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A biogeochemical transport modeling study was carried out
to analyze large-scale laboratory column experiments in which
ethanol was used as an electron donor to create favorable
conditions for the immobilization of selected trace metals (Zn
and Cu) in groundwater. Microbial activity was explicitly simulated
to capture the dynamic changes of the redox zonation within
the column (i) in the early phase of the experiment (microbial lag)
and (i) in response to a significant decrease in the pH of

the feed solution introduced after 188 days. The simulated redox
dynamics agreed well with the observations after the pH-
dependency of microbial growth was incorporated into the
microbial model. The study showed that residual minerals may
have buffered the pH for a period after the pH of the feed
solution was decreased. Where the buffering capacity was
exhausted, the pH decreased, leading to a successive downstream
movement of the redox boundaries. The simulations reproduced
the Zn immobilization within the sulfate-reducing zone as

well as its partial remobilization after this zone moved further
downstream. The immobilization of Cu within the denitrifying zone
could also be well explained by incorporating malachite
(Cu,(0H),CO3) precipitation in the simulations.

Introduction

The mobility of heavy metals in groundwater is strongly
dependent on both the ambient pH and the prevailing redox
conditions. Therefore, in situ manipulation (ISMP) of either
acidity or redox conditions can be used to immobilize
dissolved metals and significantly reduce their concentrations
in the groundwater to below critical levels. To remediate
metal-contaminated groundwater emanating from tailings
dams, materials such as limestone, zerovalent iron, and
organic carbon-rich material mixed with limestone have been
used successfully as media in permeable reactive barriers
(PRBs) (I, 2) that intercept acidic, metal-contaminated
plumes (3-7). Previous research suggests that metal removal
inreactive barriers filled with easily oxidizable organic carbon
predominantly relies on the ability of sulfate-reducing
bacteria (SRB) to utilize organic carbon sources (3-6, 8-13):
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2CH,0 + SO, —2HCO; + H,S (1)

This oxidation of organic carbon by SRB creates an in situ
reactive zone where metals may precipitate as metal sulfides:

Me** + H,S — MeS i+ 2H" @)

with Me?* representing divalent metal cations. Alternatives
to PRBs for delivering suitable carbon sources have been
proposed (8, 10, 11, 14-16). In contrast to PRBs, the direct
injection of degradable organic carbon sources through wells
is attractive where pollution occurs at greater depth, that is,
where the construction of PRBs becomes uneconomic.
However, the successful field-scale application of any of these
techniques as arobust cleanup tool requires good qualitative
understanding of the underlying removal mechanisms, and
the ability to quantify the physical, chemical, and biological
interactions that are involved in the remediation process.
One of the key issues that needs to be understood in terms
of the robustness of ISMP is the question of how it is affected
by potential changes of hydrochemical conditions, and in
particular the response to an increasing acidity of the
contaminated groundwater. Such a pH decrease can, for
example, occur when the aquifer’s mineral buffering capacity
upstream of the remedial activities becomes depleted (17, 18)
and potentially leads to the remobilization of previously
immobilized contaminants.

This paper reports the model-based analysis of large-
scale laboratory column experiments in which ethanol was
used to create favorable conditions for the immobilization
of selected trace metals in groundwater. The major objective
of the experimental study was to investigate, under well-
controlled conditions, the implications of a pH decrease of
the metal-contaminated feed solution on the efficiency of
the ethanol-driven microbially mediated redox manipulation
and on the metal mobility. The numerical modeling study
was initiated to support the identification of the major
geochemical reactions and to provide a process-based
quantification of those reactions, which included the simu-
lation of the dynamic response to increased acidity.

Materials and Methods

Experimental Program. Large-scale soil column experiments
were carried out to assess the effectiveness of three different
carbon sources (electron donors) in promoting and main-
taining favorable conditions for microbially driven sulfate
reduction and metal bioprecipitation. Ethanol, molasses, and
vegetable oil were tested in the first phase of the project.
While all three carbon sources promoted denitrification and
copper removal, only the addition of ethanol stimulated
sulfate reduction. Therefore the second part of the experiment
(20) focused solely on the use of ethanol as an electron donor
and carbon source to create reducing conditions. The main
focus of those experiments was to assess the effects of a step
reduction in the influent groundwater pH from 5.5 to 4.25
on the active bioprecipitation process. For comparison, a
control column was operated at the same flow rate without
the addition of ethanol. The control column was fed with
metal-spiked groundwater, and the pH of the feed solution
was changed at the same time as in the ethanol column.
Each soil column was constructed from a 2-m-long polyvinyl
chloride pipe (15.3 cmi.d.), with 10 sampling ports positioned
along the length of the column and with an additional port
installed in the deliveryline to the column to monitor influent
concentrations. The columns were filled with low-sorbing,
leached Spearwood sand from the Swan Coastal Plain in
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Perth, Western Australia, that had a low total organic carbon
content of 200 mg kg~! (dry weight) and a total iron content
of 13 mgkg! (dry weight). Locally (Perth, Western Australia)
collected groundwater was spiked with a concentrated metal
solution to give a final concentration of 12 mg L ™! of Zn and
4 mg L' of Cu. The solution was acidified with HCI and the
pH adjusted to 5.5 for the initial phase of the experiment and
to 4.25 thereafter. The soil and groundwater in the columns
were used without bioaugmentation. The columns were
operated at room temperature (~22 °C), with the influent
groundwater flowing upward through the column (from a
hydraulic head of 0.5-1 m), controlled by a peristaltic pump
on the effluent line to a constant measurable flow of 360 mL
day! (equivalent to a flow velocity of 29 m year™!; assuming
a soil porosity of 0.26). A polymer mat, consisting of 5-m-
length of silicone tubing (2 mmi.d., 3 mm o.d.) woven through
aplastic mesh support frame (13.5 cm diameter), was installed
internally 50 cm from the base of the columns. For ethanol
delivery to groundwater moving past the tubing weave of the
polymer mat in one of the columns, a dilute aqueous ethanol
solution (~5—15 g L! of ethanol) was continuously recycled
through the inner volume of the polymer tubing at a rate of
3mLmin!. Ethanol delivery concentrations to groundwater
were ~1 g L™! of ethanol, which was in excess. At 20 weeks
after the commencement of ethanol delivery (simulation time
= 188 days), when a steady-state redox zonation and metal
bioprecipitation had been established for over 10 weeks, the
pH of the metal contaminated influent groundwater was
decreased from 5.5 to 4.25. Full details on the experimental
program can be found in Davis et al. (20).

Numerical Models, Conceptual Model, and Reaction
Network. The MODFLOW/MT3DMS-based reactive multi-
component transport model PHT3D (21) was used for the
reactive transport simulations. PHT3D couples the three-
dimensional transport simulator MT3DMS (22) with the
geochemical model PHREEQC-2 (23). A conceptual model
for the reactive processes within the columns was developed
on the basis of the experimental results (20) and subsequently
translated into the numerical model by formulating a reaction
network of mixed equilibrium and kinetically controlled
homogeneous and heterogeneous reactions. During the
modeling study, the reaction network was refined stepwise
until the numerical model provided a satisfactory description
of all observations. To fully account for the observed dynamic
changes of the redox zonation, which occurred as a result of
microbial lag times, a model formulation that explicitly
considered the growth and decay of specific microbial groups
was defined. The final reaction network included (i) all major
ions; (ii) two organic compounds, ethanol and the trans-
formation intermediate acetate; (iii) the microbial groups
responsible for the transformation of ethanol and acetate;
(iv) the trace metals Zn and Cu; (v) one cation exchanger site
for the sorption of cations and hydrogen; and (vi) selected
minerals that potentially affected the hydrochemical com-
position of the aqueous solution. The mostimportant aspects
of the reaction network are discussed below.

Modeling of Microbially Mediated Ethanol Degradation.
In the numerical model, the ethanol delivered through the
polymer mat was assumed to be oxidized in two sequential
steps, thereby utilizing oxygen, nitrate, goethite (a-FeOOH),
and sulfate as electron acceptors. In the first step, ethanol
was transformed to acetate, followed by the second step
during which acetate is mineralized. In the model, both steps
were assumed to be catalyzed by process-specific microbial
degraders. In total, six different groups were included in the
simulations, distinguished by (i) the predominant terminal
electron-accepting process mediated by each group and (ii)
whether the group uses ethanol or acetate as a substrate.
Depending on the microbial efficiency of each group, a
specific fraction of organic carbon was incorporated into
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TABLE 1. Equilibrated Initial Mineral Concentrations and Initial
Exchanger Compositions

cations mol L' minerals mol L, '@

Ca—X2 1.56 x 107>  calcite (CaCOs3) 1.00 x 104

Mg—X2 8.39 x 107  goethite (FeEOOH) 5.00 x 103

Na—X 9.32 x 1076 magnetite 0

K—X 2.93 x 106 FeS (ppt) 0

Fe—X2 0 ZnS (a) 0

Cu—X2 0 Cu Metal (Cu) 0

Zn—X2 0 malachite 0
(Cu2(OH),CO3)

H—-X 6.90 x 104

@ Concentrations of minerals in mol L~"of bulk volume.

biomass during microbial growth (24, 25), while the remaining
fraction was transformed to acetate (during ethanol degra-
dation) or mineralized to carbon dioxide and water (during
acetate degradation). The microbial efficiencies of each group
(which influence the stoichiometries of the reactions) were
computed following the procedure proposed by Van Briesen
and Rittmann (26). A partial equilibrium approach (PEA)
(27-32) was employed to incorporate the degradation reac-
tions into the PHT3D/PHREEQC-2 framework. Using the PEA
(21, 31) approach, each of the overall degradation reactions
(Table SI-1, Supporting Information) is separated into a rate-
limiting (i.e., kinetically controlled oxidation step) and into
an instantaneous (equilibrium-based) electron-accepting
step.

Mineral Dissolution and Precipitation. Mass-balance
considerations for several aqueous species, as well as the
results from mineral analysis, suggest that a range of mineral
dissolution or precipitation reactions proceeded in the
experimental columns. During model development, adapta-
tion, and calibration, various likely combinations of mineral
reactions were included and tested within the model in order
to explain the observed aqueous chemistry. All minerals
included in the final reaction network and their initial
concentrations are listed in Table 1.

As it was unclear whether the local equilibrium assump-
tion (33) would be valid for the modeled mineral dissolution
and precipitation, a kinetic formulation was chosen for all
mineral reactions. Following previous modeling studies
(12, 13, 34, 35), kinetic rate expressions for most minerals
were formulated on the basis of the transition state theory

(36):

%‘:k

ot ‘mineral x (1 - IOSI) (3)
where A is the surface area of the mineral, kninera is the rate
constant for dissolution, and SI (23) is the saturation index
of the mineral. As the mineral surface areas are in our case
unknown, the reaction rate constant kmineral is combined with
A to yield a single rate constant in the model applications.
The rate of calcite dissolution was computed as proposed by
Plummer et al. (37) and as included in the standard
PHREEQC-2 database (23).

Metal Sorption Reactions. The sorption to an aquifer
substrate, and hence mobility of zinc and copper, is strongly
influenced by the pH of the groundwater (e.g., 38 and 39).
This was confirmed for Cu by a series of batch experiments
(Figure SI-4, Supporting Information) carried out prior to
the column studies (19). Using the same source of soil and
groundwater as in the column studies, the solution pH was
varied between 2 and 5.95. The distribution coefficients (Kp)
calculated from the observed partitioning varied strongly for
Cuwithin this pH range, while Zn remained largely in solution
at this range. Given the spatial and temporal variability of



TABLE 2. Composition of Column Feed Solution hefore and after the pH Change

column feed solution
(ethanol amended column)

aqueous average values before/
component after pH change (mol L")
pH 5.53/4.24
pe n.a.
Na 4.15 x 1073
Cl 5.13 x 1073
K 2.61 x 1074
Ca 7.74 x 1074
Mg 6.58 x 107
Cu 7.11 x 107%/7.45 x 1075
Zn 1.93 x 107%1.86 x 1074

2 Values in brackets indicate valence.

column feed solution
(ethanol amended column)

aqueous average values before/

component” after pH change (mol L~)?
0(0) 2.00 x 1074

N(5)? 3.75 x 1074/5.24 x 104
N(3),7 N(0)? 0

S(6)° 1.10 x 1073/1.20 x 1073
S(—2)? 0

Fe(2)? 0

Fe(3)? 3.58 x 1078

c(4) 5.32 x 1074

C(—4)? 0

the pH during the column experiment, the partitioning of
Cu would not be captured by a simple sorption model such
as a linear, single-species, constant Kp sorption model, as
routinely used for example to quantify the sorption of
nonpolar organic compounds. Therefore, the sorption of
copper was incorporated into the model framework through
a multicomponent cation exchange model. A similar ap-
proach has been previously applied successfully to describe
the mobility of cesium (40) across a wide range of concen-
trations and under strongly varying pH conditions.

In a first step, a single-site model was tested for its ability
to describe the data obtained in the batch studies and
compared with a two-site and a triple-site model. Hydrogen
(H") was included in all three exchange models to simulate
proton buffering reactions. The equilibrium constants for
the exchange reactions of Cu and H* were optimized for the
models using the nonlinear parameter optimization program
PEST (41). Due to the limited range of experimental data
available for the optimization process, the two-site and three-
site model performed only marginally better. Therefore, the
single-site model (Figure SI-4, Supporting Information) was
incorporated into the column models, and the values
obtained by this procedure (log K for Cu and log K for H,
Table SI-4, Supporting Information) were used as starting
values for the simulations of the column experiments.

Column Feed Solution. The measured water composition
of the influent groundwater used in the experiments served
as influent boundary conditions for the column. Average
concentrations before and after the pH change are listed in
Table 2. All significant deviations from the averages were
discretized in the model, on the basis of the weekly
measurements. Dissolved organic carbon (DOC) was not
considered in the simulations as it was assumed that the
reactivity of any residual DOC was negligible compared to
the reducing capacity of ethanol, and the effect of its
mineralization on the water composition in the control
column was negligible (19). Before using the measured
concentrations as boundary conditions in PHT3D, PHRE-
EQC-2 was used in batch simulation mode to investigate
whether the measured solution compositions were charge-
balanced, with only slight imbalances found. Those were
eliminated by adjusting the chloride concentrations.

Model Setup and Discretization. The 2-m-long experi-
mental columns were represented in the numerical model
by a one-dimensional domain consisting of 102 grid cells
(Figure SI-1, Supporting Information). The effective porosity
used for the soil in the column was set to a constant value
of 0.26, as determined by a tracer test. It was assumed that
neither the formation of biomass nor mineral dissolution or
precipitation had significantly altered the porosity over the
length of the experiment. The overall simulation period was
546 days. This period was subdivided into daily time steps

to allow the flow rates in the model to be adjusted to the
experimentally measured value. The data input for the
hydrochemical composition of the column feed solution was
discretized into weekly steps, following the availability of
chemical analysis of the feed solution. In the experimental
column, ethanol was delivered and mixed into the passing
groundwater 50 cm from the column base by diffusion
through the polymer mat. To reflect this, the measured
concentrations from port C (1 cm downstream of the mat)
were used as fixed concentrations in the model grid cell that
corresponded to the location of the polymer mat. The
concentrations of all other components were not fixed at
this cell.

Reaction Model Development/Adjustment and Calibra-
tion. The reaction network contained a large number of
kinetic reactions for which there were many unknown
reaction rate constants (parameters) prior to model calibra-
tion. However, there are a large number of observations
(detailed concentration measurements of a large number of
chemicals in space and time) which allowed the model
parameters to be constrained successively. Most of the
adjustable parameters were required for the microbial model
in order to reproduce the dynamic changes in the redox
zonation that were observed during the experiment.

In the first phase of the model development and calibra-
tion, the estimation of parameters aimed to reproduce the
hydrochemical changes in the control column, that is, those
changes that occurred in the absence of redox and other
reactions triggered by the amendment of ethanol. In the
following, the measured nitrate, sulfate, dissolved iron, and
acetate concentrations were used as constraints for an initial
estimation of the rate-determining parameters of the mi-
crobial model. The period before and after the pH change
could not be described with a unique set of parameters for
the initially defined reaction rate expressions. This was
attributed to decreasing microbial growth rates at the lower
pH. Therefore a rate dependency on pH was incorporated
into the original growth model, which resulted in a good
agreement between measured and simulated electron-
acceptor concentrations over the entire simulation period.
In the last phase of the model development and calibration,
the precipitation of Zn- and Cu-bearing minerals was
addressed.

Results and Discussion

Mineral Buffering in the Control Column. Observations from
the control column and the corresponding model simula-
tions helped identify the processes that occurred in the
absence of the ethanol amendment. Two indicators, (i) a
slightincrease in pH along the length of the column between
the start of the experiment and the pH decrease after day 188
and (ii) the slow migration of the low pH front after day 188,
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FIGURE 1. Selected concentration profiles at 64, 152, 202, 314, 377, and 524 days after the start of the simulation. Symbols =
measured; solid lines = simulated; Zn—X2 = concentrations of Zn sorbed on exchanger X; Cu—X2 = concentrations of Cu sorbed on
exchanger X. All aqueous and sorbed concentrations are given in millimoles per liter; mineral concentrations are given in millimoles

per liter of bulk volume.

pointed to a buffering effect of mineral reactions. Following
the results of X-ray diffraction/X-ray fluorescence (XRD/XRF)
analysis (20), calcite was included in the simulations. Both
the initial calcite concentration in the column and the
reaction rate constant were varied during model calibration.
The final model simulations that compared best with the
observations suggested that (i) calcite dissolution was
controlled by a kinetic reaction (where calcite was available)
and (ii) a calcite-depleted zone started to form near the
column entry soon after the pH in the feed solution was
decreased. Given the natural heterogeneity of soils, the
model-determined initial calcite concentration (1.0 x 10™*
mol L, 1) agreed well with the value measured by quantitative
XRD (5.3 x 107°> mol L, ™1). Approximately 400 days after the
start of the simulation, the modeled low-pH front reached
the column exit when calcite was depleted throughout the
entire column. This modeled spatial and temporal evolution
of the pH agrees well with the measured data (Figure SI-2,
Supporting Information).

Zn and Cu Mobility in the Control Column. To identify
the role of ethanol amendment on metal mobility, the feed
solution of the control columns contained similar Zn and Cu
concentrations as the ethanol amended column. After a lag
period, Zn and Cu concentrations at the column effluent
end were similar to those in the feed solution. This can be
interpreted as an indication that no significant precipitation
reactions of either Zn- or Cu-bearing minerals had occurred
in the control column, while the observed retardation
suggests the occurrence of (reversible) sorption/exchange
reactions. In the case of Zn, effluent concentrations remained
stable over the duration of the experiment, and the pH
decrease in the feed solution had essentially no effect on the
dissolved concentrations of Zn. This confirmed the results
from the batch tests, which also indicated that, for the pH
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range prevailing in the control columns, Zn mobility would
not be significantly affected by precipitation reactions. In
contrast, dissolved Cu concentrations were affected by the
pH decrease of the feed solution. The concentrations of
dissolved Cu increased immediately after the pH decrease
to concentration levels above the influent concentration. This
behavior, which results from the desorption of Cu, was well
captured by the cation exchange model included in the
simulations. However, good results were only obtained once
the equilibrium constants for the exchange reactions of Cu
and H* had been further modified relative to those obtained
for the batch experiments (Figure SI-2 and Table SI-4,
Supporting Information).

Redox Zonation in the Ethanol Amended Column before
the pH Decrease. The model built for the control column
simulation, including the processes that were identified
(mineral buffering and Cu sorption/ion exchange), was used
as a base for the simulation of the ethanol-amended column
experiment. In the simulation period before the pH change
(day 0—188), the redox chemistry was characterized by
dynamic changes in the initial phase after ethanol amend-
ment commenced (approximately day 50—100), followed by
a more stable redox zonation until day 188. The model
simulates the microbial lag period of approximately 12 days
from the start of ethanol delivery and the time when
denitrifying conditions were established (Figure 1). Where
nitrate became depleted, dissolved iron concentrations
started to increase, indicating the onset of iron reduction.
Sulfate reduction started to occur significantly later, only
from day 98 on. The model was able to reproduce this
sequence of microbially mediated redox processes. However,
the maintenance of iron reduction in the model over an
extended period, without the onset of sulfate reduction, was
only possible when kinetically controlled magnetite (Fe30O.)


http://pubs.acs.org/action/showImage?doi=10.1021/es071123n&iName=master.img-000.jpg&w=423&h=309

precipitation was included in the simulation. Without the
inclusion of magnetite, a rapid pH increase occurred during
iron reduction, causing an immediate shift in electron-
acceptor consumption to sulfate. For the model, it was
assumed that only a limited amount of bioavailable iron (as
goethite, FeOOH) was present and that rates would decrease
with progressing depletion of the goethite.

Under aerobic, denitrifying, and iron-reducing conditions,
the rate constants for the mineralization reactions of acetate
were set high enough to prevent a significant accumulation
of acetate. In contrast, for sulfate-reducing conditions, the
modeled acetate concentrations only agreed with the mea-
sured values if no or only a very slow mineralization of acetate
was assumed.

Inhibitory Effect of Acidity on Microbial Activity and
Corresponding Changes in Redox Zonation. The decrease
of pH after day 188 had initially (for the first few weeks after
the pH change) no effect on the redox zonation. During the
model calibration, a good match between simulated and
observed electron-acceptor concentrations was therefore
possible with the same microbial model parametrization as
for the period before the pH change. However, with
progressing simulation time, an increasing discrepancy
between model results and experimental observations was
found to occur as the low pH zone migrated successively
further along the column, where calcite had become depleted.
This was interpreted as an inhibitory effect of the acidity on
the microbial activity (e.g., 42). To accommodate this effect
in the numerical model, the original model formulation for
microbial growth was extended by an inhibition term
proposed by Winter et al. (43):

ko

- (ks + 10PHpH - @

L

where k1 is an inhibition factor and pH is the pH of optimum
growth conditions. The inhibition term in eq 4 has been
previously used for biogeochemical transport modeling, for
example, for a landfill leachate contamination in Denmark
(44). The effect of k,u on the value of the inhibition term Lu
is illustrated in Figure SI-5 (Supporting Information). After
the incorporation of the term, a good agreement between
measured and simulated electron-acceptor concentrations
was achieved. The model was able to capture the successive
downstream migration of the denitrifying zone and the
complete disappearance of the sulfate-reducing zone. Thus,
the presence of the buffering mineral calcite and its successive
depletion had a controlling effect on the redox zonation
within the column.

Zn Mobility in the Ethanol Column. Zinc immobilization
in the experimental columns proceeded rapidly where redox
conditions switched from denitrifying to sulfate-reducing
conditions. In the model, this immobilization was well
captured in space and time by the inclusion of amorphous
7ZnS (see Figure 1). This confirms the feasibility of in situ zinc
removal by ethanol amendment. However, with the suc-
cessive disappearance of sulfate-reducing conditions within
the column under reduced pH conditions, zinc removal by
the precipitation of ZnS ceased. Moreover, dissolved Zn
concentrations increased to concentrations above that in
the feed solution. The model was able to reproduce this effect
very well.

Cu Mobility in the Ethanol Column. In contrast to Zn,
the immobilization of Cu in the ethanol-amended columns
occurred earlier along the column length under denitrifying
conditions, that is, in the absence of sulfate-reducing
conditions. The initial hypothesis that was tested in the model
was that elemental Cu (Cu-metal) would potentially pre-
cipitate within the denitrifying zone as a result of the lowered
redox potential relative to the redox-potential of the feed

solution. While elemental Cuindeed formed during the model
simulations, oversaturation and/or precipitation occurred
only atlocations downstream of where redox conditions have
switched from denitrification to sulfate reduction. However,
malachite (Cuz(OH),COs3) became in the simulations over-
saturated and/or formed already within the denitrifying zone
where carbonate was produced during ethanol mineraliza-
tion. As in the control column, increased dissolved Cu
concentrations occurred in response to the pH decrease of
the feed solution. The model reproduced this effect as aresult
of Cu desorption from the cation-exchange sites. The
modeled Cu concentration is shown in Figure 1in comparison
with measured concentration. The figure also shows the
modeled concentrations of selected minerals (calcite, amor-
phous ZnS, Cu-metal, and malachite), as well as the
concentrations of sorbed Cu and Zn.

Role of Modeling for the Determination of Metal Re-
mediation Performance. The reactive transport modeling
study demonstrates the complex interdependency of the
geochemical and microbiological processes that govern the
fate of the trace metals during remediation by carbon
amendment. The accurate simulation of the observed
dynamic geochemical changes, including the metal fate,
required the incorporation of a relatively detailed model of
microbial activity. The modeling results show that mineral
buffering plays a key role in maintaining the remedial
efficiency of the bioprecipitation process. In the absence of
neutralization reactions and at the resulting lower pH of the
aqueous solution, the microbial efficiency was significantly
decreased. The model simulations were an important tool
for the identification of the conceptual model. They provide
now a process-based explanation and quantification of (i)
the temporally changing redox zonation, (ii) the resulting
effects on the metal bioprecipitation processes, and (iii) the
observed remobilization of Cu and Zn that occurred after
the decrease of the pH in the feed solution. Clearly, some
uncertainty remains in the model-based interpretation of
such complex processes (12, 31), in particular where mea-
sured data that underpin the proposed conceptual model
are unavailable (e.g., microbial concentrations) or not
available at the required density.
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