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Abstract Aiming at understanding the source of the fluids that mineralizing within seismically active fault
zones, we investigate the noble gas isotopes (i.e., helium (He), neon (Ne), and argon (Ar)) in the fluid inclusions
(FIs) trapped in the calcite veins sampled along high-angle fault zones of the Contursi hydrothermal basin,
southern Italy. The latter basin lies in close vicinity of the My, = 6.9, 1980 Irpinia earthquake and exposes
numerous fault scarps dissecting Mesozoic shallow-water carbonates. The analyses of noble gases (He, Ne, Ar)
are conducted to identify the origin of the volatiles circulating along the faults at the time of calcite precipitation.
Then, outcomes of this discussions are compared with currently outgassing of deep-sourced CO, coupled to
mantle-derived He in that area, whose output is larger than those from some volcanic areas worldwide. The
results indicate that He in FIs is dominated by a crustal radiogenic component (*He), and by an up to 20% of a
mantle-derived component (*He), with a highest isotopic signature of 1.38 Ra. This value is consistent with the
highest percentage of mantle-derived He associated to high-flux CO, gas emission in the investigated area (1.41
Ra). We propose that the variability of the He isotopic signature measured in primary Fls can result from early
trapping of fluid inclusions or post trapping processes and seismic activity that modify the pristine He isotopic
signature (i.e., derived from the crust and/or mantle) in groundwater along the faults during periods of
background seismicity. Such investigations are fundamental to understand fluid migration in fault systems and
the role of fluids in processes of earthquake nucleation.

1. Introduction

Worldwide, regions characterized by high magnitudes earthquakes such as California, USA, SW Japan, the
Anatolian Plateau, Turkey, eastern Tibetan Plateau and both Belice and Irpinia in Italy, exhibit a crustal “He
released from the seismogenic faults diluted with a mantle-derived He component (Boles et al., 2015; Caracausi
et al., 2005; Dogan et al., 2009; Italiano et al., 2000; Kulongoski et al., 2013; Liu et al., 2023; Sano et al., 2016;
Zhang et al., 2021). Recently, it has been shown that this dilution varies spatially in accordance with the dis-
tribution of seismicity (Caracausi et al., 2022). Moreover, such a dilution might also vary over time as observed
during the Kumamoto 2016 earthquake (Japan, Mw = 7.3), reflecting the earthquake magnitude, the host rock
lithology, and the seismic cycle (Sano et al., 2016). In the study area (Irpinia, southern Italy), the active faults form
pathways that efficiently transfer deep-seated fluids at shallow crustal levels (Buttitta et al., 2023; Caracausi &
Paternoster, 2015). Such a transfer is likely due to the volumes of fault-related fractures encompassing the
cataclastic fault rocks and major slip surfaces, which act as efficient fluid conduit for fault-parallel flow
(Faulkner & Armitage, 2013). In carbonates, within host rocks similar to those exposed in the Irpinia area, the
high-angle extensional faults often exhibit high values of secondary porosity and permeability (Agosta
et al., 2009; Giuffrida et al., 2020; Smeraglia et al., 2022), and fault rocks with lower values of both porosity and
permeability (Ferraro et al., 2020). As such, the fractured fault-related volumes might form volumetrically thick
hydraulic conduits allowing fluids to ascend from the Earth's interior toward the atmosphere as documented by
integrated geological and geochemical analyses (Caracausi et al., 2022; Curzi et al., 2022). The fault-related fluid
circulation in the upper crust can be governed by the spatio-temporal evolution of deformation and associated
structural diagenesis of the fault rocks and associated fault-related fractured rock volumes (Balsamo et al., 2016;
Ferraro et al., 2020; Sibson, 2000). Such an evolution is forming an even more puzzling problem if associated
with the seismic cycles characterizing active faults. This makes challenging to interpret the episodes of fluid
ascendance from depth along seismically active fault zones. For this reason, the analysis of fault-related
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mineralization is key to assess the fluid origin, the modalities of fluid circulation through the fault zones, and the
extent of fluid-rock interactions (Agosta & Kirschner, 2003; Buttitta et al., 2023; Marchesini et al., 2022; Ran-
dazzo et al., 2021; Smeraglia et al., 2016, 2018).

In the analysis of the fault rocks and fault-related fractures exhumed from greater depths form shallow crustal
levels, the dilution of deep-seated fluids with the local groundwater might mask the original isotopic signature of
the former fluids. In fact, the reactive volatiles (e.g., CO,) dissolved in water are speciated (e.g., carbonate
equilibrium), and their concentration and isotopic composition are modified by water-gas- rock interaction
processes and solute precipitation (Gilfillan et al., 2009). In this regard, noble gases, chemically inert elements,
are excellent tracers of both fluid sources and physical processes within the crust (Caracausi & Paternoster, 2015;
Curzi et al., 2022; Kendrick & Burnard, 2013; Pik & Marty, 2009). He is the lightest noble gas (Ozima &
Podosek, 2002 and reference therein) and in natural fluids, it is present as *He and “He isotopes, with the former
being mainly primordial and stored in the mantle, and the latter being continuously produced by the decay of U
and Th (Ozima & Podosek, 2002). In stable continental regions, the He flux is dominated by the radiogenic “He
produced in the crust (O’ Nions & Oxburgh, 1988). In contrast, the primordial *He escapes into the atmosphere in
tectonically active regions and/or in areas characterized by volcanic activity (Boles et al., 2015; Caracausi &
Sulli, 2019; O’Nions & oxburn, 1983). As such, the SHe/*He isotope ratio is a powerful tool for recognizing
mantle and crust components in the absence of other geological and geochemical evidence (Caracausi &
Sulli, 2019; O’Nions & Oxburgh, 1988).

In this work, we investigate the mineralization present within seismically active fault zones. After field and
microstructural investigation, we focus on the fluid inclusions (FIs) trapped within calcite veins sampled along
high-angle faults exposed in the Contursi hydrothermal basin and surrounding outcrops of the Irpinia region,
southern Italy (Figures 1 and 2). The Contursi basin is characterized by a high seismogenic potential (Slejko
et al.,, 1998), and currently background seismicity (Mw < 4 http://isnet-bulletin.fisica.unina.it/cgi-bin/isnet-
events/isnet.cgi). This basin is very close to the epicentral area of the Mw 6.9 Irpinia earthquake (November 1980,
Bernard & Zollo, 1989), which is between 1 and 5 km away from the Contursi town. The seismic volume
responsible of the 1980 earthquake is characterized by high values of fracture porosity, and by saturated fractures
(Amoroso et al., 2014, 2017). At Contursi, the low-enthalpy hydrothermal system characterized by a water
temperature in between 26 and 47°C (Gori et al., 2023) allows the current mantle-derived He outgassing (Buttitta
et al., 2023; Italiano et al., 2000). Furthermore, the nearby Mefite D’ Ansanto gas emission site, about 30 km away
from Contursi, shows a high heat flow with values up to ca. 215 mW/m? (Doglioni et al., 1996) and *He/*He ratios
up to 2.84 Ra, which is like those characterizing the active volcanoes in the Campania region of Italy (Vesuvio and
Campi Flegrei), about 80 km away.

This study first focuses on the composition, origin, and circulation paths of the mineralizing paleofluids. The
results are compared with information derived from the present-day outgassing of the Irpinia area to assess the
origin of the mineralizing fluids. In particular, by focusing on He, Ne, Ar isotopes and their isotopes ratios, the
possible role exerted by high-angle faults on the ascendance of deep-seated fluids and their possible mixing with
meteoric-derived fluids is discussed in light of the available bibliography. We believe that the original results of
this study provide new insights into the processes regulating paleo and modern fluid degassing and relationships
with the seismicity and crustal deformation in tectonically active continental regions. Understanding these re-
lationships is a crucial factor for unveiling the circulation and upwelling modes of the fluids in the crust over time
and the propagation of seismogenetic faults and their modes and timing of activation. Consequently, the study of
paleofluids and current outgassing fluids associated with a seismic fault helps us to better understand the
mechanisms of fluid circulation during the phases of fault activity, but also to understand how geochemical data
may have changed due to modifications and post-trapping and/or mixing processes. For sure, multidisciplinary
studies can furnish an answer upon long time monitoring. In this region, the IRPINIA Near Fault Observatory,
was established, so for sure it is an ideal area to get answers about the relationships between crustal deformations,
earthquakes and fluids.

2. Geological Setting

The study area is located in the western portion of the southern Apennines fold-and-thrust belt (Figure 1a). This
belt developed since Oligo-Miocene times due to the progressive collision between the African and European
plates, and interactions with the intervening Adria-Apula plate (Patacca et al., 1990). Regional-scale thrusting
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Figure 1. Tectonic setting of the 1980 Irpinia earthquake. (a) Geological map of the southern Apennines. The dashed red rectangle indicates the area of interest in this
study (modified from Ascione et al., 2013). (b) Cross-section of the study area (after Ascione et al., 2013). The star indicates the hypocenter of the 1980 Irpinia

earthquake (Mw = 6.9). SWBF, SW Boundary Fault; CF, Central Fault; NEBF, NE Boundary Fault.
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Figure 2. Detailed geological map (from CARG “CARtografia Geologica”) of the mineralization vein sampling sites (yellow stars) in the Irpinia region of southern Italy.
Symbols: red squares, red triangles and blue circles indicate free gas emissions, hot saline thermal waters, and cold low-salinity waters, respectively (Buttitta et al., 2023;
Gori et al., 2023); red triangle indicates 1980 Irpinia earthquake (Ciotoli et al., 2013). Insert shows a stereo plot of the two main medium—high angle fault sets identified
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took place by mean of both thin-skinned and thick-skinned tectonics (Shiner et al., 2004), forming a complex
multi-duplex that now day trending approximately N150° direction, subparallel to the strike direction of the main
thrust faults (Patacca & Scandone, 2007). The tectono-stratigraphic units of the belt have been dissected by Plio-
Quaternary high-angle faults associated with the aperture of the Tyrrhenian Sea and/or with the gravitational
collapse of the contractional edifice (Vezzani et al., 2010). Extension currently occurs along the axial zone of the
belt, whereas thrusting takes place along its frontal, peri-Adriatic sector.

Focusing on the axial zone of the southern Apennines, its uplifting began during the Middle to Upper Pleistocene
and it became exhumed due to active extensional faults rooted at depths down to ca. 15 km, as suggested by
surface and sub-surface geology, borehole breakout, and fault plane earthquakes. The greatest amount of
stretching is in the NE-SW direction, with a computed extension rate of 3—5 mm/y (Ascione et al., 2013). In the
study area, the main tectono-stratigraphic units of the belt consist of a deep-seated carbonate of the Apenninic
Platform, and basinal rocks of the Lagonegro Basin (Patacca & Scandone, 2007). At the regional scale, low-angle
thrust faults juxtapose the platform carbonates, at the hanging wall, against the Lagonegro units at the footwall.
The entire accretionary wedge overrides the buried Apulian Platform (Figure 1a). The Contursi hydrothermal
basin area is located along the Sele River valley. The structural setting of this area was previously interpreted as
consisting of a N-S trending graben (Coppola & Pescatore, 1989) where, high-angle faults border the carbonate
massifs and flank the Neogene-Quaternary continental deposits topping the Mesozoic carbonates (Figures la
and 2).

3. Material and Methods

This study was performed using the following interdisciplinary approaches (a) 1:50.000-scale geological map-
ping using sheet (“468 Eboli”) map from CARG (CARtografia Geologica), (b) structural analyses of faults and
fractures, (c) microstructural and textural analyses of calcite veins associated with the identified faults, (d)
measurements of noble gases (He, Ne, and Ar concentrations and isotope ratios) in FIs within calcite veins, and (e)
analyses of U and Th concentrations in calcite samples.

3.1. Field Structural Analysis

Field measurements were made of the attitudes of the main fault planes, kinematic indicators such as striae and
calcite steps, minor slip surfaces, barren fractures, and veins. Comb and slip-parallel veins are oriented
perpendicular and parallel to the main fault planes, respectively (Hancock & Barka, 1987; Stewart & Han-
cock, 1990). These veins were initially interpreted as “tension cracks reflecting down-dip stretching during
localized post-slip stress reorientation” (Hancock & Barka, 1987; Stewart & Hancock, 1990). However, it has
more recently been proposed that comb and slip-parallel veins can also form during co-seismic down-dip
displacement of the footwall block, and co-seismic stress release localizing the ingress and flow of deep over-
pressured fluids (Smeraglia et al., 2018).

The comb and slip-parallel calcite veins analyzed in this study (10 samples, Table 1 and Figures in Supporting
Information S1) were collected from an area that was approximately 40 km”-wide. The following four main sites
were chosen (Figure 2): (a) Senerchia site (SEN 2.1 sample); (b) Colliano and Monte Carpineta fault sites (CVR3,
CVR4, and MCPTA samples); (c) Monte Castello and Vallone Raio fault sites (MC3 and VRDO02 respectively
samples); (d) Contursi hydrothermal basin (T.CAP, PR1W3, and TUF 1.1 samples). These calcite veins cross-cut
Lower Jurassic limestones, Upper Cretaceous dolomitic limestones, and Upper Paleogene marly limestones. The
observed fault segments strike directions are either NW—SE or WNW-ESE. Only the TUF. 1.1 calcite vein
sample was not sampled near fault plane, but rather in a sinkhole structure with associated gas emissions. The
sampled veins commonly include either whitish or greyish calcite crystals, with the latter ones probably asso-
ciated with organic matter. Their widths range from a few millimeters up to about 1 cm. More details on the
structural analysis in the field and the description of the samples are reported in Supporting Information S1.

3.2. Microstructural Analyses and FIs Petrography

Microstructural analyses of calcite veins were performed by optical microscope on polished 40 to 50 pm-thick
sections prepared at the University of Basilicata (Italy) and the University of Salamanca (Spain). Vein textures
were described according to the following nomenclature reported by Bons et al. (2012): “blocky” was used to
characterize roughly equidimensional and randomly oriented crystals, which implied rapid crack opening,
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Table 1
General Data for Mineralization Vein Samples in Seismogenic Fault Systems in the Irpinia Region of Southern Italy
N° Sample ID Site Typology Latitude (N) Longitude (E)
1 MC3_V1 Monte Castello (Contursi Terme) Blocky calcite in comb-vein 40°4124.37" 15°17'55.70"
2 MC3_V2 Monte Castello (Contursi Terme) Fibrous calcite in comb-vein 40°41'24.37" 15°17'55.70"
3 VRDO02 Vallone Raio (Contursi Terme) Blocky calcite slip parallel vein 40°41'08.96" 15°18'35.48"
4 CVR3 Colliano Villa Rosa Blocky calcite in comb vein 40°43'44.53" 15°18'13.63"
5 CVR4 Colliano Villa Rosa Blocky calcite vein 40°43'44.53" 15°18'13.63"
6 PR1W3a Monte Pruno (Contursi Terme) Blocky calcite in comb-vein 40°40'51.03" 15°15'21.49"
PR1W3b
7 TUF 1.1 Terme Tufaro (Contursi Terme) Blocky calcite vein 40°40'23.33" 15°14'56.21"
TUF 1.1b
8 MCPTA Monte Carpineta (Colliano) Blocky calcite in comb vein 40°4324.93" 15°19'01.95"
9 T.CAP Terme Capasso (Contursi Terme) Blocky calcite vein 40°4124.05" 15°15'04.73"
10 SEN 2.1 Senerchia Blocky calcite in comb and slip parallel veins 40°44"28.05" 15°12'01.50"

Note. Comb and slip-parallel veins are the nomenclature first proposed by Hancock and Barka (1987) and Stewart and Hancock (1990) according to the spatial re-
lationships of veins with the fault plane. Blocky and fibrous calcite crystals are a texture proposed by Sibson (2000, 2012).

possibly mediated by fluid overpressure, and rapid precipitation in fluid-filled open cracks (Curzi et al., 2024);
“fibrous” was used to characterize stretched or rod-shaped crystals, which showed a high length to width ratio.
The latter textures were formed by progressive small increments of opening shearing and mineral precipitation
(Gratier & Gamond, 1990; Passchier & Trouw, 2005).

FIs petrography was performed on doubly polished thin sections (60-80 pm thick) by using a Leica DM750P
polarized optical microscope at 40x and 100x magnifications at the University of Salamanca, and a Zeiss Axi-
ophot polarizing microscope hosted at the Laboratory of Fluid Inclusions of Sapienza- IGAG-CNR in Roma.

3.3. Analyses of Noble Gases in FIs

The noble gases (He, Ne and Ar concentrations and isotope ratios) in FIs trapped in calcite were analyzed at the
noble gas laboratory of the Istituto Nazionale di Geofisica e Vulcanologia INGV) in Palermo, Italy, following the
preparation and analytical protocols described by Rizzo et al. (2018, 2021). After manually selecting calcite
crystals (ca. 1 g for each sample) under a binocular microscope, the separated crystals were thoroughly cleaned in
an ultrasonic bath in order to remove any impurities that remained attached to their surfaces. The washing process
in the ultrasonic bath took 45 min and was carried out using Millipore water and acetone. Selected sample
materials were loaded into a stainless-steel crusher and baked for 48—72 hr at 120°C in order to achieve ultra-high-
vacuum conditions (10~ mbar), using procedures described by Tantillo et al. (2009) in INGV Technical Reports.
FIs from the minerals were released by an in-vacuum single-step crushing process, with an external pressure of
250 bar applied by a hydraulic press. This conservative procedure was used to minimize the contribution of
cosmogenic *He and radiogenic “He that might have grown or been trapped in the crystal lattice (Rizzo et al., 2018
and references therein). Each session involved analyzing at least one standard sample for each of He, Ne and Ar
with the standards corresponding to purified aliquots of air stored in a tank connected to a pipette with a calibrated
volume. The air sample stored in the tank was originally collected close to the sea near Palermo and then cleaned
using standard protocols in the preparation system at the INGV-noble gas laboratory in Palermo.

Noble gases were separated from the other volatiles by using a “cold finger” trap immersed in liquid nitrogen
(temperature = —196°C) that allowed freezing of H,O and CO,, and were successively further cleaned in an
ultra-high vacuum (10~°~107'° mbar) purification line, with all species of the gas mixture other than noble gases
being removed using four getters. He (*He and “He) and Ne (**Ne) isotopes were measured separately using two
different split-flight-tube mass spectrometers (Helix SFT-Thermo). The analytical uncertainty for all species in
the gas mixture isotope ratio was <4%. The 2ONe isotope ratio was corrected for isobaric interferences at m/z
values of 20 (*°Ar*™). Ar isotopes (*°Ar, **Ar and *°Ar) were analyzed using a multicollector mass spectrometer
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(GVI Argus) with an analytical uncertainty of 1.0%. The uncertainty in the determinations of the elemental
contents of He, Ne, and Ar was <5%.

3.4. U-Th Concentrations in Calcite Veins

The concentrations of U and Th in bulk calcite veins and in two limestone host rocks were analyzed using
inductively coupled plasma-mass spectrometry at the Actlabs research laboratories (www.actlabs.com) with the
WRA + Trace 4 Lithoresearch + 4B1 methodology. The detection limits for the U and Th concentrations were
0.01 and 0.05 ppm, respectively.

4. Results
4.1. Structural and Microstructural Results

Independent of the sampling sites, host-rock lithology and fault-strike directions, most of the studied calcite veins
included blocky crystals (Figure S2 in Supporting Information S1). Despite the crosscutting relations and vein dip
angles, the mineral precipitation post-dated the occurrence of brittle fracturing. This texture is commonly
associated with precipitation in phreatic conditions, as recently documented by Manniello et al. (2023) and
Todaro et al. (2024) for the Lower Jurassic carbonates exposed in the nearby area of Monte di Viggiano, and it can
occur due to sealing of co-seismic fractures associated with transient fluid overpressure (Curzi et al., 2024). More
details on the structural field analysis, faults and fractures direction, comb and slip parallel veins and calcite
textures in the studied samples are reported in Supporting Information S1.

MC3 sample was the only one that also showed a probably syn-kinematic calcite and so for this reason, hereafter
we focus on the results obtained in the detailed microstructural analyses conducted on this sample. This sample
was collected along the Monte Castello fault (Figure S3 in Supporting Information S1), at a sub-vertical outcrop
trending along the W-E direction and exposing Upper Cretaceous bio-lithoclastic limestone with rudists with a
bedding attitude of N240°/20°N. The limestone rock was displaced by a small-scale fault with an attitude N30°/
40°NW, and crosscut by a cleavage N270°/30°S. Furthermore, high-angle veins with an attitude of N170°/
70°ENE (present within MC3 sample) cross-cut the hanging wall fault block (Figure S3 in Supporting Infor-
mation S1). The microstructural analyses revealed three different calcite veins within MC3 sample, labeled as V1,
V2, and V3 (Figure 3). Vein V1 consisted of a fractured blocky texture resulting from probably post-kinematic
calcite minerals showing twinning at low angle with respect to the vein walls. Vein V2 was sub-parallels to vein
V1 and included probably syn-kinematic fibrous calcite crystals oblique to the transverse vein walls. The tiny V3
vein was sub-parallel to the previous ones, and included blocky calcite crystals, and cross-cut the vein V2.

To sum up, the calcite veins cross-cut Lower Jurassic limestone, Upper Cretaceous dolomitic limestone rocks, and
Upper Palaeogene. marly limestone. The observed fault segments strike directions were either NW—-SE or WNW-—
ESE, and the calcite veins presented along two main strike directions: NNW-SSE and ENE-WSW. Most of the
studied calcite veins included blocky crystals and in one case had a fibrous texture. More details are shown in
Supporting Information S1.

4.2. Noble Gases Composition in FIs

FIs were arranged as small clusters within calcite grains (Figure 4). FIs contained a two-phase fluid (liquid and
vapor) had a maximum size of 1-5 pm with a volume fraction (¢) ranging between 10% and 20%. Figure 4 shows
a representative Fluid Inclusion assemblage, that is, on petrographically discriminated, cogenic groups of FIs
(Bodnar, 2003) found in vein V1 of MC3 sample. The MC3_V?2 mineralization vein is the only one displaying
fibrous texture, which we interpreted as syn-kinematic structures. Here, FIs are arranged as small cluster and/or
isolated inclusions in calcite crystals, suggesting their primary origin (Goldstein, 2003).

The calcite vein samples were analyzed to determine the concentrations and isotopic compositions of the light
noble gases He, Ne, and Ar in FIs and also their isotope ratios (®*He/*He, “He/*°Ne and “°Ar/*°Ar) (Table 2).

The “He, *°Ne and *’Ar concentrations were 8.80 X 107'*-1.31 x 107", 1.39 x 107"*-1.61 x 10™"* and
8.11 X 107'2-9.84 x 10™"! mol g_', respectively. The He isotope ratios (3He/4He) were normalized to the value
in air (where Ra is the atmospheric ratio of 1.38 X 107°; Mabry et al., 2013), yielding values ranging from 0.08 Ra
(TUF 1.1b sample) to 1.38 Ra (vein V2 in MC3 sample). The “He/*°Ne ratios ranged from 1 (PR1W3a sample) to
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Figure 3. Microstructural analyses of the sample MC3 fault-related mineralizations taken from the thigh in section observed
under an optical microscope by cross-polarized light. (a, a’) Blocky calcite crystal with a high angle comb-vein
mineralization; (b) Blocky calcite crystals (V1), post-kinematic, associated with a V2 fibrous calcite vein, syn-kinematic; (c,
¢’, d) Fibrous calcite vein, syn-kinematic (V2) associated with a vein with small blocky calcite crystals post-kinematic (V3),
and with fracture opening/sealing increment.

81.7 (TUF 1.1 sample). These values were higher than those found in both atmosphere and air-saturated water
(ASW), at 0.319 and 0.285, respectively, at 25°C (Ozima & Podosek, 2002). The *°Ar/*®Ar ratio varied from
302.2 (CVR3 sample) to 404.6 (vein V2 in MC3 sample), and hence was slightly higher than that in the atmo-
sphere (298.6; Lee et al., 2006), which is consistent with an excess of no atmosphere-derived 40Ar, We computed
the concentration of deep-sourced “°Ar (due to *°K decay in the mantle and/or in the crust) using the following
equation reported by Graham (2002):
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Figure 4. Representative textural distribution (parallel polars) of fluid inclusions trapped in calcite veins (sample MC3_V1)
from optical microscopy analyses. L = liquid; V = vapor.

36 36
401&1‘* ~ [(40A1'/ Ar)sample * (36A1‘)Sa_mple:|—|:(40Ar/ Ar)ajr * (36Ar)sample] (1)

where (“°Ar/? 6Ar)sample and (° 6Ar)sample are the measured values, and (*’Ar/*®Ar),, is the aforementioned iso-
topic value in atmosphere (298.6; Lee et al., 2006). The computed “°Ar* concentration ranged from 2.76 x 1073
to 6.04 x 107" mol g™!, while the *°Ar*/*He ratio varied from 0.19 to 36.74.

Considering that *He was 1.17 X 107"® to 1.49 x 1078 mol g=!, *He was 7.81 x 107" t0 7.77 x 107> mol g/,
YOArPPAr was 316.3-404.6 and “°Ar* was 1.91 x 107?10 7.38 x 1072 mol g~" at the Monte Castello fault site, a
marked difference was found between post-kinematic blocky calcite (vein V1 in MC3 sample) and syn-kinematic
fibrous calcite (vein V2 in MC3 sample) in terms of both R/Ra (where R is the He isotopic signature of the
sample) and “°Ar/*°Ar (Table 2). Vein V2 (1.38 Ra, *°Ar/*®Ar = 404.6 and “°Ar* = 1.91 x 10""* mol g™
exhibited higher values than vein V1 (1.07 Ra, *°Ar/*°Ar = 316.3 and “°Ar* = 7.38 x 10™'? mol g~!), indicating a
mantle He component.

4.3. U and Th Bulk Analysis

The calcite vein samples were also analyzed to determine the U and Th concentrations; the results are presented in
Table 3. The U and Th concentrations ranged from 0.1 to 1 ppm and from 0.1 to 0.2 ppm, respectively. These
ranges are consistent with the U and Th concentrations of calcites worldwide being around 1 ppm (Coltorti
etal., 2011 and reference therein). Samples MC3_V1 and T.CAP had Th concentrations lower than the detection
limit of 0.05 ppm.

5. Discussion
5.1. Fluid Sources

The primary sources of fluids are in the mantle, crust and atmosphere. Since noble gases are not reactive, the
origin of He in natural fluids can be traced by using their isotopic signature (e.g., Ozima & Podosek, 2002). A
useful approach for discriminating the He origin is to obtain the values for three possible endmembers by using
binary mixing equations (Figure 5a) combining the He isotopic ratios (R/Ra) and the *He/*°Ne ratios of the three
endmembers (Sano et al., 1987). Specifically, here we assume a mantle endmember as the Sub Continental
Lithospheric Mantle (SCLM) whose R/Ra is 6.32 + 0.39 (mean + SD) and *He/*’Ne > 1,000 (Gautheron
et al., 2005; Sano & Marty, 1995). The crustal and the atmospheric endmembers have an R/Ra of 0.02 and
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Table 2
Chemical Compositions of Noble Gases (He, Ne, and Ar) and Their Isotopic Ratios in Fluid Inclusions Trapped in Calcite
Veins Associated With Seismogenic Faults
Sample ID  “He mol/g “*He error *He mol/g *He error *°Ne mol/g *°Ne error “°Armol/g *°Arerror “He/*’Ne
PR1W3a 8.80E—14 0.10 7.84E-20  20.02 8.44E—14 0.90 4.13E—11 0.09 1.0
PR1W3b 1.72E-13 0.09 1.91E-19 19.09 8.99E—14 0.59 4.29E—-11 0.11 1.9
VRDO02 7.16E—13 0.12 7.06E—19 5.42 5.61E—14 1.00 343E-11 0.10 12.8
MC3_V1 7.81E—13 0.03 1.17E—18 4.20 7.00E—14 0.60 3.07E—-11 0.13 11.2
CVR3 2.73E—-13 0.03 4.13E—-19 5.90 1.39E—-14 0.66 8.11E—12 0.07 19.6
CVR4 1.96E—12 0.02 2.92E—18 2.45 4.34E—-14 0.94 1.74E—11 0.07 45.3
MC3_V2 7.77E-13 0.02 1.49E—18 297 5.52E—-14 0.51 2.77E—11 0.06 14.1
MCPTA 8.18E—13 0.03 8.41E—-19 3.60 2.34E—-14 0.52 2.06E—11 0.06 349
T.CAP 2.84E—12 0.02 2.09E—18 2.86 4.27E-14 0.46 3.03E—11 0.11 66.5
TUF 1.1 1.31E—11 0.02 2.05E—18 3.02 1.61E-13 0.63 9.43E—-11 0.06 81.7
TUF 1.1b  1.28E—11 0.02 1.56E—18 3.02 1.72E-13 0.67 9.84E—11 0.07 74.4
SEN 2.1 1.09E—-12 0.02 8.48E—19 3.91 2.48E—14 0.50 1.62E—11 0.06 44.0
Sample Id R/Ra Total error + YOAr/PAr Error (%)
PR1W3a 0.64 0.13 321.8 0.21
PR1IW3b 0.80 0.15 318.3 0.24
VRDO02 0.71 0.04 315.8 0.18
MC3_V1 1.07 0.05 316.3 0.32
CVR3 1.09 0.06 307.0 0.05
CVR4 1.07 0.03 303.1 0.06
MC3_V2 1.38 0.04 404.6 0.04
MCPTA 0.74 0.03 383.3 0.04
T.CAP 0.53 0.02 315.6 0.02
TUF 1.1 0.11 0.00 320.6 0.01
TUF 1.1b 0.09 0.00 316.0 0.01
SEN 2.1 0.56 0.02 303.2 0.05
Note. Note: unit of error is in %.
“He/*°Ne > 1,000 (Sano & Marty, 1995), for atmosphere (air) R/Ra is 1, and
“He/*°Ne is 0.319 (Ozima & Podosek, 2002) and ASW has an R/Ra of 1 and
*He/*°Ne = 0.285 at 25°C (Ozima & Podosek, 2002).
Table 3
Concentrations of U and Th From Calcite Veins, Expressed in ppm Most of the investigated samples show *He/*’Ne values two-three orders of
Sample ID U],y [Thl,,.. magnitude higher thafl in atmosphere, which is consistent with a negligible
amount of atmospheric He. Both samples PR1W3a and PR1W3b are char-
T.CAP 0.9 b.d.1 acterized by the low “He/*°Ne ratios of 1.0 and 1.9, respectively, and a He
PRW3a 0.8 0.2 isotopic signature ranging from 0.64 to 0.80 Ra, and hence the atmospheric
MC3_V1 0.1 b.d. 1 He component could mask the original paleofluid signature. Figure Sa shows
VRDO2 1.0 0.1 two different clusters of He isotope ratio. The first cluster is between 0.53 and
CVR3 02 0.1 1.38 Ra, consistent with a 10%—20% of the mantle-derived He (considering an
SN AT s SCLM) and 80%—-90% coming from the crust. The second cluster pertaining
to samples TUF1.1a and TUF 1.1b collected from the Tufaro thermal area
CVRH 0.12 0.06

Note. T.CAPH and CVRH are limestone host rock respectively. b. d. 1.,
below detection limit. Detection limits for [U] and [Th] were 0.01 and 0.05,

respectively.

shows relatively pure crustal-derived He with negligible amounts of atmo-
spheric and mantle He. We note that the strongest measured He isotopic
signature in FIs (1.38 Ra, MC3_V2 sample) fits well with data pertaining to
the presence of high-flux CO, gas emission in the area (Buttitta et al., 2023;
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Figure 5. (a) Diagram of the correlation between the *He/*He and *He/*’Ne ratios for the fluid inclusions (FIs) in calcite veins. Solid lines depict binary mixing between
air CHe/*He = 1 Ra, “He/*°Ne = 0.319; Ozima & Podosek, 2002), the Sub Continental Lithospheric Mantle (*He/*He = 6.32 + 0.39 Ra, Gautheron et al., 2005;
“He/*°Ne > 1,000, Sano & Marty, 1995), crustal endmember (*He/*He = 0.01-0.05 Ra, “He/**Ne > 1,000; Sano & Marty, 1995). Reference data: Contursi free gas data
(Buttitta et al., 2023; Caracausi & Paternoster, 2015), Zannone island veins (Curzi et al., 2022), Gubbio calcite veins (Marchesini et al., 2022), Val Roveto veins
(Smeraglia et al., 2018), Mefite D’ Ansanto free gas (Caracausi & Paternoster, 2015), and calcite fault zone in Greece (Pik & Marty, 2009). (b) Plot of 3He/*°Ar versus
4OAr/*®Ar. The gray region is consistent with mixing between mantle-magmatic fluids that are enriched in *“°Ar and *He and a fluid with air or air-saturated water (ASW)
black star: *He/*°Ar = 1 x 107 and *“’Ar/*°Ar = 296.6; Kendrick & Burnard, 2013). The gray shading indicates literature data that are representative of mixing
(Kendrick & Burnard, 2013 and references therein; Goodwin et al., 2017; Tang et al., 2017; Wu et al., 2018). (c) Schematic of He and Ar isotopes of FIs in calcite. The
gray shading indicates data from previous investigations of FIs with both magmatic and crustal origins in various worldwide ore deposits (literature data in Figure 6b).
The red rectangle represents the air and ASW end member. The modified air endmember is ASW that is simply enriched by the addition of radiogenic “He (Kendrick &
Burnard, 2013 and reference therein). (d) Plot of “°Ar*/*He versus *He/*He (as R/Ra). The compositions of the following two fields are from Kendrick and
Burnard (2013): (1) average crust, (2) mantle. Red arrow shading indicate mixing between the crustal and mantle-magmatic fluids.

Caracausi & Paternoster, 2015; Figure 5a). This similarity indicates that the ratio of crust-to-mantle He in FIs
remained approximately constant over time along the studied faults. The age of the calcite veins is still unknown,
and it could provide new constrains on the timing of mantle He degassing in this area of southern Italy.

5.2. Fault-Controlled He Flow and/or Vein Aging

The large variability of He isotopic signature documented for the studied FIs (R/Ra = 0.09-1.38) is not consistent
with that documented for the current outgassing that characterizes the study area (Figure 5a), which show a
narrower range of values (R/Ra =1.27-1.41, “He/*°Ne > 3; Buttitta et al., 2023 and reference therein). In fact, we
note that 20 years of low-frequency geochemical monitoring of the Contursi hydrothermal basin has revealed a
0.2 Ra variability of the He isotopic signature of the currently outgassing fluids (Buttitta et al., 2023 and reference
therein). During this time span, the background seismicity of the area recorded seismic events with magnitudes
Mw < 4 (http://isnet-bulletin.fisica.unina.it/cgi-bin/isnet-events/isnet.cgi). This means that the background
seismicity has not induced any short-term variation in the He isotopic signature (Caracausi et al., 2022 and
reference therein).
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Table 4 Considering that all studied veins are made up of calcite minerals (cf. Figures

“He Production Over Different Times Assumed That the U and Th S1 and S2 in Supporting Information S1), and that the concentrations of both

Concentrations Were Close to 1 ppm in Calcite (Ballantine & U and Th are < 1 ppm (Table 3), we propose a twofold explanation for the

Burnard, 2002) variability of the He isotopic signature in FIs. We invoke a “early trapping

“He, atoms g~" year™! Years “He, mol/g year™! processes” enhanced by rock fracturing potentially during earthquakes, which

401 x 10° ] 6.66 x 1018 increased the amount of crustal “He within the circulating paleofluids (Car-

@ . acausi et al., 2022), and a “post-trapping processes” due to the addition of

2 16 radiogenic He produced within veins over time (vein aging). The “early

= BeoeS 1 trapping” hypothesis suggests that the mineralizing fault fluids captured the

10° 6.66 X 107" “He released by the fractured and fragmented host rocks due to localized

10* 6.66 x 10~ dilatancy of these rocks (Caracausi et al., 2022). This dilatancy could occur

10° 6.66 x 107" during the preparatory phase of main earthquakes (foreshock events), which

10° 6.66 x 1072 produces the release of crustal “He (Bauer et al., 2016; Honda et al., 1982)

107 6.66 X 107! into the atmosphere because of volumetric stress changes (Ballantine &

Burnard, 2002; Caracausi et al., 2022). The “post-trapping” hypothesis is
based on the production of *He by the decay of U and Th within the calcite minerals, and on its successive
migration toward the FIs (Ballantine & Burnard, 2002). Nevertheless, these data are consistent with other studies
on FIs trapped in calcite travertine samples for the fault zones exposed in western and Northern Turkey (Rizzo
et al., 2019).

The first working hypothesis (i.e., early trapping) is supported by as the high degree of fracturing documented for
the studied calcite veins (cf. Figure 3 and Figure S2 in Supporting Information S1). If so, the pronounced release
of “He from the fault-related fractured and fragmented rock volumes can be associated with the main shocks that
occurred in the studied area (Bello et al., 2021), and therefore with many previous high-magnitude earthquakes
(Mw > 6) that have devastated the study area (Bello et al., 2021), and consequently to the direct link between
seismicity and the impulsive nature of crustal “He degassing (Buttitta et al., 2020). Such a linkage has been
already documented by the increase of crustal *He in natural fluids during strong earthquakes such as the
Mw = 7.3 (2016 Kumamoto earthquake, Japan), and the Mw = 7.2 (1995 Kobe earthquake, Japan) (Sano
et al., 1998, 2016). Accordingly, the pre-trapping hypothesis is supported by the high He isotopic variability
recorded in the studied FIs (cf. Figure 5) and can be associated with main seismic events such as the afore-
mentioned 1995 Kobe earthquake characterized by 1 Ra variation of the He isotopic signature in close
groundwaters. Such a 1 Ra variation of the He isotopic signature coincides with the values that we documented for
the Contursi hydrothermal basin (R/Ra = 0.09—1.38) with an absolute concentration of *He ranging from a
minimum of 7.77 x 107" mol/g (sample MC3_V2, phase of the probable seismic activity or immediately after)
up to a maximum of 1.31 x 107" mol/g (sample TUF1.1), excluding the PR1W3a sample (Table 2).

Considering the post-trapping hypothesis, the following equation is employed to calculate the production of “He
(Ballantine & Burnard, 2002):

*He atoms g~'yr™! = (3.115 x 10° + 1.272 X 10°)[U] + 7.710 X 10°[Th] )

where [U] and [Th] are the U and Th concentrations, respectively, which in this study we assumed were both close
1 ppm (Coltorti et al., 2011; Torgersen, 2010). To interpret the He isotopic signature of the studied Contursi FIs
(cf. cluster 1 in Figure 5a) showing a mantle component (from 0.53 to 1.38 Ra), we compute the amount of He
produced from 1 g of calcite, which is approximately 6.66 x 10™'® mol/yr (See Table 4). We therefore conclude
that “He produced from calcite at 0.1 Ma has been totally transferred to the FIs. We note that the Tufaro Terme
samples (TUF 1.1 and TUF 1.1b) exhibited a dominant “He component (R/Ra = 0.09-0.11), similar to those
measured in calcite veins of the northern-central Apennines of Italy (Marchesini et al., 2022; Smeraglia
etal., 2018), and Greece (Pik & Marty, 2009). The latter data could hence result from the occurrence of both post
and early trapping processes over different time periods (Figure 5 and Table S1 in Supporting Information S1).

5.3. Mixing of Deep and Meteoric-Derived Fluids

The signature of atmospheric fluids was assessed for the studied calcite veins by also considering the Ar isotopes
(cf. Table 2). Since both *He and *°Ar are not radiogenic, and their ratio in pure ASW is 5 X 10~ (Kendrick &
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Figure 6. Simplified models for the early trapping hypothesis enhanced by rock fracturing potentially during earthquakes, which increased the amount of crustal *He
within the circulating paleofluids; for the post-trapping hypothesis have addition of radiogenic He produced within veins over time (vein aging).

Burnard, 2013 and references therein), the *He/*®Ar and “°Ar/**Ar ratios documented for the Contursi Fls can
help in identifying possible atmospheric inputs. Although the *°Ar/*®Ar ratios (up to 404, Table 2) were close to
the atmosphere signature (298.6; Lee et al., 2006), their *He/*®Ar ratios were up to three orders of magnitude
higher than in the atmosphere (Kendrick & Burnard, 2013). Combining the two aforementioned ratios, *He/**Ar
versus “CAr/*®Ar (Figure 5b), we assess that an atmosphere-derived component was mixed with deeper sourced
components. This interpretation is supported by the relation between R/Ra and “°Ar/*®Ar (Figure 5c), which
shows that the fluids trapped in FIs included an atmospheric component mixed with fluids characterized by a
dominant crustal component. Such an interpretation agrees with the data produced by Curzi et al. (2022) for the
high-angle fault zones of the Zannone Island, along the Tyrrhenian coastline of Italy.

In contrast, the TUF samples showed a dominant crustal component with modified ASW end-members, referring
to fluids that partially preserved the ASW signature but were modified during crustal residence (Kendrick &
Burnard, 2013 and references therein). In fact, the He isotope system is more likely modifiable than heavier noble
gases due to the very low abundance of He isotopes in ASW. Finally, in absence of a preferential He leakage by
diffusion and advection, the ratio between radiogenic crustal “He and *°Ar* is expected to be like the crustal
production (40Ar*/4He ~ 0.1-0.2; Kendrick & Burnard, 2013). Alternatively, the 4OAr#/*He can derive from
mantle production (**Ar*/*He ~ 0.1-1; Curzi et al., 2022 and references therein). Considering the original data
obtained for the study area (Figure 5d), with the calcite veins showing higher values of the *He/**Ar ratio with
respect to the crustal production (cf. Section 4.2), we conclude that a significant mantle contribution is present in
the study FIs. It is therefore possible to hypothesize that significant crustal-derived He loss does not affect the
isotopic composition of the same elements (e.g., *He/*He and “°Ar/*°Ar).

6. Conclusions

Noble gases information within Fis trapped in calcite veins along seismogenic faults of Contursi hydrothermal
basin (Irpinia, southern Italy) provides, a better understanding of the fluids origin and circulation paths through
fault zones, and their possible relations with past seismic activity, or vein aging (Figure 6, early and post trapping
hypothesis). The study area is characterized by water temperature in the range of 26—47°C a currently background
seismicity of Mw < 4 and mantle-derived He outgassing. We combined field and microstructural analyses of
fault-related calcite veins with noble gases (He, Ne, Ar concentration and their isotopic ratios) analyses in FIs
within calcite veins.
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The results showed that the fault-related calcite veins from the Contursi hydrothermal basin have a comb-veins
and are characterized by a blocky calcite texture, and we interpreted this as potential for post-kinematics
mineralization. Only one of the studied samples exhibited a fibrous calcite texture, potentially related to syn-
kinematic mineralization.

Most of the Contursi Fls are characterized by a noble gases isotopic signature (He, Ne and Ar) consistent with the
mixing of volatiles derived from both crustal and mantle sources. The variability of the He isotopic signature in
the FIs (three of 10 FIs are out of the mixing trend) can be due to early trapping processes (probably earthquakes
occurred in the past) or to post-trapping processes. The latter (vein aging) favors the production of “He due to U
and Th decay within the calcite and on its successive migration toward the Fls.

Regarding the outliers, sample PR1W3 showed an atmospheric component possibly masking the original He
signature, sample TUF1.1 displayed a very negligible mantle contribution and a dominant crustal contribution, and
sample MC3_V2 shown the highest He isotopic signature in the FIs (1.38 Ra). The latter value fits well with the
1.41Ra of the currently high flux CO, gaseous emission, indicating that the pristine mantle contribution did not vary
over time. The latest He isotope values revealed mantle contribution up to 20% of the total He component.

Our conclusions are in line with previous studies describing mantle-derived fluids uprise along deep-rooted faults
and/or outgassed from magmatic intrusions. The plausible temporal formation of the calcite veins suggests that
the pristine mantle source has been active in the area for, at least, the last 1 Ma, corresponding to the active
extensional tectonic age that characterizes the Contursi hydrothermal system. Ongoing analysis aiming at
assessing carbon and oxygen stable isotopes of the calcite veins, and the petrographic, microthermometry and
Raman of FIs should complement the knowledge of the mechanisms of fluid circulation from deep-seated
sources, and their possible mixing with meteoric derived fluids during the long-term activity of general world-
wide fault zones and the Contursi basin ones in particular.

Data Availability Statement

All Supporting Figure and Tables are uploaded as part of the Supporting Information S1 to this article for review
purposes. The complete data in Table S1 in Supporting Information S1 for plotting Figure 5 in main text, in
addition to our unpublished data on the noble gases of FIs on calcite veins in the Contursi Basin, are available
from: Ozima and Podosek (2002), Gautheron et al. (2005); Sano and Marty (1995); Buttitta et al. (2023); Car-
acausi and Paternoster (2015); Curzi et al. (2022); Marchesini et al. (2022); Smeraglia et al. (2018); Caracausi and
Paternoster (2015); and calcite fault zone in Pik and Marty (2009); Kendrick and Burnard (2013); Tang
et al. (2017); Goodwin et al. (2017); Wu et al. (2018).

Equations Captions
Eq. 1: Equation for concentration of radiogenic Ar derived from the mantle, denoted 40Ar* by Graham (2002).

Eq. 2: Equation for the number of atoms of “He produced in 1 g of rock per year (Ballantine & Burnard, 2002).
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