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Abstract
A model for studying oxygen depletion in subsurface fractured rock have been
developed. It is based on current knowledge in several di�erent reasearch disciplines
such as geology, microbiology and hydrology. The model may be a useful tool for
predicting oxygen penetration in rock fractures. This is important for example in
the safety assessment of a deep rock nuclear waste repository. In such a repositroy
a reducing environment is desirable. Several potential oxygen consuming processes,
both parallel and serial, were identi�ed, each of which may considerably contribute
to the depletion of oxygen. Abiotic as well as microbially mediated oxidation of
rock minerals coupled with transport processes, both in the fractures and the rock
matrix, were included. The model was divided into a number of case studies in
which only one or a few processes were studied at a time. The di�erent cases were
then compared so that the relative importance of each process could be evaluated
at di�erent conditions. Even if it would be possible to model all the processes
simultaneously, this approach was chosen from result transparency and numerical
e�ciency reasons. The results show that in a relatively short time perspective, when
oxidizable minerals are available in the fracture, reaction kinetics are important. In
a long time perspective, however, minerals in and adjacent to the fracture become
oxidized and matrix di�usion is rate limiting.
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Sammanfattning
En modell har utvecklats för att studera förbrukning av syre i sprickig bergrund.
Den baseras på aktuell kunskap inom olika forskningsområden såsom geologi, mikro-
biologi och hydrologi. Modellen kan användas som ett redskap för att uppskatta
syreinträngning i bergsprickor. Detta är viktigt till exempel i säkerhetsanalyser för
djupförvar av kärnbränsle. I ett sådant förvar är en reducerande miljö önskvärd.
Flera syreförbrukande processer, såväl parallella som seriella, har identi�erats. Var
och en av dessa har potential att bidra väsentligt till förbrukningen av syre. Ox-
idation av mineraler, abiotisk och mikrobiellt påverkad, inkluderades i modellen,
kopplade med transportprocesser i sprickor och bergmatris. Modellen delades upp i
�era olika fallstudier där endast en eller några få processer studerades åt gången. De
olika fallen jämfördes sedan så att processernas relativa grad av påverkan på syre-
förbrukningen under olika förhållanden kunde utvärderas. Även om det är möjligt
att modellera samtliga processer samtidigt valdes detta tillvägagångssätt på grund
av numerisk enkelhet och entydiga resultat. Resultaten visar att reaktionskinetik
är viktigt i ett relativt kort tidsperspektiv då oxiderbara mineral �nns tillgäng-
liga i sprickan. I ett längre tidsperpektiv, då mineralerna i och närmast sprickan
oxiderats, är matrisdi�usion hastighetsbestämmande.
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Chapter 1

INTRODUCTION

1.1 Background

Oxygen consumption in deep subsurface rock is an important issue in the safety
assessment of a deep rock nuclear waste repository. One of the engineered barriers
for radionuclide transport consists of the copper canisters where the spent fuel
is enclosed. Copper corrodes much faster in oxygen containing waters than in
waters devoid of oxygen. Further, some nuclides leaking after a breach of a canister
would be retarded less by sorption onto fracture surfaces in the surrounding rock
in oxidizing waters. The main focus of the present work is on di�erent oxygen
consuming oxidation processes involving ferrous sulphide minerals, such as pyrite.
These minerals occur as both secondary fracture in�ll material and rock matrix
mineral. Being a sulphide, abiotic pyrite oxidation by oxygen is a relatively slow
process. However, in the presence of iron oxidizing bacteria the sulphide oxidation
is much faster. It has been well known for a long time that bacteria play an
important role when it comes to weathering of minerals in the presence of oxygen.
However, it has relatively recently been found that living organisms also thrive at
depths with very hostile environments with respect to, for example, pH, light and
the availability of organic compounds for growth.

1.1.1 Oxygen Penetration
Under normal conditions, the water in deep subsurface rock is reducing and oxy-
gen is readily depleted from the rainwater within tens of metres below the ground
surface. This is primarily due to the microbially mediated degradation of organic
matter intruding with the groundwater. In some cases, however, oxygenated water
may be introduced at depths where degradable organic matter is absent, for exam-
ple, during the closure phase of the repository. Oxidizing conditions at the depth
of the repository could also arise after a glacial period when the melting water,
exposed to a large hydraulic pressure, penetrates down in the deep rock [23].

1



2 Chapter 1. INTRODUCTION

1.1.2 Aim
The aim of the present work is to gain knowledge and understanding of the di�erent
processes that are involved in the depletion of oxygen in deep subsurface rock. The
aim also includes the development of a simulation tool, which can be useful in
predicting oxygen penetration depth in Swedish crystalline rock.

1.1.3 Previous Work
Extensive investigations on the microbiology, geology and hydrology in subsurface
systems have been carried out by several researchers. The knowledge in these
di�erent diciplines is used as a basis for the development of the models presented
in this thesis. A multidiciplinary coupling between di�erent diciplines is not always
trivial. For example, investigations that are interesting for a geologist might not
always be important for a microbiologist. Therefore, even though there is a great
wealth of information available, some data needed for a multidisciplinary approach
is missing.

1.2 Microbes

Several geochemical reactions occurring both in the subsurface and in the geosphere
are extremely slow due to kinetic limitations although they are thermodynamically
feasible. Organisms such as bacteria have evolved during millions of years and de-
veloped the ability to take advantage of such reactions and make use of the reaction
energy for growth. The reactions themselves occur much faster in the presence of
such organisms and the process can be compared to a catalytic process. In fact, the
complex system of reactions within the organism actually catalyses the transforma-
tion reactions accompanied with population dynamics like population growth and
death. In modelling of biotic transformation reactions, bacteria are often considered
as dynamic catalysts, the numbers of which, change with time and the metabolic
reactions within the cells are not modelled explicitly. Several di�erent steps in the
overall biotic transformation process can be observed and the rate-limiting step may
be di�erent at di�erent operating conditions. The delivery of substrate molecules
to the microorganisms may control the overall transformation rate and this is espe-
cially important when dealing with substrates that have a tendency to precipitate
or adsorb on surfaces. Also, microorganisms existing in such abundance that they
form associations so that some cells are buried beneath many others, a�ect the de-
livery rate of substrate to the cells. In such a case the rate-limiting step may be the
di�usion process of substrate through polymeric microbial secretions covering the
population, and the tendency of substrates to partition between the di�erent phases
is also important. Another potential limiting process for the biotic transformation
process may be the rate of substrate uptake by the isolated cells. The substrate
uptake occurs either actively, through systems associated with the exterior mem-
branes carrying the substrate rapidly to the interior of the cell, or passively, when
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nonpolar hydrophobic compounds dissolve and di�use through the lipid cell mem-
brane. Intracellular transport may also be important especially if the degrading
enzymes within the cell are localized for example in organelles. The enzymatic
reactions within the cell, which involves breaking and making bonds, may also be
important for the overall transformation rate. These reactions are often modelled
using Michaelis-Menten enzyme kinetics. Another possible limiting process occurs
when the biotic transformation is dictated by the microbial population dynamics,
which means that the metabolic and carbon �xation reactions within the cells leads
to population growth and consequently the transformation reaction rate increases.
All of the above possible rate limiting steps can be summarized in three processes:

1. Delivery of substrates to the organisms' metabolic apparatus.
2. The enzyme's ability to mediate the initial transformation of the substrate.
3. The growth of a population of microorganisms in response to the presence of

a substrate.
The metabolic processes occurring within a microbe cell form a complex set of

reactions that are speci�c for each species. Modelling the reaction mechanisms
explicitly would therefore not be a practical approach. Furthermore, the spe-
ci�c metabolic processes are not always fully known. However, microbe species
with similar properties and metabolic pathways have been classi�ed and the micro-
bial reactions can be modelled in terms of the overall conversion reactions rather
than modelling speci�c metabolic pathways explicitly. Aerobic organisms use atmo-
spheric oxygen as an electron acceptor for respiration and are therefore of interest
in studying oxygen depletion. Four di�erent groups of bacteria varying in their
response to oxygen can be distinguished [29]:
obligate aerobes require atmospheric oxygen for growth.
obligate anaerobes are inhibited by molecular oxygen and grow only in its ab-

sence.
facultative anaerobes can grow anaerobically but thrive better in the presence

of oxygen.
microaerophils grow only at narrow and low oxygen concentrations.

1.2.1 Iron and sulphur oxidizing bacteria
Bacterial oxidation of iron at neutral pH initially forms a gel of iron oxides and
hydroxides, which alters �rst to ferrihydrite (5Fe2O3 ·9H2O) and then to hematite
(Fe2O3). However, when reduced iron minerals such as pyrite come into contact
with an oxidizing atmosphere, either by erosion or by mining, they can be used
by bacteria as a substrate. An example is the formation of acid mine drainage
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by Acidithiobacillus ferrooxidans, which can utilize pyrite oxidation as a source of
energy. Since this reaction is thermodynamically ine�cient, a large amount of pyrite
must be degraded to provide su�cient energy for cell growth, with the concomitant
production of sulfuric acid (H2SO4) [1]. Gallionella ferruginea is another microbe
species, which uses energy derived from the oxidation of ferrous ions.

1.2.2 Bio�lm considerations
Many microbes, including the species mentioned previously, have the ability to form
extracellular polymeric substances, EPS. These polymers increases the metabolic
e�ciency of the bacteria. Under favourable conditions microbes may exist in
such abundance that such bio�lms with bacteria and extracellular material cover
large surfaces. However, that requires that the supply of nutrients is su�cient.
Atomic force microscopy (AFM) studies on pure pyrite surfaces with the species
Acidithiobacillus ferrooxidans showed that a freely growing population under favour-
able conditions extracted enough EPS to cover the pyrite surface within a few days.
It is not clear how this organic layer a�ects further attachment of bacteria, but there
are indications that the organic surface �lm hinders other bacteria to attach [26].

1.2.3 Microbes in Swedish groundwater
The groundwater in the Äspö area have been thoroughly investigated with respect
to microbial life [60, 61, 62]. A great variety of both attached and unattached
populations have been found [28, 57, 58, 59, 63]. The dominating populations were
anaerobic and facultative anaerobic [29] and the overall conversion reactions for
di�erent classes of bacteria detected in the groundwater are presented in Table 1.1.

Table 1.1. Selected microbial reactions. Taken from Kotelnikova and Pedersen [29].

Process Energy giving reaction pH
ranges

Examples of or-
ganisms

Aerobic
Respiration
of glucose

C6H12O6 + 6O2 → 6CO2+6H2O 5.6-
8.0

Pseudomonas
Nitri�cation NO−

2 + 0.5O2 → NO−
3 6.6-

10.0
Nitrobacter,
Nitrococcus

continued on next page
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continued from previous page
Process Energy giving reaction pH

ranges
Examples of or-
ganisms

NH+
4 + O2 → NO−

2 + H2O + 2H+ 7.0-
9.4

Nitrosomonas,
Nitrosococcus

Sulphur oxi-
dation

S0 + O2 + H2O → H2SO4 1.0-
4.0

Thiothrix, Thio-
bacillus

S2O
2−
3 +2O2+H2O → 2SO2−

4 +2H+ 5.0-
7.0

Thiothrix, Thio-
bacillus

at pH 6.5 S2− + O2 + H2O → SO2−
4 + 2H+ 6.6-

7.0
Thiothrix, Thio-
bacillus

Manganese
oxidation at
pH 6.0

2Mn2+ + 2H+ + 0.5O2 → 2Mn3+ +
H2O

Leptothrix,
Artrobacter,
Metallogenium

Iron oxida-
tion at pH
6.5

2Fe2+ + 2H+ + 0.5O2 → 2Fe3+ +
H2O

5.0-
6.5
n.d.

Gallionella
ferruginea
Metallogenium
Leptospirillum

Iron reduc-
tion at pH
2.0

H2S + 4H2O + 8Fe3+ → 8Fe2+ +
SO2−

4 + 10H+
1.0-
4.0

Thiobacillus
ferrooxidans

H2 oxidation H2 + 0.5O2 → H2O 4.0-
8.0

Alcaliganes
eutrophicum
Hydrogeno-
bacter, Pseudo-
monas

CO-
oxidation

2CO + O2 → 2CO2 4.0-
8.0

Hydrogeno-
monas carb-
oxidans

Methane oxi-
dation

CH4 + 2O2 → CO2 + 2H2O 6.5-
7.5

Methylomonas
methanica
Methylosinus
Nitrosomonas
europea

continued on next page
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continued from previous page
Process Energy giving reaction pH

ranges
Examples of or-
ganisms

Anaerobic
Fermentation
of sucrose,
alcoholes,
cellulose,
proteins

Ethanol, alcoholes, FA, methy-
lamines, methanol, lactate, formate,
acetate, CO2 + H2

6.5-
8.5

Yeast, Clost-
ridium, Lacto-
bacillus,
Propionobacter,
Syntropho-
monas

Denitri-
�cation

NO3 → NH+
4 , N2, N2O 7.0-

9.0
Geobacter
metallo-
reducens, De-
sulfovibrio,
Clostridium,
Pseudomonas
denitri�cans

Iron and
manganese
reduction

Fe3+ + e → Fe2+, 2Mn4+ + 8e →
4Mn2+

7.0-
9.0

Geobacter
metallo-
reducens,
Shewanella
putrefaciens

Sulphur and
sulphate re-
duction with-
out light at
low tempera-
tures

S0, S2O3, SO2+
3 , SO2+

4 → S2− 6.5-
10.5

Desulfovibrio,
Desulfo-
tomaculum,
Desulfo-
microbium, De-
sulfuromonas,
Campylobacter

Reduction of
sulphur at
70-95◦C

S0 + H2 → H2S 5.0-
7.5

Thermotoga,
Thermosipho,
Pyrococcus,
Pyrodictium,

continued on next page
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continued from previous page
Process Energy giving reaction pH

ranges
Examples of or-
ganisms

SO2+
4 → S2− 6.0 Thermoproteus,

Archaeoglobus
Methane
production

4H2 + CO2 → CH4 + 2H2O,
CHOOH → CH4, CH3COOH →
CH4, CH3OH → CH4,
CH3NH3 → CH4

7.0-
10.0

Methano-
bacterium,
Methano-
genium,
Methano-
halobium,
Methanothrix,
Methanosarcina

Autotrophic
acetate
production

4H2 +2CO2 → CH3COOH +2H2O 6.0-
8.0

Eubacterium,
Clostridium
Acetogenium

1.3 Rock

The three major groups of rocks that make up the crust of the earth are igneous,
metamorphic and sedimentary rocks. Igneous rocks were formed from solidi�ed
magma. When erupted to the earth surface, cooling is rapid and �ne-grained,
glassy volcanic, or extrusive rocks are formed. When unable to reach the surface,
cooling occurs more slowly and a coarser texture develops and the rock appears in-
trusive relative to adjacent rocks. Deeply formed intrusive rocks are called plutonic
and have a coarser texture than hypabyssal rocks that are formed at a more shallow
depth. Metamorphic rocks are preexisting rocks in which new minerals, textures,
or structures are formed. Two types of metamorphic rocks can be distinguished;
cataclastic rocks formed due to mechanical forces and recrystallized rocks formed
under metamorphic pressures and temperatures. Sedimentary rocks are formed by
accumulation of mostly sand, dust or mud on the surface of the earth. Changes
in the supply and composition of the accumulated material over time lead to a
layered structure covering about three quarters of the total surface of the earth.
The thickness of the sediments varies and may locally reach up to about 15 km
with igneous and metamorphic rocks lying underneath the di�erent layers. Alter-
ations in the environment such as temperature changes, bacterial activity and �uid
intrusion may convert soft sediments to rock. Also, when sediments are carried to
greater depths they may melt or undergo plastic deformation and form igneous or
metamorphic rocks.

The Swedish bedrock can be divided into four main regions or geological provinces,
Caledonian (CA), Svecofennian (SF), Trans-Scandinavian Igneous Belt (TIB) and
Southwest Scandinavian Domain (SSD). The localization of the di�erent regions is
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shown in Figure 1.1. The di�erent provinces are characterized by the geological
period of the rock formation.

Figure 1.1. Geological provinces of Sweden and Norway. The dot indicates the
location of Äspö. [73]

1.3.1 Description of the rock
As a part of the safety assessment of a deep underground repository for high-level
nuclear waste, extensive characterization and evaluation of the rock properties of
the island Äspö in the south of Sweden has been carried out [73]. The area be-
longs to the Trans-Scandinavian Igneous Belt and the dominant rock types are
granitoids. Mineralogically, they range from true granites (Ävrö granite) to gran-
odioritic to dioritic composition (Äspö diorite). Granitoids mainly consists of alkali
feldspar, quartz, plagioclase, and biotite. The revised nomenclature of the Interna-
tional Union of Geological Sciences (IUGS) subcommission de�nes the main speci�c
constituent proportions for the di�erent granitoids as shown in Figure 1.2.

1.3.2 Fractures
Joints, or fractures with no displacement of one side of the fracture relative to
the other, are common structural inhomogenities in rock bodies and are present
everywhere in the crust of the earth. Systematic joints are often responsible for the
topography such as hills, valleys, and rivers. The mineral composition in fractures
is often di�erent from the composition in the rock matrix due to deposition from
the fracture solution. They may be hydraulically conductive or non-conductive
with varying size, and a surface area from a few square centimeters up to several
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Figure 1.2. Classi�cation of granitic rocks by the IUGS scheme. All proportions
are by volume percentages.

thousand square meters. The fracture spacing ranges from a few centimeters up to
tens of meters.

In the Äspö area investigations of the discontinuities have shown minor and
major fracture zones and small-scale fractures in between the fracture zones. The
width of the minor fracture zones range from 10 cm to a few meters and the width of
the major fracture zones are tenths of meters. The large fracture zones are generally
the most hydraulically conductive domains but the minor fracture zones are also
important. Within the rock mass, small-scale fractures also provide pathways for
groundwater �ow with signi�cant variability in �ow rates. Most fracture zones are
reactivated old structures. The �ne-grained granites are divided into small blocks
by short joints that are relatively narrowly spaced. In the medium and coarse-
grained granitoids, the joints are much more widely spaced [73]. Typical fracture
apertures range from less than 10 µm to a mm in deep lying rocks.

1.3.3 Porous matrix
The rock matrix comprises mineral grains, e.g. quartz and feldspar, plus precipi-
tated cements binding them together. In addition, the rock matrix consists of voids
�lled with gas or liquid between the mineral grains. The fraction of the rock matrix
not occupied by solid matter is referred to as the porosity of the rock matrix. There
is an ongoing discussion whether the pores in the rock matrix are interconnected,
forming a pore network, or not [53]. Laboratory and in situ investigations, how-
ever, strongly indicate that such a system of interconnected pores exists and has a
retarding e�ect on radionuclide migration [52, 6, 39]. The microfracture apertures
are commonly less than a micrometer.



10 Chapter 1. INTRODUCTION

1.3.4 Rock properties
Typical porosities for fractured crystalline rock are in the range of 0-10 percent
[30]. For dense crystalline and metamorphic rocks typical values are 0-5 percent.
The porosities of the units of crystalline bedrock at Äspö are generally low, ap-
proximately 0.4-0.45 percent for Äspö diorite and 0.23-0.27 percent for �ne-grained
granite [66]. Altered wall rock adjacent to hydraulically conductive fractures usu-
ally shows somewhat higher porosity ranging up to a few percent [12].

Typical hydraulic conductivities of fractured igneous and metamorphic rocks are
in the range of 3× 10−9 to 10−4 m/s [30]. For dense crystalline igneous and meta-
morphic rocks, typical values are in the range of 10−14 to 10−10 m/s. The hydraulic
conductivity in the Äspö area has been studied [73]. Evaluation of experimental
results from di�erent boreholes showed a geometric mean hydraulic conductivity of
3× 10−10 to 10−8 m/s in a test scale of 3 m.

The pH conditions in natural granitic grounwaters can be expected to be neutral
to slightly basic. However, under oxidizing conditions when sulphidic minerals
are oxidized, protons are released. Provided that the amount of acid-consuming
minerals such as calcite and silicates are larger and react faster than the sulphides,
the pH will remain neutral. Experiments on sulphidic mining waste, however, show
that the relative rates of sulphide and silicate weathering would stabilize the pH at
approximately 3-4 [74]. The conditions for mining waste are di�erent than in deep
lying rock where these low pH values are not observed.

1.3.5 Minerals
Four major rock types can be distinguished in the Äspö area. The Äspö diorite is
by far the most common rock type. It is medium-grained and contains 45 percent
plagioclase, 14 percent quartz, 15 percent biotite, and 15 percent K-feldspar. The
Ävrö granite is medium to coarse-grained with a lower content of plagioclase and
a higher content of quartz. Also �ne-grained granite occurs rather frequently in
the area. A description of the mineral composition of these rock types is shown in
Table 1.2. The fourth rock type is greenstones, which are �ne-grained and medium
to coarse-grained. They occur mainly as minor inclusions within the granite and
diorite [83].

In fractures the mineralogy is di�erent from that in the rock matrix due to
mineral deposition from the fracture solution. Figure 1.3 is an example of the
mineralogy in a fracture zone based on the characterization of three drillcores from
the Äspö tunnel.

Ävrö granite

The average grain size of granite in the crust of the earth is 1-25 mm. The Ävrö
granite is medium to �ne-grained with a porosity of (0.4 ± 0.2) percent by volume.
The mineral composition is shown in Table 1.2.
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Table 1.2. Mineral composition of the main rock types of Äspö [65]

Mineral composition Äspö diorite Ävrö granite Fine grained granite
Quartz 14 25 31
K-feldspar 15 29 38
Plagioclase 45 33 23
Muscovite 0.5 0.5 3
Epidote 6 3 1
Am�boles 1 <0.5 -
Sphene 2 1.5 0.5
Apatite 1 0.5 <0.5
Opaque 1 1 1

Figure 1.3. Fracture zone mineralogy based on characterization of three drillcores
in the Äspö tunnel. (From SKB PR-25-95-06 [81], Chapter 4)

Diorite

Diorite is a phaneritic (visibly crystallized) plutonic rock having intermediate SiO2content (53-66 percent), composed mainly of plagioclase (oligoclase or andesine)
and one or more ferromagnesian minerals (hornblende, biotite, or pyroxene), and
having a granular texture.

Additional minerals

In addition to the main rock types there are several associated minor minerals such
as biotite, chlorite, hematite, magnetite, siderite, and pyrite.

Reducing capacity

In the absence of organic matter, the most important reductants in groundwaters
are Fe2+ and sulphide. For the sites studied by SKB, ferrous silicates and to a
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minor extent sulphide minerals are the major sources of reducing capacity [65]. In
the rock of the Äspö area, the dominant ferrous mineral is biotite. The dominant
ferrous fracture mineral is chlorite.

1.4 Pyrite

Pyrite (see Figure 1.4) is the most common and most widespread sulphide mineral
and it forms under almost all known conditions of mineral deposition. For exam-
ple, very commonly in hydrothermal veins, associated with chalcopyrite, galena,
and sphalerite (Rio Tinto, Spain and Noranda, Quebec), as direct magmatic seg-
regations (Sulitjelma, Norway), in igneous rocks as an accessory mineral, in peg-
matites (Grafton, New Hampshire), in contact metamorphosed limestones (Clifton,
Arizona), in regionally metamorphosed sediments (Chester, Vermont), as a subli-
mation product (Mount Vesuvius), in stratiform sul�de deposits (Bathurst, New
Brunswick), in oolitic deposits in sediments (Meggen, Germany), as concretions
in coal (Kladno, former Czechoslovakia and Ohio), replacing fossils (Wissenbach,
Germany; Lyme Regis, England and Holland Patent, New York) and as stalactitic
growths (Galena, Illinois) [1]. Iron pyrites are commonly known as "fool's gold"
but in contrast to gold they are hard and brittle. Marcasite was once thought to be
polymorphous with pyrite, but precise analyses show that marcasite contains excess
iron, whereas pyrite is stoichiometric FeS2. Marcasite is distinguished from pyrite
by its lighter colour, lower speci�c gravity, and orthorhombic crystal form. One
crystallographic plane in marcasite is identical to a plane in the pyrite structure,
making possible epitaxial growth which gives rise to oriented intergrowths of the
two phases. Under oxidizing conditions, pyrite readily alters to iron sulphates and
eventually to limonite, forming gossan, the surface expression of pyrite-rich mineral
deposits [1].

Figure 1.4. The pyrite crystal.
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1.4.1 Morphology (Crystal structure, grain size, surface etc.)
Pyrite has the composition FeS2. It crystallizes in the isometric system, and having
four formula units per unit cell. In the structure, Fe atoms are situated at the face
centers and corners of a cube, while S atoms occur in pairs centered at the midpoints
of the cube edges and at the cube's body center. This is actually a derivative of the
rock-salt structure type. The S atom pairs are aligned parallel to body diagonal
directions. Thus, S atoms, each of which is covalently bonded to one other S atom,
octahedrally coordinate Fe atoms. The result is a three-dimensional network of
octahedrons linked together by strong S-S bonds. This relatively densely packed,
tightly bonded structure contributes to the stability and relatively great hardness
of the mineral. Pyrite is more commonly well crystallized than any other sulphide
mineral. The cube is the dominant form but the pyritohedron and octahedron
are also frequent forms (See Figure 1.5). Pyrite may also be massive, granular, or
stalactitic.

Figure 1.5. Di�erent crystal habits of pyrite. [27]

1.4.2 Abiotic oxidation
Oxidative dissolution of pyrite in the subsurface occurs by two di�erent reaction
paths, either with oxygen or ferric ions as the oxidant. The two dissolution reactions
are reported as:

2FeS2 + 2H2O + 7O2 → 2Fe2+ + 4SO2−
4 + 4H+ (1.1)

FeS2 + 8H2O + 14Fe3+ → 15Fe2+ + 2SO2−
4 + 16H+ (1.2)

The ferrous ions produced by these reactions are oxidized by oxygen according
to [71]:

4Fe2+ + O2 + 4H+ → 4Fe3+ + 2H2O (1.3)
Ferric ions are readily hydrolyzed at pH>2.5 and amorphous ferric hydroxide

precipitates according to:
Fe3+ + 3H2O → Fe(OH)3 + 3H+ (1.4)
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Many researchers have studied the kinetics and mechanism of the oxidation
of pyrite [19, 41, 42, 48, 49, 82, 84]. Di�erent rate expressions for the rate of
oxidation of pyrite are proposed by some of the researchers [19, 48, 82, 84]. Some of
the published rate expressions for the dissolution of pyrite in solutions containing
dissolved iron are shown in Table 1.3.

Table 1.3. Dissolution of pyrite in solutions containing dissolved iron

Reference Rate expression

Garrels and
Thompson [17]

rFeS2 =
k[Fe3+]∑

[Fe]

Smith and Shu-
mate [72]

rFeS2 =
k1[Fe3+]0.5−k2[Fe2+]0.5

1+k3[Fe3+]0.5+k4[Fe2+]0.5

Mathews and
Robins [46]

rFeS2 =
k[Fe3+]∑
[Fe][H+]0.44

Lowson [41] rFeS2 =
k[Fe3+][Fe2+]∑

[Fe]

McKibben and
Barnes [48]

rFeS2 =
k[Fe3+]0.58

[H+]0.5

Williamson and
Rimstidt [84]

rFeS2 =
k[Fe3+]0.3

[H+]0.32[Fe2+]0.47

Holmes and
Crundwell [19]

rFeS2 = k [H+]−0.5
(

kF e3+ [Fe3+]
kF eS2 [H+]−0.5+kF e2+ [Fe2+]

)0.5

In Table 1.4 some rate expressions of pyrite dissolution are shown where dis-
solved oxygen is the oxidizing agent rather than ferric ions.

The rate expressions shown have been obtained using empirical approaches ex-
cept for Holmes and Crundwell [19], who show that the kinetics of dissolution of
pyrite is described by an electrochemical mechanism where the overall reaction can
be written in terms of anodic and cathodic half-reactions. The anodic oxidation of
pyrite is written:

FeS2 + 8H2O → Fe2+ + 2SO2−
4 + 16H+ + 14e− (1.5)
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Table 1.4. Dissolution of pyrite in solutions containing dissolved oxygen

Reference Rate expression
Mathews and Robins [47] rFeS2 = k [O2]

0.81

Bailey and Peters [3] rFeS2 = k1

(
[O2]

k2+[O2]

)0.5

McKibben and Barnes [48] rFeS2 = k [O2]
0.5

Williamson and Rimstidt [84] rFeS2 = k [O2]
0.5 [H+]−0.11

Holmes and Crundwell [19] rFeS2 = k [O2]
0.5 [H+]−0.18

and the cathodic reduction of ferric ions or dissolved oxygen:
Fe3+ + e− ↔ Fe2+ (1.6)
O2 + 4H+ + 4e− → 2H2O (1.7)

This mechanism is supported by isotope studies indicating that water, rather
than molecular oxygen, is the source of oxygen in the sulphate product.

1.4.3 Biotic oxidation
The biotic oxidation of pyrite often involves the microbe species Acidithiobacillus
ferrooxidans also known as Thiobacillus ferrooxidans. It is a chemolithotrophic
bacterium, which has the ability to oxidise ferrous iron to ferric iron and couple the
energy derived from this reaction to support carbon dioxide �xation and growth.
Acidithiobacillus ferrooxidans is generally characterised by �ve properties:
Chemolithotrophic - energy for growth and maintenance is derived from the ox-

idation of ferrous iron or reduced sulphur compounds [2]. Some strains are
even able to grow by oxidation of hydrogen [11].

Autotrophic - carbon dioxide is the cellular carbon source and is �xed through the
Calvin-Bensen cycle [9, 15, 45]. Nitrogen and phosphorus are also required
as nutrients for cellular growth and synthesis along with trace minerals of K,
Mg, Na, Ca and Co [21].

Aerobic - oxygen is essential as an electron acceptor.
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Mesophilic - a temperature between 2◦C and 40◦C promotes growth [33] and
iron oxidation with an optimal temperature near 33◦C and with growth and
oxidation rate decreasing rapidly above the optimal temperature [44].

Acidophilic - growth occurs at a pH within the range 1.5 to 6.0 with an optimum
between 2.0 and 2.5. Survival does not usually occur above a pH of 6.5 or
below a pH of 1.0 [32].

Acidithiobacillus ferrooxidans are gram-negative nonsporulating rods, 0.5-0.6
µm long, with round ends occurring singly or in pairs, rarely in short chains. They
are also motile by means of a single polar �agellum [50]. In its use of energy from
iron oxidation, e�ciency values as low as 3.2 percent [78] to as high as 30 percent
[43] have been reported. Ferrous iron is oxidized outside the cell membrane at
an acidic pH around 2.0 and reduction of oxygen inside at a pH of 6.5, with the
requirement for the presence of sulphate ions [31]. The growth of Acidithiobacillus
ferrooxidans and oxidation of ferrous ions are shown to be tightly coupled [10, 69].
Under conditions of extreme stress, however, growth and iron oxidation may be
uncoupled [25, 32, 33, 68]. Under normal conditions, when the bacteria is not
exposed to extreme stress such as limitation in the supply of CO2, presence of
toxic metals and inhibition due to low temperatures, the rate of iron oxidation is
dictated by the growth of the population and can thus be modelled with Monod
kinetics. In Table 1.5, di�erent kinetic models are shown including inhibition e�ects
of substrate, product and bacterial cells on growth of Acidithiobacillus ferrooxidans
and biological oxidation of ferrous iron.

Table 1.5. Kinetic models including inhibition e�ects of substrate, product and
bacterial cells on growth of Acidithiobacillus ferrooxidans and biological oxidation
of ferrous iron [50].

Reference Kinetic model Comments
Jones and
Kelly, 1983
[22]

µ =
µm[Fe2+]

Ks

(
1+

[F e3+]
Kp

)
+[Fe2+]

Competitive in-
hibition of Fe3+

chemostat
Jones and
Kelly, 1983
[22]

µ =
µm[Fe2+](

1+
[F e3+]

Kp

)
(Ks+[Fe2+])

Noncompetive
inhibition of
Fe3+ chemostat

continued on next page
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continued from previous page
Reference Kinetic model Comments
Liu, et al.,
1988 [37]

µ =
µm[Fe2+]

Ks

(
1+

[F e3+]
Kp

)
+[Fe2+]

Competitive in-
hibition of Fe3+

batch
Liu, et al.,
1988 [37]

µ =
µm[Fe2+]

Ks

(
1+

[F e3+]
Kp

)
+[Fe2+]

Competitive in-
hibition of Fe3+
chemostat

Suzuki, et
al., 1989 [76]

V =
Vm[Fe2+]

Km

(
1+

[X]
Ki

)
+[Fe2+]

Competitive in-
hibition of A.t.f.
cells

Lizama and
Suzuki, 1989
[38]

V =
Vm[Fe2+]

Km

(
1+

[X]
Ki

+
[F e3+]

Kp
+

[X][F e3+]
αKiKp

)
+[Fe2+]

Synergistic
competitive in-
hibition of A.t.f.
cells and ferric
iron

Nikolov and
Karamanev,
1982 [54]

µ =
µm[Fe2+]

Ks

(
1+

[F e3+]
Kp

)
+[Fe2+]+

[F e2+]2

Ksi

Competitive in-
hibition of Fe3+

Fe2+ inhibition
chemostat

Nemati and
Webb, 1997
[51]

d[Fe2+]
dt =

K0e−E/RT [X][Fe2+]
Ḱm

(
1+

[X]
Ḱi

)
+[Fe2+]+

(
1− [X]

β

) [F e2+]2

α

Competitive in-
hibition of A.t.f.
cells, Fe2+ inhi-
bition

Harvey and
Crundwell,
1997 [18]

µ =
µm[Fe2+]

Ks

(
1+

[F e3+]
Kp

)
+[Fe2+]+

[As3+]
Ka

Competitive in-
hibition of Fe3+,
As3+ inhibition

The mechanism of biotically mediated oxidation of pyrite has been widely de-
bated and there are mainly two di�erent proposed mechanisms, indirect or direct.
In the indirect mechanism the bacteria oxidizes ferrous ions, which in turn oxidize
the mineral. Microbes may either be in direct contact with the mineral or free in
the solution. The direct mechanism, however, assumes that the bacteria directly
oxidize the mineral, possibly by extracellular secretion of an enzymatic oxidant,
without any requirement for ferric or ferrous ions in the solution. Thus, the main
di�erence between the two proposed mechanisms is the participation of ferric ions
in the oxidation of the mineral. See Figure 1.6.

The indirect mechanism may be described similarly as for abiotic oxidation by
the two overall reactions, Eqns 1.2 and 1.3, described above:

FeS2 + 8H2O + 14Fe3+ → 15Fe2+ + 2SO2−
4 + 16H+

4Fe2+ + O2 + 4H+ bacteria→ 4Fe3+ + 2H2O
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Figure 1.6. The proposed mechanisms for biotic pyrite oxidation. A) The indi-
rect mechanism with bacteria either directly attached to the mineral or free in the
solution. B) The direct mechanism with bacteria attached to the mineral surface
without the involvement of ferric ions.

The direct mechanism can be described similarly as for abiotic oxidation by Eq
1.1 described previously:

2FeS2 + 2H2O + 7O2
bacteria→ 2Fe2+ + 4SO2−

4 + 4H+

The reaction formulas di�er from the abiotic cases only by the presence of
bacteria in Eqns 1.1 and 1.3. Fowler, et al. [14] studied the leaching of pyrite with
and without bacteria at the same solution conditions in order to address which of the
two mechanisms is the most likely. They proposed an electrochemical mechanism
for the reaction, which, similarly to the abiotic case, is described by anodic and
cathodic half reactions, Eqns 1.5 and 1.6, according to:

FeS2 + 8H2O → Fe2+ + 2SO2−
4 + 16H+ + 14e−

Fe3+ + e− ↔ Fe2+

The resulting rate expression (Eq 1.8) agrees well with their experimental results
and the observed increased leaching rate in the presence of bacteria at the same
solution composition as for the abiotic experiments was shown not to be due to the
direct mechanism but rather to locally increased pH at the pyrite surface. These
results implied that the mechanism in the experiment was indirect.

RFeS2 =
kFeS2 [H

+]−0.5

14F

(
kFe3+ [Fe3+]

kFeS2 [H+]−0.5 + kFe2+ [Fe2+]

)0.5

(1.8)

where F is the Faraday constant.

1.4.4 Non-oxidative dissolution
In some cases, the rate of dissolution of the ferrous minerals may limit the oxidation
rate and needs to be studied. The kinetics and mechanism of the non-oxidative
dissolution of iron sulphides, e.g. pyrrhotite [80, 79] and mackinawite [55, 56] have
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been studied in the literature. Nothing, however, has been published on the non-
oxidative dissolution of pyrite. One reason could be that this process would require
the formation of persulphide ions, S2−

2 , and the hydride, hydrogen persulphide,
H2S2 [41]. These species, and also higher members of the polysulphide series, have
a great tendency to decompose and release sulphur. For most practical purposes,
the dissolution of pyrite is therefore considered exclusively oxidative.

1.5 Transport

1.5.1 Transport in fractures
Solute transport in conductive fractures is mainly due to the advective groundwater
�ow. However, the fractures often intersect with mixing of waters from the di�er-
ent �ow paths as a result. The solute concentration along the fracture is therefore
a�ected also by dispersion. In addition, di�usion of solutes towards areas with a
lower concentration occurs. Dispersion and di�usion is often described mathemat-
ically by similar expressions. Those two physical processes are therefore combined
into one single term in the equation describing transport in a conducting fracture:

∂C

∂t
= D

∂2C

∂x2
− u

∂C

∂x
(1.9)

where the left hand side represents accumulation, the �rst term on the right
hand side describes dispersion/di�usion and the last term describes advection. D
is the combined di�usion-dispersion coe�cient and u is the liquid velocity. The
liquid velocity, u, is caused by a hydraulic gradient along the �ow path and is
described by Darcy's law. Darcy's law is shown in Eqn 1.10.

u =
k

εf

dh

dx
(1.10)

where k (m/s) is the hydraulic conductivity of the rock, εf is the volume fraction
of fractures in the rock and dh/dx is the hydraulic gradient.

1.5.2 Transport in the porous matrix
Within the rock matrix, solutes may be transported through a system of intercon-
nected micropores. Transport in the micropore system occurs mainly as molecular
di�usion in the pore water. In an instationary system, where the di�using solutes
are accumulated or depleted, Fick's second law describes the accumulation and
transport in a liquid according to:

∂C

∂t
= D

∂2C

∂x2
(1.11)
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If the system can be regarded as being stationary, Fick's �rst law of di�usion in
a liquid applies according to:

J = −D
dC

dx
(1.12)

Throughout this thesis, matrix di�usion is frequently regarded as a quasi-stationary
process using Fick's �rst law of di�usion. The approximations that were made are
explained in subsequent chapters.

Fick's �rst and second laws describe di�usion. In porous media, the di�usion
path is longer than in free di�usion in a liquid due to the tortuosity of the pores.
The di�usion is also a�ected by changes in pore size along the di�usion path, known
as constrictivity. The pore di�usivity is therefore less than that in a pure liquid:

Dp = D
δD

τ2
(1.13)

where δD is the constrictivity, τ2 is the tortuosity and Dp is the pore di�usivity.The e�ective di�usivity of the rock matrix, De, which is frequently used in the
models in this thesis, also takes into account the transport porosity of the rock
matrix, εt. The transport porosity refers to the pores where transport occurs and
excludes pores with a dead end. The e�ective di�usivity can be written:

De = Dp εt (1.14)
Fick's �rst law of di�usion through porous media can then be described as:

J = −De
dC

dx
(1.15)

1.5.3 Adsorption and desorption of bacteria
Microbes are transported by groundwater in the rock fractures, but retained by
several mechanisms such as sorption, physical hindrance and sedimentation. As
a consequence, a distribution of microbes between the fracture water and rock
surfaces will develop [20, 35, 77]. Growth rate and mortality may di�er in these
two phases [8] and the cell distribution is also a�ected by e.g. nutrient availability
[4, 34], cell density [36], ionic strength [13, 16], pH and oxyhydroxide coating [70].
Experiments show that kinetic sorption mainly is responsible for the observed non-
ideal breakthrough curves [36]. The sorption process has been described as a linear
reversible equilibrium process, a kinetic irreversible �rst order sorption process and
also as a combination of equilibrium- and non-equilibrium sorption sites [34, 36].
The maximum surface coverage of microbes has also been studied as well as detailed
sorption mechanisms [5, 7, 24, 67, 70].
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MODEL DEVELOPMENT

This section describes the models that were developed in order to be able to study
the oxygen penetration depth along a subsurface fracture. Simple batch systems
as well as transient �ow systems were modelled. The aim is to build a framework
of exploratory simulations to give a better understanding of some of the processes
involved in oxygen depletion in fractured rock. Oxygen penetrating a fracture in
the rock may be depleted by several mechanisms. The models presented here rep-
resent deep subsurface systems where organic matter is assumed absent either due
to degradation in the sediments near the surface or because there is no organic
soil cover in the in�ow area. Therefore, oxygen consumption is assumed to occur
through interaction with the rock minerals by chemical weathering. Microorgan-
isms thrive in this environment where they can derive energy for growth from the
oxidation reactions. Microbially mediated weathering may therefore occur faster
than in the absence of microbes. However, the size of the microbes prevents them
from migrating into the micropore system of the rock matrix and they are therefore
present in the fractures only. The reducing capacity of the rock, in the absence of
organic matter, is assumed to mainly be due to the presence of ferrous minerals
and sulphide. Therefore, ferrous minerals such as pyrite are used as reductants
in the exploratory simulations. Figure 2.1 shows the proposed mechanisms that
are assumed to be responsible for oxygen consumption in a conducting fracture.
Commercially, similar processes are utilized when extracting metals in the mining
industry. One example is the heap leaching process for extraction of copper from
sulphide ores. Acid is applied on top of the heap and oxide minerals are dissolved.
Ferrous ions present in the heap are oxidized, mediated by bacteria and the ferric
ion product from this oxidation in turn oxidizes the sulphides. This process is a
good example on the coupling between the di�erent disciplines, i.e. hydrology, mi-
crobiology and geology, that are also involved in the subsurface depletion of oxygen.
A model for a heap leaching process is presented in Paper I, Appendix ??.

Figure 2.1 represents a cross-section of a conducting fracture (between the bold
lines) and the surrounding rock. The fracture in�ll material may be oxidized ei-

21
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Figure 2.1. Conceptual model with possible oxidation sites. A) Abiotic oxidation
of either ferrous mineral grains or dissolved ferrous ions in the rock matrix. B)
Abiotic or biotic oxidation of in�ll material. C) Biotic oxidation of either ferrous
mineral grains directly exposed to the bacteria or dissolved ferrous ions di�using to
the bio�lm.

ther abiotically or biotically. Di�usion of dissolved oxygen into the rock matrix
micropore system may cause abiotic oxidation of ferrous ions in the pore water or
direct oxidation of mineral grains. The size of the microbes excludes the possibil-
ity of biotic reactions occurring in the rock matrix where the microfractures are
typically less than 1 micrometer. However, dissolved minerals in the rock matrix
may be transported to the microbes in the fracture through di�usion. As can be
seen in the �gure, there are several competing transport and reaction processes.
These processes have, in some cases, very di�erent time constants. For numerical
simplicity and result transparancy reasons, simple case studies in which only one or
a few mechanisms at a time are included, will be presented in subsequent sections.
These simple cases are then evaluated and compared for di�erent conditions.

2.1 Reactive transport

In the models described in this thesis, transport of compounds is an important
issue. As described in Chapter 1.5, di�erent mechanisms govern the transport of
compunds in the hydraulically conductive fractures and the porous rock matrix.
Here, the transport mechanisms are simpli�ed in such a way that for example



2.2. Comparison Between Di�erent Rates 23

retaining processes such as surface sorption are neglected. The reactive transport
of compounds in the fractures are modelled according to:

∂Ci

∂t
= D

∂2Ci

∂x2
− u

∂Ci

∂x
−Ri (2.1)

where i denotes the dissolved compound, for example oxygen, t is time, D
is the di�usion/dispersion coe�cient, u is the advective �ow-rate, and R is the
consumption rate. The transport of microbes in the fractures is modelled in a
similar manner with the exeption that their tendency towards attachment onto
surfaces is included. The sorption mechanism is included as a Langmuir isotherm
relationship between sorbed and suspended biomass. In the cases where microbe
population growth is included, the reactive transport of biomass is described by:

∂CCH2O

∂t
+

∂SCH2O

∂t
= D

∂2CCH2O

∂x2
− u

∂CCH2O

∂x
+ RCH2O (2.2)

where S denotes the amount of surface attached biomass per volume of fracture.
The accumulation term is hence divided into suspended and attached biomass.

Transport of compounds in the porous rock matrix is mainly due to di�usion
and in the models the di�usion rate is modelled according to:

Ri =
A

V

De

δ

(
Cmat

i − Cfrac
i

)
(2.3)

where Cfrac
i and Cmat

i are the concentrations of species i in the fracture and
matrix pore water repectively. De is the e�ective di�usivity in the porous matrix,
δ is the di�usion distance within the matrix. A/V is the di�usion surface for a
given volume of fracture water, which is assumed to be equal to the inverse of half
the fracture aperture. It is recognized that this is a simpli�ed description of the
transport processes in the matrix that are better described by Fick's second law.
However, the rate of change in the transport in the matrix is so slow that a pseudo-
stationary model is permissible. The di�usion distance in the matrix, δ, will then
slowly change with time.

2.2 Comparison Between Di�erent Rates

The di�erent oxygen consuming processes described above occur either in parallel or
in series. An analysis of the maximum rates for each of these processes is described
in Paper II, Appendix ??. The aim of this analysis is to build a framework of
maximum rates for each of the parallell processes. It can be seen from the results
that initially, when substrates are available in the fracture as in�ll material or
fracture surface minerals, reaction kinetics can be important. However, in a longer
time perspective, di�usion within the rock matrix limits the oxygen scavenging
process.
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2.3 Fracture in�ll material

Figure 2.2 shows the system boundary for the fracture in�ll material oxidation
model. The in�ll material may be oxidized either abiotically or biotically. Pyrite
is used as the reductant in this example of the calculations.

Figure 2.2. Fracture in�ll material oxidation. The dotted line represents the system
boundary.

2.3.1 Abiotic reactions with fracture in�ll material
There are several rate expressions, proposed by di�erent researchers, describing
the rate of abiotic pyrite oxidation in the presence of oxygen. See Table 1.4. The
expression used in this model is perhaps the most widely used and has been reported
as [84]:

rFeS2

[
kmol

m2day

]
= 10−6.25C0.5

O2
C−0.11

H+ (2.4)
where the concentrations are given in kmol/m3.
The available reaction surface in a given water volume decreases with time and

can be estimated using an expression according to:
A

Vwater
=

Ainit

Vwater

(
CFeS2

Cinit
FeS2

)2/3

(2.5)

where the particles are assumed spherical and equally sized.
The rate of oxygen consumption is assumed to be directly proportional to the

rate of pyrite oxidation according to the reaction:
FeS2(s) + 15/4O2 + 7/2H2O → Fe (OH)3 (a) + 2SO2−

4 + 4H+ (2.6)
which is the sum of Eqns 1.1, 1.3 and 1.4.
The rate expression for oxygen can then be written:

RO2

[
kmol O2

m3 day

]
=

Ainit

Vwater

(
CFeS2

Cinit
FeS2

)0.67

k C0.5
O2

C−0.11
H+ (2.7)

where k = 15
4 10−6.25 = 10−5.68
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The initial surface of the in�ll pyrite grains per volume of the fracture,
Ainit/Vwater, can be calculated from experimental data for the in�ll material:

Ainit

Vwater

[
m2 FeS2

m3 water

]
= qfill

0

1
ρFeS2

a
εfill

1− εfill
=

qfill
0 a

ρFeS2

(
εfill

1− εfill

)
(2.8)

where qfill
0

(
kg FeS2/m3 infill

) is the amount of in�ll pyrite,
ρFeS2

(
kg FeS2/m3 FeS2

) is the pyrite density, a (m2 FeS2/m3 FeS2

) is the initial
speci�c area of mineral particles and εfill

(
m3 infill/m3 fracture

) is the volume
fraction of in�ll in the fracture. This fraction is assumed constant as the in�ll
material is oxidized. It is also assumed that there will be no oxidized layer on the
particle surface through which oxygen has to di�use.

The initial pyrite concentration in the fracture is calculated according to:
Cinit

FeS2

[
kmol FeS2

m3 water

]
=

qfill
0

MFeS2

(
εfill

1− εfill

)
(2.9)

where MFeS2 (kg FeS2/kmol FeS2) is the molar weight of pyrite.
Table 2.1. Parameters for the exploratory abiotic in�ll batch model simulations

a 600000 m2 FeS2/m3 FeS2

Cinit
FeS2

0.055 kmol/m3

Csol
O2

3× 10−4 kmol/m3

k 10−5.68

MFeS2 120 kg/kmol
pH 4 -
qfill
0 60 kg FeS2/m3 infill

εfill 0.1 m3 infill/m3 fracture
ρFeS2 5010 kg FeS2/m3 FeS2

The rate of oxygen depletion was �rst studied using a simple batch model. A
batch with oxygenated water is exposed to pyrite grains and the oxygen concen-
tration is modelled as it evolves with time. Parameters used for the simulation are
shown in Table 2.1. Two di�erent computer programs were used for comparison
of the results, Matlab and PhreeqC. In PhreeqC the initial pH was set to 7 and
was allowed to change during the simulation. It stabilized at about 3.8. No neu-
tralization reaction were included in these simulations. The pH and pe pro�les are
shown in Figure 2.4. In Matlab, the pH was set to a constant value of 4. It can
be seen in Figure 2.3 that the oxygen was depleted after about 8 days at this pH.
This corresponds to a pyrite oxidation of less than 0.15 percent of the total initial
pyrite. If neutral pH is used in the Matlab simulation (not shown in the �gure),
the depletion time for oxygen is half of the time needed at pH 4.

If the oxygen concentration in the batch is held constant at Csol
O2

, the time needed
for depletion of all of the pyrite in the in�ll material may be estimated. Figure 2.5
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Figure 2.3. Dimensionless oxygen and pyrite concentration pro�les in the abiotic
batch model for oxidation of fracture in�ll pyrite. For the Matlab simulation the pH
is 4 and for the PhreeqC simulation the pH is decreasing from 7 to 3.8 (See Figure
2.4). Dimensionless values of 1 denote the solubility for oxygen and the initial pyrite
concentration respectively.
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Figure 2.4. pH and pe pro�les obtained from the PhreeqC abiotic batch simulation
of oxidation of fracture in�ll pyrite.

shows that the pyrite is completely depleted from the in�ll material after about
20 years of abiotic oxidation at pH 4. The simulation was made with Matlab. If
neutral pH is used in the simulation (not shown in the �gure), the depletion time
is decreased to approximately half of the time needed at pH 4.

The penetration depth of oxygenated water, when only abiotic oxidation of
pyrite is considered, is estimated by solving the coupled di�erential equations, Eq
2.1 for reactive transport of oxygen and Eq 2.7 multiplied by a stoichiometric co-
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Figure 2.5. Dimensionless pyrite concentration in the abiotic batch model for
oxidation of fracture in�ll pyrite with a continous supply of oxygen at pH 4.

e�cient, fFeS2 = 4/15 kmol FeS2/kmol O2 for pyrite. The additional parameters
needed for the transport model of abiotic in�ll pyrite oxidation are shown in Table
2.2. The transient �ow model was simulated using the software Femlab.

Table 2.2. Additional parameters for the exploratory abiotic in�ll transport model
simulations

Pe = uL/D 10 -
L 0.25 m
u 0.026 m/day

The fracture length modelled is 0.25 m and the result after one pore volume
of water has �own through the system, (t=9.6 days), is shown in Figure 2.6. The
result shows that the oxygen is depleted at a distance of 0.25 m downstream from
the inlet. The initial oxygen concentration in the fracture was 3× 10−4 kmol/m3.
At the distance of 0.25 m the same amount of pyrite is oxidized, less than 0.15
percent of the total initial pyrite, as in the previous batch case.

With an in�nite source of pyrite, oxygen would not be able to penetrate more
than 0.25 m according to the model. However, eventually the pyrite is depleted and
oxygen may penetrate further downstream within the fracture. Figure 2.7 shows
the concentration pro�les for oxygen and pyrite after 2000 days up to 8000 days.

2.3.2 Biotic reactions with fracture in�ll material
In the case of microbially mediated oxidation of the in�ll material the reaction
rate is assumed to follow Monod kinetics. This means that the overall reaction is
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Figure 2.6. Dimensionless oxygen and pyrite concentration pro�les downstream
within the fracture after 9.6 days when one pore volume of water has �own through
the fracture zone. Abiotic in�ll oxidation at pH 4.
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Figure 2.7. Dimensionless oxygen and pyrite concentration pro�les downstream
within the fracture. Abiotic in�ll pyrite oxidation at pH 4.

assumed to be dictated by the enzymatic reactions within the bacteria. No growth
or mortality of bacteria is modeled at this stage. The concentration of microbes is
modeled as dry biomass with the molecular formula, CH2O. Oxygen is considered
as the only limiting substrate in this simulation, and the rate of oxygen consumption
can then be expressed using the single substrate limitation form of the Michaelis
Menten expression:

RO2 = VmSCH2O
CO2

KCO2
+ CO2

(2.10)
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Vm is the maximum oxidation rate for oxygen per mole of biomass. SCH2Ois the concentration of biomass available for the reaction. It is assumed at this
stage of the model that only sorbed bacteria participate in the reaction. KCO2is the half-saturation constant for oxygen. Pyrite is consumed proportionally to
the oxygen consumption according to the reaction formula in Eq 2.6. The rate of
pyrite consumption is then obtained from Eq 2.10 multiplied by a stochiometric
coe�cient, fFeS2 . The initial pyrite concentration is calculated as for the abiotic
case, Eq 2.9.

Table 2.3. Parameters for the exploratory biotic in�ll batch model simulations

Cinit
FeS2

0.055 kmol/m3

Csol
O2

3× 10−4 kmol/m3

fFeS2 4/15 kmol FeS2/kmol O2

KCO2
3.13× 10−5 kmol O2/m3

MFeS2 120 kg/kmol

qfill
0 60 kg FeS2/m3 infill

SCH2O 10−7 kmol/m3

Vm 2.26× 103 kmol O2/kmol CH2O, day
εfill 0.1 m3 infill/m3 fracture

In the same manner as for the abiotic case, a simple batch model was used to
compare the speci�c rates for di�erent cases. In the biotic batch model the microbe
population was assumed to be constant and ferrous ions were not considered rate
limiting. Thus, Eq 2.10 was used for the consumption rate of oxygen and the
parameters needed for the biotic in�ll batch model are shown in Table 2.3. Figure
2.8 shows the concentration pro�les of oxygen and pyrite as a function of time. It
can be seen that, for a viable biomass concentration of 10−7 kmol/m3, the oxygen
is depleted after approximately 2 days. This biomass would be obtained for a 1
percent converage of biomass on the surfaces. One microbe is assumed to cover
1 µm2. If the concentration of viable biomass is decreased to 10−8 kmol/m3 the
depletion time for oxygen is increased to about 20 days.

If the oxygen concentration in the batch is held constant at Csol
O2

it is possible
to make a rough estimation of the pyrite concentration pro�le with time. In this
model, it implies that no limiting substrates are considered. The result is shown in
Figure 2.9 and it can be seen that the pyrite is depleted in about 3 years.

The oxygen penetration depth along the fracture was modelled also for the case
of biotically oxidized in�ll pyrite. As for the batch model, a constant biomass
concentration was assumed with no bacterial growth or death. Also, the rate of
oxidation is dictated by the bacteria according to the Michaelis-Menten expression,
described above. Thus, the only limiting substrate for oxidation is dissolved oxygen,
and ferrous ions are assumed to be present in excess. A fracture length of 0.1 m was
modelled and the result of the simulation after one pore volume of water has passed
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Figure 2.8. Dimensionless oxygen and pyrite concentration pro�les in the biotic
batch model for oxidation of fracture in�ll pyrite. Dimensionless values of 1 denote
the solubility of oxygen and the initial pyrite concentration respectively

Figure 2.9. Dimensionless pyrite concentration pro�le in the biotic batch model
for oxidation of fracture in�ll pyrite with a continous supply of oxygen.

through the system (3.8 days) is shown in Figure 2.10. The initial concentration
of oxygen in the fracture was 3 × 10−4 kmol/m3. The oxygen penetration depth
is less than 0.1 m according to the model with the amount of bacteria assumed.
Since ferrous ions are not considered to be a limiting substrate, the oxygen pro�le in
Figure 2.10 is actually at steady state. At the fracture inlet, the pyrite concentration
can be estimated as for the batch model with an unlimited oxygen supply shown
in Figure 2.9.

2.4 Matrix Mineral Oxidation

The oxidation of pyrite present in the rock matrix may as for in�ll pyrite oxidation
occur either abiotically or biotically or as a combination of these two processes.
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Figure 2.10. Dimensionless oxygen and pyrite concentration pro�les downstream
within the fracture with biotic in�ll pyrite oxidation.

Abiotic oxidation occurs when an oxidant, such as oxygen, di�uses into the porous
rock matrix. The oxidation reaction occurs either by a direct mechanism on the
mineral surfaces or by a homogeneous reaction in the pore water. The homogeneous
reaction is preceded by non-oxidative mineral dissolution and di�usion of the dis-
solved minerals. Biotic oxidation of matrix minerals refers to a series of processes
where non-oxidative dissolution of matrix minerals into the pore water is followed
by di�usion of the dissolved substrates to the fracture and biotic oxidation in the
bio�lm. In the following, these processes are modelled and evaluated starting with
the abiotic processes illustrated in Figure 2.11.

Figure 2.11. Abiotic rock matrix mineral oxidation. The dotted line represents
the system boundary.
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2.4.1 Abiotic reactions with rock matrix minerals
Depending on the relative rates of oxidation and dissolution of ferrous ions and
the di�usive transport, the abiotic reaction may occur directly at the pyrite grain
surfaces or in the matrix pore water, in a sharp or wide reaction front. See Figure
2.2. Eqns 1.5, 1.6 and 1.7 indicate that the reaction can be described by an elec-
trochemical mechanism that is the same in either case; i.e., the anode and cathode
may be close to the pyrite grains or separated by a di�usion distance.

When the di�usion of oxygen into the rock matrix is assumed rate limiting, the
rate of oxidation may be described by the di�usion equation 2.3:

RO2 = −A
V

De

δ

(
0− Cfrac

O2

)
The di�usion distance in the matrix, δ, will grow with time as the pyrite is

depleted deeper and deeper in the matrix. A simple batch model was developed
to evaluate the time needed for consumption of oxygen present in a fracture when
oxygen matrix di�usion is rate limiting. Figure 2.12 shows the result, illustrated
for a constant di�usion distance. Later, the redox front propagating away from the
fracture with time will also be described. Parameter values used are shown in Table
2.4. From the �gure it can be seen that the oxygen is depleted after a few days at
the di�usion distance used.

Table 2.4. Parameters for the exploratory abiotic matrix batch model simulations
when governed by matrix di�usion of oxygen

A/V 2/100× 10−6 m−1

Cfrac
O2

3× 10−4 kmol/m3

δ 100× 10−6 m
De 8.64× 10−9 m2/day

The reaction rate may be coupled with the reactive transport equation for oxy-
gen, Eq 2.1, to estimate the penetration depth of oxygen along the fracture. Figure
2.13 shows the concentration pro�le after one fracture volume of water has passed
through the system (3.85 days). This is a steady state pro�le since the di�usion
distance is held constant. It can be seen that the oxygen is depleted after approxi-
mately 0.1 m downstream within the fracture.

When also the redox front movement is modelled (growing δ), the oxygen con-
centration pro�le is no longer at steady state. The redox front propagation is
proportional to the oxygen consumption and is modelled according to:

dδ

dt
= RO2

V

A
fFeS2

MFeS2

qmat
0

(2.11)
where RO2 is the reaction rate for oxygen, which is described above, fFeS2 is thestochiometric relation between pyrite and oxygen according to the reaction formula
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Figure 2.12. Oxygen concentration-time pro�le for di�usion controlled oxidation
of matrix minerals. Constant di�usion distance in the matrix of 0.1 mm.

Figure 2.13. Oxygen concentration pro�le downstream within the fracture after
one fracture volume of water has �own through the system. Constant di�usion
distance in the matrix of 0.1 mm.

in Eq 2.6, MFeS2 is the molecular weight of pyrite and qmat
0 is the mass content of

pyrite per volume of rock. Values of the additional parameters are shown in table
2.5.

Figure 2.14 shows the oxygen concentration pro�le and the redox front distance
to the fracture at di�erent distances downstream within the fracture and at di�erent
times. The initial redox front distance to the fracture is 0.1 mm and it can be seen
that after apporoximately 1100 years the distance is increased with 3.5 mm and
that the oxygen penetration depth along the fracture also increased from 0.1 m
from the �rst 3.85 days (Figure 2.13), to about 0.7 m after 1100 years.

Depending on the di�usion distance for oxygen in the rock matrix either the
abiotic reaction rate, or the di�usion rate will be rate determining. A comparison
of these two rates (See Paper II, Appendix ??) shows that at di�usion distances up
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Table 2.5. Additional parameters for the exploratory abiotic matrix transport
model simulations when governed by matrix di�usion of oxygen

fFeS2 4/15 kmol FeS2/kmol O2

L 1 m
MFeS2 120 kg/kmol
Pe = uL/D 100 -
qmat
0 5 kg FeS2/m3 rock

u 0.026 m/day

Figure 2.14. Oxygen concentration pro�le and redox front distance to the fracture
at di�erent times as a function of distance downstream the fracture. Initial di�usion
distance in the matrix is 0.1 mm.

to approximately 1 mm the di�usion rate is faster than the abiotic reaction rate
at pH 7 and at an oxygen fracture concentration of 3 × 10−4 kmol/m3. A pH of
4 doubles this distance and if the fracture concentration of oxygen is decreased to
0.3× 10−4 kmol/m3 the distance deceases to approximately 0.5 mm.

The matrix mineral oxidation processes modelled so far describes direct and
abiotic oxidation of the mineral grains. Anothter possibility as mentioned earlier is
that the matrix minerals dissolve non-oxidatively and di�use towards the fracture.
Also oxygen di�uses from the fracture towards the dissolution front. The oxidation
of dissolved minerals by oxygen may therefore occur in the matrix somewhere in
between the dissolution front and the fracture. Assuming the non-oxidative dis-
solution of matrix minerals to be slow compared to the oxidation reaction and
di�usion processes, the rate of oxygen depletion can be described by a rate expres-
sion for non-oxidative dissolution of the matrix minerals. In the literature there
are no rate expressions descibing the non-oxidative dissolution of pyrite (see section
1.4.4). However, experiments have been performed [40], showing that suspensions
containing 20-40 g dm−3 pyrite yield a total aqueous concentration of iron in the
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range of 0.2-1.0 mmol dm−3 after one week in stirred anoxic vessels at neutral pH.
Assuming the reaction is �rst order with respect to pyrite a rate expression can be
derived according to:

dCFeS2

dt
= −Ar

V
kdiss

(
CFeS2 − Csol

FeS2

) (2.12)
where Ar/V is the surface area of pyrite per volume of suspension. Assuming
that the concentration detected after one week is 90 percent of the solubility, the
rate expression can be integrated and solved with respect to the reaction constant,
kdiss, which then was found to be 2.33 × 10−4 m day−1. The derivation of this
expression is also described in Paper IV, Appendix ??. The reactive transport
equation for oxygen in the fracture was solved using the non-oxidative dissolution
rate as the oxygen consumption term. The result was compared to a di�usion
controlled process where the oxygen consumption term is described by the di�usion
equation 2.3. The result is shown in Figure 2.15.

Figure 2.15. Dimensionless dissolved concentration downstream within the fracture
with non-oxidative dissolution of matrix pyrite as limiting process compared with
di�usion-controlled processes at di�erent dissolution front distances (z).

The �gure shows that for a dissolution controlled process the penetration of
oxygen downstream within the fracture is approximately 1 dm. It can also be seen
that for a di�usion distance larger than approximately 0.01 mm the oxygen di�usion
into the matrix is a slower process and, hence, dominate over the dissolution as the
rate-limiting process for the oxygen depletion.

Another possibility is that the depletion of oxygen is controlled by the homoge-
neous oxidation reaction of dissolved minerals in the pore water. This would be the
case if the non-oxidative dissolution of the matrix minerals as well as the matrix
di�usion of oxygen is fast compared to the homogeneous oxidation reaction. The
oxidation rate of dissolved ferrous ions by oxygen, described by equation 1.3, has
been reported for pH larger than 4.5 as [75]:

RFe2+ = krCFe2+PO2C
2
OH− (2.13)
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where kr = 8 × 1013 M−2 atm−1 min−1 at 25◦C. Assuming that the dissolved
sulphide reacts at the same rate as the ferrous ions and that the dissolution of the
ferrous minerals is fast, the consumption rate of oxygen is approximated according
to:

RO2 =
15
4

krC
sol
Fe2+PO2C

2
OH− (2.14)

where the partial pressure of oxygen is calculated from the dissolved oxygen con-
centration in the fracture water by Henry's law. The reactive transport equation
for oxygen in the fracture was solved similarly as for the non-oxidative dissolution
controlled case but with the homogeneous oxidation rate as the oxygen consump-
tion term. Also in this case the result was compared with a di�usion controlled
process. The result is shown in �gure 2.16.

Figure 2.16. Dimensionless dissolved concentration downstream within the fracture
with homogeneous oxidation of dissolved pyrite as limiting process compared with a
di�usion-controlled process at a dissolution front distance (z).

The �gure shows that the oxygen penetration depth downstream within the
fracture in this case is only approximately 0.05 mm. It can also be seen that this
corresponds to a di�usion controlled process with a di�usion distance of 3 nm. It is
of course not feasible to talk about di�usion at such short distances. The conclusion
is rather that di�usion will always dominate over the homogeneous reaction and,
hence, be rate limiting for the depetion of oxygen under these conditions.

2.4.2 Biotic reactions with rock matrix minerals
Microbes may, as for the fracture in�ll material, gain energy from the oxidation
of rock matrix minerals. The size of the microbes (approximately 1 µm), how-
ever, prevent them from migrating into the micropore system of the matrix. The
biotic oxidation of matrix pyrite, therefore, refers to a series of processes, i.e. non-
oxidative dissolution of matrix minerals, matrix di�usion of substrates, and biotic
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oxidation reactions in the larger conducting fractures. A Michaelis-Menten expres-
sion, as used previously for the consumption rate of oxygen, is hence not su�cient
to describe the oxidation rate when rock matrix mineral oxidation is modelled.
Both the di�usion resistance and non-oxidative dissolution of minerals need also to
be accounted for. The processes considered are shown in Figure 2.17.

Figure 2.17. Biotic rock matrix mineral oxidation

Biotically mediated oxidation of dissolved ferrous ions have been reported as
[64]:

RFe2+ = 1.62× 1011CbactCFe2+PO2CH+e−(58.77/RT ) (2.15)
where Cbact (g/L) is the concentration of bacteria. Using the same amount of
bacteria as in the biotic in�ll oxidation example, i.e. a monolayer of microbes
covering 1 percent of the fracture surface, the reaction rate is even faster than the
abiotic oxidation rate of ferrous ions. The conclusion from the abiotic case was that
matrix di�usion is rate limiting for all feasible di�usion distances. This conclusion
has thus even greater signi�cance in the case of microbially mediated oxidation of
dissolved minerals.



38



Chapter 3

DISCUSSION AND

CONCLUSIONS

A model suitable for studying the penetration depth of oxygen along a subsurface
rock fracture was developed. The model includes microbial population dynamics,
reaction kinetics and solute transport mechanisms. Due to the multidiciplinary
nature of the problem, knowledge in di�erent diciplines, i.e., microbiology, geology
and hydrology, was compiled and included in the model. The system modelled
comprises part of a fracture and the adjacent rock matrix. The oxygen pentration
depth downstream within the fracture was modelled by considering advective and
dispersive transport in the fracture as well as rock interactions such as matrix di�u-
sion and mineral reactions. A number of parallel oxygen scavenging processes were
identi�ed, each of which could signi�cantly contribute to oxygen depletion in the
fracture. In addition, some of these parallel processes involve more than one possi-
ble limiting process. It could be possible to develop a model considering all of these
processes. However, the di�erences in time constants for the processes involved are
in some cases, very large. For numerical simplicity and result transparancy reasons
an approach was instead chosen where the relative importance of these parallel and
serial processes was analyzed. This was accomplished by simplifying the model into
a number of case studies. In each case study, one process was assumed rate limiting
with respect to oxygen consumption. The results for the di�erent cases were then
compared and the relative importance of each process under di�erent conditions
was evaluated. This approach makes the results more transparent and easier to
evaluate and also considerably decreases the computation time.

Biotic processes in the groundwater are very complex. The metabolism of one
single microbe is, by itself, complex indeed and mixed-culture interactions makes
the picture even more complicated. To explicitly model the metabolic pathways
for a mixed-culture population of bacteria in a groundwater system would not be a
practical approach. Sulphide oxidation reactions mediated by bacteria was instead

39
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exempli�ed in the models by means of the acidophilic species Acidithiobacillus fer-
rooxidans. This approach could perhaps be compared to modelling the growth of
a forest assuming all trees are pines. Even if it is a coarse simpli�cation, the mass
balance for the forest would probably not be too far from reality.

When looking at the di�erent rates considered in the model it is apparent that
the matix di�usion is a very slow process compared to reaction kinetics. Therefore
it is obvious that reaction kinetics is important over a relatively short time scale.
The oxidizable minerals are then accessible within the fracture as in�ll material
or at the fracture surface. The scoping calculations show that at the inlet of the
modelled fracture, where the oxygen concentration is at its maximum, the oxidiz-
able minerals can be expected to be completely depleted after about 3 years with
reactions mediated by bacteria. With abiotic oxidation it would take 20 years. At
this time scale it is obvious that bacteria play an important role when it comes to
oxygen consumption. When the in�ll minerals are oxidized the picture is somewhat
more complicated. Substrates for the microbial reactions need to be transported
through the matrix of the rock and matrix di�usion hence may limit the biotic
oxidation rate. Also oxygen di�using into the rock matrix may oxidize the minerals
abiotically. The scoping calculations show that with di�usion distances within the
rock matrix of 1 mm or more, matrix di�usion is rate limiting and dominates over
all the other processes. Hence, in a long time scale, matrix di�usion is the limiting
process for oxygen depletion.
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