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Abstract: The increase in oil production from petroleum reservoirs has led to studies examining the
effects of these activities on groundwater quality. Oily wastewater associated with oil production is
often reinjected through abandoned wells into the unproductive portions of the reservoir to avoid its
discharge on the surface. The reinjection process is designed to be environmentally friendly and to
exclude direct interactions between injected fluids and the surrounding groundwater; nevertheless,
the evaluation of the compatibility between this process and the protection of the surrounding
environment is of utmost importance when oilfields are located within sensitive and protected
areas. The present work aimed to evaluate the impact of the oily wastewater reinjection into a
long-term and high-rate disposal well in the Val d"Agri oilfield (Southern Italy). Previous preliminary
investigations carried out at the study site led researchers to hypothesize the possible hydrocarbon
contamination of the shallower aquifer caused by reinjection well integrity issues. Our strategy is
based on an integrated and multidisciplinary approach involving isotopic (stable isotopes 2H and
18O), chemical, and microbiological (characterization of bacterial and archaeal communities) analyses.
After a comprehensive and meticulous examination of the research data, it has been ascertained that
significant discrepancies exist between the shallow and reinjection water systems. This allowed us to
clarify the area’s complex flow dynamics and exclude hydrocarbon contamination of spring waters
caused by the reinjection process.

Keywords: oily wastewater reinjection; petroleum reservoir; groundwater quality; microbial commu-
nity characterization; stable isotopes; Southern Italy

1. Introduction

Oily wastewaters associated with oil production are often reinjected into unproductive
portions of petroleum reservoirs through abandoned wells. The reinjection process is
recognized worldwide and is environmentally friendly, without any impact on groundwater
flowing within the shallow geological sequence through which the reinjection wells have
been drilled. Obviously, the screened interval of the reinjection wells involves only the
deep petroleum reservoir to avoid direct interactions between the injected fluids and the
surrounding groundwater.

The compatibility between the wastewater reinjection process and the protection of
the surrounding environment is of utmost importance, primarily when oilfields are located
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within a sensitive and protected area, such as the Agri Valley in Southern Italy. At this site,
wastewater has been reinjected since 2006 into the Costa Molina 2 (CM2) injection well,
with a well-head pressure ranging from 13 to 14 MPa and an injection rate of approximately
2000 m3/day. Since then, no significant interruptions have been recorded; therefore, the
CM2 injection well can be classified, on the whole, as a long-term and high-rate disposal
well [1].

The impact of the oily wastewater reinjection process has been studied at the Val d’Agri
oilfield [2-5] and worldwide [6] in terms of induced seismicity. However, few studies have
been conducted to assess the possible interactions between oily wastewater and the local
shallow environment [7,8]. Abou-Sayed et al. [7] performed a three-day injection test,
by measuring quantitative parameters, such as surface and downhole pressures, ground
surface deflections, and wellbore hydraulic impedance. Differently, in Kholy et al. [8]
analyzed the feasibility of wastewater injection by assessing the subsurface geology and
the petrophysical features of rocks to create a geomechanical earth model and a three-
dimensional fracture simulator. The simulations allowed forecasting fracture growth within
a candidate injection site at different injection scenarios, propaedeutic to forecast possible
interactions between deep and shallow environments. In relation to the Val d’Agri oilfield,
one published contribution [9] hypothesized that reinjected wastewaters in the CM2 well
could contaminate shallow aquifers, probably due to well integrity issues. Nevertheless,
this conference paper synthesized very preliminary results, in contrast to those obtained in
more recent research carried out by Avagliano et al. [10] at the same study site.

In light of the differences that emerged between the two previous papers that focused
on the Val d’Agri oilfield [9,10], a more detailed and exhaustive study was needed to
experimentally verify whether the reinjection process can influence shallow groundwater
and/or affect its quality. With the aim of obtaining conclusive evidence, a purpose-designed
multidisciplinary approach based on chemical, isotopic, and biomolecular analyses has
been developed.

In a wider context, the present study also provides a significant contribution from a
methodological perspective, introducing new arguments into the discussion related to the
experimental (and not only numerical) approaches that can be effective in analyzing the
possible environmental impacts of oily wastewaters injection.

In the following paragraphs, after the description of the main geological and hy-
drogeological features of the study area, the main results of all investigations (chemical,
isotopic, and biomolecular) are presented and then discussed, in order to achieve a final
conclusion for the considered study site and to verify the effectiveness of the proposed
multidisciplinary approach from a methodological point of view.

Study Area

The Val d’Agri is a Quaternary NW-SE trending intramountain basin located within
the southern Apennines thrust belt (Southern Italy) (Figure 1), whose formation and
evolution are controlled by brittle tectonics. The intense and recent deformation is testified
by seismic activity in the last 40 ka, such as the M7, 1857 Basilicata earthquake [10-13].

The presence of petroleum in Val d’Agri is well known. Some explorations have been
carried out in the area of Tramutola’s municipality, in which there are still natural hydro-
carbon springs, recently studied in terms of bioremediation and migration of fluids [14-16],
but the main Val d’Agri oilfield is hosted in a reservoir made of fractured, low-porosity
carbonates belonging to the buried inner Apulian Platform belt [17-19]. Light-to-medium
crude oil and gas are stored in limestone and dolomite (Miocene to Cretaceous ages) [20].
The carbonate reservoir lies below the Pliocene siliciclastic foredeep deposits and a thick
mélange layer (Figure 1). Hydrocarbons have been extracted in large quantities since the
mid-1990 through several wells at depths ranging from 1.8 to 3.5 km below sea level. The
actual production rates are up to 65,000 barrels (bbl)/d with 2.6 x 10° m3/d of gas.
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Figure 1. Schematic map of the Agri Valley showing the location of the study area (modified by
Rizzo et al. [21]).

The Apulian Platform is about 7000 m thick with a bottom part made up of evaporites,
sandstones, and conglomerates (Triassic age), and lies above the crystalline basement. Well
data were used to establish the progressive movement of the front of the chain towards NE
during the Pliocene and early Pleistocene.

The study area is located on the left orographic side in the southeastern edge of the
valley, near the municipality of Montemurro, and includes reinjection well CM2 (Costa
Molina 2) (screened into the petroleum reservoir, between 2890 and 3096 m below ground).
On top of the carbonate reservoir, formations belonging to the Lagonegro basin (lower
Triassic-lower Cretaceous), the Liguridi-Sicilidi basin (upper Jurassic-lower Miocene), and
middle-late Miocene turbiditic siliciclastic successions can be found [19,22-27] (Figure 2).
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Figure 2. Geological map and monitored springs/streams (see location in Figure 1) (modified by
Rizzo et al. [21]).

In the study area, the sedimentary successions belong to the so-called turbiditic
siliciclastic hydrogeological complex (sensu [28]). A detailed hydrogeological study of
the outcropping formations [21] showed the absence of vertical heterogeneity due to rock
alteration and/or stress-release fracturing, thereby excluding the existence of a shallower
and widespread horizon characterized by higher rock permeability. On the whole, the
presence of perched groundwater due to the permeability contrast with depth was excluded,
and all the analyzed springs were related to unique groundwater flowing within a low-
permeability continuum at the basin scale. The hydraulic continuity at this scale is enhanced
by the fracture network associated with folds and faults, which can interrupt the spatial
continuity of the low-permeability layers within the heterogeneous sedimentary succession.
As for the location of the springs, an overall adaptation of the potentiometric surface to
the ground morphology was observed. As a matter of fact, the spatial variations in the
topographic gradient and the thin unsaturated aquifer cause the shallower groundwater to
flow out where the phreatic surface intersects the topographic gradient. In greater detail,
Rizzo et al. [21] hypothesized that the relatively high hydraulic gradient observed within
the heterogeneous system is due to the back-dipping low-permeability layers (opposite
to the main groundwater flow lines) that act as hydraulic barriers. According to findings
related to low-permeability fault zones [29], the relatively high head loss observed within
the turbidite succession would be distributed across several aquitards characterized by
relatively low integrity.



Sustainability 2023, 15, 9161

50f 15

2. Materials and Methods

The investigations were based on an integrated chemical-isotopic-microbiological
approach.

The research was developed from December 2017 to March 2019 and involved (i) oily
wastewaters before their injection in well CM2 and (ii) groundwater flowing towards
the former two outflows (the so-called “Polle” of C.da La Rossa; PCLRs) associated with
methane emission [9]. A purpose-designed piezometer (Pz1; 14 m deep, screened between
8 and 13 m below ground) was drilled in early November 2017, a few meters upgradient
from the PCLRs. During this study, no measurable or collectible water outflow was
observed at the two PCLRs after an alteration made by the area’s owner. Nevertheless, the
data obtained were compared with those available for both PCLRs acquired after previous
surveys (carried out in 2016; unpublished data) before they were tampered with.

2.1. Isotopic Analyses

A monthly monitoring campaign was carried out from December 2017 to March
2019 by collecting Pz1 groundwater and oily wastewaters before reinjection. The data
were analyzed together with those obtained from previous surveys of the PCLRs and
other spring waters. Unfortunately, due to the inability to access the study area, the
campaign that started in December 2017 stopped until May 2018, when it resumed with
monthly continuity.

Rainwater samples for 5(18/160) (indicated as §'80) and §(%/'H) (indicated as §2H)
analyses were collected monthly in two rain samplers, RWS1 and RWS2, located within the
Val d’Agri oilfield (Figure 2) at 1047 and 1290 m above sea level (m a.s.l.), respectively from
May 2016 to April 2017 during a different study on the same area. Rainfall was collected
using ten-liter polyethylene bottles containing about 300 mL of vaseline oil to prevent
evaporation. In addition, oil contamination was carefully avoided by syringing the water
samples out of the bottle.

For stable isotope (5'%0, §°H) analysis, oily wastewater and groundwater from
Pz1 were collected to compare the isotopic signature detected in the deeper and shal-
lower aquifer.

After collection, the samples were transported in a refrigerated box to the laboratory.

Electrical conductivity, temperature, and pH were measured in situ using portable
equipment (Hanna Instruments 9829, Roccafranca Padovana, Italy).

Stable isotope (5'80 and §?H) analyses were carried out at the Isotope Geochemistry
Laboratory of the University of Parma, Italy, using a water equilibrator at 18 °C online
with a Finnigan Delta XP spectrometer. For the oxygen isotope determination, 5 cm? of
water was equilibrated with pure CO,, while for the hydrogen isotope, 5 cm® of water was
equilibrated with pure Hj (platinum wire was used as a catalyzer for gas-liquid water
equilibration). The isotope ratios were expressed as

A/BR A/BR
ABy RE = e — 1= || cmo — 1] 10%| %o 1)
A/BRgy A/BRgp

where A is 180 or 2H, B is 1O or 'H, R is the ratio of the isotopic abundances, s is the sample
of interest, %o = 1073, and RF indicates that the data refer to the VSMOW-SLAP scale.

2.2. Chemical Analyses: Organic Compounds

Oily wastewaters before their injection into well CM2 and groundwater in Pz1 were
collected for chemical analyses, together with samples for isotopic determinations. The
analyses were carried out at the Analytical Chemistry Laboratory of the University of
Parma, Italy, using the following methods: EPA 5021A + 8260C, EPA 3511 + 8270D, Internal
method + ISO 17943, and APAT CNR IRSA 5160B Man 29 2003 [30-35].
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2.3. Preliminary Characterization of Microbial Communities through Biomolecular Analyses
Carried Out in 2016: 16S rDNA Polymerase Chain Reaction-Denaturing Gradient Gel
Electrophoresis (PCR-DGGE) and Next-Generation Sequencing (NGS)

Water samples for microbiological investigations were first collected in April 2016 to
preliminarily analyze the bacterial and archaeal communities of PCLRs (sample codes 83
and 84), before being tampered with, other springs (sample codes P001, P002, P006, 89BIS,
90, 147, 148, 153, and 161) and stream monitoring points (sample codes FO01, F002, FO03,
F004, and F005).

2.3.1. DNA Extraction

One L water samples were filtered through mixed esters of cellulose filters (S-Pa
Membrane Filters, 47 mm diameter, 0.22 pm pore size, Millipore Corporation, Billerica, MA,
USA) within eight hours after collection. Subsequently, the filters were stored at —80 °C
until DNA extraction, which was performed using a PowerWater® DNA Isolation Kit (MO
BIO Laboratories, Inc., Carlsbad, CA, USA).

kTM

2.3.2. 16S rDNA Polymerase Chain Reaction-Denaturing Gradient Gel Electrophoresis
(PCR-DGGE)

Nested PCR was carried out to amplify bacterial 165 rDNA fragments. The primer
pairs 27F/1492R and 341F-GC (with a 40 bp GC-clamp)/907R [36] were used for the
primary and secondary amplifications, respectively. PCRs were performed according to the
protocols reported by Hernandez-Diaz et al. [37] using 5 puL of the template.

Nested PCR was carried out to amplify also archaeal 16S rDNA fragments, by using
the primer pairs 21F/958R [38] and Parch519F/ ARC915R-GC (with 40 bp GC-clamp) [39].
Reagent concentrations in the PCR mixtures were the same as those reported by Hernandez-
Diaz et al. [37], but 5 pL and 6 puL of the template were used in the primary and secondary
amplifications, respectively.

Primary amplification of archaeal 16S rDNA fragments was performed using the
following process: 94 °C for 2 min, 30 cycles of denaturation at 94 °C for 45 s, annealing
at 55 °C for 1 min, and extension at 72 °C for 1 min and 30 s, and a single final extension
at 72 °C for 4 min. The secondary amplification consisted of an initial denaturation step
at 94 °C for 2 min, 30 cycles of denaturation at 94 °C for 30 s, annealing at 57 °C for 40 s,
extension at 72 °C for 40 s, and a final elongation step at 72 °C for 4 min.

DGGE and cluster analysis of microbial community patterns were performed as
reported by Hernandez-Diaz et al. [37].

2.3.3. Next-Generation Sequencing (NGS) Carried Out in 2016 for Samples Collected before
the PCLRs Were Tampered with

A preliminary NGS sequencing was performed at the BMR Genomics srl (Padova,
Italy) for water samples collected at PCLRs, other springs (sample codes 89BIS, 90, 148, 153,
161), and one stream monitoring point (sample code F003) by amplifying the V3-V4 regions
of the 16S rRNA genes of Bacteria and Archaea, using the primers Pro341F and Pro805R [40],
modified with universal tails.

PCR products were purified with Agencourt XP 0.8 x magnetic beads and amplified
using the Nextera XT Index (Illumina, 5200 Illumina Way, San Diego, CA 92122, USA) in
the second PCR step. Amplicons were then normalized using SequalPrep (Thermo Fisher
Scientific, 168 Third Avenue, Waltham, MA 02451, USA) and multiplexed. The pool was
purified using Agencourt XP 1x magnetic beads. The library was run on an Illumina MiSeq
and sequenced with V3 chemistry—300PE strategy. The forward and reverse sequences
(R1 and R2 reads) were merged using the software FLASH v.1.2.11 [41] and filtered for
quality (Q > 30). The clustering of the Operational Taxonomic Units (OTUs) (cluster of
similar sequences with 97% identity) was based on the method pick_closed_reference_otus.py
of Qiime 1.9.1 [42] and on the database Greengenes v.13-8. OTUs representing fewer than
0.005% of all sequences were filtered as recommended by Bokulich et al. [43].
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2.4. Characterization of Bacterial Communities through Next-Generation Sequencing (NGS) after
the PCLRs Were Tampered with

For microbial community analyses carried out after the PCLRs were tampered with,
one L water samples were filtered through sterile mixed esters of cellulose filters (S-Pak™
Membrane Filters, 47 mm diameter, 0.22 um pore size, Millipore Corporation, Billerica,
MA, USA) within 24 h of collection. Subsequently, DNA was extracted using the com-
mercial kit FastDNA SPIN Kit for soil (MP Biomedicals, LLC, Solon, OH, USA) and the
FastPrep®Instrument (MP Biomedicals, LLC, Solon, OH, USA). After the extraction, DNA
integrity and quantity were evaluated by electrophoresis on 0.8% agarose gel containing
1 pg/mL of Gel-Red™ (Biotium, Inc., Fremont, CA, USA). The microbial community pro-
files in the samples were generated using NGS (Next-Generation Sequencing) technologies
at Genprobio S.r.l. Laboratory, following the protocol reported by Rizzo et al. [14,21].

3. Results
3.1. Isotopic Analyses

The isotopic content of local precipitation gives the following regression §2H on §'80:

5%H = [6.48 (£0.66) 6180 + 4.58 (+5.19)] %o @
s(yx) =4.56 %0, n=21,p (A=0)=0.39

where s(yx) is the standard error of the regression, n is the number of couples of data, and
A is the regression line’s intercept.

The regression calculated at the study site is very close to that calculated by Longinelli
and Selmo [44] using precipitation collected in Southern Italy, as well as those calculated at
other study sites in the same macro-area [45-47].

All the isotopic data of groundwaters and PCLRs fall close to regression (1), demon-
strating a meteoric origin of the analyzed waters (Figure 3). On the contrary, the oily
wastewaters are far from the same regression line, being enriched more in 130 than in 2H
(Figure 3). The data for CM2 water are consistent with a fossil source being modified by
lithology-dependent diagenetic processes. This lithology is represented by the carbonate
formation of a deep petroleum reservoir at high temperatures [48].

5180 %o (vs. V-SMOW)
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Figure 3. O versus 5°H relationship in water samples collected from rainwater samplers at PCLRs,
at the Pz1, and the oily wastewaters before the reinjection. Linear RW is the local meteoric water
line obtained by local rainwater. MWL is the Meteoric Water Line of Southern Italy obtained from
Longinelli and Selmo [44].
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3.2. Chemical Analyses of Organic Compounds

Chemical analyses of organic compounds in the oily wastewaters before their injection
in well CM2 and in waters collected at Pz1 revealed, as shown in Tables 1 and 2 (example
of available data), that the content of benzene, toluene, ethylbenzene, xylenes, and styrene
was as follows: (i) always lower than the detection limit in groundwater sampled at the
piezometer drilled immediately upstream of PCLRs and, as expected, (ii) much higher in
the reinjection waters.

Table 1. Results of the chemical analyses carried out on the CM2 well reinjection waters of the March
2019 sampling campaign.

Results Limit by Italian Law
Analytes (ug/L) Methods {ug/L)
Benzene 9610 £ 1100 EPA 5021A + 8260C 1
Toluene 8960 + 540 EPA 5021A + 8260C 15
Ethylbenzene 720 £ 70 EPA 5021A + 8260C 50
M- + p-xylene 1510 + 220 EPA 5021A + 8260C 10
Styrene 45+ 6 EPA 5021A + 8260C 25
Benzo (a) pyrene <0.003 EPA 3511 + 8270D 0.01
Benzo (b) fluoranthene <0.01 EPA 3511 + 8270D 0.1
Benzo (k) fluoranthene <0.005 EPA 3511 + 8270D 0.05
Benzo (a) anthracene <0.01 EPA 3511 + 8270D 0.1
Benzo (g, h, i) perylene <0.003 EPA 3511 + 8270D 0.01
Dibenzo (a, h) anthracene <0.003 EPA 3511 + 8270D 0.01
Indeno (1,2,3-¢c, d) pyrene <0.01 EPA 3511 + 8270D 0.1
Pyrene <0.05 EPA 3511 + 8270D 50
Chrysene <0.05 EPA 3511 + 8270D 5
Chlorobenzene <0.1 EPA 5021A + 8260C 40
1,2-dichlorobenzene <0.1 EPA 5021A + 8260C 270
1,4-dichlorobenzene <0.1 EPA 5021A + 8260C 0.5
1,2 4-trichlorobenzene <0.5 EPA 5021A + 8260C 190
1,2,4,5-tetrachlorobenzene <0.1 EPA 3511 + 8270D 1.8
Pentachlorobenzene <0.1 EPA 3511 + 8270D 5
2- chlorophenol <0.5 Internal method + ISO 17943 180
2,4- dichlorophenol <0.5 Internal method + ISO 17943 110
2,4,6- trichlorophenol <0.5 Internal method + ISO 17943 5
Pentachlorophenol <0.05 Internal method + ISO 17943 0.5
Total hydrocarbons (az(ifhtxiﬁe) APAT CNRZ;RZSOS;MOB Man 350 (as n-hexane)

3.3. Preliminary Investigations on Microbial Communities through PCR-DGGE and
Next-Generation Sequencing

A preliminary assessment of the bacterial and archaeal communities of PCLRs (sample
codes 83 and 84), other springs (sample codes P001, P002, P006, 89BIS, 90, 147, 148, 153,
and 161), and stream monitoring points (sample codes F001, F002, FO03, F004, and F005)
was conducted in April 2016 using a PCR-DGGE-based approach (Figure 4). In addition,
NGS was also performed to obtain a more comprehensive identification of microorganisms
constituting the microbial communities of PCLRs, some of the springs, and one stream
monitoring point analyzed through PCR-DGGE (sample codes 89BIS, 90, 148, 153, 161,
and F003). Unfortunately, the use of the primer pair Pro341F and Pro805R did not allow a
detailed resolution of archaeal communities, unlike the bacterial ones. Nevertheless, taken
together, the results of the preliminary biomolecular investigations provided an interesting
contribution to further clarify if there could be hydrocarbon contamination of groundwa-
ter due to issues linked to the reinjection process. In general, the main bacterial phyla
found after NGS data analysis were Proteobacteria, Bacteroidota, and Verrucomicrobiota. These
taxa were present in almost all the samples, although with different relative abundance
values. On the other hand, Archaea belonging to the genera Methanosarcina, Methanosaeta,
and Nitrosopumilus were detected only in PCLRs and springs 90, 161, and 153. In detail,
Methanosarcina and Methanosaeta are genera comprising species that are able to perform
methanogenesis, an anaerobic process that generates methane as the final product of
metabolism [49]. Their presence in PCLRs and in spring 161 suggests the following: (i) the
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methane emissions recorded in PCLRs have a biological origin (further supporting the
suggestions made by Avagliano et al. [10], using the isotopic signature of methane sampled
in PCLRs), and (ii) methanogenesis is not limited to PCLRs within the studied hydrogeolog-
ical system. From a wider perspective, the DGGE results suggest that there is a hydraulic
interconnection between the sub-basin hosting PCLRs and the larger hydrostructure to
which this sub-basin belongs, in agreement with the whole hydrogeological model pointed
out by Rizzo et al. [21] at the same site. In fact, the analysis of the DGGE profiles (Figure 5)
shows, on the whole, a rather high similarity among the aquatic microbial communities.

Table 2. Results of the chemical analyses carried out on the Pz1 groundwater of the March 2019

sampling campaign.

Results Limit by Italian Law
Analytes (ug/L) Methods {ug/L)
Benzene <0.1 EPA 5021A + 8260C 1
Toluene <1 EPA 5021A + 8260C 15
Ethylbenzene <1 EPA 5021A + 8260C 50
M- + p-xylene <1 EPA 5021A + 8260C 10
Styrene <1 EPA 5021A + 8260C 25
Benzo (a) pyrene <0.003 EPA 3511 + 8270D 0.01
Benzo (b) fluoranthene <0.01 EPA 3511 + 8270D 0.1
Benzo (k) fluoranthene <0.005 EPA 3511 + 8270D 0.05
Benzo (a) anthracene <0.01 EPA 3511 + 8270D 0.1
Benzo (g, h, i) perylene <0.003 EPA 3511 + 8270D 0.01
Dibenzo (a, h) anthracene <0.003 EPA 3511 + 8270D 0.01
Indeno (1,2,3-c, d) pyrene <0.01 EPA 3511 + 8270D 0.1
Pyrene <0.05 EPA 3511 + 8270D 50
Chrysene <0.05 EPA 3511 + 8270D 5
Chlorobenzene <0.1 EPA 5021A + 8260C 40
1,2-dichlorobenzene <0.1 EPA 5021A + 8260C 270
1,4-dichlorobenzene <0.1 EPA 5021A + 8260C 0.5
1,24-trichlorobenzene <0.5 EPA 5021A + 8260C 190
1,2,4,5-tetrachlorobenzene <0.1 EPA 3511 + 8270D 1.8
Pentachlorobenzene <0.1 EPA 3511 + 8270D 5
2- chlorophenol <0.5 Internal method + ISO 17943 180
2,4- dichlorophenol <0.5 Internal method + ISO 17943 110
2,4,6- trichlorophenol <0.5 Internal method + ISO 17943 5
Pentachlorophenol <0.05 Internal method + ISO 17943 0.5
Total hydrocarbons <35 APAT CNI;;I;%235160B Man 350 (as n-hexane)

(a)

M F001 FO02 F003 FOO4 M F005 POO1 P002 POO6 M 83 84 89BIS 90 M 147 148 153 161

16S rDNA PCR-DGGE profiles of bacterial (a) and archaeal (b) communities
(b)

M F001 F002 F003 F004 FO05P001 M P002P006 83 84 89BIS 90 M 147 148 153 161

«PCLRs»

Figure 4. Bacterial (a) and archaeal (b) 16S rDNA PCR-DGGE community profiles of PCLRs (sample
codes 83 and 84) before being tampered with (April 2016), other springs (sample codes P001, P002,
P006, 89BIS, 90, 147, 148, 153, and 161), and stream monitoring points (sample codes F001, F002, FO03,

F004, and F005).
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Figure 5. Cluster analysis of bacterial (a) and archaeal (b) 165 rDNA PCR-DGGE profiles of PCLRs
(sample codes 83 and 84) before being tampered with (April 2016), other springs (sample codes P001,
P002, P006, 89BIS, 90, 147, 148, 153, and 161), and stream monitoring points (sample codes F001, F002,
F003, F004, and F005) (Dice coefficient with the UPGMA clustering algorithm). Similarity values
are shown.

3.4. Bacterial Community Analysis through Next-Generation Sequencing (NGS) after the PCLRs
Were Tampered with

The results of the characterization of microbial communities of the springs through
Next-Generation Sequencing have already been reported by Rizzo et al. [21]; accordingly,
only the data relating to CM2 and PZ1, used as a representative of the groundwater formerly
feeding the PCLRs, are discussed here. The final read numbers of the sequences obtained
for each sample are shown in Table 3. Unfortunately, the PZ1 sample taken in January 2019
was damaged during transport and could not be analyzed in the laboratory.

Table 3. The number of 165 rDNA bacterial sequences obtained after NGS analysis for the four
sampling campaigns.

Sample Final Read Number
Sampling Campaigns
June 2018 September 2018 January 2019 March 2019
CM2 84,618 34,947 63,407 57,527
P71 75,283 57,530 - 65,482

The 165 rRNA gene sequences have been deposited in the NCBI Sequence Read
Archive (SRA: accession numbers PRJNA629324 and PRJNAS877189).

The rarefaction analysis, a measure used to estimate the alpha diversity in samples
and gauge whether or not sequencing efforts captured the microbial diversity, revealed
Shannon index values ranging from 3.6 and 4.0 for the CM2 samples. For the Pz1 samples,
lower biodiversity was recorded in September 2018 (Shannon index value of 4.0) compared
to June 2018 and March 2019 (Shannon index values of 7.3 and 7.0, respectively) (Figure 6).

Bacterial community analyses at the genus level (Figure 7) revealed that the waters of
the CM2 well were characterized by a microbial signature very different from that found
in the PZ1 waters; the most abundant genera were Desulfomicrobium (relative abundance
values ranging from 38.40% to 46.75%), Thermoanaerobacterium (relative abundance val-
ues ranging from 10.88% to 28.92%), Acetomicrobium (relative abundance values ranging
from 6.39% to 16.71%), and Thermovirga (relative abundance values ranging from 3.23% to
14.61%). These results testify to the presence of thermophilic bacteria in the reinjection wa-
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ters, with anaerobic metabolism (fermentation or anaerobic respiration with sulfate, sulfite,
and thiosulfate as electron acceptors) compatible with the characteristics of the waters in
which they were found [50-52]. These four genera alone represented more than 67% of all
the sequences obtained using NGS analyses in the different monitoring campaigns.
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Figure 6. Rarefaction curves with Shannon index for Bacteria domain.
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Figure 7. Genus level bacterial community composition.

On the other hand, a predominance of entirely different genera, comprising species
living at lower temperatures and under aerobic conditions, such as Sphingobium (relative
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abundance values ranging from 7.25% to 51.56%) or Pseudomonas (relative abundance
values ranging from 3.70% to 30.64%), was detected in PZ1.

4. Discussion and Conclusions

The isotopic content (5?H on 5'80) of the ground- (PZ1) and springwaters (including
the PCLRs) is exclusively compatible with the isotopic signature of local rainwater, sug-
gesting the absence of mixing between the shallow groundwater and possible deep fluids
typical of the petroleum reservoir (in the case study, the reinjection waters). This hydrogeo-
logical scenario is in agreement with the conceptual model pointed out by Rizzo et al. [21].
As a matter of fact, the PCLRs (as well as the other springs) were located along an abrupt
variation in the topographic gradient, where the hydraulic head intercepts the ground sur-
face, thereby causing shallow groundwater to flow out. Their location was not anomalous
within the local hydrogeological system, so much so that both PCLRs flowed out very
close to springs 89 bis and 161. Moreover, the reinjection waters had an isotopic signature
incompatible with that of the local precipitations, whereas they were consistent with a
fossil source being modified by lithology-dependent diagenetic processes.

Biomolecular and chemical analyses further support this scenario. In fact, the biomolec-
ular investigations showed very different microbial communities between the shallow and
deep fluids. CM2 reinjection waters were characterized by thermophilic genera with
anaerobic metabolism, whereas shallow ground- and springwaters were characterized by
psychrophilic or mesophilic aerobic communities. Moreover, methanogens were found not
only in the former PCLRs, but also in another spring (161) flowing out close to the PCLRs,
further demonstrating that methane at the study site is biogenic (and not thermogenic), and
is typical of some of the sub-basins coexisting within the whole hydrogeological system
analyzed in the present study.

As for the chemical analyses, hydrocarbons have never been detected in the PZ1-
waters in any monitoring campaign. Conversely, the reinjection fluids in CM2 were always
characterized by high concentrations of hydrocarbons. In oil contaminant plumes, the anal-
ysis of only total petroleum hydrocarbons (TPH) could be ineffective due to the potential
biological effects of degradation [53]; in the case study, a set of 25 different analytes were
analyzed as possible tracers.

On the whole, the synergic analysis of the chemical, isotopic, and biomolecular data
obtained through the developed multidisciplinary approach made it possible to demon-
strate the total absence of interaction between the reinjection water in CM2 and the shallow
groundwater system, including the former PCLRs.

From a methodological point of view, this research (together with that carried out
by Rizzo et al. [21]) further demonstrates the importance of applying interdisciplinary
approaches when studying the possible hydraulic interconnections between deep and
shallow fluids in heterogeneous geological systems, with an emphasis on those systems
where reinjection processes of oily wastewaters can potentially cause the contamination of
groundwater and aquatic ecosystems. The synergy between different disciplines and the
utilization of experimental data coming from independent investigations is the only way to
obtain an exhaustive and effective response.
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