
slammet kan fastligga metallerna till mindre vixttillgingliga former, men det
finns ocksd en risk for att l9sliga organiska foreningar 1 slammet kan Gka
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metallernas 16slighet 1 sanden och dirfor leda till ett okat vixtupptag av
metaller. P4 sandmagasin med etablerad vegetation forekommer betande
djur, som kan paverkas negativt av vixternas metallhalt.

I min avhandling har jag forsdkt studera anrikningssanden utifrin
vixternas perspektiv, med avseende pa fysikaliska och kemiska forhillanden
och hur dessa paverkas av sulfidvittringen och tillsatser av avloppsslam. Malet
med studierna har varit att ta reda pi hur de kemiska och fysikaliska
villkoren for vixterna i sanden forindras direkt efter att sanden utsitts fOor
vider och vind, och hur tillsats av rotslam piverkar dessa forindringar.
Anrikningssanden har studerats med avseende pa textur (storleken pd
partiklarna), porositet och mingden vixttillgingligt vatten, samt metallers
forekomstformer och 16slighet. Vixter som odlats i sanden har studerats med
avseende pa tillvixt och metallupptag.

Jag fann att 1 ovittrad sand var bidde de fysikaliska och kemiska
torhillandena relativt goda fOor vixterna, si linge man tillsatte niring till
sanden. Utan tillsats av nigot organiskt material finns dock en risk for att
sanden litt torkar ut och att mineralgddselkvive som sitts till sanden lakas ur
pd grund av dominansen av sandpartiklar och relativt grova porer.
Metallosligheten var lig i den ovittrade sanden. Forhallandena forandrades
dock fort efter att sanden utsattes for viader och vind, redan under den forsta
vixtsisongen. Sura forhillanden och hog metalloslighet ledde till himmad
tillvixt och hoga halter av metaller 1 vixterna. Jirnhydroxider som bildats
under forsurningsprocessen kittade ihop sandpartiklarna, vilket Skade det
mekaniska motstindet fSr rotterna.

Tillsats av avloppsslam forindrade porstrukturen i sanden och resulterade
1 en liten 6kning av vixttillgingligt vatten 1 slambehandlad sand jamfort med
sand utan slam. I vittrad sand tycktes bade avloppsslam och mineralgddsel ha
orsakat en Okad aggregering och cementering av sanden. Detta kan ha berott
pa fosfater i bada tillsatserna, som bundits till jirnhydroxiderna. Avlopps-
slammet hammade inte sjilva sulfidvittringen, men hade gynnsamma eftekter
pd vixternas biomassa, oavsett vittringsgrad. Slameffekterna pd metallerna
varierade med graden av sulfidvittring. Overlag var den fastliggande effekten
av slammet pd metaller begrinsad och 1 vissa fall resulterade tillsatsen av
avloppsslam i ett okat metallupptag av vixterna. Mingderna metaller som
frigjordes under sulfidvittringen var storre in slammets buftringskapacitet
med beaktande av de mingder slam som i4r mgjligt att tillsitta. En
forutsittning  for att ett uthdlligt ekosystem skall utvecklas pd ett
slambehandlat sandmagasin 4r darfor att sulfidmingderna i anrikningssanden
reduceras till en nivd som inte leder till sura forhillanden.

52



9 References

Ahumada, I., Mendoza, J., Escudero, P. & Ascar L. 2001. Effect of acetate, citrate and lactate
incorporation on distribution of cadmium and copper chemical forms in soil.
Communications in Soil Science and Plant Analysis, 32, 771-785.

Allan, R. 1997. Introduction: Mining and metals in the environment. Journal of Geochemical
Exploration, 58, 95-100.

Alloway, B. J. 1990. Soil processes and the behaviour of metals. In: Heavy Metals in Soils.
(ed. B.J. Alloway), pp 7-29, John Wiley & Sons, Inc., New York..

Alloway, B.J. & Jackson. 1991. The behaviour of heavy metals in sewage sludge amended
soils. Science of the Total Environment, 100, 151-176.

Archer, 1., Marshman, N.A. & Salomons, W. 1988. Development of a revegetation
programme for copper and sulphide-bearing mine wastes in the humid tropics. In:
Environmental Management of Solid waste - Dredged Material and Mine Tailings. (eds
W. Salomons, U. Forstner), pp 166-184. Springer-Verlag, Berlin.

Asadu, C.L.A., Ucheonye-Oliobi, C. & Agada, C. 2008. Assessment of sewage sludge
application in southeastern Nigeria. Part 1: Impact on selected soil morphological and
physical properties. Outlook on Agriculture, 37, 57-62.

Ashworth, D.J. & Alloway, B.J. 2007. Complexation of copper by sewage sludge-derived
dissolved organic matter: Effects of soil sorption behaviour and plant uptake. Water Air
and Soil Pollution, 182, 187-196.

Askaer, L., Schmidt, L.B., Elberling, B., Asmund, G. & Jénsdéttir, 1.S. 2008. Environmental
impact on an arctic soil-plant system resulting from metals released from coal mine waste
in Svalbard (78° N). Water, Air and Soil Pollution. In press.

Baham, J. & Sposito, G. 1983. Chemistry of water-soluble, metal-complexing ligands
extracted from an anaerobically-digested sewage sludge. Journal of Environmental Quality,
12, 96-100.

Basta, N.T. & Sloan, J.J. 1999. Bioavailability of heavy metals in strongly acidic soils treated
with exceptional quality biosolids. Journal of Environmental Quality, 28, 633-638.

Bellaloui, A., Chtaini, A., Ballivy, G. & Narasiah, S. 1999. Laboratory investigation of the
control of acid mine drainage using alkaline paper mill waste. Water, Air and Soil Pollution,
111, 57-73.

53



Bengough, A.G. & Mullins, C.E. 1990. Mechanical impedance to root growth: a review of
experimental techniques and root growth responses. European Journal of Soil Science, 41,
341-358.

Bennie, A.T.P. & Burger, R.T. 1988. Penetration resistance of fine sandy apedal soils as
affected by relative bulk density, water content and texture. Journal of Soil Science, 41, 341~
358.

Bergholm, J. & Steen, E. 1989. Vegetation establishment on a deposit of a zinc mine wastes.
Environmental Pollution, 56, 127-144.

Blowes, D.W. & Ptacek, C.J. 1994. Acid-neutralization mechanisms in inactive mine tailings.
In: The Environmental Geochemistry of Sulfide Mine-wastes. Short Course Handbook. Vol 22.
(eds D.W. Blowes, & J. L. Jambor), pp. 271-292. Waterloo, Ontario.

Borgegird, S-O. & Rydin, H. 1989. Utilization of waste products and inorganic fertilizer in
the restoration of iron-mine tailings. Journal of Applied Ecology, 26, 1083-1088.

Boswell, F.C. 1975. Municipal sewage sludge and selected elements applications to soil: effect
on soil and fescue. Journal of Environmental Quality, 4, 267-273.

Bourg, A. C. M. 1988. Metals in aquatic and terrestrial systems: sorption, speciation and
mobilization. In: Environmental Management of Solid Waste - Dredged Material and Mine
Tailings. (eds W. Salomons, U. Forstner), pp 3-32. Springer-Verlag, Berlin.

Bowen, H.J.M. 1979. Environmental Chemistry of the Elements. Academic Press, London.

Bradshaw, A.D. & Chadwick, M.J. 1980. The Restoration of Land. The Pitman Press, Oxford.

Brady, N.C., & Weil, R.R. 1996. The Nature and Properties of Soils (11" edition). Prentice Hall
International, New Jersey.

Bruggenwert, M.G.M., Hiemstra, T. & Bolt, G.H. 1991. Proton sinks in soil controlling soil
acidification. In: Soil Acidity. (eds 1. Ulrich, & M.E. Sumner), pp. 8-27. Springer Verlag,
Berlin Heidelberg.

Carter, M.R. 1993. Soil Sampling and Methods of Analysis. Canadian Society of Soil Science,
CRC Press, Florida.

Cataldo, D.A., McFadden, K.M., Garland, T.R. & Wildung, R.E. 1988. Organic
constituents and complexation of nickel (II), iron (III), cadmium (II), and plutonium (IV)
in soybean xylem exudates. Plant Physiology, 86, 734-739.

Cederlund, G., Ljungqvist, H., Markgren, G. & Stilfelt, F. 1980. Foods of moose and roe-
deer at Grimsd in central Sweden, results of rumen content analyses. Swedish Wildlife
Research, 11, 169-247.

Cheong, Y-W., Min, J-S. & Kwon, K-S. 1998. Metal removal efficiencies of substrates for
treating acid mine drainage of the Dalsung mine, South Korea. Journal of Geochemical
Exploration, 64, 147-152.

Chiu, KK., Ye, Z.H. & Wong, M.H. 2005. Growth of Vetivera zizanioides and Phragmites
australis on Pb/Zn and Cu mine tailings amended with manure compost and sewage
sludge: A greenhouse study. Bioresource Technology, 97, 158-170.

Christensen, T. H. & Tjell, J. C. 1983. Interpretation of Experimental Results on Cadmium
Crop Uptake from Sewage Sludge Amended Soil. Processing and Use of Sewage Sludge.
Proceedings of the Third International Symposium. Brighton, September 27-30, 1983. D. Reidel
Publishing Company, Brighton.

54



Clemensson-Lindell, A., Borgegird, S-O. & Persson, H. 1992. Reclamation of Mine Waste and
Its Effects on Plant Growth and Root development — a Literature Review. Department of
Ecology and Environmental Research. Swedish University of Agricultural Sciences,
Uppsala.

Cravotta, C. A. 1998. Effect of sewage sludge on formation of acidic ground water at a
reclaimed coal mine. Ground Water, 35, 9-19.

Da Pelo, S., Musu, E., Cidu, R., Frau, F. & Lattanzi, P. 2008. Release of toxic elements
from rocks and mine wastes at the Furtei gold mine (Sardinia, Italy). Journal of Geochemical
Exploration. In press.

Datta, S.P. & Young, S.D. 2005. Predicting metal uptake and risk to the human food chain
from leaf vegetables grown on soils amended by long-term application of sewage sludge.
Water Air and Soil Pollution, 163, 119-136.

Draskovic, D. 1973. Reclamation methods to prevent water pollution in the Morava river
watershed. In: Ecology and Reclamation on Devastated Land. Vol. II. (eds R.J. Hutnik & G.
Davis), pp. 361-378. Gordon and Breach, New York.

Ebbs, S.D. & Kochian, L.V. 1998. Phytoextraction of zinc by oat (Avena sativa), barley
(Hordeum vulgare), and Indian mustard (Brassica juncea). Environmental Science and
Technology, 32, 802-806.

Edgerton, B.R., Sopper, W.E. & Kardos, L.T. 1975. Revegetating bituminous strip-mine
spoils with municipal wastewater. Part II: Quality of the leachate and spoil chemical
changes. Compost Science, 16, 10-15.

Egnér, H., Riechm, H. & Domingo, W.R. 1960. Untersuchungen iiber die chemische
Bodenanalyse als Grundlage flir die Beurteiling des Nihrstoftzustandes der Béden. 11
Chemische Extraktionsmethoden zur Phosphor- und Kaliumbestimmung. Kungliga
Lantbrukshdgskolans Annaler, 26, 199-215. (In German)

Eriksson, J.E. 1989. The influence of pH, soil type and time on adsorption and plant uptake
by plants of Cd added to the soil. Water, Air and Soil Pollution, 48, 317-335.

Eriksson, B. 1992. Climate. In: Agriculture National Atlas of Sweden. (eds. A. Clason & B.
Granstrom), pp. 14-21. SNA Publishing, Stockholm.

Eriksson, J. 2000. Tillstindet 1 svensk dkermark och spannmalsgréda. Report 5062. Swedish
Environmental Protection Agency, Stockholm. (In Swedish with English summary)

Eriksson, J. 2001. Concentrations of 61 trace elements in sewage sludge, farmyard manure,
mineral fertiliser, precipitation, soil and crops. Report 5159. Swedish Environmental
Protection Agency, Stockholm.

Ernst, W.H.O. 1988. Response of plants and vegetation to mine tailings and dredged
materials. In: Chemistry and Biology of Solid Waste, Dredged Material and Mine Tailings. (eds.
W. Salomons & U. Forstner), pp. 54-69. Springer-Verlag, Berlin.

Evangelou, V.P. 1995. Pyrite Oxidation and Its Control. CRC Press, Florida.

Fairley, M. A., Farmer, J. G., Paterson, J. E., Pollard, S. J. T. & Rees, R. M. 1998. The fate
of heavy metals in materials used for land reclamation. Proceedings of the sixth International
FZK/TNO Conference on Contaminated Soil. May 17-21, 1998. Edinburgh.

Ferguson, K.D. & Erickson, P.M. 1988. Pre-mine prediction of acid mine drainage. In:
Environmental Management of Solid Waste. Dredged Material and Mine Tailings. (eds W.
Salomons & U. Forstner), pp. 24-43. Springer-Verlag, Berlin.

55



Froberg, G. & Hoglund, L.O. 2004. MiMi Light — en populdirvetenskaplig sammanfattning av
MiMi-programmets forskning kring efterbehandling av gruvavfall. MiMi Report 2004:8. ISSN
1403-9478, MiMi Print, Luled. (In Swedish)

Gleisner, M. 2005. Quantification of Mineral Weathering Rates in Sulfidic Mine Tailings under
Water-saturated Conditions. PhD Thesis. Department of Geology and Geochemistry,
Stockholm University, Stockholm.

Hao, X.Z., Zhou, D.M. & Si, Y.B. 2004. Revegetation of copper mine tailings with ryegrass
and willow. Pedosphere, 14, 283-288.

Hartman, H.L. 1987. Introductory Mining Engineering. Wiley, New York.

Harwood, J. J., Koirtyohann, S. R. & Schmitt, C. J. 1987. Effects of cover materials on
leaching of constituents from dolomitic lead mine tailings. Water, Air & Soil Pollution, 34,
31-43.

He, Q.B., & Singh, B.R. 1993. Effect of organic matter on the distribution, extractability
and uptake of cadmium in soils. Journal of Soil Science, 44, 641-650.

Hettiarichichi, G.M., Pierzynski, G.M., Zwonitzer, J. & Lambert, M. 1997. Phosphorous
source and rate effects on cadmium, lead and zinc bioavailabilities in a metal-
contaminated soil. Proceedings from the fourth International Conference on the Biogeochemistry of
Trace Elements, 23-27 June 1997. Berkeley.

Hooda, P.S., McNulty, D., Alloway, B J., Aitken, M.N. 1997. Plant availability of heavy
metals in soils previously amended with heavy applications of sewage sludge. Journal of
the Science of Food and Agriculture, 73, 446-454.

Inaba, S. & Takenaka, C. 2005. Effects of dissolved organic matter on toxicity and
bioavailability of copper for lettuce sprouts. Environment International, 31, 603-608.

Johansson, W. & Linnér, H. 1977. Bevattning. Behov — Effekter — Teknik. LTs forlag AB,
Boris. (In Swedish)

Jones, D.L. & Darrah, P.R. 1992. Resorption of organic-components by roots of Zea-mays
L. and its consequences in the rhizosphere. 1. Resorption of "“C labeled glucose, mannose
and citric-acid. Plant and Soil, 143, 259-266.

Kabata-Pendias A. 2001. Trace Metals in Soils and Plants. CR.C Press, Florida.

Kerndorft, H. & Schnitzer, M. 1980. Sorption of metals on humic acid. Geochimica et
Cosmochimica Acta, 44, 1701-1708.

Kim, S.D., Kilbane, J.J. & Cha, D.K. 1999. Prevention of acid mine drainage by sulfate
reducing bacteria: organic substrate addition to mine waste piles. Environmental Engineering
Science, 16, 139-145.

Kleinmann, R.L.P., Crerar, D.A. & Pacelli, R.R. 1981. Biogeochemistry of acid mine
drainage and a method to control acid formation. Mining Engineering, 33, 300-305.

Lan, C.Y. Shu, W.S. & Wong, M.H. 1998. Reclamation of Pb/Zn mine tailings at
Shaoguan, Guangdong province, people’s republic of China: The role of river sediment
and domestic refuse. Bioresource Technology, 65, 117-124.

Landner, L. & Reuthner, R. 2004. Metals in Society and in the Environment — A Critical Review
on Current Knowledge on Fluxes, Speciation, Bioavailability and Risk. Kluwer Academic
Publishers, Dordrecht.

56



Ledin, S. 2006. Metoder for vixtetablering pd sandmagasinet vid Aitik — miljoeffekter av rétslam som
Jjordforbittringsmedel. Report 5. ISSN 1653-6797. Division of Hydrotechnics, Department
of Soil Sciences, Swedish University of Agricultural Sciences, Uppsala. (In Swedish)

Lin, Z. 1997. Mobilization and retention of heavy metals in mill-tailings from Garpenberg
sulfide mines, Sweden. Science of the Total Environment, 198, 13-31.Lindvall, M. 2005.
Strategies for Remediation of Very Large Deposits of Mine Waste; the Aitik Mine, Northern
Sweden. Licentiate Thesis. Department of Chemical Engineering and Geosciences. Luled
University of Technology, Lulea.

Lindvall, M. & Eriksson, N. 2003. Investigations of Weathering Properties of Tailings Sand from
Boliden’s Aitik Copper Mine, Sweden — A Summary of twelve Years of Investigations. Proceedings
of the sixth international conference on acid rock drainage (ICARD), July 12-18, 2003. Cairns.

Lofts, S., Spurgeon, D J., Svendsen, C. & Tipping, E., 2004. Deriving soil critical limits for
Cu, Zn, Cd, and Pb: A method based on free ion concentrations. Environmental Science
and Technology, 38, 3623-3631.

Loomis, E. C. & Hood, W. C. 1984. The Effects of Anaerobically Digested Sludge on the
Oxidation of Pyrite and the Formation of Acid Mine Drainage. Symposium on Sutface Mining,
Hydrology, Sedimentology, and Reclamation. University of Kentucky, Lexington, Kentucky. Dec
2-7, 1984. Lexington.

McBride, M. B. 1989. Reactions Controlling Heavy Metal Solubility in Soils. In: Advances in
Soil Science, 10. (ed. B.A. Stewart), pp. 1-56. Springer-Verlag, New York.

McBride, M.B. 1994. Environmental Chemistry of Soils. Press Inc, New York.

Meyer, G., Waschkies, C. & Hiittl, R.F. 1999. Investigations on pyrite oxidation in mine
spoils of the Lusatian lignite mining district. Plant and Soil, 213, 137-147.

Miller, J.& Boswell, F.C. 1978. Transfer of heavy metals from sewage sludge to fescue to rat
tissues. Federation Proceedings, 37, 894.

Minnich, M.M., McBride, M.B. & Chaney, R.L. 1987. Copper activity in soil solution: II.
Relation to copper accumulation in young snapbeans. Soil Science Society of America Journal,
51, 573-578.

Lin, Z. 1997. Mobilization and retention of heavy metals in mill-tailings from Garpenberg
sulfide mines, Sweden. Science of the Total Environment, 198, 13-31.

Lofts, S., Spurgeon, D.J., Svendsen, C. & Tipping, E. 2004. Deriving soil critical limits for
Cu, Zn, Cd, and Pb: A method based on free ion concentrations. Environmental Science &
Technology, 38, 3623-3631.

Luther, G.W., Kostka, J.E., Church, T.M., Sulzberger, B. & Stumm, W. 1992. Seasonal iron
cycling in the salt-marsh sedimentary environment: the importance of ligand complexes
with Fe(II) and Fe(III) in the dissolution of Fe(III) minerals and pyrite, respectively.
Marine Chemistry, 40, 81-103.

McGrath, S.P., Zhao, S.J., Dunham, S.J., Crosland, A.R. & Coleman, K. 2000. Long-term
changes in the extractability and bioavailability of zinc and cadmium after sludge
application. Journal of Environmental Quality, 29, 875-883.

McLaughlin, M J., Smolders, E. & Merckx, R. 1998. Soil-root interface: Physicochemical
processes. In: Soil Chemistry and Ecosystem Health (ed. P.M. Huang), pp. 233-277, Special

Publication 52, Soil Science Society of America.

57



Meyer, G., Waschkies, C. & Hiittl, R.F. 1999. Investigations on pyrite oxidation in mine
spoils of the Lusatian lignite mining district. Plant and Soil, 213, 137-147.

Milne, C.J., Kinniburgh, D.G., van Riemsdijk, W.H. & Tipping, E. 2003. Generic NICA-
Donnan model parameters for metal-ion binding by humic substances. Environmental
Science & Technology, 37, 958-971.

Minnich, M.M., McBride, M.B. & Chaney, R.L. 1987. Copper activity in soil solution: II.
Relation to copper accumulation in young snapbeans. Soil Science Society of America Journal,
51, 573-578.

Molas, J. & Baran, S. 2004. Relationship between the chemical form of nickel applied to the
soil and its uptake and toxicity to barley plants (Hordeum vulgare L.). Geoderma, 122, 247-
255.

Morel, F.M.M. 1983. Principles of Aquatic Chemistry. Wiley & Sons, Somerset.

NRC (National Research Council). 1980. Mineral Tolerance of Domestic Animals. National
Academy of Science, Washington DC.

Ollier, C. 1969. Weathering. (ed. K.M. Clayton) Oliver & Boyd Ltd, Edinburgh.

Parker, D.R., Fedler, J.F., Ahnstrom, Z.A.S. & Resketo, M. 2001. Reevaluating the free-ion
activity model of trace metal toxicity toward higher plants: Experimental evidence with
copper and zinc. Environmental Toxicology and Chemistry, 20, 899-906.

Passioura, J.B. 2002. Soil conditions and plant growth. Plant, Cell and Environment, 25, 311-
318.

Peters, T.H. 1970. Using vegetation to stabilize mine tailings. Journal of Soil and Water
Conservation, 25, 65-66.

Peterson, J. R. & Gschwind, J. 1972. Leachate quality from acidic mine spoil fertilized with
liquid digested sewage sludge. Journal of Environmental Quality, 1, 410-412.

Pichtel, J. R., Dick, W. A. & Sutton, P. 1994. Comparison of amendments and management
practices for long-term reclamation of abandoned mine lands. Journal of Environmental
Quality, 23, 766-772.

Pietz, R.I., Carlsson, C.R., Peterson, J.R., Zenz, D.R. & Lue-Hing, C. 1989. Application of
sewage sludge to coal refuse material: II. Effects on revegetation. Journal of Environmental
Quality, 18, 169-173.

Pinheiro, J.P., Mota, A.M. & Benedetti, M.F. 2000. Eftect of aluminum competition on lead
and cadmium binding to humic acids at variable ionic strength. Environmental Science and
Technology, 34, 5137-5143.

Plass, W.T. 2000. History of surface mining reclamation and associated legislation. In:
Reclamation of Drastically Disturbed Lands. Agronomy 41. (eds. Barnhisel, R.I., Darmody,
R.G. & Daniels, W.L.), pp 1-20. American Society of Agronomy, Crop Science Society
of America, and Soil Science Society of America, Madison, WI.

Reuther, L. & Landner, R. 2004. Metals in Society and in the Environment. Springer Verlag,
Dordrecht.

Rietra, R., Hiemstra, T. & van Riemsdijk, W.H. 2001. Interaction between calcium and
phosphate adsorption on goethite. Environmental Science and Technology, 35, 3369-3374.

Ross, S. M. 1994. Retention, transformation and mobility of toxic metals in soils. In: Towxic
Metals in Soil-Plant Systems. (ed S.M. Ross), pp. 63-152. John Wiley & Sons, Surrey.

58



Sauvé, S., Cook, N., Hendershot, W.H., McBride, M.B., 1996. Linking plant tissue
concentrations and soil copper pools in urban contaminated soils. Environmental Pollution,
94, 153-157.

Schnitzer, M. 1986. Binding of humic substances by soil mineral colloids. In: Interactions of
Soil Minerals with Natural Organics and Microbes. (eds P.M. Huang & M. Schnitzer), pp. 77-
101, Soil Science Society of America, 17.

Sidle, R.C., Chambers, J.C. & Amacher, M.C. 1991. Fate of heavy metals in an abandoned
lead-zinc tailings pond: II. Sediment. Journal of Environmental Quality, 20, 752-758.

Singer, P.C. & Stumm, W. 1970. Acidic mine drainage: The rate-determining step. Science,
167, 1121-1123.

Singh, R.P. & Grawal, M. 2007. Effects of sewage sludge amendment on heavy metal
accumulation and consequent responses of Beta vulgaris plants. Chemosphere, 67, 2229-
2240.

Smith. R.A.H. & Bradshaw, A.D. 1979. The use of metal tolerant plant populations for the
reclamation of metalliferous wastes. Journal of Applied Ecology, 16, 595-612.

Sohlenius, G. & Oborn, 1. 2004. Geochemistry and partitioning in acid sulphate soils in
Sweden and Finland before and after sulphide oxidation. Geoderma, 122, 167-175.

Sopper, W. E. 1993. Municipal Sludge Use in Land Reclamation. CR.C Press, Florida.

Stréomberg, B. & Eriksson, N. 1996. Vittringsegenskaper hos anrikningssand: En analys av
fuktkammarforsék med anrikningssand fran Aitik. Rapport 3022. Institutionen for
anligegning och miljé. Kungliga Tekniska Hogskolan, Stockholm. (In Swedish)

Stockholm Vatten. Nirsalter 1 slam ar 2002, Henriksdals reningsverk. Stockholm Vatten. (In
Swedish)

Stumm, W. & Morgan, J. J. 1996. Aquatic Chemistry: Chemical Equilibria and Rates in Natural
Waters. 3" edition. John Wiley & Sons, New York.

Swedish Environmental Protection Agency. 1996. Floden av organiskt avfall. Report 4611.
Naturvardsverkets forlag, Stockholm. (In Swedish)

Swedish Environmental Protection Agency. 1998. Gruvavfall- Miljéeffekter och behov av
dtgirder. Report 4948. Naturvirdsverkets forlag, Stockholm. (In Swedish)

Szikova, J., Tlustos, P., Balik J., Pavlikovd, D. & Vanek, V. 1999. The sequential analytical
procedure as a tool for evaluation of As, Cd and Zn mobility in soil. Fresenius Journal of
Analytical Chemistry, 363, 594-595.

Tester, C.F. 1990. Organic amendment effects on physical and chemical properties of a sandy
soil. Soil Science Society of America Journal, 54, 827-831.

Theodoratos, P., Moirou, A., Xenidis, A. & Paspaliaris, I. 2000. The use of municipal sewage
sludge for the stabilization of soil contaminated by mining activities. Journal of Hazardous
Materials, B77, 177-191.

Tipping, E. 2002. Cation Binding by Humic Substances. 1" edition. Cambridge Environmental
Chemistry Series 12. Cambridge University Press, Cambridge.

Tuttle, J. H. & Dugan, P. R. 1976. Inhibition of growth, iron, and sulfur oxidation in
Thiobacillus ferroxidans by simple organic compounds. Canadian Journal of Microbiology, 22,
719-730.

Viets, F.G. 1962. Chemistry and availability of micronutrients in soils. Journal of Agricultural
and Food Chemistry, 10, 174-178.

59



Voeller, P. J., Zamora, B. A. & Harsh, J. 1998. Growth response of native shrubs to acid
mine spoil and to proposed soil amendments. Plant and Soil, 198, 209-217.

Wakao, N., Mishina, M., Sakurai, Y. & Shiota, H. 1983. Bacterial pyrite oxidation II. The
effect of various organic substances on release of iron from pyrite by Thiobacillus
Sferroxidans. Journal of General and Applied Microbiology, 29, 177-185.

Wallace, A., Mueller, R. T., Cha, J. W. & Alexander, G. V. 1974. Soil pH, excess lime, and
chelating agent on micronutrients in soybeans and bush beans. Agronomic Journal, 66, 698-
700.

Wang, X., Chen, T., Ge, Y. & Jia Y. 2008. Studies on land application of sewage sludge and
its limiting factors. Journal of Hazardous Materials. In press.

‘Wanhainen, C., Kontturi, M. & Martinsson, O. 2003. Copper and gold distribution at the
Aitik deposit, Gallivare Area, Northern Sweden. Applied Earth Science, 112, B260-B267.
Weber, J., Karcewska, A., Drozd, M., Licznar, M., Licznar, S., Jamroz, E. & Kocowicz, A.
2007. Agricultural and ecological aspects of a sandy soil as affected by the application of

municipal solid waste compost. Soil Biology & Biochemistry, 39, 1294-1302.

Wennman, P. & Kitterer, T. 2004. Effects of moisture and temperature on carbon and
nitrogen mineralization in mine tailings mixed with sewage sludge. Journal of
Environmental Quality, 35, 1135-1141.

White, P.J. 2001. The pathways of calcium movement to the xylem. Journal of Experimental
Botany, 52, 891-899.

Wilden, R., Schaaf, W. & Hiittl, R.F. 1999. Soil solution chemistry of two reclamation sites
in the Lusatian lignite mining district as influenced by organic matter application. Plant
and Soil, 213, 231-340.

Wong, M.H. & Lau, W.M. 1985. The eftects of applications of phosphate, lime, EDTA,
refuse compost and pig manure on the Pb contents of crops. Agricultural Wastes, 12, 61-
75.

Ye, Z.H., Yangb, Z.Y., G., Chanc, Y.S. & Wong, M.H. 2001. Growth response of Sesbania
rostrata and S. cannabina to sludge-amended lead/zinc mine tailings - A greenhouse study.
Environmental International, 26, 449-455.

Younger, P.L., Curtis, T.P., Jarvis, A. & Pennell, R. 1997. Eftective passive treatment of
aluminium-rich, acidic colliery spoil drainage using a compost wetland at Quaking
Houses, County Durham. Journal of Chartered Institution of Water and Environmental
Management, 11, 200-208.

Zabowski, D. & Everett, R.L. 1997. Extractable metals and plant uptake with amelioration
and revegetation of abandoned copper mine tailings. Proceedings of a Conference on the
Biogeochemistry of Trace Elements, Taipei, Taiwan, September 5-10, 1993. Taipei.

Zhang, H., Zhao, F., Sun, B., Davison, W. & McGrath, S.P. 2001. A new method to
measure effective soil solution concentration predicts copper availability to plants.
Environmental Science and Technology, 35, 2602-2607.

Zhou, L.X., Yang, H., Shen, Q.R., Wong, M.H. & Wong, J.W.C. 2000. Fractionation and
characterization of dissolved organic matter derived from sewage sludge and compost

sludge. Environmental Technology, 21, 765-771.

60



Special Appendix (see section 9 for
sources)

Supplementary Information about Sulphide Oxidation and
Buffering Processes

The sulphide oxidation process can be described by a sequence of reactions
(Singer & Stumm, 1970; Kleinmann et al., 1981; Stumm & Morgan, 1996):

FeS,+7/20,+HO — Fe’ +2S0,” +2H’ (1)
Fe” +5/2H,0 + 1/4 O, = Fe(OH), (s) + 2 H' )
Fe"' +1/20,+H — Fe +1/2H,0 3)
FeS,+ 14 Fe” + 8 H,O — 15Fe” +2S0,"+ 16 H' 4)

The formation of sulphuric acid and ferric hydroxide (reactions 1 and 2) is
spontaneous and leads to a decrease in pH. The formation of acid is a very
important factor in the continued weathering of the sulphide minerals. As
pH falls, the abiotic oxidation of Fe’ slows down. The bacteria Thiobacillus
ferroxidans, whose optimum pH for growth is in the range 2-3.5, will then
play a significant role in the oxidisation of Fe’" (reaction 3). The oxidation of
Fe’" to Fe’" is accelerated by Thiobacillus ferroxidans by a factor > 10°. This
allows reaction 2 to continue, producing protons and ferric hydroxide. In
the last stage (reaction 4) Fe' is the major oxidant of the pyrite (Singer &
Stumm, 1970; Kleinmann et al., 1981).
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The weathering of the sulphide minerals chalcopyrite (CuFeS,) and
sphalerite (ZnS) is similar and can be described by the following reactions
(Stromberg & Eriksson, 1996):

CuFeS,+ 4 O,—> Cu” + Fe”" + 2 S0, (5)
ZnS +2 0, > Zn” +S0O,” (6)

The dissolution of carbonates, aluminium hydroxide and alumino-silicate
(e.g. chlorite) can reduce the acidity as shown by the following reactions
(Bellaloui et al., 1998):

CaCO+2H" — H,CO+Ca” 7)
Al(OH),+3H — AI"'+3HO (8)
MgALSi,O, (OH),+ 16 H — 5Mg" +2 Al + 3 HSiO,+ 6 H,O (9)

In the initial stages of sulphide oxidation the dissolution of calcite, the most
soluble of the common carbonate minerals, is favoured (reaction 7). As acid
generation continues, and the carbonate minerals are consumed, pH
declines until the next pH buffer, AI(OH),, takes over (reaction 8).
Dissolution of AI(OH), buffers the pH to values between 4.0 and 4.3.
When AI(OH),is consumed, pH again declines, favouring the dissolution of
Fe(OH),, resulting in pH values below 3.5. The buffering by alumino-
silicates (reaction 9) takes place under all pH conditions, but not until very
low pH conditions, when all carbonates and hydroxides are consumed, does
the dissolution of the silicate minerals become an important acid-
neutralisation mechanism (Blowes & Ptacek, 1994).
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