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Abstract: Dense nonaqueous phase liquids (DNAPLs) are known to be denser than water and
immiscible with other fluids. Once released into the environment, they migrate downward through
the variably saturated zone, causing severe damage. For this reason, it is essential to properly develop
a rapid response strategy, including predictions of contaminant migration trajectories from numerical
simulations modeling. This paper presents a series of simulations of free-product DNAPL extraction
by means of a purpose-designed pumping well. The objective is to minimize the environmental
impact caused by DNAPL release in the subsurface, estimating the recoverable free-product DNAPL,
depending on the hydraulic properties of the aquifer medium, and estimating the leaving residual
DNAPL that could act as a long-term pollution source. Coupling the numerical simulations to the
bacterial community characterization (through biomolecular analyses), it was verified that (i) the
DNAPL recovery (mainly PCE at the study site) through a pumping well would be almost complete
and (ii) the application of other remediation techniques (such as bioremediation) would not be
necessary to remove the pollution source because (iii) a natural attenuation process is provided by
the autochthonous bacterial community, which is characterized by genera (such as Dechloromonas,
Rhodoferax, and Desulfurivibrio) that have metabolic pathways capable of favoring the degradation of
chlorinated compounds.

Keywords: DNAPL; high-precision numerical simulations; free-product pumping

1. Introduction

Chlorinated organic compounds are widespread aquifer contaminants. They are
referred to as dense nonaqueous-phase liquids (DNAPLs); therefore, they are denser than
water, with very low water solubility, and capable of migrating under pressure and gravity
forces through both unsaturated and saturated aquifer systems until reaching a bottom
aquiclude (e.g., [1]). They are usually detected in industrial and urban areas due to their
extensive application in chemical production, dry cleaning, and metal degreasing. These
pollutants persist in the environment and are linked to toxic and sometimes carcinogenic
effects (e.g., [2,3]). Several of these compounds are of great concern, as shown by the
records of the Stockholm Convention on Persistent Organic Pollutants (POP).

The behavior and fate of chlorinated organic compounds in the subsurface have been
studied since the early 1980s (e.g., [4-10]). Some numerical models, including models of
migration [11,12] in fractured aquifers [13] and the remediation of alluvial aquifers [14]
using MT3DMS numerical codes [15,16], have been written to simulate their migration
in aquifer systems. There are numerous studies on contaminant transport resulting from
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the dissolution of NAPL pools. Some examples of single-component pool dissolution
studies include [17,18]. Some examples of multicomponent NAPL pool dissolution studies
include [19,20]. Not only are numerical models available in the literature but numerous
analytical models of contaminant transport from the dissolution of single-component NAPL
pools in saturated porous media [21,22] and the dissolution of multicomponent DNAPL
pools in an experimental aquifer [23] have been published.

The dynamics of spilled DNAPL migration in a variably saturated zones can be
described using numerical simulations for the governing equations of immiscible-phase
fluid flow in a porous medium. These equations are coupled conserved partial differential
equations for each fluid flow, based on the Darcy equation, with the conservation of the
mass and an equation of state. They are written as a function of each fluid flow’s saturation,
capillary pressure, density, viscosity, permeability, and porosity.

Since the capillary pressure and permeability of each phase is a function of the satura-
tion, these equations are nonlinear, with a dominant hyperbolic advection term proportional
to the gravity and pressure gradient. They are responsible for forming sharp front and
rarefaction shocks, which can create significant errors in the output results if not treated
with conservative numerical solutions. For example, recent results are available for con-
taminant transport modeling in porous media, including the presence of NAPLs [24,25],
immiscible fluid flow in unsaturated zones [26], a high-resolution central upwind scheme
for two-phase fluid flow [27], a finite-volume WENO scheme and discontinuous Galerkin
methods [28], and a second-order accurate difference method for nonlinear conservation
laws [29].

This study deals with a 3D numerical model implemented to simulate free-product
DNAPL extraction in a synclinal aquifer using the method introduced by Feo and Celico [30,31].
It is based on the high-resolution shock-capturing (HRSC) flux conservation method [32-34]
to follow sharp discontinuities accurately and the temporal dynamics of three-phase
immiscible fluid flow in a porous medium. Several validation tests were performed
in [30,31,35-38] to verify the accuracy of the HRSC method and the CactusHydro code.
CactusHydro is based on the Cactus computational toolkit [39-41], an open-source software
framework for developing high-performance parallel computing (HPC) simulation codes,
and the data are evolved on a Cartesian mesh using Carpet [42,43].

The numerical model presented here simulates the free-product DNAPL extraction by
means of a purpose-designed pumping well, with the aim of (i) minimizing the environ-
mental impact caused by DNAPL release on the subsurface; (ii) estimating the recoverable
free-product DNAPL, depending on the hydraulic properties of the aquifer medium; and
(iii) estimating the residual DNAPL, which could act as a long-term pollution source.
The numerical approach was coupled to biomolecular investigations to analyze the au-
tochthonous bacterial community in ground- and spring waters and verify the existence
of microorganisms potentially associated with chlorinated solvent biodegradation. The
coupled experimental modeling approach was tested in south-western Sicily (Italy), where
tetrachloroethylene (PCE) and trichloromethane (TCM) have been detected in spring waters
fed by a synclinal evaporitic aquifer.

2. Study Area

The study area is located in south-western Sicily, between the small towns of Siculiana
and Montallegro (Figure 1). From a hydrogeological point of view, the research area is
situated inside the “Fosso delle Canne” stream basin. It geologically corresponds [44]
to the south-to-southeast vergent Sicilian fold and thrust belt [45], bordered by the Gela
thrust front and Kabilian—Calabrian thrust front. The whole area is characterized by
the outcropping of neogenic deposits filling the syntectonic basin growing above the
deformed substrate. In detail, lithotypes pertaining to the upper Messinian evaporitic
succession (Gessoso-Solfifera series) consisting of limestone, gypsum, and salt, as well as
numerous intercalations of clays, marls, and carbonates, overlie the Tripoli formation (TRP),
constituted by diatomitic laminites and clay deposits of late Tortonian to Early Messinian
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ages. These deposits are part of the Terravecchia and Licata formations, which will be
referred to in the following as Argille di base (AB). The succession is overlain by Pliocene
marly calcilutites (Trubi Fm.: TRB). Finally, the more recent units are represented by sandy
clays and arenites (Montallegro Fm.: MNT) of Pleistocene ages. Large sectors of the studied
area are covered by recent debris covers of alluvial, eluvial, and colluvial origin.
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Figure 1. Geological map.

The geomorphological setting of the area is marked by a series of fluvial terraces,
frequently found in long gullies and V-shaped valleys. In particular, different lithologies
have produced different landforms, with gypsum lithologies affected by karst processes,
resulting in a great variety of forms, such as poljes and karren. At the same time, on
the clayey slopes, morphogenetic processes have produced landforms such as shallow
landslides, rills, and gullies [46].

The geological structure of this sector of Sicily is marked by a poliarmonic fold system
with an NW-SE trend axis that runs parallel to the trend of the Sicilian fold and thrust belt.
The drainage network’s shape is influenced by this setting and the existence of lithologies
prone to karst processes and erosion. Moreover, there are numerous relief inversions caused
by differential erosion events.

3. Materials and Methods
3.1. Geological and Hydrogeological Investigations

To reconstruct the local geology, the stratigraphic logs of 40 geognostic boreholes were
considered (Figure 1). In total, 22 out of 40 boreholes were then equipped as piezometers.
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The 2D interpretations were uploaded to the three-dimensional geologic modeling
software (Move by Petroleum Experts Limited and LeapfrogGeo by Sequent) and the
modeling processes allowed the 3D reconstruction of the main geological surface of interest
of this work; that is to say, the aquifer bottom. In addition, it was also possible to recon-
struct the topographic elevation through official regional cartography and the expected
groundwater surface. The latter was obtained by interpolating the location of spring A5
and the hydraulic head measured in observation well D10, thereby estimating the local
hydraulic gradient.

Within this study process, the aquifer bottom’s morphology was a nodal issue, consid-
ering the need to identify the more probable locations of DNAPL pools. For this reason,
once a marked localized depression was clearly identified, a square area of about 50 x 50 m
was selected to simulate the DNAPL extraction through pumping, with a grid spacing
of 0.1 m.

From November 2021 to May 2022, hydraulic head measurements were carried out
monthly using a water level meter. Within the present study, the main aim was to recon-
struct the groundwater flow net related to the low-permeability medium outcropping south
of the evaporitic aquifer that feeds spring A5 to check possible hydraulic interactions be-
tween the two media and then acquire useful information about the origin of the DNAPLs.
Therefore, this groundwater flow net was reconstructed using the hydraulic head measured
in the only piezometers drilled and screened within the clayey deposits (D12, D13, D13bis,
D15, 51, 52, 53, 54, S5, S6, C4, C5, C6, and C7 in Figure 1).

Moreover, taking into account the detection of chlorinated solvents in A5 spring waters
during the first observation year, it was decided to continuously measure the hydraulic head
fluctuations in piezometer D10 (drilled and screened within the evaporitic aquifer feeding
spring A5) during rainfall events, so as to quantify the time lag between precipitation and
head rise in a such aquifer. In more detail, he D10 is 36 m deep and was screened between
5 and 35 m below ground. Therefore, in early 2023, a pressure transducer was installed at
the bottom of the well in D10, and the hydraulic head was measured on an hourly basis.
Contextually, the rainfall was measured in a meteorological station located at the study
site hourly.

3.2. Hydrochemical Analyses

Both spring and groundwater samples were collected (at A5 and P10, respectively)
from November 2021 to May 2022 on a seasonal basis.

Since a preliminary hydraulic test in D10 suggested low local permeability of the
aquifer medium, groundwater sampling was planned to collect samples through a bailer
(before purging) and (when possible) through the usual low-flow purging procedure. As a
matter of fact, it was possible to collect groundwater samples through the low-flow purging
procedure only twice (November 2021 and February 2022). All samples were analyzed in
order to acquire information throughout the observation period.

The chemical analyses were carried out by C.A.D.A. s.n.c. (Chimica Applicata Depu-
razione Acque, societa in nome collettivo), a laboratory with ISO 9001:2015, ISO 14001:2015,
and ISO 45001:2018 accreditations recognized by the Italian Accreditation Committee
(ACCREDIA; accreditation number 0439L).

3.3. Microbiological Analyses: 16S Ribosomal RNA Gene Next-Generation Sequencing (NGS)

The microbiological survey was carried out in November 2021. Water samples (1 L)
were filtered through sterile mixed esters of cellulose filters (S-PakTM membrane filters,
47 mm diameter, 0.22 pm pore size; Millipore Corporation, Billerica, MA, USA) within 24 h
of collection. The bacterial DNA extraction from the sample filters was performed using
the commercial FastDNA SPIN Kit for soil (MP Biomedicals, LLC, Solon, OH, USA) and the
FastPrep®Instrument (MP Biomedicals, LLC, Solon, OH, USA). Once the DNA extraction
was complete, the quantity and integrity of the DNA were evaluated by electrophoresis in
0.8% agarose gel containing 1 ug/mL of Gel-RedTM (Biotium, Inc., Fremont, CA, USA), in
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TAE 1X running buffer (40 mM tris base, 20 mM acetic acid, and 1 mM EDTA pH 8), and
the amplification reactions were performed by polymerase chain reaction (PCR). The 165
rDNA profiles of the bacterial communities in the samples were obtained using NGS tech-
nologies at the Genprobio Srl Laboratory (Parma, Italy). Partial 16S rRNA gene sequences
were obtained from the extracted DNA by PCR, using the primer pair of Probio_Uni
and/Probio_Rev, which targets the V3 region of the bacterial 165 rRNA gene sequence [38].
The amplifications were carried out using a Verity Thermocycler (Applied Biosystems,
Foster City, CA, USA), and the PCR products were purified by magnetic purification us-
ing Agencourt AMPure XP DNA purification beads (Beckman Coulter Genomics GmbH,
Bernried, Germany) to remove the primer dimers. Amplicon checks were carried out as pre-
viously described [47]. The sequencing was performed using an Illumina MiSeq sequencer
(Ilumina, Hayward, CA, USA) with MiSeq Reagent Kit v3 chemicals. The fastq files were
processed using a custom script based on the QIIME software suite [48]. The quality control
process retained sequences with lengths between 140 and 400 bp, meaning sequence quality
scores >20, whereas sequences with homopolymers >7 bp and mismatched primers were
omitted. To calculate downstream diversity measures, operational taxonomic units (OTUs)
were defined at 100% sequence homology using DADAZ2 [49]; OTUs not encompassing at
least two sequences of the same sample were removed. All reads were classified to the
lowest possible taxonomic rank using QIIME2 [47,50] and a reference dataset from the
SILVA database v132 [51].

3.4. Hydrogeological Parameters of the Numerical Model Using CactusHydro

A 3D numerical model was set up using the numerical code CactusHydro, introduced
in [CF nature, CF plosone]. CactusHydro resolves the governing partial differential equa-
tions that describe the migration of an immiscible phase fluid flow in a porous medium
composed of a nonaqueous phase (1), water (w), and air (2) and a variably saturated
zone. In particular, the spilled DNAPL is considered immiscible, and the effects of the
volatilization, biodegradation, or dissolution are not considered. CactusHydro treats the
vertical and horizontal movements of the contaminant in the variably saturated zone, which
is numerically resolved as a unique zone, together (not separating the vertical movement
from the horizontal one, since the flow equation includes both zones). Recent applications
of the code can be found in [30,31,35-37].

Tables 1 and 2 show the DNAPL (PCE) phase properties, such as the density, viscosity,
porosity, and hydrogeological parameters used in the numerical simulations. In particular,
the density of the DNAPL contaminant is p, = 1643 kg/m?3, which is denser than the
water, while its viscosity is p, = 0.844 x 1073 kg/(ms). The simulations were carried out
using the PCE as the reference DNAPL because it was the chlorinated organic compound
detected at spring A5 with the highest concentration.

Here, we investigate a range of values for the permeability, porosity, and irreducible
wetting phase saturation. For the permeability, we choose a range of values for the hydraulic
conductivity between K = [10_2, 10_6] m/s, which corresponds to a minimum value of
1.020 x 10713 m?, and a maximum value of 1.020 x 10~% m? for the permeability in fissured

and karstified aquifer media [52]. See Tables 1 and 2 and the relations between the hydraulic
Ky

Pw 8"’

The porosity range is [0.05,0.50] [52]. The irreducible wetting phase saturation range

is [0.01,0.03]. These are typical values for a residual fracture together with the van
Genuchten [53] parameters [54]. See Tables 1 and 2.

For a three-phase fluid flow, we need two capillary pressures. In our formula-
tion [30,31], we use the air—water phase, pow = (Pa — pw), and the capillary pressure
for the airnonaqueous phase pean = (pa — pn). Then, the nonaqueous liquid-water
capillary pressure is given by pepw = (Pn — pw) = (Peaw — Pean)- The relative perme-
abilities k;w, krn, and ky, and the capillary pressures are a function of the saturations,
kroo = kroc(sa/ Su, Sw)/ Pean = Pcan(sar S, Sw>, and peaw = pcaw(sm Su, Sw)‘ The three

conductivity and permeability and the density and viscosity of water, k =



Hydrology 2023, 10, 143

6 of 20

phases are extended from the two-phase expressions [46] (see [30,31]). For the capillary
pressure instead, we use the van Genuchten model [53] (see [30,31]).

Table 1. Definitions of the parameters used in the numerical simulations of DNAPL (PCE) migration
and the values of three parameters (maximum absolute permeability, maximum porosity, and minimal
irreducible water phase saturation).

Parameter Symbol Value
Absolute permeability (max) Kmax 1.020 x 109 m?
Rock compressibility CR 435 %107 7Pa!
Porosity (max) $o,max 0.50
Water viscosity e 107° kg/ (ms)
Water density Pw 103 kg/m3
DNAPL viscosity Ly 0.844 x 10~ kg/ (ms)
DNAPL density o 1643 kg/m>
Air viscosity i, 1.8 x 10~°kg/ (ms)
Air density Pa 1.225 kg/m3
Van Genuchten (n,m) (2.57, 1- ﬁ)
Irreducible wetting phase saturation (min) Swirmin 0.010
Surface tension of air-water Caw 7.199 x 1072 N/m
Interfacial tension nonaqueous water O 444 x1072N/m
Capillary pressure of air-water at zero saturation Peawd 676.55 Pa
Capillary pressure of air-nonaqueous phase at zero saturation Peano 259.83 Pa

Table 2. Definitions of the parameters used in the numerical simulations of DNAPL (PCE) migration
and the values of three parameters (minimal absolute permeability, minimal porosity, and maximum
irreducible water phase saturation).

Parameter Symbol Value
Absolute permeability (min) Kumin 1.020 x 10713 m?
Rock compressibility CR 4.35x 1077 Pa~!
Porosity (min) Po,min 0.05
Water viscosity Ly 1072 kg/ (ms)
Water density Pw 10%kg/m?
DNAPL viscosity " 0.844 x 1072 kg/ (ms)
DNAPL density On 1643 kg /m’
Air viscosity 1, 1.8 x 1075 kg/ (ms)
Air density 0, 1.225 kg/m3
Van Genuchten (n,m) (2'57/ 1- %57)
Irreducible wetting phase saturation (max) Suwir,max 0.030
Surface tension of air-water Oaw 7.199 x 1072 N/m
Interfacial tension nonaqueous water O 444 x1072N/m
Capillary pressure of air-water at zero saturation Peawo 676.55 Pa
Capillary pressure of air-nonaqueous phase at zero saturation Peano 259.83 Pa

-1
The van Genuchten parameter is « = ( PFZ " g) , where p, is the capillary pressure head.

For “sand”, the value is o« = 0.145 cm~! = 14.5 m~!, and the capillary pressure between

3 3 2
the air and water at zero saturation gives peg = Pug _ 107kg/m7981 m/s” _ 676.55 Pa.

x 14.5 m—1



Hydrology 2023, 10, 143

7 of 20

Using the value of the interfacial tension o, = 4.44 X 1072 N/m and
Oaw = 7.199 x 1072 N/m, we get B, = g = 1.62 and penw(Sw) = %— = 417.62 Pa.

Then, the capillary pressure at zero saturation is pean = Peaw — Penw = 259.83 Pa.

4. Results
4.1. Morphology of the Bottom Aquitard

Based on the available stratigraphic data and available geologic outcrops, two inter-
pretative profiles extending NW-SE and SW-NE were drawn (Figure 2a,b).

iy |SE

500 - -500

s.l.- - sl
0 1 km
Gypsum-arenite, Clayey deposits (AB)
limestones and carbonate arenites (GPQ1-2) ‘:
[ ] Gypsum and marls (GPQ3) \\ Normal fault
(a)

[ | Gypsum-arenite, Clayey deposits (AB)
limestones and carbonate arenites (GPQ1-2) ‘:’

[ ] Gypsum and marls (GPQ3)
0 1 km
(b)

Figure 2. (a) Geological section oriented NW-SE (see location in Figure 1) (b). Geological section

oriented SW-NE (see location in Figure 1).

The resulting morphology of the aquifer bottom showed a general SE-ward slope in
accordance with the topography trend. In addition to this general arrangement, hectometric
elevation changes were recognized in this surface, producing a localized depression toward
the hill’s central axis from NW to SE. Inside this central, more depressed area, we recognized
a localized further low-relief area, which generated a closed underground basin suitable
for a DNAPL pool (Figure 3).
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Figure 3. Morphology of the evaporitic aquifer bottom (green dots: bottom of the evaporitic aquifer;
red polygon: localized depression in the bottom of the aquifer, utilized for the numerical model;
Y-axis green line: NS axis with coordinates in the reference system Rome_1940_Gauss_Boaga; X-axis
red line: EW axis with coordinates in the reference system Rome_1940_Gauss_Boaga; Z-axis blue
line: elevations in m asl). The view is from the SE, as indicated by the reference globe above the scale.
Vertical exaggeration = 3 x. Images generated by LeapfrogGeo version 2021.1.3.

4.2. Hydrogeological Model

As per the low-permeability medium outcropping south of the evaporitic aquifer that
feeds spring A5, Figure 4 clearly shows that the local groundwater does not flow toward
the evaporites. The SW-NE groundwater divide separates (i) a western subsystem of the
clayey medium where the groundwater flows from east to west and then to the south
(towards S3) and (ii) an eastern subsystem where the groundwater flows from north-west
to the south-east (towards D15). Overall, this groundwater pathway agrees with that
reconstructed by Rizzo et al. (2020) [55].

Conversely, within the evaporitic aquifer, the groundwater flows north-west to south-
east towards spring A5. This spring is then fed by the effective infiltration within the
evaporitic rocks and the surface runoff infiltrating into swallow holes located north of the
spring (the red triangle in Figure 4 shows the largest one).
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Figure 4. Hydrogeological sketch.

4.3. Hydrochemical Features

Table 3 shows the descriptive statistics results for the physicochemical parameters
measured in A5 and D10.

Table 3. Physicochemical parameters of spring (A5) and groundwaters (D10) (Min is the minimum
value; Max is the maximum value; D.ST. is the standard deviation; 25Q is the 1st quartile; 75Q is the
3rd quartile; 10P is the 10th percentile; 90P is the 90th percentile; C.V. is the coefficient of variation).

Average Median Min Max D.ST. 250 75Q 10P 90P C.V

T 20.16 20.8 16.50 23.2 2.07 19.2 21.20 17.30 21.68 971.67

A5 pH 6.97 7.24 6.18 7.48 0.49 6.44 7.32 6.37 7.36 1426.26
Eh 312.67 189 46.90 1572 479.08 100 239.10 55.22 522.24 65.26

Ec 3.50 2.364 0.70 9.937 2.82 1.63 4.03 1.42 6.36 124.06

T 19.88 20.1 16.10 22.8 1.75 19.8 20.50 18.42 20.96 1133.66

D10 pH 7.26 7.06 6.68 8.34 0.54 6.99 7.32 6.87 7.97 1334.70
Eh 254.28 130.9 51.00 522.5 188.34 109.1 427.60 70.28 451.22 135.01

Ec 3.37 3.50 1.82 5.308 1.04 2.68 3.73 2.36 426 322.92

The Langelier-Ludwig diagram indicates that both the spring and groundwater sam-
ples belong to the chloride sulfate alkaline earth water type, even if a slight variation can
be observed over time (Figure 5). As expected, no significant differences can be observed
between the spring and groundwater samples. Moreover, very similar results were ob-
tained for the groundwater samples collected twice in static conditions (through a bailer)
and through the usual low-flow purging procedure.
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Figure 5. Lamgelier-Ludwig diagram.

As per the chlorinated organic compounds, slight contamination (tetrachloroethylene
[PCE] = 7.9 pg/L; trichloromethane [TCM] = 0.73 ng/L) was detected only in Novem-
ber 2021 at spring A5, close to a heavy precipitation period (cumulative rainfall of 210 mm
during the previous 15 days). Conversely, chlorinated organic compounds were never
detected in D10 groundwaters during the observation period.

4.4. Microbial Communities

The biomolecular analysis results for the 165 rRNA were deposited in the National
Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) with the
project accession number PRJNA967144. Proteobacteria, Firmicutes, and Bacteroidetes
represented the three major phyla in the groundwater samples, accounting for, on average,
52%, 22%, and 17% in A5 and 58%, 22%, and 14% in D10, respectively. This abundance was
also confirmed at the genus taxonomic level, where genera belonging to these phyla, such
as Rhodoferax, Bacteroides, Pseudomonas, and Faecalibacterium, emerged.

Starting from the analysis of the microbial community at the genus level, in both sam-
ples, various microbial communities can be observed to which both aerobic and anaerobic
or facultative anaerobic bacterial genera belong. Generally, both communities are charac-
terized by mesophilic microorganisms, with some genera characterized by halophilic or
halotolerant capacities found in sample D10 or by sulfur-reducing capacities in sample A5.
In addition, a large presence of fecal bacteria can also be observed, which appear to be
abundant both in the sample of the A5 spring and in the D10 piezometer.

The analysis reveals the presence of bacterial genera that could have metabolic path-
ways capable of favoring the degradation of chlorinated compounds, such as Rhodoferax
and Desulfurivibrio [56,57]. Moreover, from the analysis at the taxonomic species level, the
presence of the species Dechloromonas hortensis can be observed, which is associated with
the dehalogenation of chlorinated compounds such as PCE [58].

4.5. 3D High-Precision Numerical Simulations Results

The 3D numerical model developed in this study was based on the conceptual model
explained in the previous section. It describes the scenario in which a free-product PCE
pool lies at the bottom of an aquifer and remains fixed in that position, although there
is a hydraulic gradient. It then numerically simulates the pumping extraction through
a well using an HRSC conservative flux method and the CactusHydro code introduced
in [30,31], with the addition of a module that allows the contaminant’s extraction within a
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time interval. It is based on the reconstruction through interpolation of the points of two
surfaces, the aquifer’s bottom surface (impermeable) and the upper-level surface (ground
surface). A third surface located between the previous ones is the groundwater table
that separates the unsaturated zone from the saturated aquifer zone. Figure 6a shows
these three surfaces, where the green mesh is the ground surface and the blue mesh is the
groundwater table surface. The red mesh is the aquifer’s bottom surface, while the larger
image of the aquifer’s bottom surface highlights a depression in the aquifer’s base, using
the georeferenced coordinates and a grid spacing of 0.1 m.

— surfl

— surfl

4,139,060 8 ,379,270
4,139,070
4,139,080

4,139,090 ,379,30Q

4,139,100
2,379,320 Y 4.139,110 ,379,310
2,379,330 4.139,060 4,139,120 ,379,320

4,139,130 2,379,330
4,139,140
(a) (b)

Figure 6. The three surfaces with georeferenced coordinates: (a) the three surfaces, i.e., the aquifer’s
bottom surface (surf2-red), the upper-level topographic surface (surfl-green), and the groundwa-
ter table surface (surf3-blue); (b) a larger image of the aquifer’s bottom surface that highlights a
depression in the impermeable base with the contaminant’s location.

Initially, we consider a fixed volume for the DNAPL pool (PCE; density p,, = 1643 kg/m?)
positioned in the impermeable aquifer bottom. The contaminant remains located in a single
depression in the saturated zone (see Figure 6b). Figure 7 shows the three-dimensional
interpolating cubic grid geometry used in this paper. We assume a variably saturated
zone to be a parallelepiped measuring 44.0 m long from x = [—20.0,20.0] m (left-hand
side), 40.0 m wide from y = [—20.0,20.0] m (right-hand side), and 179.0 m deep from
z = [181.0,360.0] m, for two different times (Figure 7a: t = 0 s; Figure 7b: t = 1 day and
5.0 h). We use a spatial resolution of dx = dy = dz = 1.0 m and a time step size of
dt = 0.01 s. We use a three-phase fluid flow (water + DNAPL + air) and the hydrogeologi-
cal parameters from Table 1. The DNAPL is positioned at (x,y,z) = (0,0,185.0) m. The
extraction pump is situated at (x,y,z) = (2,0,185.0) m. The aquifer medium is composed
of a dry zone (and indeed an unsaturated part with S;, = 0), namely the one depicted in
white in Figure 7, and a saturated one, namely the one depicted in blue, separated by a
groundwater table surface with a hydraulic gradient of 7.1% towards SE. The green color at
the bottom represents the base of the aquifer. The green color on the upper side represents
the atmosphere.
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Figure 7. The three-dimensional interpolated grid geometry used in the numerical simulation of
a three-phase fluid flow (water + DNAPL + air) and the hydrogeological parameters of Table 1,
with a spatial grid resolution of 1.0 m and grid dimensions of 40 x 40 x 179 m, for two different
times: (a) t=0s; (b) t =1 day and 5.0 h. The immiscible contaminant is situated at the bottom of the
interpolating cubic grid (see the z — x and z — y plane views). The green color in the bottom zone
represents the aquifer base. The green line in the upper area represents the atmosphere. The white
color is the unsaturated zone. The blue color is the saturated aquifer.

The left-hand side of this figure shows the z — x plane view (Figure 7a) and the right-
hand side shows the z — y plane view. The green color on the bottom zone represents the
aquifer base. The green line in the upper area represents the atmosphere. The white color
is the unsaturated aquifer. The saturated aquifer is colored blue. The scale indicates the
values of the saturation contours (0, = S,¢), where S, is the saturation of the nonaqueous
phase and ¢ is the porosity (whose initial value is given in Table 1).

Figure 7a shows the initial contaminant, which after more than 24 h is completely
extracted from the pumping well (Figure 7b).

Since we want to pay attention to the extraction pump, we show a zoomed-in view of
Figure 7 of the fate of the DNAPL using the data from Table 1. Figure 8 shows the numerical
results of the saturation contours (o, = S, ¢) at different times (Figure 7a: t = 0 s; Figure 7b:
t 0.1 h; Figure 7c: t = 0.2 h; Figure 7d: t =1.1 h.

At t = 0 s (see Figure 8a), there is a cubic volume for the PCE (with the values given
in Table 1) and a saturation of S, = 1. The quantity of the mass at the bottom is equal to
1643 kg/m3 x (40 x 40 x 179) m? x 2.15587709497209 x 10~® = 1014.5 kg. The extraction
pump is situated two meters away in the x-coordinates, so the contaminant starts to move
on the right-hand side (see Figure 8b,c) until time t = 1.1 h (panel (d)), where the mass that
remains is practically zero. In Figure 8d, the white cube indicates the position of the well
and the absence of contaminant.
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Figure 8. Three-dimensional numerical results of the saturation contours (o, = S,¢$) of the DNAPL
using the hydrogeological parameters from Table 1 at different times: (a)t=0s; (b) t0.1h; (c)t=0.2 h;
(d) t=1.1 h. The red and blue arrows denote the flow direction of o}, and oy, respectively.
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The pumping rate of the extraction process (contaminant and water) is
Qr = —0.000407 m®/s = —0.407 L/s. Before starting the pumping process, the value
of the saturation multiplied by the porosity is o, = 2.15587709497209 x 107°. After
104611.8 s, the value is 0, = 7.36016960716937 x 10~ 11. Its ratio is 3.41 x 10~°, meaning
very few contaminants are left at the bottom of the aquifer.

We also analyzed the numerical case shown in Figure 9, in which the grid geometry is
similar to the previous case but the hydrogeological parameters are those from Table 2. We
use a spatial resolution of dx = dy = dz = 1.0 m and a time step size of dt = 0.1 s. Since
the irreducible wetting saturation is 0.03 (greater than the previous case of 0.01) and the
porosity is 0.05 (as the absolute permeability is also four orders of magnitude smaller than
in the previous case; compare Table 2 with Table 1), we expect that it will take longer to
remove the contaminant.

Z-axis (m)

N
<

200

=20

0
X-axis (m)

T=7d13.1h

3501 350

325

325

3004 300

N
N
v

275

Z-axis (m)

250 250

225 225

200 200

0.3
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-20 0 20 -20 0 20
Y-axis (m) X-axis (m) Y-axis (m)

(a) (b)

Figure 9. The three-dimensional interpolated grid geometry used in the numerical simulation of
a three-phase fluid flow (water + DNAPL + air) and the hydrogeological parameters from Table 2,
with a spatial grid resolution of 1.0 m and a grid dimension of 40 x 40 x 179 m for two different
times: (a) t = 0's; (b) t =7 days and 13.1 h. The immiscible contaminant is situated at the bottom of
the interpolating cubic grid (see the z — x and z — y plane views). The green color in the bottom zone
represents the aquifer base. The green line in the upper area represents the atmosphere. The white
color is the unsaturated zone. The blue color the saturated aquifer.

Figure 10 shows a zoomed-in view of the grid in the region of interest at different
times (Figure 10a: t = 0 s.; Figure 10b: t =1.1 h; Figure 10c: t = 2.3 h; Figure 10d: t = 2 days
and 8.9 h. Indeed, the pumping rate for the extraction process (contaminant and water)
is Qr = —0.000095 m?/s = —0.095 L/s. Compared with the previous case, the flow rate
in this case is smaller and it takes longer to extract the contaminant. Before pumping, the
value of the saturation multiplied by the porosity is o, = 5.84648044692737 x 10~7. After
652902.4 s, the value is 0, = 1.30456707252625 x 10~7. Its ratio is 2.23 x 103, which is still
very small but bigger than the previous case.
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Figure 10. Three-dimensional numerical results for the saturation contours (6, = S, ¢) of the DNAPL
using the hydrogeological parameters from Table 2 at different times: (a) t=0s; (b) t = 1.1 h;
(¢)t=23h;(d) t=2daysand 8.9 h.
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5. Discussion and Conclusions

A slightly chlorinated organic compound (mainly PCE, subordinately TCM) was
detected once at the test site in spring waters during the observation period. Conversely,
no pollution was contextually detected in groundwater samples collected in observation
well D10 drilled in the feeding aquifer. The episodic detection of PCE and TCM (as a
consequence of heavy rainfall), as well as the apparent discrepancy between the spring and
groundwater samples in terms of contamination, are congruent with the following scenario:
(i) one or more DNAPLs pools lie at the bottom of the investigated aquifer, representing
long-term ground and spring water pollution sources; (ii) the plume that originated within
the saturated aquifer was not intercepted by the observation well D10; (iii) both the PCE
and TCM were detected in spring water but were associated only with huge precipitation;
(iv) the magnitude of the pressure head increase at the aquifer bottom consequent to an
unusual recharge event (210 mm in 15 days) was able to cause the significantly increased
mobilization and flow of deep (contaminated) groundwater towards the spring; (v) as a
result, an unusually high volume of deep (contaminated) groundwater temporarily flowed
out at spring A5, high enough to be detected.

The effectiveness of this interpretation was further supported by analyzing the hy-
draulic head rise on an hourly basis in D10 in early 2023. As shown in Figure 11, (i) the
23.8 mm of rainfall in 12 h between 9 February 2023 and 10 February 2023 caused a fast
(about 7 h of time lag) rise (about 0.4 m) in the groundwater head, while (ii) the 28.4 mm
of rainfall in 3 h on 3 March 2023 caused a rapid (about 8 h of time lag) rise (about 0.5 m)
in the hydraulic head. Based on these data and supposing a linear relationship between
the data, the 210 mm precipitation event that preceded the only PCE and TCM detection
instance in spring waters during the observation period should have caused an unusual
and huge head rise in the order of several meters at D10.

Considering the conceptual model described before, three-dimensional numerical
modeling was successfully implemented to predict the efficacy of free-product PCE ex-
traction through a pumping well in the test aquifer. We followed the numerical results
based on the saturation contours of the three-phase immiscible fluid flow formed by water,
DNAPL, and air in dry soil at different times, using the CactusHydro [30,31] conservative
HRSC method, which precisely follows the advective part of the fluid flow and resolves the
hyperbolic part of the nonlinear governing coupled equations of a three-phase immiscible
fluid flow.

Taking into consideration the morphology of the bottom aquiclude (purposely recon-
structed through a detailed geological characterization of the test site) and the existence of a
unique depression where the DNAPL pool could be located, the numerical model was not
used to simulate the DNAPL’s migration to the subsurface once released in the environment.
Instead, we simulated the effects of the pumping well screened at the bottom of the pool
to recover the contaminant. The results indicated that CactusHydro can precisely follow
the contaminant’s fate and its recovery using a pumping well. Moreover, the simulation
model showed that the free-product pumping recovered almost the whole DNAPL pool,
even though a slight difference in the recovery percentages can be expected depending on
the hydraulic features of the aquifer medium.

Taking into consideration the results of the numerical simulation, the pumping so-
lution could avoid a significant volume of free product acting as a long-term pollution
source. At the same time, the existence of an autochthonous microbial community able
to degrade chlorinated solvents will promote natural attenuation processes within the
groundwater matrix.
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Figure 11. Hydraulic head in D10 (blue line) vs. rainfall (black bars) on an hourly basis (dates are
given in year-month-day-hour).

The limitations of the numerical model are that at this stage (i) we consider these fluids
(groundwater and PCE) immiscible, and the process of volatilization or dissolution was
not considered, while (ii) the hydraulic parameters of the aquifer medium (permeability,
porosity, irreducible water saturation) did not refer to the specific test site but were taken
from the scientific literature. However, both limitations are acceptable at the planning stage
of this type of research on heterogeneous aquifer media because they are normally finalized
to optimize the interdisciplinary approach in order to respond to some basic questions:
(i) Do we expect that hydraulic heterogeneities to significantly influence the free-product
DNAPL extraction? (ii) If so, that is the expected range of free-product DNAPL recovery
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rates as a function of the expected aquifer heterogeneity? (iii) Is it necessary to design and
apply bioremediation techniques associated with free-product extraction or can the natural
attenuation provided by the autochthonous microbial community be considered enough to
efficaciously remove the pollution source? Additionally, the field site is contaminated with
both PCE and TCM and the numerical model used here does not differentiate between
single-component and multicomponent DNAPLs. We plane to include more than one
nonaqueous phase liquid in the future.

As per the last issue, coupling the numerical simulations of the study site to the
bacterial community characterization, we were effectively able to predict that (i) the PCE
recovery through a pumping well will be almost completed and (ii) the application of other
remediation techniques (such as bioremediation) is not necessary to remove the pollution
source because (iii) a natural attenuation process is provided by the autochthonous bacterial
community, which is characterized by genera (such as Dechloromonas, Rhodoferax, and
Desulfurivibrio) that could have metabolic pathways capable of favoring the degradation of
chlorinated compounds.

In a wider context, this study demonstrates that a coupled experimental modeling ap-
proach, based on results obtained from an interdisciplinary perspective, is an effective way
to synergically plan and design both short- (pumping well) and medium-term (e.g., natural
attenuation) solutions to remove DNAPL pools from aquifer systems efficaciously.
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