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1. Introduzione

Nel 2011 I’European Environmental Agency (EEA) ha stimato la presenza di circa 2,5 milioni di
potenziali siti contaminati all’interno del territorio dell’Unione Europea; di questi, circa 1,1 milioni
sono stati identificati, ma solo il 15% sono stati bonificati [1]. La contaminazione da idrocarburi, in
particolare, € un fenomeno che puo intaccare la salute dell’'uomo ed impattare negativamente sulla
qualita dell’ambiente [2]. Le fonti di contaminazione ambientale riconducibili in toto o in gran parte
alla presenza di idrocarburi possono essere diverse, come altrettanto diversificate possono essere le
modalita di migrazione degli stessi all’interno di acquiferi piti 0 meno eterogenei dal punto di vista
idraulico (ad es., [3-8]).

Secondo I’EEA, tra i contaminanti piu diffusi all’interno degli acquiferi saturi si possono trovare
prodotti derivati dal petrolio come i BTEX (Benzene, Toluene, Etilbenzene, Xilene), gli IPA
(Idrocarburi Policiclici Aromatici) e i CHC (Idrocarburi Clorurati).

Negli anni, sono state sviluppate diverse tecnologie per la bonifica di siti contaminati applicabili
in situ, le quali prevedono il risanamento della matrice contaminata direttamente in loco, o ex situ, le
quali prevedono il risanamento della matrice contaminata in impianti di trattamento esterni e che
richiedono quindi I’escavazione ed il trasporto della matrice. Queste tecnologie possono essere riunite
in due macro-gruppi: (i) gli approcci chimico-fisici e (ii) gli approcci biologici.

Le principali tecnologie chimico-fisiche per la bonifica di siti contaminati sono:

e Soil Washing: tecnologia ex situ che si basa sul lavaggio con acqua, tensioattivi e agenti
chelanti utili alla rimozione del contaminante [9];

e Soil Flushing: tecnologia in situ che prevede il lavaggio con acqua e tensioattivi iniettati
nel terreno per favorire la lisciviazione [10];

e Soil Vapor Extraction (SVE): tecnologia di trattamento in situ, rapida, efficace e
relativamente economica per rimuovere, dalla zona insatura dell’acquifero, contaminanti
organici volatili e prodotti petroliferi adsorbiti alla matrice solida [11];

e Ossidazione chimica: tecnologia che prevede I’utilizzo di agenti ossidanti come perossido
di idrogeno (H202) e persolfato di sodio (Na:S:0sg) per convertire gli inquinanti in
molecole piu stabili e facilmente degradabili [12];

e Air Sparging: tecnologia rivolta ad agenti volatili e semivolatili accoppiata spesso alla
SVE, che prevede I’insufflazione di aria nella matrice, per agevolare il desorbimento e la
volatilizzazione dei contaminanti [13].

Questi sistemi, se correttamente applicati, dovrebbero garantire 1’eliminazione della sostanza
inquinante, ma allo stesso tempo comportano un maggiore impatto dell’intervento sull’ecosistema ed
un elevato costo di realizzazione e gestione. L approccio alternativo ai trattamenti chimico—fisici per
le sostanze organiche € il biorisanamento, cioe un insieme di tecnologie che utilizzano una
componente biologica per eliminare sostanze tossiche e pericolose attraverso processi metabolici
aerobi e/o anaerobi [14]. Le principali tecnologie di biorisanamento per la bonifica di siti
contaminanti sono:

e Bioreattori: tecnica di biorisanamento ex situ, che consiste nello sfruttare dispositivi che
garantiscono la degradazione con parametri controllati e con un sistema di monitoraggio
costante [15];

e Landfarming: trattamento biologico ex situ che consiste nel preparare un manto
impermeabile per isolare il suolo contaminato e disporlo sopra un letto sabbioso; il terreno
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viene periodicamente rimescolato per garantire un’efficace miscelazione fra
microorganismi naturalmente presenti o inoculati, I’ossigeno, i nutrienti e i contaminanti
[16];

e Biopila: tecnica ex situ (spesso on site) che consiste nella stesura di strati successivi di
terreno inquinato sopra un telo impermeabile, successivamente coperti con un ulteriore
telo impermeabile o semi-permeabile: tra uno strato ¢ 1’altro viene posto un sistema di tubi
forati con i quali viene fatta circolare aria all’interno della pila [17];

e Bioventing: tecnica in situ che é utilizzata principalmente per degradare prodotti petroliferi
leggeri, gasolio e cherosene e altri composti volatili come il tricoloroetilene, il
tricoloroetano, il dibromuro di etilene e il dicloroetilene; viene applicata una leggera
ventilazione al fine di fornire 1’ossigeno necessario a sostenere 1’attivita microbica, ma
facendo attenzione ad evitare la volatilizzazione veloce dei contaminanti e la loro
dispersione in atmosfera prima che siano biodegradati [18];

e Monitoring Natural Attenuation (MNA): tecnica in situ che sfrutta i processi naturali
fisici, chimici e biologici per ridurre le concentrazioni di contaminanti [19];

e Biosparging: tecnica biologica in situ che viene utilizzata principalmente per il trattamento
di acque di falda, principalmente in siti contaminati da composti che tendono a
volatilizzare rapidamente [18];

e Biostimulation: tecnica in situ che consiste nell’aggiunta di particolari nutrienti a suoli
contaminati in modo da stimolare la crescita di microorganismi autoctoni, capaci di
degradare in modo efficace i contaminanti dispersi nella zona d’interesse; consente di
garantire le condizioni ambientali adatte al fine di accelerare i processi di
decontaminazione [20];

e Bioaugmentation: tecnica in situ che consiste nell’aggiunta di ceppi batterici o consorzi di
batteri, sia autoctoni sia alloctoni, nell’acquifero insaturo o saturo, per velocizzare la
degradazione [20].

Questi approcci biologici si contrappongono a quelli chimico-fisici soprattutto per quanto riguarda
il basso impatto sull’ecosistema ed i minori costi di realizzazione e gestione dell’intervento. In
entrambi i casi, soprattutto quando la matrice da bonificare coinvolge un acquifero saturo, i suddetti
approcci non possono prescindere da un corretto ed approfondito modello idrogeologico concettuale
e, in alcuni casi, anche numerico. Entrambi i modelli idrogeologici sono infatti finalizzati alla corretta
progettazione di sistemi di bonifica.

Spesso la propagazione dei contaminanti € mediata attraverso la componente liquida dell’acquifero
saturo, per trasporto in sospensione o in soluzione, comportando la necessita di realizzare interventi
atti al contenimento della contaminazione entro un areale circoscritto. Uno degli scenari piu comuni
in questi casi e la progettazione e realizzazione di sistemi di barrieramento idraulico e/o fisico-
idraulico che possano fungere, in prima battuta, da opere di messa in sicurezza d’emergenza. Per
integrare tali opere con un sistema di bonifica generalmente viene realizzato un sistema denominato
pump and treat (Fig.1.1). Questo sistema consiste nell’emungimento di acqua di falda contaminata
attraverso delle pompe sommerse posizionate all’interno di pozzi barriera, nel suo successivo
trattamento, mediante tecniche differenti a seconda del tipo di contaminante presente, presso un
centro di Trattamento delle Acque di Falda (TAF), e nella conseguente immissione delle acque trattate
in un corpo idrico superficiale, oppure nella re-immissione delle stesse nell’acquifero saturo.
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Figura 1.1 [a] Ricostruzione schematizzata di un sistema pump & treat [21]; [b] schematizzazione del funzionamento di
un barrieramento idraulico [22]

Uno dei maggiori problemi nella gestione del sistema di bonifica con pump & treat é la
manutenzione continua che questo sistema richiede; questo sistema e infatti soggetto al cosiddetto
fenomeno del well clogging. Questo fenomeno comporta la graduale perdita di efficienza dei pozzi-
barriera, a causa della formazione di ostruzioni sia lungo i rivestimenti fenestrati dei pozzi, sia sulle
fenestrature e all’interno delle pompe di emungimento sommerse (Fig. 1.2). Le cause della
formazione di questo fenomeno possono essere legate a fattori fisici (materiale fine presente in
sospensione nelle acque emunte), chimici (precipitazioni di carbonato di calcio, gesso o ferro) e
biologici (accumulo di alghe, batteri o apparati radicali). In particolare, il fattore biologico legato alla
componente batterica € una delle cause piu diffuse del manifestarsi di questo problema e viene spesso
identificato nella formazione di biofilm, una sostanza extracellulare prodotta da alcuni ceppi microbici
[23].

Figura 1.2 Formazione di ostruzioni sulle fenestrature e all'interno di pompe sommerse in sistemi di barrieramento
idraulico

In tutti gli scenari in cui sia coinvolta, nel processo di bonifica, la componente satura di un
acquifero, risulta di particolare importanza (i) identificare 1’eventuale presenza di orizzonti a bassa
permeabilita (aquitard) (ii) testare i caratteri idraulici di questi ultimi e (iii) accertare il ruolo che
questi elementi svolgono, non solo sulla distribuzione del carico idraulico all’interno del mezzo saturo
(reticolo di flusso) [24-25], ma anche sulla migrazione dei contaminanti idroveicolati (plume di
contaminazione) (Fig.1.3). In estrema sintesi, risulta di fondamentale importanza determinare tutto
quanto ruoti intorno alla cosiddetta “aquitard integrity” (sensu, [26]). Gli aquitard sono infatti
generalmente considerati come degli orizzonti a bassissima permeabilita o impermeabili, e vengono



quindi spesso identificati come degli elementi in grado di tutelare la qualita delle acque sotterrane in
caso di contaminazione e di confinare porzioni di acquifero. Tuttavia, un aquitard con caratteristiche
eterogenee potrebbe permettere, in alcuni casi, la migrazione di contaminanti [26-30]. Nel corso degli
anni sono stati sviluppati vari metodi per la classificazione dell’eterogeneita degli aquitard, su larga
scala e a scala di laboratorio, di natura idrogeologica, idrochimica ed isotopica [28, 31-39]. Per un
approfondito studio sull’integrita degli aquitard, risulta in ogni caso imprescindibile la combinazione
della conoscenza dei caratteri geologici (litologici e stratigrafici) e di quelli idraulici (porosita
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Figura 1.3 Schematizzazione di due possibili scenari di propagazione del contaminante in presenza di un aquitard
discontinuo (sx) o continuo (dx).

Tenendo conto di quanto sopra premesso e di quanto ad oggi disponibile in letteratura scientifica,
I’attivita di ricerca € ruotata intorno a tre obiettivi principali, tra essi strettamente concatenati:

e approfondire le conoscenze relative alla propagazione di contaminanti idroveicolati in
mezzi a bassa permeabilita (“aquitard integrity”’), mediante (i) 1’utilizzo delle cellule
batteriche [40] o (ii) degli isotopi di ossigeno e idrogeno (580, 82H, °H; [41]) quali
traccianti naturali dei processi idrodinamici e di trasporto;

o approfondire le conoscenze relative agli approcci di biorisanamento mediante (i) disamina
dei processi di attenuazione naturale (approccio metagenomico in un sito contaminato da
solventi clorurati; [42] e (ii) selezione di nuovi ceppi microbici degradatori, all’interno di
sistemi idrogeologici attivi caratterizzati dalla presenza naturale di idrocarburi [43-44];

e approfondire I’influenza delle comunita microbiche sulla progressiva perdita di efficienza
idraulica dei pozzi-barriera (well clogging), frequentemente osservata in siti contaminati.



2. Attivita di Ricerca

Le attivita di ricerca sono state sviluppate in diverse aree di studio idonee al conseguimento degli
obiettivi sopracitati, ma non necessariamente ricadenti in siti contaminati. Questa scelta progettuale
ha consentito, tra 1’altro, di minimizzare il rischio che il segreto industriale andasse a coprire e rendere
non divulgabili molti dei risultati delle ricerche effettuate. Al termine del Dottorato, gli unici elementi
di conoscenza non pubblicabili attengono al tema del well clogging.

Il presente paragrafo € dedicato alla sintesi dei principali risultati conseguiti nel corso del
Dottorato, attraverso la successione degli articoli scientifici pubblicati in riviste indicizzate Scopus e
Web of Science. Per agevolarne la lettura e la collocazione all’interno dei diversi temi trattati nel
corso del triennio, si riportano di seguito le corrispondenze tra i singoli temi e le pubblicazioni:

approfondire le conoscenze relative alla propagazione di contaminanti idroveicolati in
mezzi a bassa permeabilita (“aquitard integrity”), mediante (i) 1’utilizzo delle cellule
batteriche [40] o (ii) degli isotopi di ossigeno e idrogeno (880, 8%H, 3H; [41]) quali
traccianti naturali dei processi idrodinamici e di trasporto;

Rizzo, P., Petrella, E., Bucci, A., Salvioli Mariani, E., Chelli, A., Sanangelantoni,
A.M., Raimondo, M., Quagliarini, A., & Celico, F., (2020a). Studying hydraulic
interconnections in low-permeability media by using bacterial communities as
natural tracers. Water, doi: 10.3390/w12061795

Rizzo, P., Cappadonia, C., Rotigliano, E., lacumin, P., Sanangelantoni, A.M.,
Zerbini, G., & Celico, F. (2020b). Hydrogeological behaviour and geochemical
features of waters in evaporite-bearing low-permeability successions: A case study
in southern Sicily, Italy. https://doi.org/10.3390/app10228177

approfondire le conoscenze relative agli approcci di biorisanamento mediante (i) disamina
dei processi di attenuazione naturale (approccio metagenomico in un sito contaminato da
solventi clorurati; [42] e (ii) selezione di nuovi ceppi microbici degradatori, all’interno di
sistemi idrogeologici attivi caratterizzati dalla presenza naturale di idrocarburi [43-44];

Zanini, A., Petrella, E., Sanangelantoni A.M., Angelo, L., Ventosi, B., Viani, L.,
Rizzo, P., Remelli, S., Bartoli, M., Bolpagni, R., Chelli, A., Feo, A., Francese, R.,
lacumin, P., Menta, C., Racchetti, E., Selmo, E.M., Tanda, M.G., Ghirardi, M.,
Boggio, P., Pappalardo, F., De Nardo, M.T., Segadelli, S., & Celico, F. (2019).
Groundwater characterization from an ecological and human perspective: an
interdisciplinary approach in the Functional Urban Area of Parma, Italy. Rendiconti
Lincei. Scienze Fisiche e Naturali, 30(1), 93-108. https://doi.org/10.1007/s12210-
018-0748-x

Rizzo, P., Bucci, A., Sanangelantoni, A.M., lacumin, P., & Celico, F., (2020c).
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reservoirs: the case of the Val d’Agri oilfield (Southern Italy). Water, doi:
10.3390/w12051483

Rizzo, P., Malerba, M., Bucci, A., Sanangelantoni, A.M., Remelli, S., & Celico, F.,
(2020d). Potential enhancement of in-situ bioremediation of contaminated sites
through isolation and screening of bacterial strains in natural hydrocarbon springs.
Water, 12, 1795, doi: 10.3390/w12061795.

approfondire 1’influenza delle comunita microbiche sulla progressiva perdita di efficienza
idraulica dei pozzi-barriera (well clogging), frequentemente osservata in siti contaminati;

coperto da segreto industriale.



Nell’ambito della presente Tesi di Dottorato non sara dedicato un paragrafo ai Materiali e Metodi,
per i quali si rinvia di volta in volta alle singole pubblicazioni scientifiche riportate in successione
logica e non temporale. Analogamente, si rinvia ai medesimi articoli per una disamina piu
approfondita dello stato dell’arte sui vari temi trattati.

In merito al contributo fornito nell’ambito delle singole pubblicazioni sopra citate, si riportano di
seguito i dettagli in forma schematica:

“Studying hydraulic interconnections in low-permeability media by using bacterial
communities as natural tracers”:
= buona parte delle attivita sperimentali;
= analisi integrata dei dati, con particolare riferimento a quelli geologici,
idrogeologici, idrochimici e metagenomici;
= scrittura del testo, incluse tabelle, grafici e figure;
= lavoro di revisione durante le fasi di referaggio;
“Hydrogeological behaviour and geochemical features of waters in evaporite-bearing low-
permeability successions: A case study in southern Sicily, Italy”:
= buona parte delle attivita sperimentali;
= analisi integrata dei dati, con particolare riferimento a quelli idrogeologici, isotopici
e metagenomici;
= scrittura del testo, incluse tabelle, grafici e figure;
= lavoro di revisione durante le fasi di referaggio;
“Groundwater characterization from an ecological and human perspective: an interdisciplinary
approach in the Functional Urban Area of Parma, Italy”:
= parte delle attivita sperimentali, con particolare riferimento ad aspetti idrogeologici,
metagenomici e microbiologici;
“Coupled microbiological-isotopic approach for studying hydrodynamics in deep reservoirs: the
case of the Val d’Agri oilfield (Southern Italy)”:
= buona parte delle attivita sperimentali;
= analisi integrata dei dati, con particolare riferimento a quelli geologici,
idrogeologici, idrochimici, isotopici e metagenomici;
= scrittura del testo, incluse tabelle, grafici e figure;
= lavoro di revisione durante le fasi di referaggio;
“Potential enhancement of in-situ bioremediation of contaminated sites through isolation and
screening of bacterial strains in natural hydrocarbon springs”:
= buona parte delle attivita sperimentali;
= analisi integrata dei dati, con particolare riferimento a quelli geologici,
idrogeologici, microbiologici e metagenomici;
= scrittura del testo, incluse tabelle, grafici e figure;
= lavoro di revisione durante le fasi di referaggio.



2.1. Approfondimento delle conoscenze relative alla propagazione di
contaminanti idroveicolati in mezzi a bassa permeabilita
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Abstract: Knowledge about the processes governing subsurface microbial dynamics in and to
groundwater represents an important tool for the development of robust, evidence-based policies
and strategies to assess the potential impact of contamination sources and for the implementation of
appropriate land use and management practices. In this research, we assessed the effectiveness of
using microorganisms as natural tracers to analyze subsurface dynamics in a low-permeability system
of northern Italy. Microbial communities were investigated through next-generation sequencing
of 16S rRNA gene both to study hydraulic interconnections in clayey media and to verify the
efficacy of outcropping clayey horizons in protecting groundwater against contamination. During the
observation period, a rapid water percolation from the ground surface to the saturated medium
was observed, and the mixing between lower-salinity fresh-infiltration waters and higher-salinity
groundwater determined the formation of a halocline. This rapid percolation was a driver for the
transport of microorganisms from the topsoil to the subsurface, as demonstrated by the presence of
soil and rhizosphere bacteria in groundwater. Some of the species detected can carry out important
processes such as denitrification or nitrate-reduction, whereas some others are known human
pathogens (Legionella pneumophila and Legionella feeleii). These findings could be of utmost importance
when studying the evolution of nitrate contamination over space and time in those areas where
agricultural, industrial, and civil activities have significantly increased the levels of reactive nitrogen
(N) in water bodies but, at the same time, could highlight that groundwater vulnerability of confined
or semi-confined aquifers against contamination (both chemical and microbiological) could be higher
than expected.

Keywords: groundwater; soil; microbiological investigations; prokaryotes; low-permeability media

1. Introduction

Microorganisms are ubiquitous in the natural environment: in soils, their concentrations can be of
approximately 108-10° cells per gram [1]. While a significant majority of them carry out beneficial
processes (e.g., they can play a critical role in subsurface biogeochemical cycling), some bacteria and
other microorganisms (e.g., protozoa and viruses) are pathogenic, that is, they are capable of causing
disease in humans [2].
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Accordingly, studying the transport and retention of microorganisms in soil and in the underlying
layers can be of interest for many reasons such as the analysis of water supplies pathogen contamination
and pollutants degradation during in situ bioremediation. A range of physical, physicochemical,
and biological processes may play a role in controlling the fate and transport of a microorganism once
it has been introduced into the natural subsurface environment [1]. Among these, various macroscopic
processes and mechanisms (e.g., advection, sedimentation, hydrodynamic dispersion, chemotaxis,
motility, retention, inactivation, and growth) act on microorganisms in both saturated and unsaturated
subsurface zones. Thus, knowledge of the processes governing subsurface microbial dynamics in and
to groundwater represents an important tool for the development of robust, evidence-based policies
and strategies to assess the potential impact of contamination sources and for the implementation of
appropriate land use and management practices to protect groundwater supplies [1].

Many studies have examined physical (size of the microbe and the porous medium, microbe
concentration, water velocity, water content, and surface roughness) and chemical (surface chemistry
of the microbe and soil, aqueous solution pH, ionic strength (IS), and chemical composition)
factors that influence the retention of microorganisms in homogeneous porous media [3-9] through
repacked column breakthrough curves (BTCs) and retention profiles (RPs), batch experiments,
and complementary micromodel studies allowing direct microscopic observation [10].

In this research, we evaluated the effectiveness of microorganisms as natural tracers of subsurface
dynamics in a low-permeability system of northern Italy by using next-generation sequencing (NGS)
of the 16S rRNA gene, one of the most widely used applications for the taxonomic and phylogenetic
evaluation of microbial community composition [11,12].

Generally, tracing techniques have demonstrated particular usefulness in hydrogeology.
They represent powerful investigative tools which allow quantification of transport parameters
and measurement of subsurface properties in a way often unmatched by standard physical methods.
Furthermore, tracer tests directly measure properties in situ and can be used to investigate very specific
processes by selecting tracers with appropriate physicochemical properties. Most of the groundwater
tracers used for hydrogeological purposes are chemicals and isotopic; they are used to determine
the water origin, groundwater directions, velocities of subsurface flow, etc. Nonetheless, these more
commonly used tracers can also have some drawbacks. For example, one obstacle to the use of
environmental tracers is the potential lack of information on the input function, whereas artificial
tracers pose the problem of the introduction of undesirable substances into groundwater resources.
On the other hand, the migration of bacterial cells through natural clayey media has been studied
mostly at the laboratory scale through column tests [13-16].

Microbial communities, which are greatly influenced by the physicochemical features of the
environment in which they live, have been proven to be excellent tracers in some hydrogeological
scenarios, allowing the analysis of complex phenomena. The efficacy of using microorganisms for
specific hydrogeological purposes has been verified in recent researches [17-19], concerning recharge
processes in karst environments, flow processes in compartmentalized aquifer systems [20,21], mixing
processes between deep and shallow fluids in hydrothermal systems [22], mixing processes between
groundwater and seawater in coastal aquifers [22,23], and mixing processes between brines and
groundwater in evaporates bearing low-permeability successions.

2. Materials and Methods

2.1. Test Site

The test site is located within the Taro River valley (Italian northern Apennines; Figure 1).
The local geological sequence (belonging to the Ligurian Domain of the northern Apennines [24]),
can be described as follows (from top to bottom): (i) Arenarie di Scabiazza (SCB) is made up of thin
layers of clay stone alternating with layers of sandstones and marls; (ii) Argillle a Palombini di Monte
Rizzone (AMR) is made up of clay stones and limestone; locally, SCB lies directly on the underlying
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Ottone tectonic unit that is made of clay stones containing clasts and blocks of limestone (Argille a
blocchi, CCVb); and (iii) the latter lies directly (tectonic boundary) on the underlying Flysch of Monte
Caio (CAO) made of marly-limestones turbidites and argillites.

At the test site, where groundwater and soil samples were collected for microbial community
investigations, a matrix-supported deposit characterized by a clay-silty matrix was detected from
the ground surface to about 31 m below ground level (b.g.1.). From 31 m to 34 m b.g.1., the rocks are
clast-supported and poorer in the matrix. The top of the bedrock was detected at 35 m b.g.l. [25].
Four falling-head tests were carried out at different depths to estimate the hydraulic conductivity of
the clayey medium (1.9 X 10~ to 3.3 X 1078 m/s) and confirmed its expected low permeability.

The local land use can be classified as permanent grassland. The soil medium is characterized [25]
by pH values ranging from neutral to moderately alkaline and high percentage of Soil Organic Matter
(SOM; about 19%). As observed by Remelli et al. [25], high SOM is further confirmed by the presence
of arthropods of the order Diptera [26] and the class Symphyla [27]. However, the soil arthropod
abundance detected by Remelli et al. [25] was lower than a typical grassland condition [28], therefore
suggesting a stressful action that dramatically affected the study site.
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Figure 1. (a) Localization of the study area and (b) geological and geomorphological sketch map of the
study area: (a) scarp of active landslide, (b) scarp of dormant landslide, (c) active landslide, (d) dormant
landslide, (e) active earth flow, (f) dormant earth flow, (g) active earth slide/earth flow, (h) debris/earth
flows cone with man interventions, and (i) main thrust. SCB: Arenarie di Scabiazza (sandstone);
AMR: Argillle a Palombini di Monte Rizzone (clay stone); CCVb: Argille a blocchi (clay stone with
blocks); CAO: Flysch of Monte Caio (marly-limestone). Base map: Technical Regional Map 1:5000,
Emilia-Romagna Region 1998 (ed.) [29]. (c) Detailed topographic map with the location of boreholes
(SI1-S12), piezometers (P1-P2), and soil sample collection sites (551-552).

2.2. Mineralogical Investigations

Mineralogical analyses were performed on four soil samples collected at two different locations
within the study site (SI1 and SI2 in Figure 1) during the drilling operations of two boreholes.
The samples, taken at depths of 10.30-10.60 m and 16.50-17.00 m at SI1 and of 6.70-7.30 m and
8.20-8.80 m at SI2, were manually crushed with an agate mortar until the material passed a 230 mesh
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sieve. The obtained powder was subjected to sonication in distilled water with an ultrasonic probe to
obtain a homogeneous dispersion.

The clay fraction of <2 um was separated by gravitational settling in a column of water 10 cm
high. Oriented preparations (obtained by sedimentation on glass slides) were used for X-ray diffraction
under three different states: air-dried, after saturation with ethylene glycol, and heated at 550 °C.

X-ray diffraction was performed by using a Bruker D2 PHASER diffractometer (Billerica, MA,
USA) with Cu K« radiation (A = 1.5406 A), under operating conditions of 30 kV and 10 mA, Ni
filtered, and angle 26 in the range 5-60°, with steps of 0.02° and a collecting time for each step of
1 s. The diffractometer has a 8-6 focalizing geometry and a solid-state detector. A sample rotation of
30 rpm was applied to minimize crystal preferential orientation effects. The diffraction patterns were
identified using the Bruker software EVA and the Crystallography Open Database.

2.3. Hydrogeological Investigations

The hydraulic head was measured in P1 (see location in Figure 1) in high flow, and head
fluctuations were compared with local precipitations. The groundwater Electrical Conductivity (EC)
was measured both in P1 and P2 during the same observation period. P1 is a 25-meter-deep piezometer,
screened between 1 and 24 meters b.g.l., while the piezometer P2 is 35 meters deep and has been
screened between 30 and 34 meters b.g.1. They are part of a multilevel groundwater monitoring system
(cluster type).

The hydraulic head was measured on an hourly basis through a pressure transducer with
data-logger (STS DL.OCS/N/RS485, Sirnach, Switzerland) from 04/07/2018 to 15/01/2019. The reliability
of the measurements was verified monthly by using a water level meter.

EC vertical profiles were obtained on a monthly basis from 15/11/2018 to 15/01/2019 by using
a borehole probe (SOLINST TLC, Georgetown, ON, Canada). Measurements were carried out at
1-m-depth intervals. The reliability of EC values was always verified through laboratory analyses.
Groundwater EC measurements were carried out in order to verify the presence of haloclines and the
chance to use them for the investigation of the hydrogeological behavior of the analyzed system [30-32].

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

Bacterial community analyses were performed on three groundwater (GWS1, GWS2, and GWS3;
1 L each) and two soil samples (551 and SS2; 0.5 g each) collected within the test site.

Groundwater sample collection occurred once in the high-flow period at the two piezometers.
GWSI1 was taken immediately below the hydraulic head in P1 through sterile bailers, whereas GWS2
was collected at the well bottom through a stainless-steel bailer fitted with a one-way valve at the
lower end and attached to 6-mm plastic tubing at the upper end. The upper end of the tubing was
attached to a pump. The bailer was pressurized with air before, lowering it to the chosen sampling
depth. At the chosen depth, the pressure was released, allowing water to enter the bailer. After the
bailer was withdrawn, water was transferred to a sterile bottle. GWS3 was sampled in P2 at the well
bottom with the same procedure described above.

One soil sample (SS1) was collected very close to the piezometers P1 and P2, while the
other (S552) was taken at a greater distance (Figure 1). Soils were stored in sterile vials and were
transported in refrigerated boxes, together with the water samples, to the laboratory for subsequent
biomolecular analyses.

Water samples were filtered through sterile mixed esters of cellulose filters (S-Pak™ Membrane
Filters, 47 mm diameter, 0.22 pm pore size, Millipore Corporation, Billerica, MA, USA) within 24 h
from the collection. Bacterial DNA extraction from filters was performed using the commercial kit
FastDNA SPIN Kit for soil (MP Biomedicals, LLC, Solon, OH, USA) and FastPrep®Instrument (MP
Biomedicals, LLC, Solon, OH, USA). After the extraction, DNA integrity and quantity were evaluated
by electrophoresis in 0.8% agarose gel containing 1 pg/mL of Gel-Red™ (Biotium, Inc., Fremont, CA,
USA). The bacterial community profiles in the samples were generated by NGS technologies at the
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Genprobio Srl Laboratory. Partial 16S rRNA gene sequences were obtained from the extracted DNA
by Polymerase Chain Reaction (PCR) using the primer pair Probio_Uni and Probio_Rev, targeting
the V3 region of the bacterial 165 rRNA gene sequence [33]. 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 the Agencourt AMPure XP DNA purification beads
(Beckman Coulter Genomics GmbH, Bernried, Germany) in order to remove primer dimers. Amplicon
checks were carried out as previously described [33]. 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 [34]. 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 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 defined at 100% sequence
homology using DADAZ2 [35]; OTUs not encompassing at least 2 sequences of the same sample were
removed. All reads were classified to the lowest possible taxonomic rank using QIIME2 [34,36] and a
reference dataset from the SILVA database v132 [37]. The biodiversity of the samples (alpha-diversity)
was calculated with the Shannon index.

3. Results

3.1. Mineralogical Investigations

Mineralogical analyses showed the presence of significant amounts of quartz, discrete quantities
of clay minerals, and subordinate plagioclase. The highest content of clay minerals was found in the
sample collected at 16.50-17.00 m at SI1. The identified clay minerals were illite, chlorite, and irregular
mixed layers illite-smectite and illite-chlorite. Illite was always characterized by a rather large and
weak (002) reflection, suggesting disordered illite (1 Md polytype) and the presence of Fe®* in the
octahedral sites. Chlorite had a strong (002) reflection and a (001) reflection with very low intensity
and was partially hidden by the asymmetry of the peak at about 10 A of the illite. The behavior of
chlorite reflections in ethylene glycol saturated and heated preparations suggested swelling chlorite
(Cg). The asymmetry of the illite (001) reflection towards low angular values indicated the presence of
irregular mixed layers with smectite (montmorillonite) and chlorite.

In samples collected at SI2 and at the topmost layer at SI1, a shoulder towards the low angular
values of the (001) reflection of illite, corresponding to a d value of about 12 A and a strong increase
in the illite (001) reflection in the heated sample, suggested the presence of regular mixed layers
illite-montmorillonite or illite-vermiculite or both. Finally, the most superficial horizon analyzed at
SI2 showed a doublet related to the (004) reflection of chlorite and the (002) reflection of kaolinite.
The shape of the irregular mixed layers illite-montmorillonite suggested the presence of Ca®* as the
interlayer cation of montmorillonite.

3.2. Hydrogeological Investigations

The hydraulic head in P1 rapidly fluctuated during infiltration events (Figure 2), confirming
the fast percolation of fresh-infiltration waters from the ground surface towards the phreatic zone
observed by Remelli et al. [25] at the same site. The rapid arrival of percolation waters from the ground
surface was further supported by the sharp decrease of groundwater EC measured below the hydraulic
head in P1 (Figure 3), indicating a mixing process between lower-salinity fresh-infiltration waters and
higher-salinity groundwater. In detail, during the observation period, a significant difference between
values recorded at the bottom (>4700 uS/cm) and the top of the screened interval (682 to 1945 uS/cm)
was detected, with a step-like shape of the EC profiles. The step-like shape of the halocline is further
emphasized when analyzing on the whole the EC profiles of the piezometers P1 and P2 (Figure 3).
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As a matter of fact, hydrogeological investigations suggested that the near-surface medium is
characterized by porosity and permeability higher than those expected in clay-rich sediments even
though no information is available concerning the possible pore-size of the rock mass within the
unsaturated zone at the observation scale.
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Figure 2. Groundwater level fluctuations vs rainfall in piezometer P1.
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Figure 3. Vertical profile of groundwater Electrical Conductivity (EC) recorded in P1 and P2.
3.3. Groundwater and Soil Microbial Communities

MiSeq runs produced an average of 65,914 and 69,210 reads for groundwater (GWS1-2-3) and soil
samples (SS1 and SS2), respectively (Table 1). 165 rRNA gene sequences generated in this study have
been deposited in the National Center for Biotechnology Information (NCBI) Sequence Read Archive
under the accession number PRJNA630902. The rarefaction analysis (a measure used to estimate the
alpha-diversity in samples and to gauge whether sequencing efforts captured the microbial diversity;
Figure 4) showed relatively higher biodiversity in soils (551 and S52) and groundwater collected at the
well bottom of the piezometer P2.

NGS results allowed to obtain detailed information about the composition of
microbial communities.

Proteobacteria, Patescibacteria, Actinobacteria, and Bacteroidetes represented the four major phyla in
samples GWS1 and GWS3, accounting for, on average, 57.41%, 15.05%, 7.52%, and 7.11%, respectively
(Figure 5). In groundwater collected at the well bottom of the piezometer P1 (GWS2), a dominance of
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Proteobacteria (75.57%) was observed while other phyla such as Spirochaetes (4.59%), Nitrospirae (3.88%),
and Actinobacteria (3.83%) occurred at lower percentages (Figure 5).

Table 1. Number of 165 rDNA sequences obtained after next-generation sequencing (NGS) analysis for
groundwater and soil samples.

Sample Final Read Number
GWs1 46,615
GWSs2 94,558
GWS3 56,571
551 76,569
552 61,852
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Figure 4. Rarefaction curves of groundwater and soil samples: The alpha-diversity plots were obtained
by using the Shannon index.
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Figure 5. Phylum level microbial community composition in samples collected from groundwater
and soil.

Soil bacterial communities were mainly composed of Proteobacteria, Actinobacteria, Acidobacteria,
and Chloroflexi with mean relative abundance values of 36.01%, 27.05%, 11.08%, and 9.39%, respectively
(Figure 5).
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The analysis of bacterial community composition at the family level (Figure 6) revealed, in
samples GWS1 and GWS2, a predominance of Pseudomonadaceae (23.80% and 42.51%, respectively).
Among the most abundant families, Burkholderiaceae (8.49%), Sphingomonadaceae (3.10%), Micrococcaceae
(3.09%) and unclassified microorganisms belonging to the Saccharimonadales order (5.57%) occurred
in GWS1 whereas Desulfobacteraceae (13.28%), Leptospiraceae (4.46%), Thermodesulfovibrionia (3.04%),
and Desulfovibrionaceae (2.68%) were found in GWS2.

In GWS3, unclassified microorganisms of the Saccharimonadales order represented the most
numerous group (12.37%), followed by Sphingomonadaceae (5.21%), Burkholderiaceae (3.98%),
Acidiferrobacteraceae (3.02%), and Legionellaceae (2.76%).

Soil samples were characterized by high percentages of unclassified microorganisms (29.73% in
SS1 and 23.47% in SS2). Some of these belong to the Acidobacteria (subgroup 6 class; 9.28% in SS1
and 3.80% in SS2) and Chloroflexi (1.53% in SS1 and 1.92% in SS2) phyla, and Gaiellales order (4.21%
in 551 and 1.10% SS2). Other representative families were Propionibacteriaceae (4.86%), Gaiellaceae
(4.66%), Xanthobacteraceae (4.29%), Nocardioidaceae (3.29%), and Burkholderiaceae (3.10%) in SS1 and
Rhodobacteraceae (8.82%), Halomonadaceae (3.27%), Sphingomonadaceae (2.84%), and Nitrosomonadaceae
(2.75%) in SS2.

Family level microbial community composition
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Figure 6. Family level microbial community composition in samples collected from groundwater and
soil: Unclassified bacterial families are reported in light grey. Taxa with relative abundance below 0.5%
are reported in black. The remaining colours indicate identified bacterial families.

When analyzing the groundwater microbial communities at the genus level (Figure 7), it emerged
that Pseudomonas reached the highest percentages in GWS1 (23.76%) and GWS2 (42.49%) samples
whereas its relative abundance in GWS3 was only 0.58%. The results suggested the existence of
different bacterial communities within the saturated zone intercepted by P1, from the hydraulic head
(GWS1) to the well bottom (GWS2), in terms of abundance and presence of the various taxa. Most of the
genera detected at the highest percentages in GWS1 were also found in GWS2 but with lower values.
In addition to Pseudomonas, GWS1 microbial community was also characterized by the Kocuria [38],
Sphingomonas [39] Massilia [40], Flavobacterium [41], and Rahnella [42] genera, including aerobic or
facultative anaerobic, mainly mesophilic and psychrophilic, species.
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On the other hand, other genera detected in GWS2 were Stenotrophomonas [43], Sphingomonas [39],
Staphylococcus [44], Desulfatitalea [45], and Desulfovibrio [46], including mesophilic, psychrotolerant,
halophilic or halotolerant, and sulfate-reducing bacteria.

Microbial community of the groundwater sample GWS3 (collected at the well bottom of the
piezometer P2) was mainly composed by unclassified microorganisms of the Saccharimonadales order
(12.28%) and the genera Sphingomonas [39], Sulfurifustis [47], and Legionella [48].

The top four genera in soil samples were Gaiella (4.57%), Microlunatus (4.14%), unclassified
microorganisms of the subgroup 6 class (8.61%) (Acidobacteria phylum), and unclassified microorganisms
of the Gaiellales order (4.13%) in SS1 and Roseovarius (5.55%), Halomonas (3.21%), Sphingomonas (2.69%),
and unclassified microorganisms of the subgroup 6 class (3.46%) in SS2.
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Figure 7. Genus level microbial community composition in samples collected from groundwater and
soil: Unclassified bacterial genera are reported in light grey. Taxa with relative abundance below 0.5%
are reported in black. The remaining colours indicate identified bacterial genera.

In order to analyze and assess if some hydrological aspects of the low-permeability system could
be revealed via the use of autochthonous microorganisms, we focused our attention on those bacterial
species for which the presence in groundwater and soil samples could give an indication of local-scale
specific processes.

Some of the species detected in groundwater and soil samples are reported in Table 2. The hydraulic
interconnection between the topsoil and groundwater is witnessed by the presence of several species
in GWS samples linked to aerobic soil environments (e.g., Pseudomonas frederiksbergensis [49]): some of
them were also found in the analyzed soil samples (e.g., Pedobacter insulae [50] and Ensifer adhaerens [51]).
Nitrate and nitrite reducer bacteria, such as Ensifer adhaerens [52], Devosia glacialis [53], and Afipia
massiliensis [54], were detected both in soil and groundwater.

Interestingly, together with soil- and rhizo-bacteria, human pathogens belonging to the
genus Legionella (L. pneumophila and L. feeleii) were discovered in some groundwater samples.
These microorganisms are well known as responsible for acute human respiratory diseases (Pontiac
fever or Legionnaires’s disease; [55,56]). Their presence is, thus, of utmost importance since it testifies
the possibility that Legionella cells can be transported in depth in a clayey saturated medium.
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Table 2. Physiological and biochemical characteristics of some of the species found in groundwater and soil samples after the 165 rRNA gene partial sequencing.

(= negative; + positive).

Taxonomy Aerobic Facultative Anaerobic Halophilic/Halotolerant  Nitrate Reduction =~ Pathogen Samples Citations
Acinetobacter oleivorans + - - - GWS1-2-3 [57]
Afipia massiliensis + - + - GWS1-2 [54]
Deinococcus caeni + + - - GWS1-2-3 [58]
Devosia glacialis + - + - GWS1-2-3; SS1 [53]
Ensifer adhaerens + - + - GWS1-2-3; SS1-2 [52]
Halomonas taeanensis + + + - SS2 [59]
Halomonas ventosae + + + - SS2 [60]
Janthinobacterium agaricidamnosum + - - - GWS1-3; SS1 [61]
Legionella feeleii + - - + GWS3; 552 [62]
Legionella nautarum + - + + GWS3 [63]
Legionella pneumophila + - - + GWS3 [64]
Pedobacter insulae + - - - GWS1-2-3; SS1 [50]
Pseudomonas frederiksbergensis + - + - GWS1-2-3 [49]
Pseudomonas otitidis + + - + GWS2 [65]
Pseudomonas psychrophila + + + - GWS1-2-3; 552 [66]
Pseudomonas xanthomarina + + + - GWS2 [67]
Sphingomonas yunnanensis + - + - GWS1-2-3; 551-2 [39]
Staphylococcus warneri + + - + GWS2-3 [44]
Stenotrophomonas chelatiphaga + - - - GWS1-2; 551 [43]
Streptomyces vinaceusdrappus + + + - GWS1-2-3; 551-2 [68]
Streptomyces xinghaiensis + + - - GWS1-2-3; 551-2 [69]
Thiohalobacter thiocyanaticus + + - - SS2 [70]
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4. Discussion and Conclusions

During the observation period, the hydraulic head measurements, compared with local
precipitations, suggested rapid water percolation from the ground surface to the saturated zone.
The mixing between lower-salinity fresh-infiltration waters and higher-salinity groundwater during
recharge was further confirmed through the EC vertical profiles reconstructed in P1 and P2, which clearly
showed the existence of a halocline.

The percolation of fresh-infiltration waters was also a driver for the transport of microorganisms
from the topsoil to the groundwater, as demonstrated by the presence of soil and rhizosphere bacterial
species detected in GWS samples. The migration of cells within the clayey unsaturated medium is in
agreement with the hypothesis made by Remelli et al. [25] that revealed how, at the study site, both the
effective porosity and the permeability of the upper medium were increased by arthropods such as
Poduromorpha, Oribatida, Coleoptera, and Hymenoptera because of their ability to create macropore
(mm in dimension) networks. However, since arthropods can increase porosity and permeability in
several tens of centimeters below ground and the groundwater surface was some meters deep during
the observation period, we believe that other features/processes, such as drying cracks and/or rock
weathering, could increase porosity and pore size within a thicker subsurface horizon.

The presence of soil- and rhizo-bacteria in groundwater samples taken at different depths further
suggests that the pore network within the saturated zone should be partially but diffusely characterized
by pore size greater than a few um (>bacterial cells dimension). This result, obtained at the basin scale,
is in agreement with the findings obtained by several authors at a laboratory scale when characterizing
the pore diameters in clay-rich media. The porosity of clay minerals is related to the presence of broken
edges on the surface of the clay particles, irregularities and voids created by the overlap of the structural
packages, and voids in the interlayer sites. Pore size can vary from micropores (<0.002 um diameter) to
mesopores (0.002-0.05 pm diameter). Aggregation of clay particles forms pores >0.1 pm (macropores).
The pore size depends on the intrinsic properties of the clay minerals, such as layer charge and
exchangeable cation [71]. The greatest effects on porosity are due to clay minerals with a greater surface
area: therefore smaller size (such as illite and smectites) and expandability (smectites). In particular,
clays containing mixed layers illite-smectite (or montmorillonite) show various types of pore structures,
with sizes from 0.003 pm, characteristic of montmorillonite (due to the overlapping of elementary unit
cells), to 0.02-0.1 um for the stacking of structural units (illite and montmorillonite) [72]. Therefore,
micropores/fine mesopores occurring in our soils are related to the abundance of illite-montmorillonite
mixed layers in the clayey portion. In swelling clay minerals, the size of the exchangeable cation has
an important effect on the surface area and, therefore, on the volume of available pores. In the case of
CaZ* cations, as in our case, the contribution of the pore volume on the total volume is in the order of
45-50% [71]. Moreover, the porosity of clay soils is influenced not only by the content and type of clay
minerals but also by the water regime and the presence of organic matter [73]. When a swelling mineral
such as montmorillonite comes into contact with water, its volume increase is instantaneous [74].
It can drastically influence and change the soil porosity and permeability. The bacteria, in turn,
can interact with the clay minerals and can alter their features (layer charge, cation exchange capacity,
and exchangeable cations), modifying their swelling properties [75]. The iron reduction induced by
bacteria can decrease the specific surface area of smectite by about 30% and of montmorillonite by
almost 50% (depending on the interlayer cation), inducing a loss of clay swelling; the interparticle
association assumes a more compact fabric. Furthermore, the activity of organic matter intercalated in
the interlayer of the smectite structure has a strong catalytic effect on the smectite-to-illite reaction
which can occur at room temperature, 1 atmosphere, and in a very short time and is less effective at
alkaline pH ([75] and references therein). Bacteria can also promote the adhesion of the clay platelets
to their cells favoring the aggregate formation, and their organic secretion penetrates the surrounding
clay pores and modifies the clay shrinkage/swelling behavior [76].

On the whole, the coexistence of micro-, meso-, and macropores leads to a nonuniform path
within the clayey medium, and the migration of bacterial cells could be concentrated in some



Water 2020, 12, 1795 12 of 16

sub-volumes [77-79]. As a consequence, different degrees of retention can be identified at the core
scale, therefore emphasizing the importance of studying such phenomena at the basin scale.

In a wide context, the transport of bacterial cells from the topsoil to the groundwater through a
clay-rich horizon opens two opposing scenarios. Firstly, some bacterial species detected in both soil
and groundwater are denitrifying or nitrate-reducing microorganisms. From a broader perspective,
the “permeability” of clay-rich media could allow the transport of these kinds of microorganisms from
the topsoil to the groundwater also in confined or semi-confined aquifers and, thus, could enhance
denitrification and/or nitrate-reduction processes within the underlying saturated zone. These findings
could be of the utmost importance when studying the evolution of nitrate contamination over space
and time in those areas where agricultural, industrial, and civil activities have significantly increased
the levels of reactive nitrogen (N) in water bodies [80,81]. In fact, in many cases, N input sources
(both organic and synthetic fertilizers) exceed crops” N requirements and fertilization plans seldom
consider mineralization rates and factors regulating N dynamics in agricultural land [82-84]. As a
result, nitrogen surplus is often observed, with a high impact on ecosystems, including groundwater
pollution and eutrophication [85-87]. On the other hand, the same findings lead to the awareness that
groundwater vulnerability of confined or semi-confined aquifers against contamination (both chemical
and microbiological) could be higher than expected. In this specific context, the retrieval of DNA
sequences of known human pathogens, such as the Legionella species, draw serious concerns and, in a
broader perspective, sets the stage for further analyses aimed at 1) specifically evaluating the transport
dynamics of these microorganisms through the soil and 2) assessing their viability over time and space
in order to prevent water-related infectious diseases.
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Featured Application: The research suggests an approach for refining the guidelines to be used in
studying heterogeneous media and planning optimal monitoring networks and protocols for several
anthropogenic purposes (e.g., environmental monitoring of landfills or contaminated sites managing).

Abstract: Knowledge about the hydrogeological behaviour of heterogeneous low-permeability media
is an important tool when designing anthropogenic works (e.g., landfills) that could potentially
have negative impacts on the environment and on people’s health. The knowledge about the
biogeochemical processes in these media could prevent “false positives” when studying groundwater
quality and possible contamination caused by anthropogenic activities. In this research, we firstly
refined knowledge about the groundwater flow field at a representative site where the groundwater
flows within an evaporite-bearing low-permeability succession. Hydraulic measurements and
tritium analyses demonstrated the coexistence of relatively brief to very prolonged groundwater
pathways. The groundwater is recharged by local precipitation, as demonstrated by stable isotopes
investigations. However, relatively deep groundwater is clearly linked to very high tritium content
rainwater precipitated during the 1950s and 1960s. The deuterium content of some groundwater
samples showed unusual values, explained by the interactions between the groundwater and certain
gases (HpS and CHy), the presences of which are linked to sulfate-reducing bacteria and methanogenic
archaea detected within the saturated medium through biomolecular investigations in the shallow
organic reach clayey deposits. In a wider, methodological context, the present study demonstrates
that interdisciplinary approaches provide better knowledge about the behaviour of heterogeneous
low-permeability media and the meaning of each data type.

Keywords: conceptual model; evaporites; bacterial community; stable isotopes; tritium; Southern Italy

1. Introduction

The Mediterranean region was affected by a pervasive “salinity crisis” during the Messinian,
when it was progressively restricted and partially isolated from the Atlantic Ocean by a combination
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of tectonic and glacio-eustatic processes [1-4] that resulted in the deposition of large volumes of
evaporitic sediments [5,6]. The Messinian Sicilian Basins are very important geologic systems for
analysing these evaporite successions, in view of their lateral variations and subsequent deformation [7].
Their syn-tectonic evolution is in fact fundamental to reconstructing the timing and geometry of
the propagating thrust belt [8,9]. In particular, progressive filling of sub-basins led to the formation
of aquifer systems characterised by the coexistence of very low permeability clay successions and
evaporitic lenses/horizons [10]. From a hydrochemical point of view, both low- and high-salinity
groundwaters may be found associated with the mineralogical features described above.

Several hydrogeological and geochemical studies have been carried out in such settings.
Some of these studies provided preliminary characterisations through the analysis of single sampling
campaigns [11-13], whereas others investigated in greater detail the hydrogeological behaviour and the
hydrochemical evolution over time based on more prolonged and multidisciplinary approaches [14-16].
Worldwide, a variety of conceptual models have been proposed for groundwater circulation in
evaporite deposits. In some systems, the hydrogeology and hydrochemistry of the evaporitic aquifers
are significantly influenced by deep ascending regional fluids [17-20]; conversely, at other sites,
the hydrogeology and hydrochemistry of the studied system are influenced by the mixing of saline
groundwater (flowing through evaporitic rocks) with more diluted waters flowing through nearby
porous aquifers [21], with the possible influence of surface waters [22,23] or peat layers [24].

The main objective of this study was to refine knowledge about the hydrogeological behaviour of
such systems. Because of the expected complexity, the study was carried out by merging hydraulic
head measurements, isotopic analyses, and microbial community investigations, as to acquire a broad
spectrum of complementary hydraulic and biogeochemical information.

The hydraulic head measurements were carried out to analyse the groundwater flow field from
a three-dimensional perspective and investigate the existence of possible vertical flow components
influencing the groundwater pathways and residence times.

The isotopic analyses were conducted to refine knowledge about the groundwater origins
(stable isotopes of oxygen and deuterium) and residence times (tritium). Isotopes, together with
chemical features, are among the major groundwater tracers traditionally and widely employed in
hydrogeological studies (e.g., [25-29]).

The microbial community investigations were performed to analyse the isotopic signatures of the
groundwater from a biogeochemical perspective, as to avoid incorrect interpretations of geochemical
data. Microbial communities are influenced by the physicochemical features of the environment in
which they live and are excellent investigative tools in several hydrogeological scenarios. The efficacy
of using microorganisms for specific hydrogeological purposes has been verified in several settings
that are partially comparable with that addressed in this study, such as karstified media (e.g., [30,31]),
low-permeability media (e.g., [32,33]), and high-salinity groundwaters (e.g., [34]).

The usefulness and the efficacy of a coupled isotopic-microbiological approach has been verified
in other complex hydrogeological settings (e.g., [35]), taking into consideration how microorganisms
migrate in the subsurface (e.g., [36]).

Taking into consideration the key items highlighted in previous papers, this study was devoted
mainly to examining in depth the role of certain hydraulic heterogeneities in influencing the groundwater
flow field, as well as the role of microbial communities in influencing the isotopic signature of
groundwater. Based on this goal, and according to the successful results of former studies performed
at the same scale in similar setting [14-16], this first step of the research was carried out within a
relatively narrow experimental site (in the order of 1 km?). In fact, minimising the extension of the
study site at this stage, allowed to minimise the distance between investigation boreholes and wells,
and maximise the opportunity to understand the heterogeneity degree of the studied system from the
geological, hydrogeological and biogeochemical points of view.
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2. Study Area

The study area is located in south-western Sicily, between the small towns of Siculiana and Montallegro
(Figure 1). It geologically corresponds (Figure 2a; [37]) to the south to southeast-vergent Sicilian Fold and
Thrust Belt (FTB, [38]) bordered by the Gela thrust front and Kabilian-Calabrian thrust front. The FTB is an
element of the collisional complex of Sicily, which also includes a late Pliocene-Quaternary foredeep (Gela
foredeep), onlapping the frontal sector of the thrust belt in the southern part of the island, its offshore area,
and the Pelagian-Iblean foreland with its African crust. In particular, the southern and central parts of the
FTB (Figure 2b), are characterised by the outcropping of the most complete evaporitic succession of the
“Gessoso-Solfifera” formation of the Messinian age [39].

The evaporitic deposits (Figure 3) mainly consist of limestone, gypsum, salt, and numerous
intercalations of clays, marls, and carbonates. Gypsum strata are composed of various kinds of selenite
(branching, banded, and massive) and detrital gypsum layers alternating with marl and carbonate.
The Messinian units overlie diatomitic laminites (Tripoli formation [Fm.]: TRP) and clay deposits of
late Tortonian to Early Messinian age, and the succession is overlain by Pliocene marly calcilutites
(Trubi Fm.: TRB). The whole sequence [41] is locally overlain by middle—upper Pliocene marly clays
(Monte Narbone Fm.: NRB). Sandy clays and arenites (Montallegro Fm.: MINT), clays breccias (BRC),
and turbiditic calcarenites (Agrigento Fm.: GRG) are the more recent Pleistocene units.
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Figure 1. Geographic setting and general map of the study area.
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(b) structural map of Sicily (modified from [40]) highlighting the spatial distribution of the evaporite

outcrops in Sicily (after [39]): (1) Plio-Pleistocene cover, (2) volcanics, (3) evaporites (Messinian),

(4) upper Miocene-lower Pliocene deformed foreland deposits, (5) upper Oligocene-lower Miocene
deformed foreland deposits, (6) Kabilian-Calabrian crystalline units, (7) Sicilide units, (8) Meso-Cenozoic
carbonate platform deformed units (Sicilian-Maghrebian shallow-water units), (9) Meso-Cenozoic
slope-to-deep-basin deformed units (Sicilian-Maghrebian deep-water units), and (10) Meso-Cenozoic

carbonate platform not-deformed units (Sicilian-Maghrebian foreland).

In greater detail, a first and a second sedimentary cycle [42] are distinguished in the Messinian evaporites,
which are separated by an angular unconformity. The first cycle comprises [43]: carbonate deposits (Calcare
di Base Fm.: BEC), massive selenite (Cattolica Fm.: CTL), and a salt unit (Clastic Ca-sulfates, Mg and
K salts, and halite unit: SLT). The younger second cycle is mainly characterised by thin gypsum layers
(balatino and selenite: GPQ) and marls layers (upper evaporites, Pasquasia Fm.: GPQ) levels interbedded
with detrital mud, silt, sandstones, and conglomerates overlain by siliciclastic sediments (mainly silty clays;
Arenazzolo Fm.: RNZ), characterised by marked organic matter levels.

The complexity of the geological setting of the area is increased to be a consequence of the
Plio-Pleistocene tectonic phases that generated the fold and thrust belts and high-angle faults with
subsequent lateral contacts between the Messinian gypsum units and the older clayey deposits.
In addition, the wide distribution of soluble rocks in this sector of Sicily is responsible for intense
karstic processes, producing a great variety of either epigeous and hypogeous landforms [41].
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Figure 3. Schematic stratigraphic sequence of the evaporites in south-western Sicily (after [44]):
clayey deposits (SCD—Tortonian-middle Serravallian); Messinian evaporites—first cycle: white diatomitic
marls, Tripoli Fm. (TRP-Messinian); carbonate breccias and clastic gypsum, Calcare di Base Fm.
(BEC—Messinian); massive selenite, Cattolica Fm. (CTL—Messinian); clastic Ca-sulfates, Mg- and
K-salts, and halite unit, forming a salt unit (SLT—Messinian); second cycle: gypsum-arenites and
limestones and carbonate arenites, Pasquasia Fm. (GPQ1; GPQ2—Messinian); gypsum (balatino and
selenite) and marls, Pasquasia Fm. (GPQ3-Messinian); Siliciclastic sediments rich in organic matter,
Arenazzolo Fm. (RNZ-Messinian); marly calcilutites, Trubi Fm. (TRB—Early Pliocene); marls, marly clays,
sandy clays, Monte Narbone Fm. (NRB—middle-upper Pliocene); yellow sands and lagoonal sandy-clays,
Montallegro Fm. (MNT—lower Pleistocene); turbiditic calcarenites, Agrigento Fm. (GRG—lower
Pleistocene); clay breccias (BRC—lower Pleistocene).

From a morpho-structural standpoint, the landscape is characterised by a system of gentle
anticlines and synclines extending parallel to the NW-SE trend of the FTB and large blocks of evaporitic
rocks encircled by clayey deposits, with frequent relief inversion produced by differential erosion
phenomena [39]. The folded relief is also intersected by perpendicular faults connecting different parts
of the evaporites bodies and/or clayey deposits. The area is characterised by a series of slightly sloped
fluvial terraces, frequently cut in their upper parts by long gullies and V-shaped valleys. Karst processes
have affected gypsum areas, resulting in a great variety of surface landforms, such as poljes, karren,
and gypsum bubbles. On the clayey slopes, morphogenetic processes produced landforms such as
shallow landslides, rills, and gullies [45].

Following the above-mentioned general geological setting, in the study area, the Mio-Pliocene
deposits consisting of an evaporite series and pre-evaporite strata are involved in a wide range
of fold structures on a NNW-SSE axis and are capped by weakly deformed Pleistocene deposits
and Quaternary terrains. The shapes of the structures are irregular fashion because of the different
stratigraphic thicknesses of the evaporitic rocks, which were also controlled by active thrust and fold
structures at the time of deposition [7] and by the significant competence contrasts between various
formations described in Figure 3, such as coarse-grained gypsum, muds, silty clays, and silts. In general,
the evaporitic deposits of the second cycle (gypsum and marls; GPQ1; GPQ2 and GPQ3) locally overlie
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the massive selenites of the CTL (first cycle) and the SCD with an erosional unconformity, and are in
turn overlain by the silty clays of the RNZ.

To reconstruct the local geology, the stratigraphic logs of 18 geognostic boreholes and 22 piezometers
were taken into consideration, and a geological map (Figure 4) was constructed, which is marked by the
outcropping of several components of the whole succession. Based on the available stratigraphic data,
two interpretative profiles extending E-W and N-S were also drawn (Figure 5).
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Figure 4. Geological map of the study area and location of the geognostic and monitoring boreholes.

~  TRP - white diatomitic marls.

E SCD - clayey deposits.

The two profiles depict the general expected setting of the area, with a folded regular sequence
marked by first cycle (CTL) gypsum layers overlaying the diatomites (TRP) levels or directly in contact
on the Tortonian clayey deposits (SCD). The second cycle evaporitic layers (GPQ1, GPQ2, GPQ3,
and RNZ) cover in sequence the CTL only along the north-south profile, and elsewhere directly
overlie the SCD. At the base, the whole area is characterised by the continuous thick Tortonian
clayey layer (SCD). In the southern flank of the anticline, a thick sandy/sandy-clayey (MNT) layer
outcrops, covering the RNZ. In the central sector of the study area, along the main drainage surficial
line, the evaporitic terrains are covered by a large patch of mainly alluvial quaternary deposits and
characterised by high organic matter content.
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Figure 5. Geological cross-sections (see Figure 4 for traces).

3. Materials and Methods

An interdisciplinary approach was employed in order to analyse the groundwater flow field and
the hydrogeological behavior of the studied system from a three-dimensional perspective. The possible
influence of vertical flow on groundwater pathways and residence times was explored by merging
hydrogeological and isotopic investigations. Microbial community analyses were conducted to
investigate the isotopic signature of the groundwater from a biogeochemical perspective, to ensure that
the results of the isotopic analyses were correctly interpreted, with emphasis on the deuterium content.

Graphic images were obtained using QGIS, Adobe Illustrator and Microsoft Excel.

3.1. Hydrogeological Investigations

From May 2011 to November 2019, the hydraulic head at the piezometers was measured on
a weekly to monthly basis using a water level meter to reconstruct the groundwater flow net and
its evolution over time. To specifically investigate the vertical zonation of the hydraulic head and
the isotopic/microbiological features within the heterogeneous medium, one multilevel groundwater
monitoring system (cluster type) was drilled in August 2019: the C5 cluster (Figure 6), which included
three piezometers screened at different depths (C5a, C5b, and Cbc). The C5 cluster was drilled close to a
former and abandoned piezometer (30 m deep and fully screened), in which the sampled groundwater
was characterised by high tritium content (36.5 tritium units [T.U.]), to also deeply investigate the origin
of this apparent anomaly. The other piezometers ranged in depth between 15 and 40 m, depending on
the local depth of the groundwater head.
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Figure 6. Cluster C5: stratigraphy, screened intervals, and water levels in December 2019.
DPS-anthropogenic fillings, alluvial deposits, and talus (Quaternary); RNZ-siliciclastic sediments
with high organic matter content, Arenazzolo Fm. (Messinian); GPQ1 and GPQ2-gypsum-arenites and
limestones and carbonate arenites, Pasquasia Fm. (Messinian).

3.2. Isotopic Investigations

Groundwater samples for stable isotope (61810 and 6%'H) and tritium (°H) analyses were
collected four times (January, June, September and December 2019), together with the hydraulic head
measurements. During the same observation period, rainwater samples for 5(1816Q), 5(¥1H) and
tritium analyses were collected monthly (depending on the amount of precipitation) from one rain
sampler installed at the test site (Figure 4). The rainfall was collected using ten-liter polyethylene
bottles containing about 300 mL of Vaseline oil to prevent evaporation. Oil contamination was carefully
avoided by syringing the water samples out of the bottles. All the samples were transported to the
laboratory in a refrigerated box.

Stable isotope analyses were carried out at the Isotope Geochemistry Laboratory of the University
of Parma, Italy, using a water equilibrator at 18 °C equipped with a Finnigan Delta XP spectrometer.
For oxygen isotope determination, 5 cm3 of water was equilibrated with pure CO,, whereas for
hydrogen isotopes, 5 cm?® of water was equilibrated with pure Hy (platinum wire was used as a
catalyser of gas-liquid water equilibration). The isotope ratio is expressed as:

A/B A/PR; A/BR; 3o
6i/RF - A/B—RRF_l — A/B—RRF_l 10 /00 (1)

where A is 30 or 2H, B is 1°0O or 'H, R is the ratio of the isotopic abundances, i the sample of interest,
%o = 1073, and RF is the primary international standard of reference (in our case VSMOW-SLAP).
The analyses of °H were carried out at the Isotope Geochemistry Laboratory of the University of
Trieste, Italy. Following other authors (e.g., [46]), the samples followed the procedure of the preventive
electrolytic enrichment of tritium was applied to the samples to decrease measurement errors. In this
process, the 250 g of the water sample was expected to be reduced to 20 g by electrolysis.

The analyses for the determination of the tritium activity were carried out according to the
procedures provided by the International Atomic Energy Agency [47].
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The analytical prediction uncertainty was +0.1%o for §'80, +1%. for *H, and +0.5 T.U. for °H.

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

The microbiological survey was carried out in December 2019 on samples from the multilevel
piezometers Cha-c to refine knowledge about the bacterial community in the groundwater. This survey
was limited to cluster C5 because it was carried out to investigate the possible influence of microbial
activity on some isotopic features, with emphasis on deuterium content in the C5 groundwater.

Water samples (1 L) were filtered through sterile mixed esters of cellulose filters (5-Pa
membrane filters, 47 mm diameter, 0.22 pm pore size, Millipore Corporation, Billerica, MA, USA)
within 24 h after collection. Bacterial DNA extraction from the sample filters was performed using the
commercial kit FastDNA SPIN Kit for soil and the FastPrep®Instrument. Once the DN'A extraction was
complete, the quantity and integrity of the DNA were evaluated by electrophoresis in 0.8% agarose gel,
containing 1 pg/mL of Gel-Red™, in the running buffer TAE 1X (40 mM tris base, 20 mM acetic acid,
and 1 mM EDTA pH 8), and amplification reactions were performed by polymerase chain reaction (PCR).
The 16S rDNA profiles of the bacterial communities in the samples were obtained by NGS technologies
at the Genprobio Srl Laboratory (Parma, Italy). Partial 165 rRNA gene sequences were obtained from
the extracted DNA by PCR, using the primer pair Probio_Uni and/Probio_Rev, which targets the
V3 region of the bacterial 16S rRNA gene sequence [48], and the primer pair ArchV46 for archaeal
16S rRNA [49]. Amplifications were carried out using a Verity Thermocycler (Applied Biosystems
Foster City, CA, USA), and PCR products were purified by the magnetic purification using Agencourt
AMPure XP DNA Purification Beads (Beckman Coulter Genomics GmbH, Bernried, Germany) to
remove primer dimers. Amplicon checks were carried out as previously described [48]. Sequencing
was performed using an [llumina MiSeq sequencer with MiSeq Reagent Kit v3 chemicals. The fastq
files were processed using a custom script based on the QIIME software suite [50]. Quality control
retained sequences with lengths between 140 and 400 bp and mean 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 DADA?2 [51]; 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 [50,52] and a
reference dataset from the SILVA database v132 [53]

kTM

4. Results and Discussion

4.1. Hydrogeological Features

The hydraulic head fluctuated over the year from tens of centimeters to several meters, depending
on the area. A recession period was typically observed from late spring to early autumn, whereas
recharge was typically observed from early autumn to spring (Figure 7). Overall, the head measurements
suggested relatively slow recharge, according to the low bulk permeability of the studied system,
which does not favor rapid percolation of fresh-infiltration waters within the unsaturated zone and
corresponding short-term fluctuations of the groundwater surface. The low bulk permeability of the
studied medium is in agreement with the findings of other authors who performed pumping tests in
similar Messinian successions in Southern Italy (transmissivity on the order of 1072 m?/s; [14,16]).

Based on the hydrogeological monitoring and survey results, the general groundwater flow
scheme in the area was reconstructed (Figure 8a). The groundwater flows from the highlands towards
the topographic depressions, with the hydraulic gradient ranging from ~30% to ~3%, respectively.
The lowest head was consistently measured within the eastern depression, in the area of piezometers
S3-55, and no significant modifications of the groundwater flow net were observed over time,
during the observation period. Therefore, all the piezometers used to analyse the isotopic signature
from a hydrogeological perspective maintained the same hydraulic relationships throughout the year.
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This finding implies that all the results discussed in the isotopic section were not influenced at all by
modifications of the groundwater flow field.
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Figure 7. Hydraulic head variations in piezometer 54 (blue dots) vs. daily rainfall (light blue bars).
Dates are given in day/month/year format.

N
>

7

\.

Contour line (20 m)

8
<

»

Piezometric contour line (m a.s.l.)

?

Groundwater flow line

Piezometer

42

C5 (Cluster)

- £ DPS - anthropogenic fillings, alluvial
. PGIOIDELIEINEERNO) deposits, and talus.
b

MNT - yellow sands and sandy-clays.

RNZ - siliciclastic sediments.

GPQ3 - gypsum and marls.

| CTL-massive selenite.

~ TRP- white diatomitic marls.

SCD - clayey deposits.

(b) Hydraulic head (m a.s.l.)
195 200 205 210 215 220 225 230 235
g AC5aOct 19
5 A C5a Nov 19
E A A A A C5a Dec 19
= 28 @C5bOct 19
§D 15 ®C5b Nov 19
= @ C5b Dec 19
220
8 W C5c Oct 19
o <=
‘;’.)_ 25 M C5c Nov 19
N B C5c Dec 19
30 o0 ©
| | HE
35

Figure 8. (a) Hydrogeological map of the study area (December 2019); (b) relationship between the
hydraulic head and the depth below ground observed at the C5 cluster.
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In light of the sedimentological features and common lateral inhomogeneity of the evaporitic
layers (Figure 3), simple expected hydrogeological and hydrochemical behaviors are difficult to define
for the sequence that outcrops at the key site of the C5 cluster. In fact, the RNZ layer, which overlies
the second cycle gypsum evaporitic bodies, is composed of a very chaotic sandy-clayey deposits,
including dispersed gypsum blocks; consequently, a moderate primary permeability is expected,
despite the high clay content. In addition, the first cycle evaporitic layers and the basal Tortonian clays
are expected to be characterised by high and low permeability, respectively, whereas the role of the
second cycle gypsum bodies, which are to be classified as permeable on a small scale, could be strongly
controlled, overall, by the lack of lateral continuity, resulting in very slow hydraulic circuits.

As observed at the C5 cluster, the hydraulic head significantly varied with depth (Figure 8b).
In greater detail, it progressively decreased with increasing depth, showing the highest head in the
shallow system and the lowest one into the piezometer C5c, screened within a gypsum horizon.
The head zonation was confirmed based on the seasonal groundwater oscillation, with coherent
hydraulic heads shifts, consistent with the fact that the analysed medium behaves as a continuum
at the observation scale of the present study. This finding is also in agreement with the expectation
for saturated heterogeneous media comparable with the studied media. In these media, if a lower
geological formation has a higher hydraulic conductivity than the overlying layer, it acts as the major
conduit of flow [54]. The highest head in C5a was compatible with the phreatic surface reconstructed
within the whole studied area, the morphology of which reflects the local topography (Figure 8a),
as expected in such low-permeability systems.

4.2. Hydrogen and Oxygen Isotopes

Waters from all the piezometers P, S, and C shown in Figure 8a were sampled for 518/160 and §%1H
measurements. The values of the analysed samples ranged from —37.0%o to 2.2%o for hydrogen and
from —6.8%o to —0.2%o for oxygen. Three different main groups could be identified: Group A (P1, P2,
P3 and S6) exhibited the highest 8% H and §'8/1°0 values in the intervals from —5.2%o to 2.2%o and from
—1.1%o0 to —0.2%o, respectively; Group B (wells P4, P5, P7, S1, S2, 53, and S5) had intermediate values in
the ranges from —16.0%o to —10.6%o for §%'H, and from —3.4%o to —2.4% for 5'8/160; Group C (wells
P6,54, C1, C3, and C4) included the lowest 8%1H and 518160 values, from —26.3%o0 to —20.5%0 and from
—5.5%0 to —4.2%o, respectively (Figure 9). For all the piezometers, the isotopic values did not change
in the different sampling periods, with the exception of C2, C6 and C7, which showed swings across
groups B and C (C2: 8%"H = —22.9%o to —8.4%o and §'8/1°0 = —4.6%o to —2.0%o; C6: §%H = —25.0%o
to —9.8%o and §'8/160 = —5.1%o to —2.3%o; C7: §¥TH = —~37.0%o to —24.1%o and 518160 = —6.8%o to
—5.0%o). The groundwater samples collected in the C5 cluster exhibited a very unusual distribution.
In the 8 H vs. §'8/160 diagram shown in Figure 9, their 52'H values are distributed vertically ranging
from about —23.5 to —8.5%o (see below for more details).

Regarding the affinity of the sampled groundwaters, all groups plotted along the local meteoric
water lines available in the scientific literature [55-62], being consistent with those of rainwater collected
in the study area during the observation period; this finding suggests a meteoric origin for the analysed
waters (Figure 9), with no influence of ascending fluids coming from deep reservoirs, the isotopic
signature of which are notably different from those of actual precipitations [35].

The §%'H and §'8/1°0 values are correlated with the depth of the phreatic surface (Figure 10).
The piezometers showing the deepest phreatic surface (>25 m below ground, m b.g.) belong to Group
A; Group B includes phreatic surface at 23.5 to 17 m b.g.; Group C may be divided into two different
sub-groups: one with a depth lower than 6 m b.g., and another one with a level ranging from 14.5 to
17 mb.g. Wells C5b and Cbc are excluded because their water levels are representative of the hydraulic
head measured at different depths below ground and is not referable to the local phreatic surface
(coinciding with the water level measured in C5a).
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Figure 9. Relations between 10° 52'H and 10% §!8/1°0 for the investigated waters (blue dots). Groups A,
B, and C are encircled in ochre, purple, and red, respectively. The green dots represent C5a-c waters.
The orange dots indicate the rainwater samples analysed during this study. The solid black and the
dashed black lines are representative of the meteoric water lines available in Sicily (with emphasis
on [62] and [56], respectively). The blue line is the linear interpolation of the groundwater isotopic data.
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Figure 10. Relations between the hydraulic head and 10° §%*H and 10° §'8/1°0 for the investigated
waters. Waters from the C5 cluster are not considered in the regressions.

Regarding tritium, the rainwater samples had high 3H contents (6.2 to 10.8 T.U.), whereas the
groundwater samples showed a wide range of tritium contents (Figure 11). Taking into consideration
the tritium content detected in local rainwater during the observation period, as well as data already
available for Southern Italy (e.g., 4.5 T.U. in [63]; 5.0 T.U. in [16]), three groundwater types have been
detected at the study site: (i) groundwater related to rapid and/or short pathways within the aquifer
system (4 to 10 T.U.), (ii) groundwater related to longer and/or prolonged pathways, with higher
mean-residence times (<4 T.U.), (iii) groundwater related to very prolonged pathways (>10 T.U.,
corresponding to at least 300 T.U. at the beginning of 1960s), the recharge of which, according to
findings in other sites in Italy [64], is linked mainly to rainwater precipitated during the 1950s and
1960s, when tritium was spiked in the atmosphere by nuclear weapons testing [65], reaching up to
several thousand T.U. in rainwater (e.g., [66]).
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Figure 11. Relation between 10% §¥'H and T.U. in the investigated waters. Waters from the C5 wells
exhibit a significant 10 §%/1H vs. T.U. correlation.

Figure 11 reports the relation between 10° §/'H and T.U. The evident and strongly significant
correlation (R? = 0.998, and null hypothesis Ho(stope=0) < 0.001) for the data of the C5 cluster is an
intriguing problem. Different explanations for this interesting correlation are proposed below.

4.3. Next-Generation Sequencing Results

The microbial community of groundwater sampled in the C5 cluster was analysed to explore the
possible influence of microbial activity (H,S and CH, production) on the unusual deuterium content
detected in C5-waters. The 16S rRNA gene sequences of both bacteria and archaea identified in this
study have been deposited in the National Center for Biotechnology Information (NCBI) Sequence
Read Archive under the accession number PRJNA631131. Based on analysis of the sequences obtained
from the C5 cluster with NGS technologies, the broad diversity of the microbial community in terms of
relative abundance of bacterial genera has been highlighted (Table 1).

Regarding the main aim of the present study, the analyses showed a bacterial community
characterised by aerobic and anaerobic/facultative anaerobic genera. Many of these genera are
common in bacterial communities found in salty groundwater and marine environments. Halophilic
bacteria can be considered moderate halophiles or extreme halophiles based on the concentration of
salts present in water and soils (e.g., Alcanivorax [67] and Marinomonas [68] in Table 2); in contrast,
halotolerant bacteria, despite growing better without NaCl, can tolerate high quantities of salt [69]
(e.g., Arcobacter [70] and Pseudomonas [71] in Table 2). In addition, some of the bacterial genera can
exploit sulfate reduction (Desulfatiglans [72], Desulfovibrio [73], and Shewanella [74] in Table 2) as a
metabolic pathway. Sulfate reduction is a form of anaerobic respiration, typical of sulfate-reducing
bacteria (SRB) or sulfur-reducing bacteria, and as such typically occurs in anoxic environments and
leads to the production of hydrogen sulfide (H,S); however, some studies have found that this process
can also occur in the presence of oxygen [71,75].
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Table 1. Bacterial genera detected in groundwater samples collected in C5a-c (relative abundance >0.7%).

Taxonomy C5a C5b C5c
Aeromonas 2.13% 0.14% 0.07%
Alcanivorax 0.72% 0.95% 0.46%
Arcobacter 1.67% 0.13% 1.12%
Candidatus Nitrotoga 0.00% 0.74% 0.33%
Idiomarina 0.20% 0.08% 0.84%
Limnobacter 1.57% 0.00% 2.18%
Magnetospira 0.18% 0.73% 0.31%
Marinobacter 0.11% 0.36% 0.98%
Marinobacterium 0.05% 0.00% 1.29%
Marinomonas 1.23% 0.00% 0.30%
Nitrosomonas 0.00% 3.43% 0.64%
Nitrospina 0.06% 1.91% 0.36%
Oceanobacter 0.12% 3.82% 0.46%
Parvibaculum 0.28% 0.42% 1.19%
Pseudohongiella 0.85% 2.72% 0.85%
Pseudomonas 58.95% 52.18% 47.22%
Rehaibacterium 0.17% 7.38% 2.29%
Rheinheimera 2.50% 0.00% 0.55%
Roseovarius 0.04% 0.78% 0.30%
Shewanella 7.39% 0.07% 0.72%
Sphingobium 1.60% 0.00% 1.06%
Sphingomonas 0.92% 0.11% 0.44%
Thiobacillus 0.00% 0.19% 1.34%
Vibrio 0.00% 0.03% 5.77%

Table 2. Metabolic characteristics of selected bacterial genera detected in groundwater samples collected
in Cha—c.

Taxonom Aerobic Facultative Anaerobic Facultative Halophilic/ Sulfate
y Aerobic Anaerobic Halotolerant  Reduction

Alcanivorax +
Arcobacter
Desulfatiglans
Desulfovibrio
Marinobacter
Marinomonas
Oceanobacter
Pseudomonas
Shewanella
Vibrio

+ + + +
+
++ A+t

+ 4+ + + +
+

Regarding the archaeal component, the most abundant genus found in the analysed groundwater
samples (C5a-c) was Candidatus Nitrosopumilus [76] (Table 3). This genus is typically found in marine
environments where ammonia can be oxidised to nitrite. Moreover, halophilic genera were identified,
such as Halococcus [77] (Table 3), a genus capable of living in the presence of very high concentrations of
NaCl (up to 4.5 M NaCl). Methanogenic genera, such as Methanobacterium [78], Methanimicrococcus [79],
and Methanolobus [80] were also found (Table 3). Methanogenesis is a strictly anaerobic metabolic
pathway that leads to the formation of methane, and s performed only by methanogenic archaea.

Thus, the biomolecular investigations demonstrated that C5-groundwaters are characterised
by bacterial (Desulfatiglans, Desulfovibrio, and Shewanella) and archaeal (Methanobacterium,
Methanimicrococcus, and Methanolobus) genera able to produce H,S and CHy, respectively, therefore
suggesting that microbial activity is a factor of utmost importance to be taken into consideration when
analysing the isotopic signature of local groundwater.
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Table 3. Metabolic characteristics of selected archaeal genera detected in groundwater samples collected

in C5a-c.
. . Halophilic¢/ . Sulfate Ammonia
Taxonomy Aerobic Anaerobic Halotglerant Methanogenesis Reduction Oxidizing
Candidatus Nitrocosmicus + + +
Candidatus N N .
Nitrosoarchaeum
Candidatus N . .
Nitrosopumilus
Halococcus + +
Halogranum + + +
Methanimicrococcus + + +
Methanobacterium + + +
Methanolobus + + +
Methanothermobacter + + + +

5. Hydrogeological Model

Geological, hydrogeological, isotopic and biomolecular investigations allowed characterisation of
the hydrogeological functioning of the studied heterogeneous low-permeability system, as well as
refinement of knowledge about the residence time of groundwater within such systems.

As expected, taking into consideration previous studies in similar geologic settings [16], the studied
system is characterised by vertical and discontinuous heterogeneity [81], caused by various factors
such as (i) the coexistence of different geological formations, (ii) their folded regular sequence, and (iii)
the fractured (karstified) evaporitic intrastrata/lenses that locally increase the bulk permeability of the
low-permeability system. In contrast with other heterogeneous systems, no fault zones influence fluid
flow, neither enhancing [82—-84] nor partially or totally impeding it [85-87].

When the hydrogeological system is analysed at the basin scale, the whole system can be depicted
as a continuous medium, and the groundwater flow net is a smoothed replica of the local topography.
Groundwater flow clearly occurs from the highlands towards the topographic depressions.

The vertical heterogeneity of the system causes the hydraulic head to significantly vary with depth.
Close to the Cba-c cluster, the hydraulic head decreases with increasing depth, with the lowest head into
the karstified gypsum layer (C5c). This head distribution agrees with that observed by Petrella et al. [16]
within the peninsular Southern Italy, where the more transmissive and discontinuous localised media
drain the surrounding lower permeability rocks up-gradient (lower hydraulic head), whereas they
are characterised by higher head down-gradient and feed the surrounding lower permeability media
(Figure 12). Because the vertical heterogeneity is discontinuous, it is unable to provide a continuous
solution within the stratigraphic sequence over an extended area. Therefore, in contrast with other
systems characterised by vertical heterogeneity, from the hydraulic point of view [64,88-90], no perched
aquifers overlie deeper ones, and a unique saturated zone can be assumed.

Overall, the heterogeneous distribution of lower- and higher-permeability rocks within the studied
system, as well as the groundwater flow field described above (Figure 12), cause the mean residence
time of groundwater to not necessarily be in agreement with the only groundwater flow net depicted in
Figure 8. The coexistence of slower and faster flow velocities and the existence of vertical flow, cause a
sort of patchwork distribution of tritium content, with higher levels detected at depths extending
into evaporitic interstrata/lenses, linked mainly to rainwater precipitated during the 1950s and 1960s,
when tritium was spiked in the atmosphere by nuclear weapons testing.
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Figure 12.  Conceptual hydrogeological sketch of heterogeneous media characterised by
evaporite-bearing successions. The blue lens is a discontinuous evaporitic layer immersed in a
clay sequence (grey). Blue dashed lines are the equipotential lines. Blue arrows are the groundwater
flow lines. The Cba-c cluster is also shown. The symbols K1 and K2 are the hydraulic conductivities of
the evaporitic lens and clay sequence, respectively.

The stable isotopes confirmed the local origin of the groundwater. However, as indicated above,
the isotopic features of the samples coming from C5a-c cluster are unusual for groundwaters, and may
be due to the phenomena discussed hereafter. Based on data reported by [91] for partitioning between
liquid and gaseous water and by Galley et al. [92] for gaseous water and H,S gas, the following
approximate value for the fractionation factor of H,O liquid vs. HyS gas at 21 °C is obtained:

2/15
2 o 0- s = T2l = 2587 at21°C ?)

218,841

However, based on the data reported by Horibe and Craig [93], for H,O liquid vs. CHy gas,

the value:

2/15
2 0- CHy = gt = 1.283 at21°C 3)

218 cH,841

Thus, liquid water is strongly enriched in heavy isotopes with respect to HyS and CHy. Based on the
presence of sulfate-reducing bacteria and methanogenic archaea in the analysed C5-waters, we suggest
two possible explanations for the high hydrogen isotope values: (1) interaction of water with gaseous
H,S and/or CH4 coming from the surrounding environment, and (2) generation of H,S and CHy4 by
reduction of oxidised sulfur and carbon species involving the H component of the water (Equations (4)

and (5)) [94,95]:
SO%™ +2CH,0 — HS™ + 2HCO; + HF (4)

4H, + HCO; + H* — CH4 + 3H,0 5)

Here, we consider the case of continuous seepage of H,S gas and/or CHy gas through groundwater
with the exchange of hydrogen isotopes between the gases and water. At the highest §2'H = —8.3%o
(C5c¢), using Equations (2) and (3), we obtain:
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1 1
2/1 _ 2/1 _ e _ _ (o)
Sts = T P— H2S( o + 1)-1 = Sag (F0.0085 + 1) = 1 = ~617%
and
Mgy, = (om0 + 1)-1 = 1 (00085 + 1) -1 = —2279
7 P S ~ 12830 B "

At least for CHy, the 2/16 values are, for example, in the range of the values characterising the
gases related to oil fields worldwide [96].

Next, we consider a closed system under strongly reducing conditions in which H,S and/or CHy
are produced by reduction at the expense of S of sulfate and/or of C of carbonate species in solution
and of H of the water molecules (d ny,s = —d ng,0 ). How much H,S and/or CHy are generated
to produce the hydrogen isotope variation observed in the investigated groundwater (i.e., 218y,
from —23.5%o to —8.3%0)? We consider /15 in the water at the beginning of reduction (in our case,
218, = 2/ 181,0,0 = —23.5 %o, where the subscript, o, indicates the initial condition) and at a defined
stage of reduction * 16H20 = —8.3%o) as well as the value of 2/ 1cxH20_ H,s (liquid water and gaseous
hydrogen sulfide). The following equation is easily derived from the isotope balance.

2/1 ~ 2/1 2/1 .
NH 1) "ottt = NH(H,0) om0 + NH(H,S) Mp,s -

MHiys)  Nins (>80t — 2/181,0) (00235+00085)
a - = 215 o 11 —0.0085+1 _ oY
Hitot H,0,0 (2/1“1{22;0_ e 5H20) (229951 — 1+ 0.0085)

where nyy(p,5) and nyor indicate the number of moles of H in H,S and the total number of moles of

H in H,O at the beginning of the process, respectively. This equation may be used to estimate the

molar ratio ny,s /ny,0,0 when is 2/ 16H20 = —8.5%o. For ny,0,, = 100, we obtain ny,s = 100 * 0.024 = 2.4

(moles). Although this calculation is only a rough approximation, it indicates that the formation of a

few moles of H;S is sufficient to greatly increase the delta values of hydrogen of the groundwater.
Similarly, we write:

NpcH)  2nci (218110t — 215 11,0) (00235 +00085)
o - ELT NE —0.0085+1 _ o
Hitot H20,0 (2/1“:222_ o _z/léHZO) (2O — 1+ 0.0085)

In this case, for nyypo o = 100, we obtain ncps = 0.5 * 100 * 0.0636 = 3.2 (moles). Thus, a few moles
per cent of CHy formed is sufficient to greatly increase the hydrogen delta values of the groundwater.

It is noteworthy that whereas CHy gas is only slightly soluble, H,S gas is strongly soluble in
water. The weight ratio total S(II-) as HjS to total C(IV-) as CHj is about 122 + 3 in pure water at the
temperature of 21 °C for partial pressure of these gases ranging from 10~* to 3 atm, according to the
PHREEQC speciation program [97]; moreover, salinity does not greatly change this result. Already
at about 34 mg/L of total H,S, the waters typically smell; thus, the absence of a bad smell would
indicate that H,S is absent or present in only a small amount that supports a prevalent long-term role
of methane seepage or the relevant role of methane generation.

As described in a previous paragraph, there is an evident correlation between §%'H and T.U.
Two different explanations can be proposed for this behavior:

(1)  The chemical component carrying *H may also be the cause of increasing %' H. This carrier could
be methane formed by degradation of organic matter in an environment where tritium may reach
high values, such as sediments rich in organic matter that acquired a high tritium concentration
at the time of atomic weapon experiments. For instance, Eyrolle et al. [98] reported high tritium
concentrations in the organic portion of the sediments from the Loire River in Western France.
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These findings “demonstrate that tritium from global atmospheric fallout stored in a sedimentary
reservoir for decades as organically bound forms”. However, the presence of a modern organic
substance in deep sediments is impossible in undisturbed settings.

(2)  The chemical component carrying *H may be different from that of increasing % H. Thus, the two
processes are separate but correlated. The enrichment in 2H is caused by exchange with methane,
whereas the enrichment in ®H is attributed to more or less prolonged groundwater pathways.
In this scenario, the deepest investigated groundwater (higher 3H content in C5c) is characterised
by a longer residence time and a major link to rainwater precipitated during the 1950s and 1960s.
At the same time, a heterogeneous distribution of organic matter and methanogenic archaea
within the saturated medium could lead to (i) different amounts of methane and (ii) a more
or less prolonged interaction between the gas and groundwater at different depths. Moreover,
considering the decrease of hydraulic head with depth and the downward groundwater flow
component, the C5a groundwater type (characterised by relatively low §¥'H and *H values)
may progressively dilute the deepest C5c groundwater type, thus causing a mixing between two
waters with extreme % H and *H values, namely C5a and C5c.

With the currently available data, we cannot choose between these hypotheses, but the second
one seems the most reasonable. Further research is planned to be carried out to refine knowledge
about this issue, including the possibility of finding a similar phenomenon in other portions of the
heterogeneous medium.

6. Concluding Remarks

The in-depth analysis carried out at the study site made it possible to refine knowledge about the
hydrogeological behavior of evaporite-bearing low-permeability successions at a representative site.
In more details:

e Hydrogeological investigations and isotopic analyses demonstrated the coexistence of relatively
brief to very prolonged groundwater pathways, but everywhere recharged by local precipitation;

e The deuterium content of some samples showed unusual values for groundwater; however,
the coupled isotopic-biomolecular approach allowed to demonstrate that these unusual values are
due to the interactions between the groundwater and certain gases (H,S and CHy), the presences
of which are linked to sulfate-reducing bacteria and methanogenic archaea;

e At this stage of the research, these unusual isotopic content was detected in only one sampling
sub-area (C5-cluster); nevertheless, this discrepancy between C5-groundwaters and those sampled
in the other available wells is not surprising when taking into consideration the (hydro)geological
heterogeneity of the investigated system, as well as the results obtained in a similar setting from
the biogeochemical points of view [14-16]; in this previous case, a “patchwork” of geochemical
and microbiological sub-environments was detected within the whole heterogeneous system,
therefore demonstrating the coexistence of different microbial communities (with different
microbial activity) also at a metric or decametric scale.

Taking into consideration the interesting results obtained at this stage concerning the heterogeneous
distribution of biogeochemical processes, and the importance of moving from speculations to statements
concerning the role of HyS/CHy in influencing the local anomaly in deuterium content, a second step
of the research is in progress. During this new phase, the study area will be significantly expanded,
and the actual data set will be integrated also with measures of gas concentration and their isotopes,
organic carbon percentage in both sediments and groundwater.

In a wider, and methodological context, the present study further demonstrates the
importance of interdisciplinary approaches when studying such complex hydrogeological systems.
An interdisciplinary approach combining well-established investigation methods (in this case,
hydrogeological, isotopic and biomolecular methods), allows refinement of knowledge about the
hydrogeological features and behavior of heterogeneous media characterised by evaporite-bearing
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successions, and can help ensure correct interpretation of the meaning of each data type, avoiding
misunderstandings and misinterpretations. Thus, this work can be used to refine the guidelines
used to study heterogeneous media through purpose-designed interdisciplinary approaches and plan
optimal monitoring networks and protocols for several anthropogenic purposes (e.g., environmental
monitoring of landfills or contaminated sites).
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Abstract

In the Parma Functional Urban Area, hydro-geo-ecology was investigated through an interdisciplinary approach, with empha-
sis on the shallow aquifer system. The study pointed out that domestic wells and fontanili are both fed by shallow groundwater
affected by PCE and nitrate contamination, upgradient of the rural area located north of Parma City. Moreover, Folsomia
candida tests suggested the possibility that other types of contaminants (not analysed in this study) can affect the shallow
groundwater. Nowadays, PCE concentrations in the city centre are slightly higher than the limit set by law. Moreover, PCE
aerobic biodegradation can be due to the local microbial community and then an effective natural attenuation can be expected
along the groundwater flow pathway. These results suggest a very low risk for human health, linked to the groundwater
consumption in the rural area north of Parma City. Conversely, no forecasts can be made at present about the possible impact
of low PCE concentrations on the aquatic ecosystem observed at the fontanili. Concerning nitrate contamination, the higher
concentrations detected in some wells and fontanili suggest a high risk for both human health and aquatic ecosystems. In a
wider context, thanks to the interdisciplinary approach that combines successfully well-established investigation methods,
the present study allows a better knowledge of the hydro-geo-ecological behaviour of groundwater-dependent ecosystems.
At the same time, through purpose-designed experimental investigations and simulation models, this approach could be used
as a sort of guideline useful in studying such complex environmental systems.

Keywords Groundwater characterization - Alluvial plain - Shallow aquifer system - Interdisciplinary approach - Functional
Urban Area

1 Introduction

Within the AMIIGA project INTERREG Central Europe),
the city of Parma (Italy) became a pilot site with a contami-
This contribution is the written, peer-reviewed version of a paper nation of chlorinated hydrocarbons in the shallow aquifer.

presented at the Conference “Foreseeing groundwater resources” . S . .
held at Accademia Nazionale dei Lincei in Rome on March 22, To study the evolution of the contamination and to identify
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the possible sources, it was necessary to widen the limits
of the focus area to a larger territory. In particular, we stud-
ied the shallow aquifer at the Functional Urban Area (FUA)
scale of Parma (the city plus its commuting zone), sensu EU-
Organisation for Economic Co-operation and Development.

The main drinking water and industrial wells pump
groundwater from relatively deep aquifers (from fifty to
several hundreds of meters below the ground surface). The
actual monitoring wells and the main hydrogeological stud-
ies focused on these deeper horizons, whereas little informa-
tion exists concerning the shallow aquifer that is utilized by
the local population for domestic and agricultural purposes.
Moreover, the shallow groundwater feeds the so-called risor-
give or fontanili that in turn feed a complex system of chan-
nels and ditches (Rossetti et al. 2005; Bonaposta et al. 2011).
The risorgive or fontanili are small, semi-artificial, aquatic
ecosystems sensu Klgve et al. (2011) that are typical of the Po
River Basin, the largest Italian watershed (about 71,000 km?).
Urban and agricultural pressures cause widespread nitrate
contamination of the shallow groundwater in the Po plain
(e.g. Cinnirella et al. 2005; Bassanino et al. 2011). The same
contamination has been detected in most of the fontanili (e.g.
Rossetti et al. 2005; Laini et al. 2011; Abdelahad et al. 2015).

Therefore, the anthropic pressure on this shallow aquifer
can cause a negative impact on (i) human health [directly
(drinking water for private uses) or indirectly [water used
for irrigation or cattle breeding)] and (ii) peculiar (fontanili)
groundwater-dependent ecosystems (GDE).

Taking into consideration the environmental scenario,
an interdisciplinary work was necessary to have a complete
overview of the hydro-geochemical and hydro-ecological
processes taking part in a such complex ecosystem.

The main goal of this manuscript is to present the state of
the art of this interdisciplinary and holistic research, as well
as to show how different disciplines are necessary to analyse
the aquatic environment. Therefore, this work is also a sort
of guideline related to an effective interdisciplinary approach
necessary to characterize groundwater bodies from both the
ecological and human perspective.

This work was carried out in synergy between the Univer-
sity of Parma and other public authorities, within a frame-
work agreement devoted to protect and manage both the
groundwater and the groundwater-dependent ecosystems.
Recently, within the same agreement, some interdisciplinary
studies have been carried out in the Apennine chain (Canto-
nati et al. 2016; Chelli et al. 2016; Segadelli et al. 2017a, b).

2 Study area
In the Po plain sedimentary basin, the sedimentation pro-

cesses have been marked by transgressive—regressive
cycles (e.g. Ricci Lucchi et al. 1992). On the basis of these

@ Springer

discontinuities, sediments may be grouped into supersyn-
thems, synthems and minor rank geological bodies (Di Dio
2005). The Quaternary Marine Supersynthem (Upper Plio-
cene to Lower Pleistocene) consists of sediments of conti-
nental shelf, prodelta, delta front and fan-delta resting on
Pliocene clays. The bottom of this supersynthem is defined
by an evident sub-aerial surface of erosion and/or absence
of deposition related to tectonic regional uplifting and tilting
of the southern margin of the Po plain sedimentary basin.
As documented by seismic lines and stratigraphic data, in
the area of interest this supersynthem is up to 1600 m thick.
The Emilia—Romagna Supersynthem (Lower Pleistocene,
about 800 ky BP to present) consists of alluvial plain and
fan deposits and of intra-valley and terrace deposits. This
supersynthem is subdivided in two synthems separated by
a stratigraphic discontinuity at about 450 ky (Di Dio 2005).

The grain size of the sediments is largely variable (from
gravel to silt—clay) and frequently dependent on the eus-
tatic—climatic oscillations at the scale of 20—40 ky. This
heterogeneity causes the aquifer system to be made up of
several permeable horizons intercalated by low-permeability
clays and silts. The present work is focused mainly on the
shallow permeable horizon (the upper 30 m below ground)
that directly interacts with the urbanized territory of the City
of Parma (Fig. 1), including the historical downtown and
recent settlements. The area is densely urbanized, with a
concentration of residential built-up areas, trading and ser-
vices. The mean ground elevation is about 55 m above sea
level (m asl).

The first information about groundwater contamination at
the pilot site (hydrocarbons, MTBE, BTEX) was collected
in 2002 during a gas station decommissioning. At the end
of the procedure, chemical analysis showed also PCE con-
centrations in groundwater higher than the legal limits, even
in piezometers upgradient with reference to the gas station.
During the last few years, the PCE concentration has been up
to 24 pg/L (Parma Municipality, unpublished data). At the
present state, the sources of this pollution are still unknown.
In 2013, a historical analysis, just on the surrounding of the
pilot site of the commercial activities, which potentially used
PCE, was carried out (not reported here for brevity). How-
ever, it did not allowed the identification of the responsibili-
ties. For this reason it was necessary to design and improve
the environmental investigations.

A second, but not less important, contamination that was
found in the shallow aquifer regarded the nitrates; unfortu-
nately, only a small amount of information was available and
essentially related to the fontanili. These data show nitrate
concentration up to 83 mg/L south of Parma City (Emilia
Romagna Region, unpublished data), therefore suggesting
a serious contamination and negative impacts on both the
human health and the GDE:s.
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Fig. 1 Schematic map of the study area

3 Materials and methods

3.1 Geological, hydrogeological and geophysical
investigations

Nineteen boreholes were drilled within the study area
(Fig. 2a), to reconstruct the lithostratigraphic sequence of

the shallow alluvial aquifer (Fig. 2b). Two of these boreholes
(one cluster made of two wells each) were drilled at the uni-
versity campus, to analyse possible variations in hydraulic
head with depth, due to the vertical heterogeneity of the
medium. The cluster is made of one well 27 m deep (P8d;
screened from 24 to 27 m below ground) and one well 11 m
deep (P8 s; screened from 8 to 11 m below ground). The
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other piezometer was drilled along a transect parallel to the
groundwater flow line reconstructed at basin scale (approxi-
mately, from south to north), throughout the Parma urban
area and passing from a site where the shallow groundwater
was polluted by chlorinated solvents. These wells are 25-30
m deep and screened within the coarser-grained sediments
(Fig. 2b).

The groundwater head was measured through a water
level meter in all the available shallow wells (Fig. 2a) to
reconstruct the groundwater flow net at the FUA scale. The
hydraulic head was measured on an hourly basis (through
pressure transducer with data-logger) in three wells to ana-
lyse the relationships between precipitations and groundwa-
ter head fluctuations. The precipitations were monitored on
an hourly basis at a meteorological station located within
the study area.

One pumping test was carried out in P8d. The hydrau-
lic heads were monitored continuously (through pressure
transducers with data-logger) in the pumping as well as in
some monitoring wells. Three slug tests and five Lefranc
tests were carried to calculate the hydraulic conductivity of
the coarser and the finer sediments, respectively.

Resistivity data were collected at the university campus
using a commercial georesistivimeter, to understand how
continuous the confining silty-clay horizon at a scale larger
than that of a single borehole was. The measurements were
inverted to a true resistivity volume using a finite elements
approach on a tetrahedral grid. Inversion was fully 3D and
topography was also modelled to account for electrical field
distortion due to morphology gradients. This inversion algo-
rithm is well described in the literature (e.g. Cardarelli and
Fischanger 2006) and it is generally indicated as the smooth-
ness-constrained approach under Occam assumptions. The
misfit between measured and calculated values was lower
than 5% for most of the collected data points.

3.2 Isotopic and chemical investigations

The sampling campaigns for chemical, stable isotope (5'%0,
87H) analyses and metagenomic analyses were carried out
from March 2017 to February 2018 every 3 months, approxi-
mately. The rainfall at the Parma Campus station was col-
lected on a monthly basis using 10-1 polyethylene bottles
containing about 300 ml of vaseline oil to prevent the evapo-
ration processes. Oil contamination was carefully avoided by
syringing the water samples out of the bottle.

pH measurements were performed in field with multipar-
ametric probe. Alkalinity was determined by Gran titration
with HCI. Main anion concentrations were determined by
ion chromatography at the Aquatic Ecological Laboratory
of the University of Parma, Italy. Samples for cation analysis
were acidified at pH <3 with concentrated HNO;. Global
analytical accuracy was evaluated by ionic balance. The

main contaminants (hydrocarbons, chlorinated solvents, etc.)
were analysed in a certified private laboratory.

Stable isotope analyses (5'%0, 6°H) were carried out at
the Isotope Geochemistry Laboratory of the University of
Parma, Italy. The analytical prediction uncertainty was better
than 0.1%o for 8'0 and about 1.0%o for 8*H. The composi-
tions of 6'%0 and 5°H are reported as 10% x 6'%0 (V-SMOW,
Vienna Standard Mean Ocean Water).

3.3 Microbiological and metagenomic
investigations

Several studies demonstrated the possibility of using micro-
bial communities as natural tracers of subsurface dynamics
(e.g. Naclerio et al. 2009; Celico et al. 2010; Bucci et al.
2017; Farnleitner et al. 2005; Mayer et al. 2016). In this case,
microbiological and metagenomic analyses were carried out
to verify the existence or not of an autochthonous microbial
community able to degrade chlorinated solvents.

Water samples for metagenomic analyses were collected
in sterile 1000 ml bottles and transported in a refrigerated
box. Filtration processes were completed within 2 h after
sampling. The profile of bacterial populations thriving in
groundwater partially contaminated by organic chlorin-
ated solvents, of the DNPLs type, was analysed. DNA was
extracted from groundwater and NGS 16SrDNA profiling
was obtained at the Genprobio Srl Laboratory.

Partial 16S rRNA gene sequences were amplified from
extracted DNA Amplifications were carried out and PCR
products were purified by the magnetic purification step.
Sequencing was performed using an Illumina MiSeqse-
quencer with MiSeq Reagent Kit v3 chemicals. The fastq
files were processed using QIIME (Caporaso et al. 2010). To
calculate downstream diversity measures, operational taxo-
nomic units (OTUs) were defined at 97% sequence homol-
ogy (Edgar 2010). All reads were classified to the lowest
possible taxonomic rank using QIIME (Caporaso et al. 2010)
and a reference dataset from the SILVA database (Quast
et al. 2013). Similarities between samples (beta-diversity)
were calculated by Jaccard index using a Dendro-UPGMA
program available at http://genomes.urv.es/UPGMA/.

For growth and isolation of the methylotrophic bacteria
detected with metagenomic analysis, two selective media
were prepared, HYP (Kanamaru et al. 1982) and NMS (https
:/lwww.dsmz.de/catalogues/catalogue-microorganisms.
html), while TSB medium (tryptic soy broth) was used for
the propagation of the bacterial isolates.

Five enrichment cycles were carried out on the two selec-
tive culture media HYP and NMS, by adding methanol
(1% vIv), as the sole source of carbon, to the single tubes
in two parallel enrichment lines. Once the five enrichment
cycles have been completed, the bacteria were inoculated on
HYP and NMS media solidified with agar. The 25 colonies
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isolated by repeated streaks on the selective media were then
checked for growth with and without methanol to exclude
the presence of autotrophs

As the enzyme methane monoxygenase, possessed by
some methylotrophic bacteria, is known to be able to cata-
lyse a fortuitous reaction of dehalogenation on organic halo-
genate compounds, a dechlorination assay was performed for
detecting the chlorine ions released from a halogenated test
molecule by the selected bacteria (Song et al. 2004; Berg-
mann and Sanik 1957).

3.4 Folsomia candida tests

Water collected in nine water wells was tested (P3, P5, P6,
P14, P15, P16, P17, P18, P19 in Fig. 2a). Water samples for
Folsomia candida tests were collected in 1000 ml bottles
and transported in a refrigerated box to the laboratory. The
springtails F. candida used in the test were sourced from
laboratory cultures at the Parma University, previously syn-
chronized removing the eggs from the culture, and, after the
start of hatching, putting in Petri dishes with the breeding
substrate. After 10 days, the juveniles were ready for the
test to be performed. The experiment considered the spring-
tails’ survival. Five replicates for each water sample were
prepared adding water to reach 60% of WHC in Petri dishes
containing filter papers. Ten specimens from synchronized
breeding cultures were transferred into each. 2 mg of pul-
verized cereal mix was given as food. The Petri dishes were
incubated for 14 days in a temperature conditioned room at
20+ 2 °C. Once a week, the dishes were aerated, the cor-
responding water was added to reach 60% of WHC, and
organisms were fed with 2 mg of cereal mix. At the end of
the test, adults were counted under a stereomicroscope after
floatation.

Folsomia candida tests were carried out to evaluate the
potential groundwater contamination, because this Collem-
bola is an effective bioindicator often used in ecotoxicologi-
cal studies.

3.5 Plant diversity analysis

Plant diversity was explored at the heads and the first sectors
of fed channels (about 50-100 m in length) of five fontanili
flowing out at the study area, in October 2016 by a whole
flora meandering searches exploring the entire habitat under
investigation. At each site, the presence of all the visible
macrophytes was assessed using an aquascope (i.e. a bucket
with a transparent bottom). In addition, several vascular
specimens were collected for laboratory identification.

The plant diversity analysis was carried out to character-
ize the GDEs (fontanili) from the biological point of view.
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3.6 Numerical flow model

Numerical groundwater modelling is widely used for envi-
ronmental applications for: (i) investigation of the aqui-
fer properties (e.g. Fienen et al. 2009; Zanini et al. 2017;
D’Oria et al. 2018), (ii) prediction of the pollution spread
and strength at a site (e.g. Gzyl et al. 2014; Chen et al. 2016),
(ii1) identification of pollution sources (e.g. Neupauer and
Lin 2006; Cupola et al. 2015; Zanini and Woodbury 2016),
(iv) design and test of reclamation actions (e.g. Xu et al.
2012) and (v) evaluation of well-capture areas (e.g. Paradis
et al. 2007; Chelli et al. 2018; Feo et al. 2018) for develop-
ing hydraulic barriers. With the aim of reconstructing the
groundwater flow net and the possible effects of groundwater
contamination within the rural area, a numerical flow model
was implemented at FUA scale. All the computations were
performed by MODFLOW 2005 (Harbaugh 2005; Harbaugh
et al. 2017). The boundaries of the model are: Po River at
north (hydrogeologically downstream), Enza River at east,
Taro River at West and the Apennine piedmont south of the
Parma town. Concerning the relationships between rivers
and shallow groundwater, only the Po River plays an impor-
tant role as boundary conditions, because it is the only river
interacting directly with the shallow aquifer at FUA scale.

The grid frame covers an area of 25 x40 km?. The FUA is
represented through a finite difference grid of 200 x 200 m?
with 200 rows and 125 columns (25,000 cells per layer).
Considering the boundary conditions, only 15,467 cells per
layer are active. The active area is about 627 km?.

The FUA area was represented with two layers: the first
one represents the shallow clayey material and the second
one the investigated aquifer.

4 Results
4.1 Geological and hydrogeological setting

The reconstruction of the lithostratigraphic sequence takes
advantage of the results of stratigraphic and facies analy-
sis, using the information from the 14 boreholes drilled
within this work. The lithostratigraphic sections allowed
the reconstruction of a reliable conceptual model. Beneath
the ground surface, the stratigraphic sequence begins with
deposits made by silt and clay, whose thickness progres-
sively increases from 1 to 19 m moving northward. Below
this horizon, the confined “shallow aquifer” (mainly made
of gravels and sands with discontinuous clay lenses) whose
thickness is some tens of meters, at least can be found. It is
continuous throughout the whole investigated stratigraphic
sequence, while it is not detected in the southern end of
the FUA where the shallow aquifer is unconfined (Di Dio
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2005). Beneath the “shallow aquifer”, a continuous bed of
fine-grain-sized deposits has been found.

This lithostratigraphic model was further supported by
the results of the geophysical investigations. A resistivity
profile was extracted from the 3D resistivity volume along
the section with higher sensitivity and data were interpret-
able down to a depth of about 30 m below the surface. The
resistivity distribution in depth well shows the presence of
a continuous aquifer (300 Qm, up to 15 m thick at the Uni-
versity Campus), confined between two silty-clay continuous
horizons. The upper horizon (50 Qm) is up to 3 m thick,
according to the boreholes stratigraphies, while the lowest
one (30 Qm) is at least 10 m thick.

The hydraulic parameters (transmissivity and stora-
tivity) of the shallow aquifer, estimated by means of the
pumping test that was carried out at the university campus
well field, were 3 X 10~* m%s and 1.9 x 1074, respectively.
These values are in agreement with the hydraulic conductiv-
ity values (1.0-2.0 x 107> m/s) calculated through the slug
tests performed in the other purpose-drilled boreholes. The
hydraulic conductivity (in the order of 107//10~° m/s) of the
finer-grained deposits (aquitards) was calculated by means
of Lefranc tests.

On the whole, the shallow groundwater flows from south
to north. The groundwater head is not strictly characterized
by rapid fluctuations during rainfall events (Fig. 3). This
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observation is in agreement with the existence of a con-
tinuous confining horizon throughout the study area, which
does not allow local recharge due to effective infiltration of
rainwater and leakage from surface channels. Therefore, the
shallow groundwater is recharged upgradient of the urban-
ized area, where (i) the shallow aquifer crops out, (ii) the
rivers are hydraulically linked to the shallow groundwater
and (iii) the nearby relieves (Apennines) laterally feed the
alluvial aquifer.

The Local Meteoric Water Line (LMWL) was defined
using data from 2008 to 2015. The resulting major axis
regression line is the following (Fig. 4):

8°H = 7.67(x0.07) 580 + 7.56 (+0.43)permil.

This equation is far from the meteoric water line found by
Longinelli and Selmo (2003) for the Northern Italy precipita-
tion (5°H="7.71 6'80 +9.40). This is not surprising because
the thermal features of the perturbations are largely variable
in Northern Italy. The annual weighted 8'%0 mean values of
precipitation change largely (from — 10.0 to — 7.6%o, from
2008 to 2015): the average value is — 8.86 & 0.74 (standard
deviation). On the other hand, the Parma, Enza, and Baganza
rivers for the period February 2004—August 2006 gave an
average value of — 8.79 %o (Iacumin et al. 2009), whereas
wells of the Parma area gave an average value of — 8.51%o;
moreover, recent data on wells in the Parma area give, on
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Fig.3 Groundwater level fluctuations in P8d (dotted line) and daily rainfall in Parma meteorological station (bars)
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average, — 8.41%o. Practically, all these values are the same,
indicating that rivers and groundwater from the Apennines
feed the shallow aquifers within the Parma plain. This data
also confirm the finding of the shifted answer of the piezo-
metric fluctuation compared with the local precipitation.

4.2 Groundwater contamination

Nitrate concentrations in groundwater varied over space
and time, during the observation period. Concentration was
lower in summer and autumn, and rapidly increased in win-
ter. For example, in well P5 the NO; concentrations changed
from less than 10 mg/L (in July and September 2017; see
example in Fig. 5) to 48 mg/L (in December 2017 and Feb-
ruary 2018; see example in Fig. 5). Moreover, the concentra-
tions seem to increase northwards, along the groundwater
flow lines. For example, in December 2018, concentration
in groundwater increased from less than 20 mg/L to up to
30 mg/L from south to north. The exception was the well
PS5 (located in the city centre) where the highest nitrate con-
centration was detected (Fig. 5). On the whole, this pre-
liminary investigation suggests the existence of two main
nitrate sources. The first source is located in the southern
part of the studied FUA and coincides with the agricultural
lands in the upper plain, where the shallow aquifer is uncon-
fined. According to observations made worldwide, agricul-
tural lands suffer excess nitrogen application that is not
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assimilated by crops and, thus, pollutes surface and ground-
water (e.g. Hu et al. 2010; Bartoli et al. 2012). In irrigated
areas, nitrate is involved in fast transfer towards water bodies
(Hu et al. 2010; Sutton et al. 2011; Savci 2012). During the
summer period, water of irrigation flows into the surface
channels with relatively high nitrate concentration (see for
example the sampling campaign made in July 2017; Fig. 5)
and migrates easily trough permeable soils, thus creating a
major risk of groundwater contamination. Taking also into
consideration the transfer time of nitrates in the saturated
zone, the easy migration is in agreement with the seasonal
variations of nitrate concentrations at the study site. At the
same time, the coexistence of high nitrate concentration in
surface channels close to the university campus (more than
50 mg/L in S3 in Fig. 5) and the very low concentrations in
the local groundwater (less than 10 mg/L in all the piezome-
ters drilled at the Campus area) further supports the absence
of hydraulic interaction between surface- and groundwater
within the studied portion of the urban plain. The results are
in agreement with the finding of groundwater response to
precipitation and the isotopic analyses. The second source of
nitrates is seepage from the sewer systems in the urban area,
according to the highest value detected in piezometer P5.
Chlorinated solvents in concentration higher (PCE up to
15 pg/L) than the legal limits (PCE up to 1.1 pg/L) occurred
in groundwater in some observation piezometers. The high-
est concentrations were detected in a known contaminated
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site of the city centre (e.g. P5 in Fig. 5), as well as down-
gradient starting from this site (e.g. P3 in Fig. 5). In single
observation wells, the PCE concentration varied over time,
therefore suggesting possible PCE pools located in the tran-
sition zone between the lowest and the highest hydraulic
head measured during the observation period. The spatial
distribution of PCE suggests the existence of multiple pools,
because the highest concentrations cannot be explained as
part of a unique plume. At the same time, the rapid decrease
of concentration downgradient starting from the most pol-
luted site suggests effective dilution due to dispersion and/or
attenuation due to microbial degradation. The latest hypoth-
esis was further investigated through metagenomic analyses
(see hereafter).

4.3 Microbial communities

The results obtained with the molecular analyses (commu-
nity profiling by NGS sequencing) highlighted that the bac-
terial community present in the groundwater collected in
the various piezometers along the groundwater pathway is
mainly composed of aerobic bacteria.

Analysis of the samples from the most contaminated pie-
zometers unveiled a community containing a higher percent-
age of methophiles belonging to different genera (Methylo-
bacter, Methylocella, Methylococcus, Crenothrix), all known
for being endowed with methane monooxygenase. The pres-
ence of these bacterial genera suggested that the most prob-
able pathway of biodegradation of the chlorinated solvents
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(e.g. PCE) could be an oxidative (co-metabolic) dehalogena-
tion by means of methane monooxygenase. These bacte-
rial genera were present only in the water from piezometers
closer to the focus of PCE contamination (P3, P5 and P6).
Bacteria obtained by enrichment, selection and isolation
procedures were able to grow with methanol as the sole car-
bon source. In addition, through the test of the dehalogenase
activity, it was shown that some of these isolated bacterial
strains have indeed the capacity to dehalogenate chlorinated
organic compounds. The isolated strains have been identified
as Proteobacteria of the Methylophilaceae family. Moreo-
ver, the samples from wells P5 and P6 contained a number of
sequences belonging to the Rhodoferax genus known to be
a vinyl chloride (VC) utilizing bacterium (Paes et al. 2015)
This may indicate a possible reductive pathway in anaerobic
niches of the plume leading to incomplete degradation and
transport of the contaminant in the aerobic zone where Rho-
doferax can use it. VC was never found among contaminants.

4.4 Folsomia candida tests

The results obtained in this study highlight some differences
in F. candida survival between water samples. The percent-
age of surviving specimens comprised between 47% and
83% after 14 days of the test (Fig. 6). P6 and P15 showed the
highest percentage of survival with a springtail mortality of
17 and 23%, respectively, followed by P18, showing a mor-
tality of 30%. P3 reported the smallest number of survivors,
47%. P6 and P18 showed the highest variability of results
(Fig. 6). However, despite the brief period of the test, P3,
P14, P15, P18 and P19 showed eggs and juvenile spring-
tails in the test containers. This suggests that also for water
samples where the mortality was higher, the reproduction
was not completely inhibited. In a study aimed to evaluate
biochar toxicity on F. candida, Conti et al. (2018) reported
that the reproduction proved to be a more sensitive end point
in comparison to survival.

100 - w

Survival (%)

P3 P14 P15 P16 P17 P18 P18 PS5 P6

Fig.6 Survival (in %) of F. candida during the test. The error bars
correspond to the standard error
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On the whole, the results of these tests cannot be com-
pletely explained considering only PCE and nitrate contami-
nation, therefore suggesting the possibility of the existence
of other types of contaminants not analysed in this study.

4.5 Plant diversity

A total of 38 vascular plants were recorded, with an over-
all mean number of 21.446.7 taxa per site (Table 1). Two
additional macroalgal taxa were also recorded: Chara vul-
garis Linnaeus 1753 and Nitella mucronata (A. Braun)
F. Miquel 1840 for a total of 40 species were recognized.
The most widespread plant taxa, recorded in all the habi-
tats investigated, were amphibian species typical of eco-
tonal belts (i.e. marginal ecotones): Lycopus europaeus L.
subsp. europaeus, Lythrum salicaria L., Mentha aquatica L.,
Ranunculus repens L., and Symphytum officinale L. subsp.
officinale. On the contrary, these aquatic species were rather
less represented, with exclusively three species present in at
least three (Sparganium erectum L. subsp. erectum) or two
sites (Alisma plantago-aquatica L. and Callitriche stagnalis
Scop.), respectively. However, despite the extremely reduced
area occupied by fontanili (in the order of 300 m?), a total of
13 hydrophytes were recorded (including the two macroal-
gae). This is a relevant output compared to data available for
the main large lakes of North Italy (up to 370 km? for the
Garda Lake) that indicate a hydrophyte diversity in the range
of 11-26 species (Bolpagni et al. 2013a, 2017).

These data reinforce previous evidences highlighting the
pivotal role of GDEs in supporting biodiversity at the local
scale, especially in lowlands affected by huge human-driven
alterations (Kuglerova et al. 2014; Bolpagni and Laini 2016;
Bolpagni et al. 2016). The present results are also in strong
agreement with those obtained by Bolpagni et al. (2013b)
and Bolpagni and Piotti (2015, 2016) for a series of aquatic
habitats placed along the Oglio River, a left tributary of the
Po River located about thirty linear kilometres far from the
area under analysis. More in detail, the semi-natural lotic
habitats in analysis exhibit a relatively high plant diversity
in line with that of lentic habitats (6.5 +4.2 taxa per site,
respectively). This is probably due to the high water level
stability of fontanili, thanks to their stable underground feed-
ing throughout the year. In fact, this type of water feeding
guarantees minimum fluctuations in the hydrometric levels
of fontanili, as verified by Bolpagni et al. (2013b) for the
marginal habitats of the Oglio River. Generally, fontanili
act actively as refugee for a very rich aquatic and amphib-
ian flora suggesting a key role in local to global strategies
for plant conservation (Bolpagni et al. 2018). However, as
widely discussed in the present paper, groundwater is largely
impacted by multiple stressors that can heavily affect its
quality, and cascading the quality of the biocoenoses it sus-
tains. Accordingly, further investigations are needed to better
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Table 1 List of the plant LF Species FI F2 F3 F4 F5
species recognized in the five
investigated fontanili Irad Alisma plantago-aquatica L. X X
G rhiz Berula erecta (Huds.) Coville X X X X
Irad Callitriche stagnalis Scop. X X
H scap Cardamine amara L. subsp. amara X X X
He Carex acutiformis Ehrh. X X
He Carex riparia Curtis X X X X
G rhiz Eleocharis palustris (L.) Roem. & Schult. X X
Irad Elodea canadensis Michx. X
G rhiz Equisetum ramosissimum Desf. X X X X
H scap Galium palustre L. subsp. elongatum (C. Presl) Lange X X X X
Irad Glyceria maxima (Hartm.) Holmb. X
Irad Groenlandia densa (L.) Fourr. X
G rhiz Iris pseudacorus L. X X X
G rhiz Juncus articulatus L. X X
G rhiz Juncus subnodulosus Schrank X X
H scap Lycopus europaeus L. subsp. europaeus X X X X X
He Lythrum salicaria L. X X X X X
H scap Lysimachia nummularia L. X X X X
H scap Lysimachia vulgaris L. X X X X
H scap Mentha aquatica L. X X X X X
H scap Myosotis scorpioides L. X X X X
Irad Myriophyllum spicatum L. X
H scap Nasturtium officinale R. Br. X X
He Phragmites australis (Cav.) Trin. ex Steud. s.1. X X X X
Irad Potamogeton acutifolius Link X
Irad Potamogeton crispus L. X
Irad Potamogeton friesii Rupr. X
H rept Ranunculus repens L. X X X X X
H scap Rorippa amphibia (L.) Besser X X
H scap Scrophularia auriculata L. X X X
NP Solanum dulcamara L. X X X
H scap Stachys palustris L. X X X X
Irad Stuckenia pectinata (L.) Borner X
Irad Sparganium erectum L. subsp. erectum X X X
H scap Symphytum officinale L. subsp. officinale X X X X
G rhiz Typha latifolia L. X
H rept Veronica beccabunga L. X
H scap Veronica anagallis-aquatica L. X X X

For each taxon, we reported the presence/absence datum, and the life form (LF) as follows: G rhiz rhizoma-
tous geophyte, H rept reptant hemicryptophyte, H scap scapose hemicryptophyte, He helophyte, Hy hydro-

phyte, NP nano-phanerophyte

clarify the interplay between groundwater resurgence and
biotic diversity across multiple spatial and temporal scales,
especially in lowland human-driven plains.

4.6 Numerical flow model
Since the shallow groundwater flows in confined conditions

within the most part of the modelled area, the recharge of
the aquifer was represented through a boundary condition at

south as the general head boundary. The shallow aquifer at
the study area is essentially recharged by rainwater infiltrat-
ing within the southern part of the plain, as well as by nearby
aquifers belonging to the Apennine Chain, in agreement with
findings in other sites (e.g. Aquino et al. 2015; Petrella and
Celico 2009) and in agreement with the results of isotopic
investigations.

Once the model was completed, it was calibrated at
first in steady state using the hydraulic heads monitored
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by the Emilia Romagna Environmental Protection Agency
(ARPAe; data available at https://www.arpae.it/elenchi_
dinamici.asp?tipo=dati_acqua&idlivello=2020).

Taking into account the small amount of informa-
tion available about the hydraulic features of the shallow
aquifer, an estimation of the hydraulic conductivity field
was obtained through the software PEST (Doherty and
Hunt 2010). In particular, the pilot points procedure was

considered. The hydraulic conductivity of the outcropping
low-permeability horizon was set to 5 x 1077 m/s.

The hydraulic conductivity of the aquifer medium (sec-
ond layer) was estimated through a calibration performed
at first in steady state to evaluate a starting solution of the
hydraulic conductivities and then in transient conditions
using the hydraulic heads measured in the ARPAe wells.
Figure 7 shows the location of the pilot points used in the
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estimation procedure. An exponential variogram with a
small variance (0.2) and a range of 5 km was assumed.

The transient model reproduces 2400 days from April
1, 2010 to October 26, 2016 through 80 stress periods of
30 days each. Stress periods are subdivided into 30 time
steps of 1 day. The upstream and downstream boundary
conditions (BC) were set up according to observations. In
particular, the downstream BC was set up according to the
Po River daily level measurement at two monitoring sta-
tions (Fig. 7). The upstream boundary condition was set
up according to piezometric contour heads. The observa-
tions at the monitoring wells showed a seasonal variability.
Considering the available data at the ARPAE wells for the
period 2010-2016, it was noticed that the average differ-
ence between maximum and minimum was about 4 m. The
mean estimated level at the upstream boundary conditions
was 128 m a.s.l.. For this reason, the upstream boundary
condition was set up as a sinusoidal wave with a period of
360 days and a variation of +2 m with respect to the aver-
age level.

The widely accepted measure of model calibration
(Anderson and Woessner 1992) is the normalized root mean
square error (nRMSE). If nRMSE is below 10% (ASTM
2006), the model calibration is acceptable.

The following statistics are considered to evaluate the
calibration results:
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Figure 9 shows, as example, the computed and observed
hydraulic head levels at the monitoring point PR-F07-00. It
is possible to see the good agreement between the computed
and observed values and the dependence on the boundary
conditions.

5 Parma FUA in a hydro-geo-ecological
perspective

The Parma FUA hydro-geo-ecology (sensu Hanckock
et al. 2009) was investigated through an interdisciplinary
approach, with emphasis on the shallow aquifer system. This
approach was carried out because there is an increasing rec-
ognition that groundwater is essential not only for human
uses (domestic and agricultural, at the study site), but also
for many ecological communities. As a matter of fact, when
the groundwater flows out or comes close to the ground sur-
face, the contribution of water and nutrients influences both
the type and the persistence of aquatic ecosystems. At the
same time, groundwater contaminants can have a negative
impact on human health, as well as on aquatic communities.

The study pointed out that domestic wells and fontanili
are both fed by shallow groundwater at least affected by
PCE and nitrate contamination, upgradient of the rural area
located north of Parma city. Moreover, Folsomia candida
tests suggested the possibility that other types of contam-
inants (not analysed in this study) can affect the shallow
groundwater.

Nowadays, PCE concentrations in the city centre are
slightly higher than the legal limit. Moreover, PCE aerobic
biodegradation can be due to the local microbial community
and then an effective natural attenuation can be expected
along the groundwater flow pathway. These results suggest
a very low risk for human health, linked to the ground-
water consumption in the rural area north of Parma City.
Conversely, no forecasts can be made at present about the
possible impact of low PCE concentrations on the aquatic

| 3 2
5 i; (Hci — Hoi)

Normalized root mean square error (nRMSE) :

H,MAX — HMIN

where N ¢ is the number of observations, Hc; is the com-
puted hydraulic head level at the monitoring point i, Ho; is
the observed hydraulic head level, and HMAX and HMIN
are the maximum and minimum observed hydraulic head.

Figure 8 shows the good agreement between the com-
puted and observed hydraulic heads. Considering the sta-
tistics and in particular the nRMSE value, the capability of
the numerical model of reproducing the observed values is
clear. In this case, 111 observations were used.

ecosystem observed at the fontanili, because no information
exists about the effects of a prolonged interaction between
low-level chlorinated solvents and local biological species.
Concerning nitrate contamination, the higher concentrations
detected in some wells and fontanili suggest a high risk for
both human health and aquatic ecosystems.

Taking into consideration the main findings of this
work and the existence of other contamination sources
not involved in this preliminary investigation (e.g. a
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Fig.8 Computed vs observed
hydraulic head levels at
PR-F07-00

Fig.9 Observed and modelled
hydraulic head levels vs time at
PR-F07-00
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decommissioned municipal landfill), a long-term hydro-
geo-ecological study has been planned. This study will also
check possible progressive changes in groundwater tempera-
ture due to the increasing number of shallow geothermal
boreholes within the FUA. Actually, these boreholes could
alter the thermal equilibrium and, thus, make the environ-
ment incompatible with the existing biotic species at the
fontanili. In fact, it is known that the persistence of some
organisms in specific aquatic environments is more driven
by water temperature than, for example, the hydrochemical
features (e.g. Bolpagni and Laini 2016).

In a wider context, thanks to the interdisciplinary
approach that combines successfully well-established inves-
tigation methods, the present study allows a better knowl-
edge of the hydro-geo-ecological behaviour of GDEs. At the
same time, through purpose-designed experimental investi-
gations and simulation models, this approach could be used
as a sort of guideline useful in studying such complex envi-
ronmental systems.
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Abstract: The studies upstream of the petroleum industry include oil and gas geological exploration
and are usually focused on geological, structural, geophysical, and modeling techniques. In this
research, the application of a coupled microbiological-isotopic approach was explored to assess its
potential as an adequate characterization and monitoring tool of geofluids in oilfield areas, in order
to expand and refine the information acquired through more consolidated practices. The test site
was selected within the Val d’Agri oilfield, where some natural hydrocarbon springs have been
documented since the 19th century in the Tramutola area. Close to these springs, several tens of
exploration and production wells were drilled in the first half of the 20th century. The results
demonstrated the effectiveness of the proposed approach for the analysis of fluid dynamics in
complex systems, such as oilfield areas, and highlighted the capacity of microbial communities
to “behave” as “bio-thermometers”, that is, as indicators of the different temperatures in various
subsurface compartments.

Keywords: hydrocarbon reservoir; groundwater; microbiological investigations; prokaryotes; isotopic
investigations; 5°H and 8'®0; southern Italy

1. Introduction

Petroleum reservoirs are discovered in a wide range of geologic settings across the continents [1]
and their monitoring is one of the key factors in the management of oil and gas resources [2]. Successful
management requires an understanding of the structure of the reservoir, the distribution of fluids
within the reservoir, drilling and maintaining wells which can produce fluids from the reservoir,
transport and processing of produced fluids, refining and marketing the fluids, safely abandoning
the reservoir when it can no longer produce, and mitigating the environmental impact of operations
throughout the life cycle of the reservoir [3].

The studies on mineral oil and gas reservoirs are usually focused on geological, structural,
and geophysical features, e.g., [4-8]. In this research, we explore, for the first time, the potential
application of a coupled microbiological-isotopic approach as a useful tool for the characterization
and monitoring of geofluids in oilfield areas, in order to expand and refine the information acquired
through more consolidated practices.

The isotopes, and in particular the analysis of the stable isotopes 80 and ?H, allow identifying
the origins of groundwater, and their use has long been consolidated in hydrogeological studies,
e.g., [9-11].

Water 2020, 12, 1483; d0i:10.3390/w12051483 www.mdpi.com/journal/water


http://www.mdpi.com/journal/water
http://www.mdpi.com
https://orcid.org/0000-0002-2122-3153
https://orcid.org/0000-0002-9596-3058
https://orcid.org/0000-0003-4666-5924
http://dx.doi.org/10.3390/w12051483
http://www.mdpi.com/journal/water
https://www.mdpi.com/2073-4441/12/5/1483?type=check_update&version=2

Water 2020, 12, 1483 20f17

On the other hand, prokaryotes (domains Bacteria and Archaea) have developed a high adaptive
capacity in the most different habitats on the planet, and they can colonize even the harshest
environments. They dominate global biogeochemical cycles, thus regulating ecosystem functions.
Bacteria and archaea are ubiquitous in nature and have often been used to monitor water quality,
e.g.,[12,13], to increase knowledge of the hydrogeological characteristics of aquifer systems, e.g., [14,15],
and to evaluate the potential of bioremediation of contaminated sites, e.g., [16-19]. Besides, over the
last decades, broad phylogenetic and functional diverse microbial communities of several subsurface
oil reservoirs have been described using the newly available molecular techniques, e.g., [20].

It is well known that only a small fraction of naturally occurring microorganisms can be cultivated
in laboratory growth conditions. This has hindered, in the past, the full characterization of ecosystems
and precluded the understanding of how they work and are regulated. Metagenomics and other “omics”
are among the fastest advancing scientific tools at the basis of the recent and unprecedented access
to genetic and functional information of entire microbial communities, contributing to knowledge
about mechanisms and processes of essential ecosystem services, and to the emergence of innovative
applications in many different areas. For instance, the next-generation sequencing (NGS) of 165 rRNA
gene is now one of the most widely used applications for the taxonomic and phylogenetic evaluation
of microbial community composition, e.g., [21-23], and it has opened the door to a deeper insight of
complex environments.

2. Materials and Methods

2.1. 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 were 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, e.g., [24-26].

\ Agri Valley oilfield
—

Main out-of-sequence thrusts

Continental and volcanic deposits - Apenninic carbonate platform units
(Middle Pleistocene-Holocene) — .
and related siliciclastic foredeep

(Middle Pliocene-Lower Pleistocene) deposits

i:] Marine to continental deposits

Thrust-sheet-top deposits [] Lagonegro-Molise-Sannio basinal units

\\ Buried Apenninic thrust front (Upper Tortonian-Upper Pliocene)

and related siliciclastic foredeep
. . Internal Apenninic nappes and related )
/ Geological section | i thrust-sheet-top-deposits 0 Apulian carbonate platform units

Figure 1. (a) Localization of the study area. (b) Schematic structural-geological map of the southern
Apennines from Patacca et al., 1992, modified [27].



Water 2020, 12, 1483 30f17

The main Val d’Agri oilfield is hosted in a reservoir made of fractured, low-porosity carbonates
belonging to the buried inner Apenninic Platform belt, e.g., [28-30]. Light to medium crude oil and
gas are stored in limestone and dolomite (Miocene to Cretaceous age) [31]. The carbonate reservoir lies
below the Pliocene siliciclastic foredeep deposits and a thick mélange layer (Figure 2). Hydrocarbons
have been extracted since the mid-1900s through several wells at a depth ranging from 1.8 to 3.5 km
below sea level.

The Apenninic Platform is about 7000 m thick and characterized by a bottom part made up of
evaporites, sandstones, and conglomerates (Triassic age) lying above a crystalline basement. Well data
were used to establish the progressive movement of the front of the chain towards the NE during the
Pliocene—early Pleistocene.
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Figure 2. Geological section W-E crossing the Agri Valley from Menardi, Noguera, and Rea 2000,
modified [30].
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The study area is in Tramutola village. It includes natural hydrocarbon springs whose presence
was already known thanks to oral testimonies and several papers published at the end of the 19th
century and early 20th century [32]. The hydrocarbon seepages pour in the stream Rio Cavolo, forming
oil stains (Figure 3).

From the late nineteenth century onward, research activities led to the discovery of the small
and superficial Tramutola oil field exploited by Agip Mineraria in the 1930s and 1940s through
45 exploration and production wells.

These wells intercepted oil and/or gas from a few to several hundreds of meters below the ground
(b.g.), e.g., [33]. From one of these wells (Py, artesian well) and the hydrocarbon springs, hydrogen
sulfide (H,S) emissions occur and are immediately recognizable because of the typical smell of “rotten
egg” (unpublished data).

The springs S1 and S2, as well as Pay, are located along a W-E fault where the Apulian carbonate
platform and Rio Cavolo Unit (Oligocene) [34] crop out (Figure 4). The Pay stratigraphy can be
schematized as follows (from the top to the bottom): Rio Cavolo Unit from 0 to 44 m b.g., Apenninic
Platform carbonates from 44 to 136 m b.g., tectonic mélange from 136 to 165 m b.g., Flysch Galestrino
Formation from 165 to 352 m b.g., and Scisti Silicei Formation from 352 to 404 m b.g. Oil and gas
were detected at a different depth within the Rio Cavolo Unit, Flysch Galestrino, and Scisti Silicei
Formations [33].
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Figure 4. Geological map of the study area; the blue points and the triangle show the location of the
investigated springs S1, 52, and S3 and the artesian well P, (the geological sketch is taken from Olita
2018, modified [33]).

The Rio Cavolo Unit is made up of clays, micaceous limestone, and rare marly layers. The tectonic
mélange is between (overthrust) the Apennine Platform and the Lagonegrese Units [35]. The Flysch
Galestrino Formation (Lower Cretaceous) is made up of clays, marls, and limestone, while the Scisti
Silicei Formation (Upper Triassic-Jurassic) is composed of clays, marls, and chert [36,37].

From the hydrogeological point of view, the study site belongs to an area where different
hydrogeological series complexes crop out. In more detail, the carbonate rocks belong to the so-called
Mesozoic carbonate platform series complexes, whose permeability is very high, due to a well-developed
fracture network and the presence of karst conduits [38]. The less permeable sedimentary successions
belong to the syn-orogenic turbidite series complexes and both the outer and the inner basins series
complexes. The rock masses belonging to these complexes are characterized by a permeability ranging
from very low to low, due to a mixed pore-fracture network. However, their hydraulic conductivity
can be locally enhanced due to well-developed damage zones associated to fault zones [38]. Along the
Cavolo stream and the whole Agri Valley, alluvial sediments crop out. Due to the coexistence of fine
and coarse sediments, the hydraulic conductivity of the alluvial complex range between less than
1x 1078 and 2 x 1072 m/s [39].

No detailed studies have been published concerning the hydrogeological behavior of carbonate and
siliciclastic media at the study area. However, the same hydrogeological units were deeply investigated
and characterized in the wider context of the continental Italian southern Apennines (for siliciclastic
low-permeability media, see, for example, Petrella and Celico, 2009 [40]; for high-permeability carbonate
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aquifers, see, for example, Petrella and Celico, 2013 [41], De Vita et al. 2012 [42], Allocca et al. 2015 [43],
and Fiorillo et al. 2018 and 2019 [44,45]).

As per groundwater geochemistry in the study area, interesting results were obtained by
Paternoster et al. 2005 [46]. The springs fed by carbonate aquifers have a Ca-HCO3; composition,
while groundwaters flowing within the siliciclastic sediments have a high amount of As and Cu.
However, the concentrations of As and first-row transition elements were usually below the maximum
permissible level for drinking water defined by Italian law. The authors link the availability of As, Pb,
Cu, Zn, and Fe to the occurrence of iron oxi-hydroxides. Moreover, nitrate concentration seems to be
influenced by the use of fertilizers.

2.2. Hydrogeological Investigations

The discharges of the hydrocarbon springs S1 and S2 were measured in low flow (July 2018), in
early recharge (October 2018) and in late recharge (March 2019). The flow rate of the P,y artesian
well was not measurable, but based on some historical data, its order of magnitude is about 30 m3/h
(unpublished data).

2.3. Water Sampling and Analyses

Three sampling campaigns have been carried out in July 2018, October 2018, and March 2019.

Rainwater samples for isotopic analyses were collected monthly in two local rain samplers located
at 1047 and 1290 m above sea level (a.s.l.).

The rainfall was collected using ten-liter polyethylene bottles containing about 300 mL of vaseline
oil to prevent evaporation processes. Oil contamination was carefully avoided by syringing the water
samples out of the bottle.

Groundwater samples for stable isotope (6180, §2H), tritium, and microbiological (Next-Generation
Sequencing of 165 rRNA gene) analyses were collected during the discharge measurements at springs
S1 and S2, and at the P, well (screened at the well bottom).

The non-hydrocarbon spring S3, fed by the local carbonate aquifer and located at the contact
between the high-permeability carbonate rocks and low-permeability siliciclastic successions,
was analyzed for its isotopic content and used as a sort of endmember to compare hydrocarbon
spring water with groundwater exclusively flowing within a relatively shallow aquifer system.

The localization of the rain samplers, springs, and the artesian well is reported in Table 1.

In addition, a water sample was also collected from the deep reservoir and analyzed to compare its
isotopic signature and microbial community with those retrieved in the spring and P,;; groundwaters.

Electrical conductivity, temperature, and pH measurements were performed in situ with portable
equipment (Hanna Instruments 9829).

All samples were stored in a refrigerated box and transported to the laboratory.

Stable isotope analyses (5'80, 52H) were carried out at the Isotope Geochemistry Laboratory of the
University of Parma (Italy), using a Delta Plus mass spectrometer (Thermo Fisher Scientific, Waltham,
Massachusetts, USA) coupled to an automatic HDO device preparation system. The technique consists
of bringing the liquid sample into an isotopic equilibrium, at a controlled temperature of 18 °C, with a
pure gas (CO; in the case of oxygen and H, in the case of hydrogen). The isotopic equilibrium, in the
case of hydrogen, would be reached very slowly, and platinum catalysts are used to accelerate the
reaction. For the oxygen isotope determination, 5 cm® of water was equilibrated with pure CO;,
while for hydrogen isotopes, 5 cm® of water was equilibrated with pure H, (platinum wire was used
as a catalyzer of gas-liquid water equilibration). Equilibration times were 3 h for hydrogen and 8 h for
oxygen. The isotope ratio is expressed as

A/B A/BRi A/BRi 3
8 /R = 1= [( - 1) 10 ]%o )
' A/BRySMOW-SLAP A/BRYSMOW-SLAP
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where “A” is 18 or 2, “B” is 16 or 1, “R” is the ratio of the isotopic abundances, “i” is the sample of
interest, and %o = 1073. Analyses of 3H were carried out at the Isotope Geochemistry Laboratory
of Trieste University, Italy. To decrease measurement errors, the samples followed the procedure of
the preventive electrolytic enrichment of tritium, where 250 g of the water sample was expected to
be reduced, by electrolysis, to 20 g. The analyses for the determination of the tritium activity were
carried out according to the procedures provided by Water and Environment News No. 3 (1998) [47].
The analytical prediction uncertainty was =+ 0.1%o for §'80, + 1%. for §°H, and + 0.5 TU for °H.

Table 1. The coordinates expressed in Latitude N, Longitude E, and the altitude of the two rain samplers
(RWS1 and RWS2), springs, and the artesian well.

Name LatitudeN  Longitude E Altitude (m a.s.l.)

RWS1 40.3247 15.9897 1047
RWS2 40.3411 16.0003 1290
S1 40.3225 15.7597 636
52 40.3228 15.7586 643
S3 40.3175 15.7594 643
Part 40.3225 15.7592 643

2.4. Chemical Analyses

During the third sampling campaign in March 2019, water samples were collected from the
hydrocarbon springs and the well, P, to analyze Benzene, Toluene, Ethylbenzene, Xylene (BTEX)
and Polycyclic aromatic hydrocarbons (PAHs) contents. Forty milliliter colorless glass vials were used
for the BTEX analysis, while 1 L black glass bottles were used for PAH analysis. The analyses were
performed at Biochemie Lab S.r.l. following the EPA 5030C 2003 + EPA 8015D 2003 protocol for BTEX
and the EPA3510C 1996 + EPA 8270E 2018 protocol for PAH [48-51].

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

For bacterial community analyses, water samples (4 L) 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 from the collection. Bacterial DNA extraction from filters was
performed using the commercial kit FastDNA SPIN Kit for soil and FastPrep®Instrument. After
the extraction, DNA integrity and quantity were evaluated by electrophoresis in 0.8% agarose gel
containing 1 ng/mL of Gel-RedTM. The bacterial community profiles in the samples were generated by
NGS technologies at the Genprobio S.r.1. 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_Rev, targeting the V3 region of the bacterial 165 rRNA gene sequence [52]. Amplifications were
carried out using a Verity Thermocycler (Applied Biosystems) and PCR products were purified by the
magnetic purification step involving the Agencourt AMPure XP DNA purification beads (Beckman
Coulter Genomics GmbH, Bernried, Germany) in order to remove primer dimers. Amplicon checks
were carried out as previously described [52]. Sequencing was performed using an Illumina MiSeq
sequencer with MiSeq Reagent Kit v3 chemicals. The fastq files were processed using a custom script
based on the QIIME software suite [53]. 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 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 defined at 100% sequence homology using DADA?2 [54]; 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 [53,55] and a reference dataset from the SILVA database
v132 [56]. The biodiversity of the samples (alpha-diversity) was calculated with the Shannon index.
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3. Results

3.1. Hydrogeological Settings

The discharge of the spring S1 varied slightly over time, showing a slight decrease (1.4 to 1.3 m3/h)
from July to late October (dry period), and an increase (1.3 to 1.7 m3/h) in March (rainy period),
in agreement with the distribution of precipitation in that area. The overall synchronicity between rainy
periods and the increase in discharge at S1 clearly suggested active pathways within the feeding aquifer
system. Unfortunately, the S2 discharge was not measurable after the winter period, therefore no
speculation can be formulated concerning recharge processes.

3.2. Isotope Investigations

Monthly values for local precipitation for the period May 2016-April 2017 give the following
regression 26 on 185 (LMWL, Local Meteoric Water Line):

s = [6.48 (+£0.66) 18105 + 4.6 (£5.2)] %o )

s(yx) =456 %0, n=21  p(A=0)=0.39

where “s(yx)” is the standard error of regression and “n” is the number of couples of data, “A” is the
intercept of the regression line, and p = probability.
For precipitation in Southern Italy [57], the resulting regression line is

g = [6.97(x0.10) 18105 + 7.32 (£0.61)] %o (3)

s(yx) = 3.75 %o, n = 317 p(A =0) << 0.0001

According to Zar [58], equation (2) may be compared with equation (3) both for the slope (B) and
the elevation (E). Note that elevation indicates the different vertical position on the graph. A comparison
gives the following results: p(B(1) = B(2)) = 0.39, p(E(1) = E(2)) = 0.27. The null hypotheses Hy: B(1) = B(y)
and Ho: E(1) = E(2) cannot be rejected with high probability; thus we assume that the two regressions
are not different.

The isotopic data of spring and groundwaters collected in the Tramutola study area are located
close to the local meteoric water line (2) suggesting a meteoric origin of the analyzed waters (Figure 5).
On the contrary, the samples taken from the deep reservoir are far from the line (Figure 5); actually,
they represent fossil waters that also interacted with the carbonate formation at an elevated temperature.

The isotopic composition of spring and groundwater samples did not vary widely over time;
isotopic variations were lower than 2u, where “u” is prediction uncertainty for the 580 and §°H data.

As far as tritium is concerned, all samples showed a relatively high >H content (4.1 to 9.1 TU),
if compared with tritium content in recent rainwaters analyzed in southern Italy (e.g., 4.6 TU [59];
5.0 TU [10]; 6.2 to 10.8 [unpublished data]) and the wider Adriatic area [60]. The non-hydrocarbon
spring, S3, was characterized by the highest tritium value (8.4 to 9.1 TU), in agreement with the rapid
pathways within the carbonate aquifer. Moreover, the variation of TU values was lower than 2u,
suggesting little interaction with waters having quite different TU values. The hydrocarbon springs
S1 and S2 had similar tritium contents (5.6 to 6.9 TU and 6.8 to 7.5 TU, respectively), slightly lower
than those characterizing the S3 spring water. As for S1 water, the variation over time was slightly
higher than the 20 error of the H analyses, therefore suggesting the mixing of different endmembers,
possibly related to longer (lower tritium content) and shorter (higher tritium content) pathways. Taking
into consideration the homogeneous stable isotope content over time, both pathways are related to
well-mixed groundwater. P, waters showed a more significant variation over time (4.1 to 6.2 TU),
further confirming the existence of mixing between different endmembers: (i) one related to rainwater
infiltrating relatively far from the observation well and (ii) a second one linked to closer pathways.
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Figure 5. 5'80 versus 5°H relationship in water samples collected from rainwater samplers, at springs
(S1; S2; S3), at the artesian well (P,t), and in the deep reservoir. LMWL is the local meteoric water line
obtained by local rainwater.

3.3. Chemical Analyses

Chemical analyses were performed on springs S1, S2, and well P,t. Samples collected at the
spring 53, whose waters are used for drinking purposes, were not considered for BTEX and PAHs
determinations. The data revealed detectable PAH such as naphtalene (0.00231 pug/L) in the spring
S1, and benzo(b)fluoranthene (0.354 pg/L), benzo(k)fluoranthene (0.0341 pg/L), benzo(g,h,i)perylene
(0.199 ng/L), indene (0.101 ug/L), anthracene (0.726 pg/L), phenanthrene (0.465 pg/L), fluoranthene
(0.166 pg/L), and benzo(J)fluoranthene (0.0140 pg/L) in the spring S2. BTEX were not detected in either
spring. Neither PAH nor BTEX were detected in groundwater sampled from Payy.

3.4. Next-Generation Sequencing Results

MiSeq runs produced an average of 61,682 sequences for the samples collected at the springs
(S1 and S2) and from the artesian well, P,+. An average of 80,061 reads was obtained from the analysis of
the deep reservoir bacterial community (Table 2). The 165 rRNA gene sequences generated in this study
have been deposited in the NCBI Sequence Read Archive under the accession number PRINA629324.

The rarefaction analysis (a measure used to estimate the alpha diversity in samples and gauge
whether or not sequencing efforts captured the microbial diversity) highlighted a greater microbial
diversity in the spring S2 compared to the spring S1, the artesian well, and the deep reservoir (Figure S1).

Table 2. Number of 165 rDNA sequences obtained after NGS analysis for the three sampling campaigns
(n.a. is not available).

Sample Final Read Number
Sampling Campaigns
19 July 2018 29 October 2018 18 March 2019
S1 73,995 59,369 49,512
S2 93,820 57,630 61,065
Part n.a. 44,730 53,341

Deep reservoir 101,690 60,563 77,931




Water 2020, 12, 1483 9of17

Proteobacteria, Chloroflexi, and Bacteroidetes were the three major phyla in waters from the spring S1
in July 2018 (85.55% of sequences). In October 2018 and March 2019, Epsilonbacteraeota were found
with the highest percentages (72.25% and 52.48%, respectively) ahead of Proteobacteria (25.78% and
20.67%) and Bacteroidetes (0.86% and 23.63%).

Spring S2 bacterial communities were dominated by Proteobacteria (mean relative abundance
62.86%). Actinobacteria occurred at percentages ranging from 3.17% to 22.23%. In addition, Bacteroidetes
(5.51%), Acidobacteria (8.11%), and Patescibacteria (4.51%) were among the three most abundant phyla in
July 2018, October 2018, and March 2019, respectively.

Microbial communities in groundwater collected from the Pt well were mainly characterized by
Proteobacteria and Patescibacteria, with mean relative abundance values of 92.78% and 4.09%, respectively.

The phyla Proteobacteria, Synergistetes, and Firmicutes accounted for, on average, 94.82% of the
sequences retrieved from the deep reservoir. Overall, Proteobacteria represented the dominant phylum
in all the samples collected from July 2018 to March 2019, ranging from 42.65% to 50.88%.

The analysis of the microbial community composition at the family level (Figure 6) revealed,
in spring S1, a predominance of Helicobacteraceae (47.12%), Chlorobiaceae (7.63%), and unclassified
microorganisms of the order Chloroflexales (6.91%) in July 2018. The top three dominant families
were Sulfurovaceae (63.38%), Halothiobacillaceae (24.75%), and Thiovulaceae (8.46%) in October 2018,
and Sulfurovaceae (31.06%), Chlorobiaceae (22.56%), and Thiovulaceae (20.61%) in March 2019.

Family level microbial community composition
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Figure 6. Family level microbial community composition in samples collected from springs, the Part
well, and the deep reservoir.

The most abundant families in spring S2 were: Comamonadaceae (11.12%), KCM-B-112 (7.56%),
and Mycobacteriaceae (7.17%) in July 2018, Xanthobacteraceae (4.96%), Burkholderiaceae (3.96%),
and unclassified microorganisms of the subgroup 6 class of the Acidobacteria phylum (3.84%) in
October 2018, and Burkholderiaceae (28.28%), Rhodocyclaceae (12.59%), and Porticoccaceae (2.99%) in
March 2019.

The bacterial communities of the P, well were mainly characterized by the families
Burkholderiaceae, Rhodocyclaceae, and Methylophilaceae, accounting for, on average, 29.16%, 23.49%,
and 17.34% of sequences, respectively.
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Desulfomicrobiaceae, Synergistaceae, and family III of the order Thermoanaerobacterales were
found at the highest percentages in the deep reservoir, with mean values of 43.97%, 25.49%,
and 20.19%, respectively.

At a lower taxonomic level, spring and groundwaters were mostly characterized by genera
(Table 3) including aerobic, microaerophilic, facultative anaerobic, and anaerobic species, mainly
mesophilic and psychrophilic, such as, Chelatococcus asaccharovorans [61], Vitreoscilla filiformis [62],
Actinoplanes ferrugineus [63], Sphaerotilus natans [64], Hydrogenophaga taeniospiralis [65], and Sphingomonas
yunnanensis [66].

Many of these genera encompass chemolithotrophic or phototrophic sulfur-oxidizing bacteria
(SOB), which derive energy from the oxidation of reduced sulfur compounds, or use sulfide as
electron donors for anoxygenic photosynthesis, like the green sulfur bacterium Chlorobium limicola [67],
playing an important role in the element cycling in the environment. These results are not surprising,
especially when considering the hydrogen sulfide emissions from the analyzed well and springs.
In fact, the presence of this gas in waters, probably naturally generated in situ from reservoir biomass
and sulfate-containing minerals through microbial sulfate reduction and/or thermochemical sulfate
reduction, could have represented a driving factor shaping microbial community structure and function.

In the deep reservoir, anaerobic and thermophilic microorganisms belonging to the genera
Acetomicrobium (e.g., Acetomicrobium thermoterrenum [68]), Desulfomicrobium (e.g., Desulfomicrobium
thermophilum [69]), Thermoanaerobacterium (e.g., Thermoanaerobacterium thermosaccharolyticum [70]),
and Thermoanaerobacter (e.g., Thermoanaerobacter ethanolicus [71]) with optimum growth temperatures
in the range of 55-69 °C, were detected. The genus Acetomicrobium was found in October 2018
and March 2019 with a mean relative abundance of 13.01%, whereas the genera Desulfomicrobium,
Thermoanaerobacterium, and Thermoanaerobacter occurred, on average, at percentages of 43.96%, 18.30%,
and 2.07%, respectively.

Table 3. Main bacterial genera identified in the P,, S1, and S2 samples. Growth temperatures of some
of the species belonging to the different genera are reported.

Taxonomy Growth Temperature (°C)  Citations
Actinoplanes 10-35 [63]
Aeromonas 5-25 [72]
Chlorobium 25-30 [67]
Dechloromonas 25 [73]
Flavobacterium 15-30 [74]
Hydrogenophaga 30 [65]
Leptothrix 10-37 [75]
Methylotenera 10-34 [76]
Microvirga 37 [77]
Sphaerotilus 25-40 [64]
Sphingomonas 28 [66]
Sulfuricuroum 25 [78]
Sulfuritalea 10-32 [79]
Sulfurovum 10-40 [80]
Thiovirga 30 [81]
Thiothrix 20-37 [82]

4. Discussion and Conclusions

Both the hydrogeological behavior and the isotopic features of the studied hydrocarbon springs
suggest that they are strictly related to active recharge in a local aquifer system, in agreement with
findings related to the nearby non-hydrocarbon spring, whose waters are used for drinking purposes.
At the same time, the hydrocarbon springs flow out along a fault zone, which enhances fluid flow,
allowing the upflow of hydrocarbons and their mixing with the local groundwater, which is reasonably
fed by the nearby carbonate aquifer. In detail, this is due to the fault crossing the sequence made
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of the Scisti Silicei Formation, Galestri Formation, Tectonic Mélange, Apenninic Carbonate platform,
and Rio Cavolo Formation, characterized by oil and gas layers at different depths [33]. The hydraulic
behavior of this fault zone is similar to that of faults present in other carbonate aquifers in southern
Italy, where the existence of high-permeability damage zones, e.g., [83-85] and/or heterogeneous fault
cores, allowing a significant fluid migration, has been revealed in previous research, e.g., [86-93].
In these contexts, bacterial cell filtration typical of low-permeability fine-grained media, e.g., [90,94-97]
is limited, and microorganisms can be used effectively as bio-tracers for specific hydrogeological and
microbiological purposes, e.g., [97].

The groundwater intercepted by the P, well is also fed by a more prolonged pathway,
as demonstrated by the tritium content lower than those detected in the hydrocarbon springs and S3.
Taking into consideration the wider geological setting, the artesian well intercepted a relatively deep
(compatible with mesophilic and psychrophilic bacteria), but active pathway within the Scisti Silicei
aquifer (Figure 7). This aquifer is unconfined upgradient and downgradient with respect to the P,
well, where the Scisti Silicei Formation crops out. Differently, it is confined (and locally artesian) where
the Scisti Silicei is beneath the low-permeability flysch deposits. This deep groundwater naturally
flows eastwards, towards the alluvial aquifer of the Agri Valley.

\'Y E
T.pa Ospedale Agri Valley

1 0 1,5 km

1 3 A5
mm 2 mm 4 ~. 6

Figure 7. Hydrogeological sketch of the Scisti Silicei aquifer (based on the geological section of Menardi,
Noguera, and Rea 2000 [30]). (1) alluvial complex; (2) carbonate complex; (3) low-permeability complex;
(4) Scisti Silicei complex; (5) groundwater flow line; (6) hydraulic head.

In the present study, the potential of a coupled microbiological-isotopic approach for monitoring
geofluids in hydrocarbon reservoirs and, in detail, the capacity of microbial communities to “behave”
as “bio-thermometers”, has been assessed for the first time.

When analyzing the communities in the P, waters, collected at about 400 m b.g., and in spring
waters, only mesophilic and psychrophilic microorganisms were detected. Differently, in the deep
reservoir, thermophilic bacteria thriving at high temperatures, were found. These findings are consistent
with geothermal curves and isotherms reported by Candela et al. [98] at the Val d”Agri oilfield (Figure 8),
and demonstrate the usefulness of the proposed approach, at least at the study site.

The development and application of molecular biological methods to hydrogeological issues has
led to increasing numbers of studies on the microbial communities of aquifer systems over the past
few decades, e.g., [90,97]. For example, in the carbonate environments of southern Italy, the potential
use of microorganisms as tracers has been examined with reference to the analysis of recharge and
flow processes with excellent results, e.g., [90,97]. At the study site, the analysis of bacterial species in
spring, groundwater, and deep reservoir samples and isotopic analyses proved to be an effective tool to
obtain information on the subsurface dynamics and temperatures (Figure 8). In a broader perspective,
the same approach could also be used for the comprehension of more complex phenomena in exploited
oil fields.
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Figure 8. (a) Geological cross-section showing isotherms obtained from the interpolation of geothermal
profiles through third-degree polynomials. Red dots show temperatures along the geotherm profiles
(50 °C steps). (b) Detail of Figure 8a. Numbers in red show the growth temperature ranges of
psychrophilic, mesophilic, and thermophilic microorganisms. Springs (blue point), the well P, (blue
triangle), and the deep reservoir (in grey) are shown (from Candela et al. 2015, modified [98]).
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1483/s1, Figure S1: Rarefaction curves of spring, groundwater, and deep reservoir samples collected in July 2018,
October 2018, and March 2019. The alpha diversity plots were obtained by using the Shannon index.
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Abstract: Petroleum hydrocarbon contamination (PHC) is an issue of major concern worldwide.
These compounds represent the most common environmental pollutants and their cleaning up is
mandatory. The main goal of this research was to analyze microbial communities in a site in
southern Italy characterized by the presence of hydrocarbons of natural origin by using a
multidisciplinary approach based on microbiological, geological and hydrological investigations.
Bacterial communities of two springs, the surrounding soils, and groundwater were studied
through a combination of molecular and culture-dependent methodologies to explore the
biodiversity at the study site, to isolate microorganisms with degradative abilities, and to assess
their potential to develop effective strategies to restore the environmental quality. Next-generation
sequencing revealed the dominance of species of the Proteobacteria phylum but also the presence of
other autochthonous hydrocarbon-oxidizing microorganisms affiliated to other phyla (e.g., species
of the genera Flavobacterium and Gordonia). The traditional cultivation-based approach led to the
isolation and identification of 11 aerobic hydrocarbon-oxidizing proteobacteria, some of which were
able to grow with phenanthrene as the sole carbon source. Seven out of the 11 isolated bacterial
strains produced emulsion with diesel fuel (most of them showing emulsifying capacity values
greater than 50%) with a high stability after 24 h and, in some cases, after 48 h. These results pave
the way for further investigations finalized at (1) exploiting both the degradation ability of the
bacterial isolates and/or microbial consortia to remediate hydrocarbon-contaminated sites and (2)
the capability to produce molecules with a promoting effect for oil polluted matrices restoration.

Keywords: hydrocarbon springs; groundwater; bioremediation; microbiological-hydrogeological
investigations; next-generation sequencing (NGS)

1. Introduction

Hydrocarbon pollution is a widespread phenomenon that affects human health and the
environment, including air, water, and soil [1]. Hydrocarbons of petroleum origin, despite being
essential energy resources and one of the raw materials needed for different types of industries [2],
are classified as priority pollutants [3]. Many of them, such as Polycyclic Aromatic Hydrocarbons
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(PAHs), are recalcitrant and highly dangerous, as they can be hemotoxic, carcinogenic and
teratogenic [3-7]. Accordingly, over the decades, the awareness to protect the environment has
increased, especially now that pollution is recognized as one of the most severe and urgent issues
society has to face. The sources of environmental contamination caused by hydrocarbons are
different, such as accidents in the transport of fuel by ships and tankers, leaks from underground
tanks and service stations, oil extraction and processing operations, release of oily waste generated
by industries that use oil in the production of plastics, solvents, pharmaceuticals and cosmetics [8,9].
The cleaning up of these contaminants from the environment is mandatory and can be reached by
using physical-chemical or biological strategies [1,10]. Biological approaches have shown several
advantages compared to traditional physical-chemical treatments, being more cost effective and
allowing for the complete mineralization of the organic pollutant [10,11]. For this reason,
bioremediation has been widely studied and is an environmentally friendly technology used for the
removal of hydrocarbons in both terrestrial and aquatic ecosystems [12]. The bioremediation of
contaminated sites by organic compounds is based on the stimulation of the catabolic activity of
microorganisms capable of using polluting organic contaminants as a source of carbon and energy.
So far, bioremediation is performed through different practices such as biostimulation (the addition
of macro- and/or micronutrients to enhance indigenous biomass growth and pollutant degradation),
bioaugmentation (inoculation with pollutant-degrading microorganisms) or combined
biostimulation and bioaugmentation [13].

The microbial community in a given ecosystem is crucial for the biodegradation of pollutants to
occur [14]. In fact, bacterial adaptation, defined as an evolutionary process in which shifts in the
microbial community composition or abundances take place in response to changes in environmental
conditions and contaminant content, can improve the biodegradation rate of a chemical.

On the other hand, the existence of a microbial potential does not always lead to in situ
biodegradation since many limitations, such as insufficient biomass, utilization of a wide range of
substrates, competitive inhibition, or catabolite repression, can all inhibit the process [14].

From this perspective, the analysis and characterization of microorganisms involved in
biodegradation processes are of the utmost importance for the ultimate success of bioremediation.
Furthermore, it is essential not only to dwell upon microbial communities but also have knowledge
on the geological, hydrogeological and geochemical characteristics of the environment in which they
live because several other factors may influence their activities [5,15].

The main aim of the present work was to analyze microbial communities in soil, spring and
groundwaters from a study site in southern Italy characterized by the presence of hydrocarbons of
natural origin, through a combination of culture-dependent and molecular methods. In addition, the
comprehension of the geological and hydrogeological features of the aquifer system was
fundamental to identify the active circuits that continuously feed the studied soil, springs and
groundwaters, all year round, and could influence the composition of the bacterial communities.
Some of the bacterial isolates were identified and screened for their ability to grow in the presence of
different pollutants and emulsifying capacity, to assess their potential as candidates in
biotechnological applications to treat and recover the polluted environmental matrices.

2. Materials and Methods

2.1. Study Area

The study area (Tramutola, Agri Valley, Southern Italy; Figures 1 and S1) is characterized by
some natural outcrops of hydrocarbons, whose existence was already known from the end of the 19th
century [16]. The Agri Valley is an intramountain valley, with a North-West/South-East orientation,
a length of 30 km and an average width of 12 km. This study is focused on a small portion of the
valley that includes two springs (S1 and S2) with natural hydrocarbon outcrops close to wells drilled
in the early 20th century by the AGIP Company (at present ENI, Milano, Italy) for gas and oil
extraction. Among these wells, the artesian well Part was included in this research. The springs S1 and
52 (Figure S2), as well as the Part well, are located along an E-W fault where the Apulian carbonate



Water 2020, 12, 2090 3 of 19

platform and Rio Cavolo Unit (Oligocene) [17] crop out (Figure 2). The Rio Cavolo Unit is made up
of clays, micaceous limestone and rare marly layers. The Pat well (404 m deep) intercepted oil and
gas at different depths [18,19].

Different hydrogeological series complexes crop out at the study site [20]: (i) carbonate rocks
belonging to the Mesozoic carbonate platform series complexes, characterized by very high
permeability due to a well-developed fracture network and karst conduits; (ii) sedimentary rocks
belonging to the syn-orogenic turbidite series complexes and the outer and the inner basins’ series
complexes, characterized by a permeability ranging from very low to low due to a mixed pore-
fracture network. Along the Cavolo stream and the whole Agri Valley, heterogeneous alluvial
sediments crop out, whose hydraulic conductivity ranges between less than 1 x 10 to 2 x 102 m/s
[21].

The hydrocarbon springs S1 and S2 flow out along a fault zone which enhances fluid upflow
and allows the mixing of hydrocarbons and gas (mainly CH: and HS) [22] with the local
groundwater, which is primarily fed by the nearby carbonate aquifer (Figure 2) [19]. The
groundwater intercepted by the Part well is fed by a more prolonged pathway in a relatively deep
aquifer made of Scisti Silicei (Figure 3) [19]. This deep groundwater naturally flows eastwards,
towards the alluvial aquifer of the Agri Valley.

.

\ Agri Valley oilfield [ Continental and volcanic deposits [ Arenninic carbonate platform units
(Middle Pleistocene-Holocene) )
Marine to continental deposits and related siliciclastic foredeep
\ Main out-of-sequence thrusts 1 (Middle Pliocene-Lower Pleistocene) deposits
. - Thrust-sheet-top deposits Lagonegro-Molise-Sannio basinal units
\ Buried Apenninic thrust front I:I (Upper Tortonian-Upper Pliocene) I:I goneg
and related siliciclastic foredeep
: : Internal Apenninic nappes and related
/ Geological section Bl oot thrust-sheet-top-deposits B Apulian carbonate platform units

Figure 1. (a) Localization of the study area. (b) Schematic structural-geological map of the southern
Apennines from Patacca et al. [23], modified.
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Figure 2. Hydrogeological map of the study area (from Rizzo et al. [19]); the blue points and the
triangle show the location of the investigated springs S1 and S2 and the artesian well Part (the
geological sketch is taken from Olita [18], modified).

W
T.pa Ospedale Agri Valley

Il 3

]

2 4 e 6

Figure 3. Hydrogeological schetch of the Scisti Silicei aquifer (Rizzo et al. [19]; based on the geological
section of Menardi Noguera and Rea [24]): the (1) alluvial complex, (2) carbonate complex, (3) low-
permeability complex, (4) Scisti Silicei complex, (5) groundwater flow line, (6) and hydraulic head.

2.2. Hydrogeological and Chemical-Physical Investigations

The discharge of the two springs S1 and S2 was measured in low flow (July 2018), in early
recharge (October 2018) and in late recharge (March 2019). Moreover, it was measured hourly during
arainfall event to analyze the time lag between precipitation and springs’ recharge increase. The flow
rate of the Pat artesian well was not measurable but, based on some historical data, its order of
magnitude is about 30 m3/h [19]. In conjunction with discharge measurements and sample collection
for chemical and microbiological analyses (March 2019), physico-chemical parameters such as
temperature (°C), pH, electrical conductivity (EC puS/cm), redox potential (ORP millivolts) and total
dissolved solids (TDS ppm), were measured with the multiparameter HANNA probe (mod. HI9828,
HANNA Instruments, Villafranca Padovana, Italy).

Three water and two soil samples were collected to analyze PAHs and benzene, toluene,
ethylbenzene, and xylene (BTEX) content. These data were compared with those acquired during
sampling campaigns carried out in 2013 (unpublished data). One-liter (L) black glass bottles and 40-
milliliter colorless glass vials (filled with water or soil) were used for PAHs and BTEX analyses,
respectively. The analyses were performed at Biochemie Lab S.r.1. following the EPA 3510C 1996 +
EPA 8270E 2018 protocol for PAHs and the EPA 5030C 2003 + EPA 8015D 2003 protocol for BTEX in
water and EPA 3550C 2007 + EPA 8015D 2003 protocol for PAHs and the EPA 5021A 2014 + EPA
8015D 2003 protocol for BETX in soil [25-30].

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

For bacterial community analyses, spring and groundwater samples (4 L) and two soil samples
(0.5 g), collected close to the springs (0.5 m distance), were used. Water samples were filtered through
sterile mixed esters of cellulose filters (5-Pak™ Membrane Filters, 47 mm diameter, 0.22 um pore size,
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Millipore Corporation, Billerica, MA, USA) within 24 h from the 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®Instrument (MP Biomedicals, LLC, Solon, OH,
USA). After the extraction, DNA integrity and quantity were evaluated by electrophoresis in 0.8%
agarose gel containing 1ug/mL 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 Genprobio Srl Laboratory. Partial 16S rRNA gene sequences were obtained from
the extracted DNA by polymerase chain reaction (PCR), using the primer pair Probio_Uni and
Probio_Rev, targeting the V3 region of the bacterial 165 rRNA gene [31]. 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 the Agencourt AMPure XP DNA
purification beads (Beckman Coulter Genomics GmbH, Bernried, Germany) in order to remove
primer dimers. Amplicon checks were carried out as previously described [31]. 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 [32]. 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 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 defined at 100% sequence homology using DADA?2 [33]; OTUs not encompassing at least two
sequences of the same sample were removed. All reads were classified to the lowest possible
taxonomic rank using QIIME?2 [32,34] and a reference dataset from the SILVA database v132 [35]. The
biodiversity of the samples (alpha-diversity) was calculated with the Shannon 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 represented a sample that is
distributed in tridimensional space according to its own bacterial composition.

2.4. Enrichment and Isolation of Bacteria with Potential Hydrocarbon Degrading Ability

To isolate hydrocarbon-oxidizing bacteria, 1-mL aliquots of water from springs S1 and S2 and
Part well, and 5 g of soils collected close to the springs (0.5 m distance), were inoculated in sterile test
tubes containing peptone water. Then, 1 mL of the suspensions was inoculated in 5 mL of liquid
Bushnell-Haas (BH) medium (MgSOs-0.2 g/L; CaCl-0.02 g/L; KH2POs-1.0 g/L; K-HPOs-1.0 g/L;
NHiNOs-1.0 g/L; FeCls-0.05 g/L) [36]. Diesel fuel was added at a concentration of 2% as the only
carbon source, to select the hydrocarbon degrading bacteria. Cultures were, then, incubated at 28 °C
for seven days with agitation. The enrichment step was repeated for seven cycles. From the fourth
enrichment cycle, 100-pL aliquots of the cultures were spread on Bushnell-Haas (BH) agar medium
supplemented with diesel fuel as a carbon source. Diesel fuel was supplied by diffusion through a
soaked paper disk (9-mm diameter).

The colonies grown on the plates were repeatedly streaked over the entire surface of fresh BH
agar medium supplemented with diesel fuel and, finally, on TSA (Tryptone Soy Agar) plates to be
sure to obtain pure cultures.

2.5. Identification of the Bacterial Strains Isolated from Spring, Groundwater and Soil Samples

After the enrichment, the isolated bacterial strains were analyzed by Amplified Ribosomal DNA
Restriction Analysis (ARDRA) with the restriction endonuclease Haelll, to group them on the basis
of the restriction profiles. One representative strain for each ARDRA haplotype was selected for the
16S rDNA gene partial sequencing at BMR Genomics srl in Padua (Italy). The obtained sequences
were then compared with those stored in the GenBank database at the NCBI (National Center for
Biotechnology Information) by using the BLAST (Basic Local Alignment Search Tool) program
(http://www.ncbi.nlm.nih.gov/blast). The partial 165 rDNA gene sequences were deposited in
GenBank under the accession numbers MT703034 to MT703044.
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2.6. Growth Response of Bacterial Isolates in the Presence of Different Hydrocarbons as the Sole Carbon
Source

The potential degradation ability of some bacterial strains has been evaluated in BH agar
medium containing different hydrocarbons (Naphthalene, Phenanthrene, Pristane and Hexadecane)
as the sole carbon source. Naphthalene and Phenanthrene occur, at room temperature, in the solid
state as granules; after spreading the individual bacterial strains onto the medium surface, the
granules were added directly to the surface of the medium. The Pristane and the Hexadecane occur,
at room temperature, in the liquid state and were delivered by diffusion from a soaked paper disk
placed in the center of the plate. The plates were incubated at 30 °C for 4 weeks, monitoring the
growth every week.

2.7. Determination of the Emulsifying Capacity and Emulsion Index

The assay used to determine the emulsifying capacity (EC%) and the emulsion index (E) is a re-
adaptation of the method previously described by Mohebali et al. [37]; 2 mL of pure cultures of the
isolated strains, grown in BH medium at 28 °C with agitation until the optical density (OD) at the
wavelength of 600 nm reached 1.0 (OD measured with a Cary 50 UV-Vis spectrophotometer,
VARIAN INC, Palo Alto, CA, USA), were transferred to test tubes and diesel fuel (0.2 mL) was added;
the test tubes were vigorously shaken for 30 s and left standing for 10 min. The samples showing an
emulsion over the liquid were selected and, once the emulsion was stabilized, more diesel fuel (0.2
mL) was added; the procedure was repeated until a distinct and clear fraction of non-emulsified
diesel fuel was observed on the surface of the emulsion.

The emulsifying capacity (EC%) was calculated using the following formula:

total diesel volume

C= — x 100
initial aqueous phase volume

The emulsion index (E) was calculated after the test for the emulsifying capacity; the variation

of the emulsion thickness was measured after 24 (Ex) and 48 (Ess) h with the following formula:
emulsion thickness at t,

E = 100 x
emulsion thickness at t,

where tx is the time in which the measurement was taken (e.g., tz4, tss) and to is the test start time.
3. Results

3.1. Hydrogeological and Physico-Chemical Features

The flow rate of both hydrocarbon springs S1 and S2 slightly varied overtime during the
observation period (1.3 to 1.7 m¥h at spring S1; 1.0 to 1.2 m¥h at spring S2), suggesting an active
groundwater pathway. The spring regime, further analyzed through hourly measurements during a
rainfall event (about 11 mm in a few tens of hours), demonstrated a very rapid and synchronous
response of spring S1 (2.5 to 3.6 m?/h) and spring S2 (2.0 to 2.5 m3/h) to precipitation.

The main physico-chemical features of hydrocarbon springs and Part well are synthesized in
Table 1. The temperature ranged from 13.9 to 15.7 °C in spring waters, while it varied between 27.5
and 27.8 °C in Par waters. The pH was constantly close to neutrality. Redox potential was slightly
negative. The electrical conductivity was higher and more variable in Par-water (1444 to 2433 uS/cm)
than in springs waters (460 to 507 uS/cm).
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Table 1. Physico-chemical features of spring- and groundwaters.

Sample Date Temperature pH Redox Potential Electrical Conductivity
ID dd/mm/yyyy °C mV uS/cm
Pt 19/07/2018 27.8 6.8 -26.0 1444
Part 29/10/2018 27.6 6.8 -30.0 2433
Part 18/03/2019 27.5 6.8 -7.5 2432
S1 19/07/2018 15.6 6.9 -60.0 507
S1 29/10/2018 15.6 6.8 -51.8 494
S1 18/03/2019 15.7 6.9 -33.4 494
S2 19/07/2018 14.3 6.9 -20.0 460
S2 29/10/2018 15.6 6.9 -15.0 467
S2 18/03/2019 13.9 6.9 -4.0 493

3.2. Chemical Analyses of Spring, Groundwater and Soil Samples

Chemical analyses revealed detectable PAHs and no BTEX in both springs S1 and S2 (Table 2).
Neither PAHs nor BTEX were detected in groundwater sampled from the Par artesian well. These
results agree with those obtained by ENI in 2013 (unpublished data).

Table 2. Results of chemical analyses of spring- and groundwater samples.

Parameter Spring S1 Spring S2 Pax Well
Unit ug/L ug/L ug/L
Benzene <0.1 <0.1 <0.1
Ethylbenzene <1.0 <1.0 <1.0
p-Xylene <1.0 <1.0 <1.0
Styrene <1.0 <1.0 <1.0
Toluene <1.0 <1.0 <1.0
Benzo(a)anthracene <0.002 <0.002 <0.002
Benzo(a)pyrene <0.002 <0.002 <0.002
Benzo(b)fluoranthene <0.002 0.354 <0.002
Benzo(k)fluoranthene <0.002 0.0341 <0.002
Benzo(g,h,i)perylene <0.002 0.199 <0.002
Chrysene <0.002 <0.002 <0.002
Dibenzo(a,h)anthracene <0.002 <0.002 <0.002
Indene(1,2,3-c,d)pyrene <0.002 0.101 <0.002
Pyrene <0.002 <0.002 <0.002
Acenaphthene <0.002 <0.002 <0.002
Acenaphthylene <0.002 <0.002 <0.002
Anthracene <0.005 0.726 <0.005
Naphthalene 0.00231 <0.002 <0.002
Phenanthrene <0.002 0.465 <0.002
Fluoranthene <0.005 0.166 <0.005
Fluorene <0.005 <0.005 <0.005
Benzo(J)fluoranthene <0.001 0.0140 <0.001
Dibenzo(a,e)pyrene <0.001 <0.001 <0.001
Dibenzo(a,l)pyrene <0.001 <0.001 <0.001
Dibenzo(a,i)pyrene <0.001 <0.001 <0.001
Dibenzo(a,h)pyrene <0.001 <0.001 <0.001

Y. PAHs <0.002 0.689 <0.002




Water 2020, 12, 2090 8 of 19

Consistent with the results obtained in spring water samples, several PAHs were detected in
soils collected close to both the investigated springs. Higher concentrations were found close to
spring S2 (Table 3).

Table 3. Results of chemical analyses of soil samples.

Parameter Soil S1 Soil S2

Unit mg/kg mg/kg
Benzene <0.01 <0.01
Etilbenzene <0.05 <0.05
Toluene <0.05 <0.05
Xylenes <0.05 <0.05
o-Xylene <0.05 <0.05
pm-Xylenes <0.05 <0.05
Benzo(a)anthracene 0.16 0.95
Benzo(a)pyrene <0.01 <0.01

Benzo(b)fluoranthene  <0.05  3.93
Benzo(g,h,i)perylene 0.28 1.45
Benzo(k)fluoranthene  <0.05 0.58
Chrysene 0.21 1.23
Dibenzo(a,e)pyrene <0.01 <0.01
Dibenzo(a,h)anthracene <0.01 0.34
Dibenzo(a,h)pyrene <0.01 <0.01
Dibenzo(a,i)pyrene <0.01 <0.01
Dibenzo(a,l)pyrene <0.01  0.10
Indene(1,2,3-c,d)pyrene  0.05 0.19
Pyrene <0.05 0.61

Y PAHs <1.0 8.25

3.3. 165 Ribosomal RNA Gene Next-Generation Sequencing (NGS)

MiSeq runs produced 294,432 final reads (Table 4). The 165 rRNA gene sequences generated in
this study have been deposited in the NCBI Sequence Read Archive under the accession numbers
PRJINA629324 and PRJNA636951. The rarefaction analysis, a measure used to estimate the alpha
diversity in samples and gauge whether or not sequencing efforts captured the microbial diversity,
showed a relatively higher biodiversity in soil samples and spring S2-water (Shannon index values
ranging from 7.59 to 8.88) compared to spring S1-water and Par-groundwater (index values of 3.40
and 4.32, respectively; Figure S3). Principal Coordinate Analysis (PCoA) based on weighted uniFrac
index revealed a clear separation of soil, spring, and groundwater samples and highlighted marked
differences between the 51 spring water microbial community and all the others (Figure 4).

The NGS results allowed us to obtain detailed information about the composition of microbial
communities in spring water, groundwater and soil samples.

Table 4. Number of 16S rDNA sequences obtained after next-generation sequencing (NGS) analysis
for spring water, groundwater and soil samples.

Sample Final Read Number

S1 Water 49,512
S1 Soil 61,621
S2 Water 61,065
S2 Soil 68,893

Part Water 53,341
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The phylum Proteobacteria was dominant in most of the analyzed samples, reaching relative
abundance values of up to 93.60% (sample Par) (Figure 5). Other phyla abundantly represented were
Epsilonbacteraeota in the spring water sample S1 (52.48%), and Actinobacteria, found in the two soil
samples at percentages of 16.38% and 22.20%.

In line with the PCoA results, significant differences between the two spring water microbial
communities were detectable already at this level. In fact, Epsilonbacteracota, Bacteroidetes, and
Proteobacteria were the three major phyla in water from the spring S1 with relative abundance values
of 52.48%, 23.63%, and 20.67%, respectively, whereas Proteobacteria dominated in S2 spring water
(78.63%) followed by Patescibacteria (4.51%) and Actinobacteria (3.17%).

At a lower taxonomic level (Figure 6), the genus Hydrogenophaga, affiliated to the phylum
Proteobacteria, was found at higher percentages in Part (34.09%) and S2 water samples (15.17%).
Hydrogenophaga and some other bacterial genera retrieved in the samples, such as Flavobacterium,
Gordonia, Sulfuritalea, and Rhodoferax, are known to include microorganisms able to oxidize
hydrocarbons [38-43].

® 51 Sail

o S2 Soil
PC2 (23.06%) W S1 Water
& S2 Water
Q % Part Water

g ————— ____PC1(68.70%)
PC3 (5.17%)

Figure 4. Principal Coordinate Analysis (PCoA). The plot was generated using a weighted uniFrac
distance matrix. Soil, spring water, and groundwater samples are shown.

Phylum level microbial community composition
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S1 Water 51 Soll 52 Water S2 Soil Part Water
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M Epsilonbacteraeota B Firmicutes B Gemmatimonadetes W Patescibacteria
B Pianctomycetes W Proteobacteria B Spirochaetes B Taxa below 1%
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Figure 5. Phylum level microbial community composition in spring water, Part well, and soil samples.
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Figure 6. Genus level microbial community composition in spring water, Part well, and soil samples.

3.4. Isolation and ldentification of Bacterial Strains

Following the seven enrichment cycles on BH medium with diesel fuel as the only carbon source,
26 bacterial strains with different colony morphology were isolated from springs S1 and S2, Par
artesian well and soils.

An identification number from 1 to 26 was assigned to each strain. The 26 bacterial isolates were
subjected to ARDRA analysis that allowed us to group them based on electrophoretic profiles.
ARDRA analysis was also performed on five strains (1C-5C) obtained from S1 and S2 spring waters
in previous experiments carried out at the study site (unpublished data). Seventeen bacterial isolates,
representing all the ARDRA haplotypes, were chosen for 16S rRNA gene partial sequencing. Eleven
bacterial strains were identified (Table 5), while the remaining isolates could not be rendered
perfectly axenic in isolation procedures and, therefore, the sequencing failed. Some of the 16S rRNA
gene sequences showed an identity <97% with those stored in the GenBank database, suggesting that
the bacterial isolates could be representatives of novel genera or species (Table 5).

Table 5. Results of 165 rRNA gene partial sequencing of bacterial strains isolated from spring water,
groundwater and soil samples.

Sequence
Strain  Accession Most Closely Related Organism (Accession Number) Identity (%)

Number
3C MT703034 Achromobacter spanius strain LMG 5911 (NR_025686) 97.80
1C MT703035 Pseudomonas protegens strain CHAO (NR_114749) 99.78
3 MT703036 Dyella japonica strain NBRC 102414 (NR_114075) 90.69
4 MT703037 Pseudomonas protegens strain CHAO (NR_114749) 98.42
7 MT703038 Cupriavidus metallidurans CH34 (NR_074704) 98.16
8 MT703039 Pseudomonas protegens strain CHAO (NR_114749) 98.19
10 MT703040  Stenotrophomonas maltophilia strain ATCC 13637 (NR_112030) 99.19
15 MT703041 Stenotrophomonas tumulicola strain T5916-2-1b (NR_148818) 90.86
16 MT703042  Stenotrophomonas maltophilia strain ATCC 13637 (NR_112030) 86.38
18 MT703043 Dyella terrae strain ]S14-6 (NR_044540) 92.50
20 MT703044 Dyella terrae strain ]S14-6 (NR_044540) 91.00
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3.5. Growth Test

Five bacterial strains (1C, 2C, 3C, 4C and 5C), isolated in a previous experiment from S1 and S2
spring waters, and identified by sequencing of partial 16S rDNA together with the new isolates, were
subjected to growth tests with four different recalcitrant hydrocarbons, naphthalene, phenanthrene,
pristane and hexadecane (Table 6). These isolates were identified as Achromobacter sp. (3C) and
Pseudomonas sp. (1C, 2C, 4C and 5C).

Table 6. Growth test results after 4 weeks (bacterial growth: +slight; ++moderate; +++thigh).

Isolate Naphthalene Phenanthrene Pristane Hexadecane

1C + + + ++
2C + +++ +++ ++
3C + ++ ++ ++
4C + +++ ++ ++
5C + + + ++

As shown in Table 6, some of the Pseudomonas sp. isolates (2C and 4C) have returned the best
results when supplementing phenanthrene and pristane as the only carbon sources. All the isolates
gave equivalent results for the growth on medium containing naphthalene and hexadecane.

3.6. Determination of the Emulsifying Capacity and Emulsion Index
The 11 identified strains were tested for emulsion capacity. Moreover, one strain of Escherichia

coli and one of Bacillus subtilis were used as controls (Table 7).

Table 7. Emulsifying capacity results (EC%) (- absence; + presence).

Strain EC EC%
Proteobacteria bacterium strain 3 - 0
Pseudomonas sp. strain 4 + 60
Cupriavidus sp. strain 7 - 0
Pseudomonas sp. strain 8 + 60
Stenotrophomonas sp. strain 10 - 0
Proteobacteria bacterium strain 15 - 0

Proteobacteria bacterium strain 16 + 30
Proteobacteria bacterium strain 18 + 60
Proteobacteria bacterium strain20 + 60
Pseudomonas sp. strain 1C + 40
Achromobacter sp. strain 3C + 50
Escherichia coli (negative control) - 0
Bacillus subtilis (positive control) + 50

Seven out of the 11 bacterial strains produced emulsion with diesel fuel, most of which with an
EC% greater than 50%. As shown in Figure 7, the stability of the emulsions (E%) after 24 (t24) and 48
h (t48) was higher for Pseudomonas sp. strain 8 and Proteobacteria bacterium strain 18. After 24 and 48
h, a decrease of 17% and 20%, and 15% and 23%, was observed for the strains 8 and 18, respectively.
The emulsion of the Proteobacteria bacterium strain 16 was much less stable with a difference from to
to tos of 70% and exhausted after 48 h.
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Figure 7. Histogram with emulsion index results (E%) of the strains that showed emulsifying capacity,
respectively, at time t2« and tss. The error used in the histogram is “the standard error”.

4. Discussion and Conclusions

Petroleum hydrocarbon contamination is an issue of major concern worldwide. These
compounds represent the most common environmental pollutants and their presence is destructive
to the ecosystem and economic and human health [44]. The clean-up of hydrocarbon-contaminated
sites is expensive and time consuming; however, bioremediation is a cost-effective and
environmentally safe approach for petroleum hydrocarbon contamination (PHC) removal [44]. This
technology involves the use of living organisms such as microbes and/or plants to reduce/degrade,
eliminate and transform contaminants present in soils, sediments and water and has gained wider
acceptance in recent years for all its potential [45]. In fact, although oil pollution is difficult to treat,
indigenous bacteria can ultimately degrade or metabolize most petroleum hydrocarbons
encountered in the environment because of their energetic and carbon needs for growth and
reproduction, as well as the requirement to relieve physiological stress caused by their presence [46—
48]. Accordingly, petroleum hydrocarbon-degrading bacteria, which have evolved as a result of
existing in close proximity to naturally occurring petroleum hydrocarbons in the environment,
represent suitable candidates for the treatment of oil polluted sites and to achieve the best purification
effect [49-51].

An understanding of the temporal and spatial structures, functions, interactions, and population
dynamics of microbial communities is critical for biotechnological development, environmental
protection, and human health [52] so much that several methods have been employed to reveal
microbial community composition, function and responses to environmental changes, in various
environments and different contexts [53-60]. The main goal of this research was to analyze microbial
communities in a site in southern Italy characterized by the presence of hydrocarbons of natural
origin, by using a multidisciplinary approach based on microbiological, geological and
hydrogeological investigations.

In detail, bacterial communities of two springs (S1 and S2), the surrounding soils, and
groundwater (Part well) were studied through a combination of molecular and culture-dependent
methodologies to explore the biodiversity at the study site, to isolate microorganisms with
degradative abilities and to assess their potential to develop effective strategies to restore the
environmental quality.

The two hydrocarbon springs S1 and S2 are linked to the recharge in a local aquifer system and
distributed along a fault zone that favors the rise of fluids and hydrocarbons within the shallow low-
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permeability media. This hydrogeological behavior of the fault zone is not surprising when analyzing
the possible roles (conduit, barrier, combined conduit-barrier systems) that these zones can play from
the hydraulic point of view, depending on the relative percentage of fault core and damage zone [61-
67]. In many aquifer systems worldwide, comparable with the studied one, both structural and
hydrogeological approaches demonstrated the possible migration of fluids within fault zones acting
as high- or low-flow discontinuities [68-74]. This evidence was further confirmed by the presence of
H:S at spring S1.

Chemical analyses of hydrocarbons highlighted the existence of several and different PAHs,
such as Naphthalene, Benzo(b)fluoranthene, Benzo(k)fluoranthene, Benzo(gh,i)perylene,
Indene(1,2,3-c,d)pyrene, Chrysene, Anthracene, Phenanthrene, Fluoranthene, Benzo(j)fluoranthene,
Dibenzo(a,h)anthracene, Pyrene and Dibenzo(al)pyrene in spring waters and soils. Generally,
polycyclic aromatic hydrocarbons are chemicals with various structures and varied toxicity, stable,
persistent in the environment, and resistant to degradation [75,76]. Chemically, they are comprised
of two or more benzene rings bonded in linear, cluster, or angular arrangements [75]. The increase in
the number of fused rings leads to higher hydrophobicity and recalcitrance to microbial degradation
[77]. The continuous interaction with hydrocarbons could have influenced the bacterial communities
of the two springs and the soils, naturally selecting some strains capable to biodegrade these
pollutants.

The NGS results allowed us to obtain detailed information about the composition of microbial
communities and revealed the dominance of species belonging to the phylum Proteobacteria. In this
very large phylum of Gram-negative organisms, the majority of the formally described genera of
hydrocarbon-degrading bacteria is included [78]; thus, it is likely that the continuous outflow of oil
over time led to a stable and highly specialized microbiota, particularly adapted to grow and thrive
in those environmental conditions. However, in addition to Proteobacteria, it was possible to also
detect other autochthonous hydrocarbon-oxidizing bacteria affiliated to other phyla (e.g., species of
the genera Flavobacterium and Gordonia), strengthening the assumption that natural exposure to
pollutants can have impacted the structure and function of microbial populations. As expected, a
higher biodiversity was found in soils compared to the aquatic ecosystems, generally lacking inputs
of fresh, easily available organic carbon. In addition, beta-diversity analysis revealed a clear
separation of soil, spring water, and groundwater samples and highlighted marked differences
between S1 spring water microbial community and all the others. Although it is not surprising to find
diverse microbial communities in different habitats due to their peculiar physico-chemical properties,
itis likely that the observed results for the two springs reflect the influence of specific hydrogeological
and other environmental factors that, on a local scale, shape bacterial community composition. As a
matter of fact, Pan-groundwater is fed by a deep confined aquifer. Differently, the springs S1 and S2
are fed by a common groundwater coming from the nearby carbonate aquifer, mixed with different
fluids (rising along a fault zone) in different proportions. This is clearly demonstrated by differences
in some physico-chemical features (Table 1) and hydrocarbon concentrations (Table 2), and are
further supported when taking into consideration the different mean residence time of spring waters,
determined through tritium analyses (S1 = 5.6 to 6.9 tritium unit (TU), S2 = 6.8 to 7.5 TU; the spring
fed by the only carbonate aquifer = 8.4 to 9.1 TU in Rizzo et al. [19]). These results are also in
agreement with findings in other hydrogeological settings, where differences in microbial
communities were clearly explained through the differences in (i) the aquifer type, (ii) the mixing
between shallow groundwater and ascending fluids, (iii) the mixing between waters characterized
by different salinity [53].

The traditional cultivation-based approach, performed by applying a selective pressure with
diesel fuel supplementations, led to the isolation and identification of 11 aerobic hydrocarbon-
oxidizing proteobacteria. Most of the bacteria isolated and identified belong, or are related, to genera
or species known for their degradation abilities of polycyclic aromatic hydrocarbons [79-85]. The
results are in line with those obtained by chemical analyses, which showed higher concentrations of
these compounds at the investigated site. It is interesting to note that microorganisms of the genera
Hydrogenophaga, Sulfuritalea and Sulfurovum, whose abundant presence was revealed by DNA-based
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analyses, have not been isolated after the enrichment procedures. This “paradox” can be explained
by the theory of the “Great Plate Count Anomaly” [86], which refers to the observation that only a
small fraction (0.01-1%) of the microorganisms present in the environment can be cultivated in the
laboratory. Despite this, the cultivation procedures led to the isolation of bacterial strains showing
low values of 165 rRNA gene sequence identity with known species, contributing to get insights into
the hidden microbial diversity of the analyzed ecosystem.

Some of the isolates were found to be able to grow better when phenanthrene was supplied as
the sole carbon source compared to other simpler aliphatic and aromatic hydrocarbons.
Subsequently, their emulsifying capacity was assessed and the emulsion index was calculated. Seven
out of the 11 isolated bacterial strains produced emulsion with diesel fuel (most of them showing EC
values greater than 50%) with high stability after 24 h and, in some cases, after 48 h. The tests have
clearly demonstrated the capability of some strains to increase hydrocarbon bioavailability, most
likely through the production of biosurfactants. These compounds are naturally derived surfactants
produced from biological entities (especially microorganisms), which can be utilized as a cost-
effective and eco-friendly mean to enhance bioremediation of oil components, including PAHs, in
the natural environment. Fungi, bacteria, and yeasts belonging to different species and strains are
known for producing biosurfactants of a diverse variety of molecular structures. Amongst the
bacteria domain, the genera of Pseudomonas, Bacillus, and Acinetobacter dominate the literature space
as excellent producers of biosurfactants [87]. For example, Bacillus subtilis is known for its ability to
enhance diesel solubility [88] and to improve its degradation by producing surfactin, a lipoprotein-
type biosurfactant [89].

In the late 1960s, biosurfactants attracted attention as hydrocarbon-dissolving agents as potential
replacements for synthetic surfactants (usually toxic, hardly degraded by microorganism, and
causing damage to the environment) especially in the food, pharmaceutical, and oil industries [90].
Bioemulsifiers get accumulated at the interphase between the two immiscible phases by which they
can reduce the surface tension, thereby increasing the solubility and emulsification of the immiscible
phases. Accordingly, these compounds may convert insoluble substrate into soluble substrates,
increasing their bioavailability and making them usable by the microorganisms [91].

In conclusion, the data collected in this study pave the way for further investigations finalized
at exploiting both (i) the degradation ability of the bacterial isolates and/or microbial consortia to
remediate hydrocarbon-contaminated sites through strategies like biostimulation or
bioaugmentation, and (ii) the capability to produce molecules with a good promoting effect for the
restoration of oil polluted matrices. In addition, the isolation of strains showing a 16S rRNA gene
sequence identity < 97% with those available in the genetic sequence database, constitutes a
significant result and represents a further exciting challenge to fully unravel the existing biodiversity
at the study site and expand the current knowledge on biodegradation processes, also through the
description and characterization of novel bacterial species.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4441/12/8/2090/s1, Figure
S1: Geological section W-E crossing the Agri Valley, Figure S2: Hydrocarbon springs S1 and S2, Figure S3:
Rarefaction curves of spring water, groundwater, and soil samples collected at the study site.
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3. Considerazioni di Sintesi

Gli elementi di conoscenza acquisiti nel corso del Dottorato hanno permesso di affinare e di
comprovare la robustezza di approcci idrogeologico-metagenomici per la messa a punto di modelli
di flusso e per I’ottimizzazione di soluzioni di bonifica in siti contaminati.

Piu in dettaglio, la componente piu squisitamente idrogeologica é stata sviluppata in seno a mezzi
geologici a bassa permeabilita, la cui presenza e le cui caratteristiche influenzano in modo
determinante, non solo la propagazione nel sottosuolo di eventuali contaminanti idroveicolati, ma
anche la progettazione di efficaci interventi di bonifica. In merito a quest’ultimo aspetto, I’attenzione
¢ stata focalizzata anche sull’incidenza del fenomeno del well clogging sull’efficienza delle barriere
idrauliche, sulla selezione di isolati ambientali in grado di migliorare ulteriormente I’efficacia di
approcci incentrati sul biorisanamento in chiave microbica e sullo studio del fenomeno
dell’attenuazione naturale.

Gli studi svolti hanno evidenziato come, in fase di caratterizzazione di un sito contaminato, per la
corretta realizzazione di un sistema di bonifica che sia efficiente ed efficace, vada approfondita la
caratterizzazione degli eventuali mezzi a bassa permeabilita (aquitard o aquiclude), non solo
attraverso tecniche comuni in ambito idrogeologico (come ad esempio test su campioni o prove di
assorbimento in foro, che indagano volumi limitati del mezzo), ma anche attraverso lo studio del
trasporto in sospensione o in soluzione di traccianti naturali (microbici e/o chimico-isotopici,
rispettivamente) in grado di restituire il modello di funzionamento del mezzo alla scala di sito. Tale
integrazione dell’approccio di caratterizzazione dei mezzi a bassa permeabilita risulta tanto piu
importante quanto maggiore ¢ il grado di eterogeneita (nota o attesa) dell’aquitard.

Nell’ambito del Dottorato, questo aspetto ¢ stato affrontato in due siti sperimentali, al fine di testare
I’efficacia dei traccianti microbici (sito ubicato in Val di Taro, Parma) e dei traccianti isotopici (sito
ubicato in Sicilia Sud-Occidentale Agrigento). In entrambi i casi, le prove di permeabilita (Lefranc)
hanno restituito valori di conducibilita idraulica estremamente bassi (dell’ordine di 1 x 10° — 1 x 10°
&m/s), propri di un aquiclude.

Per quanto riguarda il sito sperimentale ubicato nell’Appennino parmense, 1’utilizzo delle
comunita microbiche, a dispetto dei risultati delle prove di caratterizzazione idraulica, ha consentito
di accertare che:

e la percolazione delle acque di infiltrazione efficace nel mezzo insaturo non é trascurabile
ed é tale da trasportare cellule di microrganismi dal suolo al sottostante mezzo saturo,
come dimostrato dalla presenza di specie batteriche tipiche del suolo e della rizosfera
rilevate nei campioni di acque sotterranee (Tab. 3.1);
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Tabella 3.1 Alcune specie trovate nei campioni di acqua di falda e suolo in seguito al sequenziamento del 16S rRNA [40]; le citazioni riportate in tabella fanno riferimento alla
bibliografia dell articolo

Facultative Halophilic/  Nitrate

Taxonomy Aerobic anaerobic Halotolerant reduction Pathogen Samples Citations
Acinetobacter oleivorans + - - - - GWS1-2-3 [57]
Afipia massiliensis + - - + - GWS1-2 [54]
Deinococcus caeni + - + - - GWS1-2-3 [58]
Devosia glacialis + - - + - GWS1-2-3; SS1 [53]
Ensifer adhaerens + - - + - GWS1-2-3; SS1-2 [52]
Halomonas taeanensis + - + + - SS2 [59]
Halomonas ventosae + - + + - SS2 [60]
Janthinobacterium agaricidamnosum + - - - - GWS1-3; SS1 [61]
Legionella feeleii + - - - + GWS3; S52 [62]
Legionella nautarum + - - + + GWS3 [63]
Legionella pneumophila + - - - + GWS3 [64]
Pedobacter insulae + - - - - GWS1-2-3; SS1 [50]
Pseudomonas frederiksbergensis + - - + - GWS1-2-3 [49]
Pseudomonas otitidis + - + - + GWS2 [65]
Pseudomonas psychrophila + - + + - GWS1-2-3; 552 [66]
Pseudomonas xanthomarina + - + + - GWS2 [67]
Sphingomonas yunnanensis + - - + - GWS1-2-3; S51-2 [39]
Staphylococcus warneri + + + - + GWS2-3 [44]
Stenotrophomonas chelatiphaga + - - - - GWS1-2; SS51 [43]
Streptomyces vinaceusdrappus + - + + - GWSI1-2-3; 551-2 [68]
Streptomyces xinghaiensis + - + - - GWS1-2-3; S51-2 [69]
Thiohalobacter thiocyanaticus + - + - - SS2 [70]
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al contempo, la presenza delle suddette cellule microbiche in campioni prelevati a
profondita diverse (fino a circa 40 metri dal piano campagna), testimonia che il
progressivo decremento del carico idraulico accertato lungo la verticale, mediante un
cluster di piezometri, induce un flusso con componente verticale discendente, tale da
consentire il trasporto delle cellule a profondita via via maggiori;

la discrepanza emersa tra i risultati delle prove di caratterizzazione idraulica del mezzo (a
scala da microscopica e macroscopica) e quelli ottenuti dalla disamina delle comunita
microbiche (a scala megascopica) attesta che sussiste una sorta di “volume elementare
rappresentativo” al di sotto del quale un mezzo a bassa permeabilita puo apparire
“impermeabile” (aquitard integrity cosi elevata da poter parlare di aquiclude) e al di sopra
del quale sussiste una rete di vuoti intercomunicanti che, per quanto rada, consente una
migrazione non trascurabile di fluidi e di potenziali contaminanti idroveicolati (aquitard
integrity relativamente bassa).

Per quanto riguarda il sito sperimentale ubicato in Sicilia, I’utilizzo dei traccianti isotopici (50,
§2H, *H) ha contribuito ad accertare che:

la migrazione dei fluidi non e circoscritta ad un rado e discontinuo insieme di interstrati
evaporitici inglobati all’interno di una successione prevalentemente argillosa, ma interessa
in modo pervasivo 1’intero mezzo a bassa permeabilita (Fig.3.1), come testimoniato dalla
coerenza tra il contenuto isotopico (580, §2H) delle acque sotterranee e quello delle
precipitazioni locali (Fig. 3.2);

Figura 3.1 Schema idrogeologico concettuale di mezzi eterogenei caratterizzati da successioni evaporitiche. La lente blu
€ uno strato evaporitico discontinuo immerso in una successione argillosa (grigia). Le linee tratteggiate blu sono le linee
equipotenziali. Le frecce blu sono le linee di flusso delle acque di falda. Viene mostrato anche il cluster C5a-c. | simboli
K1 e K2 sono rispettivamente le conduttivita idrauliche della lente evaporitica e della successione di argillosa [41].
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Figura 3.2 Relazioni tra 10% 6¥*H e 10° 68180 per le acque investigate (punti blu). | gruppi A, B e C sono circondati
rispettivamente da ocra, viola e rosso. | punti verdi rappresentano le acque C5a-c. I punti arancioni indicano i campioni
di acqua piovana analizzati durante questo studio. Le linee nere continue e quelle nere tratteggiate sono rappresentative
delle linee d'acqua meteoriche disponibili in Sicilia. La linea blu & I'interpolazione lineare dei dati isotopici delle acque
sotterranee [41].

e tuttavia, il deflusso all’interno della componente a bassa permeabilita induce velocita di
migrazione molto basse (ma non trascurabili o nulle; aquitard integrity relativamente
bassa), testimoniate da contenuti di trizio che tendono alla non rilevabilita (tempi di
residenza medi dell’ordine delle diverse decine di anni) o tendono verso le svariate decine
di unita trizio, queste ultime riconducibili all’infiltrazione di piogge degli anni *50-°60,
caratterizzate da elevati contenuti dell’isotopo radioattivo dell’idrogeno, in virta dei
ripetuti test nucleari dell’epoca (Fig. 3.3).
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Figura 3.3 Relazione tra 10° %*H e T.U. nelle acque investigate [41].

In merito all’approfondimento sull’ottimizzazione di sistemi di bonifica in siti contaminati, gli
studi hanno evidenziato come la componente microbica presente negli acquiferi saturi possa
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influenzare positivamente o negativamente la gestione di tali interventi. In tal senso le analisi
metagenomiche, utilizzate per la caratterizzazione delle comunita microbiche, sono state la base
fondamentale (i) per lo sviluppo degli approfondimenti mirati alla ricerca di nuovi ceppi microbici
da sfruttare in chiave biorisanamento, (ii) per esaminare un fenomeno di attenuazione naturale e (iii)
per verificare I’impatto complessivo delle comunita microbiche sulla perdita di efficienza di sistemi
di barrieramento idraulico.

Per quanto riguarda la selezione di nuovi ceppi microbici potenzialmente utilizzabili in chiave
biorisanamento, é stato selezionato un sito in Val d’Agri (Potenza) in cui sono presenti delle sorgenti
caratterizzate dalla presenza naturale di idrocarburi. In questo sito, le indagini idrogeologiche ed
isotopiche, la caratterizzazione delle comunita microbiche e I’isolamento e la caratterizzazione di
ceppi microbici di interesse, hanno contribuito ad accertare che:

e le due sorgenti caratterizzate dalla presenza di idrocarburi fanno parte di un sistema
idrogeologico attivo e vengono alimentate da un acquifero carbonatico locale che alimenta
anche una terza sorgente (priva di idrocarburi) captata per scopi potabili (Fig. 3.4);

Legend
.| Fluvial Deposits | Albidona Flysch [| Apenninic Carbonate Formation
| .| Galaino Breccias ____ | Rio Cavolo Formation

. Normal fault Ry Contour line (m a.s.l.)

F  Normal fault presumed e Cavolo River

% Low angle normal fault ® Springs
= Transcurrence A Artesian well
— Tectonic Contact ek Groundwater flow line

Figura 2.4 Carta idrogeologica dell'area di studio; i punti blu e il triangolo indicano I'ubicazione delle sorgenti
indagate S1 e S2 e del pozzo artesiano Pt [44].

e al contempo queste due sorgenti affiorano lungo una zona di faglia che consente un flusso
ascendente di idrocarburi e la miscelazione di questi con le acque sotterranee provenienti
dal suddetto acquifero carbonatico (Fig.3.4);

e le sorgenti caratterizzate dalla presenza naturale di idrocarburi rappresentano un
interessante “‘serbatoio” di ceppi microbici utilizzabili per potenziali approcci di
biorisanamento, come emerso dall’isolamento e la caratterizzazione di alcuni di essi (Tab.
3.2);
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Tabella 3.2 Risultati del sequenziamento del 16S rRNA di ceppi batterici isolate dai campioni di acqua delle sorgenti,
della falda e del suolo [44].

Sequence Accession

Strain Most Closely Related Organism (Accession Number) Identity (%)
Number
3C MT703034 Achromobacter spanius strain LMG 5911 (NR_025686) 97.80
1C MT703035 Pseudomonas protegens strain CHAO (NR_114749) 99.78
3 MT703036 Duyella japonica strain NBRC 102414 (NR_114075) 90.69
4 MT703037 Pseudomonas protegens strain CHAO (NR_114749) 98.42
7 MT703038 Cupriavidus metallidurans CH34 (NR_074704) 98.16
8 MT703039 Pseudomonas protegens strain CHAO (NR_114749) 98.19
10 MT703040 Stenotrophomonas maltophilia strain ATCC 13637 (NR_112030) 99.19
15 MT703041 Stenotrophomonas tumulicola strain T5916-2-1b (NR_148818) 90.86
16 MT703042 Stenotrophomonas maltophilia strain ATCC 13637 (NR_112030) 86.38
18 MT703043 Dyella terrae strain ]S14-6 (NR_044540) 92.50
20 MT703044 Dyella terrae strain ]S14-6 (NR_044540) 91.00

e [’isolamento ha portato all’identificazione di nuovi ceppi aerobi in grado di ossidare
idrocarburi, la maggior parte dei quali riconducibili a specie note per la loro capacita di
degradare IPA; inoltre, molti di questi sono stati in grado di produrre biosurfattanti,
sostanze in grado di aumentare la biodisponibilita di idrocarburi e favorirne la
degradazione (Tab. 3.3);

Tabella 3.3 Risultati della capacita emulsionante (EC%) (- assenza; + presenza) [44].

Strain EC EC%
Proteobacteria bacterium strain 3 - 0
Pseudomonas sp. strain 4 + 60
Cupriavidus sp. strain 7 - 0
Pseudomonas sp. strain 8 + 60
Stenotrophomonas sp. strain 10 - 0
Proteobacteria bacterium strain 15 - 0

Proteobacteria bacterium strain16 + 30
Proteobacteria bacterium strain 18 + 60
Proteobacteria bacterium strain20 + 60
Pseudomonas sp. strain 1C + 40
Achromobacter sp. strain 3C + 50
Escherichia coli (negative control) - 0

Bacillus subtilis (positive control) + 50

e partendo da questi ceppi sara possibile sviluppare consorzi microbici utilizzabili per il
biorisanamento di siti antropicamente contaminati, da affiancare in parallelo a tecnologie
gia in uso come i sistemi pump & treat.

Per quanto riguarda lo studio del fenomeno dell’attenuazione naturale ¢ stato individuato un sito
urbano contaminato da solventi clorurati (Parma) in cui le analisi metagenomiche, affiancate ad un
approccio colturale, hanno contribuito ad accertare che:

e la comunita microbica riscontrata nei punti di monitoraggio piu contaminati € costituita
prevalentemente da ceppi aerobi legati ad alcuni generi batterici in grado di compiere la
metano monoosigenasi come via metabolica per la degradazione di solventi clorurati;
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e dai test svolti in laboratorio € emerso come alcuni dei ceppi isolati (aerobi) sono in grado
di compiere dealogenazione di composti organici clorurati;

e tali risultati hanno permesso di ipotizzare la presenza di una degradazione cometabolica,
che coinvolge ceppi aerobi (generalmente poco studiati per la degradazione di solventi
clorurati) e ceppi anaerobi individuati in porzioni piu anossiche dell’acquifero.

Per quanto riguarda I’approfondimento dell’influenza delle comunita microbiche sulla progressiva
perdita di efficienza idraulica dei pozzi-barriera (eseguito in due siti industriali contaminati con
caratteristiche idrogeologiche e chimiche in parte dissimili), le correlazioni tra le indagini
idrogeologiche, la caratterizzazione delle comunita microbiche, I’isolamento di ceppi microbici di
interesse, le analisi con il microscopio ottico ed elettronico a scansione ambientale, le analisi con
diffrattometro a raggi X e le video ispezioni, hanno consentito di accertare che:

e I’efficienza idraulica dei pozzi-barriera in siti contaminati e fortemente influenzata dallo
sviluppo di biofilm e, piu in generale, dall’azione di cellule microbiche;

e in entrambi i siti, il clogging & causato principalmente dalla presenza di batteri
ferrossidanti e filamentosi (aerobi) capaci di produrre biofilm;

e le differenti tipologie di contaminazione presenti nei due siti e i differenti assetti
idrogeologici non sono apparsi quali fattori discriminanti nella formazione del clogging,
né nella selezione delle comunita microbiche responsabili della produzione di biofilm, a
differenza delle caratteristiche chimico-fisiche delle acque di falda, con particolare
riferimento alla concentrazione di Oz disciolto;

e per preservare ’efficienza di un sistema di barrieramento idraulico e per progettare
interventi di biorisanamento efficaci (e sostenibili) non si puo trascurare la componente
biologica della falda, in quanto alcune soluzioni di biorisanamento che prevedono
I’ossigenazione del mezzo saturo potrebbero in parallelo incrementare la proliferazione di
ceppi produttori di biofilm, inducendo clogging e perdita di efficienza dei pozzi-barriera.

In estrema sintesi, le attivita di ricerca sviluppate nel corso del Dottorato hanno dimostrato che gli
approcci interdisciplinari (ed, in particolare, quello idrogeologico-metagenomico) sono estremamente
utili ed efficaci per la corretta comprensione del ruolo idrogeologico svolto da mezzi a bassa
permeabilita, anche in aree antropizzate e/o in siti contaminati s.s. Inoltre, il medesimo approccio si
¢ rivelato estremamente efficace nell’ottica di massimizzare ed ottimizzare interventi di
biorisanamento accoppiati a sistemi di barrieramento idraulico, attraverso (i) la corretta gestione di
processi di attenuazione naturale legati all’attivita di comunita microbiche autoctone, (ii) la mirata
selezione (all’interno di sistemi idrogeologici attivi) di nuovi ceppi microbici degradatori e (iii) la
futura messa a punto di soluzioni in grado di minimizzare lo sviluppo del well clogging nei pozzi-
barriera.

Tutto quanto sopra sintetizzato dimostra altresi I’innovativita dell’approccio utilizzato in questa
sede. Innovativita che deriva, non solo dall’approfondita analisi sinergica di diversi aspetti abiotici e
biotici di sistemi idrogeologici complessi (con particolare riferimento ai temi oggetto della presente
Tesi), ma soprattutto dal modo in cui tale analisi é stata condotta. In questo specifico caso, infatti, &
stata sviluppata una ricerca “ibrida” attraverso la contestuale formazione di una figura di Idrogeologo
che fosse in grado (i) di acquisire, utilizzare e sintetizzare saperi tradizionalmente appannaggio di
aree e di settori disciplinari distinti, e quindi (ii) di affrontare e risolvere alcuni problemi complessi
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con un livello di ottimizzazione del disegno sperimentale maggiore di quello ottenibile dall’insieme
di specialisti monodisciplinari.
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