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Abstract
Permeable reactive barriers (PRBs) are an alternative technique for the biological in situ remediation of ground water

contaminants. Nutrient supply via injection well galleries is supposed to support a high microbial activity in these barriers
but can ultimately lead to changes in the hydraulic conductivity of the biobarrier due to the accumulation of biomass in the
aquifer. This effect, called bioclogging, would limit the remediation efficiency of the biobarrier. To evaluate the effects bio-
clogging can have on the flow field of a PRB, flow cell experiments were carried out in the laboratory using glass beads
as a porous medium. Two types of flow cells were used: a 20- 3 1- 3 1-cm cell simulating a single injection well in a one-
dimensional flow field and a 20- 3 10- 3 1-cm cell simulating an injection well gallery in a two-dimensional flow field. A
mineral medium was injected to promote microbial growth. Results of 9 d of continuous operation showed that conditions,
which led to a moderate (50%) reduction of the hydraulic conductivity of the one-dimensional cell, led to a preferential flow
pattern within the simulated barrier in the two-dimensional flow field (visualized by a tracer dye). The bioclogging leading
to this preferential flow pattern did not change the hydraulic conductivity of the biobarrier as a whole but resulted in
a reduced residence time of water within barrier. The biomass distribution measured after 9 d was consistent with the
observed clogging effects showing step spatial gradients between clogged and unclogged regions.

Introduction
The efficiency optimization of in situ ground water

remediation as well as the minimization of costs and risks
of such remediation measures is an active field of research
for science and engineering. Among other techniques, e.g.,
pump-and-treat or monitored natural attenuation, perme-
able reactive barriers (PRB) have been proposed for the in
situ remediation of contaminated ground water. The basic
principle of this technique is to install a reactive zone
downgradient of the source of contamination. Until now,
the majority of PRBs are based on the abiotic degradation
of contaminants using variable reactive media depending
on the target contaminants (Scherer et al. 2000). However,
during the past years there has been a considerable increase
in studies focusing on engineered PRBs making use of the
microbial remediation of contaminants (Kalin 2004). Tech-
niques to construct a PRB depend on the reactive material
used as well as on the site conditions. Microbial PRBs were
either installed by excavating parts of the aquifer and refill-
ing the reactive material (Gavaskar 1998), or by installing
well arrays, which supply substrates supporting microbial
growth and activity (e.g., Dybas et al. 2002). The main

advantage of PRBs compared to other remediation tech-
niques is that after installation of the barrier only limited
activities are required, e.g., periodical injection of reactive
material and monitoring of performance. Thus, the longev-
ity of a PRB is an important issue for the efficiency of this
remediation technique. There are two main factors leading
to a reduced PRB efficiency: first, the reactivity of the
reactive material can become exhausted, and second, the
permeability of the barrier can not be maintained, i.e., con-
taminants can bypass the reactive zone without being
degraded.

Processes potentially reducing the long-term perme-
ability of a PRB include the physical (e.g., particle deposi-
tion), chemical (e.g., mineral precipitation), and biological
(e.g., biomass buildup or microbial gas production) clog-
ging of the reactive zone. The latter process is of increased
relevance for microbial PRBs as the buildup of a sufficient
amount of biomass is a necessary prerequisite for the bio-
remediation of the contaminants. Microbially induced
clogging has been observed in many natural or artificial
porous media (Baveye et al. 1998), e.g., at the bottom of
waste water infiltration ponds (Davis et al. 1973), at septic
tank effluents (Kristiansen 1981), or in the vicinity of
ground water discharge wells (van Beek and van der Kooij
1982). More relevant for PRBs, the injection of substrates,
which promote microbial growth in an aquifer, is known to
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clog waste water injection wells (e.g., Oberdorfer and
Peterson 1985) or artificial recharge wells (e.g., Rebhun and
Schwarz 1968; Vecchioli 1970). Furthermore, injecting growth-
promoting substrates into an aquifer in order to enhance the
bioremediation of contaminants can also lead to micro-
bially induced clogging of the vicinity of the well, which
reduces the efficiency of this well significantly (McCarty
et al. 1998). In contrast, injecting growth-promoting sub-
strates into an aquifer via well galleries is a technique to
establish impermeable subsurface barriers making use of
the microbial clogging—or bioclogging effect (Trefry et al.
1998; Hiebert et al. 2001). Therefore, bioclogging might
also occur around well galleries used to install microbial
PRBs, severely challenging their remediation performance.
Unfortunately, only little is known on bioclogging of PRBs
under field conditions because controlled experiments that
address the significance and extent of such phenomena
on the hydrodynamic characteristics of PRBs are lacking
(Scherer et al. 2000).

In contrast, bioclogging has been investigated in sev-
eral laboratory studies showing that in columns or flow cells
with a one-dimensional flow field the growth of biomass
can lead to severe reductions of hydraulic conductivity of
the system (e.g., Taylor and Jaffé 1990; Cunningham et al.
1991; Vandevivere and Baveye 1992a; Seki et al 1998).
Furthermore, it has been shown in flow cells having a two-
dimensional flow field that bioclogging in the vicinity of
an injection well can lead to significant changes in the flow
field causing a flow bypass of the clogged zone without
changing the average hydraulic conductivity of the entire
system (Kildsgaard and Engesgaard 2002; Thullner et al.
2002a). Extrapolating the latter observations to the field
scale implies that bioclogging might limit the performance
of a PRB without necessarily being recognized by the moni-
toring system of the PRB.

Up to now, an explicit comparison with conditions lead-
ing to the bioclogging of a column and conditions leading
to the flow bypass of a bioclogged zone has not been
done. Addressing this question would help verify the abil-
ity of predicting the risk for bioclogging occurring in
a PRB based on the results of laboratory studies. Further-
more, the investigation of a clogged laboratory-scale bio-
barrier would help to determine criteria, which can be used
to determine the occurrence of bioclogging in the field.

The objective of this study is to investigate the condi-
tions leading to a bioclogging-induced flow bypass of an
injection well. Results on the bioclogging in flow cells
with one-dimensional and with two-dimensional flow fields
were compared to clarify to what extent the processes in
a two-dimensional flow field, typical for a biobarrier, might
be predicted based on column experiments.

Materials and Methods

Setup and Operation of the Flow Cells
Experiments were conducted in two different flow

cells. Flow cell A (Figure 1 top: length 20 cm; width 1 cm;
thickness 1 cm) simulating a one-dimensional flow field
and cell B (Figure 1 bottom: length 20 cm; width 10 cm;

thickness 1 cm) simulating a two-dimensional flow field.
Both flow cells were made of light transparent acrylic plas-
tic material and were uniformly packed with glass beads
of 0.1-mm mean diameter resulting in a bulk density of
1.59 Mg/m3, which corresponds to total porosity of 0.383.
Inlet and outlet of the flow cells were supported by 0.1-mm
nylon mesh screens. The inflow and the outflow of the flow
cells (one port each for flow cell A and three ports each for
flow cell B) were kept at a constant pressure head with
a head difference between inlet and outlet of 6 cm resulting
in an average hydraulic gradient along the flow cells of 0.3.
Additional injection ports were installed in flow cell A at
4 cm distance (tracer injection port) and in flow cells A and
B at 10 cm distance from the inlet (nutrient injection ports).
At the bottom of both flow cells, water manometers were
installed for monitoring the local distribution of the pres-
sure heads. The manometers were located at 4, 7, 10, 13,
and 16 cm from the inlet. Flow cell A was equipped with
one row of manometers and one nutrient injection port,
whereas flow cell B was equipped with three parallel rows
of manometers (with 3-cm distance between each manome-
ter row and 2-cm distance between the outer manometers
and the wall of the flow cell; Figure 1 bottom) and three
tracer and nutrient injection ports each.

Each flow cell was operated under water-saturated con-
ditions, in horizontal position, and at a constant tempera-
ture of 20�C. After packing, the inoculum was injected
into the nutrient injection ports. This injection lasted until
a 2-cm region around the injection ports was inoculated
using Brilliant Blue FCF dye in the inoculum to determine
the inoculated area visually. After 24-h incubation time,
continuous flow was started. Deionized water was supplied

Figure 1. Setup of flow cell A (top) and flow cell B (bottom).
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to the inlet ports, and the mineral medium was supplied to
the nutrient injection ports using Mariotte bottles, both
kept at the same pressure head. Brilliant Blue FCF dye was
dissolved in the nutrient solution to observe the flowpath
of the mineral medium. Discharge rates were measured to
calculate average fluxes in the flow cells, and for flow cell
A hydraulic conductivity was calculated from the mea-
sured flux and manometer readings. When measuring dis-
charge rates, the injection of the mineral medium from the
nutrient injection ports was stopped and deionized water
was supplied to the inlet ports only.

Every other day the mineral medium in the Mariotte
bottle was replaced with a fresh autoclaved medium solu-
tion, and tubings between the Mariotte bottle and the injec-
tion ports were flushed for cleaning.

Tracer tests were performed in flow cell B after 1.9,
2.9, 6.8, and 8.8 d of continuous flow operation. During
each tracer test, the mineral medium flow and the back-
ground flow through the inlet ports were stopped and a
pulse of tracer solution using Brilliant Blue FCF dye was
injected into the three tracer injection ports. After injecting
the tracer pulse, the background flow started again being
the only flux source throughout the tracer test. Tracer dis-
tribution was monitored by taking photos from the top of
the flow cell using a digital camera.

The experiments were finished after 9 d of continuous
flow operation.

Growth Medium and Inoculum
The mineral medium consisted of glucose, 1.0 g/L; egg

albumin, 0.25 g/L; K2HPO4, 0.5 g/L; MgSO4 7H20, 0.2 g/L;
and trace amount of Fe2(SO4)3 dissolved in deionized water.
The pH of the medium was adjusted to 6.8 to 7.0. The
medium was autoclaved before supplying injection into the
flow cells.

The inoculum was made from a mixture of soil (Andi-
sol) and the mineral medium to simulate microbial fauna
in natural soil environment, resulting in 10 g of the soil
medium mixture containing 1 g of dry soil. The numbers of
the bacteria in the soil were 2.94 3 106 cells/(g soil); thus,
the inoculated medium contained 2.94 3 105 cells/cm3.

Microbial Count
After the flow was terminated, numbers of bacteria and

fungi were measured by the dilution spread plate count
method (Weaver et al. 1994). The growth medium used for
bacteria counting consisted of glucose, 1.0 g/L; egg albu-
min, 0.25 g/L; K2HPO4, 0.5 g/L; MgSO4 7H20, 0.2 g/L;
trace amount of Fe2(SO4)3; and agar, 15 g/L dissolved in
deionized water. The pH of the medium was adjusted to 6.8
to 7.0. The growth medium used for fungal counting con-
sisted of glucose, 10 g/L; rose bengal, 0.033 g/L; KH2PO4,
1.0 g/L; MgSO4 7H20, 0.5 g/L; peptone, 5.0 g/L; agar,
20 g/L; and streptomycin, 30 mg/L (added through milli-
pore filter after autoclave) dissolved in deionized water.
The pH of the medium was adjusted to 6.8.

Results

Flow Cell A
Measured water flux through flow cell A decreased

gradually from 1.6 3 10�5 m/s at the beginning of the
experiment to 6.9 3 10�6 m/s at the end of the experiment
(Figure 2), indicating a reduction of the average permeabil-
ity of the system. Hydraulic head profiles along the flow
cell (Figure 3) show that steepest gradients can be found in
the vicinity of the inlet. However, it must be assumed that
clogging of the inlet screen, an observation often made for
clogging experiments (Baveye et al. 1998), contributes to
the measured changes in head gradients. Furthermore, the
head gradients observed in the vicinity of the outlet of the
flow cell show an unstable pattern and might be affected by
processes at the outlet screen or outside the flow cell too.
Therefore, further analysis is focused on the inner part of
the flow cell comprised between 4 and 16 cm from the
inlet.

Comparing the average head gradients for the zone
upstream from the nutrient injection port (4 to 10 cm from
the inlet) with gradients observed for the zone downstream
of the nutrient injection port (10 to 16 cm from the inlet)
shows that toward the end of the experiment, larger gra-
dients can be found in the downstream zone. Assuming
a one-dimensional flow field allows the computation of
hydraulic conductivities for both zones (Figure 4), show-
ing that the hydraulic conductivity of the upstream zone
remains nearly constant throughout the experiment. In con-
trast, the hydraulic conductivity of the downstream zone
decreases within the first 4 d of the experiment to ~50% of
its initial value, remaining on this reduced level until the
end of the experiment. A comparison of observations for
the subzones from 10 to 13 cm and from 13 to 16 cm
showed similar results for each subzone (data not shown).

Biomass abundance was determined by measuring
numbers of bacteria and fungi at the end of the experi-
ment. Samples were taken at 4 and 10 cm distance from
the inlet and were assumed to be representative for the
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Figure 2. Flow cell A: flux changes during the experiment.
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upstream and downstream zone, respectively. Numbers for
both zones of flow cell A are shown in Table 1 together
with the hydraulic conductivities of these zones at the
beginning and the end of the experiment. In the downstream
zone, where a decrease in hydraulic conductivity could be
observed, numbers were ~2 (bacteria) and 3 (fungi) orders
of magnitude higher than in the upstream zone, where the
hydraulic conductivity remained unchanged.

Flow Cell B
Measured water flux through flow cell B decreased

gradually from 2.2 3 10�5 m/s at the beginning of the
experiment to 1.1 3 10�5 m/s at the end of the experiment
(Figure 5), indicating that the average permeability of the
flow cell decreased during the experiment. Hydraulic head

profiles along the flow cell were calculated by averaging
three manometer readings at each distance from the inlet
(Figure 6). At the beginning of the experiment, the hydrau-
lic gradient was approximately constant along the flow
cell, whereas toward the end of the experiment, the hydrau-
lic gradient was steeper in the vicinity of the inlet than in
the inner parts of the column.

Hydraulic conductivities at the upstream zone (4 to
10 cm from the inlet) and the downstream zone (10 to
16 cm from the inlet) of the nutrient injection ports were
calculated by the same method as flow cell A (Figure 7).
Hydraulic conductivities slightly decreased in the upstream
and downstream zone with the higher decrease observed
for the downstream zone. For both zones, this decrease was
not monotonous but fluctuated throughout the experiment.

The flow field in the flow cell B was further analyzed
by tracer tests performed at 1.9, 2.9, 6.8, and 8.8 d after
the beginning of the experiment (Figure 8). For the first
three tracer tests, tracer solution was injected simulta-
neously into the three tracer injection ports, at 4 cm dis-
tance from inlet. For the last tracer test, at 8.8 d, the tracer
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Figure 3. Flow cell A: hydraulic head profiles along the flow
cell.
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Figure 4. Flow cell A: relative hydraulic conductivity (Ks/Ks0)
of the upstream zone (4 to 10 cm from inlet) and the down-
stream zone (10 to 16 cm from inlet).

Table 1
Flow Cell A: Initial and Final Hydraulic
Conductivities Together with Numbers of

Bacteria and Fungi

Upstream Zone
(4–10 cm)

Downstream Zone
(10–16 cm)

Initial hydraulic
conductivity (m/s)

6.00 3 10�5 8.76 3 10�5

Final hydraulic
conductivity (m/s)

6.03 3 10�5 4.34 3 10�5

Numbers of bacteria
(cells/g beads)

1.70 3 105 1.37 3 107

Numbers of fungi
(cells/g beads)

6.30 3 103 4.26 3 106
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Figure 5. Flow cell B: flux changes during the experiment.
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solution was injected into the three nutrient injection ports,
at 10 cm distance from inlet, to further visualize the flow
paths in the vicinity of these ports. At 1.9 d (Figure 8a),
a uniform flow field was observed in the entire column,
with the nutrient injection ports themselves as the only dis-
turbance for the tracer flow. At 2.9 d (Figure 8b), the tracer
flow showed an increased flow barrier around each nutrient
injection port causing the tracer to bypass the vicinity of
the nutrient injection ports by splitting each tracer plume
into two branches. At 6.8 d, the observation of a flow
bypass of the nutrient injection ports was even more obvi-
ous (Figure 8c), and in addition, the total flow was diverted
toward the upper direction of the shown images, i.e., the

part of the flow cell to the right of the flow direction. At
8.8 d (Figure 8d), when the tracer was injected into the
nutrient injection ports, flow bypass of an area directly
downstream of the nutrient injection ports could be
observed indicating a reduced conductivity in these zones.
Nevertheless, in all tracer tests some of the injected tracer
was entering the bypassed zones too.

To quantify the velocity of tracer movement in dif-
ferent parts of the flow cell, the position of the leading
edge of parts of the tracer plumes was monitored at 8.8 d
(Figure 9). Different parts of the tracer plumes were
assumed to represent the tracer movement within the by-
passed (bio)barrier (points 1, 2, and 3), in the flow paths
bypassing the barrier (points 4 and 5) and the background
flow (points 6 and 7; measured for a separate tracer test at
the same day and same flow conditions, results not shown).
Averaged values from the measurement points were fitted
by linear regression to calculate velocities (Figure 9). Mea-
sured results indicate that velocity differences between the
flow bypasses and the biobarrier were largest in a zone
directly downstream of the nutrient injection ports (10 to
13 cm from the inlet). In this zone, the velocities in the
bypasses are ~1 order of magnitude larger than velocities in
the biobarrier and 2 to 3 times larger than the background
velocity. Assuming that the zone downstream of the injec-
tion ports can be subdivided into two regions, a clogged bio-
barrier region and a region of unclogged preferential flow
bypass, the following relations can be assumed for fluxes
Q and cross sections A of these regions: Qp 1 Qb ¼ Q0

and Ap 1 Ab ¼ A0, with 0, p, and b indicating the back-
ground, preferential flow bypass, and biobarrier regions,
respectively. Furthermore, assuming Q ¼ Avn for each re-
gion leads to Apvpnp 1 Abvbnb ¼ A0v0n0, with n as porosity
and v as pore water or transport velocity. Substituting Ab ¼
A0 � Ap in this equation and assuming that np ¼ n0 allows
calculating the contribution of the preferential flow region
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cell as averaged by three manometer readings.
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Figure 8. Flow cell B: tracer movement after 1.9, 2.9, 6.8, and
8.8 d. Light blue lines originating from the nutrient injection
ports on some of the images are remainders from further
tests.
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to the total water flux given as:

Qp

Q0
5

vpAp

v0A0
5

vp

v0

ðv0n0 � vbnbÞ�
vpn0 � vbnb

�

Using velocity values measured for the zone 10 to 13
cm from the inlet and for the background, and neglecting
porosity changes in the biobarrier results in ~77% of the
water flowing through this zone via preferential flow
bypass. Considering a porosity reduction in the biobarrier
to 80% of its initial value (a realistic assumption for the
moderate clogging level observed in this study; Vandevi-
vere et al. 1995; Thullner et al. 2002b) results in the flow
bypass contributing 82% to the total water flux.

Further downstream, the velocity of the bypass decreased
to values close to the background velocity, whereas the

velocities in the biobarrier increased but still remained a fac-
tor of 2 smaller than the bypass velocity.

After the flow was terminated, bacteria and fungi were
counted for two samples taken directly downstream of
a nutrient injection port, and one sample taken from the
middle of a zone between two nutrient injection ports.
Samples taken downstream of the injection ports show that
cell numbers for bacteria and fungi were 2 orders of mag-
nitudes higher than cell numbers obtained for the sample
taken between the injection ports (Table 2).

Discussion

Hydraulic Conductivity Changes Caused by Microorganisms
Changes in the hydraulic properties of the porous

medium could be observed in both flow cells throughout
the experiments. In particular, these changes resulted in
a reduction of the average hydraulic conductivity of the
media and, in the case of flow cell B, in a modification of
the flow pattern in the cell. The occurrence of these
hydraulic effects was spatially correlated with the position
of the nutrient injection ports and was attributed to the
observed increase in the abundance of microorganisms by
2 to 3 orders of magnitude in the vicinity of these ports.
Mineral precipitation was unlikely to occur as a complete
mineralization of the injected glucose would not result in
a CO2�

3 concentration of more than 0.016 mM (assuming
the pH not raising above 7). Even for MgCO3, the least sol-
uble of the potential precipitates in the flow cell, the ionic
product would not exceed 1.3 3 10�8, which is ~2 orders
of magnitude below the solubility product of this mineral
or its hydrates (2.4 3 10�6 to 6.8 3 10�6; Lide 1999). All
other potentially forming carbonates (K2CO3, KHCO3,
Na2CO3, and NaHCO3) are highly soluble and, thus, not
precipitating at the given conditions too. Generally, no in-
dications were observed for mineral precipitation or parti-
cle deposition as an alternative reason for the observed
effects, supporting the assumption of bioclogging being the
only cause of the changes in hydraulic properties of the
porous media. Furthermore, the bioclogging effect is attrib-
uted to the buildup of microbial biomass (i.e., microbial
cells, extracellular polymeric substances [EPS]) and not to
the formation of biogenic gas bubbles as no indications
were found for any gas formation in the flow cells.

Table 2
Flow Cell B: Numbers of Bacteria and Fungi

Outside Streamline Inside Streamline1

Numbers of bacteria
(cells/g beads)

3.93 3 105 3.34 3 107

Numbers of fungi
(cells/g beads)

1.83 3 104 1.85 3 106

1Average of two nutrient ports.

Figure 9. Flow cell B: tracer movement measured at different
points after 8.8 d. Top: tracer distribution and parts of the
tracer plume used for determination of velocities. Bottom:
measured velocities of tracer migration. ‘‘Flow in biobarrier’’
is the average of points 1, 2, and 3; ‘‘Bypass flow’’ is the aver-
age of points 4 and 5; and ‘‘Background flow’’ is the average
of points 6 and 7 in the top photo. Slopes of the linear regres-
sion are shown as v (in cm/s). For the biobarrier and the
bypass flow, linear regressions were determined indepen-
dently for points before and behind a line 13 cm from the col-
umn inlet.
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The bioclogging observed in flow cell A resulted in
a decrease in hydraulic conductivity of ~50%, which is
relatively moderate compared to hydraulic conductivity
changes of 2 to 3 orders of magnitude observed in other
bioclogging experiments with a one-dimensional flow field
(e.g., Taylor and Jaffé 1990; Cunningham et al. 1991;
Vandevivere and Baveye 1992a; Seki et al. 1998). As it has
been shown in previous studies that in bioclogged systems
the clogging is mainly caused by EPS or other by-products
of microbial growth (Vandevivere and Baveye 1992b;
Thullner et al. 2002a), the measured numbers of micro-
organisms do not allow the evaluation of whether this
moderate clogging was due to smaller amounts of biomass
or a smaller clogging efficiency of the produced biomass
compared to other clogging experiments. For the two-
dimensional flow field in flow cell B, the measured aver-
age changes in the hydraulic conductivity do not provide
a reliable estimate of local changes of this parameter. How-
ever, the fact that the injected tracer ultimately entered
the clogged areas, too, suggests that also for flow cell B
the clogging locally reached only moderate levels. Similar
observations have been made previously by Kildsgaard
and Engesgaard (2002) and Thullner et al. (2002a) in clog-
ging experiments using two-dimensional flow fields. How-
ever, it should be noted that in a subsequent modeling
study Thullner et al. (2004) could reproduce the results of
Thullner et al. (2002a) while showing that high reductions
in hydraulic conductivity by ~2 orders of magnitude in a
narrow clogging zone allowed a tracer dye entering the
area enveloped by the bioclogged zone.

Comparison of One- and Two-Dimensional Flow Fields
Besides the widths of the flow cell, the experimental

setup for flow cell A and flow cell B was basically identi-
cal not providing further cause for differences between the
clogging effects than those attributed to the different flow
fields. In flow cell A, the flow field is assumed to be one
dimensional. This assumption is challenged by the nutrient
injection port being a point source in a homogenous back-
ground flow field, but the small width of the flow cell
(1 cm) is taken as justification for the applied simplifica-
tion. Using this assumption and taking into account that in
the downstream zone the average hydraulic conductivity
reduction did not change significantly along the flowpath
indicate that the average hydraulic conductivity change
provides a reasonable estimate for bioclogging effects
occurring locally. This suggests that the changes of hy-
draulic conductivity were moderate on the local scale too.

Extrapolating the results from flow cell A to flow cell
B it can be assumed that locally the impact of the microor-
ganisms on the hydraulic conductivity was approximately
the same. This assumption is supported by the numbers of
microorganisms measured for the clogged downstream
zone of flow cell A and inside the clogged nutrient port
streamlines for flow cell B. For bacteria and fungi, these
numbers differ only by a factor of 2 between the different
flow cells, whereas numbers for the unclogged areas were
2 orders of magnitude smaller. However, in contrast to
flow cell A, the average hydraulic conductivity measured
for the zones upstream and downstream of the nutrient

injection ports in flow cell B were quite similar hardly
indicating any clogging effects to occur. The flow field
observed during the tracer tests performed for flow cell B
demonstrates that the clogging was changing the flow
from an initially quite homogeneous pattern toward a pref-
erential flow pattern with a succession of clogged areas
and flow paths bypassing the clogged areas along the
width of the flow cell. The number of microorganisms and
flow velocities determined for different flow paths during
a tracer test indicate that the contrast in hydraulic conduc-
tivity between clogged and unclogged areas along the
width of flow cell B is similar to the contrast observed
between the clogged and unclogged zones in flow cell A.
This demonstrates that despite the small scale of the exper-
imental setup, a homogeneous flushing of the flow cell
was prevented by the bioclogging. The observation of
steep spatial gradients in biomass concentration was also
reported by Thullner et al. (2002a), but using a different
nutrient supply system. In contrast to other small-scale ex-
periments (e.g., Stewart and Fogler 2002), the sharp con-
trast we observed between clogged and unclogged areas on
a mm to cm scale was not caused by a constant flux setup,
where increasing shear forces results in preferential flow
paths through a clogged porous media. In addition, the
clogged areas are assumed to be clogged only moderately.
These results indicate that even in small-scale setups, mod-
erate levels of bioclogging can lead to a preferential flow
pattern, with bioclogged areas bypassed by preferential
flow paths. As a consequence, measuring the average hy-
draulic conductivity on a larger scale does not allow detect-
ing the occurrence of bioclogging in such a case. Finally,
these findings indicate that results obtained from column
experiments assumed to have a one-dimensional flow field
provide only limited information on the occurrence of bio-
clogging effects in two-dimensional flow fields.

Implications for Clogging Effects in Field-Scale Biobarriers
Transferring the results from laboratory experiments to

the field and to the application of biobarriers is challenged
by the differences in the spatial and temporal scales and in
experimental conditions such as the hydraulic gradient. In
the field, hydraulic gradients would be much smaller than
in the present experiment, resulting in smaller rates of
nutrient supply and biomass growth. Therefore, the period
required for biomass accumulation being sufficiently high
for bioclogging would be longer than observed in the pres-
ent laboratory experiments. This and the difference in the
spatial scale suggest that in the field, bioclogging effects
occur on a larger time scale than observed in the flow
cells. However, there were no indications that the effects
presented here—bioclogging-induced preferential flow
patterns within a PRB—would not generally take place
under field conditions too. Actually, most bioclogging stud-
ies so far were performed in the laboratory and hardly any
quantitative data are available on the occurrence of bio-
clogging on the field scale. As a consequence, up to now
the prediction of bioclogging and its implications on the
performance of biobarriers is based on data from the labo-
ratory. The performance of biobarriers is tested by model
predictions and the breakthrough of reactive and nonreactive
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tracers measured at selected observation points downstream
of the barrier (e.g., Hyndman et al. 2000; Dybas et al. 2002).
These approaches are certainly limited by the occurrence of
flow field heterogeneities caused by the aquifer material at
a site (Bilbrey and Shafer 2001). Our experiments show that
even in the absence of these initial heterogeneities, the
occurrence of bioclogging can lead to a heterogeneous flow
pattern. The increased travel velocities in these paths would
reduce the residence time of any contaminants in a bio-
barrier, thus limiting the barrier’s ability to degrade the contam-
inants. Our results indicate that even moderate bioclogging
can cause such an effect, i.e., in our case at least 77% of
the flow passed the barrier via the preferential paths. Fur-
thermore, the observed spreading of the injected tracer
showed that detecting such a preferential flow pattern
might highly depend on the position of observation points
and that a high number of these points might be needed
to resolve the flow pattern downstream of a biobarrier and
consequently the evaluation of a biobarrier’s performance
might require a higher number of observation points than
commonly used. In addition, our observations emphasize
the importance of using an appropriate nutrient delivery
system within a biobarrier. This delivery system must sup-
port a smooth distribution of microorganisms within the
biobarrier avoiding hot spots of microbial activity as they
can lead to the observed bioclogging effects.

Conclusions
This study addressed the impact hydraulic conductiv-

ity changes due to bioclogging can have on the flow pat-
tern in an engineered biobarrier. Results obtained from
laboratory-scale flow cell experiments having a two-
dimensional flow field indicate that even for nutrient sup-
plies leading to moderate clogging, only, the flow field in
the biobarrier exhibits preferential flow paths. These flow
paths are the main contributors to water flow through the
biobarrier, and the increased velocities in these paths lead
to a decreased residence time of water and its constituents
in these biobarriers. The average hydraulic conductivity of
the entire barrier was hardly affected by the bioclogging
suggesting that a detection of such clogging effects in the
field might require a high spatial resolution of the monitor-
ing system even at sites with no initial heterogeneities to
allow detecting the occurrence of preferential flow paths
developing during the operation of the biobarrier. Further-
more, these results suggest that the performance of PRB
used for the bioremediation of contaminated ground water
does require a homogeneous growth of organisms not only
to increase the contact between microorganisms and con-
taminants but also to avoid the occurrence of hot spots of
microbial growth, which would lead to a preferential flow
pattern within the biobarrier. Observations from this study
show that information from column experiments on bio-
clogging assuming a one-dimensional flow field is already
of limited use for predicting bioclogging effects in two-
dimensional flow fields. Predicting the impact bioclogging
might have on PRBs should not be done based on such
column experiments, and more research is recommended
to investigate these clogging effects in the field directly.
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