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Abstract: Urban areas exercise numerous and strong pressures on water bodies, implying that differ-
ent external anthropogenic factors also stress groundwater. Sewerage networks play an important
role, being the place of wastewater flow. When sewerage deterioration conditions occur, aquifers can
be contaminated by contaminants contained within wastewater. The study aims to verify the impact
of sewerage leaks in urban semi-confined aquifers through a multidisciplinary approach. Geological,
hydrogeological, hydrochemical, microbiological, and biomolecular investigations are carried out in
a test site close to a sewer pipe, from February to October 2022. Microbiological analyses are carried
out on a monthly basis, contextually to hydraulic head measurements in purpose-drilled piezometers.
The presence of sandy intercalations and the prevalence of silt within the outcropping (about 10 m
thick) aquitard makes the aquifer vulnerable to percolation from leaky sewers, therefore causing
persistent microbial contamination in groundwater. The presence of fecal indicators (including
pathogenic genera), corrosive and human-associated bacteria markers, is detected. The magnitude
of microbiological impact varies over time, depending on hydrogeological factors such as dilution,
hydrodynamic dispersion, and variation of the groundwater flow pathway at the site scale. As for
personal care products, only Disodium EDTA is detected in wastewater, while in groundwater the
concentrations of all the analyzed substances are lower than the instrumental detection limit.

Keywords: sewer; leakage; urban semi-confined groundwater; personal care products; microbiological
pollution

1. Introduction

Over the years, anthropic pressure has heavily impacted the aquatic environment
and resources: land-use modifications, environmental planning, and the development of
industry and agriculture are just a few examples of polluting human activities. In particular,
in highly populated areas, growing urbanization implies an increase in water demand,
changes in water uses, and degradation of water quality [1] since human activity also
causes the release of anthropogenic contaminants into water bodies. [2-5]. Because of these
strong and numerous pressures, urban areas have the potential to pollute groundwater
bodies in many ways, and in Italy, national and regional legislations are contemplating the
necessity to improve plans for the management and remediation of the most industrialized
urban areas damaged by groundwater contamination [6]. Groundwater and surface water
can be contaminated by pollutants such as hydrocarbons, nitrates, phosphorus, chlorinated
solvents, heavy metals, fecal bacteria, emerging contaminants, and many others. In partic-
ular, unconfined aquifers, where only the lower limit is an impermeable layer while the
upper limit is characterized by high permeability, are more vulnerable to anthropogenic
pollution than confined aquifers. In fact, pollutants can more easily cross the permeable
rock and contaminate groundwater [7].
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In this regard, it is essential to underline sewer networks’ role in making confined or
semi-confined aquifers vulnerable. Sewer networks are deemed among the most important
urban infrastructure systems, as they play an essential role in protecting the urban water
environment, providing public health and safety, preventing the transmission of waterborne
infection, and reducing the risk of urban floods [8-10]. When sewerage is subject to
wear and tear through exfiltration from a leaky sewerage system, groundwater may be
contaminated by wastewater [11,12]. In addition to the pipes’ ages, deterioration is the
other main reason for the leaks in sewerage networks. Several causes lead to pipeline
structural weakening: (i) wastewater chemical characteristics, (ii) sewerage’s construction
features (e.g. pipe material, installation depth, method, and size), and (iii) geological events,
such as landslides and/or seismic events [13-21]. The vulnerability triggered within a
confined or semi-confined aquifer occurs when sewer pipes are constructed at depths
greater than the low permeability horizon. With the occurrence of sewer leaks, the effluents
can cross the rock easily, being within a horizon with no negligible permeability.

In particular, PPCPs (pharmaceuticals and personal care products) are a unique group
of emerging environmental contaminants deemed to be the markers of wastewater presence
in the urban groundwater system because of their human-related use [18,22-25]. This is
because PPCPs generally are poured into wastewater by excretion from a citizen’s body and
washed off with tap and sink water [26]. Moreover, in sewage treatment plants, PPCPs can
still be detected in the effluents since conventional treatment processes cannot remove the
PPCPs from wastewater altogether [27]. For this reason, wastewater plant effluents are also
inferred as a source of PPCPs, since an important fraction of them may be released into the
aquatic environment through the effluents [28] and reach the aquifer through interaction
with surface water courses. PPCPs have been detected in groundwater, showing that the
PPCP contaminants and the following ecological risks in groundwater and surface water
may be of major concern [29], generating potential risks for public health and environmental
safety. Although concentrations of PPCPs in the environment are low, continuous exposure
to these compounds is a critical concern with unknown long-term impacts [27].

To sum up, urban areas exercise numerous and strong pressures on water bodies,
implying that different external anthropogenic factors also stress groundwater. How-
evert, there are limited data and studies on monitoring indicators of contamination from
sewerage leaks.

This type of monitoring can be carried out through chemical and microbiological anal-
ysis of groundwaters. In particular, as mentioned above, the class of PPCP contaminants is
considered an indicator of leaky sewers because of their domestic consumption. In addition
to this, microbiological groundwater pollution is closely connected with the presence of
a leaky sewerage system. Wastewaters are characterized by high bacterial loads with
possible pathogens and viral agents. The microbiological water quality is then examined
through the microbial groups’ identification of more straightforward determination: the
indicators of fecal contamination. These microorganisms (e.g., fecal coliforms and intestinal
streptococci), usually present in human feces and warm-blooded animals, are closely re-
lated to the degree of pollution from urban wastewater and their presence in groundwater.
The migration of bacterial cells through natural clayey media or other low-permeability
rocks has been studied mainly at the laboratory scale through column tests [30-33] and
subordinately at the site scale [34,35]. In particular, Rizzo et al. (2020) showed that the
porosity of clay minerals could vary from micropores (<0.002 pm diameter) to mesopores
(0.002-0.05 um diameter). Aggregation of clay particles forms pores >0.1 um (macropores).
The coexistence of micro-, meso-, and macropores leads to a nonuniform path within the
clayey medium, and the migration of bacterial cells could be selectively concentrated in
certain sediment volumes. Consequently, it is essential to study such phenomena at the
site scale.

The main goal of this work is to present the first results of a multidisciplinary and
holistic research designed through different disciplines necessary to analyze the possible
impact of leaky sewers on groundwater quality in urban semi-confined aquifers, from
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a phenomenological point of view. Geological and hydrogeological investigations and
chemical and microbiological (culture-based and biomolecular) analyses were carried out.
Since chlorinated solvents and microplastics have already been detected in the Parma
aquifer [36,37], testifying to the anthropic pressure exerted on groundwater, this study area
was selected as a test site.

2. Materials and Methods
2.1. Study Area

The site was selected because of the different types of urban anthropic pressures it
is subjected to. Parma is the second town by population in the Emilia Romagna region
(northern Italy), representing a critical anthropogenic contamination source for surface
waters and groundwater from leaks in the urban sewerage system. The area also has
multiple large industrial districts, and intensive agriculture is also performed on this site.
All these factors are intrinsically bound to the water body’s pollution.

From a geological point of view, this research was carried out in the alluvial Parma
aquifer (Po Plain), where the groundwater flows from southwest to northeast at a basin
scale [36]. The map (Figure 1) and section (Figure 2), the latest based on the interpretation
of stratigraphic profiles derived from published databases by the Istituto Superiore per la
Protezione e la Ricerca Ambientale (ISPRA) and Regione Emilia-Romagna, are in agree-
ment with existing stratigraphic models [38] and reveal a sequence of geological units (or
synthems) characterized by basal unconformities caused by the tectonic action of buried
Apennine thrust fronts. Sedimentation in the study area derives from the alluvial dynamics
of the Apennine streams that filled the Po basin during the Quaternary [39-42]. Overall,
the system is made up of an alternation of fine-grained (clays and silts) and coarse-grained
bodies (gravels and sands), generated by climatic cycles and shifting riverbeds that lead
to a multilayered aquifer system at a basin scale. This study involves only the shallowest
aquifer (a few tens of meters thick) of the whole system, characterized by post-LGM (last
glacial maximum) sedimentation.
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Figure 1. Geological map and section at basin scale; (1) AES8: Emiliano-Romagnolo superiore
synthem — Ravenna subsynthem; (2) AES8a: Emiliano-Romagnolo superiore synthem — Modena
subsynthem; (3) main thrust.; (4) borehole; (5) toponym; (6) quoted point; (7) geological section’s
trace; (8) stream; (9) meteorological station; (10) wastewaters treatment plant “Parma Ovest”.
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Figure 2. Geological section at basin scale (the trace is shown in Figure 1): (1) fill material, (2) grey/light
blue clay and silt; (3) yellow /brown clay and silt; (4) red clay and silt; (5) silt; (6) sand; (7) gravel and sand;
(8) gravel and clay/silt; (9) gravel; (10) Code of Geological Unit [sensu 37]: AES1: Emiliano-Romagnolo
superiore synthem — Monterlinzana subsynthem; AES2: Emiliano-Romagnolo superiore synthem —
Maiatico subsynthem; AES7a: Emiliano-Romagnolo superiore synthem — Villa Verucchio subsynthem —
Niviano unit; AES7b: Emiliano-Romagnolo superiore synthem — Villa Verucchio subsynthem — Vignola
unit; AES8: Emiliano-Romagnolo superiore synthem — Ravenna subsynthem.

Geological and Hydrogeological Investigations

Geological investigations were carried out to (i) reconstruct in detail the geological
features of both the unsaturated and the saturated media within the shallowest aquifer
that directly interacts with the underground sewer systems and to (ii) quantitatively detect,
at the site scale, the grain size of fine-grained layers to define the integrity [43] of the
unsaturated aquitard to fecal bacteria and PCPs migration.

Geological characterization of the study area involved 30 continuous core borings
(Figure 3) with a drilling diameter of 4 inches and depths varying between 8 and 20 meters
below the ground surface. Extracted core samples have been stored in dedicated cataloging
boxes, and an accurate lithological description was made for each drill hole. These on-site
descriptions were taken during drilling and included grain size and chromatic variety
recognition. Subsequently, the rock samples were studied by particle size analysis in
the laboratory.
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Figure 3. Location of boreholes and piezometers drilled at the test site (the red segment is related
to Figure 4).

A total of six samples collected from core plugs were dedicated to grain size analysis.
Small amounts of granular material were carefully extracted with a precision chisel from the
middle portion of the plugs to avoid alteration along the side walls. All samples were dried
in an oven at the controlled temperature of 35 °C for two days to remove most of the mois-
ture and to ease disaggregation. Sample masses collected from the core plugs varied from
0.15 to 0.32 g. Prior to the analysis, samples were disaggregated in tap water via mechanical
stirring for two minutes; then, disaggregated materials were left resting for 30 minutes.
Grain size analyses were carried out with a Mastersizer 3000 (Malvern Panalytical®) laser
diffraction granulometer. The laser granulometer calculates the grain size distribution of
particles having an equivalent diameter ranging from 10 nm to 3500 um. The instrument
was equipped with a Hydro EV liquid dispersion unit, suitable for analyzing previously
disaggregated low cohesion samples. Following previous work [44], a specific standard
operating procedure was developed to analyze all samples efficiently and to minimize the
alteration during the analysis. To allow the disaggregation of the fine-grained, clayey-silt
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samples, a preliminary phase of ultrasonication was needed before the analysis. Analyses
were replicated with 25 successive runs for each sample, and the grain size distribution
was defined by an average particle diameter, modal value, and span (sorting degree) with
associated standard deviation. Data regarding sand, silt, and clay fractions were obtained
after the conversion to the Udden-Wentworth standard grain size classes. Details of the
analytical parameters adopted during grain size analysis and information regarding the
standard operating procedure are provided in the Supplementary Materials (SM.pdf).
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Figure 4. Geological section at site scale (the trace is shown in Figure 3).

Four of the boreholes (Pz1 to Pz4 in Figure 3) were equipped with 20 m deep piezome-
ters screened from 12.60 to 18.90 m below ground. Hydraulic head measurements were
carried out in all piezometers with a water level meter from March to October 2022, monthly.
The daily rainfall data to be compared to hydraulic head fluctuations were acquired by the
Regional Agency for Prevention, Environment, and Energy of Emilia-Romagna (Arpae).
The rainfall monitoring station is located in Parma (Figure 1).

Contextually, physico-chemical parameters such as temperature, pH, electrical con-
ductivity (EC), redox potential, and total dissolved solids (TDS) were measured in situ
with the multiparameter HANNA probe (mod. HI9828, HANNA Instruments, Villafranca
Padovana, Italy).

2.2. Water Sampling and Analyses

Water-sampling activities related to chemical-physical parameters and piezometric
monitoring were carried out monthly (from February 2022 to October 2022) on the four
piezometers drilled within the test site (Pz1, Pz2, Pz3 and Pz4). In parallel to these sampling
activities, microbiological monitoring of fecal indicators was carried out monthly in Pz3,
which is the piezometer drilled closest to the sewer system, within the test site (Figure 3).
In the same piezometer (Pz3), chemical (PCPs) and biomolecular (bacterial community)
analyses were also carried out only once, in June 2022, and the same analyses were also
performed in the incoming wastewater of the sewage treatment plant (Parma Ovest).

2.3. Chemical Analyses

Three substances commonly used in cosmetics were selected for the chemical analyses:
(i) 2-phenoxyethanol, which is a bactericidal agent widely used in cosmetics as a preser-
vative, (ii) dimethicone, which is the most widely used silicone in cosmetics and is not
subject to European regulations, (iii) disodium EDTA, which is a chelating agent: it reacts
and forms complexes with metal ions that can affect the stability and/or appearance of
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cosmetic products; the Organization for Economic Cooperation and Development (OECD)
classifies disodium EDTA as a remarkably persistent and not biodegradable substance in
the environment.

Three groundwater samples were collected in Pz3 to analyze the content of 2-
phenoxyethanol (CAS number: 122-99-6), dimethicone, and disodium EDTA (CAS number:
139-33-3); 50 milliliter (mL), 1 liter (1L), and 250 milliliter (mL) ambered glass bottles were
used for 2-phenoxyethanol, dimethicone, and disodium EDTA analyses, respectively. In
addition, three samples were collected at the entrance of the "Parma Ovest" wastewa-
ter treatment plant to verify if wastewater, which flows into the pipes close to Pz3, was
characterized by the presence of these three contaminants.

All samples were stored in a refrigerated box and transported to the laboratory. The
analyses were performed at Analytice s.a.r.l. (société a responsabilité limitée), a laboratory
with ISO 17025 accreditation recognized by the French Accreditation Committee (ILAC
full members). In particular, GC/MS was performed to analyze 2-phenoxyethanol. The
samples were analyzed according to an accredited in-house method. After the addition
of potassium carbonate, the samples were extracted with ethanol. The extracts were then
injected into gas chromatography (column RTX-WAX) coupled to a mass spectrometer
detector (GC-MS). GC/MS after derivatization was also used to quantify disodium EDTA.
Samples were analyzed versus EDTA, and values were then calculated into disodium EDTA.
The samples were analyzed according to EN ISO 16588. The samples were derivatized with
isopropanol/acetylchlorid and extracted with hexane. The extracts were then injected into
gas chromatography (column DB-XLB) coupled to a mass spectrometer detector (GC-MS).
Dimethicone was analyzed according to an in-house method. First, the samples were
extracted with hexane. Next, the extracts were injected into high-pressure liquid chro-
matography coupled to a refractive index detector (HPLC-RI). Samples were determined
as PDMS (CAS 63148-62-9) and calculated as polydimethylsiloxane with a viscosity of 1000
mPa.s with HPLC /RI after hexane extraction.

2.4. Next-Generation Sequencing (NGS) for Bacterial Community Analyses

NGS (next-generation sequencing) analyses were carried out to verify whether (i) the
bacterial community in groundwater is characterized by pathogenic bacteria and /or human-
associated bacteria markers and/or bacteria potentially capable of degrading PCPs (or
xenobiotics in general) and (ii) the bacterial community in wastewaters is characterized by
microorganisms potentially capable of enhancing the corrosion of pipelines. More generally,
microbial community characterization in heterogeneous and complex hydrogeological sys-
tems will be used as an effective natural tracer to refine knowledge about (i) hydrodynamic
and hydrochemical processes, as well as (ii) recharge and /or contaminant origin [35,45-47].

The bacterial community characterization was carried out in Pz3 groundwater and
in wastewater samples collected at the entrance of the “Parma Ovest” treatment plant (IN
sample). Both ground- and wastewater samples (2 L) were collected in sterile bottles. All
samples were stored in a refrigerated box and transported to the laboratory. The samples
were filtered through sterile mixed esters of cellulose filters (S-PakTM Membrane Filters,
47 mm diameter, 0.22 um pore size, Millipore Corporation, Billerica, MA, USA) within
24 h of collection. Bacterial DNA extraction from filters and soils was performed using the
commercial kit FastDNA SPIN Kit for soil (MP Biomedicals, LLC, Solon, OH, USA) and
FastPrep® (MP Biomedicals, LLC, Solon, OH, USA). After the extraction, DNA integrity
and quantity were evaluated by electrophoresis in 0.8% agarose gel containing 1pug/mlL of
Gel-RedTM (Biotium, Inc., Fremont, CA, USA). The bacterial community profiles in the
samples were generated by next-generation sequencing (NGS) technologies at the Genpro-
bio Srl Laboratory. Partial 165 rRNA gene sequences were obtained from the extracted DNA
by polymerase chain reaction (PCR) using the primer pair Probio_Uni and Probio_Reyv,
targeting the V3 region of the bacterial 16S rRNA gene [48]. Amplifications were carried
out using a Veriti Thermal Cycler (Applied Biosystems, Foster City, CA, USA), and PCR
products were purified by the magnetic purification step involving Agencourt AMPure
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XP DNA purification beads (Beckman Coulter Genomics GmbH, Bernried, Germany) to
remove primer dimers. Amplicon checks were carried out as previously described [47].
Sequencing was performed using an Illumina MiSeq sequencer (Illumina, Hayward, CA,
USA) with MiSeq Reagent Kit v3 chemicals. The fastq files were processed using a custom
script based on the QIIME software suite [49]. Paired-end read pairs were assembled to
reconstruct the complete Probio_Uni/Probio_Rev amplicons. Quality control retained
sequences with a length between 140 and 400 bp and a mean sequence quality score >20,
while sequences with homopolymers >7 bp and mismatched primers were omitted. To
calculate downstream diversity measures, operational taxonomic units (OTUs) were de-
fined at 100% sequence homology using DADA?2 [50]; OTUs not encompassing at least two
sequences of the same sample were removed. All reads were classified to the lowest possi-
ble taxonomic rank using QIIME2 [49,51] and a reference dataset from the SILVA database
v132 [52]. The biodiversity of the samples (alpha diversity) was calculated with the Shan-
non index. Similarities between samples (beta diversity) were calculated by weighted
uniFrac. The range of similarities is calculated between values 0 and 1. Principal coordinate
analysis (PCoA) representations of beta diversity were performed using QIIME2. In the
PCoA, each dot represents a sample distributed in tridimensional space according to its
bacterial composition.

2.5. Microbiological Investigations (Fecal Indicators)

For microbiological analyses (fecal indicators), groundwater samples (1 L) were col-
lected in sterile bottles. All samples were stored in a refrigerated box and transported to
the laboratory. Filtration processes were carried out within 2 h after collection. Indica-
tors of microbial contamination were determined in groundwater samples using classic
methods of water filtration (1000 mL) on sterile membrane filters (GN-6 Metricel, pore size
0.45 pm, Pall), with incubation on: (1) m-FC Agar for 24 h at 44 °C, for fecal coliforms and
(2) Slanetz-Bartley agar for 48 h at 37 °C for intestinal enterococci.

3. Results
3.1. Geological, Hydrogeological, and Hydrochemical Investigations

The shallowest part of the sedimentary succession shows alternating coarse-grained
layers, composed of gravel and sand, and fine-grained layers, such as silts and clays
(Figure 4). In addition, a cover of anthropogenic fill material consisting of gravel and bricks
was found over the entire area approximately 1 meter below ground. Below the fill material,
the geological setting at site scale can be summarized as follows: (i) a first layer composed
of silt and clay with thickness varying from 5 to 7 meters, (ii) a second layer composed of
gravel and sand varying in thickness from 1 to 5 meters and characterized by a separation
into two distinct elements proceeding northward in the proximity of Pz3, (iii) a third layer
composed of silt and clay with thickness varying from 2 to 3 meters, and (iv) a fourth layer
of gravel and sand (the shallowest alluvial aquifer at the test site).

Fine strata can be interpreted as the stratigraphic record of periods (or areas) of low-
energy depositional systems, and for this reason, evidence of paleosols has been found
diffusely in all investigations. In contrast, coarser erosive levels may be associated with
periods of higher river energy or paleochannel areas.

Laser particle analysis conducted on six selected samples, collected at different depths,
allowed to constrain the grain size distribution of the two silt-dominated layers characteriz-
ing the study area. The coarse-grained gravel bodies in the middle and at the bottom of the
stratigraphic interval were not considered for grain size analysis because of the instrumental
upper limit of 3.5 mm of the laser granulometer. Altogether, the average grain size varies
from 16.2 to 62.4 um, with the modal peak shifting from 7.2 to 78.6 um (Table 1). Silt is
the dominant fraction of all the analyzed samples, with a volume percentage spanning
from 56.6 to 71%, with the sand percentage falling between 7.2 and 37.3% and clay in the
5.9-21.7% range. Samples collected along Pz1 and Pz3 boreholes display a significantly
lower sandy and higher clayish fractions than Pz4 and S18. The shape of the granulo-
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metric distribution is highly asymmetric (left-skewed) for all samples but is particularly
pronounced in samples characterized by relatively high sand contents (Pz4 and S18).

Table 1. Summary of laser diffraction grain size analysis (& values refer to standard deviation).

Sample Name Mean Diameter (1um) Mode (um) Span Clay (%) Silt (%) Sand (%)
PZ16-7m 31.99 £1.97 28.32 £ 14.03 544 £0.16 18.09 64.9 17.01
PZ111-12m 20.81 £0.79 8.62 £ 0.04 473 £0.1 21.7 71.04 7.26
PZ3 6-7 m 16.18 £+ 0.61 7.18 + 0.02 4.82 +£0.13 28.1 67.08 4.82
PZ45-6 m 57.06 £2.05 752 +£4.15 2.69 £ 0.05 5.97 56.67 37.36
PZ49-10m 48.68 £ 2.74 57.51 £ 5.55 3.97 £0.07 10.46 60.69 28.85
518 8.75-9.5m 62.43 + 391 78.62 £5.22 2.83 £ 0.03 5.98 54.32 39.7

Conversely, clayey silt samples show less asymmetric distributions with platykurtic
shape (Pz1 and Pz3). The span (sorting degree) is higher in samples showing a higher clay
fraction (wider grain size distributions), while it is lower in sandy silts (narrower and more
leptokurtic grain size distributions) (Table 1). Figure 5 shows the comparison of the average
grain size distribution curves. More details regarding the grain size distribution curves are
provided in the Supplementary Materials (SM.pdf; Figure S1).

Legend

— Pz16-7mb.g.

87 Pz1 11-12 m b.g.
— Pz36-7mb.g.

— Pz4 5-6 m b.g.

— Pz49-10mb.g.
— 518 8.75-9.5mb.g.
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Figure 5. Comparison of the six average grain-size distribution curves.

During the observation period, the hydraulic head varied from 43 to 51 m a.s.1. (Figure 6).
The recession period started in June, with negligible variations in the head during the precipi-
tations observed in summer and autumn. The only effect of rainfall on groundwater recharge
during the recession was observed from September to October 2022, when a slight recharge
caused the decrease in head to slow down (as testified by analyzing the recession phase in a
classic semi-logarithmic plot). Differently, precipitations in winter caused the hydraulic head
to rise, therefore suggesting a significant and relatively rapid recharge, in agreement with
previous findings obtained a few kilometers upgradient regarding the test site [36].
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Figure 6. Hydraulic head fluctuations vs. daily rainfall (dates are given in day/month/year).

Significant modifications clearly characterize the groundwater flow net in the shal-
lowest aquifer over time at the test site scale, therefore suggesting significant variations in
terms of groundwater flow directions (and contaminant dispersion) at the site scale during
the hydrologic year (see examples in Figure 7).
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Figure 7. (a) Groundwater flow net in May 2022; (b) groundwater flow net in October 2022.

The groundwater EC in Pz3 varied significantly over the research period, from
363 to 764 uS/cm. This variation can be due to different factors. Overall, the highest
EC values were measured in high flow, with a general decrease during the recession
(Figure 8). However, a sporadic increase in EC was observed at the beginning of the re-
cession period (June 2022) and at the end of the same phase (October 2022). At the end
of the recession period, the increase in EC can be correlated to the slight recharge docu-
mented through the analysis of the hydraulic head hydrograph, therefore confirming an
overall direct relationship between groundwater EC and head. This relationship is not
surprising in a semi-confined aquifer system, where the effective local infiltration of rainfall
is expected to be negligible and very slow, and the head rise is mainly due to recharge
in the upgradient and unconfined alluvial aquifer. Therefore, contrary to observations
made in unconfined aquifers [53-56], this recharge cannot generate temporary or relatively
prolonged haloclines within the local groundwater, usually characterized by the lowest
EC values into the shallowest saturated zone. In confined and semi-confined aquifers, the
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recharge (and the resulting hydraulic head rise) can cause the mobilization of higher-EC
groundwaters flowing in those portions of the heterogeneous systems where (i) higher
mean residence time, and/or (ii) higher water-rock interactions, and/or (iii) higher mineral
dissolution can be observed. At the site scale, a possible additional factor influencing
the variations over time in terms of groundwater EC at the observation point (Pz3) is the
variation of the groundwater flow net mentioned above. This factor could be linked, at
the study site, to surface—groundwater interactions [37] because the variations in terms
of stream heads and groundwater flow directions can modify the local impact of stream
recharge on groundwater, as well as in terms of physico-chemical features.
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Figure 8. Hydraulic head fluctuations vs. groundwater EC in Pz3 (dates are given in
day/month/year).

The groundwater temperature in Pz3 groundwater varied between 13.7 °C and 16.1 °C.
Overall, the groundwater temperature variation over the observation period seems to be
correlated to the groundwater EC (Figure 9), suggesting that similar factors mainly influence
both parameters. The groundwater temperature at the test site is not significantly influenced
by the atmospheric one. In the atmosphere, the highest temperature was recorded during
summer, from late July to early August 2022, while the highest groundwater temperature
was measured at the end of the recharge (May 2022).

Dissolved oxygen in groundwater is around 60%, pH ranged from 6.9 to 7.8, and redox
potential between —84 and 330 mV, with the highest values detected during recharge and
the negative one, detected only in October 2022, in late recession.

As for PCPs, only disodium EDTA was detected in wastewater, while in groundwater,
the concentrations of all the analyzed substances were lower than the instrumental detection
limit (Table 2).
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Table 2. Results of PCP analyses.

Parameter . Analytical . . .
Sample (CAS) Technique Method Detection Limit Results Unit
2-Phenoxyethanol (122-99-6) GC-MS In-house 0.2 <0.2 mg/L
Disodium EDTA
N (139-33-3) GC-MS ISO 16588 1 53 ng/L
wastewater PDMS calculated as
polydimethylsiloxane with a 3 3
viscosity of 1000 mPa.s HPLC-RI In-house 100 <100 mg/L
(63148-62-9)
2-Phenoxyethanol (122-99-6) GC-MS In-house 0.2 <0.2 mg/L
Disodium EDTA
Pr3 (139-33-3) GC-MS ISO 16588 1 <1 pg/L
groundwater PDMS calculated as
polydimethylsiloxane with a HPLC-RI In-house 100 <100 mg/L

viscosity of 1000 mPa.s

(63148-62-9)

3.2. Microbiological and Biomolecular Investigations

The isolation and counting of fecal coliforms and enterococci made it possible to ascer-
tain that continuous and constant leaks from the local sewers compromised the microbial
quality of groundwater. The monthly monitoring results show that Pz3 groundwater is
always characterized by fecal contamination (Table S1), even though intestinal enterococci
were an indicator more reliable than fecal coliforms, in agreement with findings in other
hydrogeological settings [57-59]. As a matter of fact, the concentration of fecal indicators
in Pz3 groundwater ranged from 0 to 303 colony-forming units (CFU)/L of fecal coliforms
and from 10 to 98 CFU/L of intestinal enterococci.

Concerning the results of biomolecular investigations, all the 165 rRNA gene sequences
obtained within this study have been deposited in the National Center for Biotechnology
Information (NCBI) Sequence Read Archive under the accession number PRJNA897727.
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Proteobacteria, Actinobacteria, and Bacteroidetes represented the three major phyla in the
groundwater sample (Pz3), accounting for, on average, 64%, 16%, and 12%, respectively
(Figure S2). Differently, in wastewaters, a dominance of Epsilonbacteraeota, Proteobacteria,
and Firmicutes was observed, accounting for 37%, 3%, and 13%, respectively (Figure S2).

The analysis of bacterial community composition at the family level (Figure S3) re-
vealed a predominance of Burkholderiaceae (20%), Sphingomonadaceae (18%), Microbacteriaceae
(4%), Solimonadaceae (4%), and Spirosomaceae (4%) in Pz3 groundwater, while in wastewaters,
high percentages of Arcobacteraceae (37%), Pseudomonadaceae (11%), Burkholderiaceae (8%),
Moraxellaceae (4%), and Aeromonadaceae (3%) were detected.

When analyzing the groundwater microbial communities at the genus level (Figure S4),
it emerged that Novosphingobium reached the highest percentage in the Pz3 groundwater
(14%). Among the most abundant genus, Limnohabitans (5%) Sphingomonas (4%), and Mas-
silia (3%) were also detected. Overall, NGS results showed that the bacterial community
consists of genera belonging to aerobic, facultatively anaerobic, chemo-organotrophic, and
oxidase bacteria [60-63]. The genus Novosphingobium accommodates Gram-negative, aero-
bic, nonsporulating, chemoorganotrophic, and rod-shaped bacteria that are metabolically
versatile [60,64] and are found in a wide range of ecological habitats, such as agricultural
soil [65], pesticide-contaminated soil [66,67], plant surfaces [68], and aquatic environ-
ments [69]. In addition, different species of Novosphingobium appear to have the potential to
degrade different xenobiotics and recalcitrant compounds, such as, for example, polycyclic
aromatic hydrocarbons [70-73] and sulfanilic acid, widely used in PPCPs [74]. Sphingomonas
are opportunistic pathogens that take advantage of underlying conditions and diseases for
humans and can generate infections, including bacteremia/septicemia [75].

On the other hand, wastewaters were characterized by a bacterial community char-
acterized by Gram-negative, aerobic, facultatively anaerobic ubiquitous, and pathogen
genus [76-79], where the main genera are Arcobacter (37%), Pseudomonas (11%), Bacteroides
(3%), and Acinetobacter (3%). Arcobacter has emerged as an important food-borne zoonotic
pathogen, causing sometimes severe infections in humans and animals [80]. At the same
time, associated with human infections are also the Acinetobacter (3%), Streptococcus (2%),
and Comamonas (2%) genera [81-83]. In addition to this, the Streptomyces genus has also
been detected in wastewaters (2%), known for having steel’s corrosive capacities [84].

4. Discussion

Sewer pipeline ruptures are a severe risk to groundwater quality. When sewerage
deterioration conditions occur, aquifers can be contaminated by contaminants contained
within sewer water. The exposure to the risk of wastewater contamination in the study area
is also increased by the presence of bacteria with corrosive capacities that were detected in
wastewaters. Previous studies show how much biological corrosion of sewers and sewage
treatment plants constitutes a severe problem, resulting in the loss of billions of dollars
a year [85].

In this specific case, detailed granulometric analyses made it possible to understand
that the outcropping aquitard consists of clayey/sandy silts. Therefore, this is characterized
by a not-negligible permeability that makes the aquifer vulnerable to percolations from
damaged pipelines. As a result, mechanical filtration is not entirely effective, and microbial
contamination (including pathogens) of groundwater can also occur.

The microbiological quality of water is generally assessed by monitoring fecal indi-
cator bacteria (e.g., intestinal enterococci and coliforms). However, it must be noted that
many alternative parameters exist [86]. It has been proposed that the members of the
Bacteroides genus hold promise as alternative indicators of fecal pollution [87] owing to
several advantages, including short survival rates outside the hosts, exclusivity to the gut
of warm-blooded animals, and constituents of a larger portion of fecal bacteria compared
with fecal coliforms or enterococci [88]. In this regard, both Bacteroidetes bacterium OLB11
and Faecalibacterium were detected in Pz3. Members of Faecalibacterium are commensal
bacteria, ubiquitous in the gastrointestinal tracts of animals and humans [89].
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Although at low concentrations, the presence of these bacteria further demonstrates
the negative impact of sewers’ loss on groundwater microbial quality (and human health).

The results obtained at the study site further confirmed that intestinal enterococci are
better indicators than fecal coliforms to detect microbial contamination of groundwater. As
a matter of fact, in groundwater, intestinal enterococci generally persist for more extended
periods, rarely multiply, and are more resistant to different environmental stresses [46].
Furthermore, enterococci were always detected during the monthly monitoring, with
a narrower range of contamination than coliforms. In particular, Figure 10 shows the
variation of microbial contamination indicators (C.F.U./L) over time as a function of the
variation of the hydraulic head (m a.s.l.) in Pz3.
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Figure 10. Indicators of fecal contamination (C.EU./L) in the function of the hydraulic head variation
in Pz3 (dates are given in day/month/year).

Both fecal indicators show a similar trend. Observing intestinal enterococci, a pro-
gressive increase in concentrations was found following the progressive lowering of the
hydraulic head during the recession period. This overall inverse relationship suggests a
significant reduction in the dilution in groundwater. In fact, during the depletion period,
the saturated medium is progressively and significantly thinned (Figure 4); consequently,
the contaminants turn out to be more concentrated than in high flow.

However, when analyzing the same graph in a shorter timescale, short-term variations
in fecal indicators are observed (on a monthly basis, from July to September 2022). This
variation is probably due to the variations in terms of groundwater pathway and to the
effect of these variations on contaminant dispersion within the saturated medium. As
conceptually described in Figure 11, where a segment of the sewer was hypothesized to be
damaged (segment in red), the modification of the groundwater flow direction over time
can cause the contamination plume to oscillate between two end positions (full and dashed
red plumes in Figure 11), therefore emphasizing the transverse mechanical dispersion and
the impact of the same sewer segment on Pz3.
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Figure 11. Conceptual oscillation of a contamination plume over time that is due to variation
in the groundwater flow direction: (1) piezometer; (2) groundwater flow direction in May 2022;
(3) groundwater flow direction in October 2022; (4) sewerage; (5) conceptual leaks; (6) conceptual
plume theoretically linked to the groundwater flow direction in May 2022; (7) conceptual plume
theoretically linked to the groundwater flow direction in October 2022; (8) variation of groundwater
flow direction over time; (9) outcropping geological unit (AES8a).

As for PCPs, to the authors” knowledge, it is the first time that 2-phenoxyethanol,
disodium EDTA, and dimethicone have been analyzed in groundwater. These first results
testify that groundwater is not affected by cosmetic pollution, although the presence of
disodium-EDTA has been detected in wastewaters, and at the same time, the impact of
sewerage leaks has been ascertained from the microbiological point of view. Therefore,
it is possible to deduce that cosmetics have not been detected in the aquifer because of
hydrodynamic dispersion, as illustrated above for fecal indicators and/or biodegradation.

Concerning microbial communities with biodegradative capacity against substances
used for PCP production, data in the literature do not provide detailed indications. How-
ever, the biomolecular analyses in this study showed the presence of bacteria able to degrade
xenobiotics and recalcitrant compounds in groundwater and wastewater. It would be inter-
esting to check whether these microorganisms, having recalcitrant-substance degrading
capabilities, may also be able to degrade recalcitrant chemicals contained in cosmetics, such
as disodium EDTA.

Merkova et al. (2016) proved that the biodegradation of CAPB (cocamidopropyl
betaine), an amphiphilic surfactant commonly used in various personal care products,
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is ensured by two Gram-negative bacteria of the widespread genera Pseudomonas and
Rhizobium [90]. The present study is one of the few ones to date that has investigated the
presence of bacteria potentially capable of biodegrading this class of substances. Both the
Pseudomonas and Rhizobium genera were detected in both waste- and groundwater samples,
accounting for about 6% and 1%, respectively.

Moreover, the presence of oxidizing bacteria detected in groundwater and wastewater
facilitates the triggering of Fenton reactions, one of the most commonly used advanced
oxidation processes (AOPs) [91], which was efficient at eliminating illicit drugs and pharma-
ceuticals from wastewaters [92]. Nevertheless, as discussed before, during the hydrological
year, positive and negative redox potential alternation occurs in groundwater. Therefore,
some biodegradative processes can temporarily inhibit, and the natural attenuation of PCPs
could be discontinuously allowed.

Through OECD guidelines, EDTA is considered persistent and nonbiodegradable. The
OECD Guidelines for the Testing of Chemicals are a unique tool for assessing the potential
effects of chemicals on human health and the environment. Accepted internationally as
standard methods for safety testing, the guidelines are used by industry, academic, and
government professionals involved in the testing and assessment of chemicals (industrial
chemicals, pesticides, personal care products, etc.). However, OECD tests are conducted on
a deductive basis and not through laboratory tests that simulate specific hydrogeological
settings. Therefore, it would be appropriate to verify whether and how much these com-
pounds are biodegradable through purpose-designed degradation tests. This would make
it possible to verify if EDTA is somehow biodegradable or recalcitrant in groundwater
environments. If, as reported by the OECD tests, EDTA turns out to be persistent even from
simulations test, then it could be inferred that the lack of EDTA detection in groundwater
is the result of the only hydrodynamic dispersion processes that make the concentrations
of the substance lower than the instrumental detection limits now available.

5. Conclusions

The multidisciplinary approach used in this study allowed the demonstration that
leaky sewers can cause significant microbial pollution of groundwater in semi-confined
aquifer systems, whose semi-confining aquitards are mainly made of silts and characterized
by granulometric and hydraulic layered heterogeneity. At the same time, this study pointed
out that (i) the impact of leaky sewers on groundwater microbial quality may vary over
time, depending on both the hydraulic regime and the changing groundwater pathway,
and (ii) intestinal enterococci are indicators more reliable than fecal coliforms to detect
microbial contamination in such hydrogeological and urban settings.

As for PCPs, no negative impacts were observed on groundwater at the test site,
despite the presence of detectable EDTA in wastewater. However, at this stage, there is not
enough information to adequately discriminate among the possible causes (e.g., hydrod-
inamic dispersion, biodegradation, too high instrumental detection limits, etc.) of these
results. At the same time, the same results allow the designing of effective supplementary
investigations for the near future.

On a wider and methodological perspective, this research demonstrates that (i) mul-
tidisciplinary approaches are the most effective way to study the possible impacts of
leaky sewers in semi-confined urban aquifers, and (ii) a prolonged monitoring of both
hydraulic heads and qualitative groundwater features is fundamental to correctly analyze
the causes and the possible variations over time of contamination phenomena induced by
leaky sewers.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390 /hydrology10010003/s1: Test: SM.pdf; Figures: Figure S1 Grain size
distributions with an average curve in black and variability range in light gray. Grain size distribution
curves for PZ1 6-7 m (A), PZ1 11-12 m (B), PZ3 6-7 m (C), PZ 5-6 m (D), PZ4 9-10 m (E) and S18
8.75-9.5 m (F). @, equivalent mean diameter; m, modal value of the grain size distribution; S, span
(sorting) of grain size distribution; n, number of measurements; Figure S2 Phylum level microbial
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community composition in samples collected from groundwater and wastewater; Figure S3 Family
level microbial community composition in samples collected from groundwater and wastewater;
Figure 54 Genus level microbial community composition in samples collected from groundwater and
wastewater. Table: Table S1 Monthly monitoring of fecal contamination indicators. Reference [93] is
cited in the supplementary materials.
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