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Abstract

This paper reports detailed O2 measurements of pyrite bearing sediments in a column study and their interpretation
based on a hydrogeochemical modelling approach. The research focuses on the quantitative effects of effective diffusion
and microbiologic activity on pyrite weathering and acidification. A column experiment was set up and O2 saturation
and moisture contents were monitored over 100 days. The anoxic material used for the column experiment was taken from
a sediment core of a mining waste dump in the southern periphery of the Lohsa storage system in the Lusatia region of
Germany. The measured O2 breakthrough curves were modelled using the simulator SAPY, a one-dimensional reactive
transport code which considers the kinetics of chemical reactions and the delivery of O2 into the sediment. The simulation
yielded a strong dependence of pyrite oxidation on the moisture content which was quantified by an empirical equation. It
was shown that the oxidation rate was catalysed by microbial activity exceeding the rate of diffusive O2 delivery. In order
to develop a management tool for predictive issues the results have already been applied to natural environments in
another study using the adapted model.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Brown coal surface mining pits are anthropogen-
ically disturbed geological systems. Mineral reac-
tions such as oxidation of primary Fe disulphides
(pyrite, marcasite) release Fe, SO2�

4 and other minor
but toxic elements to soil, surface water and ground-
water. The main source of toxicity is the microbial
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mediated oxidation of Fe disulphides in the waste
dump sediments due to penetration of O2 and O2-
rich waters. Primary oxidation of the sediments
begins during dewatering of the originally layered
material prior to mining. Aeration is intensified dur-
ing the mining process owing to excavation, mixing
and dumping activities. After deposition, secondary
pyrite oxidation continues in the aerated upper part
of the spoils, possibly over a period of several dec-
ades. After decommissioning a mine, standard pro-
cedure is to allow the water table to rise and to
.
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convert the pit into a lake for recreational purposes.
During flooding, which often extends over several
years to decades, the acidity and other chemical
contents in the groundwater are flushed into the
newly formed lake and adjacent streams. Prediction
of the future load mass of flushed acids and other
chemicals requires detailed knowledge of the key
processes controlling pyrite oxidation such as oxida-
tion rates and delivery of O2.

A number of column leach tests have been pub-
lished in the literature. Two main experimental
methods are commonly used in the laboratory to
predict the generation of acid mine drainage.
These are static tests which are carried out in a
reaction chamber and column leach tests. Both
tests provide information of mineral reactivity,
acid generation rates and duration, metal dissolu-
tion, and other geochemical reactions including
secondary mineral formation. A simple accelerated
rock weathering method to predict acid generation
kinetics using a static test has been published by
Kargbo and He (2004). Garcı́a et al. (2005) com-
pared predictive weathering tests using columns
of 1.5 m and static tests. Hecht and Kölling
(2002) carried out column leach test with sedi-
ments containing 1.2 wt% pyrite monitoring the
chemical composition of the leachate and the O2

concentration in the column. Weber et al. (2004)
performed column leach tests to investigate the
geochemical effects of oxidation products and
framboidal pyrite oxidation in acid mine drainage
prediction techniques. These leach columns were
run under the assumption that O2 is freely avail-
able throughout the sample.

The oxidation rate of pyrite has been investigated
in a number of studies. A rate law for Fe(II) oxida-
tion under abiotic laboratory conditions was pro-
posed by Stumm and Lee (1961). A review of
earlier literature on abiotic chemical oxidation was
presented by Lowson (1982). Nordstrom (1982)
has reviewed the literature on both abiotic and bio-
tic geochemical oxidation. The rate of Fe(II) oxida-
tion is affected by numerous inorganic and
biological parameters (Kirby and Elder Brady,
1998). The biogeochemical oxidation of Fe in natu-
ral systems may be mediated by a broad range of
Fe-oxidising bacteria. It is well documented that
Thiobacillus ferrooxidans catalyses Fe(II) oxidation
such that at low pH, field rates can be 105–106 times
faster than abiotic laboratory rates (Lacey and Law-
son, 1970; Nordstrom, 1985). Optimal conditions
for Thiobacillus ferrooxidans growth occur at pH
values near 3 (Schnaitman et al., 1969). Several lab-
oratory rates or rate laws which include Thiobacillus

ferrooxidans terms have been proposed by Chavaire
et al. (1993); Lacey and Lawson (1970); Nemati and
Webb (1997); Nyavor et al. (1996); Okereke and
Stevens (1991); Schnaitman et al. (1969). A modified
Michaelis–Menten kinetics was used by Nemati and
Webb (1997) to obtain a comprehensive Fe(II) oxi-
dation rate law that includes temperature, Fe(II)
and Thiobacillus ferrooxidans concentrations. This
rate law was developed under O2-saturated condi-
tions, and pH was measured but not controlled,
although the initial pH was 2.0. Another compre-
hensive rate law was presented by Pesic and Oliver
(1989) which includes Fe(II), dissolved O2, and
Thiobacillus ferrooxidans concentrations, tempera-
ture, and pH.

Only few rates or rate laws have been published
for Fe(II) oxidation at a field scale. For low pH con-
ditions Nordstrom (1985) and Williamson and
Rimstidt (1994) give a rate of approximately 5–
10�7 mol L�1 s�1, and Noike et al. (1983) give rates
between 10�7 and 10�5 mol L�1 s�1. Kirby and
Elder Brady (1998) measured Fe(II) oxidation rates
in untreated coal mine drainage and in wetland
treatment systems using a continuously-stirred tank
reactor; they found field rates ranging from less than
1 · 10�9 mol L�1 s�1 to 3.27 · 10�6 mol L�1 s�1.
No statistical correlation between pH, Fe(II), and
dissolved O2 and oxidation rates was found in this
study, and no rate law was proposed. Hence there
is no consensus on a rate law that applies in the
field, nor is there consensus on which variables are
most important in determining the field rate of
Fe(II) oxidation in mine drainage.

The delivery of O2 into the sediment is of major
importance for pyrite weathering and the formation
of acid mine drainage. Oxygen is delivered into the
sediment by percolating oxygenated rainwater, and
by diffusion and advection in the gas phase from
the land surface boundary (Xu et al., 2000). Gas-
eous diffusion in the sediment occurs through the
air porosity and is considered to be the most impor-
tant process causing gaseous interchange between
sediment and atmosphere (Troeh et al., 1982).

A number of models have been developed to
study geochemical processes at mine sites. Some
of these models consider equilibrium reactions
and additional kinetic processes without consider-
ing diffusive O2 delivery. Foos (1997) developed
a geochemical model including reactive and con-
servative transport, equilibrium reactions, kinetic
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reactions and adsorption. The geochemical model
of Strömberg and Banwart (1994) includes kinetics
of sulphide and primary silicate mineral weather-
ing, heterogeneous equilibrium with secondary
mineral phases and speciation equilibrium. Further
models consider also the delivery of O2into the
sediment in combination with simplified kinetic
approaches (Davis et al., 1986; Davis and Ritchie,
1986, 1987; Hecht et al., 2003; Schwan et al.,
1988). One example is MINTOX (Wunderly
et al., 1996) which combines the O2 diffusion and
sulphide oxidation model PYROX (Wunderly
et al., 1996) with the geochemical equilibrium,
reactive transport model MINTRAN (Walter
et al., 1994a,b). The program PYROX also
includes O2 diffusion and transport reactions and
is based on the shrinking core model developed
by Davis and Ritchie (1986). MIN3P (Mayer,
2002) includes advective–dispersive transport in
the water phase and diffusive gas transport cou-
pled with geochemical reactions and a Monod for-
mulation for microbial mediated reactions
(Cornish Bowden, 2004). The program SAPY
(Prein and Mull, 1998) which was applied in this
research couples transport of the reactants by dif-
fusion and advection in water and air with chem-
ical reactions of pyrite weathering including pH
dependent biological catalysis.

Owing to the great diversity of transport and
chemical reaction phenomena, no universally
accepted methodology for modelling such processes
has emerged, or is likely to emerge. Instead, simula-
tion methodology must be carefully chosen and tai-
lored to the specific physical and chemical
properties of the system being investigated, and to
the objectives of the modelling study. These differ
in their emphasis on accuracy and comprehensive-
ness of flow and transport modelling on the one
hand, and chemical interactions between rocks and
fluids on the other hand (Xu et al., 2000).

The present study was part of a larger investi-
gation program, which aimed at predicting SO2�

4

charges released from the unsaturated zone of
the waste dumps into the groundwater and the
surrounding lakes for the next decades in the
Lusatia region of Germany. This paper reports a
column test, which was carried out in order to
study the impact of O2 delivery in the gas phase
and microbial mediated oxidation rates on pyrite
weathering. In contrast to column leach tests that
have been published so far, this column study was
carried out without irrigation to exclude O2 deliv-
ery by percolating recharge water. To achieve a
quantitative understanding of the relevant biogeo-
chemical transport processes and to provide a
quantitative modelling framework for up-scaling
purposes, the one-dimensional multi-phase reactive
transport code SAPY was applied. This tool was
selected for the simulations because the SAPY
code, in contrast to many other existing simula-
tors, considers the pH dependent microbial medi-
ated kinetics of pyrite oxidation. Furthermore
Prein and Mull (1998) developed and verified the
model based on field studies and laboratory
experiments related to the Lusatian mining dis-
trict. The program was tested and further modi-
fied on the basis of the laboratory data
presented here.

2. Study area

The study area is the Lohsa lignite mine near
Hoyerswerda in Germany (Fig. 1). This mine was
exploited from 1970 to 1990, when its groundwater
level was lowered artificially to a maximum depth of
50 m below subsurface. The pumped water was dis-
charged into the Spree River during that period.
Pumping of groundwater stopped after the mine
was decommissioned, so the water level of the Spree
River has declined since 1990, causing water quality
problems for the drinking water supply in the down-
stream areas. The former lignite mine was to be
flooded, mainly with surface water, by 2005 and
afterwards used as a reservoir basin for equilibrat-
ing the Spree River water table. The waste dump
material originates predominantly from Quaternary
overburden of the second Lusatian coal seam which
was exploited until 1990. The waste dump material
is built up of fine grained sand and silt with small
amounts of resedimented lignite fragments of Ter-
tiary age. These coal splitters lead to comparatively
low pyrite contents which are now subjected to
weathering processes in the unsaturated zone of
the surrounding 40 m-high waste dumps. This will
lead to a continuous release of acidity and SO2�

4 into
the groundwater, into the forming lake and into the
Spree River.

Since the bank filtrate of the Spree is used for
drinking water in urban areas downstream of
Lohsa, the long-term release of SO2�

4 is of special
interest. Owing to its conservative behaviour in
this hydrogeochemical environment it may consti-
tute a severe problem for the future drinking water
supply.



Fig. 1. Study area Lohsa. The sediment material for the column experiment was taken from a core drilled a few metres from the
observation borehole, which was located approximately at a distance of 100 m from the lakeside at the time of sampling.
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3. Methods

3.1. Sediments

The material used for the column experiments
was taken from a core of a waste dump in the
southern periphery of the former open-pit mine
Lohsa II (Fig. 1). The anoxic material was taken
from the water saturated zone at a depth of 23–
25 m below surface and conserved under anoxic
water saturated conditions in an airtight plastic
liner. The material consisted of fine sands and lig-
nite fragments.

Sulphide was extracted as acid volatile sulphide
(AVS) using HCl and as pyrite using a Cr(III)Cl
solution as extraction agent. The extraction with
Cr(III)Cl includes pyrite-bound S as well as AVS
phases. In contrast to conventional methods, the
H2S degassing in the acid environment was not
blown out but transported into the Zn-acetate
trap by passive diffusion over 48 h (Hsieh and
Yang, 1989). Organic and inorganic C was deter-
mined with a C-N-S Analyzer (Leco). CEC was
determined using the BaCl2-method (Hendershot
and Duquette, 1986). The mineralogical composi-
tion of a sediment sample of the upper part of
the column was analysed by X-ray diffractometry
after the column experiment. No detailed analysis
of the column-sediment after the experiment was
performed because the column study represents
the first (drained) period of a long-term col-
umn test with subsequent flooding. Information
about the grain size and surface area of pyrite in
these sediments was obtained from Berger
(2000).
3.2. Column experiment

The entire experiment was conducted to investi-
gate the influence of water table oscillations on pyr-
ite weathering by laboratory studies and reactive
transport modelling. Hence, the column was
drained in the first period of 100 days to allow pyrite
weathering and acidification. Afterwards the col-
umn was flooded from bottom to top to study the
hydrogeochemical evolution of the rising water
table (Kohfahl and Pekdeger, 2006). This paper
reports the results of the drainage period.

A plexiglass column (200 cm length, 10 cm i.d.)
was prepared along the profile with 10 suction cups,
10 TDR-probes for measuring moisture content,
and 20 fibre optic oxygen probes (Fig. 2). The tech-
nique for constructing the oxygen probes was devel-
oped by Hecht and Kölling (2001). To allow
discharge and control of water level a lower outlet
was prepared below the column. The water level
was controlled by a transparent tube connected with
the lower outlet. A 3 cm thick filter-layer of inert
quartz sand was placed at the bottom of the column
to distribute flow and to prevent obstruction by
smaller particles. Immediately before packing the
water saturated sediment was homogenised manu-
ally in a barrel for 1. To minimise contact with
atmospheric O2 1 L of anoxic distilled water was
added during homogenisation. Afterwards the col-
umn was packed with the homogenised and water
saturated sediment. In order to minimise advection,
pore water extractions were carried out before
draining the column. The samples were taken in
the saturated zone at 110 and 120 cm depth using
suction cups. Major cation analysis of pore water



Fig. 2. Design of the column experiment. At the beginning of the experiment the water saturated column was discharged until a water level
of 50 cm height was reached in the column. Chemical parameters were analysed only at a depth of 110 and 120 cm under saturated
conditions before the column was drained.
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was carried out on filtered acidified samples using
ICP-AES (Perkin-Elmer AAS 5000), while major
anions were determined using ion chromatography
(Dionex DX-100). Iron was analyzed as total Fe.

After taking the samples, 3.3 L of water were dis-
charged from the lower outlet until a hydraulic head
of 50 cm height measured from the bottom of the
column was reached. Oxygen saturation and mois-
ture content were measured at different depths of
the unsaturated zone in the column over a 100-day
period. Moisture contents in the column were mea-
sured by time domain reflectometer (TDR probes;
EASYTEST Fp/m) and O2 of soil air and pore
water was measured by an optical method using
the optical fluorescence-method provided by PRE-
SENS (MICROX 1). To restrict the O2 delivery to
the gas phase, the experiment was performed with-
out irrigation of the column.

3.3. Numerical modelling

3.3.1. General aspects

Since no detailed English documentation about
the applied software SAPY (Prein and Mull, 1998)
has been published so far, a short description of
the main aspects is given in the following. SAPY
is a one-dimensional reactive transport model, that
has been developed especially for the simulation of
pyrite weathering. The numerical algorithm couples
transport of the reactants by diffusion and advec-
tion in water and air with chemical reactions of pyr-
ite weathering including biological catalysis.



Fig. 3. Dependence of tortuosity on waterfilled porosity imple-
mented in the original SAPY source code.
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The different phases of each cell are taken into
account as follows:

• The gas phase by calculating the convective
transport of air and the diffusive transport of
O2 and N2.

• The water phase by calculating diffusive and con-
vective transport of dissolved O2 and reaction
products (SO2�

4 , Fe2+ and H+).
• The solid phase by calculating kinetically con-

trolled mass transfer due to pyrite weathering.

Diffusive and convective transport of O2 and
weathering products is calculated by the method
of finite differences. Since the column was not irri-
gated during the experiment, no transport of water
and solutes had to be considered in the simulations.

Distribution of O2 between water and atmo-
sphere is calculated according to Henry’s law. Pro-
duction and consumption of O2, Fe2+, Fe3+, SO2�

4 ,
FeS2 and H+ due to pyrite weathering are calculated
according to Singer and Stumm (1970) based on the
available amount of O2 in water.

3.3.2. Diffusive transport in the gas phase

According to Fick’s first law the diffusive flux of
one gas into a reference gas can be calculated
according to Crank (1956):

F ¼ �D
oC
ox

ð1Þ

where F is flux (M t�1 L�2), D represents the molec-
ular diffusion coefficient in gas (L2 t�1), ox is the
straight line distance between the concentrations
of two defined locations (L), and C is concentration
in units of e.g. (M L�3).

The molecular diffusion coefficient is corrected
for temperature and pressure, moisture content
and tortuosity. The influence of pressure and tem-
perature is calculated according to a standard
approach (Landolt-Börnstein, 1969).

D0 ¼ D
T

273:16 K

� �1:82

� 1013hPa

p

� �
ð2Þ

where D 0 means diffusion coefficient corrected for
temperature and pressure (m2/s), D is molecular dif-
fusion coefficient in gas (m2/s) at standard condi-
tions, T is temperature in Kelvin and p is pressure
in hecto Pascal (hPa).

Porous media form obstructions for the gaseous
flow leading to actual path lengths longer than the
straight line distance ox considered in Eq. (1). This
is taken into account by the tortuosity which is
defined as the ratio of the actual path length over
the straight line distance. According to Currie
(1970) the molecular diffusion coefficient has to be
corrected as follows.

D00 ¼ D0
na

s2
ð3Þ

where D00 means effective diffusion coefficient
(L2 t�1), na is airfilled porosity (–), and s represents
tortuosity (–).

The tortuosity depends on the grain size distribu-
tion, the geometrical shapes of the particles and the
moisture content. Albertsen (1977) carried out a
number of diffusion experiments and derived
empiric dependencies of tortuosity on water filled
porosity for different types of sediments. According
to his studies the water filled porosity constitutes the
most sensitive parameter with much higher influence
than grain size distribution and geometrical shapes
of particles. In SAPY the calculation of tortuosity
is based on an empiric formula derived by Albertsen
(1977) for coarse grained sands as follows (Fig. 3):

For na=n > 0:2 :
1

s2
¼ 10

na
n �1:126ð Þ=0:485ð Þ ð4Þ

For na=n < 0:2 :
1

s2
¼ 10�4 ð5Þ

where n means total porosity (–).

3.3.3. Advective transport of gas
Driving forces for gas advection are temperature

driven advection (Pantelis and Ritchie, 1991),
changes in atmospheric pressure (Eberling et al.,
1998) and volume changes of gas due to geochemi-
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cal reactions. In this column study conducted under
laboratory conditions negative pressures induced by
the consumption of O2 due to pyrite weathering are
the main factors leading to advective gas transport.

Darcy’s law, which was developed for water flow
in saturated media, can also be applied to single
phase gas flow. In SAPY the advective gas velocity
was implemented by the authors according to
Darcy’s law after Scanlon et al. (2002)

J g ¼ �kr �
kg

lg

� dp
dz

ð6Þ

where Jg is the volumetric flux density of gas
(L3 L�2 t�1), kg is the permeability (L2), kr is the rel-
ative gas permeability (–), p is pressure (M L�1 t�2),
z is elevation (L) and lg = gas viscosity (M L�1 t�1).

The relative permeability is a function of the
water saturation and is defined as the permeability
of the unsaturated medium at a particular water sat-
uration divided by the permeability at 0% water sat-
uration. kr was calculated after Falta et al. (1989)

kr ¼ ð1� SlÞ3 ð7Þ
where Sl stands for water saturation.

Test simulations with SAPY yielded an amount
of advective transport in the gas phase of less than
5% which concurs with observations of other studies
(Eberling and Nicholson, 1996; Simunek and
Suarez, 1993).
3.3.4. Pyrite oxidation

According to Singer and Stumm (1970) the limit-
ing step of the overall oxidation of pyrite is the oxi-
dation of Fe2+. The oxidation rate of Fe2+ is
independent of pH for low pH values while in the
higher pH range the dependence on [OH�] is of sec-
ond-order.

The approximation of the oxidation rate defined
by Singer and Stumm (1970) is realised in SAPY as
follows (Fig. 4):

d½Fe2þ�
dt

¼ k � km� kT � pO2 � ½Fe2þ�

� 1þ ½Fe2þ�
K i

� ��1

ð8Þ

where [ ] indicates aqueous concentration (M L�3), k
is the abiotic reaction constant (M�1 L1 t1), km is
the microbial acceleration factor (–), kT is the cor-
rection factor for temperature (–), Ki, is the inhibi-
tion factor (M L�3), pO2 is partial pressure of O2

(M L�1 t�2), t is time.
The dependence of the abiotic reaction constant
k on pH is approximated in SAPY as follows:
pH < 3.0:

k ¼ 1:67� 10�9 ð9Þ
3.0 < pH < 4.5:

k ¼ 10ð0:65 pH�8:94Þ

60
ð10Þ

pH > 4.5

k ¼ 10ð2 pH�15Þ

60
ð11Þ

Fig. 4 indicates that rates remain low for
purely inorganic systems. However, bacteria such
as Thiobacillus ferrooxidans are able to increase
the Fe2+ oxidation rate by up to 5 orders of mag-
nitude (Nordstrom, 1982). To account for the
microbial acceleration the parameter k is multi-
plied by the dimensionless biological acceleration
factor km. The calculation of km is a result of fit-
ting experimental data of Kölling (1990) by Prein
(1993). These experimental data describe the pore
water chemistry of column studies carried out
with lignite sediments of different sites in the
Lusatian mining district. The dependency of km

on pH takes into account the optimal milieu con-
ditions for microbiologic activities in these sedi-
ments and is formulated in SAPY as follows
(Fig. 4):



Table 2
Discretisation, boundary conditions and input parameters
defined for all cells

Number of cells 19
Vertical grid distance, m 0.1 m
Time step, sec 1
Upper boundary Constant pressure
Lower boundary No-flow boundary
Initial pyrite content (wt%) 0.04
Initial oxygen content (%) 0
Initial pH in all cells 5
Recharge (mm/a) 0
Total porosity, % 30
Buffering capacity 0
qg (gas density) for 20 �C 1.2 kg m�3

lg (gas viscosity) for 20 �C 1.8 10�5 Pa s
qw (water density) for 20 �C 998 kg m�3

lw (water viscosity) for 20 �C 1.0 · 10�3 Pa s
D (molecular diffusion coefficient

at standard conditions)
9.61 · 10�6 m2 s�1

kg (permeability) 10�14 m2
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For pH 6 5 : km ¼ 10ð�0:5264 � pH þ 6:632Þ ð12Þ
For pH > 5 : km ¼ 1 ð13Þ

These equations are in agreement with Lacey and
Lawson (1970) and Nordstrom (1985) who detected
that biologic activity starts with a pH lower than 5
and can be 105–106 times faster than abiotic labora-
tory rates at low pH.

Karavaiko et al. (1982) analysed the effect of
Fe3+ on the oxidation rate for different tempera-
tures and found that high concentrations of Fe3+

inhibit the reaction rate. They assume that Fe3+ is
acting as a competitive oxidant for the microbial
oxidation of Fe2+. Curutchet (1992) supported these
results. After Karavaiko et al. (1982) the inhibition
factor for temperatures above 10 �C is calculated
according to

K i ¼ ð�0:82 � T þ 25:25Þ � 1000 ð14Þ
For the temperature of 20 �C in the experiment

the resulting inhibition factor of 8850 has only a
minor influence on the calculated oxidation rate.

The biological acceleration is due not only to the
metabolism of the individual microbiological spe-
cies but also to the reproduction rate which is
mainly dependent on temperature. This is taken into
account by the parameter kT and is calculated
according to Ahonen and Tuovinen (1989).

kT ¼ 0:0047� ðT � 6Þ2 þ 0:12 ð15Þ
where kT is the dimensionless acceleration factor for
temperature, T is temperature.

As the experiment was conducted with tempera-
tures around 20 �C, the kT-value is near 1 and only
of minor importance for the simulations.
Table 1
Chemical sediment parameters of the material used in the column stud

Parameter Unit

H+ meq/100 g sediment
Na meq/100 g sediment
K meq/100 g sediment
Mg meq/100 g sediment
Fe meq/100 g sediment
Mn meq/100 g sediment
Al meq/100 g sediment
Ca meq/100 g sediment
Organic C wt%
Inorganic C wt%
Pyrite content wt%
Monosulphidic S wt%

H+ is the concentration of protons which has been diluted by H2O. CE
3.3.5. Discretisation, boundary conditions and initial

conditions

The parameters defined for all cells in the simula-
tions are compiled in Table 2. The one-dimensional
model was subdivided in 20 cells of 0.1 m length. A
constant atmospheric pressure was defined for the
upper boundary; a no-flow boundary for gas flow
was defined for the lower boundary. The initial geo-
chemical parameters were derived from the analysis
of sediments and water samples of the column
experiment and were defined as start values for the
simulation. According to the pore water composi-
tion before draining the column given in Table 3
y

Analytical method

0.015 Batch experiment with H2O
0.14 CEC (diluted with BaCl2)
0.21 CEC (diluted with BaCl2)
0.22 CEC (diluted with BaCl2)
0.02 CEC (diluted with BaCl2)
0.02 CEC (diluted with BaCl2)
0.33 CEC (diluted with BaCl2)
0.86 CEC (diluted with BaCl2)
0.50 Leco
0.10 Leco
0.04 Iodometrically
0.0001 Iodometrically

C stands for cation exchange capacity.



Table 3
Analysed initial solution of the column (conc. are given in mmol/L)

pH Temperature (�C) Na K Ca Mg Fe Mn Cl S(6) Alkalinity Al Eh (mV)

5.0 20 0.96 0.18 6.24 2.02 2.15 0.09 1.35 9.13 0.3 not detected 123

Table 4
Initial conditions of all individual cells

Depth (m) Airfilled porosity Water filled porosity

0.05 0.28 0.02
0.15 0.27 0.03
0.25 0.27 0.03
0.35 0.26 0.04
0.45 0.26 0.04
0.55 0.25 0.05
0.65 0.24 0.06
0.75 0.23 0.07
0.85 0.23 0.07
0.95 0.22 0.08
1.05 0.22 0.08
1.15 0.21 0.09
1.25 0.20 0.10
1.35 0.18 0.12
1.45 0.13 0.17
1.55 0.13 0.17
1.65 0.001 0.299
1.75 0.001 0.299
1.85 0.001 0.299
1.95 0.001 0.299
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an initial pH of 5 and a buffer capacity of 0 were
defined. According to Landolt-Börnstein (1969)
the molecular diffusion coefficient of O2 in air for
standard conditions (1 atm. and 25 � C) was set to
9.1 · 10�6 m2 s�1. The gas permeability was set to
10�14 m2 which is representative for very fine sands
and mixtures of sand, silt and clay (Scanlon et al.,
2002). The moisture contents stayed more or less
constant during the experiment and ranged between
2 vol% in the upper TDR-probes and 10 vol% in the
lower probes of the unsaturated zone (Fig. 5). The
initial parameter distribution for all cells is given
in Table 4.

3.3.6. Calibration

The value of tortuosity is difficult to calculate,
because it depends strongly on pore size distribu-
tion, pore geometry and water content and shows
great variations in natural sediments. Furthermore
there are numerous approaches in the literature
describing the influence of water saturation on tor-
tuosities for different sediments (Albertsen, 1977;
Marshall, 1959; Millington, 1960; Penman, 1940;
Troeh et al., 1982). Hence the tortuosity is a site
specific parameter and was used as a fitting
parameter. The simulated breakthrough curves of
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4. Results and discussion

4.1. Sediment and initial pore water characteristics

The chemical characteristics of the material are
compiled in Table 1. The sediment shows a low pyr-
ite content and the small content of inorganic C
indicates a low buffer capacity.

X-ray diffractometry analysis of sediment sam-
ples at the top of the column yielded traces of triva-
lent Fe-sulphate minerals such as jarosite which are
reported to form below a pH of 2. Furthermore
quartz, gypsum, mica, chlorite and traces of smec-
tite were identified.

The entire sediment core of the observation bore-
hole shown in Fig. 1 was analysed for pyrite con-
tents and yielded a depyritisation depth of
approximately 12 m which has resulted from pyrite
weathering during the last 30 a (Fig. 6). Pyrite in
the uppermost 12 m has been almost completely oxi-
dized indicating a high reactivity.

Analyses of grain size of pyrite in the Lusatian
mining district carried out by Berger (2000) yielded
predominantly framboidal structures showing grain
sizes between 0.1 and 30 lm. Owing to the generally
large internal surface area of framboids, Berger
(2000) supposed a high reactivity of pyrite. This is
supported by the extremely low pyrite contents
which were found in the uppermost 12 m of the sed-
iment core and which are due to almost complete
pyrite oxidation.
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Fig. 6. Analysed pyrite sulphur of waste dump sediments at the
well location (Fig. 1). The material of the column study core was
taken from the same sediment core. The groundwater level is
12 m below surface.
The initial pore water composition analysed
before draining the column indicated slightly acid
conditions which were due to the originally anaero-
bic conditions and to the dilution of the original
pore water with distilled anaerobic water (Table
3). The low alkalinity leads to the conclusion that
buffering of pH by calcite dissolution is of minor
importance. The molar ratios evidence that SO2�

4

has mainly originated from gypsum dissolution.

4.2. Column study

The measured breakthrough curves are shown in
Fig. 7. The O2 saturation increased from nearly 0%
in all oxygen probes to full saturation in the upper
probes and 20–30% in the lower parts of the col-
umn. The measured breakthrough curves at 175
and 155 cm height show an immediate sharp
increase of O2 saturation from the beginning of
the experiment in the uppermost part of the column
on the first day. This was due to the advective input
of atmospheric gas originating from draining the
column. The sharp decrease of O2 concentrations
within the next 2 days can only be explained by
major consumption of O2 due to pyrite oxidation.
As soon as the diffusive delivery of O2 exceeded
O2 consumption, O2 concentrations started to
increase.

The lower probes show an increasing delay of O2

rise with depth due to the presence of pyrite, whose
oxidation constitutes a sink term for O2. As soon as
the zone of depyritisation had migrating down-
wards, the O2 saturation begins to increase owing
to delivery of O2 primarily by molecular diffusion.
4.3. Calibration procedure

In the first simulation using the input parameters
defined in Table 2 the slopes of the calculated break-
through curves are steeper than the measured results
(Fig. 7). To fit the modelled results the initial tortu-
osity factor calculated by the original code of SAPY
according to Eqs. (4) and (5) had to be adjusted,
resulting in the following calibrated dependence of
tortuosities on waterfilled porosity (Fig. 8):

s ¼ 2:5� lnðnwÞ þ 12:488 ð16Þ
where nw stands for waterfilled porosity and s rep-
resents tortuosity.

This calibrated logarithmic dependence of tortu-
osity on waterfilled porosity, which results in higher
tortuosities was implemented in the original SAPY
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code and can be used for future calculations of this
type of sediment within the range of 0.02–0.1 for the
waterfilled porosity.
In principle, the mismatch of measured and cal-
culated O2 concentrations before calibration could
also be due to underestimated microbial mediation
factors, as microbial mediation is site specific. To
verify this statement, simulations were performed
with larger microbial mediation factors yielding
identical calculated O2 breakthrough curves. Reduc-
ing microbial mediation factors leads to even stee-
per calculated breakthrough curves resulting in a
worse fit with the measured data. Therefore a better
fit of calculated values could not be obtained by
changing the biotic rate expressions originally
implemented in SAPY. This leads to the conclusion
that the diffusive O2 delivery through the sediment is
the limiting factor controlling the oxidation rate.

4.4. Model results

The final results of fitting the simulated curves to
observed O2 concentrations are shown in Fig. 9.
Small jumps within the calculated curves of O2 con-
centrations are due to the spatial discretisation of
the numerical model. They occur when a cell
becomes free of pyrite within the calculations and
leads to an enhanced diffusive delivery of O2. At
all heights 3 different stages can be distinguished
with regard to the simulated O2 concentrations.
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The first stage reflects a sharp increase of simulated
O2 within the first 5 days of the experiment due to
diffusive O2 delivery without O2 consumption. This
results from the delayed microbial acceleration of
pyrite oxidation in the model calculations, which
does not start until the simulated pH has dropped
to a value of 3. When the simulated pH is below
3, the oxidation rate of pyrite is accelerated up to
5 magnitudes as documented in Fig. 4. This leads
to decreasing O2 concentrations until the equilib-
rium between diffusive O2 delivery and O2 consump-
tion is reached and is reflected in stage 2. Afterwards
O2 delivery exceeds consumption and the calculated
O2 concentrations start to rise (stage 3). Calculated
pyrite contents in Fig. 9 indicate that calculated O2

starts to increase sharply after the pyrite of the
respective cells has been consumed.

The general trend of the measured data could be
reproduced by the simulation. However, several dis-
crepancies are obvious and are related mainly to the
implementation of microbiological catalysis in
SAPY. Owing to the few available data within the
first 10 days a possible time delay of microbiologic
activity (stage 1) cannot be proved by measured
data so far in this study. An interesting point is
the measured O2 concentrations at 105 cm height,
which do not increase until day 50 but which show
a steep increase from day 50 onwards. This break-
through curve indicates that consumption of O2

had exceeded diffusive delivery of O2 until day 50.
Here the oxidation rates which are necessary to con-
sume O2 delivered by diffusion are much higher than
abiotic oxidation rates for pyrite and indicate
microbial acceleration. Comparison of this break-
through curve with the simulated results suggests
that microbial acceleration is underestimated in
SAPY.

The calculated pyrite contents yield a depyritisa-
tion depth of �1 m after 100 days. Since the column
was flooded after exposure to atmospheric O2 no
sediment samples could be taken after the draining
period of the column experiment to verify the simu-
lated data. For comparison, a column study of
Hecht and Kölling (2002) yielded a depth of depyri-
tisation of 0.6 m after 200 days with sediment con-
taining 1.2 wt% of pyrite. Analysed data at the
field site show a depyritisation depth of 12 m after
30 a of exposure to atmospheric O2 (Fig. 6).

The experimental determination of the normal
rate of diffusion without pyrite is problematic in
these sediments because of the formation of second-
ary minerals, which are present after the oxidation
of pyrite. These minerals lead to reduced pore vol-
umes and elevated tortuosities which inhibit the
direct experimental determination of the effect of
pyrite oxidation on the diffusive delivery of O2.
Therefore no parallel column study with non-sul-
phidic sediments from the study area was carried
out.

To gain some idea about the rate of diffusion in
this sediment without pyrite and about the effect
of microbial mediated weathering rates of pyrite a
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sensitivity study was carried out (Fig. 10). In the
first scenario the initial pyrite content was set at
zero. The simulation calculates much steeper break-
through curves than the measured values yielding
full O2 saturation at 1 m depth after 30 days. This
leads to the conclusion that O2 consumption has
to occur in the sediment. In a second scenario
microbial mediation of the abiotic weathering rates
was not allowed assuming a pyrite content of
0.04 wt%. The result is shown in Fig. 10 for a height
of 105 cm in the column and yields O2 concentra-
tions very similar to the values calculated without
pyrite. This provides evidence of the low amount
of O2 which is consumed without microbial catalysis
of pyrite weathering.

4.5. Comparing calibrated tortuosities with data

found in other studies

Usually the complex geometries of soils and other
similar materials make it necessary to use equations
that empirically relate the variable D/D0 to soil
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widely used equation was applied:

D=D0 ¼ Knm
a ð17Þ

where D0 represents the molecular coefficient of dif-
fusion, D stands for the effective diffusion coeffi-
cient, na means airfilled porosity, K and m are
determined by fitting curves to experimental data.

The formulae derived by Marshall (1959); Mil-
lington (1960) and Penman (1940) overestimate the
effective diffusion coefficients and cannot be applied
to the sediments of the study area (Fig. 11). This is
probably due to the strong heterogeneity of the
material, which shows a great variety of grain sizes
causing high tortuosities. A good fit was obtained
using the empirical formula (Eq. (17)) with the fit-
ting parameter m = 5.7 and K = 34. The parameter
m represents pockets or incomplete passages of pore
space, when diffusion ceases.
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4.6. Model limitations

The presented modelling approach does not con-
sider precipitation of minerals. This may lead to
erroneous predictions for example for the release
of SO2�

4 from a waste dump if the pore water is
oversaturated in gypsum. However, this point is of
minor importance in this study, since the column
was not irrigated in the experiment. A further
restriction is the strong dependency of both effective
diffusion and microbial mediated oxidation rates on
site-specific conditions. Therefore an application of
this approach to another area can only be realized
after a careful calibration and verification of the
model using experimental data. A further point is
the restriction to one-dimensional processes which
makes it difficult to treat two- or three-dimensional
field problems.

4.7. Upscaling and application

In spite of the number of limitations the column
test and its modelling approach has a clear relevance
for the remediation of environmental problems.
Beside the interpretation of one-dimensional col-
umn tests, the application of this study consists in
developing a method for predicting the release of
SO2�

4 from waste dumps. The results of this research
were scaled up to field conditions in a new model
which was verified by observed O2 and SO2�

4 data
of the waste dump (Kohfahl and Pekdeger, 2004).
To reproduce the observed data Eq. (16) had to be
adapted by reducing the tortuosities for given mois-
ture contents. This leads to the conclusion that the
undisturbed natural sediment shows higher perme-
abilities and there are a couple of possible reasons
for the discrepancy between field and laboratory
data. One reason might be that the calibrated
dependence of tortuosity on the moisture content
of the sediment was derived for sediments with a
waterfilled porosity smaller than 0.1 and cannot be
extrapolated to waterfilled porosities greater than
0.2 which were measured in the field. Another pos-
sible explanation is the existence of preferential
pathways for gas through sedimentary structures
in the field, which do not exist in the column. A fur-
ther reason might be the local variability of the sed-
iment material in the heap, which shows a higher
proportion of coarse grained material at the obser-
vation well of the field measurements in comparison
to the sediment material used in the column.

For prognostic purposes different scenarios of
field conditions were simulated for the next 80 a in
order to gain some idea about the future the mass
input of SO2�

4 into the groundwater and the sur-
rounding surface water (Kohfahl and Pekdeger,
2004).

5. Conclusions

This paper presents the results of detailed O2

measurements in a column filled with pyrite bearing
sediments during a diffusion experiment and a mod-
elling approach which allowed the successful simu-
lation of this experiment. The study showed that
O2 delivery in the gas phase led to the full depletion
of pyrite within the first meter of sediment from the
top of the column during a period of 100 days.
From the model calibration a new empirical formu-
lation was derived describing the dependence of tor-
tuosity on moisture content. The simulations clearly
indicate that oxidation rates of pyrite were elevated,
most likely due to microbial catalysis. Further, it
could be shown that the rate of diffusive O2 delivery
is generally below the biotic oxidation rate and thus
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a limiting factor for pyrite oxidation under unsatu-
rated conditions. After upscaling, the model could
be successfully applied to field conditions in the
study of Kohfahl and Pekdeger (2004), in which
its usefulness and robustness for management and
predictive issues was well demonstrated.
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