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[1] During in situ remediation, a treatment solution is often injected into a contaminated
aquifer to degrade the groundwater contaminant. Since contaminant degradation reactions
occur only at locations where the treatment solution and groundwater contaminant overlap,
mixing of the treatment solution and the contaminated groundwater is necessary for reaction
to occur. Mixing results from molecular diffusion and pore-scale dispersion, which operate
over small length scales; thus, mixing during in situ remediation can only occur where the
separation distance between the treatment solution and contaminated groundwater is small.
To promote mixing, advection can be used to spread the treatment solution into the
contaminated groundwater to increase the extent of the region where the two solutions
coexist. A certain degree of passive spreading is the natural consequence of aquifer
heterogeneity, which is manifested as macrodispersion. An alternative mechanism is active
spreading, in which unsteady flows lead to stretching and folding of plumes. Active
spreading can be accomplished by engineered injection and extraction (EIE), in which clean
water is injected and extracted at wells surrounding a contaminant plume to create unsteady
flow fields that stretch and fold the treatment solution and contaminant plumes. For a model
system in which nested plumes of two reactants undergo scalar transport and instantaneous
reaction, the simulation results reported here indicate that EIE enhances degradation of
groundwater contamination in homogeneous and heterogeneous aquifers compared to
baseline models without EIE. Furthermore, this study shows that the amount of reaction
provided by the spreading due to EIE is greater than the amount of reaction due to
spreading from heterogeneity alone.

Citation: Piscopo, A. N., R. M. Neupauer, and D. C. Mays (2013), Engineered injection and extraction to enhance reaction for
improved in situ remediation, Water Resour. Res., 49, 3618–3625, doi:10.1002/wrcr.20209.

1. Introduction

[2] Energy-efficient methods of remediating contami-
nated groundwater, such as in situ remediation, have
become increasingly relevant given the current state of ris-
ing water and energy usage across the globe. In situ reme-
diation, where a treatment solution (containing oxidants,
electron donors, or nutrients) is injected into the aquifer, is a
commonly used method for treating contaminated ground-
water. For example, chemical oxidants, like potassium per-
manganate, can be used to treat chlorinated solvents, like
trichloroethylene [Yan and Schwartz, 1999], a common
groundwater contaminant associated with industrial degreas-
ing [Wartenburg et al., 2000]. Contaminant degradation

requires mixing the treatment solution and the contaminated
groundwater [MacDonald and Kitanidis, 1993; Dentz et al.,
2011], but accomplishing mixing in aquifers is challenging
since the laminar flows characteristic of porous media pre-
clude the turbulent eddies that promote mixing in open
channel flows or engineered reactors. Accordingly, consid-
erable work has been undertaken to model and quantify
plume spreading and mixing in the context of groundwater
remediation. Here the term spreading indicates plume
reconfiguration by advection and macrodispersion without
dilution, and the term mixing indicates molecular diffusion
and pore-scale dispersion with dilution [Dentz et al., 2011].
Spreading by advection and macrodispersion can increase
the contact area between the treatment solution and contam-
inant, which thereby promotes mixing of these reactants
since molecular diffusion and pore-scale dispersion only op-
erate over small characteristic length scales [Weeks and Spo-
sito, 1998; Bellin et al., 2011].
[3] Because spreading is a strictly advective process, it

can be interpreted as the consequence of spatially varying
velocity [Le Borgne et al., 2010]. In aquifers, spatially vary-
ing velocity generally results from heterogeneity of hydrau-
lic conductivity [Dagan, 1989, x4.3.5; Kitanidis, 1994].
Because heterogeneous aquifers are the rule rather than the
exception, essentially any in situ remediation scheme will
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therefore experience a certain degree of plume spreading.
Plume spreading, in turn, increases the spatial extent of the
plume interface, which is characterized by large contami-
nant concentration gradients. These large concentration gra-
dients promote transverse dispersion, which increases
mixing [Cirpka, 2005; Rolle et al., 2009], and increased
mixing allows for increased contaminant degradation
[Castro-Alcala et al., 2012]. However, in the current prac-
tice of in situ remediation, tactics to spread plumes of treat-
ment solution into contaminated aquifers are limited: Either
the treatment solution is left to travel with the ambient
groundwater flow, or it is drawn through the aquifer using a
downgradient pumping well [U.S. Environmental Protec-
tion Agency, 1998]. In either case, spreading is passive, in
the sense that it results from naturally occurring velocity var-
iations. In contrast, active spreading can be accomplished by
deliberately imposing unsteady flows in the contaminated
region of the aquifer. Active spreading is beneficial because
it opens the possibility of improved plume spreading based
on chaotic advection.
[4] Chaotic advection refers to a class of deterministic

laminar flows in which the trajectories of fluid particles ex-
hibit sensitive dependence on initial conditions [Aref,
1984; Ottino, 1989]. In such flows, fluid particles that are
initially separated by a small distance will eventually be
separated by a large distance (at least in certain regions of
the flow field), which provides good spreading. In two-
dimensional flows, chaotic advection generally results from
active control that establishes unsteady flow using rotating
rods [Aref, 1984], eccentric cylinders [Swanson and Ottino,
1990], or, particularly relevant to groundwater remediation,
injection and extraction of fluid through wells. Recognizing
its potential in groundwater remediation, Sposito [2006],
Bagtzoglou and Oates [2007], and Trefry et al. [2012] have
presented arguments for applying chaotic advection to
groundwater remediation.
[5] A unifying theme in the spreading literature is the im-

portant role of stretching and folding. Ottino [1989] includes
stretching and folding in his definition of fluid mixing as the
‘‘ . . . efficient stretching and folding of material lines and
surfaces.’’ Weeks and Sposito [1998] emphasized the impor-
tance of stretching and folding for spreading plumes in
groundwater. Folding is especially important because it
allows stretching to continue even within a bounded domain
[Aref, 2002], which is beneficial in the context of in situ
remediation, where it is necessary to contain the contaminant
within a limited area of the aquifer.
[6] Mays and Neupauer [2012] proposed a strategy to

enhance plume spreading in groundwater, called engi-
neered injection and extraction (EIE), in which a sequence
of injections and extractions of clean water at an array of
wells creates unsteady flow fields that stretch and fold the
interface between the treatment solution and contaminated
groundwater. They found that EIE can stretch and fold the
interface, leading to enhanced spreading in aquifers. At
least for the case of a homogeneous aquifer, they also dem-
onstrated the presence of chaotic advection during EIE,
which therefore places EIE in the class of flows known to
optimize spreading under laminar conditions [Ottino et al.,
1994].
[7] The goal of this paper is to demonstrate that EIE

leads to enhanced reaction during in situ remediation, as

compared to passive in situ remediation. In contrast to
Mays and Neupauer [2012], who considered only advective
transport during EIE, we consider advection, dispersion,
and reaction. We show through numerical simulations that
EIE can significantly enhance reaction during in situ reme-
diation, relative to passive in situ remediation without EIE,
for both homogeneous and heterogeneous model aquifers.
[8] The paper is structured as follows. In section 2, we

describe the EIE system, and the approach taken for model-
ing transport and reaction. We consider only instantaneous
reactions between the treatment solution and contaminant,
which are both assumed to be aqueous and nonsorbing. In
section 3, we present simulation results showing that EIE
leads to enhanced reaction in homogeneous and heterogene-
ous model aquifers. In section 4, we discuss practical con-
siderations of EIE and the limitations of our investigation.

2. Engineered Injection and Extraction System

[9] The model analyzed in this study represents a con-
fined, two-dimensional, isotropic aquifer with ambient
groundwater flow traveling from east to west at a rate of
0.02 m/d. A circular plume of treatment solution with ra-
dius 6.25 m is located at the center of a circular plume of
contaminated groundwater with outer radius 12.5 m, cen-
tered at the origin as shown in Figure 1. Four wells are
placed symmetrically around the plume, each at a distance
of L¼ 25 m from the origin.
[10] During EIE, wells are operated in a sequence at pre-

set rates of injection or extraction of clean water. This
study uses the 12-step sequence shown in Table 1, which is
the same sequence used by Mays and Neupauer [2012].
Each step of the sequence lasts for �t¼ 6.25 days, and
only one well operates during any given step. The sequence
is designed such that no net injection or extraction of water
occurs. This particular EIE sequence is only one example
that could be used to achieve stretching and folding under
the imposed constraints. It was chosen because it creates

Figure 1. Plan view of model aquifer showing the initial
positions of the treatment solution (yellow) and contami-
nant (blue) particles. Particles are placed on a regular grid
with 0.01L (0.25 m) spacing. The small open circles denote
the four wells, identified by cardinal direction.
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stretching and folding, while avoiding extraction of treat-
ment solution at the active extraction wells. This allows the
treatment solution to remain in the aquifer where it can react
with the contaminant, thereby avoiding reaction in the wells
where it could lead to clogging [Bagtzoglou and Oates,
2007; Li et al., 2010; MacDonald et al., 1999].
[11] Transport of the treatment solution and contaminant

in the model aquifer is described by the advection-disper-
sion reaction equation, given by

@Cj
@t

¼ �r � vCj
� �

þr � DrCj � R: (1)

where Cj is the concentration of the jth species ( j¼ 1 for
the treatment solution, j¼ 2 for contaminant, and j¼ 3 for
the reaction product), t is time, R is the reaction rate,
v¼(vx,vy) is the groundwater velocity vector, and D is the
dispersion tensor, with components given by

Dxx ¼ �L
vx2

jvj þ �TH
vy2

jvj ;

Dxy ¼ Dyx ¼ �L � �THð Þ vxvyjvj ;

Dyy ¼ �L
vy2

jvj þ �TH
vx2

jvj ;

(2)

[12] where �L and �TH are longitudinal and transverse
dispersivities. The velocity in (1) and (2) are calculated
from Darcy’s law

v ¼ � 1
n
Krh; (3)

where n is porosity, K is the hydraulic conductivity tensor,
and h is hydraulic head which is obtained from the solution
to the groundwater flow equation in a two-dimensional con-
fined aquifer, given by

Ss
@h

@t
¼ r �Krhþ Qi� x� xwið Þ� y� ywið Þ; (4)

where Ss is the specific storage, Qi is the rate of injection
during the ith step of the injection and extraction
sequence, xwi ; ywið Þ are the coordinates of the active well
during the ith step, and �(.) is the Dirac delta function. We
use MODFLOW [Harbaugh et al., 2000] to solve (4) using
parameter values found in Table 2.
[13] Reaction is modeled as an instantaneous irreversible

reaction given by

C1 þ C2 ! C3; (5)

where reactants C1 and C2 are the concentrations of the
treatment solution and groundwater contaminant, respec-
tively, and C3 is the concentration of the reaction product,
which is assumed to be inert. An instantaneous reaction
allows us to evaluate how reaction is enhanced by stretch-
ing and folding, not by chemical kinetics. For convenience,
the 1:1 stoichiometric ratio in (5) is assumed to imply a
1:1 mass ratio as well.
[14] The contaminated groundwater and treatment solu-

tion are simulated as a collection of particles initially
spaced 0.01L (0.25 m) apart on a regular grid. The particles
are subject to advection, dispersion, and reaction as shown
in (1)–(5). The advection and dispersion steps are modeled
using a random walk process based on the Kolmogorov
equation (6), given by [e.g., Uffink, 1989]

@C

@t
¼ ��i

@C

@xi
þ �ij

@2C

@xi@xj
; (6)

where subscripts imply summation over repeated indices
i,j ¼{x,y}, and � and � are drift and noise tensors, respec-
tively, given by

�i ¼ lim
�t!0

1

�t
hSii; (7)

�ij ¼ lim
�t!0

1

2�t
hSiSji; (8)

where Si is the step taken by the particle in a time interval
�t, and brackets denote statistical averaging. We rewrite

Table 1. Engineered Injection and Extraction Sequence Used in This Studya

Step 1 2 3 4 5 6 7 8 9 10 11 12

Active Well W E W E W E S N S N S N
Injection Rate (m3/d) 875 875 �250 �750 �400 �350 875 875 �250 �750 �400 �350
��2 3.5 3.5 �1.0 �3.0 �1.6 �1.4 3.5 3.5 �1.0 �3.0 �1.6 �1.4
aNegative injection rates represent extraction.

Table 2. Parameter Values Used in Modeling Flow Fields, Dis-
persion, and Reaction

Parameter Value

Specific storage, Ss 0.000001 m
Mean hydraulic conductivity, K 0.5 m/d
Ambient groundwater velocity 0.02 m/d
Aquifer thickness, b 10 m
Aquifer domain length 300.25 m
Finite difference grid discretization 0.25 m
Well spacing, L 25 m
Number of treatment solution particles 1961
Number of contaminant particles 5896
Hydraulic gradient 0.01
Variance of ln K 0.50
Variogram type Spherical
Correlation length, �, of ln K 6.25 m
Longitudinal dispersivity, �L 0.05 m
Transverse dispersivity, �TH 0.005 m
Duration of injection or extraction step, �t 6.25 d
Porosity 0.25
Initial mass per treatment solution particle 4 mg
Initial mass per contaminant particle 1 mg
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(1) to have the same form as the Kolmogorov equation to
obtain

@C

@t
¼ � vx �

@Dxx
@x

� @Dyx
@y

� �
@C

@x
� vy �

@Dxy
@x

� @Dyy
@y

� �
@C

@y

þ Dxx
@2C

@x2
þ Dxy

@2C

@x@y
þ Dyx

@2C

@x@y
þ Dyy

@2C

@y2
� R:

(9)

[15] The drift component of (9) is modeled in two steps:
The advection portion (e.g., vx) is handled by translating
particles with MODPATH [Pollock, 1994], based on the
flow fields obtained by solving (4) using MODFLOW
[Harbaugh et al., 2000]. The particle displacements due to
the derivatives of the dispersion coefficients are superim-
posed. Parameter values used in the model are summarized
in Table 2.
[16] Note that the relationship between key aquifer pa-

rameters can be described by the dimensionless number �2,
given by

�2 ¼ Q�t

�nbL2
; (10)

where b is the aquifer thickness. Equivalent results would
be obtained for any set of parameters that produce the
sequence of �2 shown in Table 1.
[17] In this study, we evaluate both homogeneous and

heterogeneous aquifers. To model heterogeneity, a random
field of ln K was generated using sequential Gaussian simu-
lation in GSLIB [Deutsch and Journel, 1992]. The random
ln K field is shown in Figure 2, and the statistical properties
are shown in Table 2.
[18] The dispersion component of (1) is modeled by add-

ing random displacements to the particle positions prior to
the advection step. Random displacements in the direction
of the local velocity vector and in the direction perpendicu-
lar to the local velocity vector are normally distributed with
zero mean and variances of 2�Ljvj�t and 2�TH jvj�t,
respectively, where �t is the duration of the injection or
extraction step. The longitudinal dispersivity �L was
selected to be approximately one tenth of the travel distance
of the ambient groundwater during �t. The remaining

parameter values used to model dispersion are summarized
in Table 2.
[19] After each advection step, reaction is modeled by

binning the treatment solution and contaminant particles
into 0.025L by 0.025L (0.625 m � 0.625 m) bins. To simu-
late instantaneous and complete reaction with a 1:1 mass
ratio between the treatment solution and contaminant, the
entire mass of the limiting reactant within each bin is
removed, and the mass of the excess reactant is reduced by
its mass reacted. The remaining mass of the excess reactant
is divided evenly among the particles of the excess reactant
in the bin. All reacted mass is converted to reactant product
such that mass is conserved.

3. Results

3.1. Reaction with Engineered Injection and
Extraction

[20] Figure 3 illustrates the positions of treatment solu-
tion, groundwater contaminant, and reaction product par-
ticles in a homogeneous aquifer after each step of the EIE
sequence given in Table 1. In the first six steps, the west and
east wells are operated alternately, first as injection wells
(steps 1 and 2) and then as extraction wells (steps 3–6). In
the final six steps, the pattern is repeated with the south and
north wells. The position and geometry of the plume reflects
the rate and location of injection or extraction performed at
that step. For instance, the plume is stretched during the
injection steps (Figures 3a and 3b), when flow diverges from
the active well, and the plume converges toward the active
well during the extraction steps (Figures 3c–3f), leading to
folding. After the first six steps of the sequence, the plume is
folded once; after the final six steps, the plume is folded a
second time.
[21] For each step of the EIE sequence, reaction of the

contaminant and treatment solution was simulated, as dis-
cussed above. Figure 4 (dotted line, circles) presents cumu-
lative percent contaminant mass reacted after each step of
the EIE sequence. Particles must be in close proximity to
react ; for instance, since treatment solution and contami-
nant particles are initially located adjacent to each other as
shown in Figure 1, significant reaction occurs during step
1. EIE reconfigures the arrangement of the particles during
each step of the sequence, leading to a measurable amount
of reaction in each step. Steps that substantially rearrange
the relative particle positions result in more reaction. For
example, the plume undergoes significant reconfiguration
in step 8, where the plume center is compressed while its
extremities are stretched (Figure 3h). This leads to a signifi-
cant amount of reaction occurring between steps 7 and 8 of
the EIE sequence (Figure 4).
[22] EIE was also simulated in a heterogeneous aquifer,

represented by the random ln K field shown in Figure 2.
Figure 5 illustrates the positions of treatment solution,
groundwater contaminant, and reaction product during
each step of EIE; the cumulative percent mass reacted is
shown in Figure 4 (solid line, circles). The spatially varying
ln K of the heterogeneous aquifer produces velocity varia-
tions. These velocity variations, combined with the velocity
variations that result from the unsteady flow fields gener-
ated by EIE, cause more spreading of treatment solution

Figure 2. Random ln K field. Well locations are depicted
with open circles and identified by cardinal direction.
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and contaminant than in the homogeneous aquifer, and
leads to slightly more reaction.

3.2. Reaction Without Engineered Injection and
Extraction

[23] To compare the effectiveness of EIE relative to
passive in situ remediation, we simulated the movement of
the plume in Figure 1 in homogeneous and heterogeneous

aquifers without EIE. The final positions of treatment solu-
tion, contaminant, and reaction product particles after 75
days (the duration of the EIE sequence in Table 1) are
shown in Figures 6a and 6b for the homogeneous and heter-
ogeneous aquifers respectively. The treatment solution and
contaminant particles mix somewhat as a result of disper-
sion; however, the degree of spreading is much lower than
with EIE (cf. Figures 6a and 3l and Figures 6b and 5l) for
the following reasons. First, because the plume travels with
ambient flow only, which provides no folding, particles do
not experience dramatic reconfiguration as with EIE. Addi-
tionally, since the plume travels at a lower velocity with
ambient flow than with EIE, it experiences less spreading
due to dispersion, because dispersion is assumed to be pro-
portional to the local velocity, as shown in (4). Note that
while the plume experiences more reconfiguration in the
heterogeneous aquifer than in the homogeneous aquifer,
there is less plume reconfiguration as compared to reconfi-
guration with EIE (Figure 4). For both aquifers, the amount
of contaminant mass reacted is significantly lower without
EIE than with EIE. Since spreading is lower as compared to
EIE, the amount of reaction by passive spreading during
each step is small relative to the amount of reaction by
active spreading by EIE. For the homogeneous aquifer, the
contaminant mass reacted without EIE is approximately one
sixth of mass reacted with EIE, while for the heterogeneous

Figure 3. Location of particles of treatment solution (yellow), contaminant (blue), and reaction product
(green) during EIE in a homogeneous aquifer. Arrows pointing to small open circles denote the active
well for each step of EIE, where arrows pointing down signify injection and arrows pointing up signify
extraction. The number in each subplot indicates the step of EIE in Table 1.

Figure 4. Cumulative percent contaminant mass reacted
during in situ remediation.
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aquifer, the contaminant mass reacted without EIE is
approximately one seventh of the mass reacted with EIE.

3.3. Sensitivity Analysis of Reaction to the
Heterogeneity Model

[24] To determine how the amount of reaction depends
on the heterogeneity model, we generated 100 realizations

each of six different heterogeneous ln K fields using GSLIB
by using two different correlation lengths, �¼ 0.125L
(3.125 m) and �¼ 0.25L (6.25 m), and three different val-
ues for the variance of ln K (0.25, 0.5, and 1.0). All ln K
fields have a mean K of 0.5 m/d and were generated using a
spherical variogram. For each random field, we simulated
the movement of the treatment solution, contaminated

Figure 5. Location of particles of treatment solution (yellow), contaminant (blue), and reaction product
(green) during EIE in a heterogeneous aquifer. Arrows pointing to small open circles denote the active
well for each step of EIE, where arrows pointing down signify injection and arrows pointing up signify
extraction. The number in each subplot indicates the step of EIE.

Figure 6. Positions of treatment solution (yellow), contaminant (blue), and reaction product (green)
particles after 75 days of travel with ambient groundwater flow in (a) a homogeneous aquifer and (b) a
heterogeneous aquifer. Small open circles denote well locations.
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groundwater, and reaction product using the EIE protocol
shown in Table 1. Figure 7 shows the average amount of
reaction over the 100 realizations of each heterogeneous
field after the final step of EIE, with error bars to indicate
the standard deviation from the mean. For comparison, the
reaction for EIE in a homogeneous aquifer is also shown.
In all cases, the amount of reaction in the homogeneous aq-
uifer is less than the amount of reaction in any of the heter-
ogeneous aquifers.
[25] For a fixed correlation length, the average mass

reacted increases as the variance of ln K increases. As the
variance of ln K increases, the degree of heterogeneity
increases; thus local velocity variations also increase,
which leads to more spreading of the contaminant and
treatment solution plumes, and ultimately more reaction.
Also for a fixed correlation length, the standard deviation
of the mass reacted increases as the variance of ln K
increases.
[26] For a given variance of ln K, the average mass reacted

increases as the correlation length decreases (Figure 7). Cor-
relation length determines the proportion of the heterogeneity
that the plumes sample during EIE. The plumes move
between the four wells, spanning approximately 2L (50 m) in
the x- and y-directions. With �¼ 0.25L (6.125 m), the
plumes sample approximately 8 correlation lengths in the x-
and y-directions; while with �¼ 0.125L (3.125 m), they
sample 16 correlation lengths. Accordingly, as � decreases,
the plumes sample a wider range of hydraulic conductivity,
and therefore experience more velocity variations, which
generates more spreading, mixing, and reaction. Note that
for sufficiently small correlation lengths, the high degree of
spreading will lead to a significant amount of the particles
being removed at the extraction wells, reducing the amount
of reaction that can occur within the aquifer.
[27] Figure 7 also shows that for a given variance of ln

K, the standard deviation of the mass reacted over the 100
realizations decreases as the correlation length decreases.
In the EIE system, the bulk movement of water is either
radially outward from an injection well, or radially inward
toward an extraction well ; however, heterogeneity causes
advective flow paths to deviate from this bulk movement.

A random field with a large correlation length contains rel-
atively large isolated regions of low conductivity and of
high conductivity; thus the advective flow paths take rela-
tively large excursions from the bulk movement. Since
each realization of the random ln K fields has a different
pattern of regions with low and high conductivity, the
excursions from the bulk movement in each realization
occur at different locations, directions, and lengths. Thus,
the variability in the shapes of the plumes and in the
amount of reaction between realizations is large.
[28] On the other hand, in a random field with a small

correlation length, the advective flow paths take relatively
small excursions from the bulk movement. Although each
realization still leads to a unique plume shape, the variabili-
ty in the shapes of the plumes and in the amount of reaction
is smaller because the excursions are smaller.
[29] Figure 7 also shows that for a given correlation

length, the standard deviation of the mass reacted over the
100 realizations increases as the variance of ln K increases.
The larger variance of ln K leads to larger excursions from
the bulk movement of water, and therefore to more vari-
ability in the plume shapes and in the amount of reaction.

4. Discussion

[30] The simulations presented above provide context in
which to evaluate the relative effects of passive spreading
by heterogeneity versus active spreading by EIE. The bene-
fit of EIE results largely from stretching and folding, which
is associated with optimal spreading in laminar flows
[Ottino et al., 1994]. Mays and Neupauer [2012] showed
that the EIE sequence used here exhibits chaotic advection
and leads to stretching and folding. This stretching and
folding results in a significant increase in the length of the
perimeter of the treatment solution plume, across which the
concentration gradient, rC, is large. Regions where the
concentration gradient is large are also characterized by a
high degree of mixing, as quantified by the local mixing
factor, rTCDrC [Dentz et al., 2011]. Thus, stretching and
folding enhances mixing by increasing the area of the aqui-
fer where the local mixing factor is high. Our results show
that this ultimately leads to an increase in the mass of con-
taminant reacted, the ultimate goal of in situ remediation.
[31] Related work by others has shown that the effects of

spreading and mixing are distinct at early time, but become
effectively linked at later time [Lester et al., 2010; Jha
et al., 2011]. The benefit of EIE would therefore most
likely occur at early times, when the structure provided by
spreading continues to be relevant, consistent with the
work of Swanson and Ottino [1990], who emphasized the
crucial role of early time behavior when developing appli-
cations of chaotic advection.
[32] Our results show that EIE leads to enhanced mixing

in a two-dimensional system; however, natural systems are
inherently three-dimensional. Bellin et al. [2011] noted that
pore-scale dispersion is more effective at creating mixing in
three-dimensional flows than two-dimensional flows. Thus,
our two-dimensional model underestimates the amount of
mixing, and also reaction, that would occur in a three-
dimensional system. Furthermore, in three-dimensional sys-
tems, hydraulic conductivity is typically anisotropic, with
longer correlation lengths in the horizontal directions than

Figure 7. Total contaminant mass reacted during EIE in
heterogeneous aquifers with different correlation lengths
(�) for variances of ln K. The error bars represent the stand-
ard deviation around the mean total contaminant mass
reacted for 100 simulations.
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in the vertical direction, and this anisotropy enhances mix-
ing as a result of increased disorder of the concentration dis-
tribution [Bellin et al., 2011]. Hence, in a field application
of EIE, we would expect to see more spreading, and there-
fore more reaction, than is predicted by our two-dimen-
sional model.
[33] The work presented here focuses on nonsorbing sol-

utes that react instantaneously to produce inert reaction
products. Investigation of EIE for kinetic reactions and
sorbing solutes is the subject of ongoing work. We have
not considered reactions whose products could alter the
flow field, such as precipitation reactions [Tartakovsky
et al., 2008] or the growth of microbial biofilms that may
lead to clogging [Li et al., 2010]. These reactions would
lead to more velocity variations, both in ambient flow con-
ditions and with the EIE flow fields; thus we expect that
EIE would still lead to enhanced spreading and contami-
nant degradation.

5. Conclusion

[34] Spreading of a treatment solution into contaminated
groundwater results from spatially varying velocity fields,
which can be accomplished passively via the heterogeneity
of hydraulic conductivity, or actively by injections and
extractions chosen to create stretching and folding. Mays
and Neupauer [2012] proposed engineered injection and
extraction, which uses sequential operation of multiple
wells, to create stretching and folding to enhance spreading
in aquifers. In this study, we demonstrate that in situ reme-
diation with EIE has the potential to significantly increase
the amount of reaction as compared to in situ remediation
without EIE. In addition we have shown that while hetero-
geneity promotes spreading and therefore enhances reac-
tion, the amount of spreading and reaction resulting from
EIE exceeds the amount of spreading and reaction caused
by heterogeneity alone. Finally, we observed that the
degree of aquifer heterogeneity impacts the amount of reac-
tion; therefore, the amount of reaction with or without EIE
varies depending on the hydraulic properties of the aquifer.
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