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A B S T R A C T

Waters circulating in the seismically active (up to 6.4 Mw) Pesaro-Urbino province (central Italy) were investi
gated to understand water–rock interaction processes and groundwater circulation patterns through a multi- 
isotopic approach.

The investigated waters showed different geochemical facies: Ca-HCO3, Ca-SO4, Ca-HCO3-SO4, and Na-HCO3. 
Water geochemistry and isotopic composition suggest that Ca-HCO3 waters are related to the dissolution of 
carbonate-rich rocks and, subordinately, Al-silicate minerals and are generally characterized by shallow or fast 
hydrogeological circuits. In contrast, Ca-SO4, Ca-HCO3-SO4, and Na-HCO3 waters relate to longer water–rock 
interaction and/or deeper circulation patterns within the aquifers. All the waters show biogenically derived δ13C- 
TIDC values and δ2H- and δ18O-H2O signatures indicative of meteoric origin. The combination of δ34S-SO4 and 
87Sr/86Sr values suggest that the Ca-HCO3-SO4 and Ca-SO4 waters interact with the evaporitic anhydrite-rich 
rocks of the Triassic Burano formation that constitute the regional basal aquiclude, making these waters inter
esting to be monitored for seismic tracers, being likely able to carry possible deep seismic signals (e.g., deep- 
sourced gases inflow, enhanced metals mobility), similarly to what found in comparable geological contexts. 
Contrarily, Na-HCO3 waters show 87Sr/86Sr ratios and δ11B values approaching those of the siliciclastic Marnoso 
Arenacea Fm, consistent with long-lasting interactions with Na-bearing silicates. Our results suggest that the 
hydrogeochemical and multi-isotopic approach provided paramount information to detect sites more prone to 
record possible geochemical variations during the build-up phase of seismic events, making it suitable for 
application to other seismically active areas.

1. Introduction

Water monitoring networks in seismically active areas aimed at the 
identification of seismic tracers (or precursors), i.e., geochemical and/or 

isotopic changes that may occur prior to, or concurrently, with a seismic 
event, are currently developed and deployed worldwide (Barberio et al., 
2017; Barberio et al., 2020; Lee et al., 2017, 2021; Hosono et al., 2019; 
2020; Hosono and Masaki, 2020; Barbieri et al., 2021; Franchini et al., 
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2021; Gori and Barberio, 2022; Chemeri et al., 2024; Chemeri et al., 
2025). These geochemical anomalies are generally associated with 
earthquakes characterized by a magnitude of at least 4 Mw. They may 
occur from weeks or months before any earthquake or during the event 
itself (Wang and Manga, 2021 and therein references). Their occurrence 
indicates that earthquakes (and their preparation processes) can affect 
groundwater geochemistry and isotopes (e.g., Barberio et al., 2017; 
Hosono et al., 2020; Franchini et al., 2021; Chemeri et al., 2025). Two 
main physical mechanisms are generally considered responsible for 
these variations in groundwaters. The first is related to increased 
water–rock interaction following the formation of new active (fresh) 
rock surfaces because of faulting and micro-fracturing (e.g., Claesson 
et al., 2004; Skelton et al., 2014; Skelton et al., 2019). The second, and 
more common, is linked to water mixing between two (or more) phys
ically separated aquifers due to changes in the hydraulic head and/or 
following aquifer breaching triggered by variations in the stress and 
strain rates during the various seismic stages (e.g., Thomas, 1988; Reddy 
et al., 2017; Chemeri et al., 2025).

Despite the relevance of the topic, guidelines on how to select the 
most suitable and sensitive sampling sites (e.g., springs, wells) are not 
provided, thus making the recognition of seismic tracers challenging. 
The main difficulties in finding accurate and reliable tracers are (i) the 
sensitivity of the selected monitoring sites, (ii) the limitation of moni
toring periods for producing satisfactory datasets and information, and 
(iii) the influence of various environmental parameters and possible 
human errors (Lee et al., 2017, 2021; Franchini et al., 2021). In addition, 
seismic tracers are site-specific and strictly associated with a given area 
depending on its geological (i.e., lithology, stratigraphy), hydro
geological (i.e., flow paths, aquifers type) and geodynamic setting 
(Claesson et al., 2004; Cicerone et al., 2009; Skelton et al., 2014, 2019; 
Hosono et al., 2019; Hosono et al., 2020; Hosono and Masaki, 2020; 
Barbieri et al., 2021; Wang and Manga, 2021; Chemeri et al., 2025). 
Moreover, it must be considered that not all the monitoring sites can 
detect possible precursory signals of earthquakes and seismic tracers 
since these sites could be either sensitive or insensitive despite occurring 
in the same area (Lee et al., 2017, 2021).

A deep understanding of different and simultaneous processes 
affecting groundwater hydrogeochemistry is a critical step toward 
selecting the most reliable (and likely sensitive) sampling sites. Water- 
rock interaction and weathering processes, ion exchange, dissolution, 
precipitation, and groundwater flow characteristics are the main 
chemical and physical mechanisms influencing and controlling water 
chemistry (Deutsch, 2020; Gori et al., 2023). They indeed depend on 
several hydrogeological factors such as (a) aquifer recharge mecha
nisms, (b) depth and length of groundwater circulation patterns, (c) type 
of aquifer systems and related features, (d) occurrence of tectonic fea
tures (e.g., fractures or faults) that may favor deep-seated fluids up
welling, and (e) mixing processes between different water types and/or 
previously separated aquifers (Andreo et al., 2016; Gori et al., 2023 and 
therein references).

Therefore, the geochemical composition of groundwaters reflects 
their complex evolution underneath the surface, allowing to reconstruct 
their flow paths (Doglioni et al., 2014; Smeraglia et al., 2018; Gori et al., 
2023). Thus, the hydrologic and hydrogeologic features, together with 
the lithologies, are fundamental aspects to be considered for establishing 
a water monitoring network aimed at seismic surveillance. In this 
context, the application of multiple isotope systematics (C, S, O, H, B, Sr) 
plays an invaluable and crucial role (Chiodini et al., 2000, 2020; Cor
tecci et al., 2002; Pawellek et al., 2002; Boschetti et al., 2015; Barbieri 
et al., 2020; Hosono et al., 2020; Gori et al., 2023; Chemeri et al., 2024; 
Zhang et al., 2024). Most of these isotopic systems have been proven 
sensitive to earthquake preparatory phases by changing their original 
isotopic ratio before or during a seismic crisis (e.g., Boschetti et al., 
2019; Skelton et al., 2019, 2024; Barbieri et al., 2020; Hosono et al., 
2020; Franchini et al., 2021). Moreover, the isotopic data make it 
possible to trace the primary sources of some solutes or the secondary 

processes that affect the waters during their underground circulation, 
also allowing to identify the geological formations the circulating waters 
along their paths are interacting with (Clark and Fritz, 1997; Barth et al., 
2003; Grassa et al., 2006; Boschetti et al., 2013, 2015, 2019; Bottrell 
et al., 2019; Vespasiano et al., 2021; Xu et al., 2024). For instance, 
groundwater circulating through deep aquifers can emerge at the 
topographic surface as punctual or linear springs after prolonged contact 
with the host rocks (Tazioli et al., 2024). Therefore, in the case of springs 
fed by deep fluids, discharging from either highly tectonized areas or 
well-developed fault systems, their water geochemical and isotopic 
composition could be functional for recognizing seismic tracers (Lee 
et al., 2017, 2021; Franchini et al., 2021).

Following a highly detailed geochemical and isotopic characteriza
tion of the groundwaters (both springs and wells) located within the 
seismically active area of the Pesaro-Urbino (hereafter, PU) province 
carried out by Chemeri et al. (2024), twenty-one sampling sites were 
selected for further isotopic analyses. These sites were chosen according 
to (i) geochemical facies, (ii) hydrogeological context, and (iii) location 
with respect to primary and local seismogenic structures. Beyond the 
determination of major and trace components, a multi-isotopic 
approach on each sampling site was carried out by determining oxy
gen and hydrogen in the water molecule (δ2H- and δ18O-H2O), carbon in 
TDIC (δ13C-TDIC: Total Dissolved Inorganic Carbon), sulfur and oxygen 
in sulfate (δ34S-SO4 and δ18O-SO4), boron (δ11B) and strontium 
(87Sr/86Sr) isotopic ratios in the water phase to (a) define the water–rock 
(− gas) interaction processes controlling the chemical composition of the 
selected sites and (b) constrain the origin of the fluids and their possible 
circulation paths in the shallow crust. By coupling geochemical, iso
topic, and hydrological insights, specific sampling sites were considered 
as the most suitable waters to be included in a monitoring network 
aimed at defining seismic tracers for the study area, characterized by the 
presence of seismogenic structures able to generate earthquakes with 
magnitudes higher than 6 (e.g., DISS Working Group, 2021; Maesano 
et al., 2023; Pezzo et al., 2023).

2. Overview on stable isotopes application to groundwaters

Stable and radiogenic isotope composition of groundwaters has been 
proven to be highly effective in interpreting geochemical and hydro
geological processes in natural environments (e.g., Boschetti et al., 
2011; Boschetti et al., 2015; Boschetti et al., 2017; Gori et al., 2023; Xu 
et al., 2024; Zhang et al., 2024). In the present study, hydrogen, oxygen, 
carbon, sulfur, boron, and strontium isotope systematics were explored 
to disentangle different information and constraints on the character
istics of the groundwater circulating in the seismically active area of the 
PU province. Determining water stable isotopes (δ2H and δ18O) is the 
most typical application in isotope hydrology since it allows us to define 
the origin of groundwaters and identify recharge areas (e.g., Nisi et al., 
2014). Additionally, many geological processes, some of them also 
related to the earthquake preparation mechanisms, are often responsible 
for changes in the relative proportions of the H and O stable isotopes in 
groundwaters (e.g., Claesson et al., 2004; Claesson et al., 2007). For 
research purposes, δ2H and δ18O values provide valuable insights 
regarding groundwater circulation pathways and allow tracking the 
possible occurrence of mixing processes between the different aquifers 
and uprise of deep fluids (Wang et al., 2005; Hosono et al., 2020). The 
isotopic signature of the total dissolved inorganic carbon (δ13C-TDIC) is 
widely used in environmental and hydrogeological disciplines to 
constrain and define the primary source of carbon species (Chiodini 
et al.,2000, 2020; Barth et al., 2003; North et al., 2003; Grassa et al., 
2006; Venturi et al., 2017; Bottrell et al., 2019; Barbieri et al., 2020; 
Tassi et al., 2022), since each possible end-member is characterized by a 
specific isotopic range (Cerling et al., 1991; Merritt et al., 1995; Chiodini 
et al., 2000 and reference therein). The major sources of carbon that 
contribute to TDIC are represented by (i) dissolution of atmospheric 
CO2; (ii) uprise of deep endogenic CO2 released by mantle degassing 
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and/or produced as a consequence of the thermal breakdown of lime
stone under thermometamorphic conditions; (iii) dissolution of car
bonate mineral phases (i.e., calcite, dolomite); (iv) inputs and 
interactions with biogenic CO2, produced by the oxidation of organic 
matter trapped into sediments (Cerling et al., 1991; Merritt et al., 1995; 
Venturi et al., 2017; Tassi et al., 2022). The δ13C values related to 
endogenic (and high-temperature) processes in non-volcanic areas 
generally range from − 5 ‰ to + 5 ‰ vs. V-PDB whilst those associated 
with carbonate dissolution are usually varying between − 2 ‰ and + 2 
‰ vs. V-PBD (e.g., Venturi et al., 2017 and references therein). On the 
contrary, biogenic carbon is preferentially enriched in the lighter 
isotope, thus showing negative δ13C values typically below − 15 ‰ vs. V- 
PDB (Merritt et al., 1995; Chiodini et al., 2000; Chiodini et al., 2020). 
Additionally, the occurrence of secondary processes that may change 
and alter the original isotopic values needs to be considered (Venturi 
et al., 2017). In our context, determining the δ13C-TDIC values provides 
valuable insights into the possible interplay between deep-originated 
fluids and shallow aquifers.

The application of both δ34S and δ18O values in dissolved sulfate 
(SO4) allows for the evaluation of sulfur sources and cycles in the 
aqueous systems and to unravel processes and transformations involving 
sulfate in the basin catchment (Thode, 1991; Cortecci et al., 2002, 2007; 
Xu et al., 2024; Zhang et al., 2024). Sulfur may be tangled in multiple 
processes, determining a wide variability for δ34S and δ18O. Bacterial 
reduction of SO4 is among the main processes that can account for the 
large variability of sulfur isotopic signatures. Sulfate-reducing bacteria 
use dissolved SO4 as an electron acceptor during the oxidation of organic 
matter, producing H2S with δ34S below − 20 ‰ vs. V-CDT. On the other 
hand, δ34S exceeding + 10 ‰ vs. V-CDT and δ18O higher than 0 ‰ vs. V- 
SMOW are usually associated with sedimentary and/or igneous lithol
ogies (MacNamara and Thode, 1950; Holser and Kaplan, 1966; Cortecci 
et al., 1981; Thode, 1991; Clark and Fritz, 1997; Szaran et al., 1998; 
Boschetti et al., 2011), thus allowing to identify which geological for
mation represents the primary source of sulfate (Cortecci et al., 1981; 
Clark and Fritz, 1997; Cortecci et al., 2002, 2007; Boschetti et al., 2011; 
Gori et al., 2023 and therein references).

Boron is a ubiquitous constituent in surface and groundwater sys
tems as it mainly derives from rocks and soils weathering containing B- 
bearing minerals (e.g., Pennisi et al., 2006). The benefit of using boron 
isotopic content as a geochemical tracer stems from its high mobility at 
low-to-high temperature fluid-related reactions, matched by significant 
isotopic fractionation (Leeman and Sisson, 1996). Hence, the applica
tion of B isotopes in hydrological investigations marks the origin of 
dissolved boron and discriminate its sources (Boschetti et al., 2011; 
Boschetti et al., 2015; Boschetti et al., 2017; Hasenmueller and Criss, 
2013; Franchini et al., 2021). The significant mass difference (≈ 10 %) 
between the two boron stable isotopes 11B and 10B results in a wide 
range of variation for δ11B (e.g., Barth, 2000; Pennisi et al., 2006), 
generally comprised between + 4 and + 58 ‰ vs. NIST SRM 951 for 
marine B reservoirs and from − 31 and + 22 ‰ for non-marine sources, 
being the isotopic composition of ocean water constant at + 39.5 ‰ 
(Spivack and Edmond, 1987). Similarly, strontium is mainly present in 
water systems due to its geochemical affinity with calcium. The 
87Sr/86Sr ratio is diagnostic of Sr-sources and intimately related to the 
concentration of Rb; 87Sr is derived by the isotopic decay of 87Rb, while 
86Sr is a stable isotope. Thus, the older a Rb-bearing rock is, the higher 
the 87Sr/86Sr ratio. However, when no Rb is hosted in a rock such as 
limestone, the 87Sr/86Sr ratio registers the same water ratio from which 
the carbonate rock precipitates (e.g., Jørgensen et al., 2008; Nisi et al., 
2008; Semhi et al., 2017; Frei et al., 2020). A substantial advantage of 
the 87Sr/86Sr isotopic ratio is that once released into solution, it remains 
unchanged and reflects the isotopic signature of the original mineral 
since fractionation processes do not influence it (Bullen et al., 1996), 
even in waters containing Rb, the 87Rb to 87Sr decay time being of ca. 49 
Ga.

3. General background of the Pesaro-Urbino province

3.1. Stratigraphical and tectonic setting

The PU province is located in the northern Marche Region (central- 
eastern Italy) within the Umbria-Marche Apennines, representing the 
external part of the Northern Apennines chain that developed during the 
Miocene. The study area features a variable topography and a complex 
geological-structural setting (Figs. 1 and 2), with the outcropping 
geological formations spanning from Lower Jurassic to north-west to 
Miocene-Pleistocene deposits covered by Quaternary alluvial deposits in 
the coastal area, to east (Centamore et al., 1971, 1986, 2002; Capuano 
et al., 1986; Centamore and Micarelli, 1991; Cresta et al., 1989; Barchi 
et al., 1998a, 2001; Capuano, 2009; Conti et al., 2020; Teloni et al., 
2024).

The Umbria-Marche Apennines is an arcuate fold-and-thrust belt, 
verging towards E-NE, with a major detachment in the Triassic Evapo
ritic Burano Formation. It is displaced by several thrust fold systems 
(NNW-SSE) and N-S and E-W oriented strike-slip faults (Barchi et al., 
1998a), including the boundary between the Tyrrhenian Umbro-Tuscan 
extensional area and the Adriatic compressional zone (Meyer et al., 
2003).

The Umbria-Marche Apennines are characterized by an average 
geothermal gradient (~40 mW m− 2; Pauselli et al., 2019) and a thick 
continental crust (Conti et al., 2020 and therein references) composed 
by an articulated sedimentary succession that started with the deposi
tion of carbonate platform limestones, i.e., Calcare Massiccio Fm (Lower 
Jurassic) (Fig. 2b). It has to be remarked that the Burano Fm, which is 
not outcropping in the study area, occurs at the bottom of the succession 
(Anelli et al., 1994; Capaccioni et al., 2001; Conti et al., 2020), and was 
reached at 620 and 1550 m depth at the Nerone-Catria and Cesane 
Ridges areas (Figs. 1 and 2), respectively, during hydrocarbon explo
ration drillings (Martinis and Pieri, 1964; Barchi et al., 1998b; VIDEPI, 
2009). Intra-basinal highs and lows developed following the break-up of 
the carbonate platform with ongoing carbonate sedimentation repre
sented by micritic pelagic limestones with cherty nodules (Corniola Fm), 
marly limestones and marls (Rosso Ammonitico, Marne a Posidonia Fm 
and Bugarone Fm), and then micritic limestones with cherts and cal
carenites (Calcari Diasprini Fm). The transition from a predominant 
carbonate sedimentation towards a marly one is represented by the 
stratigraphic contact between the Maiolica Fm (mainly limestone and 
dolomitic limestones) and the Marne a Fucoidi Fm (an alternating 
marly-to-clay formation) (Capuano et al., 1986; Santantonio, 1993). The 
uniform marly sedimentation continued through the Cretaceous and 
Eocene with the deposition of the Scaglia Fms, i.e., Scaglia Bianca, 
Scaglia Rossa, Scaglia Variegata, and Scaglia Cinerea. The deposition of 
the Bisciaro (marly limestones, marls, and clays with volcanoclastic 
levels) and the Schlier Fms (marls and clays with locally marly lime
stones and calcarenites) preceded the turbiditic sedimentation, which 
began during the Early Miocene (Conti et al., 2020 and reference 
therein). The siliciclastic succession is represented by the Marnoso 
Arenacea Fm, consisting of turbiditic sandstones and siltstones inter
layered with marlstones (Ricci Lucchi, 1986; Argnani and Ricci Lucchi, 
2001; Capuano, 2009), which is overlain by the Tripoli Fm (bituminous 
clays, marls, sandstones, and diatomites) belonging to the Messinian 
Evaporitic succession (Tavernelli, 1997; Conti et al., 2020). The coastal 
area is predominantly composed of silty clays interbedded with sand
stones, clays, and evaporites, deposited starting from the Late Miocene 
to Pleistocene (i.e., Tripoli, Gessoso-Solfifera, San Donato, Colombacci 
and Argille Azzurre Fms) and overlain by Quaternary alluvial-marine 
deposits (Nesci et al., 2008; Gallerini and De Donatis, 2009; Taussi 
et al., 2021).

The PU province represents one of the most seismically active areas 
in Central Italy and has recently experienced moderate seismicity 
(Maesano et al., 2023; Pezzo et al., 2023). The area’s seismicity is due to 
two major composite seismogenic sources (DISS Working Group, 2021) 
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located along the Adriatic coast and offshore areas and the Mt. Catria- 
Mt. Nerone ridge in the Umbria-Marche Apennines (Fig. 1). The activ
ity on the Adriatic coast and offshore is characterized by events with 
magnitudes lower than 6 (e.g., the 1916 Rimini – Mw: 5.8 − the 1930 
Senigallia – Mw: 5.8 – and the recent Marche offshore – Mw: 5.5 – 
seismic sequences; Fig. 1) and related with transpressive and compres
sive structures (Mazzoli et al., 2005, 2014, 2015; Pierantoni et al., 2019; 
Maesano et al., 2023; Pezzo et al., 2023). Contrarily, along the Apennine 
chain, the most destructive and strongest events are generally associated 
with extensional movements (Lavecchia et al., 1994, 2003; Boncio et al., 
1998; Boncio et al., 2000; De Donatis et al., 2020) such as the 1781 Cagli 
earthquake (Mw = 6.4; Fig. 1). However, NW-SE-oriented compressive 
structures occur in the Cagli area and its surroundings (Mantovani et al., 
2014); thus, the presence of such multiple and complex structures makes 
the identification of the primary source of the events extremely 
challenging.

3.2. Hydrological and hydrogeological setting

The hydrological framework of the PU province has been revised by 
Farina and Cavitolo (2016), who, by analyzing 26 rain-gauge stations 
(from 1980 to 2010) spatially distributed, came out with a mean annual 

precipitation ranging between 1500 mm/y (in the Apennine ridge) and 
700 mm/y (along the coastal areas). The rainiest periods occur in late 
autumn–winter and spring, while summer is dry. Concerning the ther
mometric regime, the annual mean temperature in the area varies from 
11 ◦C on the mountain ridge and 15 ◦C along the Adriatic coast, with 
lower temperatures in winter and higher temperatures during summer. 
The water budget calculation performed by Farina and Cavitolo (2016)
at an annual scale by applying the Turc method evidences an evapo
transpiration pattern ranging between 40 % and 60 % of mean annual 
precipitation values, moving from the inland to the coastal areas. The 
hydrogeological characteristics of the PU province are strongly influ
enced by stratigraphic and tectonic features. The main springs typically 
emerge near permeability boundaries between different geological for
mations, and at the contact between lithological contrasts that are re
flected in levels or lenses with heterogeneous permeability within the 
same formation or along significant tectonic lineaments (Boni and 
Petitta, 2007; Boni, 2010; Mastrorillo and Petitta, 2014; Mammoliti 
et al., 2023).

From a hydro-stratigraphic point of view (Fig. 2b), the Calcare 
Massiccio and Corniola Fms and, when present, the Bugarone Fm, host 
the regional Basal aquifer, which is defined by high infiltration rate and 
high permeability due to an extensive karstification (Banzato et al., 

Fig. 1. Structural map of the study area pertaining to the Umbria-Marche Apennines and the offshore area (modified after Teloni et al., 2024 and references therein). 
The strongest (Mw > 5.5) historical earthquakes that occurred in the area are also reported.
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Fig. 2. A) detailed geological map of the study area (after Conti et al., 2020) with the location of the sampling sites and the hydro-geological schematic cross-section 
traces (Roman numbers) of Fig. 3. The sampling sites are reported according to the emission type (spring or well) and the geochemical character (Chemeri et al., 
2024). b) Schematic relationships between stratigraphy (after Conti et al., 2020) and hydrogeological complexes and related hydrodynamic features (modified after 
Mastrorillo et al., 2009, and Viaroli et al., 2021).
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2013; Fronzi et al., 2024a). The Basal aquifer is inferiorly confined by 
the Triassic Burano Fm, which acts as the regional aquiclude. According 
to the horst and graben structural setting, formations such as the Rosso 
Ammonitico, Marne a Posidonia, and Calcari Diasprini are regarded as a 
localized aquiclude complex, separating the Basal aquifer from the 
overlying Maiolica aquifer. The Maiolica aquifer is characterized by 
medium to high permeability due to pervasive stratification and fracture 
networks (Valigi et al., 2021). At a regional scale, the Basal and the 
Maiolica aquifers may come into hydraulic contact, constituting a single 
regional aquifer system. The Maiolica and the Scaglia Calcarea aquifers, 
the latter located within the Scaglia Bianca and Scaglia Rossa Fms, are 
separated by the regional Marne a Fucoidi aquiclude. The Scaglia Cal
carea aquifer represents the upper aquifer of the carbonate Umbria- 
Marche domain characterized by medium-to-high permeability due to 
a well-developed fracture system (Valigi et al., 2020; Fronzi et al., 2022; 
D’Antonio et al., 2024).

Above the Scaglia Calcarea aquifer, the pre-flysch sequence of Sca
glia Variegata, Scaglia Cinerea, Schlier, and Bisciaro Fms closes the 
calcareous Umbria-Marche sequence, generally acting as an aquiclude. 
The Early Miocene siliciclastic deposits of the Marnoso Arenacea Fm, as 
well as the Messinian to Plio-Pleistocene sequence, host local aquifers 
where the sandstone and sandy-conglomerates prevail (Nanni and 
Vivalda, 2005). In these geological formations, the local groundwater 
bodies feed the springs emerging at the contact between more perme
able layers or lenses and those displaying lower permeability values 
composed of marl, silt, and clay layers (Mammoliti et al., 2023). Even
tually, the Quaternary deposits, mainly located along the valleys of the 
rivers and streams, host alluvial aquifers (not covered by this study) that 
are generally in phreatic conditions (Taussi et al., 2024).

Tectonic features, including folds and faults, exert a significant in
fluence on the groundwater flow (Fig. 3). Faults, depending on their 
kinematics and activity, may either connect different aquifers (Nanni 
and Vivalda, 2005; Fronzi et al., 2021; Cambi et al., 2022; Mammoliti 
et al., 2022) or act as impervious barriers, further shaping groundwater 
circulation in the study domain. The outcropping areas of the aquifers 
play an active role in groundwater autogenic recharge (Tamburini and 
Menichetti, 2020). All aquifers are mainly recharged by precipitation 
except the alluvial aquifers, in which, in addition to precipitation, 
recharge from carbonate aquifers may be present (Nanni and Vivalda, 
2005). Meteoric recharge in coastal and hilly areas is exclusively due to 
rainfall, whereas, moving inland towards the carbonate Apennine ridge, 
snow melting produces a significant recharge to the groundwater sys
tems (Fronzi et al., 2020). Groundwater recharge generally begins in 
autumn (September-November), when precipitation peaks (usually in 
November) and air temperature drops, generating an effective excess of 
water. The recharge continues during winter and spring months, with a 
second precipitation peak mostly occurring in May. In response to the 
recharge pattern, the mountain carbonate springs typically reach their 
maximum discharge value in late spring-summer (April-August). In 
contrast, springs emerging from local aquifers reach their maximum 
value in the winter-spring periods (November-May), and some tend to 
dry up in the summer.

According to the hydro-stratigraphic and tectonic setting (Figs. 2 and 
3), as well as the aquifers extension and position across the PU province, 
numerous springs emerge from the internal carbonate ridges (Fig. 3a,b), 
where the highest precipitation and recharge rates occur (Farina and 
Cavitolo, 2016). These springs show high to medium–high flow rates. 
Springs discharging from the regional Basal aquifer often exceed 
300–500 l/s. At the same time, those emerging from the Maiolica and 
the Scaglia Calcarea aquifers have very variable flow rates as they range 
from a few L/s to hundreds of L/s (Nanni and Vivalda, 2005). Although 
the flow rates can significantly vary over the year, the base flow of these 
springs is always guaranteed due to the considerable extension of the 
aquifers and the connected fracture system regulating the water move
ment across the aquifers, making them particularly exploitable for 
drinking purposes (Capaccioni et al., 2001). Contrarily, the numerous 

springs emerging from the local aquifers hosted in the Messinian to Plio- 
Pleistocene geological formations (Fig. 3d,e) have a perennial regime 
with flow rates of a few liters per second or minute (Nanni and Vivalda, 
2005). Carbonate aquifers’ geometric and hydrogeological properties 
typically result in longer water residence times (Aquilanti et al., 2016). 
However, where the karst system is highly developed, the baseflow 
sustained by the fracture networks and matrix is supplemented by rapid 
flow through karst conduits (Nanni et al., 2020). On the contrary, 
smaller groundwater bodies, hosted in the Upper Pliocene to Pleistocene 
local aquifers, have shorter and surficial flow paths. The arenaceous and 
conglomeratic aquifers of the Miocene to Middle Pliocene can instead 
host water circulating at significant depths and likely interacting with 
fault systems (Fig. 3c; Nanni and Vivalda, 2005).

4. Materials and methods

4.1. Sampling strategy, in-situ measurements, and geochemical analyses

Twenty-one samples were collected twice from 15 springs and six 
wells in surveys carried out in February and November 2023, respec
tively (Fig. 2; Table 1). Water samples were collected based on the re
sults presented by Chemeri et al. (2024) according to (a) their 
geochemical facies, (b) the location of the sampling sites with respect to 
regional and local tectonic structures occurring in the study area, (c) the 
hydro-stratigraphic context and (d) the depth of the wells. According to 
the hydro-stratigraphic context of the selected sampling sites (Table 1; 
Fig. 2b, and 3): (a) samples S-06, S-08, W-09, W-10, S-11, S-12, and S-14 
are all discharging from the Basal aquifer, W-15 from the Maiolica 
aquifer and S-05 and S-07 from the Scaglia Calcarea aquifer (Fig. 3a, 
circulation Type I, afterward); (b) sample W-16 emerges from the Ma
iolica aquifer (Fig. 3b, circulation Type II, afterward); (c) S-01 to S-04 
are discharging from the aquifer hosted in the Marnoso Arenacea Fm 
(Fig. 3c, circulation Type III, afterward); (d) S-13 and S-18 are emerging 
from the aquifer interacting with the Gessoso Solfifera Fm, while W-17 
from the more permeable layers belonging to the Argille Azzurre Fm 
(Fig. 3d, circulation Type IV, afterward); (e) W-19 and S-20 emerging 
from the San Donato and Colombacci Fms, and S-21 discharges from the 
more permeable layers belonging to the Argille Azzurre Fm (Fig. 3e, 
circulation Type V, afterward). Concerning the November 2023 survey, 
data for three samples (i.e., W-17, S-18, and S-19) are unavailable.

Electrical conductivity (EC, in μS/cm at 25 ◦C), pH, water tempera
ture (T, in ◦C), and redox potential (Eh, in meV) were measured in situ 
using an XS PC70 + DHS multiparametric probe (Table 2). At each 
sampling site, during the two sampling campaigns, distinct aliquots 
were collected, as follows: (i) un-filtered aliquot in 125 mL polyethylene 
(PE) bottles for the analysis of major (HCO3

–, Cl-, SO4
2-) and minor (NO3

–, 
Br-, F-) anions, NH4

+, SiO2 and B; (ii) filtered (0.45 μm) and acidified 
(with 1 % Suprapur HCl) aliquot in 50 mL PE bottles for the analysis of 
major cations (Ca2+, Mg2+, Na+, K+) (Table 2); (iii) filtered (0.45 μm) 
and acidified (with 1 % Suprapur HNO3) aliquot in 50 mL PE bottles for 
trace elements (Li, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Rb, Sr, Ba, Pb; 
Table S1), and (iv) filtered aliquot in 15 mL plastic tubes for the analysis 
of water isotopes (δ2H- and δ18O-H2O). In February 2023, two aliquots 
transferred to 12 mL glass vials with a pierceable cap, where HgCl2 was 
added, were collected to determine the δ13C-TDIC (Total Dissolved 
Inorganic Carbon). The addition of HgCl2 allows the elimination of 
microorganisms and organic matter, avoiding any possible fractionation 
processes after sample collection (Atekwana and Krishnamurthy, 1998). 
An additional un-filtered 500 mL aliquot was collected in PE bottles for 
the analyses of δ34S-SO4 and δ18O-SO4; for those samples showing 
negative Eh values, an ammonia-cadmium solution was previously 
added to separate and remove the sulfur-reduced species (

∑
S2-) that 

may be oxidized after sample collection (Montegrossi et al., 2006). 
Eventually, in November 2023, a filtered 250 mL aliquot was collected 
in PE bottles to analyze δ11B and 87Sr/86Sr. Four rock samples, one from 
the Burano Fm (ALF15; Renzulli et al., 1998) and three from the local 
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Fig. 3. Simplified hydro-geological models for: (a) carbonate aquifers of Mt. Catria-Mt. Nerone ridge (Type I), modified from Capaccioni et al. (2001); (b) carbonate 
aquifers of the Cesane Mts. (Type II); (c) terrigenous aquifers hosted in the Marnoso Arenacea Fm., modified after the Carta Geologica d’Italia 1:50,000 Foglio n. 278 
“Pieve Santo Stefano” (Type III); (d) terrigenous aquifers hosted in the Miocene to Middle Pliocene Fms (Type IV), modified after Nanni and Vivalda (2005); (e) 
terrigenous aquifers hosted in the Upper Pliocene to Pleistocene Fms, modified after the Carta Geologica d’Italia 1:50,000 Foglio n. 281 “Senigallia” (Type V). The 
cross-section traces are indicated with Roman numbers in Fig. 2a, while the colours refer to the hydrogeological complexes’ column of Fig. 2b.
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outcrops of the Gessoso Solfifera Fm (PEG, SBA1, and SBA2) were also 
analyzed for δ11B and 87Sr/86Sr. Prior to the isotopic analyses, the rock 
samples were cut to remove the presence of possible alteration films. 
They were then granulated, quartered, and grinded in a planetary mill 
using agate mortars and spheres.

Total alkalinity was determined by acidimetric titration (AT) within 
24–48 h from collection, using an automatic burette filled with 0.01 M 
HCl and methyl-orange as the colorimetric indicator. Ammonia (NH4

+) 
was analyzed using molecular spectrophotometry (MSP) with the 
Nessler Method using a HACH DR2010 instrument. Major cations and 
anions were analyzed by ion chromatography (IC), using Metrohm 861 
Compact IC and Metrohm 761 Advanced Compact IC chromatographs, 
respectively. The analytical errors for AT, IC, and MSP were < 5 % (Tassi 
et al., 2022). The data quality of the main solutes was evaluated by 
computing the electroneutrality parameter (EP), which was always in 
the range ± 5 % (Table 2), thus approaching the electroneutrality 
principle (Appelo and Postma, 1993).

Trace elements were measured by Inductively Coupled Plasma Mass 
Spectrometry (ICP-MS) using an Agilent 7800 Mass Spectrometer with 
an analytical error below 10 %. The accuracy and precision of the 
analysis were tested using internal and certified international standards, 
i.e., Aqua 1 e Srls 6 (CNRS-Canada) and DW1 (ISC Science). The 
chemical compositional analyses were conducted at the Laboratory of 
Fluid Geochemistry at the Department of Earth Sciences (University of 
Florence, Italy). Additionally, SiO2 and B were analyzed at the Gruppo C. 
S.A. Ltd.’s laboratories (Rimini, Italy) by ICP-AES and ICP-MS, 
respectively.

4.2. Isotopic analyses

The isotopic analyses of oxygen (18O/16O and expressed as δ18O ‰ 
vs. V-SMOW) and hydrogen (2H/1H and expressed as δ2H ‰ vs. V- 
SMOW) of waters (Table 3) were carried out using a near-infrared laser 
analyzer (Picarro L2130-i) using wavelength-scanned cavity ring-down 
spectroscopy technique (WS-CRDS, analytical errors: δ18O ± 0.08 ‰, 
δ2H ± 0.5 ‰ vs. V-SMOW) (Tassi et al., 2022). The carbon isotopic 
composition (δ13C-TDIC) was determined following the procedure pro
posed by Salata et al. (2000): an aliquot of the sample was injected into 
12 mL vials that were pre-filled with He and 65 % phosphoric acid 
(H3PO4) and then shaken for 30 s in a Vortex agitator. The vials were left 
at room temperature for 15–36 h to obtain the equilibrium and separate 
CO2. The CO2 was separated by chromatography in a Gas Bench 

(Thermo Finnigan) system interfaced with a mass spectrometer. The 
δ13C-TDIC was then measured using a Delta XP mass spectrometer 
(IRMS) with an analytical error of ± 0.1 ‰ (Salata et al., 2000; Verma 
et al., 2020). The results are reported in ‰ vs. V-PBD (Table 3). The 
accuracy and precision of the carbon isotopic analyses were validated 
using three internal standards of Na2CO3 solution (DIC-A, DIC-B, and 
DIC-T), each with a different isotopic composition (− 4.90 ‰, − 9.50 ‰, 
+28.59 ‰ vs. V-PDB, respectively).

The samples collected for δ34S-SO4 and δ18O-SO4 analyses were 
treated as follows: (i) samples with the ammonia-cadmium solution 
were centrifuged at 3000 rpm for 30 mins to separate the solution from 
the precipitate (CdS); (ii) a drop of HCl (37 %) was added to the su
pernatant until a pH < 2 was obtained in order to neutralize the dis
solved bicarbonates; (iii) BaCl2 was then added to precipitate BaSO4. 
The solution was then filtered to separate BaSO4, which was then dried 
at 50 ◦C before the isotopic measurement. The sulfur isotopic compo
sition was determined via Delta Plus XL mass spectrometer (EA-IRMS) 
by combusting the sample with V2O5 and O2 at 1030 ◦C in a Carlo Erba 
NC1500 elemental analyzer (Papaslioti et al., 2018). For those samples 
characterized by low sulfur content, a purge-and-trap system was used to 
allow the collection of 3 μg of sulfur. The analytical error for δ34S was 
better than ± 0.1 ‰; the samples analyzed with the purge and trap 
system have a precision of ± 0.3 ‰. The results are reported in ‰ vs. 
CDT (Canyon Diablo Troilite) (Papaslioti et al., 2018). The δ18O-SO4 was 
determined with a Thermo Finnigan TC-EA high-temperature pyrolysis 
system coupled to a Delta Plus XL mass spectrometer. The analytical 
error for δ18O-SO4 was ± 0.3 ‰ vs. V-SMOW (Knöller et al., 2008). 
Commercial SO2 was used as an internal standard for sulfur and oxygen 
isotopes. Besides, different compositions of internal standards with 
δ34S= +23.25 ‰, +6.03 ‰, and − 6.38 ‰ (vs. CDT) were prepared and 
compared with International Atomic Energy Agency (IAEA) standards 
(Papaslioti et al., 2018). The δ34S-SO4 and δ18O-SO4 values are reported 
in Table 3.

Concerning δ11B analysis, boron was extracted from the water so
lution following the separation procedure described by Agostini et al. 
(2021): sample purification was carried out using boron-specific ion- 
exchange resin (i.e., 20–50 mesh amberlite), loading ca. 0.3–0.4 mL of 
resin in Savillex PFE Teflon micro-columns, which were previously 
cleaned with 1.5 N HCl and conditioned with ultrapure high-pH water 
and ammonia. Water samples were loaded at pH > 10 and rinsed with 
ultrapure high-pH water and ammonia. In the final step, boron was 
collected from amberlite using 2 % HNO3 to prepare a solution ready for 

Table 1 
Samples ID (S: spring, W: well), full name, geographic location (in UTM-33 N WGS84 coordinates), altitude (in m above sea level). The Hydrogeological complexes 
(referred to Fig. 2b) from which the waters are emerging and the reference hydrogeological circulation types (H.g. type referred to Fig. 3) are also indicated.

ID Full name Coord_E Coord_N Altitude Lithology of emergence H.g. type

S-01 Lamoli spring 276267 4831253 748 Marnoso Arenacea III
S-02 Borgo Pace spring 279237 4837605 373 Marnoso Arenacea III
S-03 Guinza spring 281792 4833414 528 Marnoso Arenacea III
S-04 Apecchio spring 291050 4825975 511 Marnoso Arenacea III
S-05 Sassorotto spring 295852 4828125 411 Scaglia Calcarea I
S-06 Rio Vitoschio spring 297445 4827418 421 Massiccio Corniola I
S-07 Monte Nerone spring 299059 4825056 1233 Scaglia Calcarea I
S-08 Fonte di San Nicolò spring 305585 4822331 344 Massiccio Corniola I
W-09 Cagli A well 308985 4819931 195 Massiccio Corniola I
W-10 Cagli B well 308985 4819931 195 Massiccio Corniola I
S-11 Fontacce spring 308409 4818880 342 Massiccio Corniola I
S-12 Gorgo a Cerbara spring 301606 4829581 345 Massiccio Corniola I
S-13 Peglio spring 298292 4841322 462 Gessoso Solfifera IV
S-14 Bellisio mineral spring 323812 4820247 319 Massiccio Corniola I
W-15 Cesano well 323709 4819987 321 Maiolica I
W-16 Fossombone well 321124 4839256 79 Maiolica II
W-17 San Lorenzo well 334511 4829223 121 Argille Azzurre IV
S-18 Valzangona mineral spring 319164 4847770 257 Gessoso-Solfifera IV
W-19 Mombaroccio well 326429 4853303 73 San Donato V
S-20 Pontaccio spring 327875 4851443 340 Colombacci V
S-21 Mondolfo spring 346308 4846379 93 Argille Azzurre V
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ICP-MS analysis after dilution. Boron extraction from the rock samples 
involved an alkaline fusion step following the procedure described in 
Agostini et al. (2021). The purified solutions were measured using a 
Thermo Neptune Plus Multi Collector ICP-MS (MC-ICP-MS). All the 
samples were diluted to obtain a B concentration of ca. 25 ng/g and 
bracketed with 25 ng/g NBS 951 boric acid standard solution to reduce 
the memory effect. The results are reported in ‰ vs. NIST SRM 951 

standard with in-run errors in the order of 0.1 ± 0.2 ‰ and external 
reproducibility within 0.5 ‰ or better (Agostini et al., 2021 and therein 
references). The analytical procedure for B isotope analysis consisted of 
sample-reference bracketing using NIST SRM 951 and an on-peak zero 
blank correction (Guerrot et al., 2011). A triplicate analysis was done for 
each sample during the same analytical session. The results are given as 
average delta values without further normalization. The procedural 

Table 2 
Physicochemical parameters and main solutes. The values of pH, temperature (T, in ◦C), redox potential (Eh, in mV), major anions (CO3

2–, HCO3
–, F-, Cl-, NO3

–, SO4
2-), and 

cations (Ca2+, Mg2+, Na+, K+ and NH4
+) and TDS (Total Dissolved Solids), all in mg/L, are reported. bdl = below detection limit. S: spring, W: well. The EP (elec

troneutrality parameter) for each analysis is also reported.

ID pH T Eh CO3
2– HCO3

– F- Cl- Br- NO3
– SO4

2- Ca2+ Mg2+ Na+ K+ NH4
+ TDS EP

S-01 ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
F23 6.95 8.5 90 − 342 0.5 16 bdl 2.10 49 105 24 10 1.3 0.01 549 3.50 %
N23 7.42 9.1 120 − 333 0.2 13 0.05 1.28 40 93 23 11 1.6 0.03 515 2.47 %
S-02 ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
F23 8.63 14.5 − 240 6.5 613 3.1 51 0.46 0.49 11 2 1 277 2.0 0.88 968 0.98 %
N23 9.06 14.1 − 255 18.0 635 2.6 61 0.45 0.50 10 9 3 289 1.3 1.85 1032 1.24 %
S-03 ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
F23 8.84 14.4 − 220 9.5 545 1.3 15 0.08 0.15 13 1 0 223 1.0 0.43 809 − 0.87 %
N23 9.37 13.2 − 260 33.8 557 1.0 12 0.05 0.20 10 7 1 223 <1.0 0.64 846 − 3.11 %
S-04 ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
F23 9.15 7.3 − 230 22.6 631 3.0 35 0.56 1.72 13 2 1 276 2.8 1.29 990 − 0.84 %
N23 9.24 12.6 − 175 22.5 640 1.5 40 0.26 0.13 11 10 2 278 1.3 0.86 1008 0.49 %
S-05 ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
F23 7.95 10.6 135 − 238 0.0 18 0.06 0.16 4 89 1 7 <1.0 0.01 359 3.62 %
N23 7.98 10.5 110 − 226 0.1 14 0.03 0.15 6 81 1 8 <1.0 bdl 337 3.35 %
S-06 ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
F23 7.62 11.3 140 − 218 1.0 14 bdl 2.95 77 89 8 7 1.7 0.01 418 − 2.23 %
N23 7.79 11.8 75 − 207 1.0 12 0.03 2.60 248 140 22 7 1.5 bdl 641 0.72 %
S-07 ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
F23 7.80 6.6 30 − 179 0.0 11 bdl 1.58 4 66 1 5 1.0 0.08 268 3.99 %
N23 8.11 7.5 135 − 216 0.0 8 0.01 2.35 4 67 1 5 <1.0 0.01 305 − 2.87 %
S-08 ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
F23 7.28 14.9 175 − 189 3.2 18 bdl 3.30 690 257 65 8 1.7 0.01 1235 0.87 %
N23 7.36 14.2 100 − 180 1.0 19 0.02 1.97 781 297 72 10 2.7 0.01 1364 3.52 %
W-09 ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
F23 7.53 9.9 100 − 180 0.3 9 bdl 3.40 143 92 20 4 <1.0 bdl 453 1.73 %
N23 7.77 10 50 − 189 0.4 9 0.03 2.18 143 88 19 5 1.6 0.01 456 − 1.74 %
W-10 ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
F23 7.65 8.6 − 10 − 169 0.3 10 0.07 0.28 227 123 22 5 1.8 bdl 557 2.50 %
N23 7.58 9.9 45 − 174 0.5 9 0.02 2.27 210 117 21 6 2.2 bdl 541 1.96 %
S-11 ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
F23 7.63 10.3 215 − 204 0.4 9 bdl 1.26 95 80 13 5 1.0 bdl 408 − 3.26 %
N23 7.77 9.3 50 − 194 0.3 8 0.02 2.92 96 89 14 5 0.9 0.05 410 3.29 %
S-12 ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
F23 6.86 12.4 − 150 − 216 1.3 227 0.66 1.97 819 262 76 168 18.4 0.23 1790 − 0.03 %
N23 7–00 12.2 − 30 − 210 1.5 266 0.86 1.66 1098 297 97 201 17.3 0.57 2191 − 2.84 %
S-13 ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
F23 7.25 12.9 50 − 241 1.2 62 bdl 43.95 1378 612 30 42 21.2 0.09 2432 0.24 %
N23 7.45 11.5 10 − 229 2.0 74 0.18 42.50 1451 624 35 56 27.3 bdl 2542 0.41 %
S-14 ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
F23 6.96 13.8 − 220 − 314 1.2 319 1.85 1.40 544 199 57 247 19.7 1.04 1705 0.63 %
N23 7.06 13.1 − 285 − 311 2.4 462 2.14 2.17 727 234 71 319 34.0 2.81 2168 − 1.56 %
W-15 ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
F23 7.39 13.4 20 − 305 0.3 49 0.22 2.24 64 107 8 33 3.4 0.01 573 − 1.47 %
N23 7.23 12.3 90 − 241 0.3 24 0.08 6.33 32 85 5 20 2.8 bdl 415 1,44 %
W-16 ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
F23 6.92 13.9 50 − 302 0.5 76 0.34 12.06 26 108 8 43 2.7 0.01 578 0.55 %
N23 7.13 13.5 60 − 317 0.6 173 0.66 3.76 45 102 12 108 3.5 bdl 767 − 1.06 %
W-17 ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
F23 7.16 16.1 40 − 421 0.2 140 0.75 7.21 72 90 12 174 4.6 0.22 921 2.67 %
N23 − − − − − − − − − − − − − − − − −

S-18 ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
F23 6.52 8.7 − 200 − 570 0.7 120 0.31 2.66 1629 587 152 117 10.9 1.43 3190 0.44 %
N23 − − − − − − − − − − − − − − − − −

W-19 ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
F23 6.97 13.4 15 − 616 0.1 65 0.37 13.20 130 164 47 49 2.1 0.04 1087 − 2.27 %
N23 − − − − − − − − − − − − − − − − −

S-20 ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
F23 7.09 13.4 45 − 411 0.1 82 0.13 0.88 137 127 48 32 9.9 0.01 847 − 0.24 %
N23 6.72 12.7 40 − 418 0.3 65 0.09 0.55 127 126 46 31 9.8 0.01 824 1.23 %
S-21 ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
F23 6.94 15 80 − 466 0.3 84 0.39 96.60 125 155 47 65 6.6 0.01 1045 1.36 %
N23 6.81 13.8 30 − 464 0.4 85 0.32 96.56 128 154 46 66 6.7 bdl 1047 1.01 %

L. Chemeri et al.                                                                                                                                                                                                                                Journal of Hydrology 661 (2025) 133533 

9 



Table 3 
Isotopic composition of the investigated waters: δ34S-SO4 (in ‰ vs. V-CDT), δ18O-SO4 (in ‰ vs. V-SMOW), δ11B (in ‰ vs. NIST SRM 951), 87Sr/86Sr and δ18O-H2O and 
δ2H-H2O (both in ‰ vs. V-SMOW), δ11B and 87Sr/86Sr for the rock samples (ALF15, PEG, SBA1 and SB2) are also listed. Results for the B and Sr isotope standards are 
also reported. S: spring, W: well.

ID δ34S-SO4 δ18O-SO4 δ13C-TDIC δ11B 87Sr/86Sr δ18O-H2O δ2H-H2O

S-01 ​ ​ ​ ​ ​ ​ ​
F23 − 14.8 − 0.21 − 12.37 − − − 13.80 − 78.9
N23 − − − 12.6 0.70893 − 8.89 − 49.8
S-02 ​ ​ ​ ​ ​ ​ ​
F23 d.n.p. d.n.p. − 1.67 − − − 11.67 − 65.6
N23 − − − 21.3 0.70908 − 8.92 − 53.5
S-03 ​ ​ ​ ​ ​ ​ ​
F23 d.n.p. d.n.p. − 5.95 − − − 9.56 − 61.1
N23 − − − 15.9 0.70908 − 8.99 − 52.2
S-04 ​ ​ ​ ​ ​ ​ ​
F23 d.n.p. d.n.p. − 6.11 − − − 10.76 − 60.7
N23 − − − 17.2 0.70898 − 8.89 − 52.1
S-05 ​ ​ ​ ​ ​ ​ ​
F23 7.85 − − 13.26 − − − 13.25 − 79.0
N23 − − − 8.9 0.70781 − 8.28 − 49.3
S-06 ​ ​ ​ ​ ​ ​ ​
F23 9.34 9.33 − 11.54 ​ ​ − 8.11 − 47.7
N23 − − − 11.3 0.70776 − 8.88 − 52.0
S-07 ​ ​ ​ ​ ​ ​ ​
F23 8.38 − − 11.07 − − − 11.61 − 62.0
N23 − − − 16.1 0.70762 − 9.36 − 52.9
S-08 ​ ​ ​ ​ ​ ​ ​
F23 15.69 15.26 − 4.07 − − − 10.15 − 62.4
N23 − − − 16.8 0.70768 − 9.89 − 58.8
W-09 ​ ​ ​ ​ ​ ​ ​
F23 9.62 11.78 − 8.10 − − − 12.94 − 74.2
N23 − − − 12.1 0.70770 − 9.77 − 58.5
W-10 ​ ​ ​ ​ ​ ​ ​
F23 18.46 12.95 − 8.07 − − − 11.71 − 69.8
N23 − − − 12.0 0.70769 − 9.77 − 59.2
S-11 ​ ​ ​ ​ ​ ​ ​
F23 12.23 10.75 − 9.32 − − − 9.98 − 58.7
N23 − − − 13.1 0.70772 − 9.05 − 54.4
S-12 ​ ​ ​ ​ ​ ​ ​
F23 15.15 8.81 − 7.73 − − − 10.76 − 66.8
N23 ​ ​ ​ 15.1 0.70769 − 8.54 − 50.8
S-13 ​ ​ ​ ​ ​ ​ ​
F23 22.77 12.31 − 15.00 − − − 14.77 − 87.2
N23 − − − 9.2 0.70892 − 8.62 − 52.4
S-14 ​ ​ ​ ​ ​ ​ ​
F23 14.71 8.69 − 9.28 − − − 10.21 − 58.8
N23 − − − 18.8 0.70769 − 7.95 − 48.9
W-15 ​ ​ ​ ​ ​ ​ ​
F23 13.44 9.70 − 10.78 − − − 8.89 − 51.8
N23 − − − 9.5 0.70776 − 8.39 − 50.2
W-16 ​ ​ ​ ​ ​ ​ ​
F23 5.92 9.45 − 10.12 − − − 12.52 − 71.0
N23 − − − 18.6 0.70762 − 9.30 − 57.3
W-17 ​ ​ ​ ​ ​ ​ ​
F23 − 13.23 5.62 − 12.48 − − − 11.46 − 63.5
N23 − − − − − − −

S-18 ​ ​ ​ ​ ​ ​ ​
F23 9.99 6.57 − 9.10 − − − 13.08 − 72.0
N23 − − − − − − −

W-19 ​ ​ ​ ​ ​ ​ ​
F23 6.99 6.00 − 12.77 − − − 10.28 − 59.3
N23 − − − − − − −

S-20 ​ ​ ​ ​ ​ ​ ​
F23 6.98 3.15 − 10.89 − − − 9.62 − 57.4
N23 − − − 25.3 0.70907 − 9.09 − 53.8
S-21 ​ ​ ​ ​ ​ ​ ​
F23 9.33 6.26 − 12.72 − − − 8.19 − 49.8
N23 − − − 27.0 0.70937 − 7.58 − 45.4
ALF15_rock 14.5* − − 8.3 0.70794 − −

PEG_rock − − − − 3.5 0.70895 − −

SBA1_rock − − − − 3.4 0.70895 − −

SBA2_rock − − − − 3.4 0.70894 − −

IAEA B-5 std − − − 15.14 ± 0.06 ​ − −

BHVO-2 std − − − ​ 0.703493 ± 0.000007 − −

AGV-1 std − − − ​ 0.703983 ± 0.000007 − −

*from Renzulli et al. (1998) ​ ​ ​ ​ ​ ​ ​
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blank and memory effects were corrected, and the sample/blank ratio 
was generally > 1000. Along with unknown samples, the IAEA B-15 
water standard was measured (results are reported in Table 3), as well as 
five repeated NBS 951 standard processed through complete chemistry 
with an average of − 0.34 ± 0.40 ‰, and four repeated Shelf NBS 951 
standard, with an average value of − 0.01 ± 0.20 ‰.

Strontium isotopic analyses (87Sr/86Sr) were performed using a 
Thermo Neptune Plus MC-ICP-MS in 2 % HNO3 solution containing 
20–200 ng*g/L of the analyte. Strontium was previously extracted and 
separated using a Sr-specific resin (Eichrom Sr). Strontium analyses 
were corrected for mass-bias fractioning with the 88Sr/86Sr ratio 
(=8.375209) and for mass interferences using the ratios of 83Kr/84Kr 
(=0.201750), 83Kr/86Kr (=0.664740) and 85Rb/86Rb (=2.592310). The 
rock samples were also analyzed for Sr and B following the same pro
cedure after HNO3 and HF digestion. The procedural blank and memory 
effects were corrected, even if the sample/blank ratio was generally >
10,000; thus, the correction was negligible, being inside in-run error 
values. Along with unknown samples, nine repeated measures of the 
NBS 987 standard gave an average of 0.710301 ± 0.000004. The results 
of the samples were adjusted to a value of NBS 987 of 0.710248. Two 
rock standards (BHVO-2 and AGV-1) were also digested and processed 
through complete chemistry. The 87Sr/86Sr ratios are listed in Table 3.

For more detailed information on B and Sr analytical procedures and 
data for blanks and standards, we refer to Agostini et al. (2021, 2022), 
respectively.

The δ2H- and δ18O-H2O isotopic analyses were conducted at the 
Laboratory of Fluid Geochemistry at the Department of Earth Sciences 
(University of Florence, Italy). The δ13C-TDIC, δ34S-SO4 and δ18O-SO4 
analyses were performed at the Laboratory of Stable Isotopes Biogeo
chemistry at the Andalusian Institute of Earth Sciences (IACT) in 
Granada, Spain. The isotopic analysis of B and Sr were carried out at the 
Istituto di Geoscienze e Georisorse of the Italian National Research 
Council (IGG-CNR) in Pisa (Italy).

5. Results

5.1. Water chemistry

The physicochemical parameters and the concentrations of the main 
solutes are reported in Table 2. The pH values spanned from 6.52 (S-18) 
to 9.37 (S-03), whereas water temperature (T) was ranging between 6.6 
(S-07) and 16.1 (W-17) ◦C. The redox potential (Eh) varied from − 285 
(S-14) to +215 (S-11) mV. The Total Dissolved Solids (TDS, intended as 
the sum of HCO3

–, Cl-, SO4
2-, NO3

–, Br-, F-, NH4
+, SiO2, Ca2+, Mg2+, Na+, K+) 

showed a wide variability, from 268 (S-07) to 3190 (S-18) mg/L.
Concerning major anions, HCO3

– was the main component in most of 
the samples (i.e., S-01, S-02, S-03, S-04, S-05, S-06, S-07, W-09, S-11, W- 
15, W-16, W-17, W-19, S-20, and S-21), and ranged from 169 (W-10) to 
640 (S-04) mg/L. In the water samples with pH > 8.3 (i.e., S-02, S-03, 
and S-04), CO3

2– varied from 6.5 to 33.8 mg/L. Differently, SO4
2- was the 

most abundant anion in S-08, W-10, S-12, S-13, S-14, and S-18 with 
contents up to 1630 mg/L (S-18). Chloride ranged from 8 (S-11) to 462 
(S-14) mg/L with high contents (>100 mg/L) also detected in S-12, S-14, 
W-16, W-17 and S-18. As reported in Table 2, no notable variations in 
anion abundances were observed between February and November 
2023, with the only exception of the S-08 sample that showed a strong 
increase in SO4

2- from 77 to 248 mg/L, overcoming the bicarbonate 
content registered in February 2023.

Setting aside S-02, S-02, S-03, S-14, and W-17, where Na+ showed 
concentrations up to 320 mg/L, Ca2+ was the dominant cation in all the 
samples, being comprised between 1.4 (S-03) and 624 (S-13) mg/L. High 
Na+ contents were also measured at S-12 (168 and 201 mg/L in 
February and November, respectively), whereas, at W-16, from 
February to November, Na+ increased from 48 to 108 mg/L, overcoming 
Ca2+ in November. Magnesium ranged between < 1 (S-03) and 152 (S- 
18) mg/L, whilst K+ varied from 0.5 (S-05) to 34 (S-14) mg/L. Following 

the sample distribution in Fig. 4, the waters can be classified into four 
major groups: (a) low-to-medium TDS (< 1200 mg/L) calcium- 
bicarbonate (Ca-HCO3) waters, including S-01, S-05, S-07, W-15, W- 
16, W-19, S-20 and S-21; (b) calcium-bicarbonate-sulfate (Ca-HCO3- 
SO4) waters, which are characterized by moderate to strong enrichments 
in sulfate (up to 250 mg/L) and represented by S-06, W-09, W-10 and S- 
11; (c) sodium-bicarbonate (Na-HCO3) waters, also showing alkaline pH 
values (>8.6) and negative Eh values (< − 175 meV), including S-02, S- 
03 and S-04; and (d) calcium-sulfate (Ca-SO4) waters, displaying the 
highest TDS values (i.e., S-08, S-13 and S-18), some of which being 
characterized by considerable contents in Na+ and Cl- (i.e., S-12, S-14) 
and a Ca(Na)-SO4(Cl) facies. In addition, the W-17 sample showed a Na 
(Ca)–HCO3(Cl) composition. All samples retained the same composition 
in February and November 2023 apart from W-16, which showed a 
substantial increase in Na+ and Cl- during November and S-08, where 
the SO4-component highly increased (Fig. 4).

Among minor elements, NO3
– was between 0.1 (S-04) and 96.6 (S-21) 

mg/L, F- ranged from 0.01 (S-07) to 3.23 (S-08) mg/L, and Br- from <
0.01 (S-07, S-13) to 2.14 (S-14) mg/L. Eventually, NH4

+ contents span
ned from < 0.01 to 2.81 mg/L (S-14). SiO2, B, Sr, and other trace 
element contents are reported in the Supplementary Material (Table S1) 
and Fig. 5. Dissolved silica (SiO2) was between 2.5 (W-10) and 35.7 (S- 
18) mg/L. Boron contents ranged from 8 (S-05) to 5130 (S-14) μg/L, 
with the higher contents related to the Na-HCO3 and Ca(Na)-SO4(Cl) 
waters, whilst Sr was comprised between 115 (S-03) and 13,500 (S-13) 
μg/L, with the higher abundances measured in Ca-SO4 waters. Lithium 
had concentrations from < 1 and 347 (S-14) μg/L, showing similar 
behavior to that of B, being enriched in the Na-HCO3 and Ca(Na)- 
SO4(Cl) waters. Manganese, Fe, Zn, and As showed a wide variability 
(Fig. 5, Table S1). The higher contents were generally related to those 
samples characterized by high TDS, i.e., peak values were 107 μg/L for 
Mn (S-18), 314 μg/L for Fe (S-12), 120 μg/L for Zn (S-04) and 17.4 μg/L 
for As (S-12). Vanadium, Cr, Co, Ni, Cu, and Pb showed very low con
centrations in all the samples with no relevant anomaly (Table S1). Rb 
concentration was below 5 μg/L except for samples S-14 (up to 27 μg/L) 
and S-12 (up to 21 μg/L). Eventually, Ba ranged from 10 (S-03) to 325 
(W-17) μg/L.

Fig. 4. Langelier and Ludwig (1942) square diagram for the investigated wa
ters. IDs as in Fig. 2a and Table 1.
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5.2. Water (and rock) isotopic composition

The complete results of the water isotopic analyses are reported in 
Table 3. The δ2H-H2O values ranged from − 87.2 (S-13) and − 45.4 (S- 
21) ‰ vs. V-SMOW, while those of δ18O-H2O were comprised between 
− 14.8 (S-13) and − 7.58 (S-21) ‰ vs. V-SMOW, with all the values 
measured in February 2023 being significantly lower than those 
collected in November 2023 (Table 3). The δ13C-TDIC showed relatively 
negative values, varying between − 15.0 (S-13) and − 1.67 (S-02) ‰ vs. 
V-PBD.

The δ34S-SO4 ranged from − 14.80 (S-01) to +22.77 (S-13) ‰ vs. V- 
CDT, showing all positive values except for S-01 and W-17 (Fig. S1a), 
thus indicating an enrichment in the heavier isotope (34S). The δ18O-SO4 
values were between − 0.21 (S-01) and +15.26 (S-08) vs. ‰ V-SMOW. It 
is worth mentioning that neither δ34S-SO4 nor δ18O-SO4 could be 
determined in the S-02, S-03, and S-04 samples being characterized by 
low SO4 contents, since the amount of precipitate obtained during the 
sample preparation was not sufficient to perform any isotopic analysis. 
Moreover, the BaSO4 precipitate obtained for S-05 and S-07 was insuf
ficient for analyzing both sulfur and oxygen isotopes. Therefore, only 
δ34S-SO4 was determined (Table 3).

The δ11B values were all positive and comprised between +8.9 (S-05) 
and +27.0 (S-21) ‰ vs. NIST SRM 951 (Fig. S1b). Eventually, the 
87Sr/86Sr isotopic ratio ranged from 0.70762 (S-07) and 0.70937 (S-21). 
As far as the rock samples are concerned (Table 3), ALF15, representa
tive of the Triassic Evaporitic Burano Fm, showed a δ11B value of +8.3 
‰ vs. NIST SRM 951 and 87Sr/86Sr equal to 0.70794. Contrarily, PEG, 
SBA1, and SBA2, collected from the Messinian Gessoso Solfifera Fm 
outcropping near the S-13 water, were characterized by lower values of 
δ11B (− 3.49, PEG; − 3.42, SBA1, − 3.44, SBA2, all values in ‰ vs. NIST 
SRM 951) and higher 87Sr/86Sr ratios, i.e., 0.70895 (PEG and SBA1) and 
0.70894 (SBA2).

6. Discussion

6.1. Main processes governing water composition

The wide compositional variability of the waters circulating in the 
PU province can be regarded as the result of multiple water–rock 
interaction processes acting at different extents (Chemeri et al., 2024) 
and different hydrological pathways within shallow and deeper aquifers 
(Fig. 3). The analyzed springs and wells are linked to five hydro
geological reference models (Fig. 3), which serve to clarify the hydro
geological framework in the various investigated areas, with particular 

focus on potential flow paths within individual aquifers.
The measured δ2H- and δ18O-H2O values are reported in Fig. 6, 

together with the Pesaro-Urbino Meteoric Water Line (PUMWL, Chemeri 
et al., 2024) and the Central Italy Meteoric Water Line (CIMWL, Long
inelli and Selmo, 2003). The samples are distributed following the 
PUMWL, thus indicating a clear meteoric origin confirming that all the 
investigated aquifer are recharged by precipitation (Nanni and Vivalda, 
2005), with no evidence of 18O-enrichment, since water–rock in
teractions occurring in low-temperature environments, such as the PU 
province, do not produce isotope exchange reactions between the 
infiltrating waters and rock minerals, which are generally 18O-rich (e.g., 
Capaccioni et al., 2003). Additionally, there is no clustering in the δ2H 
and δ18O values related to the different chemical facies of the samples. 
The wide variability detected in the groundwater samples (Fig. 6) may 
be primarily attributable to their spatial distribution (Fig. 2a) since they 
belong to different topographical contexts characterized by diverse hy
drological and hydrogeological conditions (see Section 2.2). For 
example, S-07 was collected at an altitude of 1233 m a.s.l. while W-19 
discharges at 73 m a.s.l., thus implying different recharge areas (e.g., 
Guan et al., 2009; Minissale and Vaselli, 2011; Hao et al., 2019). 
Furthermore, these waters circulate within geological and hydro
geological settings characterized by different flow paths (Figs. 2 and 3), 
which contribute to the observed isotope variability (Fig. 6). This iso
topic variability detected between February and November 2023 may be 
related to seasonal changes (Bowen, 2008; Feng et al., 2012). The air 
temperatures measured in the 30 days before the February 2023 sam
pling were significantly lower than those measured before the 
November 2023 survey, i.e., in the mountain area the average air tem
perature was 2.4 ◦C in February 2023 and 13.3 ◦C in November 2023 (ΔT 
= 10.9 ◦C) (data from Protezione Civile – Regione Marche database) while 
in the coastal area, the mean air temperature was 7.1 ◦C and 18.1 ◦C (ΔT 
= 11.0 ◦C) in February 2023 and November 2023, respectively. As a 
matter of fact, temperature generally represents one of the main factors 
influencing the δ2H- and δ18O-H2O variability; specifically, lower tem
peratures favor the enrichment of the lighter isotopes (1H, 16O), which is 
consistent with the values measured in the PU groundwaters (Bowen, 
2008; Feng et al., 2012; Yang et al., 2019). Furthermore, such changes 
may be attributable to a different geographic origin of the rainfall 
events, as observed by Taussi et al. (2024) in the PU coastal area, or 
more likely to the recharge-discharge mechanisms between different 
aquifers (Vergni et al., 2016). In fact, the largest carbonate aquifers in 

Fig. 5. Box-plots for the trace element contents in the investigated waters. All 
values are reported in µg/L except for those of SiO2 that are reported in mg/L. 
Full results in Table S1.

Fig. 6. Binary diagram δ2H vs. δ18O (both expressed in ‰ vs. V-SMOW) for the 
investigated samples, where the Central Italy Meteoric Water Line (CIMWL; 
Longinelli and Selmo, 2003) and the Pesaro-Urbino Meteoric Water Line 
(PUWML: Chemeri et al., 2024) are also drawn.
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mountain areas often tend to homogenize the meteoric water input, and 
the fed groundwater systems usually show more constant isotopic values 
throughout the hydrological year. In this case, the springs generally 
reflect the mean isotope value of the meteoric waters infiltrating from 
the recharging areas (Petitta et al., 2010; Fronzi et al., 2021; Tazioli 
et al., 2024). The water paths in this case are synthesized within the 
models reported in Fig. 3a, b. On the contrary, aquifers characterized by 
a minor extension and/or a well-developed karstic system (where the 
infiltration rate is rapid and comparable to the flow velocity within the 
groundwater bodies) quickly remove the meteoric waters by evapo
transpiration processes. This fact can produce more variable isotopic 
values during the hydrologic year (reflecting isotopic values of single or 
cumulative rainfall events). Springs emerging from the Messinian to 
Plio-Pleistocene aquifers, where effective infiltration only occurs for a 
few months per year (autumn to winter), usually show an isotopic value 
that is indicative of meteoric waters exclusively infiltrating during the 
recharge periods. The spring-to-summer rainwater isotopic values are 
often not reflected in the groundwater systems (Fronzi et al., 2020; 
Fronzi et al., 2022). The cycle of these kinds of waters is represented 
within the models reported in Fig. 3c, d, e.

The Ca-HCO3 hydrofacies includes most of the waters characterized 
by low-to-medium TDS values (<1200 mg/L) (Fig. 7a) and does not 
show any anomaly in terms of pH values and trace element contents. The 
origin of Ca-HCO3 waters results by congruent dissolution of carbonate- 
bearing (i.e., calcite, dolomite) rocks (Fig. 7b, c), in accordance with the 
geology of the area (Figs. 1 and 2) and consistent with their saturation 
indexes (Table S2) that approach the saturation values, the latter being 
also characterized by a higher solubility compared to that of silicate 
minerals (e.g., Meybeck, 1987). However, slight enrichments in Na+

may be associated with silicate weathering. Those samples (i.e., S-13 
and S-21) showing NO3 values approaching and exceeding 50 mg/L (i.e., 
Italian Legislative threshold for water potability) (Table 2) are indica
tive of anthropogenic activities primarily associated with agricultural 
practices (Nisi et al., 2022; Taussi et al., 2022), also favored by their 
shallow hydrogeological circuits (Fig. 3d,e). The compositional shift 
detected at the W-16 well from February to November 2023, evolving 
from a Ca-HCO3 facies towards a Ca(Na)–HCO3(Cl), can be attributed to 
a notable decrease of the water table level that is likely favoring the 
upwelling of deeper (and more saline) fluids. This process is a relatively 
frequent condition that occurs at the end of the aquifer depletion phase 
(e.g., Farina et al., 2012).

The S-08, W-09, W-10, and S-11 water samples are characterized by 
moderate to strong enrichments in SO4 (up to 240 mg/L), resulting in a 
Ca-HCO3(SO4) character as highlighted in Fig. 4, which reflects the 
dissolution of gypsum/anhydrite minerals hosted within deeper layers 
(i.e., Burano Fm) since these waters emerge from carbonate formations 
linked to the Type I hydrogeological circulation (Fig. 3a) and related to 
the Basal aquifer (Fig. 2b; Capaccioni et al., 2001; Chemeri et al., 2024). 
The variable contents in sulfate likely depend on the different degrees of 
interaction with the anhydrite formations (Capaccioni et al., 2001) or 
dilution processes with shallower aquifers.

The Ca-SO4 waters are characterized by the highest values of TDS (up 
to 3190 mg/L; Fig. 7a). Among this group of waters, the S-08 and S-13 
samples have a composition exclusively dominated by Ca2+ and SO4

2- 

with low contents of Na+ and Cl- (Table 2), moderate contents of Li and 
B (Fig. 7c) and no relevant anomaly in metal concentrations (Table S1). 
On the other hand, the S-12, S-14 and S-18 waters show high values of 
Cl- (up to 461 mg/L) (Fig. 7c) and Na+ (up to 318 mg/L) (Fig. 7b), this 
latter being predominant compared to Ca2+ in S-14 sample. These 
samples were also showing strong enrichments in B (up to 5000 μg/L), Li 
(347 μg/L), Rb (up to 27 μg/L), As (up to 18 μg/L), and heavy metals (i. 
e., Fe, Mn, Zn) (Table S1). Moreover, S-08 and S-13 show positive Eh 
values (≫+10 mV); contrarily S-12, S-14, and S-18 display strongly 
negative redox values (≪ − 30 mV). The dissolution of CaSO4 hosted by 
both the Burano Fm and the Gessoso Solfifera Fm represents the most 
probable origin of these waters (Capaccioni et al., 2001; Chemeri et al., 

Fig. 7. Binary diagrams of (a) (HCO3 + CO3)/(SO4 + Cl), as molar ratios, vs. 
TDS (in mg/L), (b) Na/(Na + Ca) vs. SO4/(SO4 + HCO3 + CO3), as molar ratios, 
and (c) B/Sr vs. Cl (values in mg/L). In (b) and (c), the most probable processes 
controlling water composition are also reported according to Frondini (2008)
and Chemeri et al. (2024).
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2024). The mineral saturation index (Table S2) supports this hypothesis 
since gypsum (SI_gypsum) and anhydrite (SI_anhydrite) approach the 
saturation value (SI = 0) (Appelo and Postma, 1993). These evidences 
suggest that S-08 and S-13 are almost exclusively influenced by the 
congruent dissolution of gypsum/anhydrite, whilst the high contents of, 
e.g., Cl-, Na+ and B, in S-12, S-14, and S-18 indicate a minor-to-moderate 
contribution form halite dissolution (Table S2) and silicate weathering, 
hence producing a Ca(Na)-SO4(Cl) composition (Fig. 7b,c) (Nanni and 
Vivalda, 2005; Chemeri et al., 2024). With regards to the hydro
geological circuits and the geographical and geological location of the 
samples considered (Figs. 2 and 3), it can be preliminarily inferred that 
S-08, S-12, and S-14 are likely associated with the Burano Fm (circula
tion Type I), while S-13 and S-18 with the Gessoso-Solfifera Fm (circu
lation Type IV) (Fig. 3).

The Na-HCO3 water type, comprising S-02, S-03, and S-04 (Fig. 4), is 
characterized by high contents in both Na+ and HCO3

– species that are 
not stoichiometrically balanced by Cl- and Ca2+ (and Mg2+), respec
tively (Table 2). They also show alkaline pH (>8) and negative Eh 
values, low contents of Sr and Ba, and high concentrations of NH4, F, Li, 
and B (Fig. 7b, c) (Venturelli et al., 2000, 2003; Toscani et al., 2001; 
Chemeri et al., 2024), with B/Cl and Li/Cl ratios higher than those 
detected in the Ca(Na)-SO4(Cl) springs, indicating that contributions by 
Li and B are decoupled from that of Cl- (Fig. 7c) (Chemeri et al., 2024). 
These kinds of groundwaters are related to a circulation Type III 
(Fig. 3c).

The Na-HCO3 composition is likely acquired by prolonged weath
ering of Na-rich silicate rocks (Fig. 7c,d), which allows the release of Na+

in solution, along with B, Li, and F, due to their marked affinity with the 
former. This hypothesis agrees with the fact that these waters emerge 
from the siliciclastic Marnoso Arenacea Fm (Figs. 2 and 3), whose 
interaction with the circulating waters produces alkaline hydrolysis as 
supported by the high pH values detected in these samples (Venturelli 
et al., 2000, 2003; Chemeri et al., 2024). The excess in bicarbonate 
species is likely associated with the CO2(aq) produced by the decay of 
organic matter trapped into the foredeep sediments, boosted by a 
reducing environment (negative Eh values) that facilitates silicate 
weathering (Cortecci et al., 1999; Toscani et al., 2001; Venturelli et al., 
2003; Vespasiano et al., 2023; Chemeri et al., 2024).

The W-17 sample is characterized by a predominant Na-HCO3 
composition but not comparable to the S-02, S-03, and S-04 waters since 
it shows higher contents of Cl-, SO4

2- and Ca2+ (Fig. 4). Therefore, its 
composition may be the result of multiple processes acting at different 
extents like silicate weathering and gypsum and halite dissolution 
enhanced by the presence of faults that favor the connection between 
the aquifers hosted in the Gessoso-Solfifera Fm and the Plio-Pleistocene 
silicate deposits, relating to circulation Types IV and V (Fig. 3d; Nanni 
and Vivalda, 2005).

6.2. Isotopic constraints on water–rock interaction processes and 
hydrological circuits

6.2.1. Total dissolved inorganic carbon isotopic composition (δ13C-TDIC)
The investigated waters are characterized by δ13C-TDIC values <

-1.67 ‰ vs. V-PDB with less negative δ13C values associated with the Na- 
HCO3 and Ca(Na)-SO4(Cl) waters (Table 3; Fig. 8a). These values are 
consistent with the dissolution of calcite and the interaction with 
biogenic soil CO2 as the primary sources for the origin dissolved carbon 
species (Fig. 8b) (e.g., Grassa et al., 2006; Bottrell et al., 2019).

In the Na-HCO3 waters, the pH becomes the predominant factor 
influencing the resulting δ13C-TIDC values (Fig. 8b). In fact, under 
alkaline pH values (>8.6), during the interaction processes between 
dissolved CO2(gas) and bicarbonate HCO3(acq), the heavier isotope (13C) is 
preferentially enriched in the aqueous solution (Clark, 2015; Bottrell 
et al., 2019). This condition would explain the less negative values 
detected in S-02 (− 1.67 ‰ vs. V-PDB), S-03 (− 5.95 ‰ vs. V-PDB), and S- 
04 (− 6.11 ‰ vs. V-PDB). The δ13C-TIDC values are consistent with those 

of δ13C-CO2 and δ13C-CH4, reported by Chemeri et al. (2024), indicating 
a predominant biogenic origin for carbonate species produced at rela
tively shallow depths (with a minor influence from limestone dissolu
tion) (Fig. 3c), with absent or negligible contributions from deep-seated 
fluids.

6.2.2. δ34S and δ18O of dissolved sulfate
The use of sulfur and oxygen isotope systematics in the PU waters is 

of notable importance since some of them (i.e., S-06, S-08, W-09, W-10, 
S-11, S-12, S-13, S-14, and S-18) are characterized by either a Ca-SO4 
composition or a strong sulfate enrichment (Fig. 4). In both cases, sulfate 
can be derived by the interaction with the anhydrite-bearing Triassic 
Burano (TBf) or the gypsum-bearing Messinian Gessoso Solfifera (MGf) 
Fms (Figs. 2 and 3), which lie at the bottom and the top of the Umbro- 
Marche succession, respectively (Fig. 2b) (Conti et al., 2020 and 
therein references). Thus, if the chemical contribution of SO4

2- is isoto
pically different, it is possible to define and constrain the hydrological 
circuits (Fig. 3). Indeed, the δ34S- and δ18O-SO4 values from TBf and MGf 
are characterized by different isotopic ranges (Fig. 9), with some over
laps only related to the δ18O-SO4 isotopic ratios. Specifically, the TBf 
values of δ34S-SO4 range between +12 and +19 ‰ vs. V-CDT while those 

Fig. 8. Binary diagram of (a) δ13C-TDIC (in ‰ vs. V-PBD) vs. SO4/(HCO3 +

CO3 + SO4) (as molar ratios) and, (b) pH vs. δ13C-TDIC (in ‰ vs. V-PBD). 
Evolution lines describing the δ13C-TDIC values at different pH values are also 
reported, under four modelling conditions according to Bottrell et al. (2019), 
considering infiltrating waters at different pCO2 in equilibrium and interacting 
with soil CO2 with multiple δ13C signatures in closed silicate system and open 
silicate and calcite system, respectively. Full details on the modelling conditions 
and equations are described in Bottrell et al. (2019). IDs as in Fig. 2a 
and Table 1.
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of δ18O-SO4 are between +5 and +15 ‰ vs. V-SMOW (Cortecci et al., 
1981; Renzulli et al., 1998; Pawellek et al., 2002; Boschetti et al., 2011; 
Menichetti et al., 2017). Contrarily, MGf has δ34S-SO4 values ranging 
from +21 to +24 ‰ vs. V-CDT, and those of δ18O-SO4 are within +8 and 
+14 ‰ vs. V-SMOW (Clark and Fritz, 1997; Lugli et al., 2007; Gori et al., 
2023).

In the PU waters, the more positive δ34S values (>+10 ‰ vs. V-CDT) 
are usually associated with those waters where the gypsum-anhydrite 
dissolution is predominant compared to that of carbonate-bearing 
minerals (SO4 ≫ HCO3 + CO3) (Fig. 9a). The samples’ δ34S- and δ18O- 
SO4 are reported in Fig. 9b. As expected, according to the geographic 
location and the geological-hydrogeological context of the sampling 
sites (Figs. 2 and 3), the S-13 water discharges from a hill where the 
Gessoso Solfifera Fm is largely outcropping (Tamburini et al., 2017), and 
falls within the MGf field, pointing that the sole source of sulfate is 
related to the Messinian gypsum. Contrarily, the other SO4-rich water 
samples (i.e., S-06, S-08, W-09, W-10, S-11, S-12, S-14, and S-18) and the 
Ca-HCO3 W-15 sample (located close to S-14) are discharged from the 
Basal aquifer (Fig. 3a) with their sulfate isotopic values falling close, or 
within, the TBf field, indicating a likely interaction with the Burano Fm. 
Nevertheless, the influence of secondary processes, like microbially- 
mediated sulfate reduction, cannot be ruled out, at least for those waters 
(e.g., S-12, S-14) characterized by strongly negative Eh values (<-30 
meV). Among the SO4-rich water samples, the location of S-18 (Fig. 3d) 
contrasts with the SO4 isotopic signature. This spring is located far from 

the carbonate anticline (Fig. 2a), where the TBf have been identified at 
> 1500 m depth in a deep well (Martinis and Pieri, 1964; Barchi et al., 
1998b; VIDEPI, 2009; Fig. 3b), thus suggesting that the interaction with 
TBf is unlikely. On the contrary, the lighter δ34S-SO4 value of S-18 could 
be influenced by mixing processes with reduced and isotopically nega
tive sulfur, as recognized in the bituminous shales characterizing the 
MGf (e.g., Lugli et al., 2007).

The Ca-HCO3 waters, i.e., S-05, S-07, W-16, W-19, S-20, and S-21 (no 
δ18O-SO4 values are available for the first two samples), tend to be 
positioned between or within the TBf, atmospheric deposition and soil SO4 
fields, therefore suggesting a mixed origin. Based on the lithology from 
which these waters are discharged, they can be associated with shallow 
hydrogeological circulation (Table 1; Fig. 3). The S-05, S-07, and W-16 
waters are discharged from the Maiolica and Scaglia Calcarea aquifers 
separated from the Basal aquifer by regional aquicludes (see Section 2.2; 
Table 1 and Fig. 2b) and show low SO4 concentrations (< 45 mg/L; 
Table 2). These characteristics make unlikely a TBf influence on the 
δ34S-SO4 values, at least for the S-07 and W-16 samples. On the contrary, 
S-05, despite having SO4 concentrations < 10 mg/L, occurs near a well- 
developed normal fault (De Donatis et al., 2020) that might facilitate 
deep circulation. The W-19, S-20, and S-21 waters show relatively high 
levels of SO4 (120–140 mg/L), but shallow hydrogeological circuits are 
envisaged (Fig. 3d,e) in areas characterized by intense agricultural ac
tivity (Taussi et al., 2024). In these cases, sulfate seems thus more likely 
sourced by anthropogenic activities related to manure fertilizers or 
sewage (Puig et al., 2017). Eventually, the S-01 and W-17 samples are 
discharged by arenaceous and clay formations (Marnoso Arenacea Fm 
and Argille Azzurre Fm, respectively) that may contain sulfides (Conti 
et al., 2020 and reference therein), whose oxidation produces SO4 
preferentially enriched in 32S (Cortecci et al., 2002; Gori et al., 2023), 
resulting in light or negative δ34S- and δ18O-SO4 values (Fig. 9b).

6.2.3. Boron and strontium isotopes
The binary diagram of the δ11B values vs. the boron content (in μg/L) 

for the investigated waters is reported in Fig. 10a. For comparison are 
also reported the isotopic ranges for the most likely source of dissolved B 
(i.e., limestones, marine evaporites, clays, and seawater) (Barth, 1993, 
2000; Dotsika et al., 2010; Boschetti et al., 2011, 2015, 2017, 2019) and 
the samples (i) ALF15 (δ11B = +8.3 ‰ vs. NIST SRM 951, purple line), 
and (ii) PEG, SBA1 and SBA2 (δ11B = − 3.4 ‰ vs. NIST SRM 951, red 
line), representative of the local TBf and MGf, respectively. The δ11B 
values of the local rocks are lower than those generally found in marine 
evaporites (i.e., +18 ‰ < δ11B <+32 ‰ vs. NIST SRM 951; Barth, 1993; 
Boschetti et al., 2019), hence showing a moderate-to-strong 11B-deple
tion, especially for the MGf. Owing to the wide isotopic variability of 
boron (e.g., Barth, 1993), the presence of overlapping ranges does not 
allow us to distinguish a single source of B since all the samples are 
included within the limestone, clay, and marine evaporite fields 
(Fig. 10a). On one hand, this may represent a limit when only the boron 
isotopes are determined in an environment characterized by a relatively 
high variability as that observed for the PU waters. On the other hand, 
this may indicate the occurrence of multiple sources that define the B 
isotopic composition involving carbonates, evaporites, and silicate 
minerals interaction with waters, which were recognized as the main 
processes controlling the water composition.

Additional constraints can be highlighted by the Sr isotopes 
(Fig. 10b). The 87Sr/86Sr ratios measured in the local MGf rocks 
(0.70894–0.70895; Table 3) agree with those reported in the literature 
for the Umbria-Marche-Romagna MGf (e.g., Berrettoni et al., 1986; 
Lundblad, 2019; Franchini et al., 2021). Contrarily, the local TBf value 
(0.70794; Table 3) is slightly higher but consistent with those reported 
by Lundblad (2019) for the Umbria-Marche TBf (0.70776 and 0.70778) 
(Fig. 10b). Concerning the investigated waters, two groups of samples 
can be identified according to their 87Sr/86Sr ratios: (i) 87Sr/86Sr ranging 
from 0.70762 and 0.70781 (S-05, S-06, S-07, S-08, W-09, W-10, S-11, S- 
12, S-14, W-15, W-16) and falling within the TBf and limestones (i.e., 

Fig. 9. Binary diagrams of (a) δ34S-SO4 (in ‰ vs. V-CDT) vs. SO4/(SO4 + HCO3) 
in molar ratio, and (b) δ18O-SO4 (in ‰ vs. V-SMOW) vs. δ34S-SO4 (in ‰ vs. V- 
CDT). The isotopic ranges for different sulfate sources are reported for com
parison to Cortecci et al. (1981), Clark and Fritz (1997), Pawellek et al. (2002), 
Menichetti et al., (2017) and Gori et al., (2023). Acronyms are: TBf (Triassic 
Burano Fm), MGf (Messian gypsum Gessoso Solfifera Fm), oS (organic/biogenic 
sulfur) and ps (sulfides − pyrite). IDs as in Fig. 2a and Table 1.
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Calcare Massiccio and Corniola Fms) isotopic ranges (Lundblad, 2019); 
(ii) 87Sr/86Sr ratios included between 0.70892 and 0.70937 (S-01, S-02, 
S-03, S-04, S-13, S-20, S-21), approaching the reference values of MGf 
and the carbonate fraction of the Marnoso Arenacea Fm (Berrettoni 
et al., 1986; Castorina and Masi, 2011).

The distribution of the first group of samples in Fig. 10b suggests that 
the primary source of Sr (and consequently of Ca) is represented by TBf 
and/or limestones, which is consistent with the main geochemical pro
cesses occurring in these waters (Fig. 7b, c) and with the hydro
geological features of the areas where they circulate (Figs. 2 and 3), i.e., 
the Basal aquifer (Fig. 2b). The dual contribution from these lithologies 
is evident when the Sr and B ratios are considered together (Fig. 11a) 
since all the samples (i.e., S-05, S-06, S-07, S-08, W-09, W-10, S-11, S-12, 
S-14, W-15, and W-16) depict a well-defined trend between the lime
stone end-member (Barth, 1993; Boschetti et al., 2019; Lundblad, 2019) 
and the local TBf, whose input can also be inferred by coupling δ34S-SO4 
and Sr isotopes since all the abovementioned samples fall within or close 
the TBf field (Fig. 11b).

Among the aforementioned samples, S-07 and W-16 fall within the 
limestone field (Fig. 11a), showing a null contribution from TBf, as 
suggested by their hydrogeological circuits (Figs. 2 and 3, Table 1). On 
the contrary, samples S-05, S-06, S-08, W-09, W-10, S-11, S-12, S-14, 
and W-15 show various degrees of inputs from the TBf since they 
circulate in the Basal aquifer (Figs. 2 and 3, Table 1).

The dissolution of TBf is predominant in the S-08, S-12, and S-14 
samples (which also show SO4-dominated compositional facies) and in 
the Ca-HCO3-SO4 waters (i.e., S-06, W-09, W-10, S-11) and acts at a 
smaller extent for the S-05 and W-15 samples (i.e., Ca-HCO3 waters), 
where limestone/carbonate dissolution is prevailing (Fig. 7b, c). On the 
contrary, the second group of waters (S-01, S-02, S-03, S-04, S-13, S-20, 
S-21) has 87Sr/86Sr ratios suggesting that MGf and the Marnoso Arena
cea are the most likely Sr-sources (Berrettoni et al., 1986; Castorina and 
Masi, 2011). The S-02, S-03, and S-04 samples are characterized by Na- 

Fig. 10. (a) δ11B (in ‰ vs. NIST SRM 951) vs. B content (in μg/L). Isotopic 
ranges for the most probable B sources in the study area (i.e., limestones, ma
rine evaporates and clays) are drawn according to Barth (1993) and Boschetti 
et al. (2019). (b) 87Sr/86Sr vs. 1/Sr (values in mg/L). Isotopic ranges for the 
outcropping geological formations (i.e., limestones, Marnoso Arenacea Fm, 
Triassic Burano Fm TBf and Messinian Gessoso Solfifera Fm MGf) in the study 
area are also reported following Berrettoni et al. (1986), Castorina and Masi 
(2011) and Lundblad (2019). The δ11B and 87Sr/86Sr values measured for the 
local rocks, i.e., ALF-15 (TBf, violet line) and PEG (MGs, red line), and seawater 
are also reported. Symbols as in Fig. 5; IDs as in Fig. 2a and Table 1.

Fig. 11. (a) δ11B (in ‰ vs. NIST SRM 951) vs. 87Sr/86Sr. Isotopic ranges for 
both B and Sr in limestones and siliciclastic sediments/sandstones are reported 
after Barth (1993), Castorina and Masi (2011), Boschetti et al. (2019) and 
Lundblad (2019). The δ11B range, commonly related to marine evaporites, is 
also reported (Barth, 1993). Stars indicate the δ11B and 87Sr/86Sr values 
measured in the local rocks TBf (Triassic Burano formation: ALF15) and MGf 
(Messinian Gessoso Solfifera formation: PEG, SBA1 and SBA2). (b) δ34S-SO4 (in 
‰ vs. V-CDT) vs. 87Sr/86Sr. The isotopic ranges for TBf and MGf are reported 
after Berrettoni et al. (1986), Renzulli et al. (1998); Menichetti et al. (2017) and 
Lundblad (2019). The star refers to the ALF15 sample (δ34S-SO4 from Renzulli 
et al., 1998), while the vertical line refers to the 87Sr/86Sr ratios measured in 
the PEG sample. Symbols as in Fig. 5; IDs as in Fig. 2a and Table 1.
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HCO3 compositional facies (Fig. 4), a substantial depletion in Sr and Ca 
(Fig. 7c; SM1), and 87Sr/86Sr values approaching that of the Marnoso 
Arenacea Fm from which they emerge after a long-lasting interaction in 
a shallow and slow hydrogeological circuit (Fig. 3c). The S-01 sample 
(Ca-HCO3 water) circulates in the same geological context as S-02, S-03, 
and S-04 (Fig. 2a). Hence, even if the 87Sr/86Sr ratio is very similar to 
that of the local MGf, considering its chemical composition and hydro
geological circuit (Fig. 3c) a Sr contribution from the Messinian evap
orites is to be excluded. At the same time, that from the Marnoso 
Arenacea Fm appears realistic. On the other hand, MGf represents the 
predominant source of Sr (and Ca) in the S-13 sample, having virtually 
the same 87Sr/86Sr ratio (Fig. 11b), which is also consistent with the 
surrounding geology (Fig. 2a) and its chemical composition (Ca-SO4).

Eventually, S-20 and S-21 samples are characterized by 87Sr/86Sr 
ratios of 0.70907 and 0.70937 (Table 3), respectively, approaching the 
value measured in PEG which may suggest MGf as the primary source of 
Sr. Contributions deriving from MGf may be consistent with the local 
hydrogeology (Figs. 2 and 3d,e) and with the relatively high SO4 con
tents (up to 137 mg/L). However, the δ34S-SO4 values of S-21 (+9.33 ‰ 
vs. V-CDT) and S-20 (+6.98 ‰ vs. V-CDT) are consistent with an 
anthropogenic source (see Section 5.2.2), hence making MGf a possible 
minor source of both dissolved strontium and sulfur.

7. Conceptual model and concluding remarks

The application of a geochemical and multi-isotopic (i.e., C, H, O, S, 
Sr, and B) approach to groundwaters from seismically active areas, 
characterized by a wide geological and hydrogeological variability like 
the Pesaro-Urbino province, is a powerful tool to constrain water–rock 
interactions and provide insights into the hydrological paths. In 
deploying a water geochemical monitoring network to identify possible 
seismic tracers, selecting the most suitable sampling sites, i.e., those 

related to longer circulation paths and fed by deep aquifers (circulation 
Types I and II in Fig. 3a, b), is a fundamental and necessary step. A 
conceptual model of the main hydrogeological, geochemical, and iso
topic findings of the present work are summarized in Fig. 12.

The groundwaters circulating in the study area are characterized by 
four main geochemical facies: Ca-HCO3, Ca-HCO3-SO4, Ca-SO4, and Na- 
HCO3 compositions. The carbon isotopic data (δ13C-TDIC) hint at a 
limited or negligible influence of deep-originated fluids in the shallow 
environment with the primary carbon sources represented by either the 
dissolution of carbonate-bearing minerals or the interaction with 
biogenic soil CO2. The combined application of δ34S-SO4 and 87Sr/86Sr 
allowed the identification of a group of waters represented by Ca-HCO3- 
SO4 (i.e., S-06, W-09, W-10, and S-11) and Ca-SO4 (S-08, S-12, and S- 
14), which interact with the Triassic Burano Fm (TBf) (Fig. 3a and 12). 
Since TBf is not outcropping since it was found at a minimum depth of 
600 m below the surface, the isotopic evidence suggests that these wa
ters may be subjected to circulation patterns able to reach deep levels, 
with their emergence at the surface likely favored by the presence of 
faults (Fig. 12). Boron isotopes also support this evidence since these 
waters displayed δ11B values consistent with mixing between the local 
TBf and limestones (the lithology from which these waters emerge). 
Contrarily, the S-13 sample, although showing a Ca-SO4 composition, is 
related to circulation within the Gessoso Solfifera Fm (MGf) as sup
ported by Sr, S, and B isotopic values and the local hydrogeological 
context (Fig. 3d and 12).

The Na-HCO3 waters (i.e., S-02, S-03, and S-04) showed 87Sr/86Sr 
like those of the Marnoso Arenacea Fm and δ11B values approaching the 
reference values for siliciclastic sediments and sandstones. These ratios 
are consistent with the hypothesis that the origin of these waters is 
related to long-lasting interactions with Na-bearing silicate minerals in a 
shallow hydrogeological circuit (Fig. 3c and 12). Water geochemistry 
and isotopic contents suggest that the Ca-HCO3 waters are likely related 

Fig. 12. Conceptual model summarizing the hydrogeological circuits of the investigated sites, which helps to define the most valuable setting to be monitored for 
possible seismic tracers’ recognition in the investigated area of the Pesaro-Urbino Province. The sketch follows and modifies the schematic model of Nanni and 
Vivalda (2005). Colours refer to the hydrogeological complexes’ column of Fig. 2b.
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to shallower or faster water circulation, interacting with limestones and 
silicate-rich rocks widely outcropping in the study area.

In conclusion, our results suggest that (most of) the Ca-SO4 and Ca- 
HCO3-SO4 waters are discharged by the Basal aquifer after long and deep 
flow paths that lead to water–rock interactions with the local deep- 
seated TBf (Fig. 12), maintaining the isotopic signature of the primary 
source (almost) unchanged and thus less affected by secondary pro
cesses; notably, faults can play a critical role in facilitating groundwater 
circulation from deep layers to the surface (Fig. 12), especially during 
seismic periods, when they can act as preferential flow features. Indeed, 
these kinds of water have been widely found to be sensitive to possible 
geochemical and isotopic variations in similar geological-tectonic con
texts such as the Sibillini Mts. (Marche Region) or the Gran Sasso Mt. 
area (Abruzzo Region) (e.g., Barberio et al., 2017; Barbieri et al., 2020; 
Fronzi et al., 2021; Cambi et al., 2022). For these reasons, these springs 
and wells can be considered as the most valuable sites for monitoring 
seismic tracers (Fig. 12), being likely able to carry possible deep seismic 
signals. Although further information on the circulation path of the 
deep-related waters could benefit from tritium analysis and continuous 
or periodical acquisition of specific parameters (e.g., EC, T, discharge 
rate), the multi-chemical and isotopic approach carried out in this study 
was proven to be effective to select the most prone sites likely able to 
record possible geochemical variations during the build-up phase of a 
seismic event. The results of this work make our approach applicable to 
other geological contexts where seismic activity is well-documented, 
thus taking a step further to mitigate the seismic hazard.
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