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Enhancing in situ biodegradation in groundwater using pump and treat remediation: a proof of concept

and modelling analysis of controlling variables.

Luther M. Brown!", Steven F. Thornton!, Domenico Bau!

Abstract

A remediation approach which uses pump and treatment (PAT) to enhance the biodegradation of organic
contaminants by increasing dispersive mixing between plumes and groundwater was evaluated for a phenol-
contaminated aquifer, using a reactive transport model which simulates kinetic reactions between an electron
donor (ED) in the plume and electron acceptor (EA) in the groundwater. The influence of system design and
operation was examined in six modelling scenarios. Injection or extraction of groundwater increases
biodegradation above no action and the location, pumping rate and distance between well(s) are important
variables which influence biodegradation. An increase in pumping rate, distance of the wells from the plume
centreline and changing the flow direction increases dispersive mixing between the plume and groundwater. This
increases plume spreading and the plume fringe interface, providing a greater flux of dissolved EAs for
biodegradation. In general, injection of groundwater containing natural EAs enhances biodegradation more than
extraction. The enhancement of biodegradation is sensitive to the relative fluxes of ED and EA, as controlled by
the arrangement of the wells. In the best performing scenario, biodegradation was enhanced by 128%, compared

with no action.
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1. Introduction

Groundwater contamination by organic compounds is a major global problem, with at least 300,000 sites in the
U.S. alone requiring remediation at an estimated cost of US$ 127B (NRC, 2013). There are a comparable number
of contaminated sites in Europe that require remediation (Antelmi et al., 2020). A significant number of sites are
unlikely to reach remediation targets within 50-100 years. For example, pump and treat (PAT) systems installed
at US Superfund sites in the 1990s are still operating today, with current systems expected to have comparable

operational timescales (USEPA, 2021).

PAT is most often used for hydraulic manipulation of contaminant plumes (source control/reduction and plume
containment to prevent expansion or offsite migration), to reduce contaminant concentrations in situ, or to remove
dissolved and mobile free-phase contaminant mass in groundwater for treatment (Mackay and Cherry, 1989;
USEPA, 1990; 1996; Cohen et al., 1997; Suthersan et al., 2015; Truex et al., 2017; Speight, 2020). PAT is used
to treat a wide range of contaminants, including coal tar distillates, phenols, polycyclic aromatic hydrocarbons,
heterocyclic aromatic compounds, fuel hydrocarbons, and chlorinated solvents (Truex et al., 2017; Speight, 2020),
and is most effective for the removal of contaminants in alluvial aquifers with relatively homogenous
hydrogeological properties (USEPA, 1990; 1996; NRC, 2013). The limitations of PAT are well known and in
more complex aquifers contaminant sorption-desorption hysteresis, free-phase dissolution kinetics and/or matrix
diffusion may affect the effectiveness and application of this technology (Keely, 1989; USEPA, 1990; 1996;
Cohen et al., 1997; McDade et al., 2013; NRC, 2013; Truex et al., 2017; Guo et al., 2019; Speight, 2020).
Consequently, PAT systems are often used in combination with other remediation techniques to achieve clean-up

goals at contaminated sites (USEPA, 1990; 1996; Cohen et al., 1997; Bayer et al., 2004; CRC CARE, 2019).

Natural attenuation (NA) is a risk-based remediation method, wherein the combined effect of naturally occurring
physical, chemical and biological processes are used to treat contaminants in sifu (Wiedemeier et al., 1999).
Biodegradation is typically the most important process for organic contaminant attenuation (Bauer et al., 2009;
Meckenstock et al., 2015). In contaminated groundwater, the plume fringe is a zone of enhanced biodegradation
activity at the interface between the background groundwater and contaminant plume, driven by the dispersive
mixing of electron acceptors (EA) in groundwater with biodegradable organic compounds in the plume (Thornton
et al., 2001a,b; 2014; Jones et al., 2002; Tuxen et al., 2006; Bauer et al., 2009). As the length scale of dispersion
is small relative to the size of a contaminant plume, reactions are limited to a narrow region at the plume fringe

where the substrate and EAs mix (Reising, 2018; Sather et al., 2022; 2023). Biodegradation in plumes is limited
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by dissolved EA availability and aquifer dispersivity (Cirpka et al., 1999; Lerner et al., 2000; Thornton et al.,
2001a; Jones et al., 2002; Tuxen et al., 2006; Sather et al., 2022; 2023), but can be increased if the supply (i.e.
mass flux) of EAs into the plume can be increased by promoting mixing of the background groundwater and
plume. Solute mixing in porous media can be enhanced by increasing the magnitude of dispersion, principally by
controlling the flow velocity (Bagtzoglou and Oates, 2007; Werth et al., 2006; Ye et al., 2015; Neupauer et al.,
2020). Furthermore, dispersive mixing of reactants can occur due to anisotropy, hydraulic conductivity contrasts
between porous media, chaotic advection, flow-folding and flow focusing in high permeability zones (Bagtzoglou
and Oates, 2007; Werth et al., 2006; Eckert et al., 2012; Piscopo et al., 2013; Ye et al., 2015; 2021; Xu et al.,
2018; Suk et al., 2021; Sather et al., 2023). Consequently, biodegradation can be increased under conditions which
enhance the flow velocity and/or dispersion (Werth et al., 2006; Bauer et al., 2009). Hence, the PAT system may
be used to address mass transport limits on in sifu biodegradation, by suitable modification of the ambient flow

field to enhance dispersive mixing of solutes.

Previously, Thornton et al. (2014) demonstrated at the field scale that the biodegradation of phenolic compounds
can be increased by a PAT well pumping at the plume fringe. In that study, the in situ biodegradation rate of
phenolic compounds at the plume fringe doubled over a 3-year period during operation of the PAT (groundwater
extraction rate of 6-50 m3/d). This was achieved by reducing the concentration of phenolic compounds in the
plume which inhibit biodegradation (dilution of plume contaminants) and increasing the dispersive mass flux of
dissolved EAs into the plume from the background groundwater (induced by the elevated pumping rates) and
surface area of the plume fringe interface for biodegradation. This study therefore showed that it is possible to
combine PAT with NA to improve remediation performance, by suitable modification of the ambient flow field
to enhance dispersive mixing of solutes, although this is logically influenced by the design of the PAT system

(e.g. injection/extraction well locations and spacing, pumping rate and duration).

Given the limitations of conventional PAT systems, the integration of these with other remediation techniques is
recommended to enhance its effectiveness (USEPA, 1990; 1996; 2021). However, while guidelines exist for the
deployment of conventional PAT systems (e.g. Cohen et al, 1997; USEPA, 1990; 1996; 2021), there is currently
no technical basis to support the development of an integrated PAT and NA system (as proposed herein) for
contaminated groundwater remediation. The motivation for this research is to explore the scientific basis for
integrating PAT with NA as a remediation concept. The novelty of the study lies in the synergy of combining the

two technical approaches of PAT with NA to increase mass biodegradation relative to mass extraction by the PAT
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well(s), over that possible with PAT alone. While well location, pumping rate and injection/extraction strategies
are known to influence remediation performance in these separate contexts, this has not been formally considered
in their combined application. The aim of this study is therefore to examine this approach as a proof of concept
and to understand the influence of operational variables, such as well location, pumping strategy and rate, on PAT
performance to enhance the in situ biodegradation of organic contaminants in groundwater for remediation and

plume management. The specific objectives are to:

(a) Analyze the effect of well location, pumping rate and pumping strategy on mass removal and biodegradation;

(b Identify strategies which increase the mass biodegraded relative to the total contaminant mass extracted; and

(c) Investigate the effectiveness of a PAT system that combines extraction and injection of groundwater.

The approach is evaluated at a site on a UK sandstone aquifer contaminated with a plume of phenolic compounds,
in which a PAT system has been installed for plume management (Baker et al., 2012; Thornton et al., 2014).
Phenol is a common groundwater contaminant from many industrial processes (e.g. wood preservation plants,
organic chemical manufacturing, coal tar processing, gasworks) and is used as a candidate organic contaminant

in this study.

2. Theoretical and conceptual considerations relating to plume fringe development

Biodegradation processes are characteristically spatially distributed in organic contaminant plumes (Gutierrez-
Neri et al., 2009; Thornton, 2019; van Leeuwen et al., 2022) and the presence of a bioreactive fringe in
groundwater plumes has been known for decades (Dakins et al., 1996; Schmieman et al., 1997). In recent years
the plume fringe vs plume core concept has been proposed to explain biodegradation in contaminant plumes
(Prommer et al., 2006; Meckenstock et al., 2015; McLeod et al., 2018), complementing the classical conceptual

model of longitudinal redox zonation (e.g. Chapelle, 2000; Christensen et al., 2000; Cribbin et al., 2014).

The plume fringe is a dynamic interface between the background groundwater and plume, marked by large solute
counter concentration gradients which promote transverse dispersion and mixing between electron donors (e.g.
organic contaminants) and dissolved electron acceptors (e.g. O, and NO3) in these chemically different waters.
The gradients in geochemical species influence the microbial community composition and distribution of
microorganisms across the plume fringe, which in turn can determine the potential for biodegradation of specific
contaminants in groundwater (Tuxen et al., 2006; Winderl et al., 2008; Prommer et al., 2009; Anneser et al., 2010;

Brad et al., 2013; Rizoulis et al., 2013; Larentis et al., 2013; Pilloni et al., 2019). This feature has been
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demonstrated in many field and modelling studies (e.g. Lerner et al., 2000; Mayer et al., 2001; Thornton et al.,
2001b, 2014; van Breukelen and Griffioen, 2004; Chu et al., 2005; Watson et al., 2005; Prommer et al., 2006,
2009; Maier et al., 2007; Anneser et al., 2008; Cribbins et al., 2014; McLeod et al., 2018) and is a zone of
significantly increased microbial activity (Tuxen et al., 2006; Jobelius et al., 2011; Brad et al., 2013; Rizoulis et

al., 2013; Fahrenfeld et al., 2014; Eckert et al., 2015) relative to other locations in plumes.

Conversely, anaerobic biodegradation in the plume core, which includes methanogenesis and respiratory
processes using Mn, Fe, and SO, as EAs, is generally less important for contaminant mass removal than
biodegradation at the plume fringe (Meckenstock et al., 2015; Thornton, 2019). In stationary plumes, this occurs
due to depletion of dissolved EAs at the source, ongoing microbial activity and energetically slower reaction rates
for these processes in the plume core (Cribbins et al., 2014; Eckert et al., 2015; Meckenstock et al., 2015; van
Leeuwen et al., 2022). While the plume fringe is characteristically very narrow (e.g. < 1 m, and dependent on
sampling resolution), it is a zone of enhanced biodegradation and biotransformation for many contaminants,
including phenols (Lerner et al, 2000; Pickup et al., 2001; Thornton et al., 2001a; Baker et al., 2012; Rizoulis et
al., 2013), gasoline hydrocarbons and oxygenate compounds (Day and Gulliver, 2003; Spence et al., 2005;
Thornton et al., 2011), phenoxy acid herbicides (Prommer et al., 2006; Tuxen et al., 2006), (poly)aromatic
hydrocarbons and tar oil compounds (Prommer et al., 2009; Anneser et al., 2010; Amos et al., 2011; Pilloni et al.,
2019; van Leeuwen et al., 2022), NSO-heterocyclic compounds (Salowsky et al., 2012), chlorinated compounds
(Olaniran et al., 2008), nutrients (Lorah et al., 2009), ethanol (McLeod et al., 2018) and metals (Schmieman et al.,
1997). Furthermore, the cycling of redox species between dissolved and mineral-based forms at the plume fringe,
involving both biologically catalysed and abiotic reactions, is an important process influencing the fate of many
organic and inorganic contaminants in groundwater plumes (Spence et al., 2001; Topinkova et al., 2007;

Vencelides et al., 2007; Einsiedl et al., 2015).

The development of the plume fringe is strongly affected by spatio-temporal variation in the local velocity field,
which influences the extent of dispersive mixing and plume spreading. Mixing is controlled by molecular diffusion
and small (pore)-scale hydrodynamic dispersion, which results in the smoothing of solute concentration gradients
across the plume fringe interface (Piscopo et al., 2013; Neupauer et al., 2020). Mixing of contaminants and EAs
by transverse dispersion is rate limiting for overall biodegradation in steady-state plumes (Cirpka et al., 1999,
2006; Chu et al., 2005; Cribbins et al., 2014; Eckert et al., 2012, 2015; Meckenstock et al., 2015; Xu et al., 2018).

Spreading involves reconfiguration of the plume geometry by both passive and active mechanisms. Passive
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spreading (manifested as macrodispersion) results from variation in natural flow velocity caused by heterogeneity
in the aquifer hydraulic conductivity distribution (Cirpka et al., 2006). Conversely, active spreading results from
variation in the velocity field induced by unsteady flows created by pumping, for example engineered injection
and extraction (Piscopo et al., 2013; Neupauer et al., 2020). Spreading the plume promotes mixing by increasing
the solute concentration gradients and contact area between the compositionally different waters at the interface,
both of which increase mass flux by diffusion (Cirpka et al., 2006; Piscopo et al., 2013; Ye et al., 2021; Sather et
al., 2022). Importantly, active spreading enhances mixing and reaction through both longitudinal and transverse
dispersion (Sather et al., 2023). However, while longitudinal dispersion in the direction of groundwater flow is an
important mixing process and is higher in magnitude than transverse horizontal and vertical dispersion, mixing
due to local-scale transverse dispersion may control the reactive behaviour of interacting compounds on the
aquifer-scale (Cirpka et al., 1999, 2006; Ye et al., 2015; Neupauer et al., 2020). In general, steady-state plume
lengths are inversely correlated with aquifer bulk transverse dispersivity, but transverse mixing at the plume fringe

can successfully constrain plume migration (Cirpka et al., 2006; Chu et al., 2005).

3 Methodology

3.1 Study site

The considered field site is a fine-grained, unconfined, fluviatile, sandstone bedrock aquifer located underneath a
former coal tar distillation plant in UK. The site has been extensively investigated over 25 years, with studies on
the interpretation of groundwater contamination (Williams et al., 2001), redox processes and contaminant
biodegradation (Thornton et al., 2001a; 2014; Wu et al., 2006; Baker et al., 2012;), aquifer stable isotope
geochemistry (Spence et al., 2001), aquifer microbiology (Pickup et al., 2001; Elliot et al., 2010; Rizoulis et al.,
2013; Mujica-Alarcon et al., 2021), plume mass balance (Thornton et al., 2001b) and reactive transport modelling
(Mayer et al., 2001; Watson et al., 2005). The site history, summarised here, is described in detail in Williams et

al. (2001).

A mixed plume of phenolic compounds (primarily phenol, cresols and xylenols) extends approximately 700 m
down hydraulic gradient of the site, with an estimated width of 150 m and depth of 60 m. Groundwater flow is
westerly, with a pore velocity between 4-11 m/year, consistent over the history of the plume. Vertical flow due to
groundwater recharge is also important (Table 1). Previous investigations have identified a heterogeneous
distribution of phenolic compounds and biogeochemical processes responsible for their biodegradation within the

plume (Thornton et al, 2001a). The plume is anchored by a dense non-aqueous phase liquid (DNAPL) source,
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with concentrations of individual phenolic compounds (e.g., phenol) reaching 25,000 mg/l. Considering this, and
to reduce the complexity of the numerical model, phenol was selected as a representative organic contaminant for
the simulations and the concentrations of all other phenolic compounds were converted into equivalent phenol

concentrations.

Previous studies have shown that the phenolic contaminants are biodegraded by several processes, with most mass
loss (>90%) arising from consumption of oxygen and nitrate in the groundwater (Lerner et al., 2000; Thornton et
al., 2001a,b; Mayer et al., 2001; Jones et al., 2002; Watson et al., 2005). For this reason, the modelling scenarios

were developed to assess the contribution of these two EAs to biodegradation, as influenced by the PAT system.
3.2 Flow and reactive transport model

A 3-D flow and transport model was developed using the input data in Table 1. Groundwater flow is governed by

the classical PDE:

6(1( 6h)+6(K ah)+a<K ah)+W_Sah
ax\ ™ax/) ay\ *ay/) az\ oz Y

where K., K,y, and K, are hydraulic conductivity along the X, y, and z coordinate axes (L/T); & is the hydraulic
head (L); W is a volumetric flux per unit volume representing sources and/or sinks, such as recharge and wells
(1/T); S, is the specific storage of the porous material (1/L); and ¢ is time (T). The model is isotropic (K,, =
Ky, = K,,) and heterogeneous, with hydraulic conductivity generally increasing with depth (Figure 1). The
groundwater flow system was set to transient. Equation 1 is solved using MODFLOW-2005 (Harbaugh et al.,
2005), based on a finite different grid characterized by 241 columns, 201 rows, and 51 layers, with a grid-block
size of 5m X 5m X 5m. The flow model is by characterized by a constant head boundary condition on the east and

west (see Figure 1), with groundwater recharge applied to the water table (Table 1). Other boundaries are set as

“no flow”. MODFLOW-2005 calculates the pore velocity field (v = — % - Vh, where ¢ is the effective porosity),

which is then used in the multispecies reactive contaminant transport simulator MT3D-USGS (Bedekar et al.,
2016) to solve a system of coupled partial differential equations, each of which represents the mass continuity for

the species simulated:

_ ad-C)

V(p-D-VC)—V(p-v-C)+qs; Csi +R; 3t

Eq1

Eq2
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where C; is the concentration of species i [M/L~], D is the hydrodynamic dispersion tensor [L%T'], q5; [M/L?]
represents the specific discharge for species i, Cs;[M/L?] represents the concentration of sources for species i,
and R; represents the reaction rate of species i [M/L3/T!]. In this case, there are three species (i = 1,2,3), and the
term R; depends on ongoing kinetic reactions occurring between 1 electron donor (ED) and 2 electron acceptors
(EAs), simulated using a Monod kinetic model developed by Lu et al. (1999), following approaches used in
previous studies (Rolle et al., 2008). The stoichiometric reactions between phenol (CgHgO), which is the ED, and

the two EAs, oxygen (0,) and nitrate (NO3), are described by the following equations:

(a) C4HyO + 70, —» 6C0, + 3H,0

(b) CeHs0 +ZNO3 + ZH* - 6C0, + =Ny + 2 H,0
Eq 3 and 4 are presented to illustrate the stoichiometry of the reactions which are considered in Eq 6.

The rate of ED biodegradation (i = 1 in Eq. 2) is given by (Lu et al., 1999):

. =Zz Tap, = ‘{kEAl.[EAl] b ocuty [Pl Kiaty }'[ED]
0= L1 7 T "Kgay + [EA] " Kiay + EA;] K, + [EA;]

where [ED], [EA,], and [EA,] represent the concentration of the ED and the two EAs (M/L3), respectively;
kga,and kg,, are first-order decay rate constants for the EAs (1/T); Kg,, and Kgy, are the “half saturation”

constants for the EAs (M/L?); K; gs, (M/L?) is the inhibition constant for the first EA, oxygen, which has the

highest Gibbs free energy (Christensen et al., 2000). Correspondingly, the rate of consumption of the two EAs,

which affects the concentration of the EAs, (i = 2,3 in Eq. 2) is given by:

Tea; = YEA]- *Tep
where Yg Aj(j = 1,2) is the yield coefficient for the EA, that is, the EA mass used per ED unit mass biodegraded,

calculated from the stoichiometry in Eqs. 3 and 4 (Table 1).

The mass biodegraded is obtained by integration of the rate of ED biodegradation rzp (Eq 5) over the model

domain for the remediation period T, that is:

Eq3

Eq 4

Eq5

Eq6
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My;o(T) = fTUﬂ 9-rED-dQ] dt

where () represents the 3D model domain, 8 (/) is the effective porosity, 1z, (M/L3T) is the biodegradation rate
(Eq 5). This integral is numerically calculated over the model grid and the discretization of the time interval [0, T']

adopted in the flow and transport simulation.
3.3 Model development and scenarios

The flow and reactive transport models presented in Section 3.2 were used to create a hypothetical phenol plume
using data on the physical aquifer characteristics obtained from previous site investigations conducted by third
party consultants (Table 1), and research published over the past 25 years (Mayer et al., 2001; Thornton et al.,
2001b; Watson et al., 2005). The rationale behind using this approach was not to interpret the actual contamination
conditions at the site, but to instead develop a model that is internally coherent and consistent. This enabled a
hypothetical but realistic example model to be created, with results that can be extended to other sites with similar

characteristic and/or contaminated with coal tar distillate plumes (e.g. Blum et al., 2011).

Figure 1 shows a contaminant plume simulated with this model. This is in excellent agreement with plumes
produced in other studies at the site using the same dataset (Mayer et al., 2001; Watson et al., 2005), and is similar
to the concentration distribution observed in monitoring surveys conducted at the same time (Williams et al.,
2001; Thornton et al., 2001b). To create the numerical model, a regional model with local canals and pumping
stations was developed based on data from confidential third-party consultant reports. Recharge was estimated
from effective infiltration and applied to the water table. Initial simulations revealed that the most important
parameters for the transport model are recharge and hydraulic conductivity. These initial simulations also revealed
that the groundwater flow in a 1.2 km? square area encompassing the plume is steadily east to west, which is
supported by site data. Therefore, the original regional flow model was then cropped to a size appropriate for
simulating the range of hydraulic gradients observed at the site (horizontal hydraulic gradient of 0.003-0.007).
The eastern and western constant head boundary conditions of 103m and 98m, which were acquired from previous
groundwater monitoring at the site, were used to simulate the average horizontal hydraulic gradient for the site
(0.004). The north and south boundaries are simulated as general head boundaries with linearly decreasing head
from east to west, and the bottom boundary is no flow. The contaminant source consists of DNAPL (coal tar)
trapped within shallow groundwater at the site, which was simulated as a single 5x5x5 m? cell (the source term is

unknown). In order to generate a plume comparable to that observed at the site, the release of phenols from the

Eq7
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source was simulated at 1344 mg/d over 70 years. This was determined to give the corresponding concentration
distribution in the aquifer, with a maximum dissolved concentration of 25,000 mg/l (similar to the source zone)
and total plume mass of 34,000 kg. The source was then assumed to be removed (as per conventional remediation
practice) before PAT operations commenced (Cohen et al., 1997). As the magnitude of dispersion is a function of
the aquifer dispersivity (Ye et al., 2015), values of this coefficient were taken from previous modelling studies at
the site (Table 1), which were of the same order as those estimated in other studies (e.g. Cirpka et. al., 1999, 2006;

Cupola et al., 2015; Reising, 2018).

Based on the work of Williams et al., (2001) and Thornton et al., (2001 a,b), the nitrate concentration in
groundwater at the site varies slightly along the depth, decreasing from 106 mg/I to 91 mg/l between 5-60 mgbl.
However, the dissolved oxygen concentration decreases from 9 mg/l to 4.5 mg/l over the same depth interval.
These solute profiles were included in the layers for the initial concentration and eastern constant head boundary
to develop the spatially variable inputs of EAs in the model. Note that the EA concentrations used correspond to
those of the background groundwater (Table 1). In some of the investigated scenarios, groundwater with this EA
composition is injected into the aquifer, with the suffix “GW” to denote the results. In other scenarios,
groundwater without EAs (with the suffix “GWWEA”), was injected. Monod parameter values from previous
studies were used for the kinetic reaction component of the model (Mayer et al., 2001; Watson et al., 2005). Based
on unpublished calculations of the reaction rates, the most important parameters that are subject to change in space
and time are the ED and EA concentrations. The other Monod parameters are constant. See Figure 1 for more

details.

Six numerical modelling scenarios (experiments) were developed for this study (Table 2). Scenario A depicts a
longitudinal, vertical cross section of the plume, whereas scenarios B-F depict horizontal cross-sections with wells
positioned laterally from the idealised plume centreline and/or on it. The pumping rate (Q) can be negative
(extraction) or positive (injection). The performance of the system in each scenario was compared using ratios of
total phenol mass removed (Mem) to initial phenol mass (Mo), Mem/Mo. Mrem has two components, Myio, the mass
of phenol biodegraded, and Mex, the mass of phenol extracted. Hence, Miem = Mpio + Mext. Normalizing My, and
Mex to the initial plume mass, My, allows the results to be compared directly and shows the relative contribution

of mass removal by each process.

For all scenarios except Scenario A the well screen is 5-m long and located approximately 70 mbgl. This pumping

depth has the highest aquifer hydraulic conductivity and was selected to allow for higher pumping rates. The wells

10
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in each scenario are pumping for a period T of 10 years. The simulations within each scenario are carried out
independently to prevent the effects of previous simulations interfering with subsequent results. For all
groundwater (suffix GW) injection sub-scenarios, groundwater with a concentration of 9.28 mg/1 of oxygen and
105 mg/1 of nitrate (aquifer concentration) was injected. For groundwater without EA (suffix GWWEA) injection
scenarios, no EAs are injected. Simulations in each scenario were carried out until the value of M.m/Mo or
biodegradation began to decrease. For scenarios where M.m/Mo and biodegradation did not increase, they were

capped at 7 simulations, as this was sufficient to evaluate the trend. In all, 68 simulations were conducted.

The following controlling variables were tested in several scenarios, adjusting each for (i) well locations in the
longitudinal and transverse horizontal planes, (ii) pumping rates, (iii) effectiveness of an injection vs extraction
well, (iv) impact of increasing the pumping rate for 2 wells, (v) impact of increasing the transverse horizontal
distance between 2 pumping wells with a constant pumping rate, and (vi) the impact of an injection and extraction
well in the same scenario. The aim of these scenarios was to determine strategies which increase Myio/Mo while

decreasing or minimizing Mex/Mo.

Scenario A investigates the effect of extraction well location along the plume flow path on the enhancement of
biodegradation in situ (Table 2A). A single extraction well located in the plume interior/centreline is tested in 4
simulations which span the length (L) of the plume. Since the plume flow path is diving to recharge, the plume
centreline changes with longitudinal distance and the depths of the well screens change accordingly (between 10
and 70 mbgl) for each simulation to keep the well within the plume interior. The variable in this scenario is L (the
x location), which begins at the plume front at 200 m, and is increased by 200 m until near the plume source, at
800 m. The well extracts groundwater at -30 m?/d for 10 years. It is hypothesized that Mpio/Mo and Mex/Mo will

increase as longitudinal distance trends to 800 m.

Scenario B investigates the effect of pumping rate on the enhancement of biodegradation in situ (Table 2B). The
well is consistent for all simulations, located 15m from the plume centreline/interior and at the plume fringe. This
scenario has three sub-scenarios: extraction, injection of groundwater without electron acceptors (GWWEA), and
injection of groundwater (GW) with the peak concentration of EAs found in the aquifer. The sub-scenarios are
labelled as B-Ext, B-GWWEA, and B-GW in Figure 4a. For each sub-scenario, the pumping rate of the well is
varied from 5 to 100 m*/d. Seven simulations are run for each sub-scenario. The purpose of having separate
groundwater injection scenarios (with and without EAs) is to observe the effect of only plume fringe

biodegradation processes, as there is no biodegradation within the plume core when GWWEA is injected. The
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variable tested is the effect of the pumping rate, the constant well location at the plume fringe and the type of
groundwater injected. These are compared with the no-action case, other scenarios, and among the sub-scenarios.
The first simulation in Scenario B-Ext is comparable to Scenario A at 800 m, as they have the same pumping rate;
the only variable that changes is that the well in Scenario B-Ext is 15 m further away from the plume centreline
than in Scenario A at 800 m; thus, the impact of distance can be compared. The difference between pumping at
the plume centre vs plume fringe was determined in this comparison. It is hypothesized that Mpi,/My for Scenario

B will increase with pumping rate. Mcex/Mo will increase with pumping rate only for Scenario B-Ext.

Scenario C investigates the effect of lateral well location on the enhancement of biodegradation in situ (Table 2C).
The scenario has three sub-scenarios: extraction, injection of groundwater without electron acceptors (GWWEA),
and injection of groundwater (GW) with the peak concentration of EAs found in the aquifer. The sub-scenarios
are labelled as C-Ext, C-GWWEA, and C-GW in Figure 4a. The purpose of having separate groundwater injection
scenarios (with and without EAs) is to compare the effect of plume fringe vs core biodegradation processes, as
there is no biodegradation within the plume core when GWWEA is injected. Six simulations are run for each sub-
scenario. The only changing variable is the north horizontal transverse distance to the plume interior/centreline,
which is varied by 20 m each step and then by 10 m for the final two steps. Since Scenario C starts at the plume
centreline (d = 0 m), this specific simulation is directly comparable to Scenario A at 800 m; thus, the impact of
varying longitudinal vs lateral distance can be directly compared. It is hypothesized that for Scenario C-Ext,
Miuio/Mo will increase and Mew/Mo will decrease as lateral distance from the plume centreline increases. For
Scenario C-GWWEA and C-GW, only Myio/My are expected to increase. Therefore, the relevant comparison

between Scenario B-Ext and Scenario A at 800 m is the effect of the change in pumping rate.

Scenario D investigates the effect of variable pumping rate for two extraction wells on the enhancement of
biodegradation in situ (Table 2D). The extraction wells are located 15m north and south of the plume centreline
(cumulative 30 m lateral distance). The pumping rate is split between the two wells and is varied from 5 to 100
m?/d. This scenario is essentially the same as Scenario B-Ext, except with an extra well. The cumulative pumping
rate in Scenario D is kept identical to Scenario B-Ext so that the effect of an additional well can be directly

compared. It is hypothesized that Myios/Mo and Mex/Mo will increase with the pumping rate.

Scenario E investigates the effect of lateral distance between two extraction wells on the enhancement of
biodegradation in situ (Table 2E). This scenario is identical to Scenario D, except that the lateral distance between

the two extraction wells changes during each simulation and the cumulative pumping rate is kept constant. The
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distance between the wells starts at 30 m and is increased by 30 m during successive simulations to a maximum
of 90 m. A cumulative pumping rate of -60 m>/d was chosen, which is comparable to the mid-range pumping rate
in Scenario D and Scenario B. It is hypothesized that Myio/Mo will increase and Mex/Mo will decrease as the

distance between the two wells increases.

Scenario F investigates the effect of lateral distance of a doublet injection and extraction well on the enhancement
of biodegradation in situ (Table 2F). This scenario has two sub-scenarios: extraction combined with injection of
groundwater without electron acceptors (GWWEA) and extraction combined with injection of groundwater (GW)
with the peak concentration of EAs found in the aquifer. The sub-scenarios are labelled as F-GWWEA and F-GW
in Figure 4a. The purpose of having separate groundwater injection scenarios (with and without EAs) is to observe
the effect of plume fringe vs plume core biodegradation processes, as there is no biodegradation within the plume
core when GWWEA is injected. The lateral distance between the injection and extraction well starts at 15m and
is increased by 15m with subsequent simulations, to a maximum of 105m. As with Scenario D, the effect of lateral
distance in well spacing is investigated. However, this scenario differs in that one well is an injection well, which
may increase plume spreading (and therefore biodegradation) to a greater degree due to the divergent flows caused
by injection. The pumping rates are kept constant at 30 and -30 m?/d for the injection and extraction wells,
respectively. It is hypothesized that using an injection and extraction well doublet will increase spreading of the
plume and enhance Myio/My greater than a scenario in which this is done with two extraction wells, and Mex/Mo

will decrease as the lateral distance between the two wells increases.

An additional experiment was conducted to consider the effect of dispersivity coefficients on mass removal by
biodegradation, as a basis to understand the role of dispersion. The dispersivity in all dimensions was changed for
three test cases, with a model duration of 10 years. The dispersivity coefficients were estimated using the
regression equation from Xu and Eckstein (1995) and data from Gelhar et al., (1992). Each test case is split into
a simulation with “no intervention”, in which there are no wells and only intrinsic biodegradation is quantified,
and a simulation with groundwater injection at 30 m*/d with a well located 15m lateral to the plume centreline
(same location as Scenario B-GW). In case 1, the dispersivity (meters) is the same as the baseline model (ax=1,
ay=1e-2, a,=4e-3). In case 2, the dispersivity is reduced 10x from case 1 (ax=0.1, ay=1e-3, a,=4e-4) and in case
3, the dispersivity is increased 10x from case 1 (ax=10, ay=1e-1, a,=4e-2). Beside the dispersivity coefficients,

all other parameters are consistent for all cases (Table 1).

4 Results and discussion
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4.1 Overview of scenario analysis

The outputs from the scenario modelling are shown in Figure 2 as ratios of Myis/Mo and Mex/Mo, which are
combined under the label Mn/Mo, which represents the proportion of total mass removed by pumping and
biodegradation (Section 3.3). Muio/My is calculated and labelled for each well type, including the extraction and
injection well. The prefix “Ext” and “Inj” refer to a scenario which has injection and/or extraction wells,
respectively. The suffixes GW (groundwater) and GWWEA (groundwater without EAs) are used to distinguish
the injection of water with or without EAs, respectively. The M .m/My ratio profiles are reported for 7' = 10 years
after the start of the PAT operation, at # = 0. The value of Myi,/Mo for “no action” is denoted by the “X” on the
y-axis in Figure 2, which is a constant value for all panels. This represents 0.69% of the total phenol mass that is
biodegraded over 10 years without PAT intervention. As an example, a Mex/Mo ratio of 0.32 implies that the PAT
extraction well removed 32% of the phenol mass. A scenario is considered more effective as the value of Mpio/Mo
increases (i.e. biodegradation is increased), and more efficient if it also has a lower value of Mex/Mo (i.e. less mass
to be sent for treatment is removed). Objectives (a) and (b) are addressed in Scenario A-F, whereas objective (c¢)

is addressed in Scenario F.

Figure 3 shows the mass biodegraded (kg) in each scenario, which consists of the same data shown Figure 2 before
normalization to the initial mass (M), to allow observing more detail. Figure 4 shows the relative and absolute
rankings of all scenarios, with respect to each other and the initial mass. Figure 5 shows the results of the dispersion
experiment with 3 dispersion test cases: case 1, where dispersion is the same as the values shown in Table 1; case
2, where dispersion is decreased by a factor of 10; and case 3, where dispersion is increased by a factor of 10.

Except for Figure 5, the results for each figure are discussed per scenario, from A-F.

4.2 Scenario A

Figure 2A shows that the ratio Mpio/Mo remains rather constant, with no significant variation from the no-pumping
(no action) case, denoted by the “X” label, which is the same for all graphs. Figure 2A also shows that Mex/Mo
increases in the simulations as the well location approaches the plume core (800 m). Figure 3A likewise shows
that the mass biodegraded remains mostly unchanged, with slightly elevated biodegradation occurring at the
plume front (/=200 m). Figure 4a shows that Scenario A did not enhance biodegradation above the baseline “no
action” and Figure 4b shows that Scenario A only biodegraded 0.69% of the total plume mass. The results of

Scenario A indicate that changing the longitudinal well location has no significant effect on biodegradation, at
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least for well locations in the plume interior/centreline. The results also indicate that Mex/Mo increases with phenol

concentration, as the concentration significantly increases from 200 m to 800 m, which is expected.

As the well is placed at the plume centreline, it is less effective at enhancing biodegradation since the EA (O, and
NO3) concentrations are depleted within the plume very quickly and most biodegradation occurs at the fringe
where the plume and EAs mix. At a selected pumping rate (-30 m?/d), the area of influence of the well does not
extend beyond the plume fringe, which reduces mixing between the ED and EAs. Extraction in the plume
interior/centreline does not enhance mixing or transverse spreading, which has been shown to increase reaction
rates in other studies (Rolle et al., 2009; Castro-Alcaca et al., 2012; Sather et al., 2022; 2023). Additionally,
groundwater extraction at the plume centre limits biodegradation because the ED is extracted before reacting with
the EAs in the background groundwater. These interactions and limitations on biodegradation for this scenario
are illustrated in Figure S1-A3, which shows a very weakly developed plume fringe and low biodegradation rate
(rgp), even compared with the initial plume condition (Figure S1-I3). This well configuration therefore removes
phenol mass with no significant biodegradation due to limited dispersive flux of EAs from the background
groundwater. Scenario A did not enhance biodegradation above the baseline condition since the radius of influence
of the well is not sufficient to induce significant mixing at the plume fringe. This can be seen in Figure S1-A3,
where the biodegradation rate is mainly enhanced near the well. While the biodegradation rate in Figure S1-A3 is
larger (greater intensity), the overall area where the biodegradation rate is >0 is lower than the initial condition

(Figure S1-13).

4.3 Scenario B

Figure 2B shows that the value of Myio/M, increases with pumping rate for all sub-scenarios, but with a higher
contribution to mass removal through biodegradation from the injection sub-scenarios (B-GWWEA and B-GW).
Figure 2B also shows that M¢x/My increases with pumping rate for Scenario B-Ext, as expected. Figure 3B shows
the mass removed by biodegradation for each sub-scenario in greater detail. Figure 4a and 4b show that Scenario
B-Ext increases Myio/M, by 50% above “no action” and 0.92% of the plume contaminant mass is biodegraded at
the maximum pumping rate. Figure 4a and 4b show that in the GWWEA injection sub-scenario, Myio/M, is
enhanced by 89% above “no action” and 1.32% of the plume mass is biodegraded at the maximum injection rate.
Figure 4a and 4b show that in the GW injection sub-scenario, Mpio/M, is enhanced by 128% above “no action”
and 1.57% of the plume mass is biodegraded at the maximum injection rate. The GWWEA and GW injection sub-

scenarios are 44% and 71% more effective at enhancing biodegradation above no action than the Ext sub-scenario,
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respectively. Due to the injection of EAs, the GW case enhanced biodegradation by 19% relative to the GWWEA
case (no EAs present). The results of Scenario B indicate that pumping rate has a significant effect on mass
removal by biodegradation, and that injection of groundwater is significantly more effective at enhancing

biodegradation than groundwater extraction.

The enhancement of biodegradation resulting from an increased pumping rate is attributable to the following. In
general, as the pumping rate increases, the plume is spread over a larger area under the spatially varying velocity
field created, which results in enhanced dispersive mixing between the ED and EAs (Rolle et al., 2009; Suk et al.,
2021; Sather et al., 2022; 2023). For GWWEA injection, biodegradation (represented by rzp) is only enhanced in
a narrow zone at the plume fringe (Figure S1-B6). For GW injection, biodegradation is enhanced both in the
plume interior and at the plume fringe, although the EAs will be rapidly consumed within the plume interior,
which may result in their complete depletion (Figure S1-B8 and B9). For GW extraction, biodegradation is
enhanced near the well where the ED and EA are mixed, and at the plume fringe (Figure S1-B3 and A3). However,
since the extraction well removes mass from the system, it does not enhance the biodegradation rate r;p as much
as groundwater injection, where mixing between the ED and EA is more effective and the resultant biodegradation

rate is higher (Figure S1-B3 vs B6 and BY).

4.3 Scenario C

Figure 2C shows that, except for Scenario C-GW, the value of Myio/My increases with lateral distance from the
plume centreline/interior up to 60 m, and then appears to stay constant for the remainder of the experiment.
Scenario C-GWWEA and C-GW start at a higher value of Myio/Mo than Scenario C-Ext, but eventually converge
to approximately the same value at 60 m. Figure 3C shows more detail, in that after 60 m biodegradation for C-
Ext and C-GWWEA begins to slightly decrease. Scenario C-GW responds differently to the change in lateral
distance than the other sub-scenarios. Figure 3C shows that C-GW is most effective in the plume
interior/centreline (0 m), and begins to decline, eventually converging to the same value of biodegradation as the
other sub-scenarios. Figure 4a and 4b show that for Scenario C-Ext and GWWEA, Myo/M, is enhanced by ~62%
above “no action” and ~1.13% of the total phenol mass is biodegraded. Figure 4a and 4b also show that for C-
GW, Myio/M, is enhanced by ~68% above “no action” and 1.16% of total phenol mass is biodegraded. Figure 2C
and 3C show that, initially, at a distance of O m (plume centreline), GW injection is 23% more effective in
enhancing biodegradation than GWWEA injection, 73% more effective than C-Ext. In addition, Scenario C-GW

is 73% more effective than Scenario A at 800m (Figure 2A and 3A).
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The reason why My;o/My is not enhanced beyond a lateral distance of 60 m is due to the capture zone of the well
having a reduced influence on the plume. This is supported by the significant decrease in Mex/M, that occurs after
40 m, trending to zero after 60 m (Figure 2C). Since no ED (phenol) mass is removed, the well increases the value
of Muio/M, (i.e. stimulates biodegradation) by increasing plume spreading and the plume fringe interface as the

plume is pulled further away from the center (Sather et al., 2022; 2023).

The initial and final values of phenol concentration, dissolved O concentration and biodegradation rate 7z, for
the Scenario C-Ext simulation are compared with the initial plume condition in Figure S1, illustrating the dynamic
nature of the plume fringe interface and biodegradation under pumping. These simulations and those more
generally in Figure S1 show stretching and folding of the plume due to active spreading induced by the
arrangement of the PAT system in each scenario, also documented by Piscopo et al. (2013) in a similar study. As
the extraction well located lateral to the plume centreline removes contaminant mass, the phenol concentration is
decreased and the plume fringe surface area is increased by lateral spreading (SII1 vs SI C1) of the plume during
pumping, allowing greater mixing of dissolved EAs (note the increased O, footprint) across the interface (SI 12
vs SI C2). Ultimately, this increases the spatial extent of the interface and rate of biodegradation 7y, at the plume
fringe compared with the initial condition (SI I3 vs SI C3). By changing the plume flow direction in this way, the
reaction front (plume fringe) is aligned perpendicular to the local flow field towards the extraction well. In this
case mixing is dominated by longitudinal dispersion in the direction of flow, which is much greater than transverse

dispersion, resulting in enhanced biodegradation (Sather et al., 2022; 2023).

With each sub-scenario at their peak performance, GW injection at 0 m is marginally the most effective strategy
overall as it significantly enhances biodegradation while reducing mass extraction For example, it is ~2.6% more
effective than GWWEA injection or C-Ext at 60 m. Groundwater injection is effective for this enhancement
because biodegradation inside the plume is limited by the depletion of available EAs (oxygen and nitrate) and the
flux of these EAs into the plume, as induced by the PAT system. These points highlight that while the injection
of groundwater at the plume centre can significantly enhance biodegradation compared to injection of EA-
depleted groundwater or groundwater extraction at the same location, increasing plume spreading by pumping

laterally to the plume is equally important.

4.4 Scenario D

Figure 2D shows that Myio/Mo remains mostly constant as the pumping rate is increased for both extraction wells.

This is confirmed by Figure 3D (enhanced resolution) which shows the absolute contaminant mass biodegraded.
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The lowest pumping rate of -5 m?/d resulted in the highest value of Myio/Mo. Figure 4a and 4b show that Scenario
D enhanced mass removal by biodegradation by 8% over the no action case and removed 0.75% of the plume
mass (vs 0.69% for “no action”). These results indicate that increasing the pumping rate for two extraction wells

located at a constant lateral distance (30 m) has little to no effect on biodegradation.

The results also indicate that extracting groundwater symmetrically from two wells is less effective compared to
a single well with similar pumping rate, such as Scenario B-Ext. This is attributed to a decrease in dispersive
mixing of EAs within the plume caused by the proximity of the two wells, which have an overlapping radius of
influence. This is evidenced by the absence of biodegradation at or near the wells (Figure S1, D3). In Scenario D
both the maximum value of the biodegradation rate and area in which biodegradation occurs is reduced (Figure
S1, I3 vs D3). In Scenario B, the well promotes dispersive mixing of the background groundwater and plume,
increasing the value of Myios/M, within the well capture region (Figure S1, B3). However, in this dual well
configuration (Scenario D), the background groundwater is drawn into the plume margin at each side. At high
pumping rates, adequate mixing between the ED and EA does not occur because the phenol mass is excessively
removed by the combined action of the two extraction wells, which are located too close together (Figure S1, D1-
D3). Also, at low pumping rates, these extraction wells cannot appropriately influence the region between them
to the same degree, as the EAs are instead drawn away from the plume toward the extraction well on either side.

The performance of this scenario could be improved if the lateral distance between the two wells was greater.

Despite Scenario B having only one well, more contaminant mass was extracted than in Scenario D. This is
because the two wells in Scenario D are located 30 m apart, and the pumping rate is split between them (up to -
50 m>®d each), rather than concentrated (-100 m*/d) in a single cell. The strategy in Scenario D is therefore not
effective because biodegradation is limited by the very close spacing of the wells and the contaminant mass

extracted is large, implying increased operational costs for subsequent groundwater treatment.

4.5 Scenario E

Figure 2E shows that Myio/My increases with lateral distance between the two extraction wells. At the first point
in Scenario E, Myio/Mo and “no action” are equal, indicating that at a lateral distance of d=30 m, biodegradation
was not enhanced above baseline conditions. Figure 2E also shows that the most effective arrangement is for each
well to be placed 45m away from the plume centreline (i.e. the distance between them is 90 m). Figure 4a and 4b
show that at this optimal position, 0.9% of the total plume mass was biodegraded compared to the no action case

(0.7%), with a maximum enhancement in Myo/M, of ~24% above “no action”. The enhancement in
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biodegradation is due to the same processes as in Scenario C-Ext and C-GWWEA. As the lateral distance between
the extraction wells increases, phenol biodegradation is enhanced by the greater degree of dispersive mixing

created by this interaction.

Beyond the 45m distance, the overlap between the capture zone of the two wells and the plume decreases. This is
supported by the decrease in Mex/M,, which indicates that the plume is unaffected by this well arrangement. The
value of Mex/M, decreases after a well separation of 60 m because contaminant concentrations decrease quickly
at the plume margin (Thornton et al, 2001a). The extent of biodegradation at the plume fringe is also limited by
the supply of organic contaminants to this interface, controlled by the dispersive mixing. Unlike Scenario D,
Scenario E enhances plume spreading and mixing because the pumping rates are lower and the wells are further
apart, such that the ED and EAs are not removed as rapidly and adequate mixing between the plume and
groundwater is possible to support biodegradation. Further analysis shows that this scenario results in significant
spreading of the plume and enlargement of the plume fringe between the extraction wells, as shown by the
increased footprint of the dissolved O» concentration gradient across this interface (Figure S1-E2) and

corresponding zone of enhanced biodegradation rate, 1z, (Figure S1-E3).

4.6 Scenario F

Figure 2F shows that the value of Mpio/M, increases with the lateral distance between the extraction and injection
wells. For both the GWWEA and GW sub-scenarios, Mpio/Mo reached its highest value at a lateral distance of 90

m, after which it begins to decline.

Figure 4a and 4b show that 1.2% and 1.4% of the total phenol mass were biodegraded for each sub-scenario,
respectively. This is respectively an enhancement of 67% and 100% above “no action” in mass removal by
biodegradation (Figure 4a). For this arrangement GW injection was ~18% more effective at enhancing
biodegradation than GWWEA injection, as shown by the increased mass biodegraded (Figure 4a). This difference
arises because biodegradation occurs within the plume interior (where the injection well is located) and at the
plume fringe (where the extraction well is located) in the GW injection sub-scenario. However, biodegradation
only occurs at the plume fringe in the GWWEA sub-scenario, as the latter has no EA suite to support
biodegradation directly, and the injected GWWEA simply enhances dispersive mixing without supplementing the

EA supply.

19



526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

After a well separation distance of 90 m, M../M, decreases sharply to zero, as progressively less contaminant
mass is extracted, and Mpio/M, begins to decrease, indicating a reduced influence of the well on biodegradation in
the plume (Figure 2F). Overall, this scenario was respectively 87% and 62% more effective at enhancing
biodegradation than using two concurrent extraction wells, as in Scenario D and E. However, the plume fringe
was enhanced much less by the well and pumping arrangement in Scenario F, as opposed to Scenario D (compare
Figure S1-F3 and Figure S1-F6 to Figure S1-E3). Nonetheless, the biodegradation rate in Scenario F-GW is
generally higher than in Scenario F-GWWEA and Scenario D, which results in higher overall mass removal

through biodegradation.

The performance of the combined PAT-NA system in the different scenarios is compared in Figure 4 relative to
the “no action” case. This shows that groundwater injection in Scenario B-GW was most effective in removing
contaminant mass (Figure 4a) and enhancing biodegradation (Figure 4b) relative to the other scenarios. Over 500
kg of contaminant mass was biodegraded using groundwater injection within Scenario B (Figure 4b). The
arrangement of pumping wells in this scenario, with a fixed location at the plume fringe and continuous supply of
0O, and NOj in the injected groundwater, ensures dispersive mixing at the plume fringe is enhanced and
biodegradation is not EA limited. While the mass biodegraded in these scenarios is a modest percentage (ca. 2%)
of the overall plume, this simply reflects the significant mass of dissolved contaminant in groundwater at the site;
the concentration of phenol is several orders of magnitude higher than the concentration of the EAs. Moreover,
the mass biodegraded also reflects the low value of aquifer transverse dispersivity at this site, which limits

dispersive mixing in the plume.

4.7 Effect of dispersion on biodegradation

Figure 5 shows a hypothetical experiment which illustrates the effect of dispersion on biodegradation, as assessed
by comparing numerical simulations of the contaminant mass biodegraded for different values of the dispersivity
coefficients. A 10-fold increase of the dispersivity coefficients (case 3) above the baseline model (case 1) enhances
the biodegradation by approximately 360%, whereas a 10-fold decrease (case 2) reduces biodegradation by only
12%, indicating that the original dispersivity value (case 1) is already quite low for a solute plume of that scale
(Gelhar et al., 1992; Xu and Eckstein, 1995). GW injection enhances biodegradation by approximately 96% for
case 1 and 2, and by 22% for case 3 (Figure 5). Higher values of dispersivity coefficients result in greater plume
spreading in all dimensions, which increases the dispersive mixing between the ED and EAs, as well as the EA

flux into the plume to stimulate biodegradation. This feature is evident in several scenarios (e.g. C and E) from
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the increased size of the plume fringe interface under pumping, and the corresponding greater spatial development
of zones with an increased biodegradation rate (Figure S1). GW injection further enhances biodegradation for the
same reason, but with diminishing returns at higher values of the dispersivity coefficients. This is likely due to
the plume becoming very dilute in case 3, which reduces the biodegradation rate 7z, ; the injection well should

be located in a more concentrated region of the plume in order to be more effective.

5. Conclusion

This research examined the design of conventional pump and treatment (PAT) systems to increase the in situ
biodegradation of organic contaminants in groundwater, by addressing potential limitations (electron acceptor
supply) on the relevant processes. The aim was to identify the effect of system variables on plume remediation to
increase contaminant mass removal by enhancement of biodegradation, as a proof-of-concept evaluation and basis
to optimise the system design for best performance. Six scenarios were developed to evaluate the design of the
PAT system with these variables, using a 3-D numerical model (MODFLOW and MT3D-USGS) constructed with
historical site characterisation data from a chemical manufacturing plant on a UK sandstone aquifer. Using this
data, a “synthetic plume” was created in the model to investigate the scenarios in this conceptual analysis. The
contaminants in groundwater at the site were all converted into equivalent concentrations of phenol (the
predominant contaminant) for the modelling. A Monod formulation was used in the model to simulate the kinetic
reactions between phenol and different electron acceptors (dissolved oxygen and nitrate) involved in
biodegradation. A 10-year scenario with no active wells and passive natural attenuation was used as a control to

compare the additional contribution of biodegradation to mass removal in the groundwater.

The scenario modelling showed that the enhancement of biodegradation depends on the location, number,
pumping rate and distance between well location(s) in the PAT scheme. Placing the PAT wells too close together
limits biodegradation rates and extraction in the plume interior/centreline is less effective than injection in the
same location. Since the extraction well removes contaminant mass from the system, this reduces the overall
biodegradation rate rzp in space and time, as this is strongly influenced by phenol concentration. In general,
injection enhances plume fringe reactions by increasing dispersive mixing through the creation of divergent flows.
As the wells are moved laterally outward from the plume centreline, the mass extracted decreases and mass
biodegraded increases. The most effective scenarios are injection of groundwater with electron acceptors at 15m
from the plume interior/centreline (scenario B-GW), and injection of groundwater with electron acceptors in the

plume centreline combined with an extraction well that is located away from the plume centreline (Scenario F-
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GW). The PAT system enhances in situ biodegradation of contaminants by (i) increasing dispersive mixing
between solutes in the plume and background groundwater, and (ii) increasing the flux of dissolved electron
acceptors into the plume from the background groundwater in zones (e.g. plume fringe) which have high
biodegradation potential. Enhanced mixing also increases contaminant dilution and can remove factors which are
inhibitory to biodegradation. The analysis shows that biodegradation was significantly improved with PAT
intervention above the “no action” case, with an increase of 100-128% in mass biodegraded. The pumping rate is
the most effective (and controllable) intervention to enhance biodegradation, as it increases the EA flux into the
plume. Furthermore, groundwater extraction at the plume fringe is the most efficient basis to increase the surface

area of this interface and enhance solute mass transfer across it by dispersion.

Future studies should identify how to minimize the diminishing returns observed with multi-well configurations.
If the effectiveness of a single well could be multiplied or scaled (Scenario C-Ext), this could potentially shorten
remediation timeframes significantly. The effectiveness of different combinations of EAs in the injected
groundwater for biodegradation should also be considered, although this will likely depend on the contaminant
mixture in specific cases. Overall, the approach illustrated here offers new opportunities to integrate PAT with

natural attenuation as a management strategy at sites where groundwater is contaminated by organic chemicals.
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852 Figure 1. Schematic of plume concentration envelope based on groundwater chemistry and numerical simulation
853 of site data. The concentrations shown are in mg/l. The hydraulic conductivity scale indicates that some values
854  repeat throughout the layered system (Thornton et al., 2001b). Note that the concentrations of oxygen and nitrate
855 are below detection in the plume due to biodegradation of the phenolic compounds. Note the vertical exaggeration
856 of the depth scale.
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Figure 2. Ratios of contaminant mass removed for scenarios A-F. The y-axis is the contaminant mass removed
(Mrem) by biodegradation in situ (Myio) and extraction (Mex), normalised to the initial mass (Mo). For Scenario
A, the numbered points correspond to the well locations in Table 2, where well 1 is at the front of the plume
(200m), downgradient of the source, and well 4 is close to the source (800m). “No action” refers to the initial
condition in which NA occurs without PAT intervention.
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866 Figure 3. Mass removed by biodegradation for scenarios A-F. The x-axis is the variable under consideration for
867 the particular scenario and the y-axis is the mass removed by biodegradation, for the entire model domain over
868 10 years, in kilograms. GWWEA is injection of groundwater without EAs and GW is injection of groundwater
869 with EAs.
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894 Figure 4. (a) Scenarios with respective sub-scenarios ranked by percentage enhancement in biodegradation
895 above “no action”, from highest to lowest. (b) Absolute and percentage of total plume mass biodegraded.
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898  Figure 5. Total mass removed by biodegradation for an experiment in which the dispersivity in all dimensions is
899 changed for three test cases, each of which were simulated over 10 years. Each test case is split into a simulation
900 with “no action”, in which there are no wells and only intrinsic biodegradation is measured, and a simulation
901 with groundwater injection at 30 m®/d with a well located 15m lateral to the plume centerline (same location as
902 Scenario B-GW). In case 1, the dispersivity is the same as the baseline model (ax=1m, ay=1e-2m, a,=4e-3m).
903  In case 2, the dispersivity is reduced 10x from case 1 (@x=0.1m, a,=1e-3m, a,=4e-4m) and in case 3, the
904 dispersivity is increased 10x from case 1 (ax=10m, ay=1e-1m, a,=4e-2m). The percentages show the
905 enhancement of biodegradation above the “no action” case due to GW injection.
906
907 Table 1. Input parameters used in the scenario modelling.
Flow and transport parameters Value Data source
Effective porosity (-) 0.125* Core samples/geophysical logs®
Hydraulic conductivity range, K (m/d) 0.35-1.0° Pumping tests and RFM®
Recharge rate (m/d) 8.00e-04* Effective infiltration estimation®
Longitudinal dispersivity (m) 1°
Vertical transverse dispersivity (m) 4.00e-03° Tracer tests and numerical modelling
Horizontal transverse dispersivity (m) 1.00e-02°
Grid block size (m?) 5 Well screen lengths are 5 meters.?
Model length, width, and depth (m) 1200x1000x255
Species
Biodegradation module parameters Phenol  Oxygen Nitrate
Half saturation constant (mg/1) - 0.1° 0.5° Determined by a mesocosm experiment?
Inhibition constant (mg/1) - 0.9% 0.9°
Decay rate (1/T) - 3.44e-05° 3.44e-06°
Yield coefficient (-) 0 2.38° 3.69° Reaction stoichiometry (Eq. 3)
Source concentration (mg/1) 25000 0 0 Groundwater quality monitoring
Background groundwater concentration (mg/1) 0 4.5-9.28°  91-105° Groundwater quality monitoring
908 a.  Unpublished data from confidential third party consultant reports.
909 b. Values used in previous modelling studies on the site [Watson et al. (2005) and Mayer et al. (2001)].
910 RFM refers to Radial Flow Modelling undertaken by third party consultants.
911
912
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913

Table 2. Scenarios (A-F) evaluated in 10-year modelling simulations and the respective approach followed (see

text for explanation).

Scenario

Description

Injection/extraction well layout

A. Effect of extraction
well distance along
flow path

Extraction well is located on the
plume centerline, at distances which
increase by 200m in successive
simulations. Well extraction rate is
fixed at Q=30 m?/d.

~ NN N

B. Effect of asynchronous

Well location is fixed (d=m) and

i@\

injectiqn and injection/extraction rate Q variable \ °-
extraction rate progressively increased. This _
scenario includes injection of either d
GWWEA or GW in separate sub- N fixed
scenarios (see text).
C. Effect of asynchronous | Injection/extraction well is moved _I_G
extraction/injection an increasing lateral distance from f;ed Y
well location lateral to | the plume centerline. Well pumping ®----
flow path rate is fixed at Q==30 m>/d. This d
scenario includes injection of either | .. _._._._._._. variable ~_
GWWEA or GW in separate sub-
scenarios (see text).
D. Effect of well pumping | Extraction wells are placed _Q
rate for two concurrent | symmetrically at a fixed lateral variabI;\ o
extraction wells distance d=m from the plume d
centerline, with @ progressively fixed
ereased. — . (S =g &_ .......
variable
\.'---"l
E. Effect of location for Extraction wells are placed -0
two concurrent symmetrically at a progressively fixed I -
extraction wells increasing lateral distance d from i
the plume centerline, with Q fixed at vErEE
- — o mm r mm o mm o mm o mm o s = = = = =
fixed ‘\.______
F. Effect of location for Injection well is located on the _N
concurrent extraction plume centerline and one extraction fixed Y
and injection wells well is positioned laterally at an _ ®----
increasing distance d, with the +Q d
pumping rate Q fixed at £30 m3/d. | _ . _._._. i'xei‘\_', _.4variable _ _ .

This scenario includes injection of
either GWWEA or GW in separate
sub-scenarios (see text).
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922 Figure S1. Pixelized concentrations of phenol, oxygen and the biodegradation rate (tfED, Eq. 5) for each modelling scenario. Concentrations are in units of mg/l and rED is in
923 units of mg/l/d. Each graph is produced at the end of 10 years. For brevity, only the most effective scenario data points have been presented and only 1 layer of the results are
924 shown. For Scenario A, only the simulation at 800m is shown. For Scenario B-Ext, only the simulation at -100 m3/d is shown. For Scenario C-GW, the most effective

925 simulation is shown, with the injection well at the center of the plume. The red ‘x’ indicates the location of pumping well(s). The phenol concentrations (left panel) are shown
926 on a symmetrical logarithmic scale, whereas the other graphs are shown on a linear scale.
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