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Abstract

Reactive transport models (RTMs) are widely adopted supporting tools for the design and
management of aquifer in-situ bioremediation systems. However, their use has not been yet fully
demonstrated for the design and management of operational-scale sequential bioremediation
system (SBSs). In this work, a multispecies RTM was developed to reproduce an SBS coupled to a
pump-and-treat (P&T) system in a chloroethene-polluted alluvial aquifer of Northern Italy. It is one of
the first-ever documented applications of multispecies process-based RTM to simulate an
operational-scale SBS. Two different model configurations were created to study the importance of
adopting a more homogeneous or heterogeneous spatial distribution of transport parameters. The
first configuration embedded three different reaction zones (RZs), each one described by spatially—
invariant first-order reaction rates (k) simulating parent-daughter transformation of chloroethenes
(PCE->TCE->DCE~>VC). The second configuration embedded a spatially variant distribution of
reaction rates within the three RZs, resulting in a more heterogeneous parametrization. Given the
larger number of fitting parameters, the more heterogeneous model provided a better match of the
field observations. Compared to it, calibrated k obtained from the more homogeneous model were
largely underestimated for more-chlorinated compounds (PCE, TCE) and overestimated for less-
chlorinated compounds (DCE, VC). The heterogeneous model showed that the capacity of the SBS
to degrade the chemicals varied significantly across the different site areas, a feature not captured
by the homogeneous model, and which could have important implications regarding the potential
closure of selected P&T wells.

Keywords: Organochlorides; In situ enhanced bioremediation; Sequential anaerobic/aerobic
bioremediation; Landfill; Multidimensional reactive transport model.

1 Introduction

In-situ bioremediation (ISB) is a widely deployed technique to eradicate chlorinated aliphatic
hydrocarbons (CAHs) from contaminated aquifers (Chen and Chang, 2020; Ismail et al., 2022;
Suthersan et al., 2017). ISB has several advantages over traditional ex-situ remediation methods,
such as pump-and-treat (P&T) (Carroll et al., 2024; Mackay and Cherry, 1989). Among the range of
possible ISB configurations, sequential bioremediation systems (SBSs) are particularly effective for
the removal of chloroethenes (Tiehm and Schmidt, 2011). SBSs consist of two biobarriers,
sequentially distributed along the mean groundwater flow direction. The upgradient biobarrier is
designed to eradicate the more-chlorinated compounds, such as the tetrachloroethene (PCE) and
trichloroethene (TCE) by promoting anaerobic conditions and reductive dechlorination. The
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downgradient barrier is designed to eradicate the less-chlorinated byproducts, such as
dichloroethene (DCE) and vinyl chloride (VC), by promoting aerobic conditions and oxidative
dechlorination.

Reactive transport models (RTMs) are being increasingly developed to assist designers and
managers of ISB systems (Antelmi et al., 2021; Liu et al., 2021; Pathania et al., 2023). These models
can reproduce the main mechanisms that control bioremediation by means of physically-based
formulations. RTMs can resolve microbially mediated geochemical reactions occurring during
advective and dispersive solute transport in groundwater (Steefel et al., 2014). So far, documented
field-scale uses of RTMs have mainly focused on either anaerobic or aerobic bioremediation, as
separate processes. There have been limited attempts to model coupled aerobic and aerobic
degradation processes under field conditions (Casiraghi et al., 2022b; Essaid et al., 1995).

One reason could be ascribed to the well-known difficulties to parametrize RTMs (Molins and
Knabner, 2019). Modeling aquifer bioremediation requires several parameters which mostly
unknown “a priori” and should then be estimated through model calibration. Luo et al. (2024)
provided a recent review of RTM codes to simulate bioremediation of chlorinated ethenes in aquifers.
Modeling an SBS is even more complicated than a single bioremediation system, as both anaerobic
and aerobic processes must be simultaneously simulated.

Another reason could be due to the spatial variability of aquifer properties, which translates into
spatially variable model parameters. Modelers face an initial difficulty when deciding if setting up a
homogeneous (i.e. spatially constant) “upscaled” model that lumps together the spatial variability of
aquifer parameters, or explicitly resolving the problem using a heterogeneous (i.e., spatially variable)
parametrization. Upscaling remains a complicated task when developing reactive transport models
(Carrera et al., 2022), particularly in presence of complicated nonlinear process such as microbially-
mediated reactions (Miralles-Wilhelm et al., 1997). In the subsurface, flow and transport are
controlled by ubiquitously present heterogeneities (Herrero et al., 2021) and multiple boundary
conditions (e.g., wells, streams-aquifer connections). Therefore, a heterogeneous parametrization
may be seen as a natural choice when developing RTMs. However, parameter maps are mostly
incomplete and uncertain, due to the limited accessibility to the subsurface, scaling effects of
estimated aquifer parameters and the complexity of processes (Lichtner and Tartakovsky, 2003).
Moreover, coupled flow and biogeochemical processes result in strongly nonlinear partial differential
equations that can be computationally demanding, particularly in highly heterogeneous media
(Yabusaki et al., 2011).

In this work, we present the development and use of a multidimensional RTM targeting an
operational-scale SBS. To the best of our knowledge, it is one of the first applications of such models
ever documented for SBSs. The model simulates a coupled to a P&T system in an alluvial aquifer of
Northern Italy. This aquifer is affected by a chloroethene plume formed from an old industrial landfill.
The model is based on RT3D (Clement, 1999), a widely adopted multispecies reactive transport
code, which was used to simulate kinetic sequential dechlorination of four chloroethenes
(PCE->TCE->DCE->VC) in the subsurface. In RT3D, first-order kinetic rate constants (k) can be
used to control the parent-daughter chloroethene transformations. Such k can be either spatially
constant or variable across the model grid cells, making the model ‘homogeneous” or
“heterogeneous”, respectively, in terms of its parametrization. Leveraging these capabilities of
RT3D, we carried out two different analyses to demonstrate the ability of this model to address both
(1) research-oriented questions related to RTM and (2) practical aspects related to the design and
management of SBSs.

The first analysis aims at demonstrating the importance of selecting a more homogeneous or
heterogeneous spatial distribution of parameters when using RTMs. To this end, we developed a
first “homogenous” setup, in which we split the site into three reactive macrozones, each one
characterized by a zonally constant k. Then, we developed a second “heterogeneous” setup, in
which we varied k both across the three reactive macrozones and across the different streamtubes
forming the flow system, making the model more complex. A Damkdhler-number-like metric (D) and
contaminant loadings (£) were adopted to quantitatively compare and analyze the results from the
two model configurations.
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The second analysis targeted a more practical question regarding the site management.
Specifically, we simulated the implication of a hypothetical deactivation of the P&T, leaving the SBS
as the sole remediation solution in the site. Given the well-recognized limited ability of P&T for site
cleanup (Bayer et al., 2005; Casasso et al., 2020; Pedretti, 2020), P&T deactivation is often
considered by polluted site managers as a possible manner to cut both environmental and socio-
economic costs associated to P&T operations. By comparing L discharging from the aquifer, we
quantified and analyzed the change in loadings between the current “business-as-usual’ scenario
with active P&T against the scenario without P&T. Both homogeneous and heterogeneous model
configurations were tested and compared.

2 Materials and methods
2.1 Background

The study site has been extensively characterized in the past (Bertolini et al., 2021; Casiraghi
et al., 2022a, 2022b; Terrenghi, 2018). Several multiscale and multidisciplinary activities have been
performed prior to the design of the SBS and during its initial operations. Details on soil properties
or other information not reported in the following summary can be found in the cited literature.

The contaminated aquifer is a 10-m-thick semi-confined sandy alluvial formation located in the
proximity of a lagoon (Figure 1a). This aquifer is the shallowest of a multilayered system utilized for
drinking and agricultural purposes (Figure 1b). High concentrations of PCE and less chlorinated
(“daughter”) products (TCE; cis-DCE; VC) have been detected in this aquifer, exceeding the national
law limits set by Italian Decree 152/2006. The deeper permeable horizons of the multilayer systems
are not polluted, being protected by silty-clayey semi-impervious units (Figure 1b). Other CAHSs, such
as those from the chloroethanes family, were also observed in the site, although this study focuses
exclusively on chloroethenes. While chloroethenes can behave as non-aqueous phase liquids
(NAPLSs), only transport of solute-form chloroethenes was considered in this study, as measured
concentrations were too low to hypothesize the presence of free-phase pools outside the source
area.

The plume source is an old industrial landfill, which has been active for an undefined period
across ltaly’s industrial expansion between 1945 and 1980, when no strict legislation existed to
regulate landfill constructions. Lacking a proper basal impermeabilization, the landfill is connected
to the aquifer. For the sake of this study, the landfill can be considered as a continuous source of
solute-form contaminants, as natural attenuation is very slow. Site managers believe that
contamination will last for years, if not decades, thus urging the SBS as a long-term cost-effective
remediation solution for the plume. Groundwater, and consequently the solute plume forming from
the landfill, moves from the lagoon, which acts as an upgradient aquifer boundary, to an artificial
agricultural land reclamation canal (ALRC), which acts as a downgradient aquifer boundary (Figure
1a). As most of the area is topographically depressed compared to the sea level, the ALRC acts as
a drain that lowers the water table through a pumping system (in Italian, “idrovora”), located as shown
in Figure 1. Pumped water is diverted to the lagoon through a lateral canal (“Outflow canal”), which
is also an inflow boundary for the studied aquifer.

Across the 1990s and 2000s, two P&T systems were installed in the site, one located in the
proximity of the landfill, and one located along the landfill. The former P&T system is now dismissed,
while the latter is still active, with 8 pumping wells (Figure 1) acting as a hydraulic barrier. The total
discharge rate (Q) of the active P&T is Q=278 m3/day.

Since the P&T systems were insufficient to achieve for the site cleanup, in 2015 an SBS was
installed. The SBS is made up of two biobarriers (Figure 1), each one about 400m long, which
sequentially enhance reductive (RD) and oxidative (OX) dechlorination, respectively. The upgradient
“anaerobic biobarrier” (AN) targets the more-chlorinated ethenes (PCE, TCE); the downgradient
“aerobic biobarrier” (AE) targets less-chlorinated ethenes (DCE, VC). At the time of writing, the
combined biobarriers form arguably one of the largest ISBs ever constructed in Italy, making it a
landmark bioremediation site in the country and beyond.
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Figure 1. (a) Map of the study site, showing the landfill area, the position of the biobarriers (AN—
anaerobic biobarrier; AE—aerobic biobarrier) and the active P&T wells. The map also displays the
location of the boreholes used in the analysis. (b) Conceptual geological sketch of the top 15 meters
of the ground. The trace A—A’ is reported in (a). The vertical axis indicates the topographic elevation
above sea level (a.s.l.). Blue arrows indicate the average groundwater flow, which is directed from

the lagoon and the outflow canal to the ALRC.
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The construction of the operational-scale SBS has been preceded by multiscale microbiological
and hydrogeological analyses, from laboratory microcosms to pilot (field-scale) tests (Bertolini et al.,
2021; Casiraghi et al., 2022a, 2022b; Terrenghi, 2018). Casiraghi et al. (2022b) developed a 1-D
reactive transport model using the code PHREEQC (Parkhurst and Appelo, 2013) to reproduce
chloroethenes concentrations measured in selected boreholes of the site. Specifically, the chosen
boreholes were hypothesized to lie along one of the flow paths (“streamtubes”) connecting the
contaminant source (the landfill) with the outflow boundary (the ALRC).

Through the interpretation of compound specific concentration and carbon isotopes, the 1-D
model suggested the existence of three “reactive macrozones” (RZs) in the site. A first zone (RZ1)
was associated to the aquifer upgradient of the AN biobarrier and characterized by non-stimulated
reducing conditions. The second zone (RZ2) was associated with the aquifer between the two
biobarriers. Here, the RD rates were enhanced compared to the natural attenuation rates in RZ1.
However, OX rates were not enhanced compared to the rates estimated in proximity of the AE
biobarrier. The third zone (RZ3) was located in proximity of the canal and characterized by stimulated
oxidizing conditions induced by the AE biobarrier. Using a parent-daughter degradation model, first-
order kinetic rate constants (k) were adopted in the model to parametrize the three RZs.
Homogeneous k values for each RZ were obtained from the 1-D model calibration.

While useful to verify the ability of the AN and AE biobarriers to enhance microbially mediated
reactions occurring in the site, the 1-D model by Casiraghi et al. (2022b) presented two main
limitations. The first limitation is that the geometric shape of the streamtube simulated by the 1-D
model was not derived from a rigorous, calibrated multidimensional groundwater flow model. It was
outlined from a qualitative estimation of the aquifer flow paths geometry, which was obtained using
interpolated piezometric maps. The second limitation is that the model did not consider the control
exerted by spatial variability of the hydrogeological and biochemical aquifer properties and the
presence of multiple boundary conditions (e.g., the P&T wells) on flow and transport patterns.

Figure 2 provides an example of the complex patterns of chloroethenes concentrations in the
studied aquifer. These maps were created by interpolating concentrations of PCE, TCE, DCE and
VC measured from water samples collected in May 2021 at different boreholes between the landfill
and the ALRC. Contaminant concentrations were determined through gas chromatography/mass
spectrometry (GC/MS) using EPA reference methods 5021A 2014 and 8260D 2018. Sampling
procedure and methodology for the laboratory analyses used for this dataset were the same as in
the previous monitoring activities, as described in detail in Casiraghi et al. (2022b).
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Figure 2. Interpolated maps of chIoroethenes concentrations (based on measurements collected in
May 2021) for (a) PCE, (b) TCE, (c) DCE and (D) VC. AN = anaerobic biobarrier. AE = aerobic
biobarrier. ALRC = agricultural land reclamation canal.

The concentration patterns shown in Figure 2 cannot be reproduced using a 1-D model,
motivating the development of a 2-D model. Such patterns are mainly ascribed to the spatially
variable composition of the landfill (i.e., the contaminant source) and microbially mediated natural
and biostimulated dechlorination reactions occurring in the site (Bertolini et al., 2021). Spatial
variability of hydraulic properties, such as the soil hydraulic conductivity (K), may also influence the
concentration distribution in the site through preferential flow and solute channelling (Bianchi and
Zheng, 2016; Pedretti et al., 2013). However, at present such physical heterogeneity cannot be
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readily mapped in the site using existing information. Research is in progress to provide a better
understanding of the control of physical heterogeneity of the site and incorporate it in follow-up
studies. Other information, including existing soil properties, can be found in Terrenghi (2018).

2.2 Model implementation

RT3D adopts an operator splitting approach to couple the seepage rates (q) calculated from a
flow simulator with several multicomponent reactive modules, depending on the specific
geochemical process to be simulated. The model was implemented using the graphical user
interface Processing Modflow 8 (Simcore Software, 2017), in which RT3D is coupled to the
groundwater flow simulator MODFLOW-96 (Harbaugh and McDonald, 1996). Among the possible
RT3D reactive transport modules, we used the one that simulates the anaerobic and aerobic
biodegradation of PCE, TCE, DCE and VC through first-order biodegradation kinetics, corresponding
to anaerobic reductive dechlorination and aerobic oxidative dechlorination. While other more
complex kinetic models could have been used to simulate this biodegradation, a simple geochemical
setup was needed to ensure that the behavior of the two models (homogeneous and heterogeneous)
was isolated and well understood. The list of the model input parameters adopted in this study and
corresponding input values is reported in Table 1.
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Table 1. MODFLOW-96 and RT3D model input parameters (* calibrated values)

Parameter Value Unit
Flow simulation time Steady state
Transport simulation time 8000 d
Grid spacing (columns, 4x; rows, 4y) 5,5 m
Model length 700 m
Model width 900 m
Number of layers 1
Number of cells 25200
Number of active cells 20527
Aquifer type Confined-unconfined -
Aquifer top elevation 0 m a.s.l.
Aquifer bottom elevation -10 m a.s.l.
Horizontal hydraulic conductivity* (K) 15 m d*
Aguifer recharge (1,)* 0.00016 m d*
Porosity (¢) 0.25 -
Longitudinal dispersivity (a;) 25 m
Transversal horizontal dispersivity (ary) 2.5 m
Bulk density (p,) 1.6 gcm?3

2.2.1 Flow model

The first step was the construction and calibration of the MODFLOW-96 groundwater flow
model. We simulated an area of about 393800 m? (Figure 3), discretized in 15752 regular cells of
planar dimension 4x,4y =5 m. In the vertical direction, a single layer was simulated, with top
elevation z,,,=0 m above sea level (a.s.l) and bottom elevation z,,,=-10 m a.s.l., based
corresponding to the average aquifer thickness. The layer property was set to automatically switch
between confined and unconfined conditions depending on the local pressure status. This setup was
consistent with the discontinuous presence of silty materials acting as aquitards in adjacent sites
with similar geological contexts (Beretta and Terrenghi, 2017; Dalla Libera et al., 2021, 2020).

The model was developed assuming steady-state conditions, considering May 2021 as the
reference period. Boundary conditions and parameters were set up as shown in Figure 3 and
summarized in Table 2. As aquifer inflow boundaries, the lagoon was simulated using a prescribed
head (i.e., 1% kind) condition. A constant head equal to H = 0.45 m was imposed, corresponding to
the median sea level measured in May 2021 at the closest tide gauge. A similar condition was used
to reproduce the Outflow Canal, which is hydraulically connected with the lagoon, and which received
the drained water from the ALRC. As aquifer outflow boundary, the ALRC was simulated as a head-
dependent (3™ kind) boundary condition (MODFLOW-96 RIV package). The head was set to Hy = -
2.1 m, corresponding to the mean hydraulic head measured in a borehole located inside the canal
(CG2, Figure 1). The conductance of the ALRC bottom sediments (C,) was estimated using PEST
(Doherty et al., 1994), a widely adopted automatic calibration code embedded in Processing Modflow
8. To provide PEST with an initial, physically based estimate of C,, we run a forward MODFLOW-96
simulation setting a thickness of riverbed bottom (z,) equal to z, = -4 m a river width (w) equal to
w = 3 m, a hydraulic conductivity of the riverbed (Kzz) equal to Kz = 1 m/d, and a thickness of the
riverbed sediments (z,.4) equal to z,,; = 1 m. These parameters were inferred from the typical
configuration of local agricultural canals.

The P&T wells were simulated using a prescribed flux (2" kind) boundary condition
(MODFLOW-96 WEL package). The pumping rates (Q,,) used in the model are reported in Table 2.
A prescribed-flux condition was also used to simulate the recharge rates (r,) associated with
precipitation (MODFLOW-96 RCH package). Like C,, the final r, were estimated using PEST. To
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obtain the initial recharge rates, we considered r, = 4x10* m d, which corresponds to 10% of the
mean daily precipitation (P) registered in May 2021 (P = 4x10° m d?),

Since the model assumes steady-state conditions, the only relevant hydrodynamic parameter
in the flow model is the hydraulic conductivity (K), which was also estimated using PEST. We
imposed an effective isotropic hydraulic conductivity and set an initial value equal to K = 10 m d.
Such value is consistent with the nature of the aquifer material (medium-size sand embedded in a
silty matrix, e.g., Domenico and Schwartz, 1990), and with the geometric mean of slug-test-
interpreted hydraulic conductivities reported by Terrenghi (2018).

The median groundwater heads measured during the different surveys in May 2021 at nineteen
boreholes of the site were chosen as calibration targets. Full information regarding the calibration
process, including scatter plots comparing observed and simulated head values and a sensitivity
analysis around K are reported in the supplementary material (SM).
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Table 2. Boundary conditions and corresponding parameters used in the MODFLOW-96 model.

Physical feature |Boundary condition Parameters Value Unit
(*calibrated)
Prescribed head .
Lagoon (1% kind) Hydraulic head (H) 0.45 m
Outflow canal Preséﬁ{bk‘?g dr)lead Hydraulic head (H) 0.46 m
ALRC General head Head in the river (Hg) -2.1 m
boundary (3" kind) | Conductance (C,)* 15.8 m?d?
P1 60
P2 24
P3 30
P&T P4 Prescribed flux . 19 341
extraction ond ind Pumping rate (Q,,) m°d
wells P5 ( ind) 24
P6 50
P7 39
P8 32
Areal Prescribed flux . " 1
recharge (2 kind) Recharge rate (1) 4x10 md

P

I
1
-

-

* Boreholes

Reactive zones

[ 11 (Natural attenutation)
[ 2 (Reductive biostimulation)
I 3 (Oxidative biostimulation)

MODFLOW-96 3rd kind BC (outflow)
= = MODFLOW-96 1st kind BC (inflow)
&= RT3D 1st kind BC (chloroethenes source)
[J Model boundary
1 1 Landfill boundary
Figure 3. Boundary conditions, reactive macrozones (RZ) and transects (T) used in the model, with

T,, identifying a specific transect (n = 1, ...,9).
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2.2.2 Reactive transport model

The reactive transport model was parametrized as follows. As the exact starting time of the
contaminating plume is unknown, the transport simulation time was set to 20000 days (i.e., about 55
years), a sufficiently large value to set the beginning of the contamination at the end of the 1970s
and to achieve quasi-steady-state transport conditions. In RT3D, the pore water velocity (v) is
calculated as v = q/¢, where g is the MODFLOW-96-calculated seepage rate and ¢ is the effective
porosity. We set ¢ = 0.25, according to the typical literature value for sandy aquifers (e.g., Domenico
and Schwartz, 1998). The longitudinal dispersivity (a;) was equal to a; = 25 m, similar to the one
used for the 1-D model by Casiraghi et al. (2022b). This value is consistent with the typical
dispersivity values from the compilation of Gelhar et al. (1992), as the travel distance of the plume
is, on average, about ten times «;. As for the transverse dispersivity (ar), a ratio a; /ap, = 10 was
imposed (Gelhar et al., 1992), such that ar, = 2.5 m. Both «; and a; satisfy the numerical stability
condition defined by the Péclet numbers. Since RT3D does not allow species-dependent diffusion
coefficients, a single effective molecular diffusion coefficient (D,,) equal to D,, = 7.5 x 10° m? d'* was
assigned to all species. Such value corresponds to the average diffusion coefficient of the individual
effective molecular diffusion coefficient (D,,) of the different chloroethenes species, as reported in
Table 3. Linear equilibrium isotherms were invoked to calculate matrix sorption, resulting in solute
retardation (). The adopted species-dependent distribution coefficients (K}), reported in Table 3 for
each chloroethene, were obtained after calibration, as further described below.

Transport boundary conditions were set as follows. As a solute mass source, prescribed
concentration (1% kind) boundary conditions were imposed in the cells corresponding to landfill
downgradient border (Figure 3), simulating a continuous solute release from the source. Direct
measurements of species concentrations were used in the cells intercepted by the piezometers
Pz20, Pz21, Pz22, Pz23, Pz24, Pz25 and Pz26. The concentrations in the other source cells were
obtained by natural-neighbor interpolation. We did not explicitly simulate flow and transport in the
landfill, as it would have been unnecessarily complicated (e.g., simulating percolation through a
partially saturated soils), without clear benefits for our analysis. Moreover, we lack sufficiently
detailed monitoring data within the landfill to verify a hypothetical landfill-specific model. The outflow
boundary condition was set up at the ALRC as a free-exit mass flux boundary condition, which allows
solutes to exit by both advective and dispersive fluxes.

Table 3. Parameters used in the RT3D model to simulate matrix sorption. K;, = species-specific
distribution coefficient (m* kg™); g = species-specific retardation factor; D,,, = species-specific
molecular diffusivity coefficient; D, = average molecular diffusivity coefficient (m? d™).

Chloroethene K} B D,, D,
PCE 9.5 x 10* 7.08 6.2 x 10°
TCE 6.07 x104 4.88 6.9 x 10
7.5x10°%
DCE 3.96 x 104 3.53 7.8 x10°
VC 2.17 x 104 2.39 9.2 x 105

The parameters controlling the timescales of the anaerobic and aerobic biodegradation were
obtained by calibration. In RT3D, reaction kinetics defining the rate of change in concentration of a
species can be written for a generic model cell as (Clement, 1999)

dCpcg _ kgcl:)E Crce

1
dt Brck @)
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dCrcg Ypce-rcE kils Coce — kg Creg )
dt Brce
dCpce _ Yrce-pce kies Cree —kR5" Coce — kDEsCoc 3)
at Brce
dCyc _ Yocesve kB2e Coce —kiie Cvc — ke Cye 4)
dt Bvc

where C is the concentration of each species [mg L%, t is the time [d], kP and k%X are the first-
order kinetic rate constants for RD and OX, respectively [d1] and Y represents the stoichiometric
yield values [dY]. The latter are estimated from the reaction stoichiometry and molecular weights.
Corresponding values can be found Clement (1999, p.35)

PCE and TCE oxidation was not included in the model. In Bertolini et al. (2021), an active
anaerobic reductive dehalogenation metabolism was demonstrated at the site, and a significant
negative correlation between organo-halide respiring bacteria and dissolved oxygen concentrations
was evidenced. As discussed in Casiraghi et al (2022b), we can exclude significant TCE degradation
due to direct aerobic oxidation, since no specific aerobic microorganism specialized in TCE
degradation has been found to date in the study area. Regarding possible implication of
methylotrophic aerobic and anaerobic microorganisms known to be involved in co-metabolic
degradation of PCE and TCE at the interface of aerobic and anaerobic environments, (unpublished)
results of lllumina sequencing performed in recent times on groundwater samples from reactive zone
2 and 3 demonstrated Dehalococcoides and Dehalogenimonas may be about three orders of
magnitude higher than methylotrophic microorganism. As such, we assumed that reactive
dehalogenation could be reasonably the main pathway governing the kinetics of biodegradation of
PCE and TCE.

We modelled two different heterogeneous configurations of the reactive transport parameters,
and specifically of the first-order biodegradation degradation constants, k.

In the first configuration (termed hereafter “homogeneous” configuration or model), each
reactive zone, RZ, was parameterized by a single values kinetic value (kgp1, krp, @and kyx for RZ1,
RZ2 and RZ3, respectively), following the study by Casiraghi et al. (2022b). The resulting spatial
distribution of three zones is shown in Figure 3.

In the second configuration (termed hereafter “heterogeneous” configuration or model), we split
the model into multiple “transects” (T), each one corresponding to a specific streamtube connecting
the lagoon (inflow boundary) with the ALRC (outflow boundary). The lateral extension of each
streamtube was determined through particle tracking simulations. The code PMPATH (Chiang and
Kinzelbach, 2003), embedded in Processing Modflow 8, was used for this purpose. The starting
position of the particles was placed halfway between the boreholes that are located along the
contaminant source. After some initial trials, we identified N = 9 transects, as shown in Figure 3.
This choice was made to maximize the use of the concentration measurements at the landfill, with
the following rationale. Seven of the nine transects, sequentially labelled from T1 to T7, intercepted
the AN biobarrier. In this first group of transects, there was at least one borehole with a direct (i.e.,
not interpolated) concentration measurement in each streamtube. The two remaining transects, T8
and T9, did not cross the AN biobarrier and there are no direct concentration measurements in them.

The parametrization of each transect was performed as follows. The system was initially split
into the same three RZs defining the homogeneous model (Figure 3). Then, a different first-order
degradation rate constant was assigned to each subzone within each transect, such that (for all
species) krp1 = krpin,Krp2 = krpzn @and (for DCE and VC) kox = kox, ,» Where n identifies a
specific transect (n =1, ...,Ny). As T8 and T9 do not cross the AN biobarrier, there are no RD
biostimulated zones in these streamtubes. Therefore, the kinetic rates reproducing RD in these
transects were assumed to be the same as those reproducing natural attenuation (such that kzp, g =
kRD1,8i kRD2,9 = kRD1,9)'

Reactive transport model calibration was performed by matching the concentration measured
at the piezometers contained in each transect and the simulated values. Neither PEST nor other
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automatic calibration codes are implemented in Processing Modflow 8 for RT3D models. Therefore,
we minimized the root mean square error (RMSE) between calculated and observed concentrations
by manual adjustments of the kinetic rates. Initial kzp1, krp, and kyx for each zone were set equal
to those obtained in the 1-D model by and then modified until the calculated RMSE for each species
was minimized. During the calibration of the homogeneous model, best-fitting K" were obtained and
then used in the heterogeneous configuration without further calibration. Table 4 reports the full list
of the calibrated rates in the two model setups.

Table 4 Calibrated first-order degradation rates (k) [d-1] obtained from the homogeneous and heterogeneous
models.

PCE TCE DCE VC
Homogeneous Model
kRDl kRDZ kOX kRDl kRDZ kOX kRDl kRDZ kOX kRDl kRDZ kOX
0.0015 | 0.046 - 0.001 | 0.095 - 0 0.02 0.2 0 0.008 0.4
Goodness-of-fit (variance)
0.40 1.20 8.17 189.12
Heterogeneous model
kRDl kRDZ kOX kRDl kRDZ kOX kRDl kRDZ kOX kRDl kRDZ kOX
T1 0.09 0.7 - 0.03 0.5 - 0 0.13 0.2 0 0.04 0.12
T2 0 0.16 - 0 0.21 - 0 0.06 | 0.008 0 0.03 0.02
T3 0.004 0.08 - 0.002 0.1 - 0 0.013 | 0.05 0 0.005 | 0.03
T4 | 0.0085 | 0.07 - 0.01 0.1 - 0 0.045 | 0.09 0 0.03 | 0.11
T5 0 0.075 - 0 0.04 - 0 0.045 | 0.08 0 0.05 0.05
T6 0 0.03 - 0 0.04 - 0 0.013 | 0.13 0 0.005 | 0.035
T7 | 0.0025 | 0.015 - 0.025 | 0.011 - 0.018 | 0.011 | 0.03 | 0.01 | 0.007 | 0.03
T8 0.002 | 0.002 - 0.003 | 0.003 - 0 0.001 | 0.043 0 0 0.05
T9 0.002 | 0.002 - 0.003 | 0.003 - 0 0.001 | 0.01 0 0 0.05
Goodness-of-fit (variance)
0.32 0.69 6.05 154.62

2.2.3 Metrics

Two metrics were adopted to quantitatively compare the results obtained from the two different
model configurations and in the scenarios with active and inactive P&T.
The first metric, D, was calculated to compare the chemical reaction timescales to the transport
or residence timescales. Recalling the well-known Damkgdhler number, D was computed as
D=kC 't (5)

where k is the kinetic degradation rate (i.e. kzp1, krp2 OF kgx in our study), y is the reaction order, C,
is the initial concentration and 7 is a characteristic transport time. For D >> 0 contaminant
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degradation dominates over transport, which implies that more contaminant particles are
biochemically removed than they are transported away. For D — 0, transport dominates over
reaction, suggesting that the SBS is not being effective in a specific reaction zone. Since we adopted
first-order kinetics (y = 1), Equation 5 reduces to

D=kt (6)

For advective transport, the characteristic time t can be calculated as
_ap (7)

—
where g [-] is the compound-specific retardation factor (Table 3) and d [m] is a characteristic length.
We used PMPATH to compute 7 by tracking the travel time of an ideal tracer migrating from the
inflow boundary to the outflow boundary. We set d as the length of the streamtube for which D is
computed. In this way, D could be easily calculated for each transect of the flow system, allowing to
compare the relative biodegradation capacity of the barrier in the different sectors of the aquifer.

The second metric was the daily contaminant loading (£). It was calculated for each

chloroethene species, and each transect by multiplying the RT3D-computed concentrations (C) in
each cell of the outflow boundary (the ALRC) with the corresponding MODFLOW-96-computed
discharge rates (Q), i.e.

Ne(n)

L) = ) G ®)
i=1

where N denotes the total number of cells in a transect along the outflow boundary (i = 1, ..., N,.).
The cumulative loading mass is then defined as }.£ = Zﬁﬁlﬁ(n).

2.2.4 Scenarios with active and inactive P&T

The model was used to suggest whether the P&T could be safely terminated to reduce the
operational socio-economic costs, or if the P&T should be continued to ensure a lower risk of the
plume spreading. To this end, we compared L calculated from the business-as-usual scenario with
active pump-and-treat (“P&T on”) against £ calculated from a hypothetical scenario with inactive
pump-and-treat (“P&T off”). For each transect we computed the difference in loadings between the
two scenarios (4L), as

ALM) = Lo (n) — LV (n) 9)

Where LOFF and LV are, respectively, the loadings from the “P&T off’ and “P&T on” scenarios.
Normalizing AL with respect to AL%N results in the dimensionless metric (R, expressed as a
percentage)

x 100 (10)

Positive AL or R mean that the P&T is succeeding in reducing the contaminant loading, and
therefore it should be continued. Negative AL or R mean that the daily loadings tend to decrease
when the P&T wells are not working. Therefore, the P&T could be terminated. A cumulative ratio
(Rror) that defines the general behavior of the entire SBS was computed as
Tl AL o

Rror = ZZLLON(H) 11)
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3 Results and analysis

3.1 Model calibration

The spatial distribution of groundwater head levels (h) resulting from the calibrated MODFLOW-
96 model is contoured in Figure 4. We obtained a satisfactory match between the observed and
calculated head levels, with a linear regression coefficient R?=0.88, suggesting that the flow model
was properly calibrated. A final RMSE=0.025 was obtained. Best-fitted parameters resulting from
the calibration were K = 15 md?, r, = 1.6 x 10* md* and C, = 15.8 m d?. The estimated hydraulic
conductivity was consistent with the values adopted in the 1-D model by (Casiraghi et al., 2022b),
who used K = 14 m d. Recharge rates were in line with the other, independent model analyses of
adjacent areas (Beretta and Terrenghi, 2017; Dalla Libera et al., 2021). Further information regarding
the calibration can be found in the supplementary material (SM-S1).

—— AE biobarrier
— AN biobarrier

+ P&T wells
m m FlowBC (3rd kind, outflow)
= m FlowBC (1st kind, inflow)
&> MassBC (1st kind, source)

0 100 200 m RPN [ Transects
A [ . L 4 [ Landfill boundary

Figure 4. Contoured groundwater head levels (m a.s.l.) calculated by the calibrated MODFLOW-96
model for the “P&T on” scenario. T = transects used for the heterogeneous RTM.

The calibration of the transport model was also satisfactory for all species. All results are
reported in Figure 5. The fit between observed and simulated concentrations was greater for the
heterogeneous model (R%>0.84 or higher) than for the homogeneous model (R?>0.78 or higher).
This is consistent with the higher number of fitting parameters (k) of the heterogeneous model, which
provides greater ability to fit the observed data, at the expense of a more complex spatially variable
parametrization.
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Figure 5. Scatter diagrams comparing the observed (“Obs”) and the calculated (“Calc”)
concentrations [mg L-7] using the heterogeneous (“het”’) and the homogeneous (“hom”) model
configurations. The goodness-of-fit is expressed through the linear regression coefficient (R?)
between calculated and observed data.

Figure 6 provides an example of fitted concentrations along two representative transects, (a) T1
and (b) T4. The greater ability of the heterogeneous model to reproduce the observed concentrations
is readily observed, particularly in transect T1. This is explained considered that the heterogeneous
model has more parameters than the homogeneous model, so intrinsically as better ability to fit the
data than a less-parametrized model. In this specific example, the best-fitted homogeneous model
largely overestimated the measured concentrations of PCE. In other cases (not graphically reported),
the model underestimated the measurements.
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Figure 6. Example of fitted PCE concentrations using the homogeneous and heterogeneous models
along two selected transects. Concentrations are higher in the proximity of the source and are
progressively diluted and degraded while approaching the agricultural land reclamation canal
(ALRC).

For both homogeneous and heterogeneous models, the estimated kinetic rates for the different
RZs (Table 4) were qualitatively consistent with those obtained using the 1-D model and in the
common range of rates reported in the literature (e.g. Wiedemeier et al., 1998, Table C.3.5) and with
those reported by Casiraghi et al. (2022b). For instance, for each chloroethene, kzp, (representing
natural attenuation) was 10x (or more) lower than kgp, (representing biostimulation). For PCE and
TCE, kgp, was much higher than for DCE and VC, corroborating that RD is more effective for more
chlorinated compounds. Somewhat unexpectedly, the estimated kg, for DCE and VC were larger
than the estimated kgp,, suggesting that anaerobic biostimulation could still enhance the
dechlorination of less chlorinated species. Indeed, reductive dechlorination of DCE or VC can still
occur under reductive dechlorination if organisms responsible for anaerobic degradation of these
compounds exist in the site (Hata et al., 2004). On average, however, k,x tended to be higher than
krp, for DCE and VC, confirming that less chlorinated ethenes prefer oxidative degradation
pathways. In general, these results strengthen the importance of the sequential AN-AE biobarriers
to enhance biodegradation of all species.

A novel and quantitative key result of this study is that homogeneous and heterogeneous models
generated very different best-fitted rates (Table 4). For PCE, for instance, the homogeneous model
provided a best-fit natural attenuation rate kpp; = 1.5 x 1072 d*, while the heterogeneous model


https://doi.org/10.1007/s11270-024-07657-6

Casiraghi, G., Pedretti, D., Beretta, G.P. et al. A Multispecies Reactive Transport Model of
Sequential Bioremediation and Pump-and-treat in a Chloroethenes-polluted Aquifer. Water Air Soil
Pollut 236, 54 (2025). https://doi.org/10.1007/s11270-024-07657-6

Accepted author version

provided a range of values comprises between kzp; = 0 (no attenuation) and kzp; = 9 x 1072 d?,
i.e., about 100 times the rate from the homogeneous model. Similarly, for biostimulated attenuation,
krpz = 4.6 X 1072 d*, while the heterogeneous model provided rates between kgzp, = 2 x 1073 and
krpy =7 x 1071 d?

Another key result of this study is the strong difference among the rates estimated in the different
transects of the heterogeneous model. In Figure 7, the vertical axes of each subplot report k in
logarithmic scales, to maximize the difference among the estimated values. As mentioned, best-
fitted kinetic rates were sometimes k = 0; as such, small colored bars were used to graphically
display null values on log scales. The horizontal axes display the transect number. The red line in
each subplot is the best-fitted k from the homogeneous model.

Natural attenuation by reductive Biostimulated reductive Oxidative dechlorination

dechlorination (RZ1) dechlorination (RZ2) (RZ3)
10° 10° 10°
w
&
1 5 9 1 5 9 1 5 9
_ 10° 10° 10°
T
= w
g o
£ F10%2 102 1072
-2 - = = = & & & & = NN
2 1 5 9 1 5 9 1 5 9
X 0 0
10 10
Q
x
(1]
> w
= 2 2
= 810 II 10
1 5 9
10° 10°
-2 -2
010 II 10
1 5 9 1 5 9 1 5 9

estimated kinetic rates
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Figure 7. Graphical summary of the estimated kinetic rates, k [d™], obtained from the calibrated
transport model. The blue bars show the kinetic rates for each transect, while the red line
corresponds to rates obtained from the calibration of the homogeneous model.

all x axes: number of transects

For PCE, the highest RD rates were obtained in transect T1 (kgp; = 9 x 102 dtand kgp, =7 x
10t d1). A negative trend from T1 to T9 was observed, particularly for RZ2 rates. The lowest value
was found in T9 (kgp, = 2 x 102 d?). Similarly, the highest RD rates for TCE were observed in T1
(krp1 =3 x 102 d?*and kgp, =5 x 10 d?), but the negative trend from T1 to T9 was only observed
in RZ2. The lowest TCE rates for RZ2 were found in T8 and T9 (kgp, = 3 x 102 d?). For DCE and
VC, the estimated values of kp, were zero or very low (at T7, kgp; = 2 x 102 d?* and kgp, = 102 d"
!, respectively). This indicates that natural degradation was not playing any major role in the removal
of less chlorinated compounds from the aquifer.
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The rates for DCE and VC in RZ2 were higher than the rates in RZ1, but lower than the
corresponding rates for PCE and TCE (maximum rates were observed in T1 for DCE, with kzp, =
0.13 d*and in T5 for VC, where kgp, = 0.05 d1). Oxidative rates k, for DCE varied between kyy =
8x103dtandkyy =0.2d?; for VC, k,x varied between k,x = 0.02 d* and k,x = 0.12 d*; we recall
that no oxidative dechlorination was accounted for in the model for PCE and TCE.

3.2 D metric

The analysis of the D metric was useful to evaluate the interplay between the kinetic rates in the
biostimulated reactive zone RZ2, kypp,, and water residence times in the same zone, t, where the
transects had significantly distinct lengths d. The full set of calculated D for all chloroethene species
and for the two P&T scenarios (“P&T on” and “P&T off”) is reported the supplementary material (SM-
S2).

3.2.1 Homogeneous model

In the homogeneous model (Figure 8), we found a decreasing trend of D from more-chlorinated
to less-chlorinated species and, conversely, an increasing trend of D from the shortest to the longest
transects. By species, the range of D decreased from more to less chlorinated species. For the “P&T
on” scenario, the range of estimated D varied: fromD =16 at T1to D = 296 at T7 for PCE; from D =
22 atT1toD =422 at T7 for TCE; fromD =3 at T1to D = 64 at T7 for DCE; fromD =1 at T1 to
D =17 at T7 for VC.

The positive correlation between D and the travel distance d is readily explained. In the
homogeneous model, kyp, is constant and D depends uniguely on the water residence time t in the
transects, which is a linear function of d. Shorter transects are characterized by a lower residence
time, and less time allowed for biodegradation, compared to the longer transects. This also explains
the inverse correlation between D and the number of chlorine atoms. Recalling that RZ2 is controlled
by biostimulated RD, anaerobic biodegradation is much more efficient for PCE and TCE (higher
krp>) than for DCE and VC (lower kgp,). The low D values obtained in T8 and T9 are explained
considering that these transects are not biostimulated by the AN biobarrier. These transects
correspond to the lowest kyp, values obtained through calibration (Figure 7).

According to the homogeneous model, switching off the P&T system has a positive impact on
the bioremediation system. Examining Figure 8, the D values in the “P&T off” scenario are slightly
higher than in the “P&T on” scenario, which means that the biostimulated is enhanced when the P&T
is not working. This result can be explained considering that the deactivation of the pumping wells
reduces the mean aquifer flow rates, which in turn increases the residence time in the streamtubes.
This allows more time for contaminant mass destruction by microbially mediated reactions in each
streamtube.
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Figure 8. D metric in the homogeneous model. In the top panel, D variation by transect (T1 to T9) for
all chloroethenes. Below, D variation by species (PCE, TCE, DCE, VC) with and without P&T.

Another highlighted result from the homogeneous model is that the effectiveness of
biodegradation seems progressively more dominant from T1 to T7. However, this is not consistent
with the field observations, which indicate that concentrations are not systematically decreasing from
T1to T7. Forinstance, the lowest PCE concentrations were observed in the piezometers embedded
in transect T1 and T5 (Figure 2), and not in T1 and T2.

3.2.2 Heterogeneous model

The heterogeneous model (Figure 9) provides more consistent results with the field
observations than the homogeneous model. As in the homogeneous model, D tends to decrease
from PCE to VC in each transect. For PCE and TCE, the large D suggests that biodegradation
prevails over transport. However, contrarily to the homogeneous model, no monotonic D trend from
T1 to T7 was observed in the heterogeneous model. Analyzing the “P&T on” scenario, for PCE the
highest D values were observed in T1 (D = 235) and T5 (D = 293), indicating that biodegradation is
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more effective in these transects than elsewhere. This is consistent with the lowest PCE
concentrations observed in the piezometers included in T1 and T5, suggesting that a heterogeneous
distribution of kinetic rates results in a more reliable model configuration than the homogeneous one.
As in the homogeneous model, T8 and T9 show the lowest D, consistent with the slower natural
biodegradation rate in the peripheral part of the plume. Comparing the scenarios with active and
inactive P&T, we found an inverse correlation between the transect length d and the difference in
the D metric between “P&T off’ and “P&T on”, measured as
AD = Dopr — Dop- (9)

For instance, for PCE we found 4D = 112 in T1 (the shortest transect), AD = 12-33 in T2-T7
(the intermediate transects) and AD = 2 in T8 and T9 (the non-stimulated and longest transects).
For TCE, a different spatial distribution of D was observed. For the “P&T on” scenario, the highest
D values for TCE were observed in T4 (D=207), while at T1 and T5 we found D = 116 and D = 108,
respectively.

In the heterogeneous model, the D values in the “P&T off” scenario were always slightly higher
than in the “P&T on” scenario. This result agrees with the homogeneous model and suggests that
biodegradation in RZ2 becomes relatively more efficient when the P&T system is switched off. This
can be again ascribed to the impact of the pumping wells on the water residence time t in the stream
tubes. Deactivating the P&T determines an increase of t by 32% in the shortest T1. The range of T
increase was 8-16% in the other transects.
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Figure 9. D metric in the heterogeneous model. In the top panel, D variation by transect (T1 to T9)
for all chloroethenes. Below, D variation by species (PCE, TCE, DCE, VC) with and without P&T.

Observing DCE and VC, we found that the spatial distribution of D peaks for the less chlorinated
species was similar to that of the more chlorinated species. The highest D was found in T4 (D = 68
for DCE and D = 30 for VC) and T5 (D = 88 for DCE and D = 66 for VC). Interestingly, relatively
higher Dpeaks were obtained in the heterogeneous model than in the homogeneous model for DCE
and VC. This was at first unexpected, considering that D was calculated on the kinetic rates in RZ2,
where the biostimulation promotes reductive dechlorination and DCE and VC prefer oxidative
degradation pathways. However, we recall that anaerobic biostimulation could still promote DCE and
VC degradation in this site. As such, we conclude that the estimated biostimulation capacity of the
barrier to degrade less chlorinated compounds was sensitive to the change in spatial distribution of
kinetic rates in RZ2.
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3.3 Daily loadings £

While the analysis of D indicates that switching off the P&T system increases anaerobic
biostimulation, the comparison of daily loadings (£) suggests that switching off the P&T to reduce
operational costs is instead a difficult decision to make. The full list of £ calculated for each transect
in the homogeneous and heterogeneous model as well as the sum of all loadings for each compound
is reported in the supplementary material (SM-S3).

Firstly, we found a dramatic difference between the loadings calculated in the homogeneous
model and those in the heterogeneous model (Figure 10). Moreover, a distinct behavior was
observed between more chlorinated (PCE, TCE) and less chlorinated (DCE, VC) solvents. In the
following, the subscript “x” defines a specific species.

For PCE and TCE, considering both “P&T on” and “P&T off’ scenarios, the loadings reaching
the ALRC were much higher in the homogeneous model (£pc5: 0.33 7488.31 mg d?; Lz 0.38-
8233.43 mg d?) than in the heterogeneous model (Lpcg: 0.27-33.92 mg d?; L-g: 2.86-256.21 mg
d?1). The difference was particularly large in the shortest transects T1-T3 (Figure 9), which can be
explained considering that these transects have the lowest residence time (7). Since in the
homogeneous model the kinetic rates k are best-fit parameters from a spatially invariant distribution,
krp1 and kgp, used in T1-T3 were too low to generate sufficient biodegradation to abate PCE and
TCE concentrations.

For DCE and VC, an opposite behavior was observed. Loadings were much higher in the
heterogeneous model (Lpcp: 0.05-3026.44 mg d?; L,.: 0.08-20989.21 mg d?) than in the
homogeneous model (Lpcg: <0.01-134.63 mg d?; L,.: 0.03-32.98 mg d?). Note that in some
transects of the homogeneous model, calculated concentrations were very low (<10® mg L?) and
deemed affected by numerical oscillation. Therefore, loadings in these transects were not calculated
and assumed to be negligible in the homogeneous model.
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Figure 10. Calculated loadings at the outflow model boundary, (£) in the homogeneous (“hom”) and
heterogeneous (“het”) models for the different species. The scenarios with (“P&T on”) and without
(“P&T off’) P&T wells are compared. In some transects in the homogeneous model, concentrations
of DCE and VC were too low and likely affected by numerical oscillation, and therefore loadings were
not calculated.

In terms of cumulative loadings (3.£), both homogeneous and heterogeneous models show that
deactivating the P&T can lead to a general increase of all chloroethenes loadings at the ALRC.
However, the relative increment (YAL) is different between the two models and by species. In the
homogeneous model (SM-S5) result suggests that, for PCE, the total amount of mass discharging
from the site per day was YLV = 4727.31 mg d* when the P&T was active and Y £°FF = 10534.12
mg d*. When the P&T was inactive. This means that deactivating the P&T leads to an increment in
total PCE loadings equal to AL = 5806.80 mg d, which corresponds to a relative increment of
Rror = 123%. Similar values were obtained for TCE (3AL = 6319.84 mg d* and R;y; = 106%). A
much higher relative increment in loadings was computed for less chlorinated solvents. For DCE, we
found YAL = 181.58 mg d*?, corresponding to Rror = 773%. For VC, we found YAL = 59.84 mg d-
! resulting in Ryor= 827%. In other words, the homogeneous model suggests that deactivating the
P&T leads to eight-times larger VC mass discharging from the site compared to the current situation.
A positive change in cumulative loading for all species was obtained also from the heterogeneous
model (SI, Section S5). However, the relative increments in loadings were much lower compared to
those obtained from the homogeneous models. Specifically, we obtained R;or =13% for PCE,
Rror = 85% for PCE, Ryor = 93% for DCE and Ryor = 191% for VC.

The differences between the homogeneous and heterogeneous models are further remarked in
Figure 11, which reports the normalized variation of loadings within each transect and for each
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species. For more chlorinated species, both models suggest that R varies significantly among the
transects, but R is different in the two models by transect. For instance, value of R >50% were
found at T1, T4, T8 and T9 for PCE and TCE in the homogeneous model, while only at T4, T7, T8
and T9 in the heterogeneous model. Value of R < — 50% were found only at T6 in the homogeneous
model. The most negative values were value of R = —17% in the heterogeneous model. For the less
chlorinated solvents, a more dramatic variability among transects was computed. While the range of
R in the homogeneous model was 500-1700%, in the heterogeneous models the range was 61-
2914%. Finally, for DCE and VC, switching off the P&T always generates an increase in loadings in
both the homogeneous and heterogeneous model. The R values were always positive and much
higher for DCE and VC compared to PCE and TCE in each transect.
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Figure 11. Variation as percentage of PCE and TCE (top panels) and DCE and VC (bottom panels)
loadings reaching the canal (ALarc) for each transect in the homogeneous (left panels) and

heterogeneous (right panels) models with the deactivation of the P&T system compared to the initial
situation with active P&T.

4 Discussion
4.1 Comparison of homogeneous and heterogeneous kinetic rates

The use of D and £ was useful to elucidate the control of the spatial variation of the biochemical
processes on the ability of the SBS to degrade the pollutant. Similar metrics have been adopted in
other modeling studies to relate reaction and transport rates (Henri and Fernandez-Garcia, 2014)
and to compute the amount of mass discharging from polluted heterogeneous sites (Pedretti et al.,
2017). Meckenstock et al. (2015) pointed out that, despite D being a well-established concept, its
determination is challenged by the fact that transport and reaction times are not well-defined in


https://doi.org/10.1007/s11270-024-07657-6

Casiraghi, G., Pedretti, D., Beretta, G.P. et al. A Multispecies Reactive Transport Model of
Sequential Bioremediation and Pump-and-treat in a Chloroethenes-polluted Aquifer. Water Air Soil
Pollut 236, 54 (2025). https://doi.org/10.1007/s11270-024-07657-6

Accepted author version

natural systems, as they depend on multiple parameters on different scales and on the challenging
of selecting specific modeling approaches.

In this work, D and £ were adopted to epitomize the biodegradation capacity of the SBS, which
was expected to be controlled by the variability of microbial communities reported by Bertolini et al.
(2021). As bacteria are the main catalyzers of the biodegradation reactions of organic compounds,
microbial heterogeneity can have a strong influence on the relative variation in concentrations of the
different chloroethenes species in this site. Beside heterogeneity of microbial communities,
anaerobic reductive dehalogenation was assumed to be the relevant metabolism at the site. Recent
(unpublished) Illlumina sequencing data obtained from reactive zones 2 and 3 confirmed that aerobic
and anaerobic microbial genera involved in co-metabolic degradation of chlorinated solvents were
absent.

The better ability of the heterogeneous model to fit the data compared to the homogeneous
model can be explained considering that the heterogeneous model has more degrees of freedom,
so better ability to fit the data, than the less-parametrized homogeneous model. In the latter, a fixed
k value all over the domain automatically implies that the amount of moles that are removed by
bioremediation depend solely on the residence time of water in the transect. Actually, not only the
residence time matters, but also the site-specific conditions (e.g. amount and type of bacteria, local
geochemical conditions, such as ORP and pH) around each borehole affect the biodegradation
processes (Bertolini et al, 2021). This effect is captured in the heterogeneous model by the strongly
variable best-fitted k values among the different transects.

The significantly different kinetic rates obtained using the homogeneous model, compared to
those obtained from the heterogeneous models, can be readily linked to the well-known difficulties
to obtain upscaled parameterizations of RTMs in presence of microbially-mediated reactions
(Carrera et al., 2022). In general, mathematical methods for upscaling reactive transport have rarely
been used to investigate experimental or field systems (Molins and Knabner, 2019). While upscaling
reactive transport is not a primary goal of this work, reanalyzing the results collected in this study
could help taking an initial step into the field-scale upscaling of sequential reductive and oxidizing
dechlorination using reactive transport models. Such a task has been rarely, if not never,
documented in the literature to our best knowledge.

To gain insight into the departures between homogeneous and heterogeneous kinetic rates, we
computed the arithmetic mean (k) and the median (ks,) of the ensemble of kinetic rates fitted in each
transect of the heterogeneous model. We compared these “effective” rates against the rates
obtained from the homogeneous model (k) and explored potential correlations between the two
variables.
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Heterogeneous rates

We found that the linear correlation between kj,,, and the two effective rates were poor, when
all species are jointly considered (Figure 12a). Note that the correlation was relatively higher for ks
(R? = 0.40) than for k (R? = 0.13), and that the maximum value of the effective rates did not exceed
a threshold of 0.15 d. Instead, for some species, the estimated rates from the homogeneous model
were higher than such threshold. This is true for the oxidative rates (kyx) of the less-chlorinated
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species DCE (kj,m = 0.2 d?) and VC (kp,n = 0.4 d?). Removing these two species and
recalculating the correlation results in a better match between effective and homogeneous rates
(Figure 12b). Both k and ks, become closer to ky,,,,, with k providing higher coefficient of correlation
(R?=0.79) than ks, (R?>= 0.56).

These results represent a promising initial step for studying upscaling of sequential reductive
and oxidizing dechlorination as well as the relative trade-off between model accuracy and
complexity. For instance, our results suggest that the averaging (i.e., the parameter homogenizing)
procedure to simulate reductive dechlorination using an upscaled model could be different than for
oxidative dechlorination. The results are also consistent with those obtained by Schéafer Rodrigues
Silva et al. (2020), who addressed the question of model complexity and accuracy. Schéfer
Rodrigues Silva et al. (2020) concluded that, while simplified models were found to be able to
reproduce the predictions of the reference model simulating aerobic respiration and denitrification,
[quoted] “modelers might encounter difficulties when trying to define realistic prior distributions for
effective parameter”.

4.2 Future developments
4.2.1 Model optimization and uncertainty analysis

Our results were obtained from a trial-and-error calibration procedure, which is common in
groundwater modeling, but which inherently suffer from the issue of equifinality (i.e., multiple
parameter sets can yield similar model outputs). As abovementioned, the graphical user interface
used to run RT3D does not provide the coupling between this code and an automatic parameter
code, such as PEST. Future development will consider coupling calibration/optimization algorithms
or machine learning / artificial intelligence — assisted calibration with RT3D (or another
multicomponent RTM) through high-level programming languages such as Python or Matlab®.

Furthermore, we note that even if inverse calibration was adopted, in the process of measuring
and calibrating hydrological model parameters there are inevitably various uncertain factors, which
include the mutual influence between parameters, input data errors or model structure errors. These
difficulties could be partly addressed by casting the model in a stochastic sense, e.g. invoking Monte
Carlo and Bayesian theory to measure and reduce the model uncertainty (Dalla Libera et al., 2021;
Pedretti et al., 2020; Schafer Rodrigues Silva et al., 2020). These aspects are left open for a future
dedicated follow-up work.

4.2.2 Optimizing P&T extractions

Both heterogeneous and homogeneous models suggest that deactivating the P&T may be
detrimental for the abatement of contaminants. For instance, this solution would generate a
substantial increase of VC, a very toxic and carcinogenic compound. Therefore, based on the
developed models, we do not recommend deactivating the whole P&T.

Potentially, only a portion of the P&T system could be deactivated, leaving some wells active.
Using the heterogeneous model developed in this study, a specific scenario-based analysis could
be developed to evaluate the impact of deactivating individual wells.

Similarly, other scenario-based modeling analyses may be performed in the frame of a cost-
optimal use of the P&T. For instance, a geothermal exploitation of P&T systems, similar to the one
proposed by Casasso et al. (2019) could be envisioned. This would allow an overall cut of economic
costs and of the greenhouse gases emission, helping to reduce the carbon footprint associated with
the remediation process. Ni et al. (2016) considered bioremediation sites as aquifer thermal energy
storage (ATES) systems, an approach that allows making SBS even more energetically sustainable.
Developing such advanced scenario-based analyses will be explored in future studies, as it requires
incorporating other processes (e.g. heat transport) in the modeling framework.
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4.2.3 Development of a full multicomponent reactive transport model

First-order kinetics have been widely adopted for modeling microbially mediated reactions
(Wiedemeier et al., 1998). Still, they remain a simplified approach that does not consider the interplay
of multiple, site-specific geochemical and environmental rate-limiting biodegradation factors
(Chambon et al., 2013). This may explain the variability in the range of kinetic rates reported by
Wiedemeier et al., (1998, Table C.3.5), which contains data collected from sites with different
hydrogeological and biochemical properties.

Examples of rate-limiting factors are the type and number of dechlorinating bacteria present in
the aquifer, the availability of electron donors (Prommer et al., 2009), such as hydrogen and acetate,
and the competition for electron donors between chloroethenes and alternative terminal electron
acceptors (TEAs) such as manganese (IV), iron (lll) and sulfate. These processes can be jointly
incorporated in multicomponent reactive transport codes (Steefel et al., 2014) through Monod
kinetics (Chambon et al., 2013). As multicomponent RTMs require a larger number of parameters
than those involved in the present study, including an assessment of the spatial variability of TEAs
concentrations and microbiological data, the development of such a model will be carried out in a
future study.

Environmental halogenomics can be also explicitly included in RTM. Several RTMs already
include Monod-like kinetics (See e.g. Equation 3 of Chambon et al.,, 2013) which embed
microbiological variables such as microbial concentrations, expressed in cells/L. These
concentrations could be estimated using quantitative Real-Time PCR. There are nonetheless
several other possible formulations to incorporate non-quantitative data obtained from
microbiological analyses. The Michaelis-Menten formulation describes the enzymes kinetics without
explicitly involving quantitative information related to active microorganisms. This could be useful
when using relative information regarding the microbial communities is available, such as lllumina
sequencing of the 16S rRNA gene, which generates ratios (percentage) of biota populations and not
absolute values. We highlight that most of these formulations are based on “effective” empirical
rates that must be estimated from experimental activities. For instance, Monod kinetics includes
terms such as maximum growth rates or half-velocity constants which are normally fitted to
experimental data. At the analyzed case study, unpublished data from the analyzed case study
include laboratory tests (microcosms) have been performed to monitor the variation of
microorganisms with time as biodegradation proceeded. However, at present, no such modeling
analysis has been undertaken and it is left open for future developments.

Conclusion

This manuscript presented one of the first-ever documented applications of multidimensional
multispecies reactive transport model able to reproduce an operational-scale sequential
bioremediation system (SBS). The model was designed and calibrated using a rich field-based
dataset in a well-characterized site of Northern Italy. By using this model, our analysis helped
disentangling critical aspects related to the use of RTMs for research-oriented and practical
guestions related to the design and management of SBSs. The key conclusions drawn from this this
study are the following.

The more complex heterogeneous model provided a more accurate match of the field-observed
concentrations. The larger number of fitting parameters made the model intrinsically more prone to
reproduce heterogeneous aquifers than its more homogeneous counterpart. The simpler model with
a lower number of parameters severely overestimated the best-fitted first-order kinetic rates of PCE
and TCE and underestimated those of DCE and VC, when compared to the heterogeneous model.
Therefore, care must be taken when making decisions upon estimated parameters from
oversimplified models. For instance, overestimating PCE and TCE rates could lead to an incorrect
estimation of the timing required for the site to become completely clean, or to an erroneous dosage
of the biostimulating compounds. Similarly, underestimating DCE and VC rates could be improperly
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linked to an underestimated design of bioventing systems, or to limited presence of microbial
populations able to aerobically biodegrade the chlorinated species.

The use of a Damkohler-like number was useful to estimate the local effectiveness of
bioremediation. The heterogeneous model provided a more consistent spatial distribution of such
effectiveness compared to the homogeneous model. The calculation of D can be useful for the
management operations; for instance, it could serve as a basis to optimize pumping wells rates in
order to achieve a desired residence time and make reactions more effective. While the present
analysis focused on biostimulated reductive dechlorination, the developed approach could be easily
extended to other sites for evaluating the local effectiveness of natural attenuation or oxidative
dechlorination.

Based on calculated contaminant daily loadings £, both models indicate that the existing P&T
system should remain active. However, the change in £ between active and inactive P&T is strongly
site specific and depends on the local biostimulation capacity, as well as on the influence of the P&T
wells on the flow field. Since upscaling microbially mediated reactions in heterogeneous media
remains a difficult and unresolved task, an overarching conclusion of this study is that modelers
should preferably opt for a heterogeneous model setup when simulating SBSs. While less
parsimonious, a heterogeneous model allows reproducing kinetically dependent biochemical
transformations more accurately than more parsimonious yet oversimplified homogeneous models.
The predictions made by the heterogeneous model become more reliable than those made through
the homogeneous models. The fate of vinyl chloride (VC), one of the most dangerous and
carcinogenic compounds, simulated in the two P&T scenarios (active or inactive) is emblematic in
this sense. By deactivating the P&T, the homogeneous model calculated an eight-times larger VC
mass discharging from the site compared to the current situation. On the other hand, the relative
increment estimated from the heterogeneous model were much lower and limited to two-times larger
VC mass discharging from the site compared to the current situation.
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