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Abstract
We characterize the hydraulics of an extraction-injection well pair in arbitrarily oriented regional flow by the

recirculation ratio, area, and average residence time in the recirculation zone. Erratic regional flow conditions
may compromise the performance of the reactor between a single well pair. We propose an alternative four-well
system: two downgradient extraction and two upgradient injection wells creating an inner cell nested within an
outer cell. The outer cell protects the inner cell from the influence of regional flow. Compared to a two-well sys-
tem, the proposed four-well system has several advantages: (1) the recirculation ratio within the nested inner cell
is less sensitive to the regional flow direction; (2) a transitional recirculation zone between the inner and outer
cells can capture flow leakage from the inner cell, minimizing the release of untreated contaminants; and (3) the
size of the recirculation zone and residence times can be better controlled within the inner cell by changing the
pumping rates. The system is applied at the Field Research Center in Oak Ridge, Tennessee, where experiments
on microbial in situ reduction of uranium (VI) are under way.

Introduction
In situ bioremediation of contaminated ground water

often involves delivery of an electron donor or acceptor
and nutrients into the aquifer to create a biologically active
zone in which bacteria are stimulated to transform the con-
taminants. Effective chemical delivery is recognized as
a critical issue in the design of such systems. The reactants
must mix with the contaminant to facilitate microbial
growth and biodegradation (Sturman et al. 1995; Dybas
et al. 1998; Witt et al. 1999; Hyndman et al. 2000). Extrac-
tion and injection wells create recirculation zones function-
ing as in situ reactors and may provide a high degree of
hydraulic control. This setup is effective in delivering and
mixing dissolved compounds and has been successfully

applied for in situ bioremediation (McCarty et al. 1998;
Hyndman et al. 2000; Gandhi et al. 2002).

In pump-and-treat applications, the objective is to
optimize the number, location, and flow rates of wells
to capture the plume reliably and with minimal effort
(Gorelick et al. 1993). Designing in situ reactors includes
additional design criteria, such as the recirculation ratio,
i.e., the proportion of flow within the recirculation zone
to the well flow rate, the area or volume of the re-
circulation zones, and the residence-time distribution
within the recirculation zones. Christ et al. (1999) present
a semianalytical scheme to evaluate the recirculation ratio
of flow within recirculation zones created by multiple
colinear well pairs. Cunningham and Reinhard (2002)
compared the hydraulics of an injection-extraction well
pair and permeable reactive barriers, focusing on capture
zone width, assuming the regional flow direction is
orthogonal to the well placement. Zhan (1999), Luo and
Kitanidis (2004), and Cunningham et al. (2004) present
analytical and semianalytical results for the fluid resi-
dence time within the recirculation zone.

The present work was motivated by the need to cre-
ate an in situ reactor to investigate the microbial reduc-
tion of mobile and soluble U(VI) to immobile and
insoluble U(IV) in a highly acidic nitrate-contaminated
aquifer in Oak Ridge, Tennessee. The contamination

1Department of Civil & Environmental Engineering, Stanford
University, Stanford, CA 94305-4020.

2Environmental Science Division, Oak Ridge National Labora-
tory, Oak Ridge, TN 37831-6038.

3Swiss Federal Institute for Environmental Science and Tech-
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conditions complicate the hydraulic control requirements
for the in situ reactor design. The performance must be
unaffected by regional flow conditions, release of un-
treated uranium to downgradient areas must be mini-
mized, and the residence-time distribution within the in
situ reactor must be conveniently adjusted.

We consider two-dimensional ground water flow in
a homogeneous, isotropic aquifer. We first analyze the
two-dimensional hydraulics of the recirculation zone
created by a single-reactor system with an extraction-
injection well pair with arbitrarily oriented regional flow.
We consider the recirculation ratio, the area of the recir-
culation zone, and the average residence time within the
recirculation zone. Then, we propose a nested-cell
design, consisting of two upgradient injection wells and
two downgradient extraction wells. We show that in the
inner cell the recirculating flow is less influenced by the
regional flow than a single well pair and leakage may be
captured by the outer cell. This design was applied in
the experiment on uranium bioreduction in Oak Ridge,
Tennessee. We evaluate the hydraulic performance of the
nested inner cell design based on tracer test data.

Single-Reactor System
We implement and extend the approach of Luo and

Kitanidis (2004) to analyze the single-reactor system. Pa-
rameters and variables listed in Table 1 are used to calcu-
late the flow field. The origin of the system of coordinates
is chosen as the midpoint between the two wells, which
are placed on the x-axis with spacing 2d. The spatial co-
ordinates are made dimensionless by dividing by d. The
regional flow Q0 is oriented at angle a from the x-axis.
The pumping rate is Qw. Aquifer porosity is n, and uni-
form thickness is b.

Recirculation Ratio
The recirculation ratio, Pr , is the total volumetric flux

between the wells divided by the pumping rate (Luo and
Kitanidis 2004):

Pr ¼ 12
jCsdj
pk

ð1Þ

where jCsdj is the absolute value of the dimensionless
stream function at the stagnation points and k is the
dimensionless pumping rate. The capture ratio, Pc, is
defined as the normalized regional flow captured by the
extraction well:

Pc ¼ 12Pr ¼
jCsdj
pk

ð2Þ

Figure 1 shows the recirculation and capture ratios
for a single well pair as a function of regional flow orien-
tation for dimensionless pumping rate k ¼ 10. Pr and Pc

are sensitive to the regional flow orientation. At a ¼ 0, Pr

reaches the maximum value of unity, indicating complete
recirculation between the injection and extraction wells.
Changing the a, Pr decreases and Pc increases until a ¼ p,
where the extraction well is directly upgradient of the
injection well. Although in real aquifers perfect re-
circulation never occurs because heterogeneity distorts
the flow field, this analysis highlights the effect of
regional flow orientation.

Figure 2 shows that the recirculation ratio Pr increases
and the capture ratio Pc decreases with the pumping rate k.
The effect of changing k is more prominent when k is
small. To reach a certain recirculation ratio, the required k
depends on a. Under certain circumstances, a recirculation
zone and a capture/release zone are not both possible. For

Table 1
Parameters and Variables for the Characterization of the Single-Reactor Flow Field

Symbol Description Nondimensionlization

x, y, z Coordinates [L] xd ¼ x/d, yd ¼ y/d, zd ¼ xd 1 iyd
Q0 Regional flow rate [L2 T21] Q0d ¼ eia

Qw Well pumping rate [L3 T21] k ¼ Qw

2pQ0d

QR Recirculation flow rate [L3 T21] Pr ¼ QR/Qw

V Complex potential [L3 T21] Vd ¼ k ln

�
zd21

zd 1 1

�
2zde

2ia

F Discharge potential [L3 T21] Fd ¼
k
2
ln

�
ðxd21Þ2 1 y2d

ðxd 1 1Þ2 1 y2d

�
2ðxd cos a1 yd sin aÞ

C Stream function [L3 T21]
Cd ¼ kðh12h2Þ2ðyd cos a2xd sin aÞ;

where h1 ¼ tan21

�
yd

xd21

�
; h2 ¼ tan21

�
yd

xd 1 1

�
A Area of the recirculation zone [L2] Ad ¼ A/d2

tR Average residence time within the recirculation zone,

tR ¼ nAb

QR
[T]

sR ¼ tR
T
¼ Ad

Prk
; where T ¼ nbd

2pQ0
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example, for a ¼ 0, there are no capture and release zones.
For a 6¼ 0, a minimum pumping rate, kmin, must be ex-
ceeded to guarantee recirculation. Its value is given by
Pr ¼ 0, i.e., jCsdj ¼ pkmin, which is the stream function
value at the origin. Thus, in this critical case the separation
streamline passes through the stagnation points and the ori-
gin, regardless of the regional flow orientation, and divides
the flow field into a capture zone and a release zone but no
recirculation zone exists. For a ¼ 0, full recirculation is
achieved for any nonzero pumping rate. If the well place-
ment is parallel to the regional flow with an upgradi-
ent extraction well and a downgradient injection well, i.e.,
a ¼ p, kmin ¼ 1/2. At a ¼ p/2, kmin ¼ 0.5495, which is
consistent with Cunningham and Reinhard (2002). The
maximum value of kmin is ~0.6366 reached at a ’ 130�.
Thus, if k > 0.6333, a recirculation zone will exist regard-
less of regional flow orientation.

Average Residence Time
The average residence time, tR, is the reactor volume

divided by the discharge. Figure 3 shows that the dimen-
sionless area and the average residence time within the
recirculation zone depend similarly on regional flow
orientation because Ad is much more sensitive to a than
the recirculation ratio Pr , so that the ratio Ad/Pr ¼ ksR is
dominated by the behavior of Ad. The largest residence
time sR is found for the perfect recirculation pair (a ¼ 0),
which creates the largest recirculation zone, and the
smallest is for the injection well directly downgradient of
the extraction well (a ¼ p), which creates the smallest
recirculation zone.

Figure 4a shows that the dimensionless recirculation
area Ad depends linearly on the pumping rate k with differ-
ent slopes for different a. The slope is between 1.735 and
2p. The maximum and minimum are reached at a ¼ 0 and
a ¼ p, respectively. Pr is 1 at a ¼ 0, so sR becomes a con-
stant, 2p (Luo and Kitanidis 2004). For other regional flow
directions, increasing k affects sR only when k < 20
because increasing the pumping rate k makes the re-
circulation ratio Pr approach unity quickly, resulting in
sR / Ad/k. Thus for large k, the increase in k and the
linear increase in Ad cancel each other in the evaluation of
sR (Figure 4b). The dimensional residence time is:

tR ¼ sRT ¼ sR
nbd

2pQ0

ð3Þ

Thus, increasing pumping rates is not an effective
way to change the residence time within the recirculation
zone in the range of k > 20.

Nested Inner Cell
In many applications, we need to create a well-

controlled recirculation zone, separated from the regional

Figure 1. Recirculation ratio (Pr) and capture ratio (Pc) for
an extraction-injection well pair as a function of regional
flow orientation a. Dimensionless pumping rate l = 10.

Figure 2. Recirculation ratio (Pr) and capture ratio (Pc) as
a function of the dimensionless pumping rate (l).

Figure 3. Dimensionless area, Ad, and average dimensionless
residence time, sR, within the recirculation zone created by an
extraction-injection well pair at l = 10 as a function of a. The
dashed line represents 0.1 Ad, and the solid line represents sR.

268 J. Luo et al. GROUND WATER 44, no. 2: 266–274



flow, i.e., Pr ¼ 1. In theory, this requirement could be met
by a two-well system where the wells are perfectly
aligned with the regional flow (a ¼ 0). Such a system
would create a closed loop, where all the water injected
moves to the extraction well and the regional flow does
not pass through either well. In practice, however, the
direction of regional flow may be unknown and vary with
time, making complete recirculation unrealistic in field
applications.

Here, we propose a four-well system as depicted in
Figure 5. Two injection wells are placed upgradient, and
two extraction wells are placed downgradient. In the ideal
case, regional flow is parallel to the well alignment and

four stagnation points are located on the x-axis of the sys-
tem of chosen coordinates. Two stagnation points are
between the inner and outer well pairs, and the other two
are located outside of the outer well pair. Streamlines
passing through the stagnation points delineate two
‘‘closed loops.’’ An inner cell is enclosed by an outer cell
and thereby separated from regional flow. To compare the
hydraulic performance of the nested cell with the single-
reactor system, we assume the wells have identical flow
rates of ±Qw/2, so the total pumping rate of the four-well
system equals that of the two-well system. The spacings
between the inner wells and outer wells are 2d and 4d,
respectively. We use the same dimensionless variables as
for the previous system.

Recirculation Ratio
The four-well system has four stagnation points:

z2sd ¼
5

2
1

3

2
keia ±

1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9k2ei2a 1 6keia 1 9

p
ð4Þ

The recirculation ratios for the inner and outer cells
in the four-well system are given by:

Pinner
r ¼ 22

2jCinner
sd

j
pk

Pouter
r ¼ 12

jCouter
sd

j
pk

ð5Þ

where Cinner
sd and Couter

sd are the stream functions at the
inner and outer cell stagnation points, respectively.

Figure 6 shows the recirculation ratio for both sys-
tems as a function of regional flow orientation for
a dimensionless pumping rate of k ¼ 10. For the two-well
system, the recirculation ratio Pr is unity only when
regional flow is parallel to the well alignment (a ¼ 0). A
deviation of 4� leads to a decrease of the recirculation
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Figure 4. Dimensionless area (Ad) and average residence time (sR) within the recirculation zone as a function of the dimen-
sionless pumping rate (l). (a) Ad; (b) sR.

Figure 5. Flow net created by an ideal four-well system.
Solid lines: streamlines; dashed lines: equipotential lines;
bold solid lines: separation streamlines.
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ratio to 99%, that is, 1% of the extracted water comes
from the regional flow and 1% of the injected water is
released to the ambient flow. At a ¼ 30�, Pr drops to
92.5%, and at a ¼ 90�, it drops to 80%. In contrast, the
regional flow orientation has a smaller influence on the
recirculation ratio of the nested inner cell created by
the four-well system. Pinner

r is 99% at a ¼ 7�, 95.6% at
a ¼ 30�, and 91% at a ¼ 90�. Thus, for the inner well
pair, most flow recirculates in the inner cell regardless of
the direction of regional flow, while the outer cell is more
sensitive to the direction of regional flow than the re-
circulation zone of the two-well system because the inner
cell distorts the outer cell streamlines (Figure 7).

Figure 7 shows the flow nets created by the two
systems with regional flow orientation a ¼ 30� and
dimensionless pumping rate k ¼ 10. The flow field of the

two-well system (Figure 7a) can be divided into four
zones: capture zone, recirculation zone, release zone, and
regional flow zone. About 92.5% of the pumped water
circulates within the recirculation zone. From regional
flow, 7.5% of the extracted water is captured, and the
same amount is released from the injection well to
regional flow. The flow field of the four-well system (Fig-
ure 7b) is more complicated. Three recirculation zones
are identified: outer recirculation cell (zone I), inner re-
circulation cell (zone II), and between them a narrow re-
circulation zone (zone III) connecting the inner and outer
well pairs. Water extracted by the outer extraction well
includes recirculated water from zones I and III, and cap-
tured water from the regional flow. Water extracted by the
inner extraction well includes the recirculated flow from
zones II and III. The inner recirculation zone (zone II) is
nested by zones I and III and has no direct connection to
the regional flow.

Figure 8 shows the dependence of recirculation ratios
Pr, P

inner
r , and Pouter

r on the dimensionless pumping rate k.
Increasing k increases the recirculation ratios within the re-
circulation zones because the relative impact of regional
flow decreases with higher pumping rates. However, to
achieve a recirculation ratio larger than 85%, the two-well
system requires a considerably higher pumping rate than
the nested inner cell. Specifically, if nearly complete
recovery is desired, i.e., Pr > 0.99, the pumping rate of the
two-well system must be ~10 times larger than for the nes-
ted inner cell for a ¼ 30�. For large k, the outer cell creates
a flow field, which is almost parallel to the orientation of
the inner wells, that is, the inner-cell flow field approaches
a state similar to the two-well system at a ¼ 0. This also
explains why the inner recirculation ratio approaches unity
not only for a ¼ 0 but also for a ¼ p (Figure 6).

Fluid Residence Times
Figure 9 shows the dimensionless area of the inner

cell Ainner
d as a function of the dimensionless pumping

rate k. After a rapid initial increase, Ainner
d approaches an

asymptotic value. This is very different from the single-

Figure 6. Recirculation ratio for the two-well and four-well
systems as a function of the direction of regional flow at k =
10. Pr, and P inner

r and P outer
r represent the recirculation

ratios of the two-well system, and the inner and outer cells of
the four-well system, respectively.

Figure 7. Flow nets at k = 10, a = 30. Solid lines are streamlines, dashed lines are equipotential lines, and dark solid lines are
separation streamlines. Arrows indicate the flow direction. (a) two-well system; (b) four-well system. Roman numerals refer to
zones identified in the text.
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reactor system (Figure 4a), where Ad depends linearly
on k. The asymptotic value can be derived using Equa-
tion 4. At a ¼ 0,

z2sd ¼
5

2
1

3

2
k ±

1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð3k1 1Þ2 1 8

q

¼ 5

2
1

3

2
k ±

1

2
ð3k1 1Þ; k/N

ð6Þ

Thus, the inner two stagnation points are given by:

zinnersd ¼ ±
ffiffiffi
2

p
ð7Þ

When k is large, the shape of the inner cell is circular
with maximum area:

Ainner
max ¼ 2pd2;Ainner

d;max ¼ 2p ð8Þ

In the previous section, we showed that it is difficult
to change the average residence time within the recircula-
tion zone of the two-well system once the wells are

installed because the area of the recirculation zone in-
creases almost linearly with the pumping rate, particularly
when a is close to zero. In contrast, the nested inner cell
created by the four-well system approaches an asymptotic
area (Equation 8), which makes it easy to adjust the aver-
age residence time within the inner cell by changing the
pumping rates of the well. For k > 20, we have:

tR ¼ 4pd2

Qw
ð9Þ

Thus, the average residence time within the inner cell
becomes inversely proportional to the pumping rate if
k > 20. Furthermore, the flow field in the inner nested cell
is more uniform than that of the two-well system, so the
distribution of well-to-well travel time is more peaked
and exhibits less tailing, meaning more uniform delivery
of reactants into the treatment zone.

Application at Oak Ridge, Tennessee
We apply the proposed four-well system at the Field

Research Center of the U.S. Department of Energy
Natural and Accelerated Bioremediation program in Oak
Ridge, Tennessee. The ground water at the site is acidic
(pH ’ 3.4), contains high levels of nitrate (’10 g/L), and
has high concentrations of metals. Soluble uranium is
present at toxic levels of 20 to 50 mg/L. The general
strategy proposed for stabilizing the contaminants within
the aquifer is based on microbial reduction of U(VI),
which is comparably mobile, to U(IV), which forms prac-
tically insoluble uraninite precipitates.

Full hydraulic control is essential in the design of
the bioremediation experiment, which proceeds as fol-
lows. First, nitrate and calcium, which inhibit uranium
bioreduction (Abdelouas et al. 1998; Senko et al. 2002;
Finneran et al. 2002; Brooks et al. 2003), are washed out
by an acidic, aluminum-free solution. Then, pH is raised
to near-neutral conditions, which are favorable for U(VI)-
reducing bacteria. Finally, ethanol is added as an electron
donor to stimulate microbial activity. While the dissolved
uranium is washed out in the first step, ~95% of the ura-
nium remains in the system because it is sorbed to the soil
matrix. It is crucial to keep ambient flow from entering
the treatment zone because even 1% of high-nitrate water
leakage could inhibit bioreduction of uranium. Further-
more, uranium mobilized at intermediate times must not
be released to the downgradient regional flow.

We selected the four-well design proposed in the
previous section to create favorable conditions for the
uranium bioremediation experiment. Four pumping wells
and three multilevel-sampling (MLS) wells were in-
stalled, all to 15 m depth (Figure 10). The pumping wells
were intended to be aligned along strike, which is the
x-axis in Figure 10. The MLS wells should have been
aligned along dip, which is the y-axis in the figure.
Regional flow is assumed oriented along strike with
a hydraulic gradient <0.001. It is unrealistic to assume
perfectly straight borehole installation when drilling in
actual geologic media, and Figure 10 shows that the wells
are not exactly aligned. The misalignment is due

Figure 8. Recirculation ratios for the different setups as
a function of the dimensionless pumping rate (k). Orienta-
tion of regional flow, a = 308.

Figure 9. Dimensionless area of the inner cell as a function
of the dimensionless pumping rate (k). Orientation of
regional flow, a = 0.

J. Luo et al. GROUND WATER 44, no. 2: 266–274 271



primarily to borehole deviation. A narrow fracture zone
with high hydraulic conductivity was found at ~12-m
depth, consistent with vertical profiles of chemical com-
position and electromagnetic borehole flowmeter testing,
indicating that flow moves predominantly within this
narrow region of preferential flow (Solomon et al. 1992;
Fienen et al. 2004). The heterogeneity and difficulty in
well alignment with regional flow motivated the four-well
nested approach in this work.

We implemented a forced-gradient tracer test using
the well system shown in Figure 10 to investigate its
hydraulic performance. During the tracer tests, modified
tap water was injected in the outer injection well FW024
at 141 L/h and into the inner injection well FW104 at 240
L/h. The inner extraction well FW026 pumped at 180 L/h,
and the outer extraction well FW103 pumped at 84 L/h.
To establish a steady-state flow field, a tracer-free acidi-
fied solution was injected over 18 h into both injection
wells. Subsequently, an acidified solution containing
MgBr2 as tracer was injected into the inner injection well
FW104 for 16 h, while a tracer-free acidified solution
continued to be injected in the outer injection well
FW024. After that, the tracer-free acidified solution was
added again to both injection wells. The extraction wells
were operated during all injection periods. The previous
steps took 96 h in total. Finally, both the injection and
extraction were stopped, reestablishing the ambient flow
regime.

A nested inner cell was created between wells
FW104 (injection) and FW026 (extraction), protected by
outer cells created by wells FW024 and FW103. The total
mass captured by the inner well FW026 was 55% of the
total bromide injected, whereas 39% was captured by the
outer well FW103. Only 6% of the mass was not recov-
ered during the 96 h, indicating that the connection
between the injection and extraction wells is acceptable.
The unrecovered portion may be lost in the long tail of
the breakthrough curve, removed during sampling at the
MLS wells, or lost by leakage from the outer cell to
regional flow. If the system were ideally homogeneous
with wells placed exactly along strike and without

transverse dispersion, the bromide mass captured by inner
extraction well FW026 would equal the pumping rate
ratio of 75% for the pumping rates used in the test. Both
the misalignment of the wells and the heterogeneity of
the aquifer led to the observed reduction of the recovery.
Misalignment of the wells is equivalent to the regional
flow orientation not parallel to the wells and may create
a transitional zone between the inner and outer cells, re-
sulting in tracer leakage from the inner to the outer cell.
Heterogeneity may also provide some stream tubes
directly connecting FW104 to FW103.

Figure 11 shows the breakthrough curves of nitrate at
the outer extraction well FW103 and the MLS wells. The
concentrations are normalized by the initial nitrate con-
centration. Since nitrate-free water was injected during
the tracer test, the depletion in nitrate serves as an addi-
tional tracer. Nitrate concentrations at MLS wells FW101
and FW102 responded faster to the injection of nitrate-
free water than MLS well FW100. Also, the levels at the
former two wells dropped to very low values, <0.01,
within the 4 d of injection. This difference in response is
mainly due to variations in travel time. After pumping
stopped, nitrate concentrations recovered to 60% to 95%
of the initial value within 10 months. The rebound is
caused by the intrusion of indigenous ground water and
local mass transfer from immobile zones into the accessi-
ble mobile zone. This information confirms that the nes-
ted inner cell was almost completely separated from the
intrusion of the regional flow during the tracer test. In
addition, during the 4-d tracer test, the nitrate concentra-
tion in the outer extraction well FW103 dropped to 3% of
the initial concentration, showing that most flow captured
in the outer extraction well was from the injected clean
water at wells FW024 and FW104.

Summary and Conclusions
Hydraulic control is a critical issue for in situ bio-

remediation. In contrast to pump-and-treat applica-
tions, multiple factors must be considered such as the
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recirculation ratio, the area of the recirculation zones,
and the residence time within. We first analyzed the
hydraulics of a recirculation zone created by an extrac-
tion-injection well pair in arbitrarily oriented regional
flow. We studied the impacts of the pumping rate and the
regional flow orientation. New results include:

1. The recirculation ratio within the recirculation zone is

sensitive to the regional flow direction, especially at low

pumping rates.

2. The dimensionless area of the recirculation zone is approx-

imately linear with the dimensionless pumping rate k.
3. The average residence time within the recirculation zone

approaches an asymptotic value at large k. Once a well

system is installed, it is almost impossible to adjust the

average residence time within the recirculation zone by

changing the pumping rate, at least for k > 20.

We have presented an application at Oak Ridge,
Tennessee, as a case study for in situ reactor design in
which hydraulic control is of utmost importance. Here, we
have proposed a four-well nested-cell approach. Compared
to a two-well system, it has the following advantages:

1. The inner cell is separated from the regional flow by

a protective outer cell.

2. The recirculation ratio in the nested inner cell is less sensi-

tive than the two-well system to regional flow orientation.

3. The average residence time within the nested inner cell

can easily be adjusted by changing the pumping rates of

the wells.

A forced-gradient tracer test indicates stronger leakage
from the inner to the outer cell than predicted for an ideal-
ized homogeneous aquifer. We believe such deviations are
typical for most natural aquifers (Cirpka et al. 1999). The
hydraulic design incorporates a margin of safety. If we had
installed a classical two-well system, we would have mixed
ambient flow into the proposed treatment zone and released
water from the treatment zone to ambient flow. The current
nested-cell design is less risky because the inner cell does
not directly contact regional flow. Instead, there is an
exchange between the inner and outer cells. Nonetheless, it
is important to maintain favorable conditions by chemical
amendments into both injection wells. In the ongoing bio-
remediation experiment, we add the electron donor only
into the inner injection well, whereas the outer cell is
flushed with a nitrate- and uranium-free solution at a pH
that favors retention of sorbed U(VI). This minimizes loss
of U(VI) from the system and creates favorable conditions
for U(VI) reduction inside the inner cell.
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