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Sammanfattning
Gruvavfall har producerats under manga arhundraden, men gruvdrift och avfallsmangderna
har okat betydligt under 1900-talet i jamforelse med tidigare sekler. Avfall fran gruvdrift utgor
en stor potentiell miljorisk eftersom tungmetaller och syra kan frigoras i stora manger till
dranagevattnet fran sadant avfall. Mikrobiologiska processer bidrar vasentligt till de
miljoproblem gruvavfall orsakar. Emellertid kan mikroorganismer ocksa utnyttjas for att
minska de negativa miljokonsekvenser gruvavfall for med sig.
Gruvavfall och dranagevatten fran gruvavfall kan behandlas med konventionella metoder,
sasom tillsats av alkali for att hqja pH och darmed falla metaller i partikular, avskiljbar form.
Den storsta nackdelen med denna metod ar att tillsatsen av alkali maste upprepas kontinuerligt
for full effektivitet, vilket blir kostsamt i langden. En sadan behandling kan ocksa ha en
skadlig inverkan pa mikroorganismer som ar fordelaktiga att ha i ett gruvavfall eller
dranagevatten. Ett flertal andra metoder har ocksa utvecklats for att minska gruvavfallets
miljoproblem. Metoderna kan indelas i tva huvudgrupper, de som behandlar det fasta
gruvavfallet och de metoder som innebar en behandling av dranagevattnet. Genom att minska
tillforsel av vatten och syre till det fasta gruvavfallet, minskar man samtidigt forutsattningarna
for mikrobiologisk och kemisk vittring av pyrit, vilket i sin tur minskar utlakningen av
metaller och syra till miljon. En sadan behandling kan astadkommas genom att man tacker
over avfallet eller deponerar det under vatten. Plantering ovanpa tackmaterialet bidrar
formodling ocksa till att minska tillfbrseln av vatten och syre till avfallet, och kommer
dessutom att ge deponin ett mer tilltalande utseende. For att en tackning skall fungera kravs
att syrefria forhaallanden uppnas i deponin for att pa sa vis forhindra att pyritoxiderande
bakterier forokar sig och for att om mojligt uppna sulfatreduktion som i sin tur kan resultera i
olosliga metallsulfider. Under vissa forhallanden kan anaerob mikrobiell jarnreduktion ske,
vilket kan resultera i en okad rorlighet av metaller fran deponin. Det ar ocksa mqjligt att
jasande bakterier bildar enkla organiska syror som kan mobilisera metaller. Pyritoxiderande
bakterier kan hammas genom tillsats av olika kemikalier, sasom tensider eller detergenter,
men sadana behandlingsmetoder maste kontinuerligt upprepas for att bibehalla verkan och ar
darmed kostsamma.
Den andra huvudgruppen av behandlingsmetoder for att reducera negativa miljoeffekter fran
gruvavfall ar att behandla dranagevattnen. Olika metoder utnyttjar mikroorganismer for detta
syfte. Sulfatreducerande bakterier, metalloxiderande eller reducerande bakterier, och
mikroorganismer som ackumulerar metaller ar nagra exempel. Ofta anvander man sig av
nagon form av reaktorkonstruktion for att pa ett effektivt vis kunna kontrollera dessa
processer. Nyligen har man borjat intressera sig for att utnyttja naturliga eller konstgjorda
vatmarker for behandling av dranagevatten fran gruvavfall. Det ar en billig metod som kraver
lite underhall. Bakteriell sulfatreduktion och ackumulering av metaller till mikroorganismer ar
processer man vill stimulera i vatmarksystem. Lingtidseffekter vid vatmarksanvandning ar
daligt undersokt, men vissa rapporter gor gallande att vatmarksmaterialet maste fornyas for att
behandlingen skall vara langsiktigt effektiv. Det kan skapa nya problem med deponering av
forbrukat, metallrikt material. Vid vatmarksanvandning finns ocksa en risk att bakteriell
jarnreduktion, om jam finns tillgangligt, kan konkurrera ut den onskade sulfatreduktionen.
Generellt sett har inverkan av mikrobiell aktivitet forsummats vid konstruktion av
behandlingssytem for gruvavfall. De fiesta system konstrueras vanligen ur ett mer eller

mindre tekniskt perspektiv. Det kan resultera i att ovantade mikrobiella processer upptrader,
som i varsta fall kan ge effekter motsatta de onskade.
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Abstract

Mining for metals is and has been a major industrial activity in many
countries. Resulting in generation of mine waste in large amounts. Mine
waste with high concentration of heavy metals is generally toxic to
environment. Acid generation or acid mine drainage (AMD) is the most
common problem in the tailings. The acid environment may also tend to
mobilize many metals, resulting in releasing of heavy metals from mine
waste. The primary factors, directly involved in the formation of AMD, are
the presence of sulfide minerals, oxygen, water, ferric iron and iron oxidizing
bacteria. Another factor influencing AMD is the presence of carbonate
minerals that neutralize the acidity.
Microorganisms can influence the mobility of the metals in the mine waste in
several ways. Some bacteria belong to genus Thiobacillus can increase the
acidity of the tailings area by the oxidation of sulfide minerals under aerobic
conditions. In this way the oxidation of sulfides in tailings and the conversion
to sulfuric acid tends the mobility of many metals. Another group of bacteria
that can influence the mobility of the metals in the mine waste are iron
reducing bacteria (IRB). Iron reducing bacteria such as Shewanella
putrefaciens are able to reduce Fe(III) under anaerobic conditions. Many
metals are associated to iron and manganese hydroxide. Reduction of Fe(III)
and Mn(III, IV) leads to a mobilization of the associated metals.
Mining activities in Ranstad uranium mine which is located in the south of
Sweden started in 1965 and ended in 1969. The alum shale from mining
operation contained 300 g/t uranium and some other minerals which
presented in table 7. In 1988 the final restoration was discussed, and it was
proposed to water fill the open pit and cover the waste disposal area using the
"dry method". Today open pit has become a lake which is called lake
Tranebarssjon. Also some alum shale was placed on the land surface where it
has been weathered by oxygen and water during 30 years.
In 1994 it was observed that the color of the lake Tranebarssjon turned over to
brown-red . Further studies were showed increasing in iron concentration in
the lake and around the tailings area. Therefore we motivated to study
microbial iron reduction in the lake and tailings area. For estimation of
microbial iron reduction in the lake, three iron reducing bacteria (Strains
Tran-1, Tran-2, Tran-3) were isolated from the water-filled open pit. For the

enrichment process, water samples were inoculated in an anoxic enrichment
medium. The isolates were able to reduce Fe(III) oxyhydroxide by oxidation
of lactate as energy source. Growth of these strains was determined by
production of a black precipitation of iron sulfide and was confirmed by
estimation of total number of cells (AODC). Fe(III) reduction was monitored
by measuring the accumulation of Fe(II) over time. Comparison of the 16S
rRNA gene sequences of strains Tran-1, Tran-2, and Tran-3 with the EMBL
data base showed 98.6% identity with Shewanella putrefaciens, 98.7%
identity with Shewanella alga and 98.2% identity with Aeromonas
salmonicida, respectively. S.putrefaciens strains have been isolated from
many different environments, many of which are suboxic or anoxic. In
addition to growing aerobically, S.putrefaciens can use Fe(III) as terminal
electron acceptor under anaerobic conditions.
To distinguish if the Fe(III) and/or organic compounds presence in weathered
alum shale can be utilized by IRB (strains Tran-1, Tran-2, Tran-3) isolated
from the lake Tranebarssjon, reduction of Fe(III) coupled to the oxidation of
organic compounds in sterile and non-sterile weathered alum shale was
studied. The reduction of Fe(III) coupled to growth of bacteria on sterile and
non-sterile shale was observed. Furthermore microbial iron reduction by the
isolates was compared in shale which was sterilized at different conditions
(wet or dry heat). Growth was never observed on shale sterilized by dry heat.

Introduction

The release of heavy metals and acid production from mine waste is
hazardous to the surrounding environment. Prevention of oxygen and water
transfer to the mine waste do not stop the weathering processes in such
environments. Microorganisms may play an important role in the mobility of
metals in anaerobic mine waste. Because microorganisms can catalyze many
reactions in anoxic environments that otherwise is not thermodynamically
possible. Organic compounds present in the natural environment can have a
significant effect on the solubility and mobility of the metals due to chemical
and microbiological action. A range of microorganisms have been isolated
from mineral-rich environments, both natural ore deposits or man made
dumps. These microorganisms grow on organic or inorganic energy sources
present in the minerals, and use carbon dioxide as the carbon source.
Speciation of metals in mine waste deposits is then dependent on which
bacterial groups are present and active (11).
Mining activities in Ranstad uranium mine in Sweden started in 1965 and
ended in 1969. During 1990 and 1993, the waste disposal area was covered
with different types of cover and the open pit mine area has become a lake
which is called lake Tranebarssjdn. The main object of restoration plane was
to reduce or eliminate metal mobilization.
Increasing iron concentrations in the lake Tranebarssjon and around the
tailing area in 1994 motivated us to study microbial iron reduction in this
area. The aim of this study was to estimate the microbial iron reduction in the
open pit lake, in mine waste deposits, and in the tailing area of the former
Ranstad uranium shale mine.

Mine waste and bacteria

1.1

Mining
Mining for metals is and has been a major industrial activity in many
countries. Mining operations, whether open pit or underground, involve
drilling, blasting and moving the broken ore to the mill by conveyors and
trucks. Such operations cause contamination to the mine sites due to oil spill,
and the chemicals and blasting reagents used. These contaminants are
transported by the considerable volumes of water necessary for the mining
activity. Mining waste can be divided into two groups: a) mine tailings,
generated when processing the ore, b) waste rock, produced when uncovering
the ore body (40).

1.2

Tailings and waste rock characteristics
For many centuries, tailings and waste rock, resulting from mining and
milling operations, have been deposited in impoundment areas throughout the
world, amounting to many millions of tons. The tailings vary considerably in
minerals and physical characteristics and the mineral composition can have a
significant influence on the chemistry that occurs within the tailings structure
and therefore ultimately on the composition of the effluent leaving the
tailings. The physical characteristics such as the particle size, type of material,
e.g., slimes, clay, and porosity and permeability will affect the water retention
and the subsequent dewatering of the tailings to provide for both
consolidation of the mass and the return of the water to the plant (40).
Tailings from mining and mill operations have been generally impounded
with a reasonable degree of design and engineering input to provide for a
waste site with physical stability. The characteristics of tailings is shown in
table 1 (34).
In addition to these tailings from the operation there are problems
encountered with disposal of waste rock. Waste rock has usually been
considered as waste and of no real concerned. Waste rock varies in size from
small particles to large boulders. As most waste rock contain sulfides,
weathering and oxidation, and the eventual production of sulfuric acid,
possibly containing dissolved metals, will constitute an environmental
problem to the surrounding environment and receiving surface water systems
(40). The characteristics of waste rock is shown in table 2 (34).
10

Table 1 Characteristics of mine tailings (34).

Property

Mean

No."

Range

Particle size

% < 2 mm

95

20-100

148

Distribution

% sand

51

1-97

196

% silt

43

0-96

195

% clay

7

0-40

183

0.1 bar %

22

0-55

138

0.3 bar %

18

0-55

216

4

0-20

215

16

0-35

128

Moisture retention

15 bar
Available water storage capacity

%

Bulk density

g/cm3

1.5

0.2-3.1

191

Particle density

g/cm3

2.91

0.01-4.29

310

6.2

1.8-9.4

224

2.63

0.19-46.5

206

pH
Cation exchange capacity

meq/lOOg

Organic matter

%

2

0.02-25

224

Electrical conductivity

mmhos/cm

2

0.1-22.4

138

Available elements

Pppm

10

1-400

271

Kppm

63

1-564

84

Cappm

11,930

40-52,480

84

Mgppm

230

15-1,328

84

N%

0.013

0.001-0.166

170

S%

4.20

0.01-38.87

237
202

Total analysis

Fe%

15.5

0.4-56.81

Al%

2.8

0.1-8.1

61

Ca%

1.7

0.01-10.95

162

Mg%

1.2

0.04-5.0

164

Na%

0.5

0.01-2.9

61

K%

0.7

0.04-3.32

137

Mn%

0.2

0.01-4.0

167

Si%

22

4-37

134

Cdppm

38

2-280

115

Crppm

1,000

70-7,000

31

Coppm

1,140

100-9,999

39

Mo ppm

70

10-800

28

Ni ppm

96

10-546

132

Pbppm

340

0.3-2,810

139

Ti ppm

2,500

200-10,000

44

Zn ppm

510

1-5,000

149

Cuppm

130

1-750

164

'Number of observations from 43 mine waste sites
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Table 2 Characteristics of waste rock (34).
Property

Mean

Range

No.

Particle size

% <2 mm

24

10-78

67

Distribution

% sand

70

35-99

68

% silt

24

9-39

57

% clay

10

1-29

57

0.1 bar %

15

4-28

42

0.3 bar %

12

3-22

41

15 bar

5

0-11

41

%

Moisture

Available water storage capacity
Bulk density
Particle density

9

3-17

41

3

2.04

1.19-3.20

39

3

2.73

2.05-3.06

25

7.7

3.5-9.4

80

g/cm
g/cm

pH
Cation exchange capacity

meq/100 g

11.4

0.3-32.4

80

Organic matter

%

2.5

0.1-19.5

69

Electrical conductivity

mmhos/cm

0.9

0.3-3.5

47

Available elements

Pppm

4.4

0-33.4

80

Kppm

85

4-193

69

Cappm

14,900

1,540-45,000

69

Mgppm

260

15-1,186

69

N%

0.01

76

S%

0.04

38

Fe%

7

24

Al%

6.2

26

Mn%

0.12

26

K%

1.09

19

Na%

1.29

27

Mg%

4.3

27

Ca%

4.5

27

Cdppm

175

27

Znppm

15

18

Ti ppm

8,500

18

Ni ppm

85

13

Mo ppm

136

10

Co ppm

150

10

Total analysis

' Number of observation from 11 mine waste sites
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1.3

Acid mine drainage generation

1.3.1

Chemical reactions
The most common problem associated with tailings is that of acid generation
in the tailings due to oxidation of sulfide minerals over a period of time. The
source of AMD includes waste rock dumps tailings, open pits, and
underground mines. The weathering process converts the sulfides to ferrous
and ferric sulfates and subsequently to ferric hydroxide and the release of
sulfuric acid (40). AMD is, therefore, an important contributor to the
deterioration of groundwater quality via acidification, heavy metal pollution
and sedimentation (3).
There are four ways by which sulfides may be oxidized: 1) chemical
oxidation, 2) electrochemical oxidation, 3) bacterial oxidation and 4) a
combination of chemical, electrochemical and bacterial oxidation. To assess
the oxidation of the sulfides, there are certain physical factors which must be
considered: 1) sulfide grain size and surface area, 2) porosity and
permeability of the tailings (40).
The oxidation of pyrite can be described by the following reactions:
FeS2 + 7/2O2 + H2O -> 2SO42' + Fe2+ +2H+

(1)

2Fe2+ + l/2O2 + 2H+ -* 2Fe3+ + H2O

(2)

2Fe3+ + 3H2O - • Fe(OH)3 + H+

(3)

Often the three equations are giving the following
FeS2 + 15/4O2 + 7/2H2O -> Fe(OH)3 + 2H2SO4

(4)

Acid mine drainage occurs in many sites throughout the world, depending
upon the mineralogical composition of the waste rock or tailings as well as
other factors such as a) abundance of sulfide minerals, b) alkalinity of
infiltrating water, c) frequency and abundance of minerals, d) availability of
air to replenish oxygen, e) initial access of bacteria, and favourability to
bacterial metabolism, and the f) extent of neutralization by minerals such as
carbonates (40).
1.3.2

Biological oxidation processes
The oxidation of sulfides by air and water is reasonably well understood. The
oxidation of sulfides in the tailings and the conversion to sulfuric acid is
enhanced by the presence of certain bacteria such as members of the genus
Thiobacillus. Frequently occurring species in mine tailings are Thiobacillus
thiooxidans and Thiobacillus ferrooxidans. T.ferrooxidans is an obligate
chemolithoautotroph that is able to oxidize ferrous iron and reduced sulfur
compounds such as H2S, S2", S°, S2O32" as sole energy source and use carbon
13

dioxide as carbon source. T.ferrooxidans use dissolved oxygen as terminal
electron acceptor, (can use ferric iron in anoxic environment). Table 3 shows
substrates and metallic sulfides known to be oxidized by T.ferrooxidans (12).
T.ferrooxidans requires nitrogen, phosphate, and magnesium for growth.
These compounds are normally found in tailings as the result of the leaching
processes. Nitrogen gas and ammonia are available in most environments and
can be used as a nitrogen source via nitrogen fixation. At an acidic pH, the
rate of oxidation of ferrous to ferric iron has been shown to be one million
times faster in the presence of T. ferrooxidans as compared to in a sterile
system (40, 43).

Table 3 Metal sulfides which can be oxidized by Thiobacillus ferrooxidans

(from 12).
Compound

Compound

Arsenopyrite

Fe2AsS2

Marmatite

(Zn,Fe)S

Bornite

Cu5FeS4

Millerite

NiS

Bravoite

(Ni,Fe)S2

Molybdenite

MoS2

Chalcocite

Cu2S

Orpiment

As2S3

Chalcopyrite

CuFeS2

Pyrrhotite

Fe7S8

Cobaltite

CoAsS

Sphalerite

ZnS

Covellite

CuS

Stannite

Cu2FeSnS4

Enargite

Cu3(As,Sb)S4

Tetrahedrite

Cu8Sb2S7

Marcasite

FeS2

Violarite

(Ni,Fe)3S4

Pyrite is oxidized to ferrous sulfate according to reaction (10), which is
mentioned above. In the presence of T,ferrooxidans, ferrous sulfate is
oxidized to ferric sulfate. The ferric iron then oxidizes pyrite and more H+ is
generated according to the following reaction (20, 40).

14Fe3+ + FeS2(s) + 8H2O -* 15Fe2+ + 2SO42" + 16H+
14

1.4

Metal leaching and metal mobility
Heavy metals are leached to the environment from all kind of mine waste
deposits. Changes in the geochemical environment may cause significant
increases in the leaching of metals. The leachate from for example mine sites,
produces an acid and metal rich leachate. Depending on the speciation of the
metals, the composition of the leachate and the soil, the ions can be sorbed
reversibly or irreversibly to the soil or transported to the ground water (15).
Water and water chemistry affects both the transport as well as the rate of
migration and such transport is controlled by both physical and chemical
factors. In aquatic environments, changes in Eh-pH, dissolved gases (O2, CO2,
H2S), temperature, ionic strength, mineralogy of solids, and presence of fines
or clays may be interrelated to affect mobility (40). The mobility or migration
of constituents throughout a tailing will depend on the pH as well as other
parameters. In the normal pH range of groundwater (pH 4-9), Ca(OH)2, and
Mg(OH)2, are completely soluble while TiO2, Fe(OH)3 and A12O3 remain
insoluble and therefore do not migrate. The order of element removal from
rocks and minerals is: Ca2+ > Na+ > Mg2+ > K+ > SiO2 > Fe2O3 > A12O3 (1). In
well-drained soils where organic matter is abundant, pH may be 4 or lower.
At such a pH, aluminum becomes mobile and can migrate to less acid regions
and eventually be precipitated. In general, the formation of metal organic
complexes enhances the transport of trace metals.
Redox conditions may influence the mobility of the metals in two different
ways:
1. Directly; through changes in the valence number. In this way Fe(III) is
spontaneously transformed to Fe(II) under reducing conditions. The
reduced form of for example iron is more soluble and mobile and,
therefore, a greater risk to contamination.
2. Indirectly; Many metals are associated or adsorbed to iron and manganese
hydroxides. Under anaerobic conditions, iron and manganese hydroxides
can be reduced by iron reducing bacteria. When iron and manganese
hydroxide are reduced the metals will reassociated from iron and
manganese, which leads to a mobilization of the metals (15).
Porosity and permeability are two significant physical characteristics of a
rock that affect pore fluids and their movement in rocks. Porosity of a rock is
the ratio of total pore space to total volume. Permeability is the ability of a
fluid or gas to move through a porous solid. Factors that affect the
permeability of a substance are effective porosity, geometry of the pores, the
capillary force between the rock and the fluid, the viscosity of the fluid, and
pressure gradient. Thus in tailings the rate at which a fluid moves through a
tailings bed is dependent on its permeability (40).

15

1.5

Prevention of acid mine drainage
The importance of sulfides in tailings and the resulting impact on the
environment by production of sulfuric acid which is a major problem was
discussed above. Water drained from mines contains high concentrations of
sulfate and heavy metals and displays extremely acidic pH values with a pH
of 3 or less. Acid mine drainage causes deterioration of water quality in
streams, lakes, and groundwater. Therefore if the acid production could be
prevented or decreased, considerable cost savings to mine restoration
operations would be the result. The primary factors directly involved in the
formation of AMD are the presence of sulfide minerals, oxygen, water, ferric
iron, and iron oxidizing bacteria. Other factors influencing AMD are the
presence of carbonate minerals that neutralize the acidity, as well as other
reactions such as dissolution, precipitation and ion exchange processes.
Important physical characteristics of AMD formation includes particle size,
physical weathering, and the permeability of the waste (40).

The rate of oxygen penetration into the surface pore spaces of tailings is
believed to control the rate of acid generation. It is therefore critical to reduce
the rate of oxygen penetration or eliminate it completely. The restriction or
elimination of carbon dioxide, ammonia, phosphorous, and various nutrients
for bacterial growth will inhibit or decrease acid generation.
The reduction of water movement into mine tailings will also reduce the
amount of oxidation within the tailings. Sulfides in the tailings should be
isolated prior to tailings discharge. Ferric iron containing waste water should
be kept away from sulfide tailing area because the ferric iron can oxidized
sulfides (40).
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Treatment of solid mine waste
2.1

Application of chemicals
Addition of chemicals that interact with elements in the mine wastes can
decrease the release of acid, iron and other metals from the waste deposits.
Different chemical materials can be added to the mine waste to increase the
pH value in the drainage. In this way the release of heavy metals from the
mine waste which have a lower solubility at higher pH, will decrease. But
with this method, re-acidification will occur after a few years. Lime is a
common alkaline which is used to treat the mine waste, but often very large
amounts are required, which cause an imbalance in the Ca/Mg ratio and
phosphate availability, and thus endanger plant growth in the area. Liming is
often combined with other methods such as dry covers and wet disposal (20).

2.2

Vegetation
Runoff and leachate from heavy metal contaminated mining areas may be
reduced through the establishment of vegetation; however, metal
concentration in the leachate may increase as a result of acidification and
complexation by organic acids generated in the rhizosphere by soil
microorganisms and plant roots. The establishment of vegetation on mining
areas is the primary method of reclamation to minimize wind and water
erosion, and infiltration (8).The acid production in tailings area can be
reduced through the vegetation, in several ways: (i) competetion between root
system and acid-producing bacteria for oxygen and moisture; (ii) the presence
of beneficial heterotrophic soil bacteria and fungi will increase the
consumption of oxygen resulting in the formation of organic acids, which
may inhibit T.ferrooxidans; (iii) due to activity of heterotrophic bacteria and
plant root respiration, the carbon dioxide levels in the spoils is increased.
Therefore an unfavorable micro-environment for T.ferrooxidans is created. In
the revegetation of tailings with high concentration of heavy metals, two
general approaches are considered: the first approach includes seeding of
more or less metal-tolerant genotypes on the waste. In the second approach,
revegetation is facilitated by adding sewage sludge, compost or similar wastes
to the surface of the tailings (20). To achieve the optimum revegetation,
tailings must be in the right condition. The important factors to create right
condition in tailings are; moisture, nutrients such as nitrogen, phosphorus,
potassium, and an adequate bacterial population to promote and enhance
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growth. The choice of vegetation is very important. Soil ecosystem stability,
results from continuous organic matter accumulation and cycling, and
reclamation success may be measured by the degree of change in spoil
characteristics towards characteristics indicative of a productive soil. Such
properties include detritus accumulation and decomposition, organic matter,
organic carbon, and organic nitrogen contents, root proliferation. All of these
characteristics are strongly influenced by soil microbial activity. Soil
microflora are of significant importance for the establishment of healthy
vegetation. Organic acids produced by microbial activity, decomposition of
organic matter, or root exudation in rhizosphere soil can generally influence
the movement of heavy metals. The release of organic acids such as formic,
succinic, and lactic acid into heavy-metal contaminated tailings may effect the
metal solubility by complexation reactions between the metal and organic
acid and/or pH changes (20).
In conclusion, the establishment of a vegetation cover can be facilitated by
using metal-tolerant plants, by a special cover layer where the plants are
sown, by addition of fertilizers, mycorrhizal inoculation, and by growth of
plants in symbiosis with nitrogen-fixing bacteria. These measures can be
taken in combination or alone (2).

2.3

Dry cover
In general, covering of mine wastes can eliminate/decrease transfer of oxygen
and water to the mine waste, which lead to decrease in oxidation of sulfide
minerals and transport of hazardous compounds from the waste. Various
types of covers can be considered to prevent the upward migration of metals
from the mine waste. The objectives of the cover include: a) prevention wind
and water erosion by stabilization of the surface; (b) release of contaminants
is prevented or inhibited by providing of a cover; (c) development of an
aesthetic appearance. The cover should preferably be stable and provide
protection for a long time. To achieve these properties of a cover, usually at
least two layers are in demand, because one material seldom has all the
properties that are needed. First, a low-permeability sealing bottom layer is
required. The purpose of this layer is to prevent the diffusion of oxygen into
the mine waste. This layer act as a barrier to oxygen. Fine-grained materials,
like various clays, are suitable for this layer. Organic materials, can be used to
provide a thick layer. Some artificial materials, like plastic membranes, have
a higher impenetrability than natural material and may therefore be used. In
Sweden an artificial materials, a special, reinforced concrete was used to
cover copper mine in Bersbo (32). To protect the low permeability layer from
destruction by erosion, drying, freezing, influence from man, animal, and
plants, and microbiological destruction, a drainage layer can be placed above
this layer. This layer may also act as a capillary break to prevent upward
migration of metals and salts (32).
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There are in some cases a need for additional layers: additional drainage
layers, filter layers, isolating layers, rootlayers, erosion layers, and vegetation
layers. It should be mentioned, that it is difficult to completely stop the
diffusion of oxygen into the waste even in the presence of a cover (20, 40).
The Ranstad alum shale uranium mine is one of the Swedish mine waste areas
where a dry cover system was used to cover the mine waste disposal area. A
tight layer (clay- moraine mixture) and a protective layer were used for the
covering of this area (14).
In Sweden, the use of sludge as sealing cover of a two-layer cover approach is
investigated. Sludge, generated from a biological effluent water treatment
plant is stabilized by addition of certain proportions of fly ash from coal and
wood combustion and used to cover the waste. This mixture has very good
sealing properties. The most important factor in sludge is the high organic
matter content which improves the physical conditions of barren spoils
tremendously. The sludge contains neutralizing compounds and fertilizer
elements that raise spoil pH and enhance fertility. It also constitutes an
immediate as well as a more long-term source of energy for soil
microorganisms.

Inorganic covers can be combined with a sludge cover. This may result in
good sealing properties, enhanced soil physical conditions and promotion of a
vegetation cover which is essential to prevent erosion and to make an
aesthetical appearance of the area. The use of sludge for constructive purpose
also eliminates a sludge disposal problem (20,40).

2.4

Water cover
Disposal of mine tailings material under a water barrier, such as natural lake,
is though to be one solution to prevent acid generation by preventing oxygen
and bacterial action on the sulfide surfaces. It is more common to use
flooding and capping in old mine shafts and workings. This method may be
regarded as a cover method with water acting as the cover. In copper-mine in
Bersbo parts of the waste rock masses and tailings were dumped into the
water filled shafts. The shafts were finally sealed off by thick plugs of
concrete. This method can be combined with liming and dry cover methods,
and in this way the release of many metals will decrease.
The former uranium mine in Ranstad is another example. The open pit was
water filled after mining with the intention to create a lake for leisure
activities. The water reached its ultimate level after 11/2 year and the bottom
water became anoxic and reducing almost immediately, resulting in
mobilization of iron and manganese. (20, 32, 39).
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Treatment of acid mine drainage

3.1

Chemical treatment

When prevention measures have been not completely successful, AMD must
be collected and treated. Alkaline reagents that have been used for
neutralization of acids and thereby precipitation of heavy metals include; soda
ash (Na2CO3), lime (CaO or CaOH2), limestone (CaCO3), caustic (NaOH), or
anhydrous ammonia (NH3) (16). Such treatment specially for high volume or /
and severe chemistry incidences of AMD can be quite costly. To reduce the
costs, passive treatment systems have been proposed that have lower capital
and operating costs and require little maintenance. Permeable limestone
barriers may remove some acid, but they are generally of limited
effectiveness in removing copper and zinc due to their low operating pH.
Soil may be effective in neutralizing AMD. The alkalinity of soil is the most
important factor in removing metals from AMD. The addition of crushed
limestone substantially increases neutralizing capacity of the soil. But soil can
treat AMD at only a limited rate because of its low infiltration and
neutralizing capability (51).

3.2

Wetlands

In light of the costs, field observations of the improvement of AMD upon
passage through naturally occurring wetlands and the suggestion that
constructed wetlands might provide a "low cost, low maintenance" alternative
to conventional chemical treatment sparked considerable enthusiasm in the
coal and consulting industries.
The wetlands may be initially effective in treating acidic AMD but a longterm effective treatment depends of alkalinity generation within the wetlands.
Since abiotic mechanisms of alkalinity generation (e.g., limestone or lime
dissolution) are finite, biological alkalinity generation becomes of critical
importance (51).
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Wetlands efficiencies are related primarily to flow rates, pH, and
concentrations of dissolved oxygen, Fe, Mn, acidity, and alkalinity. Foremost
are the relationships among influent dissolved oxygen, Fe speciation,
alkalinity, and influent/effluent pH. The mechanism for the removal of metals
by wetlands involves metals uptake by plants and metal sulfide precipitation
by microbiological and chemical processes (10). To promote the sulfate
reduction in wetlands, an organic substrate often is added to provide a carbon
source for the sulfate reducing bacteria (SRB).

3.3

Microbial treatment
There are, however, some drawbacks of the chemical treatment, such as its
relatively high cost and the consequent formation of a large amount of sludge
composed of calcium sulfate and heavy metal hydroxides. Many microbial
processes which occur in AMD can cause metal immobilization or alkali
generation and can be considered beneficial in AMD. Recently, biological
treatment, in particular the reclamation by SRB, has become of a major
interest. Sulfate can be reduced by SRB to sulfide that can be precipitated
with heavy metals in the form of metal sulfides or lost to the atmosphere as
the volatile H2S. Therefore sulfate and heavy metals can be removed together
by sulfate reduction. Thus, sulfate reduction plays a significant role in
preventing heavy metals in anaerobic environments from becoming toxic to
the microbial community (20). Since SRB are heterotrophic, obligately
anaerobic bacteria, organic substrates should be replenished to efficiently
induce the bacterial activity in acid mine water. It is known that heavy metals
in insoluble forms do not display toxicity to anaerobic digestion and that the
toxicity depends on the concentrations of free metal ions. In general, more
than 90% of the heavy metals in an anaerobic conditions are in a solid phase
(50). Some oxidation processes, e.g. oxidation of ferrous iron and manganous
manganese, can lead to precipitation of heavy metals. The oxidation products
may be accumulated with the microbial cell surface or be precipitated
unassociated with the cells. Reduction processes can also result in
precipitation of heavy metals (20).
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Iron distribution in the Earth's crust

The structure of the Earth can be divided into three major shell-like structures,
the innermost one is the core. It is surrounded by the mantle. The mantle is
surrounded by the outermost shell which is called the crust. The crust is
surrounded by a gaseous envelope, the atmosphere. The biosphere, that
portion of the planet which supports life, is restricted to the uppermost part of
the crust and to a degree to the lowermost part of the atmosphere. Most
known life exist at the surface of the exposed crust but a significant part of the
biosphere may be subterranean (37). An important factor limiting life to the
upper portion of the crust is temperature that increases with depth in the crust;
other factors that restrict life to the uppermost portion of the crust are the lack
of porosity of most of the rock and the lack of sufficient moisture and
nutrients. Crust thickness varies from 5 km to 70 km. The crust rock is
dominated by O, Si, Al, Fe, Mg, Na, and K. These elements make up 98.6%
of the weight of the crust (8). Iron is the fourth most abundant element in the
earth's crust and is the most abundant element in the earth as a whole. It is
found in a number of minerals in rock, soil and sediments. The primary
source of iron accumulation on the earth s surface is volcanic activity. The
weathering of iron-containing rocks and minerals cause the formation of local
accumulation including sedimentary ore deposits. The common oxidation
states of iron are 0, +2 and +3. In aerated solution at pH values greater than 5,
ferrous iron oxidizes to ferric iron. Under reducing conditions, ferric iron can
be reduced to the ferrous form (8). Direct reduction of Fe(III) by organic
compounds in sediment is a trivial process in comparison with enzymatic
reduction of Fe(III) by microorganisms (29). At the circumneutral pH (6.08.0) that are typical for most anaerobic sediments and submerged soils, some
organic compounds which contain a sulfhydryl group can nonenzymatically
reduce Fe(III) by transfer of one electron to it Eh-pH phase stability for
several common iron minerals is shown in figure 1. Many compounds such as
formate, citrate, pyruvate, oxalate, and malate, that are able to
nonenzymatically reduce Fe(III) oxides at low pH, do not reduce Fe(III) at
circumneutral pH (29). Furthermore, for those organic compounds which can
nonenzymatically reduce Fe(III), the nonenzymatic reaction oxidizes much
less of the organic compound and reduces much less Fe(III) than is observed
in the presence of the appropriate Fe(III)-reducing microorganisms. Thus the
microbial oxidation of organic matter coupled to Fe(III) reduction is likely to
be a much more important mechanism for Fe(III) reduction than
nonenzymatic reduction of Fe(III) by organics (31).
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Figure 1 Eh-Ph phase stability for several common iron minerlas.
In dilute acid solution, metallic iron can be oxidized to Fe(II) with the
production of hydrogen:
Fe°+2H+->Fe2++H2

Fe(III) precipitates as a hydroxide or oxide in neutral to slightly alkaline
solution, but it is soluble as Fe3+ in acid solution and dissolves in strongly
alkaline solution because of the amphoteric nature of Fe(OH)3 (8). Mineral
types in which Fe is a major or a minor structural compounds are (i) ferric
hydroxides or oxyhydroxides, which occur as amorphous, as quasi crystalline
minerals such as ferrihydrite, or as crystalline minerals such as lepidocrocite
(y-FeOOH) and goethite (a-FeOOH), (ii) iron oxide such as magnetite
(Fe3O4), (iii) iron sulfides such as greigite (Fe3S4), and pyrite (FeS2), (iv) iron
carbonate such as siderite (FeCO3) and (v) iron phosphate such as vivianite
[Fe3(PO4)2](31).
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4.1

Iron as an energy source for bacteria
Fe(II) is soluble and can be formed at pH values of 3.0 or less in reducing
environments. In anoxic environments, Fe(III) is reduced to Fe(II) due to the
activity of various iron reducing bacteria (46). When the pH increases (> 4.05.0), Fe(II) is oxidized to Fe(III) by O2 in the water, and by biological
utilization as an electron donor for aerobic acidophilic or neutrophilic
bacteria. Therefore, at pH values above 5, it is difficult to demonstrate
enzyme-catalyzed iron-oxidation in near-neutral solutions. At lower pH
(below 2.0-3.0) Fe(II) remains reduced, soluble and available as an energy
source (8, 49).
The most widely studied acidophilic, iron-oxidizing bacterium is Thiobacillus
ferrooxidans, which was first isolated by Colmer et al (6). It is a gramnegative, motile rod, which obtain energy from the oxidation of ferrous iron,
and carbon from CO2 Iron is not the only energy source for T.ferrooxidans. It
can also use reduce forms of sulfur e.g. H2S and S°, and metal sulfides as sole
source of energy (20, 49). Some strains of T.ferrooxidans can be adapted to
grow heterotrophically, using glucose instead of iron as sole energy and
carbon source. Fe(II) is oxidized at the cell envelope of T.ferrooxidans. The
electrons removed from Fe(II) are passed to the periplasmic cytochrome c.
This electron transfer involves a copper protein called rusticyanin. The
reduced cytochrome c binds to the outer surface of the plasma membrane,
allowing for the transfer of the electrons across the membrane to cytochrome
oxidase located on the inside surface of the plasma membrane. The reduced
cytochrome oxidase reacts with O2, leading to the formation of water (figure
2) (8). Energy coupling in iron oxidation by T.ferrooxidans is best understood
in terms of a chemiosmotic mechanism. Such a mechanism implies that a
proton motive force is set up across the plasma membrane owing to charges
separation on the two sides of the membrane. Proton motive force results
from a pH gradient generated from the higher proton concentration in the acid
periplasm relative to the near-neutral cytoplasm of the active T.ferrooxidans
cell, and from a transmembrane electrical potential. The transfer of electron to
O2 via the electron transport system results in pumping of protons from the
cytoplasm into the periplasm, which, together with protons formed from the
hydrolysis of Fe(III) generated in the oxidation, are the cause of the proton
gradient. ATP synthesis, takes place at the Fl ATPase in the membrane.
Some of the acidophilic bacteria capable of oxidizing Fe(II) are mesophilic
such as Leptospirillum ferrooxidans and some others are thermophilic such as
Sulfobacillus thermosulfidooxidans. Gallionella ferruginea is another
example of iron oxidizing bacteria. It consists of a bean-shaped cell with a
lateral stalk consisting of twisted bundles of fibrils. G.ferruginea probably is
a chemolithotroph which can grow on Fe(II) in the absence of a significant
amount of organic carbon (8, 49).
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Figure 2 Bioenergetics of iron oxidation in Thiobacillus ferrooxidans.

4.2

Dissimilatory Fe(III) reduction

4.2.1

Fe(III) as terminal electron acceptor
The metal oxides such as Mn(III, IV), Fe(III), Co(III), and Ni(III) are usually
in crystalline forms and are insoluble in water. Organic compounds present in
natural environments can have a significant effect on the solubility and
mobility of the metal oxides due to chemical and microbiological action (11,
28). Under anaerobic conditions, oxidation of organic compounds can be
coupled to the reduction of metal oxides. This reduction has a dramatic
impact on the solubility and speciation of metals. For example, when oxides
of Mn(III,IV), Fe(III), Co(III), and Ni(III) are reduced under anaerobic
conditions, solubility of these metals increase (11). Microorganisms play an
important role in the dissolution of metal oxides by direct action. In direct
action (the enzymatic reduction of metal oxide), metals are used as the
terminal electron acceptor. Iron oxide is present in solid form in aquatic
environments and has a variety of different oxide and oxyhydroxide phases
with different redox potentials. These properties make iron oxide different
from many other electron acceptors in two important ways. First, the
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oxides can be precipitated and second, organisms which must deal with these
solid substrates, must have an ability to i) solubilize the substrate, ii) attach to
the substrate to be able to transfer electron to it, or iii) transport the substrate
into the cell as a solid (36).
In dissimilatory iron reduction, ferric iron serves as the terminal electron
acceptor and is thereby reduced to ferrous iron. Most sub-surface
environments contain iron oxides, but their amount, form, and degree of
crystallinity may vary to a different extent according to pedogenic conditions
(31, 36). The rate of Fe(III) reduction in sediments is related to the various
form of Fe(III). There is a multitude of Fe(III) forms which range widely in
degree of crystallinity, particle size, available surface area, reactivity, and
oxidation state. Crystalline forms of Fe(III) oxides are more stable than
noncrystalline forms. The nature of Fe oxides may be important in
determining the ability of microbes to mediate Fe reduction. The less
crystalline Fe(III) oxides, such as amorphous ferrihydrite or ferric
oxyhydroxide, are reduced more readily than those which are highly
crystalline (forms) such as hematite and goethite. Some iron reducing
microorganisms can reduce highly crystalline Fe(III) oxides. Poorly
crystalline forms of Fe(III) oxide are the primary source of Fe(III) in the
Fe(III) reduction zone of soils and sediments (31). The authors suggested that
a poorly crystalline form of Fe(III) oxide permits Fe(III)-reducing
microorganisms to outcompete sulfate reducers and methanogens for electron
donors in sediments (22, 26). Microbial reduction of Fe(III) can influence the
inorganic geochemistry of soils and sediment. It also plays an important role
in iron geochemistry and organic matter mineralization of aquatic sediments.
Dissimilatory Fe(III) reduction increases the concentrations of dissolved iron.
Microbial Fe(III) reduction can also result in the generation of several
important Fe(II)-containing minerals in sedimentary environments. One of
these minerals is magnetite, Fe(II)Fe(III)2O4. Magnetite is not an obligatory
end product of dissimilatory Fe(III) reduction (31). Fe(III) reduction can also
have an influence on the distribution of toxic trace metals and phosphate in
aquatic environments. These compounds, which are retained in the sediments
by strong adsorption onto Fe(III) oxyhydroxide, can be released when Fe(III)
is reduced (26, 31, 42). Such remobilization of heavy metals is a potential
hazard to aquatic ecosystems and drinking-water supplies (31, 44). The
adsorption of toxic trace metals to Fe(III) is a common treatment for a variety
of wastes.

4.3

Fe(III) reducing bacteria
Many different species of bacteria and fungi are able to reduce iron. This
group of Fe(III)-reducing microbes is very diverse in nature, ranging from
aerobic bacteria and fungi to strictly anaerobic bacteria. Reduction of Fe(III)
by microbes occurs enzymatically. One or more enzymes in many bacteria
will catalyze Fe(III) reduction. Enzymatic Fe(III)-reduction was demonstrated
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to be coupled to electron transport to a membrane-bound, Fe(III) reductase.
Membrane-bound Fe(III) reductases are likely to be important mechanisms
for non-siderophore mediated assimilatory iron uptake in many organisms.
Because Fe(III) oxides are essentially insoluble in water at pH 7, enzymatic
mechanisms of iron reduction in neutral pH environments must include
contact of the reducing enzymes with the iron oxides (35). Recent studies on
two different bacteria, Shewanella (formerly Alteromonas) putrefaciens strain
MR-1 and the GS-15 bacterium, have provided indirect physiological
evidence linking the growth of these bacteria to Fe(III) reduction.
S.putrefaciens strain MR-1 was isolated from sediment of the Oneida Lake,
New York. It is a facultative anaerobe, non fermentative, obligately
respiratory bacterium which is able to reduce Fe(III) and couple this reduction
to cell growth and cellular metabolism via proton translocation. S.
putrefaciens strain MR-1 can use a wide variety of other electron acceptors
such as nitrate, Mn(IV), nitrite, fumarate, sulfite, sulfate, thiosulfate, glycine,
trimethylamine-N-oxide, chromate, U(VI) and carbon dioxide (31, 36).
Shewanella putrefaciens strain MR-1 is capable of using H2, fermentation
products, such as formate, which are oxidized to carbon dioxide under
anaerobic conditions, multicarbon compounds such as pyruvate, lactate which
are incompletely oxidized to acetate and carbon dioxide and ethanol as energy
sources. Enzymatic data has indicated that S.putrefaciens uses the EntnerDoudoroff (EDD) pathway for conversion of glucose to pyruvate. Pyruvate
can be oxidized by the TCA cycle under aerobic conditions to carbon dioxide.
Since S.putrefaciens is capable of growth on formate as its sole source of
energy and carbon, under anaerobic conditions it can be classified as a
facultative methylotroph. Methylotrophs are able to grow on one-carbon
compounds that contain no carbon-carbon bounds. Facultative methylotrophs
can utilize multicarbon compounds that can be converted to acetyl coenzyme
A and oxidized by the TCA cycle under aerobic conditions. In contrast to
S.putrefaciens, most of these organisms are aerobes (36, 41). S. putrefaciens
is able to oxidize amino acids by reduction of Fe(III) under anaerobic
condition. The reduction of Fe(III) is slow and accumulation of acetate is
small, because in natural environment this metabolism would be competitive
with the rapid metabolism of amino acids by fermentative microorganisms. In
sediments, in which Fe(III) is the terminal electron acceptor, fermentable
substrates are oxidized to carbon dioxide by a two-stage process in which
fermentative bacteria metabolize the fermentable substrates and then Fe(III)reducing microorganisms oxidize the fermentation products (7, 26, 28, 31).
GS-15 is another bacteria that can couple anaerobic respiration linked
Mn(III,IV) or Fe(III) reduction. GS-15 was isolated from an anaerobic
enrichment culture that contained acetate and yeast extract as electron donors
and poorly crystalline Fe(III) and carbon dioxide as electron acceptor. The
enrichment culture was established with surficial bottom sediments collected
from a freshwater site in the Potomac River, Maryland. It is a gram-negative,
strictly anaerobic rod-shaped bacterium, which can not grow fermentativley
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(26). It is able to grow with acetate as the sole electron donor, and Fe(III) as
the sole electron acceptor. Acetate is oxidized via the citric acid cycle, to
carbon dioxide during growth. For each mole of acetate that GS-15 oxidizes,
two moles of carbon dioxide are produced and eight moles of Fe(III) are
reduced to Fe(II). The presence of the citric acid cycle in GS-15 is consistent
with the fact that the standard redox potentials for the Fe(III)-Fe(II) are
probably too high to permit the carbon monoxide dehydrogenase pathway to
function. GS-15 activates acetate to acetyl coenzyme A by the action of
acetate kinase and phosphotransacetylase. Reduction of Fe(III) by GS-15 was
shown to be optimal at 30-35°C and at pH 6.7-7. The cells contain c-type
cytochromes and menaquinone and the G+C content of the DNA is 56.6
mol%. It can oxidize propionate, butyrate, valerate, pyruvate, ethanol and
several aromatic compounds such as toluene, phenol, p-cresol, benzoate,
benzylalcohol, benzaldehyde, p-hydroxybenzaldehyde, p-hydroxybenzoat and
p-hydroxybenzylalcohol as electron donor for Fe(III) reduction. Fe(III)
reducing microorganisms may also play an important role in sediments in
which hydrocarbons are a natural component (25). Aromatic hydrocarbons
which are a prevalent groundwater contaminant, can be removed from
polluted groundwater by the metabolism of microorganisms like GS-15. GS15 can completely oxidize aromatic compounds to carbon dioxide with
reduction of Fe(III) (31). It is not surprising that GS-15 can oxidize toluene
under anaerobic conditions when it is considered that, per Fe(III) reduced, the
oxidation of toluene has a potential energy yield comparable to acetate
oxidation coupled to Fe(III) reduction (25). GS-15 oxidizes benzoate and
toluene to carbon dioxide without the accumulation of extracellular aromatic
or fatty acid intermediates. This bacterium is not magnetotactic, but reduces
amorphic Fe(III) oxide to extracellular magnetite during the reduction of
Fe(III) as the terminal electron acceptor for organic matter oxidation. The
production of magnetite under anaerobic conditions by nonmagnetotactic
bacteria, has important implication to iron geochemistry and interpretation of
the sediment magnetic record. Glucose, malate, fumarate, elemental sulfur,
methanol, glycerol, trimethylamine, formate, lactate and hydrogen do not
serve as sole electron donors for Fe(III) reduction. GS-15 does not use
fumarate, sulfate and elemental sulfur as terminal electron acceptor, but it is
able to reduce nitrate and Mn(IV) as electron acceptor.

4.4

Oxidation of organic compounds coupled to Fe(III) reduction
Fe(III) reducing microorganisms can completely oxidize some organic
compounds to carbon dioxide. They conserve energy to support growth from
this metabolism. Organic compounds can be hydrolyzed by hydrolytic
enzymes to smaller compounds such as sugar, amino acids, fatty acids and
aromatic compounds. Sugars and amino acids which are metabolized to
fermentation acids such as propionate, acetate, butyrate and probably
hydrogen by fermentative microorganisms, can be oxidized by Fe(III)
reducing bacteria such as GS-15 to carbon dioxide. Lactate and pyruvate can
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be incompletely oxidized to acetate by organisms with a metabolism similar
to that of S.putrefaciens. This bacterium can oxidize the formate and
hydrogen produced by fermentation in the sediment (figure 3) (31). Long
chain fatty acids can be also oxidized to carbon dioxide with the reduction of
Fe(III).

C02+Fe(li)

CO2,Fe(HS

Formate

Figure 3 Model for the oxidation of complex organic matter with Fe(III) serving as the
sole electron acceptor, with examples of organisms that may catalyze the various
reactions.

4.5

Oxidation of aromatic contaminants coupled to microbial
Fe(III) reduction
The contamination of subsurface water with aromatic compounds is the most
common environmental problem. These contaminated sub-surface
environments are generally anaerobic. Geochemical evidence has indicated
that the oxidation of these compounds in anaerobic environments is coupled
to nitrate reduction, methane production or Fe(III) reduction (26). When the
environments which are contaminated with aromatic compounds become
anaerobic, Fe(III) is one of the most abundant potential electron acceptor for
microbial oxidation of these compounds. Many aromatic compounds can be
oxidized to carbon dioxide with the reduction of Fe(III) by microorganisms
such as GS-15. Studies in an aquifer polluted with aromatic hydrocarbons
have demonstrated that aromatic compounds are not removed by physicalchemical processes such as adsorption, volatilization or dilution. Thus the
microbial oxidation of aromatic contaminants coupled to Fe(III) reduction can
be an important process for the removal of aromatic compounds from aquifer
environments (26). It has been demonstrated that benzene and toluene could
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be rapidly oxidized to carbon dioxide in sediments from a petroleum
contaminated aquifer under anaerobic conditions if Fe(III) chelated to
nitrilotriacetic acid (NTA) was provided as an electron acceptor. The rapid
oxidation of benzene, and presumably toluene, was coupled to Fe(III)
reduction. In the anaerobic sediments which still contained Fe(III) oxides, the
faster aromatic hydrocarbon degradation coupled to Fe(III) was attributed to
solubilization of Fe(III) by NTA (24).

Soluble chelated Fe(III) is much more available for microbial reduction than
insoluble Fe(III) oxides, which are the natural source of Fe(III) in aquifers.
Thus, chelated Fe(III) might be an alternative electron acceptor that could be
used instead of O2 for the bioremediation of aquifers contaminated with
aromatic hydrocarbons and possibly other organic contaminants (30). There
are other Fe(III) chelators which can stimulate aromatic hydrocarbons
degradation, such as; Fe(III)-EDTA, N-methyliminodiacetic acid (MIDA),
and disodium ethanol diglycine (EDG). Another important geochemical event
in anaerobic environments is the release of dissolved Fe(II) and the
accumulation of dissolved inorganic carbon with oxidation of organic matter
coupled to reduction of Fe(III). Dissolved Fe(II) can precipitate all of the
sulfide produced by sulfate reduction in sediments (18).

4.6

Enumeration and culturing of Fe(III) reducing bacteria
Fe(III)-reducing microorganisms have been enumerated by cultivation at
different solid, semisolid and liquid media that contain different form of
Fe(III) such as hematite, goethite, lepidocrocite, synthetic poorly crystalline
Fe(III) oxide, FePO4, FeCl3 and Fe(III)citrate. In liquid culture, the production
of Fe(II) can be measured with reagents such as ferrozine, 2,2-dipyridyl, 1,10phenanthroline or 2,4,6-tripyridyl-l,3,5-trazine, which react specifically with
Fe(II) (31). Most of the Fe(II) that is produced during Fe(III) reduction
remains in solid phases. Therefore, for quantitative measurements of the
amount of Fe(II) production, it is necessary to extract insoluble form of Fe(II)
which is formed under many culture conditions with HC1 or an anaerobic
solution of ammonium oxalate. Fe(III) reduction can also be monitored by
observing the conversion of the color. Nonmagnetic Fe(III) oxide can be
converted from the reddish brown oxide to the black and highly magnetic
mineral magnetite (Fe3O4) (21, 23). This technique is not available for
monitoring Fe(III) reduction in mixed cultures which contain sulfate, because
sulfate reduction can lead to formation of black iron sulfides. At the
completion of Fe(III) reduction in medium with Fe(III) citrate as the electron
acceptor, the medium becomes clear and the Fe(II) forms vivanite [Fe3(PO4)2
.8H2O] which is a white precipitate (28). Given the anaerobic nature of most
Fe(III) reducing environments and the finding that some of these
microorganisms are obligate anaerobes, anaerobic techniques are preferred for
isolation or enumeration.
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4.7

Inhibition of sulfate reduction and methane production
Sulfate reduction and methane production are generally inhibited in sediments
in which organic compounds are oxidized by Fe(III) reduction. This
inhibition in the presence of Fe(III) is the result of a preferential electron flow
to Fe(III) (29). Organic matter oxidizing Fe(III)-reducing microorganisms can
keep the concentration of organic matter at levels too low for sulfate reducers
or methanogenes to be able to metabolize them. S.putrefaciens can metabolize
hydrogen down to levels that are 25- fold lower than those metabolized by
sulfate reducing bacteria (28). H2 and acetate oxidizing Fe(III) reducers have a
higher affinity for these electron donors than sulfate reducers and
methanogenes. H2 and acetate are the principal electron donors for sulfate
reducers and methane producers in most natural environments. Thus when
Fe(III) reducers use these compounds, it will be inhibitory for sulfate
reducing and methane producing microorganisms (29). Some H2-oxidizing
sulfate reducers can reduce Fe(III) as electron acceptor. These organisms are
able to metabolize H2 at lower concentrations with Fe(III) than with sulfate as
electron acceptor. When amorphous Fe(III) oxyhydroxide is available in
anaerobic environments, the oxidation of organic compounds by reduction of
Fe(III) can be a major pathway for decomposition of organic compounds (26).
Inhibition of methane production by various forms of ferric iron is related to
the effectiveness of these ferric compounds to serve as electron acceptors for
the metabolism of acetate. Thus iron reducing bacteria can prevent sulfate
reduction and methanogenes by competition for electron donors but Fe(III)
oxides are not directly toxic to sulfate reducers or methanogenes (17).
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Study site: Ranstad uranium
mine
5.1

shale

Background
Mining for metals is and has been a major industrial activity in Sweden since
many centuries. One of these metals is uranium which is a radioactive
element. Uranium is found in nature and when it disintegrates, it forms
radium and radon gas, which both are radioactive. The possibility of uranium
recovery in Sweden was investigated in 1946. The first goal was to produce
pure uranium metal from indigenous raw materials. The existence of uranium
in the Swedish alum shale was known at the end of the 19th century. A
suitable area for open pit mining was found at Ranstad which is located 150
km east of Goteborg (figure 4) (14). The alum shale at Ranstad contains 300
g/t uranium. To compare with uranium concentration in Key Lake mine in
Canada which is 200,000 g/t, the concentration of uranium in alum shale in
Ranstad is very low (14). The uranium production plant in Ranstad was
dimensioned for a production of 120 tons of uranium per year, requiring an
annual shale mining of 800,000 tons. The mining plan was based on an openpit excavated for 15 years (first plan) of production at a level of 800,000 tons
per year. The chemical data for alum shale in Ranstad is presented in table 7.
The industrial facilities for the uranium mining and milling in Ranstad, were
built during the year 1960 to 1965 and mining activities started in 1965 and
ended in 1969. From a total 1.5 million ton uranium shale, 215 tons uranium
oxide were extracted from the ore. The costs of the Ranstad uranium were
found to be 70% higher than uranium imported from other countries.
Therefore the plan to re-open the uranium production was canceled in 1980
and the license for shale mining at Ranstad expired at the end of 1984 (14,
47). In connection with the mine preparation during the 1960's, the earlier
restoration work was performed by tractor leveling of the 10-20 m high
embankment along the about 2000 m starting border of the open pit area. At
the end of the 1970 s a large-scale recultivation test, comprising an area of
about 30,000 m \ or nearly half of the refilled area (the east branch of the open
pit) was made. Over the whole area a ground profile was created with blasted
rock at the bottom, covered by a minimum of 2 m of moraine and 0.1-0.75 m
of top soil, depending on the intended use of the land (14). The area was
divided into the fields prepared for corn cultivation, grazing land, and
forestry. This field test demonstrated the possibility to restore the land to
normal use after mining alum shale in open-pit.
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During the plant production period in the 1960s, weathering of the shale
residues occurred in the disposal area. The dominating reaction at weathering
of the shale leaching residue is oxidation of pyrite (FeS2) in the shale by
oxygen in the atmosphere in the presence of moisture and subsequent
formation of iron sulfate and sulfuric acid. During the weathering process, the
pH decreases and some other elements, such as aluminum, magnesium and
manganese were dissolved (13).
During the 60s and 70s different parts of the waste disposal area were
covered, in order to reduce weathering. The most important work was made
in 1978-1979, when all the remaining area from the open-pit was covered
with about 0.5 m of moraine which is a reliable, natural material. The cover
was fertilized and recultivated with grass. The effect of this covering was
confirmed by reduction in concentrations of toxic metals in the water from the
disposal area. In 1986 the final restoration was discussed, and two options
were proposed:
1. Filling the open pit mine with water and covering of the leaching residue,
using the "dry method".
2. Moving the leaching residue back to the open pit for disposal under ground
water "wet method", and total open pit refilling.
The detailed plan for the final restoration of the Ranstad site was submitted to
the county administration in October, 1988. In short, the plan proposed water
filling of the open pit and covering of the waste disposal area using the "dry
method". Ranstad's area is shown in figure 5 (47).
The restoration project started in January 1990. The aim of the restoration was
to reduce and eventually eliminate any needs of maintenance at the site by
reducing the environmental impact to acceptable levels. A prediction of the
water quality in the natural recipients after the restoration was therefore an
important part of the restoration plan. The primary restoration project started
in 1990 and ended in 1993 (14).

Figure 4 Ranstad alum shale in Sweden.

33
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Figure 5 The Ranstad area.

5.2

The mill tailing area
The establishment of a tight cover on the leaching residues and additional mill
tailings was the most complicated part of the restoration. Moraine was used
for the tight layer. After quality acceptance of the tight layer, a limestone
layer for draining was spread on top of the tight layer. The limestone layer
was covered with the an additional moraine layer to reduce the risk of root
penetration into and freezing of the tight layer. The total covered area was
about 250,000 m2.Section of the cover system used for the waste disposal area
is shown in figure 6 (14,47).
For the future monitoring of the cover system, a large number of pipes for
observation of the groundwater level above the tight layer were installed. For
the testing of oxygen diffusion, lysimeters were placed underneath the tight
layer. Groundwater level in the tight layer, infiltration of rain and snowfall
through the tight layer and the oxygen diffusion were parameters tested. It
was shown that an average of 80 mm rain infiltrated through the tight layer,
that means about 12% of the rain and snowfall. Oxygen was not observed
within most of the lysimeters. It means that the tight layer prevents oxygen
diffusion. The concentrations of heavy metal such as Ba, Cd, Co, Cr, Cu, Hg,
Mn, Ni, Pb, Sr, Zn and U within the tailing area had been decreased during
1993 to 1994. These results show that in the tailings area, with low
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concentration of heavy metals the weathering process has been stopped. That
means the release of heavy metals or sulfuric acid is very small. The
concentrations of heavy metal in the vicinity of the tailing area (close to the
lake) showed an increased in 1994. Thus the natural heavy metals were
increased during one year. Quality control on groundwater at the tailings area
was done in 1994. Groundwater was sampled from different sampling stations
at the tailing area. It has been shown that the concentrations of heavy metal
have decreased during this time and the concentrations of Ni and Fe were
increased in groundwater outside the tailings area (14,47).

Crushed
limestone 0,2 m
Moraine from^-eariier covering
0-0,3 m

Soil-moraine "
mixture 0,2 m "" Protective layer
1,6 m
Moraine 1,2 m
day-moraine "
mixture 0.2 m
Tailings
From 6 to 10 m

Figure 6 Section of the cover system on the waste disposal area.

5.3

Open pit mine area
The very tight alum shale bottom was used to create a lake with an area of
250,000 m2 which is called lake Tranebarssjon. During the restoration work
the bottom of the pit was covered by the limestone and moraine. Section of
the lake is shown in figure 7 (47). During one and a half year the open pit
filled by groundwater. The water filling of the lake was completed by the
middle of 1993 and the water level reached the level +176.5 meter above sea
level. The lake's volume is 1.3 million m3.The pH in the bottom of the lake
varied between 6.6 to 7.6 during 1993-1996. The chemical data for water
from the bottom of the lake is presented in table 8. One end of the lake was
filled out to give shallow water, suitable for birds life, while the other end has
a depth of up to 15 m. The lake is stratified and can be divided into
epilimnion (upper part) and hypolimnion (deeper part). The epilimnion and
hypolimnion are separated by a zone which is called thermocline which is 8
to 10 meter below the water surface depending on time of the year and
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prevailing wind conditions (14). The visibility of the lake was about 4-5
meter until the beginning of May 1994. After that the whole lake became redbrown colored and the visibility was only 0.5 meters. Chemical analysis
showed that both the upper part above the thermocline and the deeper part of
the lake had elevated concentrations of dissolved iron (48). The concentration
of iron in the surface water varied between 0.04-1.8 mg/1 which coincided
with periods with low visibility. The color changing in the lake can be
explained by the hypothesis that reduction of Fe(III) in deeper part of the lake
by iron reducing bacteria produced Fe(II) that is soluble in oxygen free water.
In spring when the water turned in the lake, dissolved Fe(II) was exposed to
air and reoxidized to Fe(III) causing the red-brown color in the lake.
Therefore an important question is if microbial iron reduction by iron
reducing bacteria can play a significant role in causing the color change in the
lake.
The concentrations of heavy metals in the open pit area increased during the
last three years concomitant with the increasing dissolved iron concentration.
Ground water was sampled from different sampling stations around the lake.
The concentration of most heavy metals in groundwater was elevated in all
sampling stations close to the lake. When the open pit was kept dry by
pumping, a large oxidized area around the pit was obtained. Thus the
relatively porous material consisting of alum shale, limestone, and moraine
with high concentrations of heavy metal was exposed to weathering during 30
years. The release of the resulting weathering products has been going on
since the filling up of the open pit mine started. This release is still on going
and therefore increasing heavy metal concentrations during the following
years can be expected in the effluent water (14,47).

Backfilled
moraine

^ ^
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176,5 m above sea-level
ll I

l|l.

I I I ll|||l
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Backfilled
limestone and
alum shale

Sandstone

Figure 7 Cross section of lake Tranebarssjon.
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Isolation of iron reducing bacteria from
the water filled open pit at Ranstad

6.1

Material and methods

6.1.1

Enrichment medium
The medium for Fe-reducing enrichments was prepared in an identical
manner to that described by Lovley and Phillips (27), by using standard
anaerobic techniques. The medium contained (per liter of distilled water);
NaCl, 0.1 g; KC1, 0.1 g; NH4C1, 1.5 g; peptone, 0.01 g; NaH2PO4.H2O, 0.6 g;
MgCl2.6H2O, 0.1 g; MnCl2.4H2O, 0.005 g; Na2MoO4.2H2O, 0.001 g; and
Resazurin, 0.0125g. The medium was bubbled with N2 gas for 30 minutes and
adjusted to pH 7. The gas was passed through a heated column of reduced
copper flings to remove traces of oxygen. The culture medium was dispensed
in 9 ml portion in 15 ml anaerobic Huntgate tubes or in 25 ml portion in 50ml serum bottles under a stream of N2 gas. The head space of bottles and
tubes was gassed with N2 gas for 2 and 1 minutes, respectively. Each bottle
and tube was sealed with a butyl rubber stopper and an aluminum crimp.
The bottles and tubes were autoclaved for 20 min. at 121 °C. After
autoclaving, NaHCO3 and L-Cystein (as reductant) were added to final
concentrations of 2.5 g/1 and 0.04 g/1 respectively with pregassed sterile
syringes. The pH of the autoclaved medium was 7.0.

6.1.2

Preparation of Fe(IH)
Amorphous Fe(III) oxyhydroxide was made by neutralizing 1 M solution of
FeCl3 to pH of 7 with NaOH. The Fe(III) precipitate was washed by
deionized, sterile water three times. This preparation of amorphous Fe(III)
oxyhydroxide was done by using sterile techniques. The sterile stock solution
was transferred into 100 ml serum bottles and bubbled with N2 gas for 10
minutes. Each bottle was sealed with a butyl rubber stopper and an aluminum
crimp.
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6.1.3

Estimation of the number of viable cells of iron reducing bacteria in the
lake and in the tailings area in Ranstad
The number of viable cells was estimated by a MPN (most probable number)
method (19). For this propose groundwater samples were collected from 13
and 14 m depth of the lake Tranebarssjon (the deepest part of the lake is 15
m). One ml of sample from each depth was injected into a tube containing 9
ml Fe(III) reducing medium. The tube was then shaken thoroughly, and a new
sterile syringe was used to draw out a 1 ml sample and inject it into a new
medium tube. This procedure was repeated to produce 6 dilution levels with 2
repetitions in each level. Amorphous Fe(III) (electron acceptor, 1 M) and
sodium lactate (electron donor, 5 M) were added from anaerobic stock
solutions to final concentrations of 69 mM and 23 mM, respectively. The
electron donor and electron acceptor were added to the tubes with sterile
syringes which were pregassed with N2 gas. The tubes were incubated at room
temperature for 8 days. The results are summarized in table 4.
In the waste disposal area that was covered by using the dry method, a large
number of pipes were installed as sampling stations. Groundwater was
sampled at the tailing area using a pump in the beginning of September 1995,
from three sampling stations that are called 105 Moran (15 m depth), 105
Lakrest (10 m depth), and Kalksten (25 m depth). Samples were transferred to
100-ml serum bottles with sterile pregassed syringes (with N2 gas). The
number of viable cells was estimated by a MPN method (table 4). The tests
were performed in 7 dilution levels with 7 repetitions in each level. The
medium used for MPN was Fe(III) reducing medium as described above. The
tubes were incubated at room temperature for 8 days. The number of viable
cells was calculated by a computer program (19) and the results are
summarized in table 4.

6.1.4

Isolation procedure
Three strains (Tran-1, Tran-2, and Tran-3) of iron reducing bacteria were
isolated from water samples from the lake Tranebarssjon in Ranstad. Water
samples from Tranebarssjon at 13 m and 14 m depth (thermocline) were
collected in May 1995. The samples were transferred to the surface by using a
pump. Samples were taken with sterile syringes and transferred immediately
to 100-ml serum bottles which were pregassed with N2 gas. For the
enrichment process, water samples were inoculated in an anoxic enrichment
medium (3.2.1) containing amorphous Fe(III) oxyhydroxide (electron
acceptor) and sodium lactate (electron donor) to final concentrations of 69
mM and 23 mM respectively. The bottles were incubated at room
temperature. Pure cultures were obtained by repeated culturing on nutrient
agar plates. The purity of the isolates was routinely checked by microscopy.
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6.1.4.1

Growth determination
Growth of strains Tran-1, Tran-2, and Tran-3 was determined by the AODC
(Acridine Orange Direct Count) method (38) (table 5). The samples were
diluted two-fold the volume with sterile filtered 0.1% oxalic acid and
vigorously shaken to dissolve particulate iron forms. A portion of sample was
filtered onto a Sudan-black stained Nuclepore filter of 0.22 urn pore size and
13 mm in diameter at -20 kPa and stained for 6 min. with acridine orange.
The number of bacteria was counted using blue light (390-490 nm) under a
epifluorescence microscope (Olympus BH-2). The results are summarized in
table 5.

6.1.4.2

Fe (III) reduction
The ability of strains Tran-1, Tran-2, and Tran-3 to reduce Fe(III) was tested
by culturing these strains in the Fe-reducing medium (6.3.1) containing
amorphous Fe(III) (electron acceptor) and sodium lactate (electron donor) to
final concentrations of 69 mM and 23 mM, respectively. Fe(III) reduction was
monitored by measuring the accumulation of Fe(II) over time (table 5). The
concentration of soluble Fe(II) after extraction in 4.0 M H2SO4 was
determined with ferrozine (21). Fe(II) reacts with ferrozine to form a colored
compound, which was measured by spectrophotometry at 562 nm. Total iron
was determined after reducing Fe(III) to Fe(II) with hydroxylamine (10%)
and the results are summarized in table 5.

6.1.4.3

16S rRNA gene studies
DNA was extracted (33) from the strains Tran-1, Tran-2, and Tran-3. The 16S
rRNA gene from each strain was amplified by PCR method using the 5 and 3
primer positions 8-28 and 1522-1542, E. coli Borsius numbering (4). The
amplification products were purified with the QIAEX agarose extraction kit
(Qiagen) following the manufacturers specifications (9,37). Sequencing was
done directly on the PCR products using Thermo sequenase fluorescent
labeled primer cycle sequencing kit (Amersham) following the standard
procedure with using 5 primer position 906-926 (37). The sequences were
determined with a model of an ALF DNA Sequencer (Pharmacia-Biotech).
The sequences of strains Tran-1, Tran-2, Tran-3 stretch between positions
531-827, 544-846, and 537-874 respectively. The 16S ribosomal DNA
sequences from these strains were compared with sequences of various
members of the bacterial phylum obtained from the EMBL data base using
FASTA procedure in the GCG package (Genetic computer group, Wisconsin,
USA). The results are summarized in table 6.

6.1.4.4

Cell morphology
The cell morphology was studied by using light and epifluorescence
microscopy after dissolution of particulate iron forms with sterile filtered
0.1% oxalic acid.

39

6.2

Results

6.2.1

Estimation of the number of viable cells of iron reducing bacteria in the
lake and in the tailings area at Ranstad
The number of viable cells in water samples from 13 and 14 m depth of the
lake Tranebarssjon was similar to each other and it was approximately 103
cells/ml after 8 days incubation (table 4).
The number of viable cells of iron reducing bacteria in samples from all three
stations in the tailings area (105 Moran, 105 Lakrest, and Kalksten) was
similar to each other and it was approximately 102 cells/ml after 8 days
incubation (table 4).
Table 4 The number of viable cells of iron reducing bacteria in the lake (13
& 14 m depth) and three stations in the tailing area after 8 days incubation.
Lake
(13 m depth)
No. of
103
viable
cells/ml"

Lake
(14 m depth)

105 Moran
(15 m depth)

105 Lakrest
(10 m depth)

Kalksten
(25 m depth)

103

102

102

102

"Determined by MPN. SD=0.26

6.2.2

Isolation procedure

6.2.2.1

Growth determination
Growth of strains Tran-1, Tran-2, and Tran-3 was determined by production
of a black precipitate of iron sulfide due to the reaction of Fe(II) with sulfide
present in medium in the enrichment cultures and was confirmed by
estimation of total number of cells (AODC) after one week incubation at
room temperature. Total number of the cells of strain Tran-1, Tran-2, and
Tran-3 was approximatlylO7,106, and 106, respectively (table 5).

6.2.2.2

Fe(III) reduction
The increase in cell numbers coupled to Fe(II) production indicated that the
bacteria were able to reduce amorphous Fe(III) oxyhydroxide during growth
on lactate as energy source (table 5). Reduction of Fe(III) by strains Tran-1,
Tran-2, and Tran-3 showed a 13, 12, and 9 fold increase in Fe(II)
concentration in comparison with Fe(II) concentration at the start time,
respectively.
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Table 5 The production ofFe(II) by iron reducing strains isolated from the Ranstad open
pit lake. The table shows the increase in the number of cells after 8 days of growth and
the corresponding amount of Fe(ll) produced by the respective strain. The total iron
contents in the cultures were approximately 4.5 g/l and did not change significantly
during the experiment.
•Cells/ml ±SD

Strain
Tran-1
Tran-2
Tran-3

At start

Fe(II) in culture, g/l ±SD

At start

after 8 days

after 8 days

•"Increase in Fe(II)
concentration
after 8 days

2.2±1 .4x10'

1.8±1.2xlO7

0. ll±0.01

1.4±0

13

2.0±4 .9x10'

6

0. 1410.01

1.7+0.1

12

6

0. 13+0.02

1.2+0.1

9

3.9±1 .7x10'

9.0±4.9xl0

6.7±1.2xlO

a

AODC = Acridine orange direct count
In comparison with Fe(II) concentration at the start time Fe(II) after 8 days/Fe(II) at start

b

6.2.2.3

16S rRNA sequence analysis
16S rRNA gene from the strains Tran-1, Tran-2, and Tran-3 was sequenced
between bases 531-827, 544-846, and 537-874 respectively. Strain Tran-1
was found to be related to Shewanella putrefaciens with an identity value of
98.6% in 296 bp. The other two strains Tran-2 and Tran-3 were found to be
related to Shewanella alga, and Aeromonas salmonicida with an identity
value of 98.7%, and 98.2%, in 302 and 337 bp respectively (table 6).

Table 6 16S rRNA gene sequenced isolates of anaerobic bacteria obtained from
enrichments for iron reducing bacteria at the lake Tranebarssjon.
Name of isolate Closest species in the DNA
database

EMBL accession number
for the closest species
sequences

Identity

Tran-1

Shewanella putrefaciens

X81623

98.6%

Tran-2

Shewanella alga

X81621

98.7%

Tran-3

Aeromonas salmonicida

X60406

98.2%

6.2.2.4

Cell morphology
It was found that the cells of strains Tran-1, Tran-2 and Tran-3 were rod
shaped and motile. The Gram reaction was negative.
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Microbial reduction of Fe(III) on sterile
and non-sterile weathered shale from
Ranstad

7.1

Study site
Some mine shale from mining operations in Ranstad was placed on the land
surface where it had been weathered by oxygen and water during 30 years.
The aim of this study was to distinguish if the Fe(III) and/or organic
compounds presence in weathered shale can be utilized by Fe-reducing
bacteria (strains Tran-1, Tran-2, and Tran-3). For this purpose, some
weathered mine shale from Ranstad were collected in the end of 1995 and
were dried at 37°C. Chemical data for alum shale in Ranstad is presented in
table 7.

7.2

Material and methods
This experiment was performed in anaerobic serum bottles and in columns in
an anaerobic box.

7.2.1

Culture medium

7,2.1.1

Culture medium for the bottle experiment
The medium used in this experiment was the Fe-reducing medium that was
prepared by using standard anaerobic technique as described before (27). A
portion of 300 ml of medium were distributed into anaerobe bottles and
bubbled with N2 gas for 30 minutes. Each bottle was sealed with a butyl
rubber stopper and an aluminum crimp. The bottles were autoclaved for 20
min. at 121 °C. After the bottles were cooled, NaHCO3 and L-Cystein (as
reductant) were injected into the bottles to final concentrations of 2.5 g/1 and
0.04 g/1 respectively with sterile pregassed syringes. The pH of autoclaved
medium was approximately. 7.0.
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7.2,1.2

Culture medium for the column experiment
The medium used in this experiment was prepared by using the Ranstad
groundwater chemistry data (48) (table 8). The medium contained NaCl, O.lg;
KC1, 0.05g; MgCl2, 0.05g; Na2SO4, 1.2g; CaCl2, 0.06g; NH4C1, 0.002g; and
KNO3, 0.00lg and 1000 ml double distilled water. The medium was
distributed into 300 ml anaerobic bottles and bubbled with N2 gas for 30
minutes and adjusted to pH 7. The bottles were autoclaved at 121 °C for 20
minutes. After the bottles were cooled, sodium phosphate was injected into
the bottles as buffer to a final concentration of 20 mM.
Table 7 Chemical data for alum shale in Ranstad. Sampling for analysis was
performed on 22 February 1996 at the industry site close to tailings area.
Metal
SiO 2

A1A
CaO
Fe 2 O 3

K2O
MgO
MnO

Nap
P2O5

%

54.6
12.9
0.135
2.40
5.59
0.784
0.0102
0.423
0.0627

Metal

ppm

Metal

ppm

As
Ba
Be
Cd
Co
Cr
Cu
Hg
La

19.7
569
4.18
0.284
0.367
66.4
23.5
0.303
43.2

Mo
Nb
Ni
Pb
Sc
Sn
Sr
U
Zn

169
38.0
15.6
76.6
8.23
<23.1
56.9
46.2
6.73

Table 8 Chemical data for water sample from the lake Tranebdrssjon (14 m
depth) in Ranstad. Sampling for analysis was performed on July 1994.
NH4
mg/l

NO3
mg/l

NO 2
mg/l

PO4
mg/l

SO4
mg/l

F
mg/l

Cl
mg/l

Ca
mg/l

Fe
mg/l

K
Mg
mg/l mg/l

Na
mg/l

S
mg/l

0.1

0.50

0.002

0.013

1200

0.50

14.5

625

32.2

5.5

10.0

447.9

Al

As

15.1

6.0

Ba
16.4

Cd
1.0

Co
(ig/l

Cr
ng/1

Cu

118

3.02

6.37

Hg
1

7.2.2

Enrichments preparation

7.2.2.1

Enrichments for the bottle experiment

0.4

39.3

Mn
ng/

Ni

Pb
Hg/1

Sr
ng/1

Zn

U

11400

354

0.8

1320

27.2

360

To test for the utilization of organic compounds and Fe(III) presence in the
shale under the anaerobic condition, cell cultures of strains Tran-1 and Tran-2
on sterile and non-sterile shale were performed, respectively. Ten grams of
weathered shale (table 7) were added to 50- ml sterile serum bottles under
anaerobic and sterile conditions. The head spaces were gassed with N2 gas for
2 minutes and the bottles were sealed with butyl rubber stoppers and
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aluminum crimps. Half of the bottles were sterilized by autoclaving for 20
min. at 121 °C or by dry heating at 170°C for two hours. The other half were
kept non-sterile. The culture medium (prepared as described above) was
dispensed into the serum bottles (20-25 ml) contained shale by using a sterile
pregassed syringe. To test the utilization of organic compounds and Fe(III)
presence in the shale by strains Tran-1 and Tran-2, the following tests were
performed (table 9).
The first test contained only shale, the second test contained shale and lactate
as energy source to a final concentration of 23 mM, the third one contained
shale and amorphous Fe(III) oxyhydroxide to a final concentration of 69 mM
as electron acceptor, and the fourth one contained both lactate and amorphous
Fe(III) oxyhydroxide with the same concentration as mentioned above (all
these tests were performed in triplicate). The lactate and amorphous Fe(III)
oxyhydroxide were added to the bottles from the anaerobic stock solutions
with sterile pregassed syringes. The sterile and non-sterile culture bottles were
inoculated with approximately 104 cells/ml of strains Tran-1 and Tran-2,
respectively. The bottles were incubated at room temperature for two weeks.
The controls (for each test) were prepared as above and not inoculated (table
9).
Table 9 Culture conditions for the bottle experiment. The table shows
contents of substrate (lactate) and electron acceptor (amorphous Fe(III)) in
different test. These four tests were repeated without adding bacteria as
control.

7.2.2.2

Test number

Lactate

Amorphous Fe(III)

with bacteria
1
2
3
_4

+
+

+
+

Enrichments for the column experiment
For this experiment four polycarbonate columns (8 by 32 cm) were used.
These columns were autoclaved at 121°C for 20 min. The columns were
transferred to the anaerobic box. In tests 1, and 2, the columns were loaded
with 1000 grams of non-sterile shale (were dried at 37°C) to a depth of 20 cm.
In tests 3, and 4, the columns were loaded with 1000 grams sterile shale
(autoclaved at 121°C for 20 min.) to a depth of 20 cm (table 10). The columns
were filled with one liter medium which was prepared as described above and
tightly capped. Medium was pumped downflow through the columns using a
pump. A 4.3 mm diameter pipe was used for sampling. The columns water
discharge through a 300 ml bottle which was located at the top of each
column (figure 8 ). The bottle was also used for gas collection. The gases
were flowed out from the bottle by using a 2.2 mm diameter pipe. In each
test, one column was inoculated with l.OxlO5 cells/ml of strain Tran-2.
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Control tests with non-sterile and sterile shale were run in parallel (not
inoculated) (table 10). The columns were incubated in the anaerobe box at
25°C for 33 days.
Table 10 Culture conditions for the column experiment. The table shows that
columns 1 and 2 contain non-sterile shale. One of these column was
inoculated by bacteria (Tran-2) and the other one kept not inoculated. The
column 3 and 4 contain sterile shale and only one of them was inoculated by
bacteria.
Column

Non-sterile shale

Sterile shale

Bacteria

1
2
3
4

medium

medium

shale
pump

sampling pipe

Figure 8 Column set-up for the anaerobic Fe(III) reduction experiments in
weathered shale.
7.2.3

Growth determination
The number of viable cells was estimated by CFU (colony formation units) on
nutrient agar plates in both experiments. The bottles were shaken thoroughly
and 1 ml sample from each bottle and each column was taken by using a
sterile pregassed syringe and diluted with 9 ml salt medium in a sterile tube.
This procedure was repeated to produce 8 dilution levels with 2 repetitions in
each level. From each tube a 0.1- ml sample was spread using a glass spreader
on a nutrient agar plate with duplicate preparations. The plates were
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incubated at room temperature for 48 hours. The results from the bottles
containing sterile and non-sterile shale are summarized in table 11 and 12
respectively.
Total number of the cells in columns was determined using AODC method as
described above (table 13). Total number of the cells/g shale in different
depth of each column (1,7, 14, and 21 cm from the top of each column) was
estimated by using AODC method in the end of the experiment. After 44
days, samples were collected at 4 depths (1, 7, 14, 21 cm). From each depth
of the columns, 1 gram of. shale was taken and transferred to a sterile tube
with 1 ml NaCl (0.9%). The tube was shaken thoroughly to get cells free from
the shale's particles. From the above mentioned mixture a serial dilution to 3
folds was prepared. From the last dilution tube, the number of the cells was
estimated by AODC method. The results are summarized in table 14.
7.2.4

Fe(III) reduction
Fe(III) reduction was monitored by measuring the accumulation of Fe(II) over
time as described above. Fe(III) was determined after reducing Fe(III) to
Fe(II) with hydroxylamine (10%). The results from the bottles containing
sterile and non-sterile shale are summarized in table 11 and 12 respectively.

7.3

Results

7.3.1

Growth determination

7.3.1.1

Growth determination in the bottle experiment
Growth in culture bottles with sterile shale was determined by CFU on
nutrient agar plates (table 11). The number of viable cells in Test 1, 2, and 3,
was almost similar and it was approximately 1.9xlO6 cells/ml. The number of
viable cells in Test 4 (adding both lactate and amorphous Fe(III)) was higher
than the others and it was 4.6x106 cells/ml. Average number of viable cells,
from cultures with sterile shale is summarized in table 11. Growth was not
observed in the control bottles and the bottles containing dry heated sterilized
shale.
Growth in culture bottles containing non-sterile shale was also determined by
CFU (table 12). In Test 1 that contained neither amorphous Fe(III) nor lactate,
the number of viable cells were 9.5x106 cells/ml. In test 2 that contained only
lactate but not amorphous Fe(III), the number of viable cells was 2.1xlO7
cells/ml. In test 3 that contained only amorphous Fe(III) but not lactate, the
number of viable cells was 6.0x106 cells/ml. In test 4 with addition of both
lactate and amorphous Fe(III), the number of the cells was 2.5x107 cells/ml.
Growth was observed in all control bottles. The number of viable cells in the
control bottles was almost similar to the Tests. Average number of viable
cells from cultures with non-sterile shale is summarized in table 12.
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Table 11 The average production of Fe(II) in the presence or absence of substrate
(lactate) and/or electron acceptor (amorphous Fe(III)) by strain Tran-1 on sterile shale
in the bottle experiment. The table shows the increase in the number of the bacteria and
the corresponding amount ofFe(II) produced in these tests after 14 days incubation. All
the tests were prepared in triplicate.

Number of viable cells/ml±SD
Test
With bacteria
1a shale
2a shale + lactate
3a shale + Fe(lll)
4a shale + lactate + Fe(lll)
Without bacteria
1b shale
2b shale + lactate
3b shale+Fe(lll)
4b shale+lactate+Fe(lll)

c

At start (x104) "After 14 days (x 10°)
1.0
1.0
1.0
1.0
0
0
0
0

'Fold increase in Fe(ll)
concentration
After 14 days
After 14 days

Fe(ll) produced (g/l) ±SD

1.7±0.5x106

At start

4.6±1.0x10 6

0.013±0
0.012±0
0.029±0
0.051 ±0.02

0.17±0.02
0.20±0.02
0.23±0.01
2.35±0.21

13
16
8
46

0
0
0
0

0.023±0
0.021±0
0.023±0
0.015±0

0.16±0.04
0.17±0.01
0.19±0.02
0.14±0.01

7
8
8
9

2.5±2.4x10 6
1.6±1.6x10s

C

AODC = Acridine orange direct count; dCFU = Colony forming units; eIn comparison with Fe(II)
concentration at the start time

Table 12 The average production ofFe(II) in the presence or absence of substrate and/or
electron acceptor by strain Tran-2 on non-sterile shale in the bottle experiment. The table
shows the increase in the number of the bacteria and the corresponding amount ofFe(ll)
produced in these tests after 14 days incubation. All the tests were prepared in triplicate.

Number of viable cells/ml ±SD
c

Test
With bacteria

At start (x104)

d

Fe(ll) produced (g/l) ±SD

After 14 days At start

After 14 days

"Fold increase in
Fe(ll) concentration
After 14 days

1a shale

0.5

0.9±7.0x107

0.11±0.01

0.92±0.02

8

2a shale +lactate

0.5

2.1±1.1x107

0.22±0.04

1.16±0.04

5

6

3a shale +Fe(lll)

0.5

6.0±7.5x10

0.22±0.01

2.43±0.02

11

4a shale +lactate +Fe(lll)
Without bacteria

0.5

2.5±3.2x107

0.22±0.02

2.52±0

11

1b shale

1.0

6.4±7.8x106

0.14±0.01

0.87±0.09

6

2b shale +lactate

1.0

1.0±1.4x107

0.20±0.01

1.10±0

6

3b shale +Fe(lll)

1.0

7.2±6.4x106

0.36±0.04

1.68±0.02

5

4b shale + lactate +Fe(lll)

1.0

1.2±1.0x107

0.26±0

2.0±0.1

8

C

AODC = Acridine orange direct count
CFU = Colony forming units
e
In comparison with Fe(II) concentration at the start tim
d

7.3.1.2

Growth determination in the column experiment
The total number of cells in the column 1 and 2 (with non-sterile shale) was
higher than the column 3 and 4 (with sterile shale) and it was 6.9x106 and
9.3x106 cells/ml, respectively. The total number of cells in column 3 was
4.3x105 cells/ml after 33 days incubation. Growth was not observed in
column 4 (without bacteria) (table 13).
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The number of viable cells in column 1 and 2 (with non-sterile shale) was
1.6xlO4 and 0.2x105 cells/ml after 33 days respectively. The number of viable
cells in column 3 (with sterile shale) was 4.0xl04 cells/ml (table 13).
The total number of the cells/g in different levels of each column was
generally higher than the number of the cells in water sample from the
columns. The results did not indicate significant differences in total number
of bacteria in the different depth of the columns The results are summarized
in table 14.
Table 13 The average number of total and viable bacteria from the sterile and nonsterile shale in the column experiment after 33 days. The table shows the increase in the
total number as well as viable bacteria in all the columns.
a

Column
with bacteria
1) Non-sterile shale
3) Sterile shale
without bacteria
2) Non-sterile shale
4) Sterile shale
a

Total number of bacteria/ml±SD
At start (x102)
After 33 days

"Number of viable bacteria/ml±SD
At start
After 33 days

4.2±2.1x102
0

6.9±1.4x106
4.3±1.7x105

0
0

1.6±0.4x104
4.0±1.1x104

2.8±0.7x102
0

9.3±3.7x105
0

0
0

2±1.2x104
0

AODC= Acridine orange direct count
CFU= Colony forming units

b

Table 14 Total number of bacteria/gram shale from different depth of the
columns. The table shows distribution of total number of bacteria in different
depth of each column after 44 days.

Column
with bacteria

level (cm)
7
14

1

21

1) Non-sterile shale 2.7±0.4x107
3) Sterile shale
1.8±0.1x106
without bacteria

2.8±0.9x107 2.5±0.9x107 4.2±2.2x107
8.5±3.8x106 6.6±4.5x106 4.3±4.2x106

2) Non-sterile shale 7.5±2.4x107

9.6±0.5x107 7.4±3.7x107 2.6±0.9x107

6

7.3±1.4x106 7.0±1.5x106 5.2±2.6x106

4) Sterile shale

9.1±4.4x10

7.3.2

Fe(III) reduction

7.3.2.1

Fe(lll) reduction in the bottle experiment
Reduction of Fe(III) in culture bottles with sterile shale could be seen under
some conditions (table 11). In Test 1 without addition of amorphous Fe(III),
and lactate, and in test 2 with addition of only lactate but not amorphous
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Fe(III), reduction of Fe(III) by strain Tran-1 was observed by 13 and 16 fold
increase in Fe(II) concentration (in comparison with Fe(II) concentration at
the start time) after two weeks incubation respectively. In test 3 with addition
of only amorphous Fe(III) and in test 4 with addition of both lactate and
amorphous Fe(III), reduction of Fe(III) was observed by 8 and 46 fold
increase in Fe(II) concentration (in comparison with Fe(II) concentration at
the start time), respectively. The total iron content in test 3 and 4, which were
added amorphous Fe(III), was higher than test 1 and 2. Total iron did not
change significantly during the experiment. In all control bottles, production
of Fe(II) was observed. The results from the reduction of Fe(III) in these
bottles showed 7-9 fold increase in Fe(II) concentrations. The reduction of
Fe(III) was not observed in cultures containing sterile shale (sterilized by dry
heat, 17o°C for two hours). The results are summarized in table 11.
The following results were obtained from the culture bottles containing nonsterile shale (table 12). The results from the reduction of Fe(III) by strain
Tran-2 in Test 1, 2, 3, and 4 showed 8, 5, 11, and 11 fold increase in Fe(II)
concentration (in comparison with Fe(II) concentration at the start time) after
two weeks incubation respectively. The total iron concentration in test 3 and 4
(with addition of amorphous Fe(III)) was higher than test 1 and 2, and did not
change significantly during the experiment. These results from test 1 showed
that the organic compounds and Fe(III) present in the shale can be used by
microorganisms. Production of Fe(II) was observed in all the control bottles.
The results from the reduction of Fe(III) in control bottles (1,2,3, and 4)
showed a 6-8 fold increase in Fe(II) concentrations (table 12).
7.3.2.2

Fe(III) reduction in the column experiment
Reduction of Fe(III) was not observed in any of the columns after 33 days.
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8

Discussion

Fe(III) oxide is present in solid form in aquatic environments.
Microorganisms can obtain energy for growth by coupling the oxidation of
organic matter to dissimilatory reduction of Fe(III) under anaerobic
conditions. In general the presence of iron reducing bacteria in sediments and
soils, can influence the inorganic geochemistry of soils and sediments (11,
28). Dissimilatory Fe(III) reduction causes that the concentrations of
dissolved iron and several important Fe(II)-containing minerals are increased
in aquatic sediments, submerged soils and groundwater. Fe(III) reduction can
have an influence on the distribution and remobilization of toxic trace metals
and phosphate which are retained in the sediments by strong adsorption onto
Fe(III) oxyhydroxide. Such remobilization of heavy metals is a potential
hazard to environment (26, 42). Microbial oxidation of aromatic contaminants
coupled to Fe(III) reduction can be an important process for the removal of
aromatic contaminants from groundwater.

The major factors controlling the proportion of carbon and electron flow that
proceed Fe(III) reduction in anaerobic environments are: (a) the form of
Fe(III); the less crystalline forms of Fe(III), such as amorphous ferrihydrite or
ferric oxyhydroxide, are reduce more readily than those which are highly
crystalline, such as hematite and goethite, (b) concentration of Fe(III). It
should be considered that organic matter, can be metabolized with
concomitant Fe(III) reduction when Fe(III) is in an available form. But there
is a competition between iron reducing bacteria and other microorganisms
such as sulfate reducing bacteria (SRB) for organic matter in anaerobic
environments. Sulfate reduction by SRB, which cause immobilization of
heavy metals, is generally inhibited in sediments in which organic compounds
are oxidized by Fe(III) reduction. This inhibition is the result of a preferential
electron flow to Fe(III). Iron reducing bacteria can keep the concentration of
organic matter at levels, which is too low for sulfate reducers to be able to
metabolize them. Thus when amorphous Fe(III) oxyhydroxide is available in
anaerobic environments, the oxidation of organic compounds by reduction of
Fe(III) can be a major pathway for organic matter decomposition in these
environments.
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Three strains (Tran-1, Tran-2, and Tran-3) which were isolated from lake
Tranebarssjon could grow anaerobically on lactate as sole energy and carbon
source and with Fe(III) as an electron acceptor, thus having capacity of
dissimilatory Fe(III) reduction. On the basis of 16S rRNA sequence data,
isolate Tran-1 is related to Shewanella putrefaciens, with an identity value of
98.6%. The other two strains Tran-2, and Tran-3 are related to Shewanella
alga and Aeromonas salmonicida, with an identity value of 98.7 and 98.2%
respectively. There is not any accepted value of the percentage identity at
which two 16S rRNA genes can be concluded to belong to the same genus of
species. It has been suggested that at higher identity value in the 16S rRNA
sequence (>97.5%), species identity must be confirmed by DNA-DNA
hybridization (45). Due to relatively high 16S rRNA similarly between strains
Tran-1, Tran-2, and Tran-3 and other iron reducing bacteria, DNA-DNA
reassociation test is required to identify these isolates at the species level. It
can be concluded that they all belong to known iron reducing genera.
The presence of iron-reducing bacteria in the anoxic bottom layers of the lake
and in the tailings area, indicates that there is organic matter available to be
oxidized by microorganisms. Chemical data from the Ranstad uranium mine
indicated that the concentration of iron increased around the lake
Tranebarssjon (48). The ability of bacteria isolated from the lake
Tranebarssjon to reduce Fe(III) may partly explain the increasing iron
concentration in the lake.
Mine waste often contains high metals concentrations and has a low pH
because of the various microbiological, chemical and hydrological weathering
processes that act on the waste. Based on different studies it is concluded that
mine deposits should be regarded as potential chemical time bombs (CTBs).
Heavy metals are leached to the surroundings from all kind of deposits.
Changes in the geochemical environment may cause important increase in the
leaching of metals. The conditions for microorganisms life in mine waste
environments is very different from the normal conditions which are: a
neutral pH, a temperature at 37°C, aerobic atmosphere with no overpressure,
1% salinity and glucose as the main energy and carbon source. To survive and
grow in such environments, the organisms must be able to cope with high
metal concentrations, acid environments, low carbon concentration and
nutrient depletion. Metal tolerance is a necessity for microorganisms in mine
waste containing high metal concentrations. Microorganisms have some basic
needs that have to be fulfilled. In addition to water, they need an energy
source, a carbon source and an electron source. Microbial decomposition and
production of organic material depend on the source of energy and electronsource present (20). Microorganisms participate in the cycling of carbon and
thereby influence the amount and character of the organic matter. This can be
of substantial importance for metal mobility, because organic compounds of
various sizes can bind metals.
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During the operation of the open pit mine in Ranstad a large amount of alum
shale with high concentration of heavy metals was exposed to weathering.
Chemical data from Ranstad show that the concentration of Fe(III) around the
tailings area has increased (48). The ability of microorganisms to oxidize
organic matter coupled to reduction of Fe(III) present in the weathered shale
in Ranstad was tested. In the first experiment, the growth rate of strains Tran1, Tran-2, and Tran-3 corresponding to Fe(II) production on sterile and nonsterile shale was compared using conventional anaerobic serum bottles. The
results show that in the condition with addition of both lactate and amorphous
Fe(III), the production of Fe(II) was higher than the conditions with addition
of amorphous Fe(III) or lactate (table 11). When lactate serves as substrate for
amorphous Fe(III) (as the electron acceptor), the production of Fe(II) is much
higher. The results from the conditions with addition of amorphous Fe(III) or
lactate indicated that lactate may not be a suitable substrate for the electron
acceptors present in the shale, or the organic matter present in the shale is not
a suitable substrate for amorphous Fe(III) as electron acceptor when reduction
of Fe(III) is considered. It should also be considered that metal binding to
various organic substances may decrease the microbial degradation of the
organic compounds (5). It should be mentioned also that the form of Fe(III)
controls the extent of organic matter mineralization with concomitant Fe(III)
reduction at in situ organic matter concentrations, as well as in enrichments.
The results from the reduction of Fe(III) in the control bottles (without
bacteria) showed a slight increase in Fe(II) concentrations. The production of
Fe(II) in these bottles may be due to chemical reduction of Fe(III). The
growth of strain Tran-1, and production of Fe(II) was not observed in the
bottles containing dry heated sterilized shale. The prevention of growth in
these bottles may depend on the effect of heat on the chemical structure of the
shale and also production of toxic material for bacteria.

The number of viable cells in the culture bottles with non-sterile shale,
generally was higher than in the bottles with sterile shale, and this can be
explained by the presence of other microorganisms in the non-sterile shale.
The production of Fe(II) by strain Tran-2 did not show a significant
difference in the presence or absence of lactate and /or amorphous Fe(III) on
non-sterile shale (table 12). This result can be explained by the hypothesis
that (i) because of the form and property of Fe(III), bacteria are not able to use
it as the electron acceptor (ii) bacteria used other electron acceptors present in
the non-sterile shale (iii) the iron-reducing bacteria were out-competed by
other bacteria present in the non-sterile shale.
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The growth rate corresponding to Fe(II) production by strain Tran-2 in sterile
and non-sterile shale in columns under anaerobic conditions was estimated to
create a natural condition for bacterial activity in shale deposits. This
experiment was performed without addition of any substrate (lactate) and/or
electron acceptor (amorphous Fe(III)). Total number of bacteria in non-sterile
shale was higher than in the sterile shale, and this because of the presence of
other bacteria in non-sterile shale (table 13). The total number of the bacteria
per gram shale from different depth of the column was higher than in the
water discharge from the column (table 14). These results could be explained
by the ability of the bacteria to adhere to the shale particles. The production of
Fe(II) was not observed in any of the columns. The reason could be that, the
bacteria may have used other electron acceptors than Fe(III), even oxygen.
We should look more precisely at the physiology of the isolates. Also
screening for the different bacteria living in that ecosystem is necessary. With
this information then we have an understanding of the ecology of the Ranstad
mine waste deposits area, and may define the microbial influence on the
speciation and hence mobility of metals in such environments.
There are some important questions related to microbial processes in mine
waste which should be answered:
• What types of active bacteria dominate in different mine waste
environments?
• What influence have these bacteria on the geochemical situation?
• Which microbial processes in mine waste environments, relate to metal
speciation during the operation times and after that?
• Can these processes be
immobilization of metals?

avoided

and

manipulated

to

increase
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Royal Institute of Technology, KTH, Stockholm

Jul 95

II

80

On Leaching Characteristics and Dissolution Kinetics of
Combustion Residues
Licentiate thesis
Jinying Yan
Department of Chemical Engineering and Technology,
Royal Institute of Technology, KTH, Stockholm

Jul 95

HI

11

AFN-MS-1998-10-28

Nummer
(Number)

Utgiven
(Issued)

Område
(Programme)

81

Genomförande av LCA - en nordisk handbok
(Nordic Guidelines on LCA - A Seminar) (In Swedish)
Utbildningsseminarium, Stockholm 3 maj 1995
Dokumentation / OH-bilder
Avfallsforskningsrådet & Naturvårdsverket

Jul 95

II

82

En översiktlig kartläggning av forskning kring
konsumentbeteende i dess relation till miljöanpassade
produkter
(Research on Consumer Impact on the Development of
Environmentally Sound Products) (In Swedish)
Kartläggning
Ann-Charlotte Plogner och Katarina Wendt,
Marknadstekniskt centrum, MTC, Stockholm

Jul 95

II

83

The Environmental Impact of Mine Waste - Role of
Aug 95
Microorganisms and their Significance in Treatment of Mine Wastes
Survey
Maria Ledin and Karsten Pedersen,
Department of General and Marine Microbiology,
Göteborg University, GU, Lundberg Institute, Gothenburg

IV

84

Recycling and Utilization of Polymeric Materials
Improvement of Performance and Methods for Quality Evaluation
Annual report
Carl Klason, Hans Bertilsson and Paul Gatenholm,
Department of Polymeric Materials,
Chalmers University of Technology, CTH, Gothenburg,
Thomas Gevert and Antal Boldizar,
Swedish National Testing and Research Institute, SP, Borås,
Ingrid Gustafsson,
Swedish Institute for Fibre and Polymer Research, IFP, Mölndal

Sep 95

III

85

Återvinning och nyttiggörande av polymera material
(Recycling of Polymers) (In Swedish)
Översikt
Carl Klason, Hans Bertilsson och Paul Gatenholm,
Institutionen för polymera material,
Chalmers tekniska högskola, CTH, Göteborg,
Thomas Gevert och Antal Boldizar,
Statens provnings- och forskningsinstitut, SP, Borås,
Ingrid Gustafsson,
Institutet för fiber- och polymerteknologi, IFP, Mölndal

Sep 95

III

86

Characterisation of Residues
Release of Contaminants from Slags and Ashes
Annual report
Ann-Marie Fällman
Swedish Geotechnical Institute, SGI, Linköping

Nov 95

III

87

Upgrading of Recycled Engineering Polymers
Licentiate thesis
Henrik Larsson,
Department of Polymeric Materials,
Chalmers University of Technology, CTH, Gothenburg

Sep 95

HI
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Improved Deinkability of Recycled Wastepaper
Annual report

Omrade
(Programme)

Nov 95

III

Marie Wickman, Bjorn Johansson, Mikael Sundin and Goran Strom,

Institute for Surface Chemistry, YKI, Stockholm
89

Materialstrategi for kretsloppssamhallet
(Material Strategy for the Ecocyclic Society)
(In Swedish) (gratis)(free)
Seminarium 7 mars, 1995
Forlag: Kretsloppsdelegationen

Sep 95

I-III

90

Reverse Logistic Systems for Wastepaper
Licentiate thesis
Charlotta Andersson,
Department of Engineering Logistics,
Lund University, LU, Lund Institute of Technology, LTH, Lund

Sep 95

III

91

Livscykelanalys (LCA) for elektronik
(Life Cycle Assessment (LCA) for Electronics)(In Swedish)
Oversikt

Oct 95

II

Dec 95

II

Tomas Segerberg och Per Hedemalm,

Institutet for verkstadsteknisk forskning, IVF, Molndal
92

Life Cycle Assessment (LCA) for Electronics
Research report
Tomas Segerberg and Per Hedemalm,

Swedish Institute of Production Engineering Research, IVF, Molndal
93

Systemkunskap
(Systems Science)(In Swedish)
(gratis)(free)
Forskarpresentationer, Goteborg 31 augusti, 1995
Dokumentation/OH-bilder
AFR, Naturvardsverket

Dec 95

I

94

Miljoanpassade produkter
(Environmentally Sound Products)(In Swedish)
(gratis)(free)
Forskarpresentationer, Goteborg 31 augusti, 1995
Dokumentation / OH-bilder
AFR, Naturvardsverket

Dec 95

II

95

Miljoanpassadrestproduktanvandning
(Environmentally Sound Recycling)(In Swedish)
(gratis)(free)
Forskarpresentationer, Goteborg 31 augusti, 1995
Dokumentation / OH-bilder
AFR, Naturvardsverket

Dec 95

III

96

Miljoanpassad deponering
(Environmentally SoundWaste Deposition)(In Swedish)
(gratis)(free)
Forskarpresentationer, Goteborg 31 augusti, 1995
Dokumentation/OH-bilder
AFR, Naturvardsverket

Dec 95

IV
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97

Design for Recycling
Nov95
Workshop, May 29-31, 1995, Stockholm
Documentation
National Board for Industrial and Technical Development, NUTEK
Department of Mechanical and Materials Engineering,
Royal Institute of Technology, KTH,
Swedish Waste Research Council, AFR, Stockholm

II

98

Life Cycle Assessment and Treatment of Solid Waste
Proceedings of the International Workshop,
September 28-29, 1995, Stockholm, Sweden
Goran Finnveden,
Swedish Environmental Research Institute, IVL and
Department of Chemical Engineering, Applied Electrochemistry,
Royal Institute of Technology, KTH, Stockholm,
Gjalt Huppes,
Centre of Environmental Sciences, CML, Leiden University,
Leiden, The Netherlands

Nov 95

II/IV

99

Separation of Combined Materials for Recycling
Annual report
Tomas Forss and Bjb'rn Terselius,
Department of Polymer Technology,
Royal Institute of Technology, KTH, Stockholm

Dec 95

II

100

Systems Analysis of Different Waste Handling Systems for Rural
and Sparsely Populated Areas
Final report
Huibert Oostra,
Swedish Institute of Agricultural Engineering, JTI, Uppsala

Oct 96

I

101

Controlled Dust Generation
Annual report
Bo Bjorkman and Caisa Samuelsson,
Division of Process Metallurgy,
Lulea University of Technology, LuTH, Lulea

Dec 95

III

102

Avfallsbedomning
(Waste Classification)(In Swedish)
Workshop den 6 december, 1995
Dokumentation/ OH-bilder
AFR, Naturvardsverket

Dec 95

HI

103

Hydrokemiska processer i gruvavfallsupplag och recipienter Jan 96
tungmetallspeciering och sorptions- och sedimentationsprocesser
(Hydrochemical Processes in Mine Waste Deposits and in Recipients Speciation, Sorption and Sedimentation Processes in Heavy Metal
Systems)(In Swedish)
Arsrapport
Lars Lovgren och Staff an Sjoberg,
Avdelningen for oorganisk kemi, Umea universitet, UMU, Umea

IV
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104

Long - Term Release of Heavy Metals from Waste Deposits at the
Atmosphere - Geosphere Interface
Annual report
Nils Eriksson,
Division of Water Resources Engineering,
Royal Institute of Technology, KTH, Stockholm
Bo Stromberg,
Department of Inorganic Chemistry,
Royal Institute of Technology, KTH, Stockholm

Jan 96

IV

105

Avfallsbedomning
(Waste Classification)(In Swedish)
Kartlaggning
Andy Petsonk, Sanna Isaksson och Maria Wale-Lindvall,
Avdelning vatten och miljo, J&W Bygg & Anlaggning AB, Lidingd

Feb96

III

106

Recycling in Life Cycle Assessments
Licentiate thesis
Reine Karlsson,
Department of Technical Environmental Planning,
Chalmers University of Technology, CTH, Gothenburg

Dec 95
II
SLUT (SOLD OUT) *

107

Coupling Hydrological and Chemical Processess that Affect
Field-Scale Metal Leaching from Mining Waste Rock
Licentiate thesis
Nils Eriksson,
Division of Water Resources Engineering,
Department of Civil and Environmental Engineering,
Royal Institute of Technology, KTH, Stockholm

Feb96

IV

108

Development of Methods to Characterise Solid Wastes and to
Determine Factors which Influence their Long-Term Leachability
Annual report
Catharina Baverman, Jinying Yan and Ivars Neretnieks,
Department of Chemical Engineering,
Royal Institute of Technology, KTH, Stockholm

Mar 96

III

109

Systems Analysis of Organic Waste
The ORWARE Model, Case Study Uppsala - Part One
Annual report
Thomas Nybrant, Hdkan Jonsson and Ulf Sonesson,
Department of Agricultural Engineering,
Swedish University of Agricultural Sciences, SLU, Uppsala,
Bjorn Frostell and Karin Mingarini,
Department of Building Materials,
Royal Institute of Technology, KTH, Stockholm,
Lennart Thyselius and Magnus Dalemo,
Swedish Institute of Agricultural Engineering, JTI, Stockholm,
Jan-Olov Sundqvist,
Swedish Environmental Research Institute, IVL, Stockholm

Mar 96

I
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110

Long-Term Properties and Ageing of Polymers: Fate of Additivies
in Landfills
Literature report
Ann-Christine Albertsson, Nadja Haider and Sigbritt Karlsson,
Department of Polymer Technology,
Royal Institute of Technology, KTH, Stockholm

Mar 96

IV

111

EPS-Default Valuation of Environmental Impacts from
Emission and Use of Resources Version 1996
Annual Report
Bengt Steen,
Swedish Environmental Research Institute, IVL, Gothenburg

Apr 96

II

112

Effects of Iron Oxidation on the Adsorption of Trace Elements
in Systems with Low pH and High Iron Concentrations
Annual report
Karsten Hakansson,
Department of Water and Environmental Studies,
Linkoping University, LIU, Linkoping

Apr 96

IV

113

Systems Science
Abstracts of Research Projects 1995/96
(gratis)(free)

Apr 96

I

114

Environmentally Sound Products
Abstracts of Research Projects 1995/96
(gratis)(free)

Apr 96

II

115

Environmentally Sound Recycling
Abstracts of Research Projects 1995/96
(gratis)(free)

Apr 96

III

116

Environmentally Sound Waste Deposition
Abstracts of Research Projects 1995/96
(gratis)(free)

Apr 96

IV

117

Den miljoanpassade restaurangen
Jul96
(The Environmentally Adapted Restaurant)(In Swedish)
Handledning
Charlotte Oscarsson,
Institutet for vatten- och luftvardsforskning,
IVL, Stockholm,
Jim Nilsson,
Institutionen for systemekologi, Stockholms universitet, SU, Stockholm,

I/VI

Bjb'rn Frostell,

IMA, Kungliga tekniska hogskolan, KTH, Stockholm
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118

Lantis den miljöanpassade restaurangen
May 96
(Lantis the Environmentally Adapted Restaurant)(In Swedish)
Slutrapport
Charlotte Oscarsson,
Institutet för vatten- och luftvårdsforskning,
IVL, Stockholm,
Jim Nilsson,
Institutionen för systemekologi, Stockholms universitet, SU, Stockholm,
Björn Frostell,
IMA, Kungliga tekniska högskolan, KTH, Stockholm

I/VI

119

Microbial Desulfurization of Rubber
May 96
A literature study
Magdalena Christiansson and Olle Holst,
Department of Biotechnology, Center for Chemistry and Chemical
Engineering, Lund University, LU, Lund,
Bengt Stenberg,
Department of Polymer Technology,
Royal Institute of Technology, KTH, Stockholm

III

120

Overview of Solders and Brazes with Reduced Environmental
Loading
Literature review
Gabriella Brorson and Margareta Nylén,
Swedish Institute for Metals Research, Stockholm

May 96

II

121

Global Biomass Requirement Sustainable Use of Lead ?
Annual report
Sten Karlsson, Göran Berndes and Stefan Wirsenius,
Institute of Physical Resource Theory,
Chalmers University of Technology, CTH and
Gothenburg University, GU, Gothenburg

May 96

I

122

Referensnivå vägmaterial
(Reference Levels Applicable to Filling and Construction
Materials for Roads)
(In Swedish)
Kartläggning
Karsten Håkansson och Karin Lundberg,
Statens geotekniska institut, SGI, Linköping

Jun 96

III

123

Nordisk recirkuleringsbörs
(In Swedish)
Seminarium 29 januari, 1996, Stockholm
AFR, Naturvårdsverket
Beställes från Naturvårdsverkets kundtjänst, rapportnr 4574

Jun 96

III

124

Utgångspunkter för ett avfalls-och föroreningssnålt samhälle
(Starting-points for a Low-waste and Low-pollutant Society)
(In Swedish)
Research report
Frances Clarke Hermansson, Magnus Forsberg, Sven Hunhammar,
Marie Jungmar, Peter Steen och Jonas Åkerman,
Forskningsgruppen för miljöstrategiska studier, fms, Stockholm

Jun 96

I
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125

Forskningsstrategi for affarsdrivet miljoarbete
(Research Strategy for Business Driven Environmental Work)
(In Swedish)
Forlag: Ingenjorsvetenskapsakademin, Stockholm

126

Utveckling av geofysiska metoder for undersokning och
Jun96
overvakning av tatskikt pa gruvavfallsupplag
(Development of a Geophysical Method for Investigating
and Monitoring the Integrity of Sealings on Mining Waste Deposits)
(In Swedish)
Arsrapport
Jorgen Bergstrom,
Avdelningen for tillampad geofysik,
Hogskolan i Lulea, LUH, Lulea

IV

127

Workshop on Landfill Mining
January 16, 1996, Pite Havsbad, Pitea
Editor William Hogland,
Department of Water Resources Engineering,
Lund University, LU, Lund
Organized in cooperation between:
Swedish Waste Research Council,AFR,
Lund Institute of Technology, LTH,
Lulea Institute of Technology, LuTH and
Swedish Association of Waste Management, RVF

Jul96

IV

128

Water Balance and Water Transport Processes in Landfills
Annual report
David Bendz, Peter Flyhammar, H&kan Rosqvist and
Mattias Akesson,
Department of Water Resources Engineering,
Lund University, LU, Lund

Jul96

IV

129

Environmental Assessment of Building Components
Licentiate of engineering thesis
Martin Erlandsson,
Department of Building Sciences,
Royal Institute of Technology, KTH, Stockholm

Jan 95

II

130

Systems Analysis of Organic Waste
The ORWARE Model - Part Two
The ORWARE-simulation Results Analysed from an
Ecological Economic Perspective
Annual report
Stefan Hellstrand,
Department of Systems Ecology,
Stockholm University, SU, Stockholm

Jul 96

I

131

Anthropogenic Flows of Zinc and Associated Metals In Sweden
Licentiate thesis
Per Nilsson,
Division of Waste Management and Recycling,
Lulea University of Technology, LuTH, Lulea
1996:29 L

Jun96

I
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132

Miljoanpassning och strategisk forandring
En explorativ fallstudie om branschlogik, tvattmedel och miljo
(Environmental Adaptation and Strategic Change by theFirm
An Explorative Case Study on Industry Logic, Detergents and
the Environment)
(In Swedish)
Slutrapport
Ann-Charlotte Plogner,
Marknadstekniskt centrum, MTC,
Handelshogskolan, HHS, Stockholm

133

Constructivist Systemics
Sep 96
Theoretical Elements and Applications in Environmental Informatics
Doctor's thesis
Michael Le Due,
Informations and Systems Science,
Department of Business Administration,
Stockholm University, SU, Stockholm

I

134

Kompost fran storskaliga anlaggningarEnkatundersokning bland producenter och anvandare
(Compost from Large Scale Units
Survey of Producers and Consumers)
(In Swedish)
Delrapport
Christina Johansson och Goran Nilsson,
Institutionen for lantbruksteknik,
Sveriges lantbruksuniversitet, SLU, Alnarp

Oct 96

III

135

Speciation and Mobilisation of Heavy Metals Beneath
Waste Deposits
Pilot study and Literature survey
Karsten H&kansson, Per Lindmark and Karin Lundberg
Swedish Geotechnical Institute, SGI, Linkoping

Oct 96

IV

136

Dematerialisering
-en strategi for uthallig utveckling
(DematerializationOne Strategy Towards Sustainable Development)
(In Swedish/English)
Seminarium 13 juni, 1996, Stockholm
AFR, Naturvardsverket

Oct 96

I

137

Life-Cycle Assessment as an Environmental Systems
Analysis Tool - with a Focus on System Boundaries
Licentiate thesis
Goran Finnveden,
Department of Chemical Engineering and Technology,
Applied Elechtrochemistry,
Royal Institute of Technology, KTH, Stockholm

Oct 96

II
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138

Materialåtervinning från gamla deponier
En studie av kunskapsläget
(In Swedish)
Kartläggning
William Högland,
Department of Water Resources Engineering,
Lund University, LU, Lund

Oct 96

IV

139

AFRs seminariedag
(AFR Research Seminars 1996)
(In Swedish)
Seminarier den 10 september 1996 i Ultuna, Uppsala
Sammanställda av Britt Aniansson, Ardea Miljö AB
AFR, Naturvårdsverket

Nov96

I-IV

140

Assessment of Resources in LCA State-of-the-Art and Research Needs
Survey
Göran Finnveden and Lars-Gunnar Lindfors,
Swedish Environmental Research Institute, IVL, Stockholm

Nov 96

II

141

Från "trivialt" till globalt
Nov 96
- att härleda miljöpåverkan från motiv och
handungar i urbana sfärer
(From the "Trivial" to the Global - Deriving Environmental
Influence from Motives and Practices in Urban Realms)(In Swedish)
Licentiatavhandling
Mikael Klintman,
Sociologiska Institutionen, Lunds universitet, LU, Lund

II

142

Improving the Performance of Cellulose Fiber/
Plastic Composites by Surface Modifications
Licentiate thesis
Peter Hedenberg,
Department of Polymer Technology,
Chalmers University of Technology, CTH, Gothenburg

Nov 96

III

143

CIRCLE
A Modelling Approach to the Forest Sector
Final report
Per Jerkeman and Per Lagerstedt,
Jaakko Pöyry Consulting AB, Stockholm

Nov 96

II

144

Bedömning av odlingsvärdet för några jordblandningar med
kompostmaterial
(Evaluation of Soil/Compost Mixes as Growing Media)
(In Swedish)
Delrapport
Sven Pettersson,
Institutionen för lantbruksteknik,
Sveriges lantbruksuniversitet, SLU, Alnarp

Dec 96

III
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145

Livsstil och miljo - Rapport nr 3
Fraga, f orska och forandra
(Life-Style and the Environment - Report no 3) (In Swedish)
Forlag: Naturvardsverket, ISBN 91-620-1169-3, Stockholm

Dec 96

I/II

146

Geophysical Mapping and Monitoring of Waste Deposits
Literature study
Christian Bernstone, Torleif Dahlin and Peter Ulriksen,
Department of Geotechnology, Lund University, LU, Lund

Dec 96

IV

147

Biophysical Indicators and Sustainable Development
Records for Improved Environmental Management Examples
from Municipalities and Firms
Doctor's thesis
Jim Nilsson,
Department of Systems Ecology,
Stockholm University, SU, Stockholm

Feb 97
I
SLUT (SOLD OUT) *

148

The Long Term Release of Heavy Metals from Combustion
Residues and Slags
Licentiate thesis
James N. Crawford,
Department of Chemical Engineering and Technology,
Royal Institute of Technology, KTH, Stockholm

Dec 96

IV

149

Long-term Leaching Mechanisms of Ashes and Slags;
Combining Laboratory Experiments with Computer Simulations
Doctor's thesis
Catharina Ba'verman,
Department of Chemical Engineering,
Royal Institute of Technology, KTH, Stockholm

Feb 97

III

150

Characterisation of Industrial Wastes
Licentiate thesis
Anders Bergman,
Department of Environmental Planning & Design,
Lulea University of Technology, LuTH, Lulea

Mar 97

IV

151

The ORWARE Simulation Model
- Compost and Transport Sub-Models
Licentiate thesis
Ulf Sonesson,
Department of Agricultural Engineering,
Swedish University of Agricultural Sciences, SLU, Uppsala

Mar 97

152

The ORWARE Simulation Model
- Anaerobic Digestion and Sewage Plant Sub-Models
Licentiate thesis
Magnus Dalemo,
Swedish Institute of Agricultural Engineering,
Swedish University of Agricultural Sciences, SLU, Uppsala

Mar 97
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153

Biogas Generation in Landfills
Equilibra, rates & yields
Doctor's thesis
Mattias Akesson,
Department of Water Resources Engineering,
Lund Institute of Technology, LTH, Lund University, LU, Lund

May 97

IV

154

Compost Quality and Potential for Use
Literature review/Final report
Christina Johansson , Elisabeth Kron and Sven-Erik Svensson,
Department of Agricultural Engineering,
Swedish University of Agricultural Sciences, SLU, Alnarp
Morten Carlsbeek and Ulrik Reeh,
The Danish Forest and Landscape Research Institute, H0rsholm

Sep97

III

155

Systems Science
Abstracts of Research Projects 1996/97
(gratis)(free)

Jul97

I

156

Environmentally Sound Products
Abstracts of Research Projects 1996/97
(gratis)(free)

Jul 97

II

157

Environmentally Sound Recycling
Abstracts of Research Projects 1996/97
(gratis)(free)

Jul 97

HI

158

Environmentally Sound Waste Deposition
Abstracts of Research Projects 1996/97
(gratis)(free)

Jul 97

IV

159

Weathering Kinetics of Sulphidic Mining Waste:
An Assessment of Geochemical Processes in the Aitik Mining
Waste Rock Deposits
Doctor's thesis
Bo Strb'mberg,
Department of Chemistry, Inorganic Chemistry,
Royal Institute of Technology, KTH, Stockholm

May 97

IV

160

Characterisation of Residues
Release of Contaminants from Slags and Ashes
Doctor's thesis
Ann-Marie Fallman
Department of Physics and Measurement Technology,
Linkoping University, LiU, Linkoping

May 97

III

161

Food and the Environment:
Implications of Swedish Consumption Patterns
Licentiate thesis
Annika Carlsson-Kanyama,
Department of Environmental and Energy Systems Studies,
Lund Un iversity, LU, Lund Institute of Technology, LTH, Lund

Aug 97

I
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162

A Systems Engineering Approach to National Solid Waste
Management
Licentiate thesis
Maria Ljunggren,
Energy Sytems Technology Division,
Chalmers University of Technology, CTH, Gothenburg

May 97

I

163

Green Concurrent Engineering:
Assuring Environmental Performance in Product Development
Licentiate thesis
Mdrten Karlsson,
International Institute for Industrial Environmental Economics,
Lund University, LU, Lund

Oct97

II

164

Development of a Geophysical Method for Investigating and
Jul 97
Monitoring the Integrity of Sealing Layers on Mining Waste Deposits
Final report
Jb'rgen Bergstrbm,
Division of Applied Geophysics,
Lulea University of Technology, LuTH, Lulea

IV

165

Internationell forskning om uthallig utveckling Material- och varufloden
(Survey of International Research on Sustainable
Development - Material and Product Flows)
(In Swedish)
Kartlaggning
Seminarium 16 maj 1997
Ulrik Lohm,
Tema vatten, Linkopings universitet, LiU, Linkoping,
Per Bolund, Anna-Lena Lbvkvist, Jon Moller,
Viveka Palm och Peter Steen,
Forskningsgruppen for miljostrategiska studier, fms, Stockholm
Stefan Anderberg, PO Hallin, Hannah Linnros,
Anders Rydberg och Olof Warneryd,
Institutionen for kulturgeografi och ekonomisk geografi,
Lunds universitet, LU, Lund

Oct97

I

166

Geochemical Studies of Flooding as Treatment Method of
Mine Waste: in Situ Studies of Weathering and Transport
Processes at Stekenjokk, Northern Sweden
Final report
Bjbrn Ohlander, Johan Ljungberg and Henning Holmstrb'm,
Division of Applied Geology, Lulea University of Technology,
LuTH, Lulea

Jul 97

IV

167

Hydrochemical Processes in Mine Waste Deposits and Drainage
Sep 97
Water - Heavy Metal Speciation, Sorption and Sedimentation
Processes
Final report
Lars Lbvgren and Staff an Sjbberg,
Department of Inorganic Chemistry, Umea University, UMU, Umea
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168

Transport and Degradation Processes in Landfills
Literature survey
Sami Bozkurt and Ivars Neretnieks,
Department of Chemical Engineering and Technology,
Royal Institute of Technology, KTH, Stockholm

Sep 97

IV

169

Heavy Metals in Municipal Solid Waste Deposits
Doctor's thesis
Peter Flyhammar,
Department of Water Resources Engineering,
Lund Institute of Technology, LTH/Lund University, LU, Lund

Oct 97

IV

170

Improved Deinkability of Recycled Wastepaper
Final report
Bjd'rn Johansson, Marie Wickman, Mikael Sundin,
Kati Kiiski and Goran Strom,
Institute for Surface Chemistry, YKI, Stockholm

Oct 97

III

171

Waste Management and Recycling
Final report
Thomas Sterner and Hdkan Wahlberg,
Department of Economics, Gothenburg University, GU, Gothenburg
with assistance from
Heleen Bartelings, Mohamed Belhaj and Anna Karin Fahlberg

Oct 97

I

172

Produkters miljopaverkan
Miljobelastningsberakningar med EPS-systemet
Oversikt
Bengt Steen,
Avdelningen for teknisk miljoplanering, Chalmers tekniska
hogskola, CTH
Gunnar Westerlund,
Volvo, Goteborg

Mar 98

II

173

Life Cycle Assessment and Solid Waste - Stage 2
Annual report
Jan-Olov Sundqvist, Goran Finnveden and Hdkan Stripple,
Swedish Environmental Research Institute, IVL, Stockholm
Ann-Christine Albertsson and Sigbritt Karlsson,
Department of Polymer Technology,
Royal Institute of Technology, KTH, Stockholm
Jaak Berendson and Goran Finnveden,
Department of Chemical Engineering and Technology,
Royal Institute of Technology, KTH, Stockholm
Lars-Olof Hoglund,
Kemakta Konsult AB, Stockholm

Oct 97

II/IV

174

Design for Disassembly - A Framework
Licentiate thesis
Glenn Johansson,
Department of Mechanical Engineering,
Linkoping University, LiU, Linkoping

Nov 97

II
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175

Research Activities in Design for Environment and
Environmental Management
Sveriges verkstadsindustrier,
AFN, Naturvardsverket

Dec 97

II

176

Design for Disassembly - Environmentally Adapted Product
Development Based on Prepared Disassembly and Sorting
Doctor's thesis
Conrad Luttropp,
Department of Machine Design,
Royal Institute of Technology, KTH, Stockholm

Oct97

II

177

Examination of Environmentally Adapted Tin-Base Alloys
for Replacement of Tin-Lead Solders
Final report
Gabriella Brorson and Margareta Nylen,
Institute for Metals Research, Stockholm

Nov 97

II

178

Life-Time Assessment A development of Life Cycle Assessment to Implement
Comparative Product Studies
Final report
Martin Erlandsson,
Department of Building Materials,
Royal Institute of Technology, KTH, Stockholm

Nov 97

II

179

The Household and the Environment:
Purchase and Waste Behaviour in Households
and the Introduction of Weight-Based Billing
From Rio to the Municipality of Varberg, Sweden
Final report
Helena Aberg, Asa Renstrom, Sven Dahlman,
Helena Shanahan and Roger Saljo,
Department of Home Economics,
Gothenburg University, GU, Gothenburg

Dec 97

I

180

Methods of Plastic Recovery from Plastics Waste Streams
Final report
Hans Bertilsson, Carl Klason, Henrik Larsson and Liu Xiaodong,
Department of Polymeric Materials,
Paul Gatenholm, Peter Hedenberg and Maria Jonforsen,
Department of Polymer Technology,
Chalmers University of Technology, CTH, Gothenburg,
Margareta Wennerback and Roshan Shishoo,
Swedish Institute for Fibre and Polymer Research, IFP, Molndal
Antal Boldizar, Thomas Gevert and Monica Markinger,
Department of Materials Technology,
Swedish National Testing and Research Institute, SP, Boras

Dec 97

III
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181

Sardinia '97
Sixth International Landfill Symposium
En konferensoversikt
(In Swedish)
Editerad av Sami Bozkurt,
Avdelningen for kemisk apparatteknik,
Kungliga tekniska hogskolan, KTH, Stockholm

182

Microbial Iron Reduction Related to Metal Speciation
in Mine Waste at the Former Uranium Mine in Ranstad

Dec 97

Omrade
(Programme)
IV

IV

Licentiate thesis

Farieh Taheri Nejad,
Department of General and Marine Microbiology,
Gothenburg University, GU, Gothenburg
183

Life Cycle Assessment and Decision Making.
Theories and Practices.
Doctor's thesis
Henrikke Baumann,
Department of Technical Environmental Planning,
Chalmers University of Technology, CTH, Gothenburg

Feb 98

II

184

Uthallig produktion och konsumtion av livsmedel
Workshop 16-17 oktober, 1997, Goteborg
Charlotte Bjuggren,
Institutet for vatten- och luftvardsforskning, IVL, Stockholm

Jan 98

II

185

Deponins roll i det hallbara samhallet
- med inriktning mot organiska foreningar och organiskt material
Rapport fran seminarium, november 1997
Camilla Spannar och Cecilia Oman,
Institutet for vatten- och luftvardsforskning, FVL,
Kerstin Jansbo,
AFN, Naturvardsverket, Stockholm

Jan 98

IV

186

Characterization and treatment of municipal
landfill leachates
Doctor's thesis
Ulrika Welander,
Department of Biotechnology, Lund University, LU, Lund

Mar 98

IV

187

Man and Materials Flows
Towards Sustainable Materials Management
Popular version
Editor and main author Sten Karlsson,
Institute of Physical Resource Theory,
Chalmers University of Technology, CTH and
Gothenburg University, GU, Gothenburg

Jan 97

I

188

Disassembly Systems Process Analysis and Strategic Consideration
Licentiate thesis
Staffan Brote,
Department of Mechanical Engineering,
Linkoping University, LiU, Linkoping

Mar 98

II
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189

Environmental Investigations Using High Resolution DC
Resistivity Methods
Licentiate thesis
Christian Bernstone,
Department of Geotechnology, Lund Institute of Technology, LTH,
Lund University, LU, Lund

Apr 98

IV

190

A Fly-Ash/Biosludge Dry Cover for the Mitigation of
Acid Mine Drainage
Licentiate thesis
Johan Granhagen,
Department of Geology and Geochemistry,
Stockholm University, SU, Stockholm

Mar 98

IV

191

Generation of Leachate and the Flow Regime in Landfills
Doctor's thesis
David Bendz,
Department of Water Resources Engineering,
Lund Institute of Technology, LTH, Lund

Apr 98

IV

192

Simulations of the Long-Term Chemical Evolution in
Waste Deposits
Licentiate thesis
Sami Bozkurt,
Department of Chemical Engineering and Technology,
Royal Institute of Technology, KTH, Stockholm

Mar 98

IV

193

Emissions of organic compounds from landfills
Doctor's thesis
Cecilia Oman,
Department of Civil and Environmental Engineering,
Royal Institute of Technology, KTH, Stockholm

May 98

IV

194

Svensk gruvavfallsf orskning
AFN/Naturvardsverket i samarbete med
MISTRA-programmet MIMi
Seminarium 15 december 1997

Apr 98

IV

195

On the Societal Metabolism of Metals
Final report
Sten Karlsson, Bjorn Andersson, Christian Azar,
John Holmberg, Kristian Lindgren,
Department of Physical Resource Theory and
Oliver Lindqvist,
Department of Inorganic Chemistry,
Chalmers University of Technology, CTH, Gothenburg

May 98

I

196

Life Cycle Considerations in Sustainable Business Development:
Eco-efficiency Studies in Swedish Industries
Doctor's thesis
Reine Karlsson,
School of Environmental Sciences,
Chalmers University of Technology, CTH, Gothenburg

May 98

II
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197

Kvalitetssäkring av kompost och rötrest från organiskt avfall
Förstudie
Editerad av Simon Lundeberg,
Svenska renhållningsverksföreningen, RVF, Malmö

Maj 98

III

198

Ekologi och vardagsliv
En studie av två ekobyar

Jun 98

I

II

Slutrapport

Karin Palm Linden,
Institutionen för byggnadsfunktionslära,
Lunds universitet, LU, Lund
199

Svensk LCA-forskning - tillbakablick och framtida utveckling
Seminarium den 2 april i Göteborg

98

200

Energiutvinning eller materialåtervinning
Seminarium den 25 maj 1998 i Stockholm
OH-bilder

98

201

Mechanical Recycling of Engineering Thermoplastics
Licentiate thesis
Liu Xiaodong,
Department of Polymeric Materials,
Chalmers University of Technology, CTH, Gothenburg

Jun 98

III

Styrd stoftbildning

98

III

202

Översikt

Caisa Samuelsson och Bo Björkman,
Avdelningen för Processmetallurgi,
Luleå tekniska universitet, LTU, Luleå
203

Life Cycle Assessment (LCA) of Food Products and
Production Systems
Doctor's thesis
Karin Andersson,
Department of Food Science,
Chalmers University of Technology, CTH,
School of Environmental Science,
Swedish Institute for Food and Biotechnology, SIK, Gothenburg

Aug98

II

204

Control of Steel Slag Properties by Metallurgical Treatment
Final report
Christina Viklund White and Guozhu Ye,
The Foundation for Metallurgical Research, MEFOS, Luleå,
Ann-Marie Fällman,
Swedish Geotechnical Institute, SGI, Linköping,
Johan Eriksson,
MIMER, Luleå University of Technology, LTU, Luleå

Aug 98

HI

205

Properties of Thermoplastics Recyclates
Final report
Antal Boldizar, Thomas Gevert and Anna Jansson,
Department of Chemistry and Materials Technology,
Swedish National Testing and Research Institute, SP, Borås

Aug 98

III
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206

Sammanhållen riskbedömning av nya och gamla deponier
samt förorenade jordar i GIS
Förstudie
Åke Sivertun och Peter Lindgren,
Institutionen för datavetenskap,
Linköpings universitet, LiU, Linköping

Aug 98

IV

207

TV-handel
- mellem marked og forbruger

98

II

Aug 98

I

Slutrapport
Stine Thorsted och Ann-Mari Sellerberg,
Sociologiska institutionen,
Lunds universitet, LU, Lund
208

Tankar kring framtidens livsmedelskonsumtion
- resultat från en intervjuundersökning

Delrapport
Annika Carlsson-Kanyama,
Institutionen för systemekologi,
Stockholms universitet, SU, Stockholm
209

Cueing Disassembly
Product- Semantic Instructions for User-Performed Product
Disassembly
Licentiate thesis
Gunnar Linn,
Department of Consumer Technology,
Chalmers University of Technology, CTH, Gothenburg

Oct98

II

210

Swedish Landfill Research Symposia
Seminar abstracts
Editor: Anders Lagerkvist,
The Landfill Group, Luleå University of Technology, LTU, Luleå

Sep 98

IV

211

Environmental Systems Analysis of Waste Management with
Emphasis on Substance Flows and Environmental Impact
Licentiate thesis
Anna Björklund,
Department of Chemical Engineering and Technology,
Royal Institute of Technology, KTH, Stockholm

Sep 98

I

212

Extended Producer Responsibility as a Policy Instrument
- what is the Knowledge in the Scientific Community?
Proceedings of an International Seminar 8-9 May 1998
in Lund, Sweden
Edited by
Karin Jönsson, HIEE and Thomas Lindhqvist, IIIEE
Organised by
IIIEE - The International Institute for Industrial
Environmental Economics at Lund University
AFN - The Waste Research Council at the
Swedish Environmental Protection Agency

Sep 98
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213

Major Leaching Processes of Combustion Residues
- Characterisation, Modelling and Experimental Investigation
Doctor's thesis
Jinying Yan,
Department of Chemical Engineering and Technology,
Royal Institute of Technology, KTH, Stockholm

Nov 98

III

214

Life Cycle Assessment (LCA) of Bread Produced on Different
Scales
Case study
Karin Andersson,
CIT Ekologik, Stiftelsen Chalmers Industriteknik, Gothenburg

Sep 98

II

Systemanalys av avfallshantering i Stockholm

Sep 98

VI

Sep 98

HI

215

Slutrapport

Charlotte Bjuggren,
Institutet for vatten- och luftvardsforskning, IVL,
Anna Bjorklund,
Kungliga tekniska hogskolan, KTH, Stockholm
Magnus Dalemo och Huibert Oostra,
Jordbrukstekniska instituted JTI,
Thomas Nybrant och Ulf Sonesson,
Sveriges lantbruksuniversitet, SLU, Uppsala
216

Forslag till certifieringssystem for kompost och
rotrest fran organiskt avfall
Slutrapport

Matz Sandstrom,
Sveriges provnings- och forskningsinstitut, SP, Boras,
Erik Norin,
VBB VIAK, Stockholm,
Morten Carlsbsek,
Dansk jordforbedring, Hedehusene,
Simon Lundeberg, Christina Johansson och Elisabeth Kron,
Svenska renhallningsverksforeningen, RVF, Malmo,
Ola Palm,
Palm Enviro, Bro,
Laila Brunes,
Sveriges lantbruksuniversitet, SLU, Umea
217

STGsprojekt
Svensk avfallsterminologi

Oct98

218

Quality Assurance of Compost and Compost Application
in Five European Countries (A, B, D, DK, NL)
Survey

Oct 98

Josef Barth and Barbel Kroeger,

INFORMA, Oelde,
Nickolas Toiler and Dr. Holger Stb'ppler-Zimmer,
PlanCoTec, Witzenhausen, Germany
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219

Ageing of a Landfill Affect Metal Mobility
Oct 98
Final report
Anna Mirtensson,
Department of Soil Sciences,
Swedish University of Agricultural Sciences, SLU, Uppsala,
Cecilia Aulin,
Department of Chemical Engineering and Technology,
Royal Institute of Technology, KTH, Stockholm,
Olle Wahlberg,
Department of Inorganic Chemistry,
Royal Institute of Technology, KTH, Stockholm,
Staffan Agren,
The Ragnar Sellberg Foundation for Waste Research and Development, Bro

220

Hallbar konsumtion och avmaterialisering
Slutrapport

Okt 98

Omrade
(Programme)

I

Per Bolund, Greger Henriksson, Anna-Lena Lovkvist, ]on Moller
och Peter Steen,

Forskningsgruppen for miljostrategiska studier, fms, Stockholm
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1

Deponering
(Landfill) (In Swedish)
William Hogland,
Avdelningen for avfallshantering och atervinning,
Lunds Tekniska Hogskola, LTH, Lund

Jun94

V

2

Kallsorteringsteknik
(Source Sorting) (In Swedish)
Per E O Berg,
Institutionen for vattenforsorjnings- och avloppsteknik,
Chalmers Tekniska Hogskola, CTH, Goteborg

Nov 94

V

3

Selected Topics on Optimization Techniques and Applications
Anca-JuHana Stoica, Hdkan Lanshammar and Bengt Sandblad
Systems and Control Group,
Uppsala University, UU, Uppsala

Apr 95

V

4

Resursbevarande byggteknik
Mar 96
(Sustainable Building Technics) (In Swedish)
Kerstin Grennberg, Lars Stehn, Staffan Delin,
Nils Tiberg och Bernt Johansson,
Institutionerna for samhallsbyggnadsteknik och
vag- och vattenbyggnad, Tekniska Hogskolan i Lulea, LuTH, Lulea

V

5

Deponering
(Landfill) (In Swedish)
Editerad av William Hogland,
Institutionen for teknisk vattenresurslara,
Lunds Tekniska Hogskola, LTH, Lunds Universitet, LU, Lund

Jul96

V

6

Landfilling
Editor: William Hogland,
Department of Water Resources Engineering,
Lund Institute of Technology, LTH, Lund University, LU, Lund

Feb97

V

7

Miljogeoteknik
Josef Mdcsik, Kerstin Pousette och Arvid Jacobsson,
Avdelningen for geoteknik,
Lulea tekniska hogskola, LTU, Lulea

Jun98

V
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