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Investigation of pyrite-weathering
processes in the vadose zone using
optical oxygen sensors
H. Hecht Æ M. Kölling

Abstract Pyrite weathering in the unsaturated zone
of overburden material was investigated in column
experiments. Optodes were used to monitor changes
in oxygen concentrations. Oxygen recharge in the
vadose zone and effects of secondary reactions were
investigated. Oxygen transport limits thickness and
the rate of the depyritisation. The overburden material (thickness 0.6 m, initial pyrite content
1.2 wt%) was depyritised within 200 days. The
position of the pyrite decomposition front, the
momentary release of reaction products and the
remaining acidification potential can be determined.
Buffer capacity, speciation and seepage water velocity are crucial for the distribution of the reaction
products and the resulting acidification (minimum
pH 1.6). A total of 75% of the protons were consumed by buffering reactions and 15% were fixed to
complexes. Only 10% of the protons are represented
by the measured pH value. In oxygen-consuming
environments optical oxygen measurements can be
used to identify and quantify structures and processes.
Keywords Oxygen diffusion Æ Optode Æ Pyrite Æ
Vadose zone Æ Weathering

Introduction
Pyrite decomposition occurs whenever pyrite-bearing
sediments are aerated. Such conditions are induced by
lowering of the ground water table for open-cast lignite
mining and especially by the mining process where large
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amounts of pyrite-bearing overburden material may become exposed on the dump side of the mines. The result is
the formation of acid mine drainage (AMD) by redox reactions that consume oxygen and release large amounts of
iron, sulfate and protons. By this process, seepage water
with pH values below pH 1 and iron and sulfate concentrations in the range of moles per litre may develop, resulting in dissolution and desorption reactions that are
comparable to an acid extraction. Under these conditions,
special secondary minerals such as schwertmannite may
form.
Pyrite can be oxidised by both oxygen and ferric iron. The
oxidation of pyrite can be described as a sequence of
different redox processes. Nordstrom (1982) gives an
overview of the different partial and sum reactions. In this
paper, two equations are the basis for all calculations.
Equation (1) describes pyrite decomposition at low pH
values that is microbiologically catalysed by Thiobacillus
ferrooxidans. The reaction rates are limited by either the
available pyrite surface or by the oxygen supply depending
upon environmental conditions. Equation (1) is the sum
reaction of two crucial processes of the pyrite decomposition: the pyrite oxidation by ferric iron and the subsequent oxidation of the evolving ferrous iron with oxygen.
þ
FeS2 þ15=4O2 þ1=2H2 O ! Fe3þ þ2SO2
4 þH

ð1Þ

þ
FeS2 þ14Fe3þ þ8H2 O ! 15Fe2þ þ2SO2
4 þ16H

ð2Þ

Equation (2) shows the pyrite oxidation with ferric iron
and is of importance if the reaction products of Eq. (1) get
into an anoxic pyrite-bearing system. In this case no oxidation of the evolving ferrous iron is observed. The extreme chemistry of acid mine drainage results in extensive
secondary reactions. Among them are different buffer reactions (calcite dissolution, silicate decomposition), exchange reactions, formation of complexes, solution and
precipitation. A comprehensive overview of pyrite decomposition and subsequent secondary processes is given
by Appelo and Postma (1994), Evangelou (1995), Lawson
(1982) and Nordstrom (1982).
In the unsaturated zone, different processes are involved
in oxygen transport. Diffusion is the major process balancing concentrations in ground air. In seepage water,
diffusion is approximately 10,000 times smaller than in
ground air, thus being of minor importance. Fick’s laws
describe the diffusion-driven movement of gaseous
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molecules. The convective movement of the gaseous phase
can be affected by different mechanisms that result in
variations of volume or pressure in soil air. Overall, the
fraction of convective gas exchange within the soil and
between soil air and atmosphere is well below 10% in
natural systems (Mattheß 1991). In most systems affected
by pyrite decomposition, the transport of dissolved oxygen
within the seepage water only plays a subordinated role
because of its low solubility. The movement of water in the
unsaturated zone is based mainly on gradients of the
gravitation potential and the matrix potential. With the
seepage water, the reaction products of pyrite decomposition are transported away from the reaction front into
deeper layers. A global overview of movement and behaviour of gas, water and dissolved species in the unsaturated zone is given by Hanks (1992), Lichtner and others
(1996), Richter (1987), Schnoor (1996) and Wild (1993).
Different models and model conceptions for pyrite decomposition in the saturated and/or unsaturated zone of
overburden material are described in the literature (Davis
and Ritchie 1986; Gerke and others 1998; Prein 1994;
Wunderly and others 1996; Xu and others 2000). The variety of described models shows that because of the very
different scenarios, frequently, new models are developed.
For the modelling of the experiments presented here, the
model DiffMod7 (Hecht and others 2002) was used. It
considers the most important primary pyrite-decomposition processes with special consideration of the changes in
oxygen concentrations over time and depth. This permits
the exact comparison of the model results with the oxygen
measurements made in the column experiments.
For the characterisation of the seepage water formed
during pyrite decomposition geochemical modelling can
be used. Some models described above are combined
transport reaction models, which contain geochemical
calculations to a certain extent. A second possibility is to
separate modelling of the geochemical processes for example, with a thermodynamic equilibrium model such as
PhreeqC (Parkhurst 1995), from the transport part.
Because the availability of oxygen is of major importance
for the process of pyrite decomposition, accurate oxygen
measurements are crucial. In the experiments described
here, these measurements were executed with optodes,
which enable temporally and spatially high-resolution
measurements without influencing the concentrations
during measurement (Holst 1994; Hecht and Kölling
2001a, 2001b).
One aim of this paper is to evaluate which of the processes
associated with pyrite weathering may be identified and/or
quantified on the basis of optical oxygen measurements. A
focus is put on the identification of the active zone of
pyrite decomposition and the release reactions taking
place in this zone, which control the composition of the
seepage water downstream. It should be clarified whether
this composition can be prognosticated on the basis of the
oxygen measurements and which additional parameters
are important for the forecast. The aim is a worst-case
estimation and forecast of the distribution and the composition of the seepage water affected by pyrite decom-

position from field measurements of the ground-air
oxygen distribution.

Methods and materials
Soil column experiments
Column experiments on pyrite weathering in the unsaturated zone were performed. Figure 1 shows the experimental set up. The columns were constructed from
Perspex tubes with a length of 1 m and a diameter of
10 cm. The tubes were equipped with a frit at the lower
end, which holds the pyrite-bearing overburden material
(thickness 87 cm) over a sampling chamber. The upper
end of the column is open to the atmosphere to allow gas
exchange. The column was equipped with sampling ports
(Luer-Lock stop cocks), which can be used for oxygen
measurements with optodes. The seepage water is sampled
in the chamber at the bottom of the column.
The overburden material used in the experiment for pyrite
decomposition in the unsaturated zone originates from the
lignite open mine Garzweiler, Germany (Neurather Sand
6D). The column was irrigated once a day and the effluent
was sampled once a week. The average sample quantity
was approximately 36 ml/day. The infiltration quantity
(average 2,475 mm/year) was chosen to be significantly
higher than natural infiltration in order to avoid a
continuous situation where the depyritisation velocity

Fig. 1
Experimental set up (modified after Hecht 1998)
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is higher than the seepage water velocity because this is a
special small-scale effect. In natural systems this situation
is found only very close to the surface. The interaction
between the release of pyrite-weathering products and
oxygen consumption is not affected by these experimental
conditions. The total duration of the experiment was
800 days. The pH and Eh values in the effluent were
monitored and the concentrations of Fe, S, Na, K, Ca, Mg
and Al were determined by measurement with an ICP-AES
(Perkin Elmer, Optima 3000). The oxygen measurements
were performed at different temporal intervals
(6 h–7 days) at depth resolutions from 10 to 2.5 cm.
Characterisation of soil column material
The material used in the column experiment was characterised before and after the experiment. The pyrite content
(pyrite–sulfur content) of the overburden material was
determined by chromium extraction (Volkov and Zhabina
1977). Total solid concentrations of Na, K, Ca, Mg, Al and
Fe were determined by microwave digestion with hydrofluoric acid (Zabel and others 2001) and subsequent
analysis of the digestion solution using an ICP-AES (Perkin Elmer, Optima 3000). After the experiments, the column was opened and the water content was determined
gravimetrically in 5-cm intervals in order to obtain the
porosity depth distribution. A grain size analysis of the
material was executed by dry sieving.

sens.de) was used. It analyses the oxygen concentration on
the basis of the fluorescence lifetime. The micro-optodes
(Klimant and others 1997) used for oxygen measurement
in the column experiments were adapted to use with
Luer-Lock stopcocks.

Results
Characterisation of soil column material
The results of the material characterisation are shown in
Table 1. The pyrite content at the beginning of the experiment is equal at all depths of the column and amounts
to 1.2 wt%. The grain size analysis shows that the material
is a silty (to clayey) fine sand (AG Boden 1996). The solid
concentrations of Fe have decreased during the experiment at all depths. In the lower area of the column, the
decrease is small and the concentrations are still close to
the initial ones. The lowest iron content is found in the
middle of the column. The solid concentrations of calcium
also decreased. The smallest decrease in Ca was found in
the upper area of the column. The changes in the solid
concentrations of aluminium, magnesium, sodium and
potassium are very small.
The initial total porosity of the column filling was 0.44.
Because of increased irrigation, both the water content and
the infiltration rate in the experiment are higher than the
in-situ values of the material. Figure 2 shows the depth
distribution of the air-filled porosity (effective porosity for
the diffusive transport of oxygen in the gaseous phase). In
the upper 60 cm of the column, values of around 0.2 are
found. In the upper 10 cm, the air-filled pore space is
somewhat higher by evaporation. In the lower 27 cm of the
column, the water content increases. The air-filled porosity
decreases to values between 0.15 and 0.08.

Optical oxygen measurement
The optical oxygen measurement is based on the fluorescence-quenching effect of oxygen (Stern and Vollmer
1919). Modulated blue light is fed into an optical fibre with
an oxygen-sensitive fluorescence dye applied to its tip. The
fluorescence light is returned by the optical fibre and detected in the measuring instrument. In the presence of
oxygen, fluorescence is quenched. Both the intensity of red
fluorescence and the lifetime of fluorescence (measured as
phase shift compared with the modulated blue excitation
Release with effluent and development
light) are dependent on oxygen concentration (Holst and
of oxygen concentrations
others 1995). For the measurements, the optical oxygen
Figure 3 shows the development of pH and Eh in the efmeasuring system PreSens MICROX 1 (http://www.prefluent over time. After a short initial phase, the pH value
Table 1
Characterisation of column material
Initial pyrite content (all depths; wt%) 1.2
Total porosity (n)
0.44
Grain size distribution (AG Boden 1996)
Grain size (mm) <0.063
0.063–0.2
Amount (%)
24.5
60.0

0.2–0.63
13.5

0.63–1
1.3

>1
0.7

Initial solid concentrations (mol/kg)
Element
Fe
Conc.
0.187

Ca
0.044

Al
0.993

Mg
0.075

Na
0.027

K
0.288

Ca

Al

Mg

Na

K

0.029
0.015
0.013
0.012
0.012
0.014

1.010
1.085
0.981
0.988
1.050
1.000

0.078
0.081
0.073
0.069
0.075
0.070

0.026
0.029
0.026
0.027
0.025
0.029

0.267
0.292
0.272
0.285
0.281
0.271

Final solid concentrations (mol/kg)
Column
Fe
depth (cm)
2.5
0.132
12.5
0.131
22.5
0.116
42.5
0.105
62.5
0.129
82.5
0.170
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Fig. 4
Fe and S release (daily and cumulative plot); initial pyrite content
Fig. 2
Distribution of air-filled porosity over depth

Fig. 3
Effluent pH and Eh over time

decreases to values of around 1.7 followed by a slow
increase. At the beginning of the experiment, the Eh
decreases, indicating that the environment in the effluent
becomes more reducing. The minimum is achieved after
approximately 50 days. Subsequently, the Eh continuously
increases and the environment becomes more oxic. After
approximately 215 days the Eh rises to values above
770 mV. A plateau value of 800 to 850 mV is found for the
rest of the experiment.
The release of iron and sulfur from the column is shown in
Fig. 4. Sulfur is represented as S2 regarding the stoichiometry of pyrite. Additionally, the total initial pyrite
content of the column is indicated. The graph shows both
the cumulative release over time and the release per day
over time. Because the effluent volumes vary, release
(concentration · sample quantity) is plotted rather than
concentrations. Figure 5 shows the release of calcium,
magnesium, aluminium and potassium from the column.
Figure 6 shows the development of oxygen concentrations
within the upper 60 cm of the column over time. After
column filling, oxygen is present over the whole depths
with normal atmosphere partial pressure. This oxygen is
quickly consumed and an equilibrium between oxygen
consumption and oxygen recharge through the upper
surface evolves, resulting in a decrease of oxygen groundair concentration with depth. The oxygen concentrations
at a certain depth then increase with time in the course of

Fig. 5
Ca, Mg, Al and K release (bottom cumulative plot; top daily)

the experiment, indicating that oxygen penetrates more
and more into the column pore space. After approximately
190 days, the oxygen concentrations show a sharp increase
at all depths. Subsequently, the concentrations only increase slowly.
Distribution of pyrite
After finishing the experiment, the pyrite content was
measured in different depths of the column. Figure 7
shows that the upper part of the column is pyrite-free.
Below 65 cm, the pyrite content increases with depth to
values of >80% of the initial pyrite content.

Discussion
Chemistry of effluent
The release of iron and sulfur with the effluent reflects the
main processes within the column. At the beginning of the
experiment there is a strong release of both iron and sulfur
for about 80 days. This release reflects the phase of max-
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Fig. 6
Measured time–depth distribution of oxygen concentration (%) in
ground air (upper 60 cm of soil column, period: 1–300th day)

Fig. 7
Final pyrite distribution (wt%)

imum pyrite decomposition. After this period, the release
decreases slowly, indicating that the total turnover of pyrite within the column decreases. After approximately
200 days, the pyrite decomposition rate strongly decreases
as indicated by the decrease in iron release. At this time
there is still pyrite remaining in the column as indicated by
the difference in the cumulative release and the initial
pyrite content. This is caused by a high water saturation of
the pores in the lower part of the column as indicated by
the determination of the effective pore volume. This part
of the column is not ideally unsaturated resulting in an
increased fraction of separated gas bubbles rather than
connected pore space. In this situation, the oxygen recharge is obstructed, resulting in strongly decreased pyrite
decomposition rates. The distribution of the pyrite content
at the end of the experiment (see Fig. 7) reflects this fact.
In the upper ideally unsaturated part of the column, the
pyrite was completely dissolved. In the non-ideally unsaturated lower part of the column, the pyrite decomposition progresses very slowly. Small turnover rates result in
a low but long-lasting release of the reaction products iron
and sulfur.
Iron and sulfur are released by the primary process of
pyrite decomposition at a constant molar ratio of 0.5
whereas the export of iron and sulfate with the effluent
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differs from this expected value. In the first phase of the
experiment, the release of sulfate is lower than expected
from the iron release. The reason is the formation of
gypsum within the first 190 experiment days (see below;
see Fig. 8). Subsequently, gypsum is slowly dissolved
again, and sulfate is released and exported with the seepage water; thus, the sulfur release exceeds iron release.
After pyrite decomposition in the ideally unsaturated area
of the column is completed (after approx. 200 days) there
is an additional low, but constant release of sulfur. This is
a result of both gypsum dissolution and the residual pyrite
decomposition in the almost saturated lower part of the
column. The graph of the cumulative sulfur release slowly
approaches the amount that matches the initial pyrite
content of the material. The corresponding graph for iron
does not show an increase after 200 days, indicating that
the iron released by the pyrite decomposition process is
not exported, but remains in the experimental column.
Calculations with PhreeqC (Parkhurst 1995) showed that,
for the first 200 days, the effluent is strongly undersaturated with respect to schwertmannite whereas, subsequently, the saturation index (SI) of schwertmannite
strongly increases within a short time and approaches a SI
of between –5 and 0. The strong variations within the
saturation index refer to a precipitation process. Although
there is a strong variability in the thermodynamic data for
schwertmannite (Yu and others 1999) changes in the
saturation index are significant regardless of its absolute
value. The data used for the thermodynamic calculation
originate from Bigham and others (1996).
The temporal changes in the pH and Eh values of the
effluent also reflect the processes inside the column. The
column material has a low initial buffering capacity (see
below) that strongly decreases with time. The pH values
decrease slowly. The lowest values are achieved after
80 days when the buffer capacity of the material is exhausted. Subsequently, the pH values slowly rise again
because the total pyrite turnover in the column slowly
decreases. The Eh values indicate similar processes. At the
beginning of the experiment, the Eh values are stable despite decreasing pH values, showing that the environment
becomes more reducing. After approximately 80 days, the
Eh starts to increase slowly, although the pH increases as
well, indicating that the environment is becoming more
oxic. After approximately 200 days, a strong rise in Eh to
values above the standard potential of the ferrous to ferric
iron conversion (770 mV) shows the end of the pyrite
decomposition within the ideally unsaturated area of the
column. The low pH values entail different buffering reactions and dissolution/precipitation reactions, which affect the development of the pH values and strongly affect
the release characteristics. Figure 8 shows the interaction
of the most important processes. The fact that the release
of protons does not stoichiometrically match the iron and
sulfur release shows that buffer reactions must be considered. At the beginning of the experiment this is mainly
the dissolution of calcite. An over saturation of gypsum
and a relatively small proton release displays this process.
The calcium release cannot reflect the calcite dissolution

Original article

Fig. 8
Buffering and gypsum dissolution/precipitation

because most calcium is directly fixed by the precipitation
of gypsum. The calcite dissolution, however, is accompanied by some magnesium release, which is not affected by
secondary reactions. After 60 days, both the magnesium
release and the gypsum over saturation decrease, and the
proton release starts to increase indicating a strong
decrease in calcite buffering. The end of residual calcite
dissolution is achieved after approximately 190 days. No
more calcium is released and the gypsum saturation index
decreases to values of around zero, indicating that gypsum
is subsequently dissolved. The export of calcium with the
effluent is controlled by gypsum equilibrium until the
gypsum is exhausted after approximately 690 days. After
this point in time, the calcium release drops and gypsum
becomes strongly undersaturated.
The release of both potassium and aluminium are primarily controlled by silicate dissolution, which is closely
related to pH conditions. At the acid conditions found in
the experiment, the silicate dissolution increases with decreasing pH. Figure 9 shows the correlation between pH

Fig. 9
Al release vs. pH

values and aluminium concentrations. From the 76th day
onwards there is an exponential correlation (aAl=K·e–n·pH;
K=5.63·105, n=3.91) with an r2 of 0.91. Within the first
60 to 70 days, additional aluminium is released from
another process. This may be explained by the complete
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dissolution of a limited amount of an aluminium phase,
with high solubility temporarily increasing the aluminium
concentration by 20 to 30 mmol/l. Calculations with
PhreeqC did not reveal a possible mineral phase responsible for the additional Al-release. After the 76th day Al is
only released into the seepage water by silicate dissolution.
Potassium shows a good correlation with pH values
throughout the experiment, which is an indication of
continuous silicate dissolution.
In the aerobic pyrite oxidation process catalysed by
Thiobacillus ferrooxidans, 1 mol of protons is released per
mol of pyrite following Eq. (1) (see Introduction). The
reaction includes the re-oxidation of ferrous to ferric iron
in an oxic environment. If these solutions containing high
amounts of ferric iron enter the anoxic part of the column,
16 mol of protons are released per mol of pyrite dissolved,
accompanied with the reduction of 14 mol of ferric iron
[Eq. (2)]. These conditions are met in the lower part of the
experimental column throughout the experiment. Pyrite is
always present and the water is anoxic as shown by the
oxygen measurements. The sum reaction of reactions (1)
and (2) describes the microbiologically mediated oxic
decomposition of pyrite followed by an anoxic decomposition of pyrite by ferric iron. It results in Eq. (3), which is
formally identical to the direct decomposition of pyrite
with oxygen (Lawson 1982):
þ
FeS2 þ7=2O2 þH2 O ! Fe2þ þ2SO2
4 þ2H

ð3Þ

In the effluent of the experimental column, 2 mol of protons are expected per mol of pyrite dissolved. It may be
shown by thermodynamic calculations with PhreeqC that,
under the extreme geochemical conditions in the effluent,
significant amounts of protons are subject to both complexation and buffer reactions, resulting in a pH increase.
Figure 10 shows the proton balance for the duration of the
entire experiment. In this graph, the cumulative release of
protons (calculated from pH values and sample quantities), iron and sulfate are plotted. Only 10% of the exported protons are reflected by the pH value. PhreeqC
calculations show that 15% of the protons are exported as
different complexes (mainly iron and sulfate complexes).
The remaining 75% of the protons are buffered in different
dissolution reactions. Forty per cent of the protons are
buffered by carbonate dissolution and exported as either

H2CO3 or carbon dioxide and water. Measurable indicators
of carbonate dissolution are the release of both calcium
and magnesium. The remaining 35% of protons released
by pyrite oxidation are buffered by either silicate dissolution or ion-exchange reactions. Measurable indicators of
these processes are the release of both aluminium and
potassium. Large amounts of these protons are stored in
exchange sites and may act as a source for long-lasting
acid release. Summing up all possible processes, the expected stoichiometric relation of 1 mol of protons per mol
of sulfate released by pyrite oxidation [Eq. (3)] is only
slightly exceeded at the end of the experiment. The main
dissolution and buffering reactions occur within the first
200 days of the experiment whereas release of the reaction
products persists over a much longer period because of
secondary reactions (gypsum precipitation and dissolution).
Development of oxygen concentrations
The development of oxygen concentrations over time
reflects many of the processes taking place in the column,
too. The gradients in oxygen concentration show that
within the column oxygen is consumed. The area in which
this consumption takes place proceeds downwards
throughout the experiment. At the beginning of the
experiment, an equilibrium between oxygen consumption
and diffusive oxygen recharge is quickly established. The
fact that oxygen gradients become flatter with time indicates that the zone of oxygen consumption is displaced to
greater depths, causing the oxygen flux and the pyrite
decomposition to decrease slowly. This temporal change in
oxygen distribution is caused by progressive depyritisation, allowing the oxygen to penetrate deeper into the
column. The decrease in pyrite dissolution rates is reflected by the decrease in the release of both iron and
sulfate. The effects show a time-lag of approx. 30 days,
which corresponds to the seepage water velocity from the
reaction location to the lower column end. After 190 days,
the oxygen concentrations strongly increase at all depths
of the column (see Fig. 6). This indicates a strong decrease
in oxygen consumption in the column. The oxygen concentration does not reach ambient concentration, indicating that there is a small residual pyrite oxidation that
persists in the lower part of the column. However, the flat

Fig. 10
Proton balance – cumulative plot
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oxygen gradients show that the oxidation rate is much
smaller than in the preceding stages of the experiment.
Because oxygen diffusion is slow in the lower part of the
column, the pyrite decomposition is slow and the temporal
changes in the oxygen distribution are small (see Fig. 7).
The determination of pyrite content after the experiment
reveals that significant amounts of pyrite are still present
in the lower part of the experimental system, supporting
the assumption of residual slow pyrite oxidation in this
area.
Modelling the temporal change in oxygen
depth distribution
The changing intensity of pyrite decomposition can be
identified from both the measured oxygen distribution and
the release of reaction products. The end of pyrite decomposition within the ideally unsaturated area of the
column is indicated by the change in oxygen depth distribution and by the increase in redox potential of the
seepage water. In order to allow a quantitative prediction
of the release of reaction products from the pyrite decomposition, the system of interest was modelled using
DiffMod7 (Hecht and others 2002).
The modelling of the column experiment for pyrite decomposition is based on boundary conditions (pyrite
content, porosity) determined in preliminary investigations. The tortuosity is calculated from the diffusioneffective, air-filled porosity after Boudreau (1997). Additionally, the specific pyrite surface and pyrite oxidation
rate have to be provided for the model. Kölling (1990)
determined a specific surface-dependent rate of 5·10–9
mol m–2 s–1 for pyrite decomposition catalysed by
Thiobacillus ferrooxidans under fully oxic conditions.
Values for the grain size of diagenetically formed pyrite
within the overburden material used in our experiments
were taken from Friedrich and others (1999). Considering
some grain roughness, a good estimate for the specific
surface of the pyrite is 0.5 m2 g–1. The development of
oxygen concentrations modelled with DiffMod7 is shown
in Fig. 11. It corresponds well with the measured oxygen
depth-distributions in the column experiment.
Figure 12 compares the cumulative iron release and the
pH value development in the effluent from the experiment

Fig. 11
Modelled time–depth distribution of oxygen concentrations (%) in
ground air (modified after Hecht and others 2002)

Fig. 12
Fe release and pH over time; experimental versus modelled data

and from modelling. The modelled iron release (Fe-DiffMod7) corresponds well with the data determined in the
experiment. The deviations are caused by the fact that in
the column experiment a part of the released iron in the
column is bound by secondary reactions (see Chemistry of
effluent). This plot shows that on the basis of the oxygen
measurements a quite good quantification of the released
amount of iron can be made. The modelled pH values
(pH-DiffMod7) show significant deviations from the
measured ones.
In a separate step, the results of the modelling with
DiffMod7 were used as an input to PhreeqC in order to
calculate a more realistic pH considering all complexation equilibria. This calculation generally results in
higher pH values, which are also plotted in Fig. 12 (pHDiffmod7-PhreeqC). The remaining differences between
measured and modelled pH values are because no buffering reactions are considered in DiffMod7. The pH
values resulting from the model with subsequent PhreeqC calculation may be seen as a worst-case approximation of pH values for material without acid-buffering
capacity. The residual difference in pH can be used to
quantify the amount of protons buffered by dissolution
reactions.
Further results that can be derived from the modelling
with DiffMod7 are the time–depth distributions of pyrite
turnover, pyrite content and the seepage water concentration (see Fig 13). The plot of modelled pyrite turnover (Fig. 13, left) shows the formation of an initial
pyrite decomposition zone in the upper 30 cm of the
column. Within this area, pyrite decomposition occurs
at maximum rates because of non-obstructed oxygen
recharge. With progressing depyritisation (Fig. 13,
centre) the oxygen penetrates deeper into the column.
A narrow zone evolves at which all oxygen is consumed
by pyrite weathering. Both the width of the front and
the pyrite turnover in the front become smaller as the
surface distance of the front location increases (Hecht
and others 2002). At the end of the modelled scenario,
the column is pyrite-free throughout the total
length (60 cm). The distribution of seepage water
constituents (Fe, S) indicates that the maximum
concentrations occur in the water that was at the upper
edge of the pyrite decomposition zone at the beginning
of the experiment.
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Fig. 13
Modelled decomposition rate, pyrite content and seepage water Fe
conc. (modified after Hecht and others 2002)

essential to quantify the buffer capacity and to consider
buffering reactions in the geochemical part of the model.

In an oxygen-consuming system, different information
may be derived from oxygen measurements and modelling
as shown above. In a field test at a 43-year-old dump body,
both the measuring system and the model could be used to
reveal that there is still pyrite oxidation going on at a
depth of approximately 6 m (Hecht and others 2002).
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Conclusions
The total potential for acidification is determined by the
initial pyrite content of overburden material stored above
groundwater level. For the primary release and subsequent
distribution of the reaction products, further factors are
crucial. The oxygen recharge is the most important factor
controlling the primary pyrite decomposition process. It
limits the thickness of the layer in which pyrite decomposition occurs and is responsible for the total amount of
pyrite decomposition. In the column experiment presented, the overburden material with a pyrite content of
1.2 wt% was completely depyritised within 200 days down
to a depth of 0.6 m. The rate decreases exponentially.
Oxygen measurements inform us about the status of the
system. The actual location of the pyrite decomposition
front and, thus, the depyritisation depth can be determined.
If, additionally, the initial pyrite content and diffusion-effective porosity are known, the actual release of decomposition products and the remaining acidification potential
can be determined. The temporal development of the systems can be simulated by modelling the data. A prognosis
for the release and distribution of iron and sulfur is possible.
The buffer capacity of the system and the seepage water
velocity are crucial for the distribution of reaction products. In the experiment presented, 75% of the released
protons were consumed by reactions with calcite and silicate. Fifteen per cent of the protons were fixed to complexes and delivered with the effluent. Although only 10%
of the protons are represented by the measured pH value,
seepage water with pH values below pH 2 develops. For a
correct prognosis of the pH value in such systems it is
808
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Hecht H, Kölling M, Geissler N (2002) DiffMod7 – modelling
oxygen diffusion and pyrite decomposition in the unsaturated
zone based on ground air oxygen distribution. In: Geochemical
processes – concepts for modelling reactive transport in soils
and groundwater. Wiley-VCH, Weinheim (in press)
Holst G (1994) Entwicklung und Erprobung einer SauerstoffFlux-Optode mit einem Sauerstoff-Sensor nach dem Prinzip der
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