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Abstract Engineered injection and extraction (EIE) is an in situ groundwater remediation strategy that
imposes an engineered spatially and temporally varying velocity field to spread an amendment into the
contaminant plume to promote mixing and contaminant degradation through reaction. Here we present a
coordinated suite of laboratory experiments and numerical simulations that apply EIE using two pumping
sequences: A folding sequence that manipulates plume geometry by stretching and folding, and an oscillating
sequence that imposes velocity perpendicular to the plume interface in accordance with previously-reported
active spreading theory. Laboratory experiments investigated spreading and mixing of a non-reactive tracer
using refractive index matched porous media and laser-induced fluorescence, with remarkable reproducibility
between replicates. Numerical simulations matched the experimental results and simulated reactive transport
by post-processing sequentially injected non-reactive tracer plumes representing the contaminant and the
amendment assuming rapid reaction (i.e., high Damkohler number). This study provides the first experimental
verification of EIE using Darcy-scale imaging, demonstrates a novel experimental method to mimic reactive
transport at the high-Damkohler number limit, and confirms active spreading theory.

1. Introduction

Reactive transport, the coupled set of processes that control the source, movement, reaction, and fate of solutes
in porous media, is fundamental to a range of geophysical processes including soil weathering, element cycling,
in-situ mining, and groundwater remediation. Because reactive transport depends on hydrological, microbiologi-
cal, geochemical, and physical processes, it constitutes a major branch within the broad and interdisciplinary
heading of hydrobiogeochemistry (Meile & Scheibe, 2019). Here we focus on physical processes, specifically
fluid velocity, on the premise that biogeochemical processes depend on the delivery of reagents and the removal
of wastes that are provided almost entirely by fluid advection (Kitanidis, 2012).

A particular motivation for this work is groundwater remediation, the art and science of sequestering or destroying
contaminants in aquifers, the geologic structures that store and transmit useful quantities of water for municipal,
industrial, and environmental purposes. Groundwater remediation often calls for an amendment to be introduced
into the aquifer. Successful in-situ remediation requires that the remediation amendment and contaminant occupy
the same pore space, at which point molecular diffusion permits the desired reaction (Kitanidis, 1994). In other
words, reaction requires mixing, the result of molecular diffusion, which increases the volume into which mass
is dissolved and consequently provides dilution. In contrast, spreading is defined as solute redistribution by
advection, on any scale, without dilution, depending entirely on the velocity field. Spreading enhances mixing by
increasing the interfacial area between plumes of differing chemical composition, and by sharpening the concen-
tration gradients at the plume interface, both of which serve to increase mass transport by molecular diffusion
(Le Borgne et al., 2010; Villermaux, 2019; Section 2.2). An elegant example of improved remediation through
improved spreading has recently been provided by Ye et al. (2021), who used multi-screen wells to inject multiple
amendment plumes with correspondingly increased interfacial area. Moreover, spreading takes place at the plume
scale, which is an important distinction, because numerical and theoretical studies have shown that different
processes dominate at the pore scale versus the plume scale (Jose & Cirpka, 2004).

SATHER ET AL.

1 of 16

A ‘T “€T0T “€LOLYTOT

:sdpy woiy papeoy:

25221 suoWwo)) dAnea1) a[qearjdde ay) Aq pauIsA0T a1 sa[ONIE V() fasn JO sanI 10§ A1eIql] dUI[uQ) AS[IA\ UO (SUOHIPUOD-PUE-SULIA} W0 AA[Im ATRIqI[aur[uo//:sd)y) SUONIPUO)) pue sua ], 3y 89§ *[£202/20/90] U0 Areiqi aurjuQ Aa[ip ‘opeiojo)) JO ANsIoatun Aq €46ZE0MMIT0T/6T01 01/10p W0 AS[IM"


https://orcid.org/0000-0001-7575-7241
https://orcid.org/0000-0002-6386-9091
https://orcid.org/0000-0002-4918-810X
https://orcid.org/0000-0002-3649-1417
https://orcid.org/0000-0002-5218-1670
https://doi.org/10.1029/2022WR032943
https://doi.org/10.1029/2022WR032943
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2022WR032943&domain=pdf&date_stamp=2023-02-06

~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2022WR 032943

Engineered injection and extraction (EIE) is an in situ groundwater remediation strategy that imposes a spatially-
and temporally-varying velocity field to improve spreading, mixing, and reaction. EIE uses a manifold of wells,
within and around a contaminant plume, whose injections and extractions create flow fields that manipulate
plume geometry to promote reaction while keeping the plume contained within the treatment area. As such,
EIE provides a mechanism to apply active spreading in addition to the passive spreading resulting from porous
media geometry. Several authors have explored how EIE applies to groundwater remediation. Sposito (2006)
simulated pulsed dipole flow, in which alternating injections and extractions were performed through the upper
and lower chambers of a well separated by a packer. Bagtzoglou and Oates (2007) simulated pulsed injections
and extractions through a manifold of three wells, and Zhang et al. (2009) published a corresponding labora-
tory study. Lester et al. (2009) simulated the rotating dipole mixer, which imposed a sequence of dipole flows
through a manifold of wells placed on a circle, and Cho et al. (2019) published a corresponding field study. Mays
and Neupauer (2012) simulated a 12-step process designed to generate plume stretching and folding without
re-injection, and Rodriguez-Escales et al. (2017) simulated how this 12-step process could improve degradation
of organic compounds during managed aquifer recharge. Asha Farsana et al. (2021) extended the application of
the 12-step process to produce three-dimensional chaotic advection by injecting through vertically-separated
screened intervals as in Sposito (2006). In each of these cases, EIE controlled plume spreading, demonstrating
the promise of active spreading to complement passive spreading in the context of groundwater remediation.

A particularly compelling aspect of EIE is its potential to generate chaotic advection, defined as a laminar flow in
which particle separation distances grow exponentially with time, particle trajectories exhibit sensitive depend-
ence on initial conditions, and fluid elements undergo stretching and folding (Aref et al., 2017; Ottino, 1989;
Speetjens et al., 2021). A subset of the groundwater remediation EIE studies cited above have flows for which
chaotic advection has been demonstrated (Lester et al., 2009; Mays & Neupauer, 2012; Sposito, 2006), so in
these cases, EIE constitutes one application of the larger literature on chaotic advection (e.g., Aref et al., 2017;
Ottino, 1989; Speetjens et al., 2021). Moreover, there is evidence that even natural flows can manifest chaotic
advection (Lester et al., 2013; Trefry et al., 2019).

Along these lines, our group has studied several aspects of EIE within the framework of chaotic advection,
including a theoretical demonstration of chaotic advection by stretching and folding (Mays & Neupauer, 2012), a
discussion of the practical and regulatory benefits of avoiding re-injection (Mays & Neupauer, 2013), and simu-
lations demonstrating how aquifer heterogeneity increases spreading and changes the nature of chaotic advec-
tion (Neupauer et al., 2014). Simulations indicated that chaotic advection accelerates contaminant degradation
(Piscopo et al., 2013). Each of these studies used the same 12-step pumping sequence, but subsequent work
showed that sorbing contaminants require different pumping sequences (Neupauer & Mays, 2015). Notably,
multi-objective evolutionary algorithms identified that the optimal pumping sequence for non-sorbing contami-
nants (Piscopo et al., 2015) and sorbing contaminants (Piscopo et al., 2016) were generally not those that imposed
chaotic advection. Importantly, these works were theoretical, not experimental. Filling this experimental gap is
the first, and perhaps most important, contribution of the present study.

Except for one laboratory study (Zhang et al., 2009) and one field study (Cho et al., 2019), there has been no other
direct experimental evidence for plume spreading by EIE, with or without chaotic advection. The remainder of
the EIE literature is modeling, so no previous study has had the ability to demonstrate the efficacy of EIE in a
physical system with dispersion. This last point is important for the following reason: Though pore-scale physics
can be modeled with the Navier-Stokes equation and molecular diffusion theory, the practical execution of such
a conceptual model is unreasonable due to the complicated, and typically immeasurable, network of no-flow
boundary conditions introduced by the geometry of the porous media (Stohr et al., 2003). Consequently, labora-
tory experiments are needed to calibrate and verify models by providing data that has been influenced by phys-
ical pore-scale dispersion. Indeed, recent reviews have emphasized the need for experimental studies (Speetjens
et al., 2021; Valocchi et al., 2019).

Here we present a coordinated suite of laboratory experiments and numerical simulations that apply EIE using
two pumping sequences. Section 2 describes the conceptual model (including the pumping sequences), the labo-
ratory experiments, and the numerical simulations. Section 3 presents results emphasizing the reproducibility
of experimental replicates and remarkably high spatial correlation between experiments and simulations, while
Section 4 highlights three new contributions, specifically (a) presentation of a new window through which to
measure how solute plumes interact in porous media, (b) demonstration of a novel single-tracer experimental
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method to mimic reactive transport, and (c) explanation of how velocity fields, plume interfaces, and longitudinal
dispersion work in concert to determine reactive transport.

2. Methods

This section describes the conceptual model, the experimental methods, the numerical methods (incorporating
experimental data), and an experimental procedure that uses two sequential experiments with different initial
configurations of a single dye (called “two-solute experiments”) as input to a numerical simulation designed
to mimic reactive transport under conditions of high Damkohler number (fast reaction). Additional details
of the experimental and numerical methods are provided in the dissertations of Roth (2018) and Sather (nee
Reising, 2018), respectively.

2.1. Conceptual Model

This study comprises single-solute and two-solute experiments and simulations, where the single-solute exper-
iments and simulations represent non-reactive transport (i.e., conservative transport) and the two-solute exper-
iments and simulations represent reactive transport of contaminant A and remediation amendment B, both of
which are aqueous and non-sorbing. For two-solute reactive transport, the chemical reaction takes the form
of a bimolecular reaction, given by A + B — P; thus, reaction rates R, = Ry = —R, = kC,C,, where k is the
reaction rate coefficient and C, and C, are the concentrations of the contaminant and amendment, respectively.
We assume that the reaction is fast relative to the transport time scale, thus k — co. Because the dimension-
less Damkohler number, Da, is the ratio of reaction rate to transport rate, this assumption corresponds to the
high-Damkohler limit, which for practical purposes means Da > 100 (Sanchez-Vila et al., 2007). In the context
of groundwater remediation, an example remediation reaction at the high-Damkohler limit is in situ chemical
oxidation (ISCO) of organic contaminants with the permanganate anion MnO,~ (e.g., Cha & Borden, 2012).
For the single-solute experiments and simulations of non-reactive transport, R; = 0. Product P is assumed to be
aqueous and non-clogging.

The experiments are conducted in the apparatus shown in Figure 1, which features quasi-two-dimensional
flow through a rectangular aquifer of constant thickness. This apparatus was designed to represent a confined,
two-dimensional, isotropic rectangular aquifer with no-flow boundaries on all sides. For the single-solute
(non-reactive) scenario, an approximately circular solute plume is initially centered at the origin. For the
two-solute (reactive) scenario, the initial distributions of solutes A and B form concentric circular plumes centered
at the origin, with an approximately circular plume of solute B surrounded by an approximately annular plume
of solute A. Four wells are placed symmetrically around the plume, each at a distance of L from the origin and
screened over the entire thickness of the apparatus. A fifth well is located at the origin.

The wells are pumped according to two different EIE sequences, where each sequence comprises several steps,
and each step includes at least one injection well and at least one extraction well such that the net injection rate
was always zero. Having net-zero injection was a practical necessity for the laboratory experiments, which were
conducted in saturated porous media with specified flow boundary conditions, and consequently did not allow
volume imbalance between injections and extractions. Following precedence by previous researchers (e.g., Jones
& Aref, 1988; Sposito, 2006, Mays & Neupauer, 2012), injection and extraction volumes are nondimensionalized
by dividing by the pore volume, where a pore volume is defined as the fluid contained within a cylinder, centered
at the origin, with radius L = 11.6 cm, thickness b = 4.3 cm (i.e., the apparatus thickness), and a spatially averaged
porosity of n = 0.311, which is the measured average porosity in the experiment (Roth et al., 2021).

The first EIE sequence, shown in Table 1, is called the folding sequence. This sequence was chosen to implement
Ottino's (1989) stretching-and-folding paradigm for optimizing plume spreading in laminar flow. The second EIE
sequence, shown in Table 2, is called the oscillating sequence. This sequence was chosen to exploit the findings of
Sather et al. (2022), who showed that active spreading, and therefore reaction, is highest where the local velocity
is generally perpendicular to the plume interface.

2.2. Laboratory Experiments

This section will briefly recapitulate the experimental methods described elsewhere (Roth et al., 2020, 2021).
Experiments were conducted in a quasi-two dimensional flow cell with dimensions of 49.2 x 49.2 X 4.3 cm3
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Figure 1. Dimensional schematic of the engineered injection and extraction (EIE) apparatus with detail of bead packing over depth. Opaque HCP beads (black), RIM
HCP bulk porous media (blue), and wall effect mitigation (red). Note the 2L X 2L X b test section corresponding to the region of interest for data presented in this
article, as well as the orientation of wells 1-5 (W1-W5).

(Figure 1). The flow cell contained five fully screened injection/extraction wells that penetrated the entire 4.3 cm
thickness of the cell to create two-dimensional flow. The apparatus was filled with approximately homogeneous,
hexagonal-close-packed (HCP), spherical, monodisperse porous media (3 mm borosilicate glass beads, Pyrex,
part# 7268-3), that was refractive index matched (RIM) with glycerin, the pore fluid (99.7% USP glycerin, Chem-
world, CAS# 56-81-5). Rhodamine 6G dye (Aldrich, CAS# 989-38-8) was used as the solute.

The Péclet number will vary with velocity, from a maximum near the active wells to a minimum far from the
active wells. The order of magnitude depends on whether we define the Péclet number with respect to molecular
diffusion, D, , or hydrodynamic dispersion, D. If we use D, = 1.9 X 10~ cm?/s for rhodamine dye in glycerin,
and the porous media diameter for L, then the Péclet number Pe = vL/D, ~ 10° near the injection well. This
confirms the conventional wisdom, in porous media research, that advection dominates molecular diffusion; this
is especially true in our case given the small molecular diffusion of rhodamine in glycerin. On the other hand, if
we use D = a,v for longitudinal hydrodynamic dispersion, then velocity appears in both the numerator and the
denominator of the Péclet number Pe = vL/D = L/a, = (3 mm)/(2 mm) = 1.5. This result indicates that advection
and dispersion are in balance for our experiments.

During the experiment, the dye distribution was imaged through the bottom
wall of the apparatus (Figure 1) using novel experimental methods to miti-

;l)‘ablevll Iniected Per Siep in the Folding S gate wall effects (Roth et al., 2020) and to image plume deformation using
ore Yolumes Injected Ter Step tn the folding sequence laser-induced fluorescence (Roth et al., 2021). The bottom of the cell was
Well 1 Well 2 Well 3 Well 4 Well 5 illuminated by a 514 nm laser (Coherent, Innova 90C-6) whose beam was
Step 1 0 0.277 0 —0.277 0 scanned progressively over the imaging area for a duration of 1 second
Step 2 0 ~0.555 0 0.444 0111 per scan by using two scanning mirrors (Thorlabs, GVS312). The camera
(Imperx, Bobcat ICL-B1410M-SCO), located next to the scanning mirrors,

Step 3 0.139 —0.028 0.139 —0.250 0 . . L. . .
captured images from the same side as the incident light. An optical band-
Sifgfp A2 g —han g L pass filter (Omega Optics, S55DF30), was attached to the camera lens, block-
Step 5 —0.428 0 0.257 0 0171 ing the 514 nm excitation light from the laser while transmitting fluoresced
SATHER ET AL. 4 of 16
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Table 2
Pore Volumes Injected Per Step in the Oscillating Sequence

light from the dye used for plume visualization. To our knowledge, these
were the first Darcy-scale measurements of plume deformation during EIE
in RIM porous media.

The experimental apparatus was designed to make Darcy-scale rather than
pore-scale measurements. Therefore, measurements were averaged vertically
through 13 layers of 3 mm HCP beads. The top and bottom walls of the cell
(parallel to flow) used a novel wall effect mitigation technique to eliminate
preferential flows at apparatus walls (Roth et al., 2020). Briefly, wall effect
mitigation techniques make the porosity at the wall equal to the porosity in
the bulk porous media. By having uniform porosity through the entire depth
of porous media, velocity is also vertically uniform. To allow optical access

across the bottom wall of the apparatus, a layer of RIM beads, whose diameter is %3 the diameter of the regular

3 mm beads, is placed within the void space at the wall. The top wall requires no optical access, so uniform

porosity was imposed by embedding the top layer of beads in a half-bead-diameter depth layer of silicone, which

made the effective aquifer thickness b = 4.3 cm (Table 3). To further ensure uniform flow through the imaging

depth, three layers of opaque HCP beads are placed just below the top wall. By adding this opaque layer, any

flow irregularities near the top wall will not be included in the data, leaving an imaging depth of 3.5 cm (13 HCP
bead layers). Side walls have no wall effect mitigation. Therefore, only a 2L X 2L X b (23.2 X 23.2 X 3.5 cm?) test

Flow was supplied by a plumbing system containing five high accuracy
syringe pumps (KD Scientific, Legato 270), feeding the wells from the top
of the cell (Figure 1) over a fixed step duration of 30 min. Prior to the exper-

Well 1 Well 2 Well 3 Well 4 Well 5
Step 1 0 —0.0505 0 —0.0505 0.101
Step 2 0.101 —0.101 0.101 —0.101 0
Step 3 —0.101 0 0.101 0 0
Step 4 0.202 0 —0.202 0 0
Step 5 —0.202 0 0.202 0 0

section is considered for data analysis (Figure 1).

Table 3

Modeling Parameters

Parameter

Value

Average hydraulic conductivity, K
Aquifer thickness, b

Specific storage, S, 9
Average porosity, n

Aquifer west boundary, x,,

Aquifer east boundary, x,

Aquifer north boundary, y,

Aquifer south boundary, y,

Finite difference grid discretization

Coordinates of well 1, x;

Coordinates of well 2, x, (8.
(—8.2 cm, —8.2 cm)
(—8.2 cm, 8.2 cm)

Coordinates of well 3, x,

Coordinates of well 4, x,

Coordinates of well 5, x5

Distance between wells, L
Injection/extraction step duration
Longitudinal dispersivity, a;
Transverse dispersivity, a;

Initial concentration of solute A, C,,
Initial concentration of solute B, C,
Radius of initial plume of solute A, r,
Outer radius of initial plume of solute B, r
Number of particles of solute A

Number of particles of solute B

0.1663 cm/min

4.3 cm

3 %1077 1/cm

0.311
—25cm
25 cm
25 cm
—25cm
0.05 cm

(8.2 cm, 8.2 cm)

2 cm, —8.2 cm)

(0 cm, 0 cm)
11.6 cm
30 min
0.2 cm
0.02 cm

0.25 mg/mL

1 mg/mL
1.933 cm
3.97 cm
3 x 10°
1x10°

iment, the packed EIE cell was saturated with glycerin. A 20 mL volume
of a solution of 8 mg/L Rhodamine 6G dye (Aldrich, CAS# 989-38-8)
dissolved in glycerin was then injected through the center well and imaged
to record the initial condition. One of the EIE sequences described above
would then be performed with images of plume evolution captured every
15 s (i.e., 120 images per step). For example, the first step of the folding
sequence (Table 1), simultaneous injection and extraction 0.277 pore
volumes corresponds to a discharge of approximately Q = 5.2 mL/min for
30 min, where the pore volume znbL? = 565 mL. Two replicate experiments
were performed for the folding sequence (Table 1). As discussed below, these
replicates were practically identical, so only one replicate was performed for
the oscillating sequence (Table 2). Upon completion of the EIE sequence,
all dye was extracted from the cell through the center well while supplying
dye-free glycerin to the surrounding wells. This allowed the saturated porous
media bed to be used for subsequent EIE experiments. Upon completion of
all experiments, all of which used the same porous media bed, the EIE cell
was completely flooded with dye and imaged. The dye-saturated image was
then used to create a porosity map as shown in Figure 4 of Roth et al. (2021).

2.3. Numerical Simulations

Numerical simulations of glycerin flow and dye (solute) transport were
conducted to match the results of the laboratory experiments. The governing
equation of the transient flow for this porous medium is given by
oh 5

5.5 =V.KVh+Zj=l 0,5(x —x;), (1)
where S| is specific storage, h is hydraulic head, 7 is time, K is the hydrau-
lic conductivity (here assumed to be isotropic), Q; is the injection rate per
unit aquifer thickness in well j, X = (x, y) is the spatial coordinate, X; is the
location of well j, and () is the Dirac delta function. Because the media are
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monodisperse spheres with nearly homogeneous porosity, the hydraulic conductivity is also nearly homogeneous.
The slight variability of K is modeled as K = kpg/u, where k = n*d?*/[180(1-n)?] is the permeability estimated
with the Kozeny-Carman equation using bead diameter d = 3 mm, p = 1.25 g/cm? is the density of glycerin,
g = 980 cm/s? is the acceleration of gravity, and u = 14 g/(cm's) is the dynamic viscosity of glycerin. The bound-
ary conditions are

Vh-n=0atx =Xy, X = Xe, V= Y, ¥ = Vs, 2)

where n is the outward unit normal vector, x,, x,, y,, and y_ are the coordinates of the west, east, north, and south
boundaries, respectively. The initial condition is & = h_ for all x. The flow Equation 1 is solved numerically using
MODFLOW-2005, a standard finite difference groundwater flow simulator (Harbaugh et al., 2017). The flow
model in MODFLOW used a grid of 1,045 x 1,045 cells, each of which was 0.48 x 0.48 mm?. Parameter values
are given in Table 3.

The numerical simulations comprise single-solute and two-solute simulations, where the single-solute simula-
tions represent non-reactive transport based on a single injected plume of Rhodamine dye and the two-solute
simulations represent reactive transport of contaminant A and remediation amendment B, both of which are
aqueous and non-sorbing, based on sequentially injected plumes of Rhodamine dye with different initial config-
urations. The transport of a dissolved solute in porous media is governed by the advection-dispersion-reaction
equation (ADRE), given by

0C;
n=i

5 = -V - (nvC) + V -DnVC; — nR;, (3)

where C; is the concentration of solute i, (i = A for the contaminant, i = B for the amendment, and i = P for the
reaction product), ¢ is time, R, is the reaction rate of solute i, n is porosity whose slight spatial variation is taken
from the porosity map, v is the groundwater velocity vector from Darcy's law, v = —(K/n)Vh, and D is the disper-
sion tensor, with components given by

2 2
U U
D, = aL_x + aT_y

vl vl

)

U Uy
ny = Dyx = (aL - aT) |V| ) (4)

2 2
[ 2 UL
Dy =ar— +ar—,
vl vl
where @, and a; are the hydrodynamic dispersivities in the longitudinal and horizontal transverse directions,
respectively, with a;, > a;, v, and v, are the x- and y-components of velocity, respectively, and the vertical bars
denote magnitude. The boundary conditions on C are

VCi-n=0atx = X4, X = X¢, ¥ = Y, ¥ = Js. )

The initial solute distributions of the reactants A and B are created to match the initial dye distribution in the
experiment, and the initial condition of reaction product P is C, = 0. If solutes A and B react instantaneously to
form the reaction product P with reaction rates R, = R, = —R,, = kC,C,, then the mass of A is conserved (as A
alone or as part of P) and the mass of B is conserved (as B alone or as part of P) (Gramling et al., 2002). Thus,
Equation 3 can be rewritten in terms of the concentrations C,,, = C, + Cpand Cy, , = C; + Cp, as

9Casp
n—

o =-V.(nvCuip)+ V- DnVCyyp, (6)

and

9Csyp
n—

= =V - (1Cpip) + V- DnVCieo, )

which eliminates the reaction terms. The boundary conditions are still defined as in Equation 5, and the initial
conditions are still equivalent to the initial dye distribution in the experiment. The concentrations of each solute
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Table 4
Correlation Coefficients for Single-Solute Simulations and Experiments of Non-Reactive Transport

Initial Step
condition Stepl Step2 Step3 Step4d 5

Folding Sequence Experimental Replicate 1 versus Replicate 2 0.99 0.99 0.99 0.99 099 0.99
Folding Sequence Experimental Replicate 1 versus Numerical 1.00 0.96 0.94 0.96 096 0.96
Folding Sequence Experimental Replicate 2 versus Numerical 1.00 0.97 0.95 0.97 096 0.96
Oscillating Sequence Experiment versus Numerical 1.00 0.96 0.97 0.96 096 0.96

can be recovered from the solutions to Equations 6 and 7 as follows. Since the reaction is assumed to occur
instantaneously, solute A and B cannot co-exist. For simplicity, we assume the reaction has a 1:1 mass ratio and
1:1 stoichiometric ratio of A and B. Thus, wherever C,,, and C,, , co-exist, equal masses of solute A and B
react until the limiting reactant is completely converted to reaction product P, such that the mass of P is twice
the mass of A (or B) that reacted. Mathematically, the concentrations of each solute are given by Gramling
et al. (2002)

Cr(x,1) = 2min[Catp(X, 1), Cip(X, 1)] )]
Ca(x,1) = Casp(x,1) — Cp(x,1)/2 )
Ce(x,1) = Cpp(X, 1) — Cp(X,1)/2 (10)

Initial conditions for each pumping sequence were created by inserting particles into the domain that matched
the concentration distribution of the experiments. For reactive simulations only, additional particles were placed
inside the well to simulate dye within the well that was not measured in the experiment. The transport Equations 6
and 7 are solved numerically using RW3D (Salamon et al., 2006), which uses random walk particle tracking.
Particle tracking is a common method for modeling solute transport in aquifers known for its computational effi-
ciency and absence of numerical dispersion (Berkowitz et al., 2006; Le Borgne et al., 2008a, 2008b). The transport
model in RW3D used the same grid as the flow model in MODFLOW (1,045 x 1,045 cells of 0.48 x 0.48 mm?)
with velocities calculated from heads at the center of each cell. Dispersion was modeled via particle tracking, so
there was no grid for dispersion. Then concentrations were determined from particle positions imposed onto the
grid. The time step for the transport simulation was 0.1 min. The longitudinal dispersivity coefficient (Table 3)
was fitted to maximize the two-dimensional spatial correlation between simulations and one-solute experiments
reported in Table 4, and the transverse dispersivity was assumed to be 1/10 of the longitudinal dispersivity. For
the non-reactive transport simulations, the bivariate density estimation model from the R package locfit produced
smooth concentration fields from the particle positions provided by RW3D (Loader, 2013). For the reactive trans-
port simulations, the particle positions and masses provided by RW3D were first used to calculate a concentra-
tion field by binning the particles. This concentration field was then smoothed using a bivariate local likelihood
regression model from locfit.

2.4. Plume Comparison Methods

Several methods are available to compare numerically simulated plumes and experimentally measured plumes
(Roth et al., 2021): Comparison of plume location using centroid locations, comparison of plume spreading using
moments of inertia, comparison of dilution using the reactor ratio of Kitanidis (1994), and comparison of plume
geometry using the two-dimensional correlation coefficient. Since each of these comparison metrics give similar
results (Roth, 2018), the current study compares plumes using the two-dimensional correlation coefficient, p,
given by

% %, [ i = €T [Cn i - €
p= :

\/{ %%, [Cten ) - 5]2 } { %, [Cn ) - E]Z}

an
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Figure 2. Experimental replicates and numerical plume images of C/C, for the folding sequence. Small red circles represent
wells (refer to Figure 1 for spatial scale). The numerical results match the experimental results with a high two-dimensional
correlation (Table 5). The top two rows are reproduced from Roth et al. (2021) with permission from Springer Nature.

where C' and C? are the concentrations of the first and second data set used in the comparison. Equation 11 was
evaluated using the corr2 function in Matlab.

2.5. Two-Solute Experimental Technique for Simulated Reactive Transport

An experimental protocol valid for instantaneous reaction (i.e., high Damkohler number) was developed to use
a single dye to investigate the simultaneous transport of two solutes, as would occur during, for example, in-situ
remediation of contaminated groundwater. The transport of two solutes is investigated by performing two differ-
ent experiments, where each solute plume has its own initial condition, but subsequently both plumes undergo
the same EIE sequence (Table 1) within the same media packing. One solute plume represents A + P and the
other represents B + P. The experimental procedure for this technique follows that described above, except for
the introduction of the dye plume. For the single-solute experiments, 20 mL of dye solution was injected into
the center well. For the experiment of the transport of B + P, half this volume (i.e., 10 mL) of the dye solution
was injected into the center well to create the approximately circular inner plume of the concentric circular
plumes. For the experiment of the transport of A + P, 10 mL of dye was injected at the center well, followed by
an injection of 10 mL of undyed glycerin. This created the outer plume of the approximately concentric circular
plumes. The total volume of dye solution in these two experiments is equal to the volume of dye solution used in
a particular single-solute experiment.

Because the experimental results were highly reproducible (see next section), the images of the two solute plumes
from the two different experiments can be superimposed to mimic the behavior of the two plumes in the same
flow field. Thus, we track the movement of two non-reactive solutes, A + P and B + P, in the two experiments,
and we convert these to concentrations of A, B, and P using Equations 8—10 during image processing.

3. Results

For the folding sequence, experimental results for two replicates and corresponding simulations are shown in
Figure 2. This figure plots the vertically averaged (i.e., quasi-two dimensional) spatial distribution of solute
concentration after each of the five steps in Table 1. The initial plume is approximately circular, with devia-
tions resulting from the slight heterogeneity because of slight non-uniformity in porosity. The maximum initial
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Figure 3. Plume spreading by the two-solute folding sequence. Experimental (top) and numerical (bottom) plume images of
C/C, for solute A, solute B, and the reaction product solute P. Open white circles represent wells (refer to Figure 1 for spatial
scale).

concentration is nearly equal to the concentration of injected dye, C,, which was determined from the constant
dye concentrations in the pore flood experiment used to create the porosity map. This concentration was the same
in each experiment, and is used to nondimensionalize results as C/C,.

Using well numbers from Figure 1, after step 1, the plume has been stretched toward the northwest, using a dipole
from well W2 to well W4. After step 2, the plume has been folded around the center well, using a dipole from
W4 to W2, superimposed with a second dipole from W5 to W2, such that the center well W5 acts like a fulcrum.
After step 3, the plume has been elongated by injecting through opposite wells W1 and W3 while extracting from
W2 and W4. After step 4, the plume has been shifted toward the southwest, using a dipole from W1 to W3, and
then finally after step 5 the plume has been folded for a second time around the center well using dipoles from
W3 to W1 and from W5 to W1. After step 5, the two replicates are visually identical, consistent with a high
spatial correlation of p = 0.99 (Table 4), and correlations above p = 0.99 for all other steps. These results confirm
that the experimental protocol is highly reproducible. The numerical results differ from the experimental results,
but only slightly. When compared against Experiment 2, for which the numerical initial condition was matched,
a slightly lower spatial correlation of p = 0.96 was measured for step 5, with all other steps having correlation
above p = 0.95.

Results for the folding two-solute sequence are shown in Figure 3, where the first row shows the
experimentally-measured concentration of solute A + P, representing the remediation amendment injected into
the contaminant plume; the second row shows the experimentally-measured concentration of solute B + P,
representing the contaminant plume after injection of the remediation amendment; the third row shows the
numerically-simulated reaction product P, and the fourth row shows the numerically simulated plumes of A
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Figure 3. (Continued)

and B, where the assumption of instantaneous reaction (infinite Damkohler number) ensures that the plumes
never overlap. Both solute A and solute B follow the pumping sequence of Table 1 as discussed above. There
is a striking qualitative similarity between the plumes of reaction product and the individual plumes of solute
A or solute B, or indeed the plumes of non-reactive solute shown in Figure 2. This result reinforces the simple
notion that reaction takes place exclusively where reactants mix, that is, where they are close enough to allow
molecule-to-molecule contact resulting from diffusion. Again, numerical results have high spatial correlation
with the experimental results, with all p > 0.84 and most p > 0.94 (Table 5).

Experimental and simulation results for the oscillating sequence (Table 2) are shown in Figure 4. Once again
using well numbers from Figure 1, after step 1, the plume has been enlarged to a ring by injecting through the
center well W5 while extracting from W2 and W4. After step 2, the plume has been stretched from northwest to
southeast using superimposed dipoles from W1 to W2 and from W3 to W4. These first two steps have stretched
the plume to elongate its interface. The next three steps deliberately create velocity perpendicular to this elon-
gated interface, first with a dipole from W3 to W1 (step 3), then with a dipole from W1 to W3 (step 4), and again

Table 5
Correlation Coefficients for Two-Solute Simulations and Experiments of Reactive Transport

Initial condition Step1 Step2 Step3 Step4 Step5

Contaminant Plume A + P Experiment versus Numerical 1.00 0.97 0.94 0.97 0.96 0.94
Amendment Plume B + P Experiment versus Numerical 1.00 0.95 0.86 0.91 0.94 0.84
Product Plume P Experiment versus Numerical 1.00 0.96 0.88 0.93 0.95 0.91
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Figure 4. Experimental and numerical plume images of C/C, for the oscillating sequence. Red circles indicate wells (refer to
Figure 1 for spatial scale).

with a second dipole from W3 to W3 (step 5). The experimental and simulation results in Figure 4 are similar to
each other, having a spatial correlation above p = 0.96 for all steps (Table 4).

A comparison of total mass and mass reacted between experiments and numerical simulations are shown in
Figure 5. For non-reactive transport, total mass, M, at the conclusion of each pumping step is normalized by
total mass at step 0, M. Similarly for reactive transport, total mass for each solute A, B, or product P, M,, are
also normalized by the total mass of all solutes at step 0, M, . For non-reactive transport, differences in total mass
between experiments and simulations (Figure Sa) stay near 6% for the oscillating sequence, resulting from an
experimental artifact, specifically residual dye in W5 after the initial dye injection, which added relatively more
mass to the experiments in Step 1. The folding experiments showed an increase of 8% over simulations during step
2 due to the injection of residual dye from the center well and from excessive dye extraction from the surrounding
wells in the numerical simulations. Two-solute experiments and simulations (Figure 5b) showed greater agree-
ment than the non-reactive transport scenario for all steps because particles were at the center well during Step 1
of the numerical simulations. The differences in total mass between the experiment and simulation are near 5%
for A + P and B + P. Reaction product P shows similar agreement during steps 1—4, but has a significant differ-
ence of over 20% during step 5. The greater difference at step 5 comes from an aspect of physics of the exper-
imental system that cannot be simulated numerically. Specifically, because molecular diffusion of Rhodamine
dye in glycerin is negligible within the time scale of the experiment (Roth et al., 2021), spreading of dye can be
reversed during flow reversal (Neupauer et al., 2021). Since the experimental results infer the concentration of
the reaction product from the overlapping of the plumes of non-reactive solutes A + P and B + P, the experimen-
tally observed reversed spreading of these non-reactive solutes leads to a spurious numerically modeled reversal
of reaction as well, which is not realistic. Thus, this is a limitation of the two-solute approach to mimic reactive
transport. The reversal of reaction is not observed in the numerical simulations because spreading cannot be
reversed in a traditional random walk method (Neupauer et al., 2021); thus the numerical simulations show more
reaction than the experiments. These differences in experimentally observed and numerically simulated total
mass do not, however, diminish the two-dimensional correlation coefficients between experimentally observed
and numerically simulated spatial patterns (Table 4, Table 5). This is because the two-dimensional correlation,
defined in Equation 11, is based on deviations from mean concentrations; differences in mean concentrations
would therefore change the total mass but not the two-dimensional correlation, the latter of which reflects the
plume geometry.

4. Discussion

The simulations and experiments presented here (a) provide a new window through which to measure how
solute plumes interact in porous media, (b) demonstrate a novel experimental method to mimic reactive trans-
port in the high-Damkohler limit, and (c) illustrate how reactive transport depends on the interaction of velocity
fields, plume interfaces, and longitudinal and transverse hydrodynamic dispersion. Let us consider each of these
points.
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a) ‘ ___ Total Mass One-Solute First, the experiments presented here provide an important way to validate
1.1F [—&— Folding Num 1 model results, and to generate new observations to motivate future mode-
1.08f ; gi';:raiiE;pNum . ling efforts. For several decades, the research community has accepted that
1 ogl. L% Oscillating Exp i so-called anomalous transport, that is, transport differing from that predicted
) % with a conventional Fickian model of hydrodynamic dispersion, is common
1.041 ol 3 ¥ . . .
"o * - ¥ in actual porous media. So common, in fact, that the phrase anomalous
= 1.02 . . . . .
~ transport is a misnomer. The community has developed a host of modeling
=~ ! approaches to conceptualize hydrodynamic dispersion more realistically,
é 0.981 ] including diffusion-limited transport from contaminated zones of immobile
0.96F . water or low permeability (Haggerty & Gorelick, 1995), incomplete mixing
0.94- i at the pore scale (Le Borgne et al., 2011; Scheibe et al., 2015), and chaotic
0.92- | advection (Lester et al., 2013). The experiments presented here provide a
new window through which to measure how solute plumes interact in porous
0.9- : . . .
: : : : : : media. For example, although there was some evidence of non-radial flow
0 ! 2 Step 3 4 ° resulting from imperfect bead packing, we observed no evidence of prefer-
b) . . ential channeling resulting from the hexagonal close packing of spherical
Constituent Mass Two-Solute Folding i B
0.8 w w w w w w media, at least when observed at the Darcy scale (i.e., averaged over many
—*— Solute A Num . . .
ol ¥ solute A Exp | pore volumes). The experimental apparatus described here could easily be
' o 22:5: g g:;” modified to accept a variety of porous media or source-sink configurations.
+ . .. . .
0.6|—+—Product P Num P In addition, the apparatus could be used to model mixing processes involving
+ Product P E = . . .
roduct XFV’/ = numerous solutes. Future applications would need to provide due attention
5 057 ' 1 to a number of limitations inherent in the experimental design. First, while
g 0.4l | refractive index matching with glass beads in glycerin provides a nontoxic
v combination, it comes bundled with a low molecular diffusion coefficient
©
= 0.3f ] (compared to solutes in water) that could make actual reactive transport
experiments time consuming. Second, it would be necessary to identify a
0.2f : . . . .
model reaction A + B — P whose reaction product P not only avoids clogging
0.1F i but also avoids interference with the refractive index matching. But if one
accepts, as a premise, that reactions in porous media are transport-limited,
0 6 ‘1 ‘2 ‘3 4 ‘5 then the apparatus presented here provides a pathway for new experiments
Step explicitly focused on transport.
C) Constituent Mass Two-Scalar Oscillating
08 : . ‘ ‘ ‘ ‘ Second, the experiments presented here demonstrate a novel method to gener-
—*— Contaminant A Num S ) . i . .
0,71 |~ Amendment B Num P | ate data that can be used to simulate reactive transport in the high-Damkohler
Product P Num - a limit, that is, where the rate of reaction is much larger than the rate of trans-
0.6 — 1 port, such that chemical transformations are transport-limited, which is the
- usual expectation for subsurface reactive transport (e.g., Kitanidis, 2012). To
© 0.5f : . . .
E'_ be clear, the folding sequence with two solutes (Table 1) has no reaction
= o4 i so its Damkohler number is zero as in other non-reactive experiments (e.g.,
ﬁ Wang et al., 2022). Rather this approach is a simulation of transport-limited
= 031 ’ reaction, corresponding to the high-Damkohler number limit, based on
0l | experimental measurements of sequentially-injected plumes (Figure 6). In
other words, this approach is based on the premise that reactive transport
0.11 1 will be controlled, almost entirely, by how the two plumes mix. Adopting
this approach allows one to focus on the hydrodynamic aspects of reactive
0

Step

Figure 5. Non-dimensional total mass versus pumping step. (a) Single-solute
experiments and simulations of non-reactive transport for folding and
oscillating sequences. For the folding sequence, experimental results average
two replicates. (b) Two-solute experiments and simulations of reactive
transport for the folding sequence. (c) Two-solute simulation of reactive
transport for the oscillating sequence, which did not have a corresponding
experiment.

transport, because it avoids the two limitations stated above: (a) actual reac-
tions might generate permeability alterations, and therefore complicate the
velocity field, and (b) actual reactions might compromise the refractive index
match between the fluid and the granular media, and therefore preclude the
measurement of pore-scale plume dispersion. In other words, stripping away
the effects of reaction itself allows one to focus on transport. This simplifica-
tion permits focus on the fundamental hydrodynamics, that is, non-reactive
transport, an advance made possible by sequential plume injection into RIM
matched porous media.
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Solute B Solute A Product P Third, numerically-simulated reaction during the oscillating sequence
(Table 2) illustrates how reactive transport depends on the interaction of
. . . . . . velocity fields, plume interfaces, and longitudinal and transverse hydro-
. + — dynamic dispersion. It is widely recognized that transverse dispersion is
often the transport-limiting factor in subsurface reactive transport (Cirpka
¢ ¢ ¢ * * ¢ et al., 2011), because plumes deformed under steady flow stretch during

Figure 6. Schematic of superposition of two solutes to mimic reactive
transport. Solute A (red) is imaged separately from solute B (blue). When

the two images are combined, the overlapping area of the solutes indicates
reaction product P (purple). This method assumes a high Damkohler number.

Black circles indicate well locations.

advection through high-permeability zones, which amplifies the relative
importance of transport transverse to the local velocity field (i.e., trans-
verse dispersion) compared to transport across the leading or trailing edges
of the plume (i.e., longitudinal dispersion). In the special case of quasi-two
dimensional radial flow from a well, it is possible to derive semi-analytical
expressions for the relative contributions of pore-scale mixing and mechani-
cal dispersion precisely because the plume interface is always perpendicular
to the radial flow direction (Neupauer et al., 2020). Indeed, in the case of
reversible radial flow, there is evidence that dispersion itself is reversible, reflecting incomplete mixing within
pores (Neupauer et al., 2021).

EIE introduces the possibility of deliberately manipulating the velocity field to achieve certain objectives. In the
case of groundwater remediation, the objective is to maximize contaminant degradation. For example, Di Dato
et al. (2018) derived a semi-analytical solution, subject to certain simplifying assumptions, for the temporal
evolution of Kitanidis's (1994) dilution index for a plume manipulated by EIE in a heterogeneous aquifer. Their
solution showed that EIE works in tandem with heterogeneity to amplify mixing through both longitudinal
and transverse dispersion. Recognizing that longitudinal dispersion is generally much larger than transverse

C,A/C po Ce/Cro
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Figure 7. Simulated plumes of contaminant A (red) and amendment B (blue) with the oscillating sequence for (a) Initial condition; (b) at the end of Step 1; (c) at the
end of Step 2; (d) at the end of Step 3; (e) at the end of Step 4; and (f) at the end of Step 5. Gray lines are streamlines. Open white circles represent wells.
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dispersion (i.e., by one order of magnitude), one strategy is to manipulate the plume to maximize its interfacial
area, and then to manipulate the velocity field to make streamlines generally perpendicular to the plume inter-
face (Sather et al., 2022). This is exactly the rationale behind the oscillating sequence, where steps 1-2 stretch
the initially circular plume into an ellipse, and steps 3—5 impose dipole velocity fields, in alternating directions,
such that the plume oscillates around its initial position with the velocity field generally perpendicular to its
interface (Figure 7). Figures 7d-7f clearly shows that the contaminant concentration decreases more rapidly
where the streamlines are perpendicular to the plume interface (northeast and southwest), as compared to where
streamlines are tangent to the plume interface (northwest and southeast). Numerical simulations of reactive trans-
port (Figure 5) show that this strategy is effective, evidenced by increased contaminant degradation (beyond
that provided by the initial condition) by the oscillating sequence compared to the folding sequence (compare
Figures 5b and 5c).

While our previous work on EIE focused on a certain 12-step pumping sequence designed to generate chaotic
advection (Mays & Neupauer, 2012), this study explored two alternative sequences designed to emphasize
contaminant degradation. The folding sequence was designed following Ottino's (1989) stretching-and-folding
recipe for chaotic advection, but it turned out to generate slower simulated contaminant degradation than the
oscillating sequence. Nevertheless, the folding sequence provided a test bed to demonstrate a novel technique to
mimic reactive transport in the high-Damkdohler limit. The oscillating sequence was designed to make the flow
velocity generally perpendicular to the plume interface, which resulted in more complete degradation of the
simulated contaminant than the folding sequence during steps 1 through 5. Either of these pumping sequences is
more practical than the previously-studied 12-step sequence, because they have only five steps, and require fewer
pore volumes of fluid to be injected and extracted: The 12-step sequence required total pumping, including both
injection and extraction, of 8.9 pore volumes, while the folding sequence required 3.6 pore volumes, and the
oscillating sequence required only 1.6 pore volumes. And, because they are strictly net-zero-injection sequences,
they require no above-ground tank to store any injection-extraction imbalance.

5. Conclusions

The promise of EIE is that one can design a velocity field to partially overcome the fundamental constraint
that reaction in porous media is transport-limited. Previous simulations have explored this promise (Bagtzoglou
& Oates, 2007; Mays & Neupauer, 2012; Sposito, 2006), and previous experiments have been reported (Cho
et al., 2019; Zhang et al., 2009). The current work advances these simulations and experiments by offering a
comprehensive experimental protocol for studying EIE with refractive index matching (Dijksman et al., 2012)
and laser-induced fluorescence (Crimaldi, 2008), adapting these methods for plume spreading (Roth et al., 2021),
and implementing new techniques to mitigate wall effects (Roth et al., 2020). The experimental apparatus design
proved itself over the course of this research, and now that its efficacy has been shown, it could be used for further
investigation of fluid dynamics within porous media systems.

Comparison of simulations and experiments reveals both similarities and differences. Spatial distributions of
solutes between experimental replicates are practically identical, based on their high spatial correlation (Roth
et al., 2021). Similarly, spatial distributions of solutes between simulations and experiments are also highly
correlated, which validates the numerical modeling approach. This validation provides a foundation for additional
simulations on EIE, beyond the scope of this work, that are reported elsewhere (Sather et al., 2022). Differences
between experiments and simulations are most notable during stretching events when concentration gradients
are being sharpened. Here the Fickian model becomes less accurate due to unmixing in the minimally diffusive
experimental environment.

Taken together, comparing and contrasting these two pumping sequences has demonstrated the advantages and
disadvantages of various approaches for designing pumping sequences. Framing this work in the context of
design is important, since our ultimate goal is to design EIE sequences that support improved remediation of
contaminated groundwater by overcoming the transport limitations inherent to chemical transformations in the
subsurface. In this light, the simulations and experiments reported provide a foundation for field testing.
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