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A B S T R A C T

We report the results from a pre- and post-seismic water monitoring carried out in the Mt. Conero area (central 
Italy) to evaluate the earthquake-related variations on the water hydrogeochemistry related to the November 9, 
2022 Adriatic offshore seismic sequence. This latter was characterized by two main events of Mw 5.5 and 5.2. The 
monitoring network included two wells and one piezometer located at ~50 km from the earthquake epicentre. 
The wells did not show relevant changes. Contrarily, the piezometer showed an overwhelming variation in its 
composition and Total Dissolved Solids (TDS) since four months before the mainshock, shifting from a low- 
salinity (TDS ω 1000 mg/L) calcium-bicarbonate facies to a high-salinity (TDS ε 3500 mg/L) sodium-chloride 
composition. Then, composition and TDS were restored about a week after the events. These changes were 
accompanied by strong increases in trace elements concentrations (e.g., B, Mn), which returned to the pre- 
seismic values in the days following the mainshock. The strong hydrogeochemical variations recorded at the 
piezometer were likely related with two different seismically-induced processes linked to a mixing between 
shallow Ca-HCO3 and deep Na-Cl waters, and the bedrock’s fracture unclogging. These variations are, to the best 
of our knowledge, among the largest ever observed before a seismic event or, at least, ever reported in the 
literature. These results prove hydrogeochemical monitoring for seismic surveillance can be highly effective. 
Besides, our work represents a further step in the development of a methodology that could potentially track 
geochemical changes ahead of larger, potentially dangerous earthquakes.

1. Introduction

Several studies in the last decades highlighted that earthquakes of 
moderate to large magnitude (Mw ε 4) are able to produce detectable 
changes in the geochemical composition of the waters circulating close 
to the epicentral area and/or in hydrogeological features of the aquifers 
involved (King, 1986; Thomas, 1988; Cicerone et al., 2009; Skelton 
et al., 2014, 2019, 2024; Manga et al., 2016; Barberio et al., 2017, 2020; 
Hosono et al., 2019, 2020; Chiodini et al., 2020; Fronzi et al., 2020a; 
Martinelli et al., 2020; Franchini et al., 2021; Wang and Manga, 2021; 
Cambi et al., 2022; Cinti et al., 2023). These variations, also called 
seismic tracers (Martinelli, 2020), may be of different nature and are 

generally observed from months to days prior to the seismic event, 
concurrently or immediately after the earthquake (Thomas, 1998; 
Cicerone et al., 2009; Martinelli, 2020). Notable changes were related to 
(a) discharge rates of springs and streams (e.g., Manga and Rowland, 
2009; Wang and Manga, 2015; Fronzi et al., 2020b, Valigi et al., 2020; 
Mammoliti et al., 2022), (b) piezometric level in wells (e.g., Kitagawa 
et al., 2006; Sil and Freymueller, 2006; Barberio et al., 2020), (c) 
chemical and isotopic composition of waters and dissolved gases (e.g., 
Barberio et al., 2017; Hosono et al., 2019; 2020; Skelton et al., 2019; 
2024; Hosono and Masaki, 2020; Chiodini et al., 2020; Fronzi et al., 
2021; Gori and Barberio, 2022) and (d) groundwater physicochemical 
parameters (e.g., King et al., 1994; Reddy et al., 2017).
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These modifications are considered to be produced by the earth-
quake and its preparation process (i.e., the seismic cycle), since several 
chemical and physical processes may be triggered by (Doglioni et al., 
2014; Martinelli and Tamburello, 2020; Wang and Manga, 2021): (i) 
physical mixing between two previously non-communicating aquifers 
due to changes in the hydraulic pressure (e.g., Thomas, 1988; Cicerone 
et al., 2009; Skelton et al., 2014, 2019, 2024), (ii) physical release due to 
pore collapse (e.g., Cicerone et al., 2009), (iii) chemical release due to 
pressure-sensitive solubility (e.g., Thomas, 1988; Cicerone et al., 2009) 
or (iv) chemical release following increased interactions with new active 
rock surfaces (e.g., Boschetti et al., 2019; Skelton et al., 2024). Precur-
sory changes were detected worldwide in different geological and geo-
dynamic settings characterized by intense seismic activity. However, 

since these changes are often transitory and strictly site-sensitive, the 
identification of possible and suitable seismic precursors represents one 
of the major challenges for geoscientists (Lee et al., 2017, 2021; Marti-
nelli, 2020; Franchini et al., 2021; Cinti et al., 2023; Skelton et al., 
2024). Therefore, to improve scientific knowledge on this topic, the 
development of multi-parametric water monitoring networks located in 
seismic-prone areas is a fundamental step towards a better under-
standing of the relationship between the seismic cycles and the seismic 
tracers (Lee et al., 2017; 2021; Franchini et al., 2021).

Italy experienced in its past and recent history an intense seismic 
activity, with some earthquakes having magnitudes ε 7.0 (e.g., the 1693 
Noto Valley Earthquake with an estimated magnitude between 7.5 and 
7.7 Mw, and the 7.3 Mw Strait of Messina Earthquake in 1908 which 

Fig. 1. Schematic geological map of the Marche Region and the offshore sector (modified from Teloni et al., 2024), showing the main tectonic structures and the 
location of the epicenters related to the offshore Adriatic Sea seismic sequence (November 2022), and the Mt. Conero seismic sequence (2013). Available focal 
mechanisms are also reported from terremoti.ingv.it. Location of the historical seismic sequences’ main events are also represented (Rimini 1916: Bonini et al., 2016; 
Senigallia 1930: Vannoli et al., 2015).
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caused about 80,000 fatalities). Most of the strongest earthquakes were 
associated with extensional faulting in the collapsing axial zone of the 
Apennines (Rovida et al., 2022). In the coastal area of central-eastern 
Italy and adjacent offshore, active thrust faults (DISS Working Group, 
2021) caused the 1930 Senigallia earthquake (Mw 5.8; Vannoli et al., 
2015) and the most recent offshore Adriatic Sea seismic sequence 
(maximum Mw 5.5) that occurred in front of the Marche Region coast on 
November 9, 2022 (Maesano et al., 2023; Pezzo et al., 2023). Water 
monitoring networks aimed at the identification of seismic precursors 
were deployed, focusing on both inland and coastal zones (Chemeri 
et al., 2024).

Here, we report the results obtained after the November 2022 
seismic sequence from interseismic (i.e., a centennial time span domi-
nated by long-term, steady behavior), pre-seismic and post-seismic (i.e., 
the relatively short time spans predating and postdating the seismic 
event(s) – in the order of months to several years – characterized by 
earthquake-related “perturbation” of hydrology or surface motion; 
Copley et al., 2012). The geochemical monitoring focused on ground-
water collected from one piezometer, named Betelico (hereafter, BET), 
and two wells, named Vallemiano (hereafter, VAL) and Monte Acuto 
(hereafter, MAC), belonging to three distinct aquifers, with depths 
ranging from 15 (VAL and MAC) to 30 (BET) m and located to the west 
and northwest of the Mt. Conero Area (Marche Region) (Fig. 1). The aim 
of this work was to evaluate and assess possible earthquake-related 
variations of the water chemical and isotopic composition, high-
lighting the potential occurrence of precursory changes in the monitored 
sampling sites.

2. Geological and tectonic setting of the Mt. Conero area

The Mt. Conero is a coastal promontory located in the central-eastern 
sector of the Italian peninsula, south of Ancona (Marche Region, central- 
eastern Italy, Fig. 1). It shows a maximum altitude of 572 m a.s.l (Fig. 1) 
which breaks the continuity of the coastal shore along the Italian side of 
the Adriatic Sea. Almost the entire Conero area is classified as a public 
natural reserve and a popular touristic destination (Mussi et al., 2017; 
Mammoliti et al., 2023). Following the K!oppen classification (K!oppen 
and Geiger, 1954), the climate of the area is “temperate” and “sublittoral” 
(i.e., Cfa type, humid subtropical climate) with an average rainfall of 
900 mm/year, a monthly minimum precipitation in July (30 mm) and a 
maximum one in September (110 mm). The average atmospheric tem-
perature varies from 14.1 →C to 16.6 →C in promontory and the coastal 
area, respectively (Mussi et al., 2017).

2.1. Tectonic framework and seismicity of the study area

The study area is located within the Umbria-Marche Apennines and 
foothills, which form part of the peri-Mediterranean Alpine orogenic belt 
(Figs. 1 and 2a). The Apennines are an arcuate, mostly NW-SE striking 
belt (Calamita et al., 1994). It evolved during the Neogene, in the frame 
of Africa-Eurasia plate convergence since the Late Cretaceous (Dewey 
et al., 1989; Mazzoli and Helman, 1994; Turco et al., 2021). Since the 
Late Miocene, back-arc extension in the hinterland (Tyrrhenian Sea) was 
coeval with thrusting in the frontal part of the belt (e.g., Butler et al., 
2004). Therefore, the Apennines represent a mountain belt character-
ized by various, active geodynamic processes (Mantovani et al., 2014
and therein references). Extension and crustal thinning in the western 
side of the orogen are well established, as are tectonic accretion and 
crustal thickening in the eastern side.

The Umbria-Marche Apennines and foothills consist of a Meso- 
Cenozoic calcareous-marly succession that was progressively involved 
in the fold and thrust belt from west to east, as shown by synorogenic 
siliciclastic deposits filling a migrating foreland basin system. The 
basement was also involved in the thrust system (e.g., Coward et al., 
1999). Transversal faults (probably inherited from the pre-orogenic 
stage) also controlled differential shortening in adjacent crustal sectors 

(Calamita et al., 1994; Calamita and Pizzi, 1994). A general eastward 
migration of the thrust front toward the foreland characterized the 
Pliocene to present time (Patacca et al., 1991; Barchi et al., 2012), while 
extension affected the hinterland and then the axial zone of the Umbria- 
Marche Apennines, generating NW-SE-striking crustal normal fault 
(Dewey, 1989; Keller et al., 1994; Doglioni, 1995; Barchi and Mirabella, 
2009). Active thrusts in the Adriatic offshore are buried by thick 
Pliocene-Quaternary foreland basin deposits whose sedimentation rate 
largely exceeded those of thrust slip (e.g., Vannoli et al., 2004, 2015; 
Basili and Barba, 2007).

To date, the Mt. Conero area is characterized by moderate seismicity 
due to the presence of major composite seismogenic sources ↑ able to 
produce earthquakes with a magnitude ε 6 ↑ running within or close to 
the study area (DISS Working Group, 2021). The active tectonics is 
generally associated with compressive and transpressive structures 
(Mazzoli et al., 2005, 2014, 2015; Chicco et al., 2019; Pierantoni et al., 
2019; Maesano et al., 2023; Pezzo et al., 2023). The Adriatic coast, 
although affected by seismic events characterized by lower magnitudes 
and frequency compared to those occurring along the Apennine chain 
(Lavecchia et al., 1994, 2003; Mantovani et al., 2014; Rovida et al., 
2022), experienced moderate seismicity throughout the last century, e. 
g., the 1916 Rimini seismic sequence with the mainshock characterized 
by a maximum magnitude of 5.8 (Fig. 1), the 1930 Senigallia earthquake 
(maximum Mw 5.8; Fig. 1), related to NW-SE striking thrusts (Vannoli 
et al., 2015; Bonini et al., 2016), and the 2013 Mt. Conero seismic 
sequence related to NE-SW striking strike-slip faults and NW-SE striking 
thrusts (maximum Mw 4.9; Mazzoli et al., 2014; Fig. 1). The most recent 
events (5.5 and 5.2 Mw) occurred on the morning of November 9, 2022. 
It consisted of a rapid sequence of earthquakes, a few minutes from each 
other, with epicenters located offshore the Adriatic Sea (Lat. 43.9830, 
Long. 13.4240), in front of the Marche Region and 50 km north of the 
city of Ancona (Figs. 1 and 2a). The seismic sequence also included three 
shocks with Mw between 4 and 5, and twenty-seven events with 
magnitude between 3 and 4 (Maesano et al., 2023; Pezzo et al., 2023). 
According to the first published studies, the November 2022 seismic 
sequence occurred along the most external structure in this sector of the 
northern Apennine (Maesano et al., 2023; Pezzo et al., 2023), with the 
thrust front buried under Early Pliocene-Quaternary deposits (Fantoni 
and Franciosi, 2010; Maesano et al., 2013). The preliminary findings 
indicated that the seismic sequence nucleated along the Apennines 
compressional front (offshore the northern Adriatic Sea), and it was 
likely caused by the (re)activation of buried thrusts. According to Pezzo 
et al. (2023), the slip occurred along a ca. 24→ SSW-dipping thrust fault 
located in an intermediate position with respect to the deeper and 
shallow detachments involving the Mesozoic carbonate sequence, whilst 
Maesano et al. (2023) identified the source of the earthquakes in the 
activation of the Cornelia thrust system, buried under a thick cover 
(about 2000 m) of marine and continental Plio-Pleistocene deposits and 
possibly hosting ruptures capable of producing seismic events up to 6.5 
Mw or larger due to its features and size, if reactivated together with 
adjacent thrusts. The hypocentral depths of the main events were esti-
mated between 5 and 10 km (Pezzo et al., 2023; terremoti.ingv.it).

2.2. Stratigraphical and hydrological features

The Mt. Conero ridge is considered as a minor ridge in the Adriatic 
external structural domain of the Apennines (Calamita et al.,1991) and 
can be defined as a wide asymmetric brachyanticline with Adriatic 
vergence and NW-SE axial trend (Marchesini, 1946; Scisciani, 2009; 
Cello and Tondi, 2014; Sarti and Coltorti, 2014; Mattioli, 2014; Mussi 
et al., 2017). The anticline is characterized by gently dipping bedding 
(ω25→) on the western limb, whilst the strata are almost vertical on the 
eastern limb (Fig. 2b; Mussi et al., 2017).

The lithologies exposed in the Mt. Conero area belong to the Umbria- 
Marche Meso-Cenozoic succession (Fig. 1 and 2a, b) (Nanni, 1980, 1991; 
Nanni et al., 1997; ISPRA, 2011). In this area, the Maiolica Fm (Upper 
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Fig. 2. (a) Geological map of the study area (modified from Conti et al., 2020) with the location of the sampling sites (Betelico, BET; Vallemiano, VAL; Monte Acuto, 
MAC; Barbadoro well field, CPB) and the Aspio Terme thermal springs; (b) stratigraphic details of the BET piezometer across the Quaternary alluvial deposits and the 
Schlier Fm with indicated the blind and fissured portion of the pipe; (c) schematic hydrogeologic cross-section of the BET area modified from Fronzi et al. (2022); (d) 
composite panel showing detail photographs of the extension fractures in marly limestone of the Schlier Fm from the outcrops in the surrounding of the study area. 
The composite filing includes both clay and vein calcite. Note that the calcite vein crosscuts the clay filling (arrow), as it is adjacent to the right wall in the upper part 
of the fracture and to the left wall in the lower sector. The occurrence of a syn-tectonic calcite vein cutting across the clay infill indicates that this latter, which 
predates the calcite vein formation, was produced by syn-tectonic clay injection within the fracture in subsurface conditions and does not represent a recent fracture 
infill at the surface. Therefore, the clay material consists of fine-grained sediments originally contained within the marine stratigraphic succession of the Schlier Fm.
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Jurassic-Lower Cretaceous) represents the most ancient outcropping 
portion of the Umbria-Marche succession, and it mainly consists of 
micritic and compact limestones and calcarenites with thin shaly and 
bituminous interlayers (Mussi et al., 2017). Stratigraphically overlying 
the Maiolica Fm, the succession includes: (a) the Marne a Fucoidi Fm 
(Lower Cretaceous), outcropping on the coastal side of the ridge, made 
of silty shales and bituminous silty marls with chert nodules and lists; (b) 
the calcareous portion of the Scaglia Group (including the Scaglia 
Bianca, Scaglia Rossa and Scaglia Variegata Fms; Upper Cretaceous- 
Middle Eocene), mainly consisting of limestone, marly limestones and 
calcareous marls with an increase in the marly components in the upper 
portions; (c) the Scaglia Cinerea Fm (Upper Eocene-Upper Oligocene), 
which is mainly characterized by calcareous marls and shaly marls, 
followed by marls and marly shales (ISPRA, 2011; Mussi et al., 2017). 
The Miocene part of the succession starts with the Bisciaro Fm (Lower 
Miocene), which consists of marly and siliceous marly limestones. It is 
followed by the Schlier Fm (Lower Miocene-Upper Miocene) that is 
dominated by shaly marls, calcareous marls and shales. The Schlier Fm 
in the Mt. Conero area reaches the Messinian (ISPRA, 2011) and is 
overlain by the Gessoso-Solfifera Fm, here represented by the Sapigno 
Fm. This is formed by an alternation of mainly bituminous shales, 
gypsum-arenites, crystalline gypsum, diatomites and sulfur-rich lime-
stones (ISPRA, 2011). The upper most Miocene (Messinian) unit is 
represented by the Colombacci Fm, which includes shaly marls and 
shales with arenaceous intercalations. The Lower Pliocene Argille 
Azzurre Fm overlies an unconformity exposed right to the west of the 
Betelico Creek. These Lower Pliocene deposits include shales and 
interbedded sandstones. The unconformably overlying Pleistocene to 
Holocene continental deposits are generally represented by alluvial (or 
debris) deposits composed of alternating calcareous gravels, clays, silty- 
clays, and sand (ISPRA, 2011; Mussi et al., 2017), as those penetrated by 
the BET borehole.

Concerning the hydrogeology of the Mt. Conero territory, the area is 
drained by some perennial and seasonal streams, of which the Betelico 
and Boranico creeks are the most important, being both tributaries of the 
Aspio River at south-west (Tazioli et al., 2015; Busico et al., 2020, 2024). 
Moreover, three main aquifers can be identified: the first one hosted in 
the carbonate deposits of the Scaglia Fms, and the others, both shallow, 
located in the alluvial deposits of the Betelico creek and in the stratified 
debris slope deposits (Mussi et al., 2017; Fronzi et al., 2021b, 2024), 
respectively. The Scaglia aquifer is the most important source for the 
water supply of the area, being confined by two impervious marly-shaly 
formations, i.e., the Marne a Fucoidi Fm at the bottom and the Scaglia 
Cinerea at the top. Additionally, the Scaglia aquifer is laterally sealed by 
the marly aquicludes hence hydraulically separated from the shallow 
aquifers (Mussi et al., 2017). Furthermore, the occurrence of highly 
saline connate waters trapped within the foredeep clayey sediments or 
at the bottom of alluvial aquifers is widely reported in the literature (e. 
g., Nanni and Vivalda, 1999, 2005). Such waters generally show a Na-Cl 
composition and TDS values almost comparable to those of seawater. 
Additionally, the occurrence of high salinity springs, whose pathways 
toward the surface are favored by the presence of local structures (e.g., 
the Boranico Springs), in the Mt. Conero area are also reported (Mattioli, 
2014).

3. Materials and methods

The BET standpipe piezometer and the VAL and MAC wells, located 
ca. 45–55 km from the epicenter (Fig. 1) of the November 9, 2022 
earthquakes, were selected in the Mt. Conero area for a seismic water 
monitoring of the offshore seismic events (Table 1). The selected points 
(Table 1) are all hosted in Quaternary alluvial deposits and pertain to 
three different alluvial aquifers (Fig. 2a). VAL and MAC are masonry 
wells with a diameter of ~ 1 m and a maximum depth of 15 m below 
ground level (b.g.l.). On the other hand, BET consists of a borehole lined 
with PVC filter pipe of 4′’ diameter from 3 to 30 m depth b.g.l., while the 

remaining top section (from 0 to 3 m b.g.l.) is lined with a PVC blind pipe 
(Fig. 2c). The pipe allows groundwater to rise inside, indicating the pore 
water pressure or hydraulic head in the investigated groundwater body 
at a specific point and specific time, and offers the opportunity to sample 
groundwater.

All waters were sampled within 48 h (Nov 11, 2022), one week (Nov 
17, 2022) and one month (Dec 12, 2022) after the mainshock and then, 
periodically for one year after the event. Specifically, BET was sampled 8 
times on a monthly/bimonthly basis (Jan 17, Feb 14, Mar 15, Apr 17, 
May 18, Jul 19, Sep 29 and Nov 6, 2023), whereas MAC and VAL were 
sampled three times on a quarterly basis (Feb 14, Jul 19 and Nov 6, 
2023). MAC was not sampled in July 2023 since it was temporarily 
inaccessible. Moreover, BET was sampled from May to Oct 2022, spe-
cifically on May 5, Jun 30, Sep 9, Sep 30, and Oct 25, 2022 (5 samples). 
The sampling operations were conducted using a bailer sampler within 
the uppermost 2 m of the saturated zone of the investigated aquifers. 
Previous (from 2006 to 2023) water chemical analysis from the “Bar-
badoro” wells field (CPB), made up of four wells (i.e., CPBw1 to CPBw4) 
9 m depth b.g.l. and lined with 0.4 m diameter steel filter pipes, located 
ca. 200 m east and at a slightly higher altitude from BET and pumping 
from the same aquifer were also available (Fig. 2a). Specifically, the 
chemical analysis from 2006 to 2012 are referred to the loading tank 
(CPBwt) where the waters from CPBw1, CPBw2 and CPBw3 converged, 
whilst from 2013 to 2023, water chemistry for each well is available.

Starting from January 2016, BET was equipped with a hydrometric 
pressure transducer (TD-Diver Eijkelkamp, accuracy ↓ 0.5 cmH2O and 
resolution 0.2 cmH2O) compensated by atmospheric pressure, for 
continuously monitoring groundwater level fluctuation and temperature 
at daily scale. Precipitation (P) and air temperature (Tair) in the area 
were monitored through a thermo-pluviometric station (Fronzi et al., 
2024). Starting from January 2022, the vadose zone of the CPB area was 
supplied with three TDR sensors TEROS 12 (Meter Group Inc., Pullman, 
WA, USA) placed into the soil deposits of the alluvial aquifer at 0.6, 0.9, 
and 1.7 m depth. The TDR sensors record the volumetric water content 
(VWC), soil temperature (Tsoil) and bulk electric conductivity (bEC) 
every fifteen minutes, allowing to characterize the aquifer recharge 
under the effect of different precipitation events and exclude any 
groundwater hydrochemical modification due to the recharge of mete-
oric waters. Technical specifications about the resolution and accuracy 
for the TDR sensors are reported in Fronzi et al. (2024).

In 2017, 2023 and 2024, four vertical logs were carried out at BET 
and performed by using a CTD-Diver Eijkelkam (accuracy ↓ 5 cmH2O, 
↓ 1 % of Electric Conductivity measure, and resolution 2 cmH2O, 0.1 % 
of Electric Conductivity measure) compensated by atmospheric pressure 
to observe any groundwater body stratification in terms of electrical 
conductivity (EC).

Water temperature (in →C, resolution 0.1 →C, accuracy ↓ 0.1 →C), EC 
(compensated at 25 →C; resolution 0.1 % of reading mS/cm, accuracy ↓
1 % of reading mS/cm), and pH (resolution 0.1 pH; accuracy ↓ 0.1 pH) 
were determined in situ during the sampling phases using an AQUA-
READ AP-800 (Aquaread Ltd. Broadstairs, UK) whilst the water table 
depth was measured with a phreatimeter (in m b.g.l.). Water aliquots 
were collected as follows: (a) unfiltered aliquot in 125 mL polyethylene 
(PE) bottle for the analysis of the main anions (HCO3

↑, F↑, Cl↑, Br↑, NO3
↑, 

SO4
2↑), SiO2, B and NH4

↔; (b) filtered (0.45 μm) and acidified (with 1 % 
Suprapur HCl) aliquot in 50 mL PE bottle for the analysis of the main 

Table 1 
Geographic location (WGS84), depth and distance from the epicenter of the 
seismic event of wells and piezometer.

Site Latitude Longitude Depth (m) Distance (km)

BET 43.533085 13.571422 30 55
CPB 43.534743 13.573257 9 55
VAL 43.600672 13.521379 15 45
MAC 43.571916 13.527878 15 50
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cations (Ca2↔, Mg2↔, Na↔, K↔); (c) filtered (0.45 μm) and acidified (with 
1 % Suprapur HNO3) aliquot in 50 mL PE bottle for trace elements (Li, V, 
Co, Mn, Fe, Cr, Cu, Ni, Zn, As, Rb, Sr, Ba, Pb) and (d) unfiltered aliquot in 
15 mL PE tube for the analysis of the water stable isotopes (δ2H and 
δ18O).

Alkalinity (as HCO3
↑) was determined through acidimetric titration 

(AT) with HCl (0.01 M) and methyl-orange as colorimetric indicator, 
ammonium (NH4

↔) was analyzed with the Nessler Method via molecular 
spectrophotometry (MSP) with a HACH DR2100 instrument whilst the 
concentrations of major anions (F↑, Cl↑, Br↑, NO3

↑ and SO4
2↑) and cat-

ions (Na↔, K↔, Mg2↔ and Ca2↔) were determined by ion chromatog-
raphy, using a Metrohm 761 Advanced Compact IC and a Metrohm 861 
Compact IC, respectively. The analytical error for AT, MSP and IC was ω
5 % (Chemeri et al., 2024). Trace element concentrations were deter-
mined using Inductively Coupled Plasma – Mass Spectrometry (ICP-MS) 
with an Agilent 7800 mass spectrometer, equipped with a quadrupole. 
The analytical error was ω 10 % (Cinti et al., 2023). The determination 
of hydrogen (2H/1H and expressed as δ2H‰ vs. V-SMOW) and oxygen 
(18O/16O and expressed as δ18O‰ vs. V-SMOW) isotopic ratios of the 
water molecule were performed via wavelength-scanned cavity-ring 
down spectroscopy (WS-CRDS) using a near-infrared laser analyzer 
(Picarro L2130-i), with analytical errors: δ2H ↓ 0.5 ‰, δ18O ↓ 0.08 ‰ 
vs. V-SMOW. All the chemical and isotopic analyses were carried out at 
the Laboratory of Fluid Geochemistry of the Department of Earth Sci-
ences, University of Florence except for SiO2 and B contents that were 
performed at the laboratories of Gruppo C.S.A. S.p.A (Rimini, Italy), 
through ICP-AES and ICP-MS, respectively.

4. Results

4.1. Water chemistry

The complete results including pH, T (→C), water level depth (m b.g. 
l.), major anions and cations, and water stables isotopes are reported in 
Table 2, whilst trace element concentrations are listed in Table 3.

4.1.1. VAL and MAC wells
The pH values at MAC varied from 7.07 (Nov 17, 2022) and 7.53 

(Feb 14, 2023), whilst at VAL they ranged between 7.43 (Jul 19, 2023) 
and 7.90 (Feb 14, 2023). Water temperature was between 11.6 (Dec 12, 
2022) and 17.2 →C (Nov 11, 2022) and between 9.6 (Feb 14, 2023) and 
16.2 →C (Jul 19, 2023), at MAC and VAL sites, respectively. At MAC, the 
water level varied from 1.35 m below the surface, in Feb 2023, to 3.10 
m, in Nov 11, 2022, whereas at VAL, it was varying between 1.94 m, 
(Feb 2023), and 5.29 m (Nov 2023). None of these parameters showed 
significant variations in the period following the seismic events.

The TDS values at MAC ranged between 855 and 894 mg/L (Fig. 3a) 
and from 739 to 932 mg/L at VAL (Fig. 3b). Among major anions, both 
sites were dominated by HCO3

↑, ranging between 445 and 461 mg/L at 
MAC, and 424 and 573 mg/L at VAL. Sulfate contents at MAC were 
higher than those of VAL being comprised between 94 and 104 mg/L, 
and 51 and 65 mg/L, respectively, whilst Cl↑ ranged from 45 to 53 mg/L 
at MAC, and from 62 to 79 mg/L at VAL. Both sites were characterized 
by relatively low contents of F↑ (ω0.6 mg/L) and Br↑ (ω0.5 mg/L). VAL 
also showed low NO3

↑ concentrations (ω5 mg/L) while at MAC nitrate 
ranged from 30 to 58 mg/L. Concerning cations, Ca2↔ was dominant in 
both sites (from 169 to 185 mg/L, and from 100 to 138 mg/L at MAC and 
VAL, respectively), Na↔ was present in higher contents at VAL, varying 
from 53 to 74 mg/L, whilst it was ranging between 37 and 41 mg/L at 
MAC. VAL had Mg2↔ contents between 26 and 38 mg/L while those of 
MAC were from 20 to 21 mg/L. Both sites showed low contents of K↔

(ω4 mg/L). Eventually, the NH4
↔ content was always below 0.10 mg/L at 

MAC, while that of VAL was spanning in a larger range, from 0.01 up to 
2.0 mg/L. Both MAC and VAL had a constant Ca-HCO3 composition for 
the entire monitoring period with no notable changes in the days 
following the seismic events and during the following year (Fig. 3a, b).

Similarly, the concentrations of trace elements did not show relevant 
variation at both sites during the monitoring period with just a few 
exceptions (Table 3; Fig. 3c, d). At VAL, Fe, Cu and Zn displayed their 
maximum contents of 195 μg/L, 31 μg/L and 32 μg/L, respectively, on 
Nov 11, 2022 (i.e., two days after the main earthquakes) and their 
contents slowly decreased in the following surveys. Copper and Zn 
showed a similar behavior at the MAC with the highest concentrations 

Table 2 
Water physicochemical parameters (pH, T in →C). Major anions (HCO3

↑, F↑, Cl↑, Br↑, NO3
↑ and SO4

2↑), cations (Ca2↔, Mg2↔, Na↔, K↔), and Total Dissolved Solids (TDS) 
are reported in mg/L. Water level (wl) reported in m b.g.l. Water stable isotopes are expressed as ‰ V-SMOW. (n.d. ↗ not determined; bdl ↗ below detection limit).

Site Date pH T wl HCO3 F Cl Br NO3 SO4 Ca Mg Na K NH4 TDS δ18O δ2H

BET 05/05/22 6.50 n.d. 6.42 207 0.3 36 0.12 88.1 36 93 12 30 1.1 bdl 504 ↑7.87 ↑48.2
30/06/22 n.d. n.d. 9.19 381 2.0 2020 9.11 32.5 69 196 54 1189 1.7 0.07 3965 ↑8.10 ↑48.6
09/09/22 6.85 n.d. 9.28 485 0.6 1977 7.87 35.7 66 216 59 1185 9.6 0.72 4038 ↑8.19 ↑48.2
30/09/22 6.80 n.d. 9.09 479 0.8 1744 7.37 30.6 69 206 52 1101 5.6 0.07 3695 ↑8.22 ↑48.0
25/10/22 6.83 n.d. 9.32 515 1.1 1916 7.82 31.5 64 223 51 1241 4.7 0.33 4058 ↑8.05 ↑47.6
11/11/22 7.79 15.8 9.41 500 1.0 1566 6.46 2.6 41 158 42 991 6.1 5.40 3316 ↑8.06 ↑48.7
17/11/22 7.24 13.3 9.13 366 0.7 164 0.59 11.6 41 101 12 127 2.9 0.09 827 ↑8.5 ↑49.3
12/12/22 7.15 15.9 6.13 317 1.3 52 0.14 18.3 44 107 9 38 2.6 0.20 594 ↑8.55 ↑48.3
17/01/23 7.12 15.4 4.35 317 0.5 53 0.15 35.5 44 126 10 37 6.9 bdl 627 ↑7.99 ↑45.8
14/02/23 7.69 15.3 2.12 356 0.4 45 0.27 40.5 39 130 11 34 4.0 0.03 657 ↑8.18 ↑48.2
15/03/23 7.02 n.d. 2.61 348 0.3 32 0.19 75.5 33 125 10 30 1.0 0.05 655 ↑8.45 ↑48.0
17/04/23 7.27 13.7 2.11 338 0.3 40 0.18 76.0 31 115 11 29 0.8 0.09 641 ↑8.20 ↑47.3
18/05/23 7.34 14.0 1.77 350 0.5 54 0.16 49.6 36 129 11 27 1.0 0.03 658 ↑8.01 ↑46.6
19/07/23 7.37 16.2 4.41 345 0.5 39 0.15 73.8 29 136 10 25 1.7 0.10 663 ↑7.92 ↑47.5
29/09/23 7.52 16.5 6.54 342 0.7 57 0.12 34.8 34 130 10 29. 4.0 0.01 639 ↑8.37 ↑48.8
11/11/23 7.34 15.6 7.38 421 0.7 72 0.21 30.7 38 159 13 35 1.6 0.08 773 ↑7.61 ↑45.2

VAL 11/11/22 7.81 15.3 5.23 570 0.5 63 0.27 0.2 53 131 33 74 3.9 1.98 932 ↑7.26 ↑41.5
17/11/22 7.79 13.1 5.20 567 0.5 63 0.27 0.3 53 129 38 72 3.0 1.79 929 ↑7.37 ↑42.0
12/12/22 7.56 11.1 5.12 573 0.5 65 0.28 3.5 55 123 36 70 3.1 1.85 932 ↑6.87 ↑40.2
14/02/23 7.90 9.6 1.94 432 0.5 67 0.27 3.5 51 100 26 55 3.8 0.07 739 ↑13.2 ↑67.8
19/07/23 7.43 16.2 4.02 424 0.9 62 0.24 2.0 53 114 28 53 2.3 0.13 739 ↑7.20 ↑39.3
06/11/23 7.63 13.9 5.29 527 0.5 79 0.34 2.5 65 138 34 70 2.1 0.01 917 ↑6.97 ↑39.5

MAC 11/11/22 7.52 17.2 3.10 448 0.6 48 0.24 29.6 95 170 21 41 2.3 0.04 855 ↑8.26 ↑49.0
17/11/22 7.07 11.8 3.03 451 0.5 47 0.22 30.5 97 169 21 41 2.2 0.01 859 ↑8.42 ↑48.3
12/12/22 7.19 11.6 2.60 461 0.4 48 0.20 33.7 100 171 21 39 1.0 0.01 875 ↑7.92 ↑44.8
14/02/23 7.53 12.8 1.35 448 0.6 45 0.33 37.3 104 170 20 38 1.0 0.07 864 ↑6.53 ↑40.5
06/11/23 7.49 15.2 2.83 445 0.5 53 0.25 58.4 94 185 21 37 1.0 0.01 894 ↑7.25 ↑42.8
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being detected on Nov 11, 2022 (35 μg/L, and 30 μg/L, respectively) and 
then decreased during the monitoring period.

The δ2H values ranged from ↑49.0 ‰ to ↑40.5 ‰ V-SMOW at MAC 
site and from ↑67.8 ‰ to ↑39.3 ‰ V-SMOW at VAL whereas δ18O 
values varied from ↑8.42 ‰ to ↑6.53 ‰, and from ↑13.20 ‰ to ↑6.87 
‰ V-SMOW at MAC and VAL, respectively.

4.1.2. The BET waters
At BET, the pH ranged from 6.50 to 7.79 (average 7.21), with the 

lowest value measured on May 5, 2022 and the highest value detected 
on Nov 11, 2022, i.e., two days after the event. Water temperature 
varied from 13.3 (Nov 17, 2022) to 16.5 →C (Sep 29, 2023) while the 
saturation depth ranged from 1.77 (May 18, 2023) to 9.41 (Nov 11, 
2022) m b.g.l. Unfortunately, none of these data are available for the 
CPB wells.

The chemical composition at BET showed strong and striking vari-
ations between the pre- and post-seismic monitoring period (Fig. 4a). 
The TDS values increased from 504 mg/L (May 5, 2022) to 3965 mg/L 
(Jun 30, 2022) and maintained similar values until the mainshock 
(Table 2). Subsequently, the TDS content slightly decreased on Nov 11, 
2022, two days after the seismic sequence (TDS ↗ 3316 mg/L), and 
returned to pre-seismic values about a month after the event, i.e., from 
827 mg/L (Nov 17, 2022) to 594 mg/L (Dec 12, 2022).

The TDS retained a content ω 800 mg/L for an entire year after the 
main events (Dec 2022 – Nov 2023; Table 2).

The overwhelming changes measured for the TDS values were 
coupled with variations in terms of major components contents and 
geochemical facies (Fig. 4a). In fact, on May 5, 2022, BET showed a Ca- 
HCO3 composition with low contents of Cl↑ (36 mg/L) and Na↔ (30 mg/ 
L), whilst on Jun 30, 2022, it displayed a Na-Cl geochemical facies that 
retained until Nov 11, 2022. Specifically, Cl↑ contents increased more 
than fifty times (up to 2000 mg/L) and those of Na↔ increased almost 
forty times (up to 1200 mg/L) (Table 2). Moreover, setting aside Cl↑ and 
Na↔, other elements showed slight to major changes: HCO3

↑ increased 
from 207 to 515 mg/L, Br↑ from 0.1 to 9.1 mg/L, SO4

2↑ doubled its 
concentration (from 36 to 70 mg/L), Ca2↔ increased from 93 to 223 mg/ 
L, Mg2↔ from 12 to 59 mg/L and K↔ from 2 to 9 mg/L. Contrarily, NO3

↑

contents decreased from 88 to about 30 mg/L with the lowest concen-
tration measured on Nov 11, 2022 (2.5 mg/L), whilst NH4

↔ did not show 
significant changes with the exception of the content detected on Nov 
11, 2022 (5.40 mg/L), which was more than five times higher than those 
previously measured. All the ionic concentrations dropped to the con-
tents similar to those measured on May 5, 2022 in less than a month (Dec 
12, 2022) from the mainshock. The following surveys were character-
ized by concentrations that were approaching those related to the pre- 
event monitoring. In detail, over the Dec 2022–Nov 2023 monitoring 
period, Cl↑ varied from 32 to 72 mg/L, Na↔ and Mg2↔ were always 
below 40 mg/L and 15 mg/L, respectively, with Ca2↔ and HCO3

↑ as 
major components (Table 2; Fig. 4a).

The groundwater geochemical variability recorded at BET was not 
only limited to major elements. Slight to strong variations were indeed 
also observed for trace elements (Table 3; Fig. 4b, c, d). Specifically, 
following their behavior, the latter can be grouped in trace elements that 
(i) increased their contents from Jun 30, 2022 (i.e., pre-seismic period) 
together with the TDS and compositional changes (i.e., B, SiO2, Ba, Sr, 
Li) (Fig. 4b), and (ii) showed their peak values (Mn, Fe, Cu, Zn, V, Cr, Co, 
Ni, Pb) following the November 9 seismic sequence, on Nov 11 and Nov 
17, 2022 (Fig. 4c, d).

Boron content was between 2820 and 4410 μg/L during the period 
Jun-Oct 2022 then decreased to 2255 μg/L on Nov 11, 2022 and its 
content kept decreasing in Dec 2022 and Jan 2023 to 150 μg/L and 
retained lower values for the remaining monitoring period. Silica 
showed an average content of 34 mg/L during the pre- (Jun to Sep 2022) 
and inter-seismic (Oct and Nov 2022) time frame and after the event its 
concentrations remained around 24 mg/L. Lithium, Ba and Sr increased 
from Jun 30, 2022 up to 323 μg/L, 7895 μg/L and 11200 μg/L, 
respectively, and showed higher contents until Nov 17, 2022. An abrupt 
decrease was then observed and the concentrations were comparable to 
those measured on May 5, 2022, e.g., Li approximately 10 μg/L, Ba 
around 400 μg/L and Sr between 648 and 1250 μg/L (Fig. 4b).

Concerning transition metals, Mn had its peak values on Nov 11 (515 
μg/L) and Nov 17 (518 μg/L) whilst during the other surveys its content 
was generally below 10 μg/L, with a few exceptions (Table 3), thus 
increasing almost fifty times in the days following the seismic event with 

Table 3 
Trace element concentrations. Si expressed as SiO2 and reported in mg/L. B, Li, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Rb Sr, Ba and Pb reported in μg/L. (bdl ↗ below 
detection limit).

Site Date SIO2 B LI V Cr Mn Fe Co Ni Cu Zn As Rb Sr Ba Pb

BET 05/05/22 n.d. n.d. 7.8 2.2 8.5 0.7 1.8 0.04 2.7 2.8 5.1 0.78 0.6 880 413 0.06
30/06/22 36 4410 323 0.3 1.2 76 23 0.52 6.1 6.8 38.5 1.84 11.2 10,633 7266 0.82
09/09/22 34 2940 302 0.2 1.1 4.2 9.7 0.12 7.1 14.4 22.3 1.04 11.2 9980 7268 0.50
30/09/22 33 2820 286 0.2 1.0 1.5 7.6 0.06 4.8 11.4 16.1 1.04 10.2 9576 6762 0.98
25/10/22 36 3200 347 0.2 1.0 108 31 0.18 4.7 3.7 19.1 0.86 10.4 11,184 7895 0.52
11/11/22 33 2255 254 0.8 14.8 515 294 1.58 33.6 255 252 0.96 11.4 8354 5958 4.20
17/11/22 21 369 284 0.8 14.7 518 290 1.34 12.5 100 108 0.69 9.7 8688 6231 1.02
12/12/22 22 180 11.7 2.0 3.1 2.9 3.8 0.04 1.0 1.6 16.1 0.68 1.2 714 375 0.20
17/01/23 24 154 8.5 1.9 3.9 19.5 42.0 0.28 2.4 3.8 19.4 0.78 1.5 648 316 1.39
14/02/23 26 97 9.8 2.3 10.5 1.1 4.8 0.04 0.9 0.5 15.6 0.92 0.1 910 433 0.07
15/03/23 23 67 10.4 2.1 9.5 0.7 3.5 0.03 0.8 1.1 5.6 0.70 0.2 1250 446 0.15
17/04/23 23 57 9.6 2.0 6.3 6.1 117 0.13 1.6 2.2 22.7 0.70 0.5 921 439 2.30
18/05/23 23 49 10.2 2.1 4.4 4.1 92 0.10 1.8 3.1 15.3 0.74 0.9 1162 475 1.05
19/07/23 22 52 9.8 1.7 3.2 6.9 4.0 0.09 2.2 2.7 14.6 0.93 3.7 976 426 0.44
29/09/23 23 104 10.5 2.2 5.7 1.5 13 bdl 1.5 4.5 7.2 0.81 0.5 965 410 0.22
11/11/23 24 60 10.9 4.4 10.1 61 127 1.26 7.5 8.9 32.1 1.64 2.8 862 666 3.33

VAL 11/11/22 16 129 12.1 1.3 5.3 352 195 0.24 3.6 30.8 32.3 0.67 9.9 804 75 0.50
17/11/22 15 132 12.1 0.9 0.1 346 147 0.11 0.7 1.3 2.2 0.50 8.8 798 70 0.02
12/12/22 17 149 12.0 0.8 2.3 311 130 0.22 2.2 1.7 16.9 0.85 9.8 785 58 0.42
14/02/23 13 104 9.6 3.8 1.0 8.8 19.2 0.07 1.3 3.9 6.5 0.84 5.3 514 39 0.13
19/07/23 ω1 93 11.5 2.6 0.2 271 5.8 0.16 4.9 1.9 2.9 0.55 4.5 515 45 0.03
06/11/23 13 123 12.0 1.6 0.3 307 6.7 0.15 2.1 1.1 7.7 0.54 6.4 651 55 0.18

MAC 11/11/22 19 103 9.5 0.7 8.4 21 52 0.15 6.0 35.1 30.4 0.33 1.2 743 140 0.27
17/11/22 18 87 9.4 0.8 7.7 18 51 0.14 4.6 4.2 17.0 0.35 1.2 728 104 0.35
12/12/22 19 94 5.5 0.6 2.0 4 30 0.06 2.0 2.2 10.0 0.18 1.2 502 73 0.57
14/02/23 20 83 8.9 0.6 1.8 2 4 0.05 1.7 0.6 4.7 0.20 0.3 734 103 0.11
06/11/23 18 81 9.3 0.6 3.2 6 22 0.07 3.1 2.2 9.4 0.21 0.7 734 107 0.26
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respect to its average contents. Similarly, Cu reached the contents of 255 
and 100 μg/L on Nov 11 and 17, respectively, whereas before and after 
the earthquake its concentrations rarely exceeded 10 μg/L. Zinc content 
was 252 μg/L (Nov 11) and 108 μg/L (Nov 17), displaying concentra-
tions almost fourteen and six times, respectively, higher than its average 
content (ω 20 μg/L) (Fig. 4c). Similar changes, though less relevant, 
were also detected for Fe (i.e., peak values of 294 and 290 μg/L during 
the intra-seismic period with an average content of ca. 35 μg/L), Ni (i.e., 
peak values of 33.6 and 12.5 μg/L with an average content of ca. 3 μg/L), 
Cr (i.e., 15 μg/L both on Nov 11 and 17, 2022 with an average abun-
dance of 5 μg/L), Co (i.e., peak values of 1.58 and 1.34 with its average 
concentration being below 0.25) and Pb (i.e., displaying a maximum 
value of 4.50 μg/L on Nov 11, 2022 with an average content ω 1 μg/L). 
Contrarily to the afore listed elements, V decreased during the Jun-Nov 
2022 period, always showing concentrations ω 1 μg/L and an average 
content ε 2 μg/L (Fig. 4d).

Eventually, δ2H values ranged from ↑49.3 ‰ to ↑45.2 ‰ V-SMOW 
(avg. ↑47.7 ‰, s. dev. 1.3) whereas δ18O values varied from ↑8.55 ‰ to 
↑7.61 ‰ V-SMOW (avg. ↑8.13 ‰, s. dev 0.28). Contrarily to the 
chemical composition, water isotopes at BET did not show any relevant 
change during the entire monitoring period (Table 2).

The available chemical analysis available for the CPB well field, 

which is pumping water from the same aquifer as the BET piezometer, 
carried out every six months (in May and November) by the company 
managing the aqueduct network (mean values reported in Table 4), 
showed that all the wells retained a calcium-bicarbonate composition 
for the last sixteen years (2006–2022) with moderate to low contents of 
both Na↔ and Cl↑ and no notable (seasonal) variations. It is worth 
noticing that none of the wells displayed any chemical variations during 
the BET surveys. CPB wells were sampled on May 15, 2022 (i.e., before 
the dramatic chemical variations recorded at BET) and on Nov 13, 2022 
(i.e., after the seismic event), meaning that (i) the six months gap be-
tween the two samplings did not allow to detect possible changes or (ii) 
the geochemical changes only affected the BET piezometer, probably 
due to the fact that it is located at a lower altitude with respect to the 
wells field or due to local characteristics of the aquifer.

4.2. Hydrogeological characterization at BET area

The hydrogeological characterization of the BET area was conducted 
through the analysis of continuous hydrogeological data, collected using 
hydrometric pressure transducer in the BET piezometer (daily scale), 
rain gauge, air temperature and TDR sensors recording data every fifteen 
minutes. The groundwater level at BET exhibits marked seasonal 

Fig. 3. Compositional variations at MAC and VAL sites over the November 2022 – November 2023 monitoring period: (a) major components and TDS (mg/L) and 
groundwater level at MAC; (b) major components and TDS (mg/L) at VAL; (c) selected trace elements (SiO2, B, Li, Mn, Fe, Cu, Zn) at MAC; (d) selected trace elements 
at VAL. Trace element concentrations are reported in μg/L except for SiO2 in mg/L. Vertical red line indicates the day of the seismic event (November 9, 2022; Mw ↗
5.5). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

L. Chemeri et al.                                                                                                                                                                                                                                



Journal of Hydrology 653 (2025) 132792

9

variability (Fig. 5). Minimum levels occur during late summer to autumn 
(Aug to Dec), while maximum levels are reached between winter and 
late spring (Jan to May). In absolute terms, the water table fluctuated 
between ↑1.77 and ↑10.8 m b.g.l., with an average value of ↑6.42 m. 
During the same period, groundwater temperature ranged between 13.3 
and 16.5 →C, with an average value of 15.06 →C, showing an inverse trend 
compared to the fluctuations in the water table (Fig. 5).

Starting from Jan 2022, a depletion phase was observed, lasting until 
Jul 25, 2022. Between late Jul 2022 and Nov 15, 2022, the groundwater 
level remained nearly constant at approximately ↑9.3 m b.g.l. From 
mid-Nov 2022 (later than Nov 17, 2022), an effective recharge phase of 
the aquifer was observed under the effect of several precipitation events 
(Figs. 5, 6d).

The hydrological data collected form Jun 2022 to Nov 2023 at CPB 
are presented in Fig. 6a,b,c together with the groundwater level and 
temperature of BET for the same period (Fig. 6d). The graphs reveals a 
precipitation pattern characterized by wet conditions in winter and 
spring, and relatively dry periods in summer and early autumn. Summer 
experienced sporadic but intense rainfall events exceeding 10 mm/15 
min, while wet periods entail more continuous rainfall lasting hours to 
days.

Air temperature ranged from zero to 35 →C throughout the hydro-
logical year, peaking in July and reaching its lowest levels in January 
and February (Fig. 6a). Soil temperature mirrored that of the air trends 
across the monitored depths, with a lag increasing with depth. Thermal 
stability periods were observed in April and October 2022, March to 
April 2023 and October 2023 across all the soil layers. In summer, the 
soil temperature was higher at 0.6 m and lower at 1.7 m, while an in-
verse gradient occurred in winter.

Soil temperature fluctuated between 6.7 and 25.5 →C at 0.6 m, be-
tween 8.3 and 23.4 →C at 0.9 m, and from 10 to 20.8 →C at 1.7 m (Fig. 6a). 
Precipitation in winter led to an increase in the soil temperature at 0.6 
and 0.9 m, while summer precipitation decreased it. At 1.7 m, thermal 
effects from infiltrating water were minimal in both seasons.

Regarding VWC (Fig. 6b), values increased after rainfall events from 
January to February 2022, reaching saturation in March. From March to 
September 2022, VWC decreased until a gradual increase in shallow 
soils from September, extending to deeper layers by October. By 
December 2022, all depths reached saturation. Hence, all the precipi-
tation events occurring between December 2022 and May 2023 favored 
the increase of the groundwater level. Starting from the end of May 2023 
a new recession phase was observed until November, where the 

Fig. 4. Compositional variations at BET site over the May 2022 – November 2023 monitoring period: (a) major components (Ca, Na, Cl, SO4, HCO3) and TDS (all 
reported in mg/L), (b) B, Ba, Sr and Li (in μg/L), (c) Mn, Fe, Cu and Z (in μg/L) and (d) Cr, Co, Ni and Pb (in μg/L). Vertical red line indicates the day of the seismic 
event (November 9, 2022; Mw ↗ 5.5). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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relatively scarce precipitation events were likely not able to supply any 
aquifer recharge. This aspect is also evidenced by the VWC, which only 
displayed an increase at 0.6 m under the effect of a single event ε 10 
mm/15 min that occurred in August 2023. VWC ranges from 0.22 to 
0.40 m3/m3 at 0.6 m, 0.24 to 0.40 m3/m3 at 0.9 m, and 0.24 to 0.36 m3/ 
m3 at 1.7 m. The bEC mirrored the VWC patterns, increasing with higher 
moisture levels except at 1.7 m, where sporadic infiltration events 
caused the decrease of bEC. The bEC ranged from 0.22 to 0.64 mS/cm at 
0.6 m, 0.31 to 0.79 mS/cm at 0.9 m, and 0.24 to 1.05 mS/cm at 1.7 m 
(Fig. 6c). Across the sampling phase of BET, no groundwater level 
modifications were recorded due to the seismic event, contrarily to other 
case studies (e.g., Petitta et al., 2018; Barberio et al., 2020). Similarly, no 
marked temperature variability are registred.

5. Discussion

The geochemical composition showed no detectable changes in the 
MAC and VAL wells following the November 2022 seismic sequence. 
The low sensitivity of the sampling sites with respect to the earthquake 
occurrence (and the seismic cycle) was is probably related to the rela-
tively low depth of the wells (~15 m) and the surrounding geology, 
since both wells are located within alluvial deposits and their waters are 

likely associated with shallower circulation patterns (Mattioli, 2014). 
However, the lack of pre-seismic chemical analysis may have limited our 
findings. Contrarily, major changes in multiple parameters were detec-
ted at BET piezometer starting from June 2022. It is noteworthy that the 
changes recorded at the BET site were transitory, meaning that pre- 
seismic conditions were restored following the event occurrence. This 
indicates that the factors/boundary conditions that produced those 
changes were temporary (Thomas, 1988; Cicerone et al., 2009 and ref-
erences therein). Minor to major compositional variations in both major 
and trace elements before and concurrently with seismic events are 
widely reported in the literature as seismic precursory signals (e.g., 
Barberio et al., 2017; Hosono and Masaki, 2020; Martinelli, 2020; Gori 
and Barberio, 2022) and are generally associated with mixing processes, 
favored by the earthquake preparation processes (e.g., stress/strain 
changes), of two different fluids that in “steady state” conditions are 
hydraulically disconnected (Thomas, 1988; Cicerone et al., 2009). The 
strikingly strong compositional change from a low salinity Ca-HCO3 
water toward a high TDS Na-Cl facies implies that the pre-seismic Ca- 
HCO3 geochemical facies was affected by a mixing process involving a 
high-TDS Na-Cl water. This is consistent with the widespread occurrence 
of highly saline connate waters trapped into the Adriatic foredeep clayey 
deposits like those emerging at the Aspio Terme springs, ca. 4 km 

Table 4 
Previous available chemical analyses for the CPB well field, which is consisting of four wells: CPBw1 to CPBw4. CPBwt refers to the loading tank collecting the waters 
from CPBw1, CPBw2 and CPBw3. The main statistical parameters are reported (N(analysis), mean, median, standard deviation and CV (coefficient of variation)) for 
pH, T (water temperature in →C), major elements and TDS (Total Dissolved Solids), in mg/L. Data are available by courtesy of VivaServizi S.p.A.

Site Time span Statistic pH T HCO3 F Cl NO3 SO4 Ca Mg Na K TDS

CPBwt 2006–2012 N(analysis) 12 8 12 12 12 12 12 12 12 12 12 12
mean 7.2 14.6 319 0.3 50 27.9 42 140 10 33 1.1 623
median 7.2 14.8 324 0.3 49 25.1 43 140 10 33 1.1 624
std. dev. 0.1 1.0 11 0.02 3 9.8 3 5 0.5 1 0.1 22
CV 0.02 0.07 0.03 0.03 0.06 0.39 0.07 0.04 0.05 0.03 0.10 0.03

CPBw1 2013–2023 N(analysis) 18 17 18 18 18 18 18 18 18 18 18 18
mean 7.2 14.6 337 0.3 58 25.6 40 144 11 34 1.0 651
median 7.2 14.7 338 0.3 53 23.2 40 144 11 32 1.0 654
std. dev. 0.1 1.7 13 0.03 12 11.7 4 6 0.4 4 0.1 24
CV 0.02 0.11 0.04 0.10 0.23 0.50 0.11 0.04 0.04 0.13 0.11 0.04

CPBw2 2013–2023 N(analysis) 20 19 20 20 20 20 20 20 20 20 20 20
mean 7.2 14.9 335 0.3 54 22.1 39 142 10 33 1.1 637
median 7.2 14.7 330 0.3 53 22.2 39 142 10 33 1.1 631
std. dev. 0.2 1.6 14 0.02 5 6.1 4 5 0.5 2 0.1 24
CV 0.02 0.11 0.04 0.08 0.10 0.27 0.09 0.04 0.05 0.06 0.12 0.04

CPBw3 2014–2023 N(analysis) 18 17 18 18 18 18 18 18 18 18 18 18
mean 7.2 15.0 340 0.3 56 24.8 39 144 11 34 1.1 650
median 7.2 14.9 340 0.3 54 23.6 39 144 11 33 1.1 648
std. dev. 0.1 1.2 11 0.03 7 10.1 4 7 0.6 2 0.1 24
CV 0.02 0.08 0.03 0.12 0.13 0.43 0.10 0.05 0.06 0.07 0.10 0.04

CPBw4 2013–2023 N(analysis) 14 13 14 14 14 14 14 14 14 14 14 14
mean 7.4 16.4 227 1.0 50 8.4 35 79 6 42 4.5 679
median 7.4 16.4 225 1.0 52 8.4 35 81 6 45 4.5 686
std. dev. 0.12 1.0 14 0.22 9 1.3 6 7 1 12 0.3 51
CV 0.02 0.06 0.06 0.15 0.16 0.15 0.17 0.09 0.10 0.28 0.07 0.08

Fig. 5. Groundwater level expressed as depth to water table from the topographic surface (black dots), and groundwater temperature (red dots) over time recorded in 
BET at daily scale. Vertical red line indicates the day of the seismic event (November 9, 2022; Mw ↗ 5.5). (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)
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eastward from the BET piezometer (Nanni and Vivalda, 1999). These 
waters are characterized by a sodium-chloride facies, with Cl contents 
up to ~ 10,000 mg/L Na ~ 4500 mg/L and TDS ~ 17,000 mg/L (Nanni 
and Vivalda, 1999), hence representing a possible saline end-member. 
Furthermore, EC-logs performed at the BET piezometer showed a 
stratification of the aquifer (Fig. 7) with relatively low EC (ω 1000 μS/ 
cm) in the first 6–7 m below the saturation level, followed by a sharp 
increase of EC (up to 6500–7000 μS/cm) in the subsequent 9–10 m 
(down to 22–23 m b.g.l) and a last increase up to ~ 25,000 μS/cm to-
wards the bottom of the piezometer. This confirms the presence of an 
“Aspio-like” end-member underneath BET.

Taking this into account, a two-component chemical mixing model 
was developed by using the geochemical code PHREEQC 3.7.3–15968 
(wateq4f.dat database; Parkhurst and Appelo, 2013) with the aim of 
verifying whether the observed outstanding BET chemical variation 
between June and November 2022 (Table 2) was due to a mixture be-
tween the typical BET Ca-HCO3 composition recognized in the shallower 
parts of the aquifer and the more saline waters characterizing the bottom 
of piezometer column (Fig. 7). The sample BET Jan 17, 2023 (Table 2), i. 
e., when chemical concentrations recovered their usual low values, was 
selected as the first end-member. On the other hand, since no data of the 
deeper part of the aquifer is available, the average composition based on 
available analytical data of samples from the nearby Na-Cl thermal 
springs of Aspio Terme (e.g., Nanni and Vivalda, 1999; Table S1) was 

included as the targeted end-member.
The simulation was run considering the major available ions, the 

temperature and pH values of the two solutions, while the redox con-
ditions were related to the value of pe (conventional negative log of the 
activity of the electron, expression of the oxidation-reductive state; 
Parkhurst and Appelo, 2013), which was calculated from the available 
Eh values based on the formula (Thorstenson, 1984, Yadav et al., 2020): 

pe ↗ ↘Fϑ2ϖ303RT≃ ⇐ Eh 

where F is Faraday’s constant, 2.303 is the conversion factor between 
log and ln, R the universal gas constant, T the temperature (K), and Eh, 
the measured redox potential. Focusing on the main anion (Cl) and 
cation (Na), which can be considered as useful geochemical tracers, the 
result of the simulation shows that the BET mean water composition 
between June and November 2022 can be reproduced by mixing the Ca- 
HCO3 and Na-Cl endmembers by ~ 75 %–25 %, respectively (Fig. 8). 
This is consistent with the interpretation of an Aspio-like saline input at 
the bottom of the BET piezometer that enhanced the considerable 
compositional change observed. This input was followed by a complete 
recovery of the previous conditions.

The occurrence of the mixing process is also supported by the 
structural features of the study area. During the inter-seismic stage, the 
“Aspio-like” saline waters were detected at the BET piezometer bottom 
(Fig. 7) (ε22–23 m) where the marly limestones of the Schlier Fm were 

Fig. 6. Hydrogeological data collected at CPB with the TDR sensors and the thermo-pluviometric station: (a) air temperature (Tair), soil temperature (Tsoil) and 
precipitation (P); (b) volumetric water content (VWC); (c) BEC: (d) inset of Fig. 5 relatively to groundwater level and temperature starting from January 2022. 
Vertical red line indicates the day of the seismic event (November 9, 2022; Mw ↗ 5.5). (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.)
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encountered. Recent studies indicate that significant fracture-related 
permeability characterizes this formation in the study area (conductiv-
ity K: 2.9 ⇐ 10↑3 cm/s), where it behaves as a subsidiary aquifer 
(Mammoliti et al., 2023). Therefore, during inter-seismic times, “Aspio- 
like” saline waters characterize a deeper aquifer hosted in the upper (i. 
e., Miocene) part of the pre-Quaternary substratum, while low salinity 

waters occupy a shallow aquifer hosted in the surficial alluvial deposits 
(Fig. 2c).

During the monitoring phase, wet periods are associated with a 
general increase in bEC across various levels of the unsaturated zone 
within the alluvial aquifers (Fig. 6c). This trend suggests the possible 
mineralization of rainwater infiltrating into the aquifer. Notably, the 
highest bEC values recorded at a depth of 1.7 m (approximately 1.0 mS/ 
cm) are comparable to those found in the uppermost portion of the 
aquifer (Fig. 7), indicating that “Aspio-like” waters are hosted in the 
upper Miocene section of the pre-Quaternary substratum, and are not 
the result of meteoric recharge and direct infiltration processes.

Furthermore, a pumping test was conducted at BET on Mar 17, 2024 
(Fig. S1), involving groundwater extraction at a constant rate of 0.56 l/s 
for 3 h using a pump positioned at 15 m b.g.l. Throughout the test, the 
extracted groundwater temperature remained constant at 15.1 →C, while 
the EC increased linearly from an initial value of 0.82 mS/cm to 1.51 
mS/cm in the first hour. Subsequently, the EC rose slightly up to 1.8 mS/ 
cm over the next 1 h and 20 min and then stabilized until the test 
concluded. The groundwater level exhibited an exponential decline 
from 6.26 m b.g.l. to 9.02 m b.g.l. within the first 30 min, following a 
linear decrease for the remaining 2 h and 30 min, reaching a minimum 
level of 10.75 m b.g.l. The water level recovered rapidly within 
approximately 10 min once the pumping was shut down.

The observed dynamics of the alluvial aquifers, as elucidated by the 
pumping test, suggest that during inter-seismic periods and under nat-
ural conditions, water circulation is primarily sustained by high 
permeability lenses and layers between 10 and 16 m b.g.l., consisting of 
alternating gravel and sandy gravel, confined both above and below by 
thick deposits of clay and silts (Fig. 2c) (Kim et al., 2005; Zappa et al., 
2006). The gravelly and sandy-gravel layers, characterized by high- 
permeability, are responsible for recharging the piezometer without 
drawing groundwater from the deeper zones within the fracture-related 
permeable Miocene bedrock (i.e., Schlier Fm) (Mammoliti et al., 2023), 
thus not involving the “Aspio-like” water type. Such configuration 
makes the piezometer itself a hydraulic connection between the bedrock 
and the overlying aquifer hosted in the Quaternary deposits. This evi-
dence also supports the interpretation that no marked changes in 
groundwater level within the piezometer occurred during the seismic 
phase, since the upward-moving groundwater amount from the sub-
strate to the alluvial aquifer may have been easily dissipated by the more 
permeable lenses and layers. The presence of low-permeability beds 
composed by clayey silts (between 16 and 21 m b.g.l.; Fig. 2c), which 
naturally separate the substrate from the gravel and sandy layers of the 

Fig. 7. Electrical conductivity (EC) vertical logs performed at the BET 
piezometer on April 2017, on December 2023, February and April 2024, 
showing the presence of a deeper and more saline water located at the bottom 
of the piezometer.

Fig. 8. Two-component geochemical mixing model: (a) Na↔ vs. Cl↑ binary diagram and (b) Cl↑ vs. Mg2↔ binary diagram. All values are reported in meq/L. Water 
samples are coloured according to the time of sampling (i.e., pre-seismic, intra-seismic and post-seismic). The Aspio Terme average composition is considered as the 
second mixing end-member (Nanni and Vivalda, 1999). See the text for further details.
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Quaternary deposits (Fig. 2c), has prevented the diffuse upward 
migration of the “Aspio-like” water to the entire alluvial aquifer. This is 
consistent with that observed in the shallow CPB wells that do not reach 
the substrate, and thus prevent the hydraulic connection between the 
two identified groundwater circulations.

To further discuss the possible dynamics of pre-seismic mixing of 
these two-water types, we must consider the tectonic setting of the pre- 
Quaternary substratum in the region. The outer portion of the Apennine 
fold and thrust belt in the Marche offshore is compartmentalized by 
transversal faults (Fig. 1). Although ca. 50 km apart, the November 9, 
2022 earthquake epicenter and the BET piezometer site are located 
within the same crustal block of the fold and thrust belt. It is well known 
that the small strains characterizing areas far (ε50 km) from the 
earthquake foci are sufficient to trigger mixing of groundwater sources 
during the preparatory stages of medium-size earthquakes (5.3 ⇒ M ⇒
5.8, e.g., Skelton et al., 2019). The fundamental role of microfractures 
has been proposed to control such a mixing, which would reflect slow 
leakage along a fracture system (Claesson et al., 2004).

In the present study, the occurrence of mixed waters was recorded in 
the upper (alluvial deposits) section of the BET piezometer. Therefore, 
this section of the piezometer must have been invaded by more saline 
(“Aspio-like”) waters migrated from deeper levels until its shallower 
portion involving an intra-borehole transport effect (Zinn and Konikow, 
2007). This means that the opening of fluid pathways (i.e., dilatational 
microfractures) in the pre-Quaternary substratum was accompanied by 
the upward flow of over-pressured water from a deeper reservoir, hosted 
in the Schlier Fm and experiencing horizontal compression, which is 
consistent with the regional tectonic setting of thrust earthquakes. It 
may be envisaged that during the preparatory phase of the earthquake 
(i.e., the pre-seismic stage, which started a few months before the 
mainshock), the crustal volume hosting both the earthquake foci and the 
BET piezometer experienced enhanced horizontal bulk shortening. This 
would have led to the buildup of horizontal compressive stress in the 
Meso-Cenozoic substratum units, including the Miocene formations of 
Mt. Conero. The main fracture systems detected in the Schlier Fm 
include both parallel and perpendicular sets to the active NW-NE- 
oriented shortening (Fig. 2d) (Mammoliti et al., 2023). While part of 
the fracture network (i.e., NW striking subvertical structures) experi-
enced compression and tightening, favorably oriented structures un-
derwent dilation, and further microfractures formed during the pre- 
seismic stage. Within this framework, overall conditions of fluid over-
pressure are interpreted to have triggered fluid expulsion and upward 
flow within the BET piezometer, leading to a mixing with near-surface 
waters within the alluvial deposits hosting the shallow aquifer. Such 
overpressure conditions were maintained in the fractured beds of the 
Schlier Fm (Fig. 2d) until November 9, 2022 when stress release 
following the main seismic event(s) led to the reestablishment of normal 
pressure conditions in the deeper reservoir.

The restoration of the hydrochemical conditions to the bicarbonate- 
calcium facies after the mainshock is not evidently related to neither 
meteoric dilution nor direct recharge processes, which started only from 
the second half of November 2022 onwards as evidenced by the 
groundwater level increase (Fig. 4).

A key issue in the foregoing interpretation is that “Aspio-like” saline 
waters are hosted in the pre-Quaternary substratum rocks able to 
experience tectonic strain associated with thrust fault loading during the 
pre-seismic stage. The nearby CPB wells, which were not able to connect 
deep and shallow aquifers because of their limited depths (not reaching 
substratum lithologies), did not record any variability in terms of water 
chemistry. This feature confirms that the variations observed in the BET 
piezometer are a result of fluid flow and interactions internal to – and 
controlled by – borehole dynamics. In the lack of any borehole 
connection (e.g., CPB wells), no mixing occurred between shallow and 
deep waters hosted in alluvial deposits and substratum lithologies, 
respectively.

Further evidence that needs to be considered is the differential 

behavior detected for trace elements (Fig. 4b, c, d). Boron, Sr, Ba and Li 
increased concurrently with the TDS and the Na-Cl composition, while 
the transition metals showed their peak values on November 11 and 
November 17, 2022 (i.e., two days and one week after the seismic 
event). To investigate this different behavior, a comparison was made 
between the concentrations of the dissolved trace elements and those 
contained in the rock that is assumed to constitute the basement below 
BET, i.e., the Schlier Fm. The assumptions of this elaboration were, as 
follows: i) the BET selected waters were those of June 30, 2022 (“Aspio- 
like” saline waters), the November 11, 2022 and November 17, 2022 (i. 
e., in close proximity to the earthquake), and the July 19, 2023 
(“normal-BET” water); ii) the selected rock was taken from Mader et al. 
(2004), which determined the chemical composition of an interval of the 
nearby Schlier marly limestone sequence of La Vedova (Conero, Ancona, 
Italy), by choosing a sample with “marly limestone” composition (v22.3) 
and with the greatest amount of analyzed trace elements; iii) both water 
and rock composition (considering the analyzed elements available in 
both matrices) were normalized to the primitive mantle (PM) compo-
sition (from Palma and O’Neill, 2004) in order to be compared (Cabassi 
et al., 2019). Unfortunately, some elements (i.e., B, Li, Pb) were not 
available for the rock, therefore it was not possible to include them in 
this modeling. The resulting spider diagram of Fig. 9 shows that Ba, Sr 
and Rb, which are commonly efficiently mobilized by water–rock 
interaction processes (e.g., Middelburg et al., 1988; Dequincey et al., 
2002; Cabassi et al., 2014), display higher concentrations than those in 
the “normal-BET” water even before the earthquake. In fact, no sub-
stantial difference can be appreciated between the June 30, 2022, and 
the two November 2022 samples. Consequently, as also confirmed by 
the Arsenic content (more concentrated in the June 30, 2022 water), 
they were likely present in the “Aspio-like” end-member (Nanni and 
Vivalda, 1999, 2005) and involved in the mixing process that occurred 
in the pre-seismic phase, i.e., during the buildup of the horizontal 
compressive stress. On the other hand, transition metals (Cr, Mn, Fe, Co, 
Ni, Cu, Zn, with the only exception of V), generally characterized by 
lower mobility (e.g., Kaasalainen et al., 2015; Cabassi et al., 2019), 
displayed a striking difference (up to two orders of magnitude for Fe, Mn 
and Cu; Fig. 9) between pre-, inter- and post-earthquake periods. They 
are significantly more concentrated in the November 2022 water sam-
ples and show a water/PM ratio closer to the rock/PM one with respect 

Fig. 9. Normalized concentrations of V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Rb, Sr 
and Ba to the Earth primitive mantle (PM) (Palme and O’Neill, 2014) for the 
BET selected waters (i.e., June 30, 2022, November 11, 2022, November 17, 
2022 and July 19, 2022) compared with those measured in a rock sample with 
“marly limestone” composition (v22.3) belonging to the Schlier sequence of La 
Vedova (Conero, Ancona, Italy; Mader et al., 2004). See the text for 
further details.
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to both “normal-BET” and “Aspio-like” waters. Such evidence suggests 
that the origin of the anomalous concentrations may not be related to 
the mixing processes but rather to a different mechanism involving the 
local lithologies, as confirmed by the waters approaching trend towards 
the rock elemental values. Among the available literature (King et al., 
1994; Cicerone et al., 2009 and therein references), the physical 
mechanisms of the unclogging of the flow paths following a seismically- 
induced permeability enhancement concurrently to moderate-to- 
strong earthquakes is widely documented. According to the proposed 
mechanism (King et al., 1994; Barbosa et al., 2019; 2020), the stress 
release after the mainshock may have produced an increase in the 
fractures’ permeability, thus favoring the fluid mobility within the 
Schlier fractured formation. The fracture unclogging may have deter-
mined the mobilization of the deposited colloids and clasts in the frac-
tures and veins network within the Schlier Fm, which were taken over by 
the fluid and flowed into the piezometer (Barbosa et al., 2019). The 
occurrence of such a process was not only supported by the geochemical 
evidence and modeling (Fig. 9) but also by the observation that during 
the sample collection on November 11, 2022, the BET water was char-
acterized by high turbidity and a brownish color.

Therefore, the striking hydrogeochemical variations recorded at BET 
were possibly related to two different seismically-induced processes: (i) 
the first one occurring during the pre-seismic stage and related to the 
earthquake preparation process and the stress buildup which deter-
mined the mixing between the shallow (Ca-HCO3) and the deep (Na-Cl) 
waters, and (ii) the second one occurring concurrently with the earth-
quake which increased the hydraulic conductivity in the Schlier Fm and 
favored fracture unclogging.

6. Conclusions

In this study, we presented the results of a pre- and post-seismic 
water monitoring network deployed in the Mt. Conero area following 
the November 9, 2022 seismic sequence of the Adriatic offshore and 
aimed at evaluating the possible influence of the seismic event on the 
water geochemistry and understanding the underlying physical and 
chemical mechanisms. Among the three surveyed sampling sites 
selected, VAL and MAC did not show any significant variations following 
the event since these waters are probably related to shallow hydrological 
pathways with limited water–rock interactions. On the contrary, the 
BET piezometer displayed remarkable hydrogeochemical changes 
starting from ~ 4 months before the event. In fact, since the end of June 
2022, we detected a compositional change from a Ca-HCO3 to Na-Cl 
geochemical facies at which corresponded a strong increase (ca. 350 
%) in the TDS content (from ω 1000 mg/L up to more than 3500 mg/L). 
About a week after the seismic sequence the geochemical composition to 
Ca-HCO3 was restored. Striking changes, up to 50 times their average 
contents, were also detected in the trace element contents with (i) B, Sr, 
Li, Ba and Rb showing increments from June 2022 whereas (ii) the 
transition metals (e.g., Fe, Mn, Cu) peaking in those samples collected 
following the mainshocks.

The hydrogeochemical and structural evidence presented indicate 
that the BET piezometer was affected by the occurrence of two 
seismically-induced processes which determined the detected compo-
sitional changes. Specifically, during the earthquake preparation pro-
cess (pre-seismic stage), the buildup of horizontal compressive stress, 
favored the uprise of deep and saline Na-Cl waters located in the sub-
stratum that hosts the BET piezometer and determined a mixing with the 
shallow Ca-HCO3 waters. The occurrence of such a process can explain ↑
and constrain ↑ the origin of the compositional change detected since 
June 2022. Immediately following the mainshocks, the stress release led 
to an enhancement in fracture permeability, which increased the fluid 
mobility within the Schlier Fm driving to fracture unclogging. This 
process allowed the mobilization of the material contained within the 
fractures and veins, which interacting with the fluid, increased the 
transition metal contents (Fig. 9).

The hydrogeochemical changes observed at the BET piezometer are 
among the most clear and evident ever reported and proved the high 
sensitivity of hydrogeochemical monitoring to record pre-seismic vari-
ations. This makes these sampling sites extremely interesting and worth 
of continuous monitoring, since the Adriatic Sea offshore is frequently 
affected by moderate seismicity. On the other hand, the absence of 
variation recorded at VAL and MAC wells, which are located in the same 
area and only a few kilometers away from the BET piezometer, again 
proves the extreme difficulty in finding suitable and sensitive moni-
toring sites, since local structural or lithological features may make a site 
insensitive and therefore unsuitable for seismic surveillance. With this 
framework, the peculiar configuration of the BET, being able to hy-
draulically connect two groundwater circulations – the lower one sus-
tained by fractures in the substrate, and the upper one involving the 
alluvial aquifer, each of one marked by its own hydrogeochemical facies 
– may provide a useful example for the design of appropriate sites of 
hydrogeochemical monitoring of seismic activity. In the future, the 
implementation of an equipped piezometer with real-time data trans-
mission, connecting the substrate (also for depths greater than those 
reached by BET) with the shallow (alluvial) aquifers, in an area of such 
high tectonic stress, could represent a promising action to be addressed 
in the field of seismic surveillance.
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