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ABSTRACT

Insights into seismic precursors have been obtained in the last decades. However, a detailed understanding of
hydrogeochemical anomalies prior to earthquakes still remains the aim of many research teams worldwide. In
order to investigate the earthquake-groundwater relationship, between 2018 and 2020, we performed sampling
surveys coupled with continuous multiparametric monitoring in Grassano spring fed by the Matese aquifer
(central-southern Apennines, Italy). Hydrogeochemical changes were observed before the onset and during the
2019 Benevento seismic sequence, including dissolved CO; increase, pH lowering, and anomalies in major ions
(i.e., Ca2+, Na', HCO3") that later recovered to their typical concentrations. We suggest that variations in
groundwater geochemistry were induced by dilatative preparatory phases of earthquakes, typical of the exten-
sional setting. This condition allowed the deep CO upwelling along tectonic discontinuities, as testified by the
Cext (carbon from external sources) behaviour detected in Grassano groundwater during the 2019 year. Despite
the small-intermediate magnitude of the mainshock, results highlight and confirm the occurrence of a potential
pre-seismic geochemical process in the fractured carbonate aquifers, similar to the one proposed in literature for
the stronger 2016-2017 Amatrice-Norcia seismic sequence.

1. Introduction

Detecting earthquake precursors is one of the most compelling
challenges in Earth sciences. Groundwater changes induced by seismic
activity have been widely documented all over the world (Wakita, 1975;
Muir-Wood and King, 1993; Elkhoury et al., 2006; Manga and Wang,
2015). Many studies shed light on the variation of crustal fluids
behaviour after the occurrence of seismic events. However, in the last
decades attempts to identify preseismic anomalies have been carried out
too (Wakita et al., 1980; Igarashi et al., 1995; Salazar et al., 2002;
Ingebritsen and Manga, 2014; Chen et al., 2015). In detail, changes in
spring discharge (Petitta et al., 2018; Mastrorillo et al., 2020), ground-
water level (Kim et al., 2019; Hwang et al., 2020; Lan et al., 2021),
geochemical content (Kim et al., 2020; Nakagawa et al., 2020), isotope
composition (Skelton et al., 2014; Onda et al., 2018; Hosono et al.,
2020), dissolved and free gases (Pérez et al., 2006; Sano et al., 2016;
Kawabata et al., 2020) have been recognized. Several study cases are
from China, Japan, Italy, Iceland, and Korea where the set-up of
hydrogeochemical networks has been already established or is currently
in progress (Shi et al., 2013; Orihara et al., 2014; Andrén et al., 2016;

Barberio et al., 2017; De Luca et al., 2018; Skelton et al., 2019; Li et al.,
2019; Hosono and Masaki, 2020; Martinelli et al., 2021; Barbieri et al.,
2021; Lee et al., 2021). Most of the interpretations agree in attributing
hydrogeochemical anomalies to groundwater mixing between different
aquifers driven by crustal dilation prior to seismic events (Tsunogai and
Wakita, 1995; Claesson et al., 2004; Doglioni et al., 2014; Skelton et al.,
2014; Andrén et al., 2016). In order to deepen understanding of the
groundwater-earthquake relationship, related geochemical models have
been also developed (Wasteby et al., 2014; Boschetti et al., 2019).
Despite these scientific efforts, the knowledge about hydrogeochemical
behaviour related to the seismic cycle need more observations to carry
out a statistical analysis aimed at identifying a common denominator. In
particular, the three main questions that are searching for answers are:
When, Where and How the next earthquakes will occur. To achieve this
objective, several study cases are necessary to build up appropriate
geochemical models, naturally associated with different geo-tectonic
contexts. This goal can be reached only through the increase of obser-
vations that can help to provide useful constraints on models (Wang and
Manga, 2021).

Towards this direction, since 2014, a multiparametric monitoring
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network (consisting of two monitoring sites i.e., Sulmona and Matese
areas) has been developed in central Italy by our research group, with
the main aim of identifying preseismic signals in groundwater (Barberio
et al., 2017; Boschetti et al., 2019; Barbieri et al., 2020; Barberio et al.,
2020; Franchini et al., 2021; Coppola et al., 2021).

This study had two main objectives: identifying hydrogeochemical
changes related to seismicity and putting them in a conceptual
geochemical model. Additionally, we tried to achieve these purposes
even for small-intermediate earthquake magnitudes (M, < 5). We re-
ported new hydrogeochemical changes induced by the 2019 Benevento
seismic swarm (main earthquake: My, 3.9) recorded in the Matese Node
(i.e., Grassano spring). In detail, we measured variations in pH, COa,
electrical conductivity, and some major elements before and in
conjunction with the onset of the seismic swarm. The temporal sequence
of hydrogeochemical recorded changes allows us to recognize the po-
tential geochemical mechanism that triggered anomalies as discussed
about the 2016-2017 Amatrice-Norcia seismic sequence (main earth-
quake My, 6.5; Boschetti et al., 2019). This relationship is surprising and
constitutes a novelty, since most of the research on this topic detected
geochemical changes only for mainshock stronger than 5 (Inan et al.,
2012; Skelton et al., 2014).

We are confident that findings can help geoscientist to better un-
derstand the hydrogeochemical responses of shallow aquifer system to
deep fluid injection in different geological context (e.g., both seismic
and volcanic areas; Amonte et al., 2021; Barbieri et al., 2021).

2. Geological and hydrogeological setting

The central-southern Apennines fold-and-thrust belt developed
during Neogene and Quaternary times (Doglioni et al., 1996). The
orogenesis is related to the W-dipping subduction of the Apulian litho-
sphere, whose slab retreat caused the progressive eastward migration of
the foreland flexure, thrust fronts, and of the extensional back-arc tec-
tonics (Doglioni, 1991; Cardello et al., 2021). The chain is characterized
by NE-verging thrust faults, which dissected the tectonic edifice into
several thick tectonic sheets. Since the Late Miocene, the post-orogenic
crustal extension has affected the Apennines from west to east, forming
half-graben intramountain basins, controlled by high-angle W-dipping
normal faults and mostly filled by Pliocene-Quaternary continental de-
posits (Cavinato and Celles, 1999). At present times, the extensional
tectonics is still ongoing, and it is currently strongly seismogenic along
the axial region of the Apennines, whereas compressive kinematics is
active in the Adriatic front, consistently with the regional stress field
(Galli et al., 2008). The main domain is represented by the Meso-
Cenozoic carbonate units, formed by limestone, dolomitic limestone,
and dolomitic series of carbonate platform facies. The wide carbonate
ridges of central-southern Apennines can store huge volumes of
groundwater, acting as the main aquifer systems. Their hydrogeological
complexity is essentially defined by the high transmissivity due to
fracturing and locally karstification. Generally, groundwater is drained
by large discharge springs with steady flow rate at the boundaries of the
aquifers, where carbonate rocks are in contact with low-permeability
deposits (aquicludes or aquitards), such as pre- and syn-orogenic
basinal and flysch clayey series (Allocca et al., 2014).

In detail, the wide karst area of the Matese Massif, about 1500 km?,
crops out in the median sector of the Apennine chain, with elevations up
to 2050 m (Fiorillo and Pagnozzi, 2015; Rufino et al., 2021). The main
lithological units are the Late Triassic-Miocene carbonate sequences (i.
e., limestones and dolostone) which reach thickness ranging between
2500 and 3000 m and are heavily fractured and faulted (Fiorillo and
Guadagno, 2010; Silverii, 2016). From a seismological point of view,
this area is considered one of the most active sectors of the Apennines,
characterized by the presence of two main fault systems: one within the
core of the massif, i.e., fault system of Matese-Gallo-Letino lakes (MGLF)
and the Aquae Iuliae normal fault (AIF), and a second one at its western
side i.e., the Ailano-Piedimonte Matese normal faults, (AIPMF) (Boncio
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et al., 2016).

The basal groundwater flowpath of the Matese aquifer is constrained
by tectonic discontinuities, as well as geometric relationships between
stratigraphical units (Celico and Petrella, 2008; Fiorillo et al., 2019;
Rufino et al., 2021). Along the northern and eastern sectors, the Matese
massif is tectonically joined by a thrust fault to low permeability argil-
laceous complexes and flysch sequences (Petrella and Celico, 2009).
Instead, along the southern and western sectors, it is bounded by normal
faults and covered by recent Quaternary deposits of the Volturno river
plain. The Matese massif is characterized by many endorheic areas
located at high elevations, whose formation is associated with the upper
Pliocene-Pleistocene tectonic activity. These areas play a crucial role in
recharge processes. Particularly, the Lago Matese polje represents the
main recharge zone of the aquifer, occupying an area of 45 km? between
1000 and 2050 m a.s.l. (Fiorillo and Pagnozzi, 2015). Grassano-Telese
springs are fed by the eastern sector of the Matese aquifer which is hy-
draulically connected by buried karst terrains and outcropping karst
reliefs as Mt. Monaco, Mt. Acero, and Montepugliano (Fig. 1. Mon-
tepugliano relief is the discharge zone of a wide portion of the Matese
aquifer, where a deep and wide groundwater circulation locally
converge providing a general upwelling flow, driven by conduits and
fracture networks (Fiorillo et al., 2019). Indeed, among the three main
spring groups, Grassano-Telese springs, located at the southern slope of
Montepugliano relief, represent the main discharge zone of the aquifer
and the lowest elevation outflows (54 m a.s.l.) (Leone et al., 2019).
These springs are characterized by both cold calcium-bicarbonate wa-
ters (Grassano spring) and hypothermal sulphurous and CO,-rich ones
(Telese spring) (Corniello and De Riso, 1986; Fiorillo et al., 2019).
Grassano spring consists of different outlets with a mean annual
discharge of 4.5 m>/s, while the average discharge of Telese spring is
about 1 m®/s (Corniello et al., 2021). Besides, the isotopic signature of
these springs reveals the same catchment area. Therefore, mineraliza-
tion occurs in the final part of the groundwater flowpath, where uprising
of deep gases (CO, and HsS) occurs along the faults of Montepugliano
relief (Corniello et al., 2021).

3. Material and methods

In this study, we analysed hydrogeochemical, gas-geochemical, iso-
topic and seismic data in order to investigate earthquake-induced effects
on groundwater. Between February 2018 to September 2020, we per-
formed twenty sampling campaigns at Grassano spring (Lat.
41.225040°, Long. 14.514426°, altitude 54 m) to look into groundwater
hydrogeochemistry. Additionally, we carried out sampling at Telese
spring (Lat. 41.223350°, Long. 14.525977°, altitude 57 m) and specif-
ically, in June 2020 we executed a sampling survey addressed to collect
data useful for the calculation of the groundwater carbon mass balance
(e.g., major ions, chemical-physical parameter and isotope composition
of COy).

In detail, chemical-physical parameters were measured on-site
through the multiparametric probe WTW Multi 3420: temperature
(resolution 0.1 °C), pH (resolution 0.001), and electrical conductivity
(EC). Standard analytical methods were applied to characterize the
chemical composition (Bridgewater et al., 2017). For the determination
of major (anions and cations) elements, groundwater samples (filtered in
situ through a 0.45 pm filter) were collected into polyethylene bottles.
Firstly, they were kept at low temperature in ice-filled fridge boxes to
avoid alterations of water components, and then they were analyzed by
ion chromatography at the Geochemistry Laboratory of the Department
of Earth Sciences at Sapienza University of Rome. Specifically, chro-
matographs Dionex ICS 5000 and Dionex ICS 1100 were used to deter-
mine the anionic content (F, CI, SO4%, and NO3") and the cationic one
(Ca%*, Mg?*, Na™, and K7), respectively. As testified by the cation-anion
balance checked on each sample, the analytical error associated with
these instruments was less than 5%. Alkalinity was measured on-site by
titration with 0.05 N HCI solution and methyl-orange as indicator. Data
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Fig. 1. Map of the study area (central-southern Apennines, see location in upper right inset). Active faults are from the Ithaca database (https://www.isprambiente.
gov.it/en/projects/soil-and-territory/italy-hazards-from-capable-faulting). Base digital elevation model is from the ISPRA database SINAnet (https://www.sinanet.
isprambiente.it/it). Locations of Grassano spring and Telese spring are displayed with blue drops and are reported as GS and TS, respectively. Springs (both of
shallow, and hydrothermal systems, from Di Luccio et al., 2018), fed by the Matese aquifer and considered in the Result and Discussion section, are depicted with
cyan and red drops, respectively. Earthquakes that occurred in the monitoring period (2018-2020) within a radial distance of 30 km from Telese Terme are shown
with circles of different colors depending on the magnitude. The M, 3.9 earthquake is displayed with a red star (http://terremoti.ingv.it/); Main faults are also
displayed (MAF: Miranda Apice Fault, APMF: Ailano-Piedimonte Matese Fault; AIF: Aquae Iuliae Fault; MGLF: Matese-Gallo-Letino Fault). (a) Monitoring site; (b)
MiniCO,, probe for continuous monitoring of carbon dioxide; (c) HL4 probe for continuous monitoring of temperature, pH, and electrical conductivity, and dissolved
oxygen; (d) Online system of data acquisition (https://webvision.digimatic.it/) used to investigate and download acquired time-series in real-time. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

of major ions since February 13th, 2018 to January 8th, 2020 were also
published in Franchini et al. (2021).

We performed continuous monitoring by installing two multi-
parametric probes (HL4 and Mini CO3). The Hydrolab HL4 Multipa-
rameter Probe measured continuously and simultaneously temperature,
pH, and electrical conductivity, and dissolved oxygen. The device was
equipped with integrated data recording capability. Measurements of
parameters were automatically repeated and stored every 15 min, since
July 19th, 2018 to October 29th, 2020. The Mini CO, Submersible
Sensor (produced by Pro-Oceanus Systems Inc) was installed on May
24th, 2019, for the continuous monitoring of dissolved CO, concentra-
tions. The gas was stripped from the water through a gas-permeable

membrane and subsequently sent to the non-dispersive infrared detec-
tor (NDIR). With pCO; ranges from 0 to 10%, the instrument provided
the versatility needed, by allowing the continuous acquisition of carbon
dioxide concentrations, and repeating measurements every 15 min.
Unfortunately, the firmware of the probe was damaged by a power surge
on December 10th, 2019, therefore the sensor stopped acquiring data.
Moreover, recorded data can be monitored and downloaded in real-
time, by an online system of data acquisition developed by Digimatic
s.r.l. (https://webvision.digimatic.it/).

Furthermore, thermodynamic calculations were carried out by using
Phreeqc Interactive software for Windows (version 3), precisely the
prheeqc.dat thermodynamic dataset (Parkhurst and Appelo, 2013).
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Sample water conditions of T, pH, major ions, and alkalinity were used
as input data to calculate the molality concentrations of the water
content. In detail, the total molality of Ca, Mg, SO4, and TDIC (mol/kg
H20) was used for the calculation of Ceap and Cex¢ parameters in the
following carbon mass balances (Chiodini et al., 2000):

TDIC=Cearp+Cex (1)
Cearp=Ca+Mg-SO4 (2)
Cext:CTDlC_Ccarb:Cinf+Cdeep 3)

TDIC includes the total dissolved inorganic carbon in groundwater,
whose origin is ascribable to the presence of different sources of carbon.
Hence, it corresponds to the sum of these components (see Eq. 1). Cearp is
the carbon derived from the water-rock interaction of groundwater with
carbonate aquifers. Thus, the Eq. (2) considers the dissolution of calcite
and dolomite, and also the presence of anhydrite and/or gypsum. Cey; is
the carbon derived from “external sources”, indeed it is expressed by the
sum of two parameters (see Eq. 3): where Cjys is the carbon from at-
mospheric and biogenic CO; (i.e., the infiltrating waters), and Cgeep is
deep CO; from metamorphic, mantle, or magma sources (Chiodini et al.,
2000; Chiodini et al., 2004).

The §'3C isotope composition of deep CO, of Grassano spring was
from Barbieri et al. (2020), while the one of Telese spring was obtained
in this study. In detail, it was analysed by using a Thermo Scientific Delta
V Plus isotope ratio mass spectrometer. The 8'3C-CO, value is in terms of
8%o units (expressed as V-PDB, Vienna Pee Dee Belemnite international
standard), with analytical error of + 0.15%o. Analytical devices were
provided by the National Institute of Geophysics and Volcanology
(INGV, Palermo, Italy).

Finally, we selected all earthquakes (~370) that occurred in the
same period of the hydrogeochemical monitoring within a radial dis-
tance of 30 km from Telese Terme (Lat. 41.216729°, Long. 14.526261°).
This area was selected according to the strain radius-epicentral distance
relationship proposed by Dobrovolsky et al. (1979). Seismic data come
from the database run by National Seismic Network (available on the
website: http://terremoti.ingv.it/). The amount of energy released (E)
was estimated from the earthquake magnitude M, through the
magnitude-energy relationship (see Eq. 4; Gutenberg, 1956):

Log E=15xM,+11.8
4. Results and discussion

Collected data at Grassano spring refer both to continuous and
discrete sampling, and are represented by chemical-physical parame-
ters, major ions, and dissolved CO,. We also considered seismic data. All
discrete measurements are reported in the Table S1. In this section we
present and discuss only the data that we considered relevant with
respect to the aim of this work. Table 1 displays the maximum, average,
and minimum values of all main parameters recorded during 2018-2020
monitoring.

The hydrogeochemical facies of Grassano spring is shown in the
Piper diagram (Fig. 2a, by clear calcium-bicarbonate facies with mini-
mal variations during the study period.

To better understand the geochemical features of the analysed
groundwater, we considered data published in a previous study (Di
Luccio et al., 2018). Grassano groundwater are located between two
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end-members represented by the shallow system and the hydrothermal
one (depicted as the blue ellipse and the red one, respectively in Fig. 2b.
This observation agrees with the results of a recent research (Corniello
et al., 2021) which points out the mixing between shallow regional
flowpath, coming from Matese carbonate aquifer (Fig. 1, and the deep
mineralized and gas-rich groundwater upwelling along faults (e.g.,
Telese spring, Fig. 1.

Fig. 3 shows parameters having a potential correlation with seismic
activity. In detail, we displayed the whole time series, both discrete and
continuous of CO,, pH, electrical conductivity, and Calcium (Ca®h),
Sodium (Na™) and Alkalinity (HCO3") concentrations. Other measured
parameters (i.e., temperature) and ions did not show any potential ev-
idence of relationship with seismicity, and for this reason, based on the
main purpose of this work, they are not discussed but they are reported
in the Table S1. Stream discharge of the spring was not recorded in this
study.

Fig. 3b displays CO5 time series recorded from May 24th, 2019 to
December 10th, 2019, which was characterized by several lacks of data
due to electrical interruption. Besides, it is noteworthy that such time
series is shorter than other continuous data because the probe was
installed in May 2019 and it turned off in December 2019 owing to
sensor damage. The average value was 6.4%. In the first period (since
June to September 2019) the CO, values recorded a general increase
from 6.0% to 6.8%. Later the trend was approximately steady around
6.7%. Evident CO, spikes are clearly discernible and are attributable to
instrumental noises. Fig. 3c includes continuous pH time series recorded
from July 19th, 2018 to October 29th, 2020, with missing data from
March 2020 to June 2020. In addition, discrete pH measurements
recorded during our campaign surveys were reported with circles.
During five surveys, we had some problems with pH sensor of the
portable WTW Multi 3420 probe. Therefore, for these cases, we recal-
culated pH value through the arithmetic mean of daily continuous
values provided by the HL4 probe. Direct and recalculated data were
displayed with cyan and green circles, respectively (Fig. 3c. Both
continuous and discrete average values were about equal to 7.0. The
time series were quite steady within a minimum value of 6.8 and a
maximum one of 7.3 during the monitoring period. Despite this limited
range of variation (0.5), a notable decrease was recorded since August
2018 to October 2018 (about 0.25), followed by 2 months of instru-
mental noises owing to some problems of the setting station on-field.
Since June 7th, 2019 to September 10th, 2019, the series was firstly
characterized by a sharp decrease equal to 0.3 and a subsequent clear
increase of 0.2. Fig. 3d contains the electrical conductivity time series,
both discrete and continuous, with the same interval and inconsistences
of pH series (e.g., setting of the station and data lack). Again, recorded
spikes in the signal were attributable to instrumental noises. Continuous
and discrete average values were 905 pS/cm and 901 pS/cm, respec-
tively. The time series values were quite steady around the mean,
however a visible increase of about 45 pS/cm was detected since
November 20th, 2019 to January 9th, 2020. Finally, time series of Ca2+,
Na™ and HCOs3™, consisting of the surveys performed between February
2018 and September 2020, are plotted in Fig. 3e, 3f, and 3 g. The
average values of the analysed major ions (mg/L) were 174.5, 16.6, and
658, respectively (Table 1. Statistical distribution of ions concentrations
was analysed through box-and-whiskers plots (Fig. 4. The box, separated
into two parts by the median, represents the interquartile range (first
and third quartiles). The whiskers are limited by the interquartile range

Table 1
Maximum, average and minimum values of major ions and chemical-physical parameters.
Ca Mg Na K Cl SO4 HCO3 F NO3 EC T pH
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L uS/cm °C
Max 198.3 30.4 20.0 3.0 31.5 10.2 751.3 0.4 4.7 973.0 12.3 7.1
Average 174.5 27.4 16.6 2.4 23.8 8.2 658.0 0.1 2.8 901.1 11.7 7.0
Min 164.5 19.1 14.7 1.3 18.9 7.0 604.1 0.1 1.9 869.0 11.2 6.8
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(IQR) with a factor equal to 1.5. This analysis revealed that all three ions
were characterized by anomalous values (dots in Fig. 4 of concentrations
(ppm) with respect to the whole distribution recorded in the three-years
monitoring. Since “outliers” exceed the whiskers only in the surveys
performed on November 19th, 2019, and on January 8th, 2020, they
(and associated changes in electrical conductivity, pH values and dis-
solved COy) did not represent seasonal and/or natural hydro-
geochemical variations.

During the monitoring period three main seismic sequences (see
location in Fig. 1 and time series in Fig. 3a were clearly recognized
among the typical background seismicity that characterized this sector
of the Apennines (Milano et al., 2006). The first one was represented by
72 seismic events occurred since August 31st, 2018 to September 16th,
2018, about 15 km far from Grassano spring. The maximum earthquake
had M,, = 2.8. The second, and the third seismic sequences occurred in
the same area, about 25 km far from the monitoring site, near San Leucio
del Sannio village. The first of these two sequences started on November
21st, 2019 and ended on December 17th, 2019. It included 87 seismic
events and the maximum earthquake magnitude was equal to 3.9,
recorded on December 16th, 2019. The same area was struck by a sec-
ond and smaller swarm in March 2020, composed by 54 seismic events
(maximum earthquake magnitude My, = 2.6). The calculation of the
Cumulated Energy (shown with the green line in Fig. 3a highlighted the
strongest energy release in conjunction with the second seismic swarm.

Fig. 5 displays the time chart with the temporal sequence of signif-
icant detected variations. Changes in pH, electrical conductivity, and
major ions concentrations are supposed to be related to the previously
observed CO; increase in the aquifer system. To sum up, the CO; in-
crease would induce a sudden pH decrease that was followed by a mild
increase. In conjunction with the pH recovery to the previous values (e.
g., values of May 2019), it was recorded an electrical conductivity in-
crease coupled with anomalous high values of Ca?*, Na*, and HCO5~
concentrations, exactly two days before the onset of the seismic
sequence, and about one month before the main seismic event (i.e., the
M,, 3.9 San Leucio del Sannio earthquake occurred on December 16th,
2019). However, discrete sampling did not allow to recognise exactly
the moment in which concentrations of these ions started to increase.
Anyway, this process was attributed to the reaction of the hosting
aquifer system, the so-called “buffering effect” (Langmuir, 1997; Drever,
2005). In order to re-equilibrate the original chemical conditions after
being hit by a CO5 increase, the aquifer system naturally reacts through
the following equations (Eq. 5, 6):

COy (aq) + H20 (aq) —» HCO3 — H' + HCO3; (induce pH
decreasing) (5)

Dissolved HCO3™ (groundwater) + H™ (released) = H,COs (aq) (pH
buffer) (6)

In detail, the addition of CO5 to karst fractured carbonate aquifer
dissolved both the carbonate fraction (Ca2+ and HCO3") and weathered
the silica one of the reservoir rocks (Minissale, 2004; Clark, 2015). Due
to the buffering effect of the carbonate-bicarbonate (Cng’— HCO37)
pair, the pH stabilizes when CO is dissolved or exsolved (Amonte et al.,
2021). Indeed, an ion exchange process could have involved the Na ions
adsorbed onto clay minerals. In fact, cations have different tendencies to
be adsorbed or desorbed. Their tendency for adsorption in natural wa-
ters is as follows: (strongly adsorbed) Ca®* > Mg?" > K™ > Na™ (weakly
adsorbed), which means that sodium ions are much more likely to be
desorbed from surfaces and then to be ejected and transferred into
groundwater (Rajmohan and Elango, 2004; Manahan, 2017; Chen et al.,
2021). Alternatively, such increase in Na concentrations could be just
explained as deep fluid upwelling, in fact, high sodium concentration is
certain feature of deeply originated fluids in deep reservoir in crust.
Similar geochemical changes in groundwater were also recognized in
other studies (Bourg and Loch, 1995; Malakootian and Nouri, 2010;
Barberio et al., 2017; Paudel et al., 2018). For instance, the 2016-2017
Amatrice-Norcia seismic sequence, which occurred about 80 km far
from the studied monitoring site, caused the CO; inflow in the shallow
regional aquifer and consequently the pH variation, with consequent
trace element mobilization (i.e., As, V, Cr, Fe; Barberio et al., 2017).

In addition, the geochemical modelling, conducted by Boschetti et al.
(2019), confirmed that the variation in the CO, fugacity can change the
adsorption/desorption process of some elements in the rock aquifer. In
the present study, we suppose that a similar geochemical process could
be inferred at Grassano spring. Indeed, Grassano spring is characterized
by the presence of high dissolved CO2 concentration, whose source is
attributable to crustal deep degassing (Di Luccio et al., 2018). Hence,
following previous studies (Frondini et al., 2019; Barbieri et al., 2020), a
calculation of the carbon mass balance has been carried out to define the
Cext component useful to quantify and distinguish the carbon related to
the deep source from the biogenic (Cin) and carbonate (Ccqrp) Ones.

Fig. 6a, shows the Cex; value versus the 5'3Cext isotopic composition
of Grassano spring (yellow circle), resulting between infiltrating waters
(blue ellipse) and the CO; rich-springs (red rectangle) of the Matese
aquifer. However, it is clear that the Grassano groundwater is closer to
the deep end-member which corresponds to our sampling of Telese
spring performed in June 2020 (red circle). Moreover, this evidence
suggests the mixing between COs-rich deep groundwater, such as Telese
spring, and Grassano spring that could be enhanced by dilatative pre-
paratory phases of earthquakes, typical of the extensional setting (Sib-
son, 2000; Doglioni et al., 2014). Indeed, the 613Cext isotopic ratio of
Grassano spring is heavier compared to that of other carbonate springs
of the Matese aquifer (data taken from Di Luccio et al., 2018), showing
an endogenous signature (Barbieri et al., 2020). The contribution of
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deep CO; confirms the influence and the mixing with a deep circulation
system, widely hidden by the large contribution to the discharge of the
shallow carbonate circulation system. The calculation of the carbon
mass balance of groundwater samples allows to obtain the Cey time
series shown in Fig. 6b. In detail, we recorded a progressive increase of
Cext through the entire 2019 year that reached the maximum value at the
end of the seismic sequence, precisely in the survey performed in
January 2020. The Cey values of the last three surveys were among the
minima measurements of the monitoring period. Also, pH, continuous
electrical conductivity, major ions concentration recovered their
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preseismic values, consistently with our interpretation of geochemical
processes.

We speculate that the increase of Ceyt value during 2019 was due to
deep pre-seismic geological processes (i.e., variation in dilation) that
allowed the upwelling of the deep CO, flux along tectonic discontinu-
ities. Through this multiparametric approach, it is possible to provide a
description of a complex geochemical process that potentially induced
the hydrogeochemical changes in Ca%", Na®, and HCO5 just a few days
before the onset of the seismic sequence. Apart from furnishing a po-
tential hydrogeochemical model, it is also necessary to take a step for-
ward to identify possible geo-structural mechanism that could induce
the recorded geochemical responses.

It is noteworthy that fluids have an “active” role in decreasing fault
strength, thereby they can influence fault mechanics, and the cyclic
activation. Fluids can also act “passively” (e.g., Tullis et al., 1996;
Wannamaker et al., 2002; Doglioni et al., 2014), being squeezed by
pressure gradients, and transported depending on rock permeability
(Salazar et a., 2002). Their migration, whatever the origin is (e.g.,
meteoric, crustal, or mantle-derived), is influenced by variation in the
state of the stress. For example, as consequence of dilatancy and fluid-
diffusion mechanism, fluids are rapidly redistributed in the crust (Sib-
son et al., 1975). Besides, also fluid discharges of opposite sign (i.e.,
negative and positive during the coseismic phase) have been docu-
mented along thrust and normal faults, respectively (Muir-Wood and
King, 1993). Also, changes in hydrogeochemical content of groundwater
may be expected because earthquake-induced groundwater flow is
effective in transporting solutes, and seismic events may open new
passageways to connect fluids from different reservoirs, and thus facil-
itating such exchange (Wang and Manga, 2021). Most variations in
geochemical composition are consistent with the model of earthquake-
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enhanced groundwater transport through basin-wide or local enhanced
permeability (Wang et al., 2013; Wang and Manga, 2021). It may breach
hydrologic barriers (e.g., aquitards), connecting otherwise isolated
aquifers or other fluid sources, and then causing fluid source switching
and/or mixing (Wang and Manga, 2021). Studies of these processes can
represent another step to improve the comprehension both about nat-
ural transport processes, and earthquake-induced hydrogeochemical
responses. Despite data concerning hydrogeochemical changes are less
abundant than those regarding changes in groundwater level and
discharge, through the years they allowed to get useful information to
constrain models of hydrogeological processes induced by seismicity
(Wang and Manga, 2021).

According to a recent global analysis (Tamburello et al., 2018), there
is a positive spatial correlation between CO» degassing and extensional
tectonic regimes that would play a key role in creating pathways for the
uprising deep fluids and connecting the deep portion of crust to the earth
surface. Thus, normal faults, strike-slip faults and areas with high
structural damage represent the most suitable scenario for CO, uprising
(Lamberti et al., 2019). A widely accepted geo-structural model is based
on the concept of stick-slip fault behaviour in the upper crust and on the
presence of a stable sliding fault in the middle-lower crust (Doglioni
et al., 2015; Petricca et al., 2015). The development of fault zone frac-
turing, together with hanging-wall dilation and initial collapse in the
preseismic phase, produce high fluid pressure (e.g., CO3), and conse-
quently migration of fluids from the high pressure zone to the low
pressure one (Doglioni et al., 2014).

During the 2019 Benevento seismic swarm, the seismicity delineated
the existence of a subvertical WNW-ESE striking fault plane between 7
and 18 km depth. The estimated focal mechanism highlighted a right
lateral strike-slip kinematics of the fault structure which accommodates
differential extensional deformation and represents a potential source of
M,, > 5 damaging earthquakes (Ciaccio et al., 2021). In this context,
presumably, in the preseismic preparatory phase the deep fluids uprising
in shallow regional aquifers could be enhanced due to the generation of
high pore pressure along fault plane and fractures (Cardello and Man-
cktelow, 2015; Barberio et al., 2021).

Findings like those reported in our work are relevant because they
confirmed, in similar geological and tectonic setting, a common
geochemical process able to cause the same pattern of hydro-
geochemical anomalies. In fact, we argue that the recorded geochemical
responses were induced by a similar geochemical process that caused the
anomalies prior to the 2016-2017 Amatrice-Norcia seismic sequence
(main earthquake: My, 6.5; Chiaraluce et al., 2017). The proposed tec-
tonic model reconstructed for the two different study areas is the same
too. Implications derived from our study can be applied to cases in other
countries and in other geological contexts. For example, variations in
groundwater hydrogeochemical content were also observed before and
during volcanic activity in Iceland, and in Tenerife Island as conse-
quence of pulses of fluid injection from volcanic and/or hydrothermal
system (Barbieri et al., 2021; Amonte et al., 2021)

5. Conclusion

In this study, hydrogeochemical monitoring, both discrete and
continuous, of chemical-physical parameters, major ions and dissolved
CO4 was performed in Grassano spring (central-southern Italy), with the
aim of identifying in groundwater potential precursors of nearby
earthquakes.

We conclude that:

e Anomalous concentrations of Ca2+, Na™ and HCO3~ were recorded in
one sample before and in another one after the 2019 Benevento
seismic sequence (main earthquake on December 16th, 2019: M, 3.9
San Leucio del Sannio).

e Changes in groundwater chemical content are attributable to the
progressive increase of deep COs in the aquifer system, which
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temporarily lowered pH and enhanced the solubility of the above-
mentioned major ions.

The deep pre-seismic dilatational processes are supposed to be
responsible for enhancing the influx and ascent of COz in the regional
carbonate aquifer. In fact, the increase of CO in the studied aquifer
and spring started before the related seismic sequence.

The geochemical process that occurred in Grassano groundwater
prior to the seismic sequence was similar to that defined for the
2016-2017 Amatrice-Norcia seismic sequence, despite the seismicity
during our monitoring period was -characterized by small-
intermediate magnitude.

e The obtained results shed light on the possibility of having pre-
seismic hydrogeochemical signals in springs and groundwater also
for small-intermediate earthquake magnitude, at least in the areas
where deep fluids contribution to groundwater is evident.

This study highlights also the crucial role of the multiparametric
approach to expand the knowledge about the relationship between
the geochemical process in groundwater and seismic activity. How-
ever, also other parameters as for example discharge rates as well as
the groundwater level are needed to clarify some hydrogeological
aspects.

The setup of a standardized and diffuse monitoring network of
groundwater, like that of this study, would produce significant and
useful information towards the solving of the three main questions
When, Where, and How the release of seismic energy will occur.
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