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e Water-rock interaction and mixing
occur on the fault edging of the Pontina
Plain.

e A new pollucite and analcime activity
geothermometer is proposed.

ARTICLE INFO ABSTRACT

Editor: Christian Herrera Karstic aquifers represent crucial water resources and are categorized as either stratigraphically or
fault-controlled. This study investigates groundwater-rock interactions and mixing processes within one of the
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lated area where agricultural activities and climate change challenge the groundwater assessment of a complex
aquifer. We conducted structural, hydrogeochemical, and multi-isotopic screening of ten selected springs with
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Fault provides a more detailed framework extending to depths of approximately 5-7 km that allows the identification
of the geometry of normal faults, which act as pathways for upwelling fluids. Our findings reveal that
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hydrogeochemical compositions result from multiple interactions between karstic water and deeper fluids that
have interacted with different rocks. Concentration (Na/Li) and isotope (SO4~H20) geothermometers, coupled
with geochemical modeling and trace element analysis, enabled the estimation of a water temperature equi-
librium of approximately 95.5 °C, with Triassic evaporites generally corresponding to a depth of approximately
3 km and a temperature of 40 °C with magmatic rocks at approximately 1 km depth, which is likely associated
with ongoing tectonics and the Quaternary tectonically controlled Volsci Volcanic Field. To obtain the latter
estimate, we used a new geothermometer activity based on the equilibrium between analcime and pollucite.
Furthermore, this multidisciplinary approach enhances the understanding of groundwater behavior in
fault-controlled karstic aquifers, where mantle-derived CO dissolved in groundwater is the driving force behind
water-rock interactions. Given the potential for further variations in mixing, which may worsen water quality
and increase aquifer vulnerability, periodic monitoring of these processes is essential in a human-impacted
environment amidst ongoing climate change.

1. Introduction

Karstic aquifers consist of strategic water resources sensitive to
groundwater hydrogeochemical variations, whose vulnerability de-
pends on their geological background, their use, and climatic variations
(e.g., Barbieri et al., 2023; Moreno-Gomez et al., 2023; Deng et al., 2024;
Zhang et al., 2024). They are high-permeability and high-porosity
groundwater systems characterized by the dissolution of soluble car-
bonate rocks, resulting in distinctive landforms and underground
drainage networks (Taniguchi et al., 2003; Bakalowicz, 2005; Ford and
Williams, 2007). We categorize karstic aquifers into two main types on
the basis of their controlling geological features: stratigraphically
controlled and fault-controlled (Fig. 1).

In stratigraphically controlled karstic aquifers, the development and
distribution of karst features are primarily determined by the lithologic
properties and stratigraphic architecture of the bedrock. In contrast, in
fault-controlled karstic aquifers, the influence of faults dramatically
influences the development of karst features. In particular, high-angle
faults act as conduits for groundwater flow and can lead to upwelling
of deep thermal fluids (Faulds et al., 2006; Jolie et al., 2015; Torresan
et al., 2020; Buttitta et al., 2023).

Defining the origin and evolution of groundwater stands as a critical
endeavor in hydrogeological investigations, particularly in carbonate-
dominated fold-and-thrust belts, where karstic stratified aquifers and
tectonic discontinuities intricately govern fluid dynamics (Goldscheider
et al., 2010; Bense et al., 2013; Smeraglia et al., 2016). The integration
of structural, hydrogeochemical and environmental isotopic data has
emerged as an indispensable tool for reconstructing hydrogeological
pathways (Barbieri et al., 2005; Yang et al., 2019; Medici et al., 2023;

Lorenzi et al., 2024), identifying recharge zones (Liu and Yamanaka,
2012; Sappa et al., 2018), estimating fluid temperatures in both current
(Wang et al., 2015; Vespasiano et al., 2021; Boschetti et al., 2022) and
fossil settings (Lacroix et al., 2018; Cardello et al., 2024), and eluci-
dating the extent of mixing among different groundwater sources (Duchi
et al., 1991; Barbieri et al., 2017). Such efforts have culminated in a
comprehensive and comparative analysis crucial for defining hydro-
geological models and leveraging hydrogeochemical signatures
encompassing chemical-physical parameters in regard to both concen-
trations of major ions and trace elements and isotope ratios. Advance-
ments in analytical techniques in recent years have made analyses more
powerful, facilitating the refinement of existing hydrogeological models,
including water-rock interactions, as well as heating and mixing pro-
cesses (Piscopo et al., 2006; Goldscheider et al., 2010; Petitta et al.,
2011; Doummar et al., 2012; Aydin et al., 2020; Li et al., 2020; Barberio
et al., 2021; Bojar et al., 2021; Gori et al., 2023).

In this study, we review the structural setting and groundwater-rock
interactions in the Pontina Plain, a coastal plain situated south of the
Colli Albani volcano and on the western edge of the northern part of the
Volsci Range (Lepini Mounts and Seiano Mount). The Pontina Plain has
one of the major karst fault-bounded aquifers in Central Italy (Fig. 2).
Similar to what has been recognized in the southern part of the Volsci
Range (Sappa et al., 2012; Saroli et al., 2017, 2019), Boni et al. (1980)
documented different types of springs, varying in temperature and
chemical composition from cold karstic to hypothermal sulfur-rich and
highly conductive springs, whose mixing has sparked different in-
terpretations, possibly evoking, among other factors, the role of a fault-
related magmatic system.

Previous hydrogeological and geochemical characterizations have
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Fig. 1. Sketches summarizing the morphological, structural, and hydrogeological characteristics of stratigraphically controlled (a) and fault-controlled (b) karstic
aquifers with nomenclature from Civita (1972) and Keegan-Treloar et al. (2022). The orange arrow indicates the upwelling of potentially deep thermal fluids, which
may mix with less mineralized and cold karstic waters in light blue. In light of current climate change and anthropic pressure on water resources, a decrease in aquifer
recharge can induce significant hydrogeochemical changes in karstic carbonate aquifers, increasing the contribution of geothermal fluids to potential environmental

and management issues.
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Fig. 2. a) Tectonic simplified map of southern Latium (modified after Cardello et al., 2021). The location is outlined in the inset on the top right of the figure. b)
Crustal sketch cross-section with thrusts in blue and normal faults in red (modified after Mostardini and Merlini, 1988), whose location is outlined in a). ¢) Geological
map of the western Lepini Mounts and minor carbonate reliefs (modified from Cardello et al., 2021) with spring locations from Capelli et al. (2012). The location is
outlined in a). d-e) Detailed hydrogeologic maps (from https://sit.provincia.latina.it/) showing the locations of the springs sampled in this work.
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highlighted the presence of karstic shallow groundwater flow and mixed
hydrothermal flow (Bono, 1981; Tuccimei et al., 2005), with alternative
hypotheses suggesting influences ranging from volcanic to evaporitic
source zones (Boni et al., 1980). As recently demonstrated (Cardello
et al., 2020; Marra et al., 2021), Pleistocene monogenetic volcanism has
utilized high-angle fault systems crossing karst terrains. Consequently,
to test the presence of a volcanic contribution to groundwater, there is a
need for geochemical and multi-isotopic characterization to assess fluid
flow pathways effectively. To address the processes and sites of mixing,
a multiscale integrated interdisciplinary approach was undertaken. This
highlights the need for continuous monitoring and groundwater man-
agement while considering ongoing climate change and anthropic
pressure on water resources.

We utilized this emblematic area as a world-class example of a
“fault—controlled mixed groundwater karstic aquifer”. In particular, this
study integrated field structural observations and reinterpretation of
subsurface data with newly collected hydrogeochemical and isotopic
data from ten springs at the piedmont of the northern Volsci Range
(Fig. 2), including parameters such as 6180(H20), 62H(H20), 6345(804),
6180(504), 875r/80Sr, and 8''B, which act as natural tracers to define
hydrogeological and hydrogeochemical water-rock interaction pro-
cesses and pathways.

Through geochemical modeling, thermodynamics, and statistical
calculations, we estimated the temperature of the mixing sites within the
subsurface, with insights into the mixing processes between two
groundwater systems: i) shallow Ca-HCOj3 groundwater circulating in a
regional karstic aquifer and ii) deep Na-HCO3-Cl groundwater with
saline and thermal features. The findings contribute to the definition of
the depths of mixing interactions within a typical fault-controlled mixed
groundwater karstic aquifer, with practical implications for sustainable
water resource management, risk of sinkhole formation (Bono, 1995;
Salvati and Sasowsky, 2002; Sappa and Coviello, 2012) and active
tectonics.

2. Geological and hydrogeological setting
2.1. Regional geology

The Apennines exhibit evolutionary patterns similar to those of many
Alpine-Himalayan fold-and-thrust belts (Cloetingh et al., 2004; Carmi-
nati and Doglioni, 2012; Schmid et al., 2020). Preserving a low- to
nonmetamorphic diagenetic status, this belt retains records of carbonate
platform to basin (Tethyan) and siliciclastic successions (Cardello et al.,
2022 and references therein). The regional stratigraphic architecture
reflects passive processes from the Late Triassic-Early Jurassic rift to
Cretaceous basinal development (Accordi et al., 1988; Cardello and
Doglioni, 2015; Tavani et al., 2021). The accretion of these inherited
passive margin units atop the subducting Adria Plate occurred in the
Neogene, which was driven by the E/NE-ward migration of frontal
thrusts. These processes gave rise to deep and wedge-top dynamics
(Cardello et al., 2021). From the Pliocene onward, the western part of
the Apennine fold-and-thrust belt experienced crustal stretching with
back-arc extension of the crust.

In contrast to the persistent platform carbonate in the Volsci Range
(VR, Fig. 2a), subsurface information indicates that a base-of-slope to
carbonate basinal succession exists beneath the Pontina Plain. Toward
the present-day offshore to the west, Triassic evaporites are present
(Fig. 2b) (see Section 5.1). This geometry reflects an inherited Tethyan
passive margin physiography, which was reshaped during the Plioce-
ne-Pleistocene extension of the Tyrrhenian margin. Afterward,
throughout the Pleistocene, volcanism migrated southeastward. More-
over, coastal plains exhibit widespread travertine deposits, which are
typically associated with hydrothermal activity and deep degassing CO»
of mantle origin (Minissale, 2004; Chiodini et al., 2004; Carapezza et al.,
2012; Cuoco et al., 2017), resulting in tectonically controlled thermal
springs on the surface.

Science of the Total Environment 951 (2024) 175439

The VR comprises smaller mountain groups, namely, the West and
East Lepini Mounts, the Seiano Mount, the Ausoni Mounts, and the West
and East Aurunci Mounts (Fig. 2) (Saroli et al., 2017, 2019). The VR
exposes a 2.5 km thick succession of Jurassic to Cretaceous shallow-
water carbonates, which rest on top of a few-hundred-meters-thick
Triassic dolostone. The VR carbonate succession is topped by Middle
to Upper Miocene synorogenic marly and siliciclastic rocks that occur at
the footwall of thrusted carbonate units (Angelucci, 1966; Cosentino
et al., 2002; Centamore et al., 2007; Cardello et al., 2021) (Fig. 2c).

Postemersion erosional terraces occur at various elevations
(Centamore et al., 2007; Servizio Geologico d’Italia, 2010), possibly
reflecting late to postorogenic tectonics. During the Late Pliocene, the
VR experienced uplift, while the blocks thrown down toward the
southwest were invaded by seawater (Tavani et al., 2021 and references
therein). In the VR, beginning in the Early Pleistocene, uplift was
accompanied by normal faulting, which gave rise to a horst-and-graben
structure with fault-bounded marine to continental basins inland
(Servizio Geologico d’Italia, 2010). The Pleistocene successions also
contain volcaniclastic units from nearby volcanoes (Sevink et al., 2020;
Alessandri et al., 2021). Over the past 800 k years, first-order high-angle
faults in the VR have experienced rooted volcanic activity, locally
marked by tens of monogenetic eruptive centers (Cardello et al., 2020;
Marra et al., 2021). Furthermore, some faults are locally affected by
neotectonic movements, such as in the Ausoni Mounts, edging the
Pontina Plain (Alessandri et al., 2021), where earthquakes of low
magnitude (M, < 4.4; Rovida et al., 2020) have occurred.

2.2. Background on karst development

Large-scale epigeous karst forms include plateaus and endorheic
basins, whereas smaller-scale forms such as karstic valleys, poljes, and
dolines are accompanied by a complex underground system of vertical
shafts and caves (Servizio Geologico d’Italia, 2010), which typically
align with fault zones (Agostini, 1992). These forms are occasionally
flooded, caves are partially sealed by speleothems, and springs are
locally associated with travertine occurrences. Karstic alteration in the
VR likely started during the Cretaceous emersions and continued into
the Paleocene before the platform was covered with basinal sedimen-
tation (Servizio Geologico d’Italia, 2010). Following the Torto-
nian-Messinian mountain buildup between approximately 12 and 6 Ma,
the highest VR thrust sheets underwent massive erosion, which inten-
sified during the salinity crisis (Cardello et al., 2021 and references
therein), whereas the eastern part of the Apennines still developed under
submarine conditions. Between 5.5 and 4.5 Ma, the VR carbonates un-
derwent further exhumation (Fellin et al., 2022). According to the
average uplift history of the nearby Simbruini Mounts (Fig. 2; Delchiaro
et al., 2021), from the Late Pliocene, the area experienced uplift ranging
from approximately 690-370 m Ma~! (Delchiaro et al., 2021). This
uplift interacted with the horst-and-graben setting of the normal fault
system with NW-, ENE- and (N)NE-striking high-angle faults oblique to
normal faults (Servizio Geologico d’Italia, 2010; Alessandri et al., 2021),
influencing the distributions of 1) Quaternary deposits, 2) karst forms,
and 3) fluid circulation. Given the presence of paleokarst at depths of
approximately 100-300 m below sea level in the hanging wall of the
fault bordering the Pontina Plain (Federici, 1979; Agostini, 1992), karst
development was likely influenced by tectonics and climatic variations.
Sinkhole occurrence is limited to a narrow strip between the western
border of the VR and the S.S.7 Appia freeway, and their distribution has
been related to the slow dissolution of the buried carbonate bedrock due
to COy-rich fluids, which migrate through major fault zones (Salvati and
Sasowsky, 2002; Tuccimei et al., 2005).

2.3. Hydrogeological, subsurface setting and climate

Among the three different groups of ridges located in the VR, the
Lepini Mounts host a regional karst aquifer classified as “unconfined
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We performed measurements of pH, electrical conductivity (EC), and
temperature (T) onsite with the multiparametric WTW Multi 3420 probe
with accuracies of +0.01 pH units, +1 pS/cm, and +0.1 °C, respec-
tively. We filtered groundwater samples in situ with a 0.45 pm filter into
polyethylene bottles and stored them at low temperatures to avoid al-
terations in their components. After field filtering, we acidified in situ
samples for the analyses of cations, both major and trace, to 1 % v/v,
adding 1 ml of 65 % HNO3 Suprapur® (Supelco).

For the determination of major ions (i.e., anionic and cationic con-
tents), we analyzed samples by ion chromatography at the Geochemistry
Laboratory of the Department of Earth Sciences at Sapienza University
of Rome (Italy). We used Dionex ICS-5000 and Dionex ICS-1100 chro-
matographs to analyze anions (F~, Cl7, SO%’, and NOg3; Standard
Method 4110; Baird et al., 2017) and cations (Ca2+, Mg2+, Na™, and K+;
Method 3030; APAT-IRSA-CNR, 2003), respectively. We measured the
carbonate alkalinity as HCO3 by titration with a 0.05 N HCl solution and
a dye indicator (Standard Method 2320-B; Baird et al., 2017); the pre-
cision was +6 mg/1 and the accuracy was +11 mg/l. We analyzed the
dissolved silica as SiO2(aq) at the SCVSA Department, University of
Parma (Italy) using the heteropoly blue spectrophotometric method
(Standard Method 4500-SiO, D; Baird et al., 2017), a Spectroquant®
cuvette reagents test kit and a PHARO 300 UV/VIS spectrophotometer
(Merck Millipore, Burlington, MA, USA); the precision was +0.09 mg/1,
with an accuracy of +0.2 mg/l. In accordance with Standard Method
1030E for checking the correctness of analyses (Baird et al., 2017), we
checked for ionic balance errors <5 % for each sample.

We analyzed dissolved minor and trace element concentrations (Li,
B, Al, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, As, Rb, Sr, Mo, Cd, In, Sn, Sb, Cs,
W, Hg, Pb, and U) using an ICP-MS (X Series 2 Thermo-Fisher Scientific
Waltham, MA, USA; Standard Method 3125; Baird et al., 2017). We
prepared blanks, standard solutions, and sample dilutions via ultrapure
water (Millipore, Milli-Q, 16 MW cm), and we used an internal standard,
Rh, to correct the ICP-MS instrument drift. The analytical accuracy of
this method ranges between 2 % and 5 %.

We carried out isotopic measurements of the stable isotopes of water
molecules, §'%0(H,0) and §2H(H,0), at the University of Parma. We
analyzed hydrogen and oxygen stable isotopes in water using an auto-
matic equilibration device (Finnigan HDO) in line with a Finnigan Delta
Plus mass spectrometer (Boschetti et al., 2005; Longinelli and Selmo,
2003). The §H(H,0) was evaluated by directly equilibrating hydrogen
gas with water by means of a platinum catalyst (Horita and Kendall,
2004); determination of 5180(H20) was performed on CO5 gas equili-
brated with water at 18 + 0.1 °C. We measured all the samples at least
twice, and we reported the value of the mean of two consistent results.
All the measurements were carried out against laboratory standards that
were periodically calibrated against the international isotope water
reference materials recommended by the IAEA (V-SMOW2 and SLAP2).
The standard error (26) was within +0.08 to £0.12 %o for 6180(H2O)
and +1 %o to +2 %o for §*H(H20).

We measured the isotopes of dissolved sulfate, 6348(504) and 5'%0
(SOy4), at IT2E Isotope Tracer Technologies Europe Srl in Milan (Italy).
For sulfate, zinc acetate was added to the water samples, and sulfate was
precipitated as BaSO4 through the addition of 1 to 2 scoops of BaCl,. We
collected and rinsed the precipitate with distilled water until neutrality
was reached. The dried samples were weighed into tin cups for separate
180,150 and 3*s/32S analyses, with a replicate every 3 samples.
Approximately 0.1 mg of the sample was used for oxygen analysis. We
carried out analysis on a Finnigan Mat, DeltaPlus XL IRMS coupled with
a Thermo Scientific TC/EA: samples were pyrolyzed at 1430 °C and
purified by gas chromatography before continuous flow isotope ratio
mass spectrometry. We corrected and normalized the data via four in-
ternational standards analyzed at the beginning and end of every run:
USGS 32, NBS 127, IAEA SO5, and IAEA SO6, which bracket the sam-
ples. The 6180(804) values were expressed per mil (%o) relative to V-
SMOW. The analytical accuracy for the oxygen analysis was £0.5 %o. For
sulfur, approximately 0.3 mg of sample was used for >*S/32S analysis,
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with 3 mg of niobium pentoxide added to each sample to ensure com-
plete sample combustion, with 3 samples per replicate. The samples
were loaded into a Fisons Instruments Elemental Analyzer for flash
combustion at 1100 °C. The released gases were carried by ultrapure
helium through the analyzer and then separated by gas chromatog-
raphy. The cleaned analytical SO gas was carried into a Mat 253 in-
strument (Thermo Scientific, IRMS) for analysis. The data were
corrected and normalized using three international standards analyzed
at the beginning and end of every run: IAEA SO6, IAEA SOS5, and NBS
127, as well as two calibrated internal standards that bracket the sam-
ples. The 634S(SO4) values were expressed in per mil (%o) relative to the
Vienna Canyon Diablo Troilite (V-CDT) standards. The analytical pre-
cision for analysis was 0.5 %e.

We analyzed the strontium isotope ratio and boron isotopic
composition (i.e., 87Sr/%0sr and 5''B, respectively) at the Department of
Geology and Geophysics, University of Utah. For Sr, samples were pu-
rified using: 1) 50 ml manual columns with Sr-Spec resin (Eichrom) for
Sr/Ca < 0.1 mmol/mol or 2) a 1 ml automatic column with SrCa resin
(ESD) in PrepFAST MC for Sr/Ca > 0.1 mmol/mol. Pure Sr fractions were
analyzed on a MC-ICP-MS (Neptune; Thermo Fisher Scientific, Wal-
tham, MA, USA) via internal standardization. The Certified Reference
Materials used were NIST 987 (strontium carbonate) and USGS EN-1
(carbonate rock). The analytical accuracy was +0.000006.

For B, the water samples were purified using 50 ml of 1 Amberlite
IRA743 resin and 1 ml of sample in an automatic column within Prep-
FAST MC. Pure B fractions were analyzed on a Neptune MC-ICP-MS via
standard bracketing with an in-house B isotopic standard. The following
reference materials were used: NIST IAEA B1 (seawater), IAEA B2, and
IAEA B3 (groundwater). The 5'1B values were reported in per mil (%o)
relative to NIST SRM 951a. The analytical accuracy was +0.3 %o.

3.3. Thermodynamic and statistical calculations

We obtained the activity of the dissolved species, saturation indices
S.I. = log(IAP/K), where IAP is the ion activity product and K is the
equilibrium constant at a specific temperature of a dissolution or hy-
drolysis reaction and the partial pressure of dissolved carbon dioxide as
logP(COy) via PHREEQC Interactive software (PHREEQCI, Version
3.7.3; Parkhurst and Appelo, 2013) using the llnl.dat and Thermoddem
(Blanc et al.,, 2012) thermodynamic databases and Geochemist’s
Workbench® software (GWB, Release 12.0.9; Bethke et al., 2022) via the
Thermo.tdat database. In particular, the Thermoddem database was
integrated with the solubility data of leucite (Holland and Powell,
2011), pollucite (Ogorodova et al., 2003), and muscovite (disordered)
(Blanc P., personal communication), which were calculated according to
Boschetti et al. (2024) (Supplementary Material 1). Moreover, we used
NetPathXL code (Version 1.5.1; Parkhurst and Charlton, 2008) to
compute the mixing proportions of two to five initial waters and net
geochemical reactions that can account for the observed composition of
the final water.

Principal component analysis (PCA) is a statistical tool that can
discover unsuspected relationships that can reduce the dimensionality of
a dataset while retaining the information present in the data structure. It
has been successfully applied to explain the hydrogeochemical compo-
sition of thermal waters in different geological settings (e.g., Nicholson,
1993; Boschetti et al., 2003; Awaleh et al., 2020; Barbieri et al., 2021).
In this study, OriginPro Version 2023 (OriginLab Corporation, North-
ampton, MA, USA) was used to extract the independent principal com-
ponents from the correlation matrix constructed on the basis of the
physico-chemical composition of the sampled springs. Moreover, using
the same software and data matrix, we calculated a correlation plot at a
significance level of 0.05 (see Supplementary Material 2).
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4. Results
4.1. Structural survey

In this section, we summarize from north to south the new field
observations along the fault bordering the piedmont of the Pontina
Plain. As illustrated in Fig. 3, in conjunction with the hydrogeologic map
of the springs in Fig. 2d, the alignments correspond to 10 km long seg-
ments of an oblique normal fault exhibiting varying flat topographic
expressions at their footwall, ranging from approximately 400 m above
sea level in the north (Fig. 3a-c) to approximately 600 m in the south
(Fig. 3d).

These variations are associated with structural and morphologic
characteristics marked by the coexistence of transtensive high-angle
faults (Fig. 3e-f) and an uplifted subhorizontal to tilted plateau located
at the footwall of a normal fault system, where kinematic indicators
reveal a significant strike-slip component. The fault zone crops out
within the carbonate formations of cliffs between Norma and Ninfa
springs (Fig. 3b-c), at the Monticchio quarry (Fig. 3d-e), and near the
sulfur-rich springs at the La Catena locality. While the oldest exposed
carbonates in the north are Jurassic (Fig. 3b-c), the footwall in the south
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comprises Cretaceous group units (Fig. 3d). Joint and fracture systems
within the fault zone are locally filled with travertine and alabaster
concretions, indicative of past fluid circulation. On the plain, the car-
bonate hanging wall is overlain by a Quaternary succession reaching
minimal thicknesses of approximately 100 m near the escarpment (Serva
and Brunamonte, 2007) (Section 5.1). Sedimentary red breccias, typi-
cally related to the Late Pleistocene (older than 35 Ka; Alessandri et al.,
2021 and references therein), cover the fault zone and are intersected by
a series of faint joints and faults with poorly defined slickenlines.

In the southern region (Fig. 4), the footwall plateau and the slope
adjacent to the Pontina Plain border fault are both punctuated by several
dolines, while the plain features numerous sinkholes, some of which
harbor sulfur-rich hypothermal springs (Fig. 4a-b) (see Section 5.2). The
footwall plateau in this area sits at approximately 150-200 m above sea
level, whereas the top of the hanging wall carbonates lies at greater
depths (see Section 5.1). The fault zone is exposed near one of the
sampled Laghi del Vescovo and Fontana di Muro spring localities
(Fig. 4c-e) and consists of a fault core several meters thick flanked by a
damaged carbonate zone. Similar to observations in the northern region,
field evidence indicates that joints traversing the Upper Pleistocene
breccia align with faults that are organized into synthetic and antithetic
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Fig. 3. Structural features along the fault bordering the Lepini Mounts, depicted from north to south. The segments of the fault align with topographic variations
(uplifted and tilted plateau), ranging from approximately 400 m above sea level in the north (a-c) to approximately 600 m in the south (d). Transtensive high-angle
faults at the footwall exhibit a strike-slip component in the stereoplots (lower hemisphere projection, equal area) (e-f).
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systems (Fig. 4f). As depicted in Fig. 4g, karstic formations are closely
associated with faults and piezometric levels. Supported by field evi-
dence near the spring and the presence of travertine in the initial 50 m of
the post-Tyrrhenian alluvial succession, mineralized waters have char-
acterized the piedmont region of the Pontina graben since at least the
Late Pleistocene.

4.2. Hydrogeochemical characterization

We present the chemical-physical parameters and hydro-
geochemical compositions (i.e., major ions and trace elements) of the
sampled groundwater in Table 1 and Supplementary Material 3. The
electrical conductivity (EC) provides good preliminary hydro-
geochemical information for characterizing the springs. According to
the measured EC values, three groups of springs can be distinguished.
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The first group (1, springs: PR, PS, N, NB, C, and AZ) presented values
ranging from 421 to 805 pS/cm; the second group (2, springs: AP and
FM) presented values ranging from 1088 to 1241 uS/cm; and the third
group (3, springs: PC and GV) presented values ranging from 2100 to
4800 pS/cm. This first observation indicates that the investigated
springs are characterized by different degrees of mineralization. To
better understand this feature, we also calculated the TDS (total dis-
solved solids) of the springs as the sum of the concentrations (in mg/1) of
the primary dissolved constituents (Baird et al., 2017; Boschetti et al.,
2019; Table 1). The minimum and maximum values of TDS are 225 mg/1
and 2977 mg/1 for N (Group 1) and GV (Group 3), respectively.
According to the Schoeller classification (Schoeller, 1962), by
considering the mean annual air temperature of the study area, which is
approximately 16.5 °C (https://it.climate-data.org), most water samples
are hypothermal (Tspring < Tair), Whereas GV waters are orthothermal
(Tair < Tspring < Tair + 4 °C), with temperatures ranging between 18.40
°C and 19.10 °C. However, in previous studies (e.g., Deffenu et al.,
1975), temperatures up to 23 °C were detected in the springs of the GV
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area; therefore, these temperatures could be classified as orthothermal
to thermal (Tspring > Tair + 4 °C), implying a deeper flowpath related to
the fault system.

The Langelier-Ludwig diagram was constructed to identify which
major ions are predominant in the abovementioned groups (Fig. 5). All
the springs in Group 1 cluster in the low-right corner and are enriched
mainly in bicarbonate and calcium ions, thus showing Ca—HCO3 facies
and substantial compositional homogeneity (Fig. 5). The springs of
Group 2 are characterized by a clear enrichment of chloride, resulting in
intermediate Ca-SO4(Cl) facies. Finally, following a linear trend of

hydrogeochemical mixing toward the Na-Cl water domain, a high alkali
content is noted for the springs of Group 3. The most mineralized Na-Cl
springs (i.e., GV and PC) are depicted as triangles and fall near the F-

field, representing the water samples from the borehole drilled at
Fogliano (Latina, Fig. 2) (Boni et al., 1980; Camponeschi and Nolasco,
1983; Schettino, 1999). As shown in Fig. 5, the global data trend of this
study is in line with those previously published (depicted as smaller

white circles) carried out on the Pontina Plain (Deffenu et al., 1975; Boni
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et al., 1980; Giggenbach et al., 1988; Governa et al., 1989; Duchi et al.,
1991; Tuccimei et al., 2005; Sappa et al., 2012).

The shallow karstic groundwater from the northern VR and the direct
involvement of seawater in determining the trend from Ca-HCOs to-
ward Na-Cl facies were hypothesized by Bono (2011), who also sug-
gested the presence of a deep hydrothermal system from the crystalline
basement. The presumed local marine ingression was confirmed in the
southern sector of the Pontina Plain near the Tyrrhenian Sea (Sappa and
Coviello, 2012). There, variable water compositions ranging from Na—Cl
to Ca-Cl due to seawater intrusion followed by Na-Ca cation exchange
were found (Fig. 5; e.g., Appelo and Postma, 2004). Boni et al. (1980)
and Governa et al. (1989) hypothesized the possible contribution of
deep fluids similar to those from the Fogliano boreholes, speculating on
the interaction between carbonate successions containing evaporites
and acidic fluids upwelling through the crust. Following this interpre-
tation, Boni et al. (1980) stated that “the temperature of the deep hy-
drothermal circuit, estimated using geothermometers, was found to be
180-200 °C for the Fogliano borehole and 180 °C for the Laghi del
Vescovo™ (Figs. 2, 4). These geothermometric estimates, which are
based on the albite-K—feldspar (Na-K) equilibrium and the empirical
Na-K-Ca geothermometer (Boni et al., 1980), should be reviewed.
Additionally, the validity of water-mineral equilibria should be tested
with appropriate activity diagrams by considering potential interactions
with sulfates and zeolites, which could affect the results of equilibria
based solely on Ca?" from silicates, as in the empirical Na—K-Ca geo-
thermometer (Cioni and Marini, 2020).

Finally, the presence of deep CO; and cold interactions at very
shallow depths with magmatic products has also been suggested (Boni
et al., 1980; Duchi et al., 1991; Nisio, 2008; Bono, 2011). Specifically,
some water samples with predominantly alkaline-bicarbonate compo-
sitions resulting from the latter process were detected by Bono (2011).
Unfortunately, the exact location of these samples is unknown. How-
ever, some secondary trends that deviate from the global trend toward
the Na(K)-HCO3 composition could support the hypothesis of diffuse
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COs input in the area (Fig. 5). All these processes can simultaneously
constitute a Na-Cl hydrogeochemical facies for the most mineralized
waters on the Pontina Plain, increasing the abundance of chloride ions.

Additionally, principal component analysis (PCA) was applied to
major ions and trace elements to identify groupings or clusters of sam-
ples on the basis of compositional similarities (Holmslykke et al., 2019).
The PCA results are presented as a biplot (Fig. 6) showing both the
component scores of the samples (red dots) and the loadings of the
variables (eigenvectors displayed in blue). The PCA results show
different groups of samples and variables: the GV samples present pos-
itive values of PC1 and PC2, which correlate with Ga, Na, Cl, Cs, Rb, EC,
Li, B, SO4, Mg, T, Co, K, and Sr. Similarly, the samples from the PC spring
had positive score values on PC1 but lower values (close to zero) on PC2.
Therefore, PC samples seem to be principally correlated with the last
four variables listed above, together with Ca. The clustering of these two
springs (i.e., GV and PC) could be ascribed to their greater temperature
and salinity. Indeed, they were the only two brackish samples (TDS > 1
g/1) detected in this study. However, the primary anomaly of the GV
samples remains to be explained, particularly for the trace elements Ga,
Li, Rb, Cs, and B, which may indicate interactions with magmatic rocks
(see Sections 5.2-5.3). The samples from the AP spring had positive
values for PC1 and negative values for PC2, which were related mainly
to HCOg, Fe, and Mn. In the opposite quadrant, where the PC2 values
were positive and the PC1 values were negative, the samples from the
springs close to Ninfa Lake (N and NB) are grouped (Fig. 6). Despite their
lowest salinity (0.2 g/1) and sulfate concentration (~5 mg/1), these
springs present anomalous concentrations of Cr, V, Mo, and Al and pH
values that were higher than those of other springs. This variable cluster
could be associated with the decomposition of organic matter (e.g.,
Smedley and Kinniburgh, 2017), as evidenced by the constant presence
of dissolved nitrates. Finally, the remaining springs with intermediate
salinities (0.4-0.8 g/1) formed a cluster with negative values for both
PC1 and PC2.

In the correlation plot (Supplementary Material 2), the positive and
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Fig. 6. Principal component analysis (PCA) plot. Both the loadings of the variables (eigenvectors, in blue) and the component scores assigned to the samples (red dots
with the ID of the spring samples) are shown in relation to the first two components (PC1 and PC2). Preliminary data (e.g., correlation matrix) and full results of the

PCA are provided in Supplementary Material 4.
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significant correlations mainly concern the relationships between the
main constituents and the chemical-physical variables. Among these,
the highest and most significant Pearson correlation coefficients (r)
pertain to the relationships between Na-Cl (1.0); EC-Na and EC-Cl
(0.99); Mg-SO4 (0.98); T-SO4 and EC-Mg (0.97); C1-SO4, EC-SO4, and
T-EC (0.96); and K-SO4, Mg—Cl, and Na-SO4 (0.95). This is primarily
because at relatively high salinity (and EC) levels, the Na and Cl vari-
ables dominate, whereas the sulfate and magnesium concentrations,
resulting from the dissolution of gypsum/anhydrite and dolomite,
respectively, are subordinate and at lower concentrations. Exceptions
include carbonate alkalinity (cAlk = HCO3), which mainly had nonsig-
nificant correlations (except for Ca-HCO3 with r = 0.63 according to
carbonate dissolution and scattered values at lower concentrations), and
pH, which mainly shows inverse (negative r) relationships. For most
trace elements, we also observed nonsignificant correlations, except for
the r values of Li-B (0.99), Li—Cs (0.98), and Li-Rb (0.97). The results of
multiple isotopes of §0(H,0), 82H(H0), 5°*S(S04), 5'80(SO4),
875r/%08r, and 8''B are listed in Table 2. Stable isotopes of water 580
(H,0) and 62H(H20), measured for five selected groundwater samples
(i.e., N, AP, AZ, PC, and GV), ranged from —7.3 to —6.6 %o and between
—43 and —39 %o, respectively. The 834S(SO4), 6180(504), 87Sr/86Sr, and
5'!B values were analyzed only for the springs included in Groups 2 and
3 (see Table 2).

5. Discussion

In this section, we discuss the structural geometry of the study area
and the fluid circulation within a fault-controlled karstic setting. Our
objective is to constrain a conceptual groundwater flow model sup-
ported by a hydrogeochemical multicomponent approach. We also
discuss the different aspects of the groundwater signature to identify the
sites and processes of both mixing and water-rock interactions in a
major fault zone.

5.1. Structure of the Pontina Plain and the adjoining karstic aquifer

As depicted in Fig. 7a, we reconstructed the deep structure of the
Pontina Plain and the adjoining karstic aquifer of the VR, considering
the available public data of the studied region. In light of the new
structural data presented in Figs. 3 and 4, the fault edging the Pontina
Plain has a stepwise shape of segments that are as long as 10 km. These
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segments are associated with a minimum displacement of 500-600 m
near Norma and approximately 600-700 m at La Catena, where S-rich
springs are likely related to the intersection with the main NW-striking
main fault intersecting the outcropping Upper Pleistocene breccia.
Considering that faults with similar surface rupture lengths occur in the
Ausoni Mounts (Alessandri et al., 2021), reach up to 10-12 km, and have
structural offsets on the order of 0.8-1 km, we estimate that the mor-
phostructural elevation of the plateau reported in Figs. 3 and 4 for the
fault edging the Pontina Plain accounts for only a part of the actual
structural offset across the fault, thus lining up with the 0.8-1 km
described above. Faults and fractures associated with the studied fault
zone became sites of travertine precipitation (Fig. 3). In these areas, the
presence of alabaster and speleothem concretions aligned with minor
NE-striking faults highlights the presence of long-lasting circulation of
fluids within minor cross-faults. Furthermore, the presence of dolins
overprinting the fault-related morphostructures of the fault edging the
Pontina Plain and the presence of active sinkhole formation on the plain
(Bono, 1995; Figs. 3 and 4) suggest ongoing morphostructural evolution
related to fluid circulation. To establish a larger-scale structural model
that allows us to determine the deep structure of the southern sector,
where mineralized waters occur, we used information from available
wells and seismic lines (Cardello et al., 2020, 2021).

To reconstruct the subsurface geometry, we used two main key ho-
rizons: the bottom of the Plio-Pleistocene syn-rift units (MVA) and the
top of the Triassic units, identified by the wells in Fig. 6b. Triassic
evaporitic layers (Anidriti di Burano Formation, BU, Fig. 7b) were found
at approximately 2100 m depth in the Latina Gulf, with a thickness of
approximately 450 m. The other Triassic units are dolostones. They
occur offshore and onshore of the southern VR, with minimum strati-
graphic thicknesses of approximately 650 and 1800 m, respectively.
Extensive outcrops near Gaeta reach a minimal stratigraphic thickness of
approximately 200-250 m (Fig. 7a). Fig. 7c-d presents the reinterpre-
tation of a crucial seismic line, aiming to identify sites of groundwater
interaction with various rock types at depth, including evaporitic for-
mations, which mix with the dominant karstic freshwater component.
The reinterpretation of seismic line LT-328-86 V in Fig. 7c-d provides
insights into the tectonic setting at depth. In line with previous in-
terpretations (Milia and Torrente, 2015; Milia et al., 2017; Tavani et al.,
2023), our model aims to delineate in greater detail the Quaternary
normal faults within the Pontina Plain. We constrain the top of the
carbonate substrate from the near-surface to approximately 0.2-0.3 s

Table 2
Isotopic contents of springs from the study area are reported (sample ID corresponds to the sites displayed in Fig. 2d-e).
Sample ID Sampling date 82H(H,0) 8'50(H,0) 8'80(804) 8%5(504) 878r/56sr 8B
(dd/mm/yyyy) V-SMOW V-SMOW V-SMOW V-CDT NIST 987 SRM 951a

GV 30/01/2020 -39 —6.6 - - - -

GV 19/10/2020 - - - - - -

GV 12/02/2021 - - 13.4 21.4 0.707942 13.83
C 30/01/2020 - - - - - -

C 19/10/2020 - - - - - -

AZ 30/01/2020 —42 -7.1 - - - -

AZ 19/10/2020 - - - - - -

PC 30/01/2020 —40 -6.9 - - - -

PC 19/10/2020 - - - - - -

PC 12/02/2021 - - 9.6 15.8 0.708172 18.45
NB 30/01/2020 - - - - - -

NB 19/10/2020 - - - - - -

N 30/01/2020 —43 -7.3 - - - -

N 19/10/2020 - - - - - -

FM 30/01/2020 - - - - - -

FM 19/10/2020 - - - - - -

M 12/02/2021 - - 9.2 13.9 0.707873 20.75
AP 30/01/2020 —41 -7.0 - - - -

AP 12/02/2021 - - 9.5 14 0.708061 7.39
PS 30/01/2020 - - - - - -

PS 19/10/2020 - - - - - -

PR 30/01/2020 - - - - - -
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near the Pontina graben, 0.8 s in the depocenter of the plain, and 0.5 s
near the southwest coast. The maximum thickness of the siliciclastic
succession corresponds to approximately 0.5 km at the Fogliano bore-
hole to approximately 1.5 km in the middle of the Pontina Plain, while it
is much thinner near the VR (approximately 0.3-0.5 km thick). Geo-
metric relationships and Quaternary geomorphic evidence indicate that
normal faults overlay the inherited Miocene fold-and-thrust system,
highlighted by the top-Triassic reflector depth of approximately 2.5-3
km at the hanging wall of the fault edging the VR, creating a horst and
graben structure tied to the Tyrrhenian margin back-arc extension and
its thermal anomaly (https://geothopica.igg.cnr.it). Overall, our inter-
pretation suggests that carbonate units host an unconfined aquifer and
semiconfined aquifers to a limited extent, characterized by variable
salinity and hydrogeochemistry depending on the heterogeneity of
lithological types (Tuccimei et al., 2005).

5.2. Stable isotopes of water (5°H and §'%0)

The isotopic compositions of the water molecules in the samples
analyzed in this study highlight their meteoric origin, which is in line
with previously published results (Boni et al., 1980; Governa et al.,
1989; Duchi et al., 1991). In particular, all spring waters fall within
(Fig. 8): i) the global meteoric water line (GMWL; Gourcy et al., 2005),
which has a deuterium excess d = 10.9, and the line of the spring waters
from carbonate aquifers in Central Italy d = 17 (Celico et al., 1984;
Governa et al., 1989) (Fig. 8); and ii) the confidence interval (C.I.)
calculated on mean data of the weighted-amount precipitation at five
weather stations in the Latium region (Fiori, 2007): 62H(H20) =7.01

-34

-36 1

-38 1

-40 1

5°H(H,0) (%o vs V-SMOW)

-44

@ Az
@

O literature

-7.0
5"°0(H,0) (%o vs V-SMOW)

-6.5 -6.0

Fig. 8. Oxygen and hydrogen stable water isotope ratios, in %o, versus V-SMOW
(this study) or SMOW (literature). Thick and thin continuous lines depict the
composition of precipitation at the global scale (Gourcy et al., 2005) and that
from carbonate aquifers in Central Italy (Celico et al., 1984), with deuterium
excesses of d = 10.9 and d = 17, respectively. The dotted—dashed line with the
dark gray confidence interval (C.1.), the dotted line with the light gray C.I., and
the dashed line with the gray C.I. are the meteoric lines of Latium (Fiori, 2007),
the Lepini Mounts, and the Pontina Plain (Sappa et al., 2012), respectively.
Literature data, including Fogliano borehole water (F-field), are also shown for
comparison (Boni et al., 1980; Governa et al., 1989; Duchi et al., 1991). The
abbreviations of the springs are listed in Table 1.
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(£0.42) x SISO(HZO) + 6.7(+£2.4). However, contrary to the findings in
the literature, the samples show a clearer alignment toward the
composition of the water from the borehole at Fogliano, with 8180(H20)
= —6.2 %o and §2H(H20) = —35 %o (F-field in Fig. 8) (Boni et al., 1980;
Governa et al., 1989), rather than toward seawater, with 6180(H20) =
52H(H,0) = 0 %o. In particular, the GV sample has the most significant
contribution from deep fluid (Fig. 8). Furthermore, samples indicate a
predominant recharge from the northern VR (Fig. 2), falling within the
C.I. of the meteoric line of the area, 62H(H20) = 4.01(+0.47) x 51%0
(H20) - 13.0(+3.0) (data from Sappa et al., 2012) (Lepini Mount
meteoric water line in Fig. 8). The large scatter of literature data around
that line is probably due to greater analytical uncertainty. In contrast,
the more positive oxygen and hydrogen ratios of the Fogliano borehole
water (F-field in Fig. 8) in the confidence interval of the Latium meteoric
water line are probably due to a recharge contribution from the coastal
area, which is consistent with the isotopic data from the Fogliano
meteorological station (5 m a.s.L.): 6180(H20) = —4.34 %o and 62H(H20)
= —20.3 %o (Fiori, 2007). Finally, both the water from the Fogliano
borehole and the sampled springs show a mean deuterium excess of d =
14.6, which is very close to the value of d = 15 inferred for the Tyr-
rhenian/Central Mediterranean area (Gat and Carmi, 1970).

5.3. Isotope ratios of dissolved strontium (87 Sr/BGSr), sulfate (5348 and
5'80) and boron (5 1'B)

Using the individual analyses of the isotope ratios of dissolved
strontium (87Sr/868r), sulfate (6345 and 6180), and boron (611B), we aim
to discern the types of rocks that groundwater has encountered and
determine whether multiple fluid—rock interactions can be distinguished
at the edging fault of the Pontina Plain, along with the temperatures at
which these interactions occurred. The isotope ratios of dissolved
strontium and sulfate can provide valuable insights into water-rock
interaction processes. With respect to strontium, the 8”Sr/%Sr ratios of
the spring water samples in this study ranged between 0.7079 (GV) and
0.7081 (AP). Specifically, the lower value of GV is compatible with a
predominant contribution from Upper Triassic evaporites. Globally, this
period has values ranging from 0.7077 (late Rhaetian, 201.46 Ma) to
0.7080 (late Norian, 210.2 Ma) (McArthur et al., 2020), and the central
value of this range coincides with the average value of gypsum/anhy-
drite samples from the Anidriti di Burano Formation from the same
period (0.7078 £ 0.0001, N = 7; Boschetti et al., 2017). The comparison
with other literature data as a function of the reciprocal concentration of
Sr (Fig. 9) does not reveal appreciable and diagnostic shifts toward
carbonate or volcanic rocks. Presumably, this is due to the higher sol-
ubility of sulfate minerals and their high strontium concentration
(Boschetti et al., 2005).

This hypothesis is also supported by the dissolved sulfate isotopic
composition diagram (Fig. 10a), where water samples are close to the
primary samples, with 5%45(SO4) = 15.5 + 0.4 %o and 5'%0(SO4) = 10.8
=+ 1.2 %0 (99 % C.I.; Boschetti et al., 2011), and secondary (i.e., alteration
by syn- or postdepositional processes) gypsum and anhydrite from the
Upper Triassic Anidriti di Burano Formation in the northern Apennines
(Boschetti et al., 2011), which was also encountered offshore of the
Pontina Plain in the Michela 1 well (Figs. 2, 7b). Additionally, based on a
comparison of the literature data from the northern VR and springs with
the primary Anidriti di Burano Formation composition, as highlighted in
Fig. 10a, a substantial enrichment in the GV sample (Governa et al.,
1989) occurs, while a depletion occurs in the other samples. The
observed divergent trends are likely attributable to an intermediate ki-
netic bacterial reduction process, resulting in an enrichment of residual
sulfate, and a process involving the oxidation of dissolved sulfide in
shallower (and oxidized) waters (Fig. 10b). Considering the over-
estimation of approximately 1 %o of the §'%0(S04) values in the litera-
ture data (Boschetti, 2013; Boschetti and Iacumin, 2005), it is possible to
calculate a temperature of approximately 98 °C for the Fogliano bore-
hole via the 1Ogln(xlSo(anhydrite_water) fractionation factor (Boschetti
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et al., 2011). The obtained value is compatible with an estimate of 93 °C
via the Na-Li geothermometer for waters from sedimentary basins (Eq.
(9) in Sanjuan et al., 2014) and the chemical data from the Fogliano
borehole (Camponeschi and Nolasco, 1983). Furthermore, taking into
account the geothermal gradient map of the study area (Trumpy and
Manzella, 2017), the depth corresponding to the average temperature of
95.5 + 3.5 °C is estimated to be approximately 3 km, which, according
to the interpreted seismic line in Fig. 6¢-d, could lie within Triassic units
that are likely to be connected with the evaporitic buried succession
drilled in the Gulf of Latina (Michela 1 well, Figs. 2, 7b).

By analyzing boron isotopes, we assume that the dissolved boron in
the sampled springs has a geogenic origin. In fact, to the best of our
knowledge, there has been no evidence of anthropogenic boron pollu-
tion in the groundwater of the study area. Indeed, the boron concen-
tration is well below the 2.4 mg/l guideline value (WHO, 2022).
Furthermore, as all springs swing around neutrality with negligible
fluctuations, fractionation due to pH can be ruled out. Nevertheless, in
contrast to strontium and sulfate, the isotopic stratigraphy capability for

e 11B/19B isotope ratio has yet to be discovered. This implies that the
age of the marine carbonate—evaporitic formation, with which ground-
water has interacted, cannot be determined. This limitation also affects
palaeoceanographic studies, which remain largely empirical (Branson,
2018). Despite this, boron dissolved in four selected springs (two Na—Cl
springs, GV and PC, and the two “intermediate” compositions, AP and
FM) seems to be determined by multiple natural sources that, in the first
approximation, could be related to carbonates and silicates, in addition
to the already mentioned evaporites (Fig. 11). While the sedimentary
lithologies are likely intersected by the fault edging the Pontina Plain,
magmatic rocks are not known to exist at depth, although their role was
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already envisaged by Boni et al. (1980). Therefore, as best depicted later
in Section 5.4, it is worth noting that most major faults in the northern
VR were utilized by monogenetic magmatism during the Pleistocene
(Cardello et al., 2020; Marra et al., 2021). In our particular case, we
highlight that GV is characterized by the most significant thermal
anomaly, which falls close to the intersection of two binary mixing
curves, namely, i) boron from interactions with carbonates and release
from volcanic units at high T (> 25 °C) and ii) boron from Upper Triassic
evaporites and release from clay minerals (Boschetti et al., 2019).
Therefore, the boron isotopic composition appears to be regulated by
complex four-member mixing.

5.4. Interpretative hydrogeological model

In this section, we discuss the plausibility of our findings in terms of
the sites of mixing and the groundwater-rock interaction processes.
According to the analyses conducted in our study area, the hydro-
geochemical composition of springs along the piedmont transtensive
fault edging the Pontina Plain exhibited a progressive increase in
mineralization (Figs. 2, 3) toward the southeast (Figs. 2, 4). Thus, some
water-rock equilibria were examined through activity diagrams, satu-
ration indices, CO; partial pressures, and abundances of several specific
trace elements (e.g., Li-Rb-Cs).

In the Na®™/H" vs. K"/H" activity diagram (Supplementary Material
5), a large portion of the water samples lies within the stability field of
kaolinite. The only exception is represented by GV, which shows
enrichment in the K*/H" ratio, likely due to mixing with fluid from the
Fogliano borehole, recalculated at a temperature of 95 °C (F-field) ob-
tained in Section 5.3. Owing to the thermodynamic and compositional
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Fig. 10. (A) 6180(304) versus 534S(SO4) of the spring waters sampled in this
study (colored circles) and the literature (small white circles; Governa et al.,
1989; and F = Fogliano borehole). The gray area delimits the Upper Triassic
“primary evaporite sulfate” values and the pooled standard deviation Upper
Triassic sulfate minerals in the Apennine (gypsum and anhydrite of the Anidriti
di Burano Formation), whereas the dotted ellipse delimits the C.I. at 99 % of the
mean § values (Boschetti et al., 2011). Low and high sSRR arrows depict the
microbial cell-specific sulfate reduction rate (Brunner et al., 2005). (B) 5'%0
(SO4) versus 634S(SO4) of the spring waters sampled in this study (colored
circles) and the literature (small white circles; Governa et al., 1989). Broken
and solid lines delimit areas of possible 580 paths for aqueous sulfate and
water, the former obtained by inorganic oxidation of reduced sulfur involving
or not involving sulfite as an intermediate form (Boschetti, 2013; van Stemp-
voort and Krouse, 1994). The abbreviations of the springs are listed in Table 1.

variability of the involved alumina silicates, which can affect the equi-
librium activity of solids and thus the position of their stability limits, it
is probable that the high K*/H™ activity ratios of the fluid samples from
the Fogliano borehole (Fig. 7), as well as historical spring water samples,
can be attributed to possible interactions with mica (muscovite) and K-
feldspar (sanidine, which is not known in volcanic rocks of the area; c.f.
Marra et al., 2021) (see Supplementary Material 1). Furthermore, all
samples in this study exhibited undersaturation with respect to leucite.
This mineral is not present in the diagrams, as it lies behind the sanidine
field, and in any case, it is present only at temperatures exceeding 150 °C

15

Science of the Total Environment 951 (2024) 175439

(at T > 190 °C with silica saturated by quartz). Therefore, it is un-
doubtedly risky to utilize a Na-K geothermometer where a generic K-
feldspar is used as the sole K-bearing mineral phase. Moreover, the limits
defined by Na™/H™ ratios are also difficult to attribute since the possible
minerals involved may include (i) sodic zeolites, which are typically
present in volcanic rocks such as (Na)-phillipsite or analcime, and (ii)
albite (low) and quartz. The latter occur within the Verrucano and the
Anidriti di Burano formations as well as in other crystalline basement
units (e.g., Boschetti et al., 2017; Barberio et al., 2021). Another possible
candidate could be pyroclastic Peperino units (NayO < 3 %; Civetta et al.,
1981), which, together with lava dikes and flows, are distinctive of the
tectonically controlled rooted centers of the Volsci Volcanic Field
(Cardello et al., 2020; Marra et al., 2021; Fig. 2). These elements could
extend to the edge of the Pontina Plain (Boni et al., 1980; Cardello et al.,
2020). To help discriminate among these options, our estimates of the
water origin could help predict their actual presence in the subsurface.

Concerning the Li, Rb, and Cs concentrations, the anomalies in GV,
already noted in the PCA (Fig. 6), are also evident in the Li-Rb-Cs
ternary diagram (Fig. 12). In particular, Fig. 12 illustrates how mixing
with deep fluids that have interacted with the Anidriti di Burano For-
mation (Triassic evaporites) is not sufficient to explain the excess Cs,
which could be related to magmatic rocks in the subsurface associated
with the edging faults of the Pontina Plain (Fig. 7).

Thus, interactions with kamafugitic or phenolitic volcanic rocks are
necessary. Elsewhere in the Apennines, it has been hypothesized that
kamafugites such as those of the Cupaello eruptive center (c.f. Barberio
et al., 2021) could result from interactions of meteoric or hydrothermal
waters with carbonatites in equilibrium with alkaline silicate melts
(Martin et al., 2012). Notably, one of the cesium-rich minerals found in
volcanic rocks is pollucite, a feldspathoid isotypic with analcime and
leucite, which is typically found in local volcanic rocks, whereas the
former is commonly the alteration product of the latter.

Considering the activities of the dissolved species in the GV sample
and a hypothetical equilibrium between analcime and pollucite:

CsAlSi, 0 + 0.03038i0, (aq) + 1.01H,0 + Na*

Pollucite
= 1.01Nag 99Alg 995120106 ® H0 + Cs™
Analcime

A temperature of approximately 40 °C is inferred (calculated via the
Rxn tool of the GWB suite and the Thermoddem thermodynamic data-
base). The same temperature can be obtained considering the mixing
fractions of two endmembers, namely, Ca-HCO3 water from the north-
ern VR at T=11.0°C (Sappa and Tulipano, 2011) and Na-Cl water from
the Fogliano borehole at 95.5 °C, 0.765 and 0.235, respectively, as
calculated by the NetPath code for obtaining the GV water.

The calculation of gypsum saturation indices and the partial pressure
of CO; in the water samples (both from this study and the literature)
highlight how the values could be explained essentially by binary mix-
ing between the waters from the northern VR and Na-Cl gypsum-
saturated Fogliano deep fluids with logP(CO3)g = 0.8 (recalculated in
this study at T = 95.5 °C and P = 294 bar; Supplementary Material 6).
Similarly, the recalculation of the GV sample at T = 40 °C yielded the
highest value for the sample spring, i.e., logP(CO2)g = —0.8, which
confirms the contribution of CO5 from a degassing mantle in the area
(Minissale, 2004; Frondini et al., 2019). The exception is represented by
shallow groundwater near the southern seashores of the Pontina Plain,
which clearly mixes with seawater (Sappa et al., 2012). Furthermore, in
some springs and sinkhole lakes, CO, anomalies that exceed mixing
values may be caused by deep gas inputs (Panichi and Tongiorgi, 1976;
Boni et al., 1980) (see Supplementary Material 7).

Therefore, as illustrated in Fig. 13, it could be hypothesized that GV
waters, originating from mixing between deep Na—Cl-type fluids such as
Fogliano and Ca-HCOs3 waters from the northern VR (i.e., Ninfa), may
have reached equilibrium at the temperature resulting from interactions
with leucite-bearing magmatic rocks (sensu Marra et al., 2021). This



F. Gori et al.

Science of the Total Environment 951 (2024) 175439

40 &
4 L~ seawater
] rainwater
30 4
= apemessaaccoe il
0 1 carbonates _— = evaporites|
% 20 4 o K,/v - 79_ = A (Upper Trias)
Z | - —.-
& ] g
g 101
£ ]
m 1 ¢ IS
= 0 - ;_[—_c»at’e/s :B-release from
1 ili X 4
pyroclastic deposits|
1 Acv ArPc )
-10 1
] OFM @AP /
4 clays [ _
] > S
-20 T a S r—— r — T
1 10 100 1000 10000
B (ug/l)

Fig. 11. 5''B versus boron concentrations of four selected springs from the Pontina Plain. The dashed-contoured areas depict different and common boron sources
(redrawn from Boschetti et al., 2019), and the solid curves represent the binary mixing between them. The abbreviations of the springs are listed in Table 1.

\ (Rb/Cs

\.Trachibasalts

80 T
Iifnestones : \
T N 4 )
I crust | ‘x % Lo =
100 l‘~ 'V K-C \/—_ca@@ i@m@nﬁ
4Rb CupaeIIo, A 10CS
0 20 40 6 80 100

@ N @R @ 7 @ A4 A CPC
® B @ s OQc O™ A 6
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Stoppa and Cundari, 1995) and Rb/Cs ratios in trachibasalts and phonolites from Vico and Vulsini (Peccerillo, 2017) are also shown with dotted lines for comparison.

figure analyzes fault-controlled spring karst systems that, according to
Keegan-Treloar et al. (2022), range from the local scale to the regional
scale. The latter is the case for the fault structure edging the Pontina
Plain, which, according to our evidence and seismostratigraphic anal-
ysis, is dominated by carbonates. Like the findings in the southern VR
reported by Saroli et al. (2017) and Cuoco et al. (2017), in the northern

VR, geothermal fluids may also create convective loops that trigger
mixing between hot rising fluids and cold karstic water. Unlike the
southern VR, where a strong magmatic component occurs within a
complex fault—controlled mixing zone, in the northern VR, the magmatic
component is less prevalent. Here, the hydrogeochemical signatures
reveal that deep thermal water of meteoric origin interacted with
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activity at the edge between the VR and the Pontina Plain.

evaporitic and magmatic rocks. Furthermore, structural evidence of the
fault structure (Figs. 3, 4) and neotectonic findings (Alessandri et al.,
2021), which constrain basal groundwater flowpaths, act at the same
time as preferential pathways for deep thermal fluid upflow, whose
evidence is recorded at S-rich springs. As shown in Fig. 4, the travertine
deposits surrounding the fault-controlled springs can provide a histor-
ical record of fault and spring discharge activity (e.g., Hancock et al.,
1999; Brogi and Capezzuoli, 2009; Priestley et al., 2018) from a
geological time perspective (see Brogi et al., 2012). Both morphostruc-
tural and stratigraphical observations, including speleothems, show that
the present-day location of the springs (Figs. 2, 3, 4a) depends on pro-
longed interactions between climate and tectonics (see Section 2.2).
However, the area also experiences ongoing karstic drainage evolution,
represented by drained karst fields, sinkholes, and dolines occurring
along high-angle fault zones. Furthermore, the young morphology,
especially the N- and E-striking structures (Agostini, 1992; Faccenna,
1993), which commonly occur along the numerous springs distributed
over a 25 km long front (c.f. Figs. 3f, 4f), confirms the immaturity of the
drainage system, which, even in the driest seasons, results in sustained
basal water flow, contrary to mature karst settings. The present-day fault
activity, as three-dimensionally depicted in Fig. 13, is highlighted by the
location of relatively low-magnitude earthquakes along the NW-striking
faults bordering the Pontina Plain. Those are confined to depths of up to
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6 km in the hanging wall, while reaching depths of approximately 4 km
in the footwall. As this context is associated with degassing of deep-
sourced CO2 (Panichi and Tongiorgi, 1976; Boni et al., 1980) and
considering their close relationship with seismic activity (Buttitta et al.,
2023), further studies in this sense are encouraged.

The fault-controlled mixed groundwater karstic aquifer could serve
as an example of similar structures in fold-and-thrust belts worldwide
affected by alignments of karstic and variably diluted S-rich springs,
such as those in the Jura mountains (e.g., Guglielmetti et al., 2022),
where deeper interactions may also occur with the crystalline basement
(c.f. Saroli et al., 2017). The VR-Pontina Plain example differs from the
Jura mountains example because of the interactions with a K-bearing
magmatic component, which has now been resolved with unprece-
dented detail and is worthy of further investigation.

Furthermore, identifying sites and processes related to groundwater
mixing is crucial for effective management and environmental protec-
tion strategies of the resource over an area inhabited by 0.4 million
people (https://www.regione.lazio.it/). This area is also home to sig-
nificant agricultural and industrial activities that heavily benefit from
and exploit water resources and are responsible for serious environ-
mental and social impacts (Sappa et al., 2005), manifested by the sub-
stantial decline in piezometric levels and the increase in seawater
intrusion (Manca et al., 2013). In addition to these local issues, ongoing
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climate change may also impact groundwater quality (Sappa et al.,
2014; Cioffi et al., 2017; Cappucci et al., 2024), which is influenced by a
decrease in karstic aquifer recharge (Barbieri et al., 2021). Specifically,
climate change effects can be enhanced in areas where the contribution
of deep fluids is evident. Uprising fluids can enhance water-rock in-
teractions (e.g., lowering the pH) and potentially promote the leaching
and mobility of some dangerous trace elements (e.g., heavy metals, such
as As; Chiarabba et al., 2022) (Supplementary Material 3) along the
flowpath toward the surface. In particular, we point out that many
springs display have As concentrations higher than the WHO guideline
value of 10 ppb (WHO, 2022), reaching 32 ppb in the GV spring. Long-
term hydrogeochemical monitoring is crucial and should be undertaken
for detecting variations in groundwater quality, providing valuable in-
formation for stakeholders and the entire community.

6. Conclusions

To unravel the complex mixing interactions within one of the most
representative fault-controlled mixed groundwater karstic aquifers in
Central Italy, we integrated hydrogeochemical and isotopic analyses,
framing them together with a structural review of the Pontina Plain.
Field and seismic stratigraphic studies allowed us to extend our in-
terpretations to depths of 5-7 km and provide insights into fault-fluid
dynamics, contributing to mixing processes and multiple groundwa-
ter-rock interactions. This hydrogeological system has been evolving
since at least the Late Pleistocene, as supported by our morphological
and structural evidence.

Groundwater from the northern Volsci Range (VR) karst aquifer
feeds springs with varying degrees of mineralization, exhibiting a
discernible hydrogeological evolution from the Ca—HCO3 hydrofacies to
the Na—Cl hydrofacies, leading to the identification of three main spring
groups on the basis primarily of their electrical conductivity (EC) values.
The stable isotopes of water (5'80-82H) in all the samples align with
Latium meteoric water, indicating a meteoric origin predominantly
recharged from the northern VR. The isotopic signatures of water mol-
ecules in the southernmost spring (GV), which is the most mineralized
sampled spring, show enrichment in heavy isotopes, possibly linked to
the inflow of deep meteoric waters that have been related to those
measured at the Fogliano borehole. The latter, also of meteoric origin, is
enriched because of recharge in the local coastal area. The calculated
saturation indices, CO5 partial pressures, and isotope ratios of strontium
and sulfate consistently indicate that the hydrogeochemistry of the
southernmost studied springs is a result of a mixing process with deep
Na-Cl water, interacting with the Anidriti di Burano Triassic evaporites,
and, during its ascent to the surface, mixed at a shallower portion of the
crust with Ca-HCO3 water from the karstic aquifer. This interpretation is
supported by trace element concentrations (e.g., Li-Rb-Cs), with an
excess of Cs possibly explained by interactions with ultrapotassic vol-
canic rocks such as pyroclastic deposits, lavas, or dikes. Through the
application of chemical, isotope, and activity geothermometers, the
equilibrium temperature of approximately 95.5 °C for the deep waters
from the Fogliano borehole suggests a depth of deep fluids reservoir at 3
km, possibly in the evaporites (as supported by subsurface analysis),
based on the geothermal gradient of the study area (30 °C/km). Addi-
tionally, a geochemical model simulation, which uses the calculated
temperatures for the two endmembers (i.e., 95.5 °C for the deep Na-Cl
fluids and 11 °C for the Ca-HCO3 water from the northern VR), suggests
that the mixing water may have reached equilibrium at 40 °C because of
interactions with rooted magmatic rocks at an estimated depth of
approximately 1 km within the otherwise carbonate-dominated fault
structure edging the Pontina Plain.

Therefore, the complexity in the geochemical composition of the
local springs is due not only to the varying degrees of mixing between
shallow and deep components but also to the involvement of karst
(carbonates), evaporites, and volcanic (silicates) products in the
water—rock interaction processes, which occur at different temperatures
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and depths. Additionally, the calculation of mineral saturation indices
and CO;, partial pressures reveals that water-rock interactions are driven
by an excess of deep (mantle) CO, dissolved in groundwater. The
innovation of this study involves the use of trace elements and multiple
isotope ratios (such as 87Sr/865r, 634S(SO4), 6180(504), and 5''B) never
before published for the area under investigation. In particular, stron-
tium and sulfur isotopes elucidate the contributions of evaporites to
water—rock interactions, whereas 6180(804) and 5''B values help trace
the effects of temperature. Thus, this multi-isotopic approach signifi-
cantly enriches the understanding of karstic hydrogeological systems.
Moreover, our trace element results provide new insights into both the
geological and environmental aspects of the study area: (i) cesium, a
magmatic element, reveals a previously unexplored feature of the un-
derlying geological environment, which aligns with the volcano-tec-
tonic characteristics of the Volsci Volcanic Field; and (ii) As, a dangerous
heavy metal, has concentrations that are higher than the WHO guideline
value in many of the sampled springs, highlighting the importance of
future long-term hydrogeochemical investigations to monitor potential
changes in groundwater quality induced by climate change effects (i.e.,
a decrease in the contribution of rainfall to aquifer recharge with respect
to deep-fluid contributions). Further research is warranted to explore
deeper circulation patterns and refine hydrostructural model method-
ologies applied to similar settings worldwide.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2024.175439.
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