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Abstract Post-orogenic back-arc magmatism is accompanied by hydrothermal ore deposits and
mineralizations derived from mantle and crustal sources. We investigate Zannone Island (ZI), back-arc
Tyrrhenian basin, Italy, to define the source(s) of mineralizing hydrothermal fluids and their relationships with
the regional petrological-tectonic setting. On ZI, early Miocene thrusting was overprinted by late Miocene
post-orogenic extension and related hydrothermal alteration. Since active submarine hydrothermal outflow is
reported close to the island, Zannone provides an ideal site to determine the P-7-X evolution of the long-lived
hydrothermal system. We combined field work with microstructural analyses on syn-tectonic quartz veins

and carbonate mineralizations, X-ray diffraction analysis, microthermometry and element mapping of fluid
inclusions (FlIs), C, O, and clumped isotopes, and analyses of noble gases (He-Ne-Ar) and CO, content

in FIs. Our results document the evolution of a fluid system of magmatic origin with increasing mixing

of meteoric fluids. Magmatic fluids were responsible for quartz veins precipitation at ~125 to 150 MPa

and ~300°C-350°C. With the onset of extensional faulting, magmatic fluids progressively interacted with
carbonate rocks and mixed with meteoric fluids, leading to (a) host rock alteration with associated carbonate
and minor ore mineral precipitation, (b) progressive fluid neutralization, (c) cooling of the hydrothermal
system (from ~320°C to ~86°C), and (d) embrittlement and fracturing of the host rocks. Both quartz and
carbonate mineralizations show noble gases values lower than those from the adjacent active volcanic areas and
submarine hydrothermal systems, indicating that the fossil-to-active hydrothermal history is associated with the
emplacement of multiple magmatic intrusions.

1. Introduction

Back-arc basins are often characterized by diffuse crustal- and mantle-derived magmatism, alteration and ore
deposits associated with hydrothermal outflow (e.g., Fouquet et al., 1991; Li et al., 2020; Peccerillo, 2005;
Wolfram et al., 2019). Active back-arc mineralizing hydrothermal systems (e.g., Halbach et al. (1989) and Yeats
et al. (2017) for the Okinawa trough; e.g., Marani et al. (1997) for the Tyrrhenian basin), are considered a geody-
namic environment that can generate massive volcanogenic sulfide ore deposits (Kuroko-type; Ohmoto, 1996).
The properties and compositions of such sulfide ore deposits are related to their degree of structural development
(Fouquet et al., 1993). Mature back-arc systems, such as the Lau (Fouquet et al., 1991) and North Fiji basins
(Bendel et al., 1993), floored by basaltic crust, are characterized by hydrothermal deposits similar to mid-ocean
ridge and Cyprus type sulfide deposits. In nascent back-arcs, such as the Okinawa trough (Halbach et al., 1989),
considered as the present-day environments for Kuroko-type mineralization (Ohmoto, 1996), the composition of
the hydrothermal systems is controlled by extensional tectonics in continental crust and by associated bimodal
volcanism. Some studies have appreciated the role of faulting in the development of back-arc ore deposits (e.g.,
Binns and Scott (1993) for the Manus Basin; Ishibashi et al. (2015) and Yeats et al. (2017) for the Okinawa
trough), but detailed information on the relationship between faulting and fluid circulation are scarce.

The Neogene-Quaternary Tyrrhenian back-arc region of the Apennine belt represents a key area to investigate
fluid-rock interaction, rock alteration and ore-forming processes associated with structurally controlled hydrother-
mal outflow during post-orogenic magmatism (Brogi et al., 2020; Dini, 2003; Dini et al., 2008; Fulignati, 2018;
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Minissale et al., 1997, 2000; Paoli et al., 2019; Rossetti et al., 2011; Serri et al., 1993; Vignaroli et al., 2016).
Several examples of fossil and active structurally controlled sulfide hydrothermal deposits are documented in the
inner sector of the Apennines chain (Tuscan Archipelago and Colline Metallifere of the Tuscan region), where
diffuse polymetallic sulphide ores are reported and exploited since historical times (Brogi & Fulignati, 2012;
Brogi et al., 2011; Corsini et al., 1980; Cortecci et al., 1985; Dini et al., 2008; Liotta et al., 2010; Martarelli
et al., 1995; Rossetti et al., 2011; Figure 1a). Understanding the processes leading to hydrothermal flow and the
tectonic control on the circulation of mineralizing fluids in this tectonic realm is therefore essential to elucidate
the ore potential of the Tyrrhenian back-arc extension.

The geology of Zannone Island (ZI; Figure 1) has recently been reevaluated and interpreted as a remnant of
the southern, offshore continuation of the Tuscan Domain, where early Miocene thrusting and post-orogenic
late Messinian-early Pliocene extensional tectonics have been documented (Curzi et al., 2020). Similarly to the
Tuscan region, the post-orogenic evolution on ZI was accompanied by volcanism and submarine hydrothermal
activity and degassing is still active (Curzi et al., 2020; Ingrassia et al., 2015; Italiano et al., 2019; Martorelli
etal., 2016), confirming the pioneering investigation of Tricoli (1855) who recognized the presence of sulfur-rich
springs in the offshore of ZI. In detail, on the shelf of ZI, shallow water depressions at about 150 m depth, includ-
ing the Zannone Giant Pockmark (ZGP), host active hydrothermal vents (Conte, Perinelli, et al., 2020; Ingrassia
et al., 2015). Assessing the tectonic control and geochemical fingerprints of fossil hydrothermal fluid flow in ZI
can contribute to trace the long term and structurally controlled hydrothermal activity in the area and to refine
our understanding of the modes, source and styles of active degassing in the Tyrrhenian back-arc domain of the
Apennines.

In this paper, we characterize the structural control exerted by post-orogenic tectonics in ZI on the hydrothermal
fluid infiltration and mineralization by focusing on syn-tectonic quartz veins reworked by carbonate mineraliza-
tions. We integrate meso- to micro-scale structural investigations with petrographic analyses, microthermometry
and element mapping of fluid inclusions (FIs), C, O stable and clumped isotopes, noble gases (He, Ne, and Ar)
systematics, and CO, measurements to define the source of the hydrothermal fluids. We show that syn-tectonic
fluids at ZI mark the transition from magmatic to meteoric fluids in a cooling deformation regime.

2. Geological Setting
2.1. Central Apennines

The central Apennine belt is an E-NE-verging, late Oligocene to Present fold-and-thrust belt (Figure 1) that
resulted from the W-directed subduction of the Adriatic continental lithosphere below the European continental
margin (Carminati et al., 2010; Faccenna et al., 2001; Malinverno & Ryan, 1986). Subduction and westward
underthrusting of the Adriatic lithosphere progressively widened the orogenic Apennine wedge, leading to the
migration of the foredeep-foreland system toward the east (Cavinato & Celles, 1999; Patacca & Scandone, 2007;
Cosentino et al., 2010; Carminati et al., 2010; Figure 1).

Orogenic accretion in the central Apennines began in late Oligocene-Miocene time and was accommodated in a
foreland wedge-top sequence by NE-verging thrusts, which piled up pre- and syn-orogenic sedimentary deposits
of the Adriatic plate (Cosentino et al., 2010; Curzi et al., 2020; Patacca et al., 1990; Figure 1). The pre-orogenic
deposits consist of Late Triassic-Middle Miocene carbonates deposited in shallow and deep-water environments
(e.g., Cosentino et al., 2010; Figure 1). The syn-orogenic deposits consist of Oligocene-Miocene siliciclas-
tic sandstones, marls and clays deposited in foredeep and wedge-top basins (Billi & Tiberti, 2009; Cosentino
et al., 2010; Curzi et al., 2020; Merlini & Mostardini, 1986; Patacca et al., 1990; Figure 1). The eastward migra-
tion of the Apennine belt was accompanied by the Tyrrhenian back-arc opening and associated crustal thinning,
as a result of lithosphere rollback. This process led to the progressive eastward migration of crustal stretching
toward the axial (eastern) sector of the Apennine belt, associated with vigorous magmatic activity (Carminati
et al., 2010; Faccenna et al., 2001; Jolivet et al., 1998; Malinverno & Ryan, 1986; Figure 1). The magmatism,
which gave rise to the Tuscan, Roman and Campanian Magmatic Provinces (Figure 1a) was accompanied by
locally still active hydrothermal activity and degassing of deep sourced fluids (Caracausi et al., 2015; Caracausi
& Paternoster, 2015; Italiano et al., 2019; Vignaroli et al., 2015; Figure 1a), in particular within the Tyrrhenian
(western) side of the Apennine belt (Acocella & Funiciello, 2006; Brogi, 2004; Caracausi et al., 2013; Chiodini
et al., 2010; Dekov & Savelli, 2004; Italiano et al., 2014; Minissale et al., 1997; Vignaroli et al., 2015).
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Figure 1. (a) Simplified structural map of Italy showing the main thrusts and extensional faults. The area of post-compressive magmatic, volcanic, and hydrothermal
activity in the Tyrrhenian back-arc region of the central-northern Apennines is shown. (b) Simplified geological map of the inner central Apennines. (c) Schematic
geological cross section showing the first order structure of the inner Apennine belt. The geology of Zannone Island is projected and inferred from Curzi et al. (2020).
The trace of the schematic geological cross section is shown in panel (b).

2.2. Pontian Archipelago and Zannone Island

Zl1 is part of the Pontian Archipelago, which is located in the Tyrrhenian back-arc basin on the western margin
of the central Italian continental shelf (Figure 1). Tavani et al. (2021) include the Pontian Archipelago in the
Ponza-Alife accommodation zone, which is interpreted as a pristine deep-seated transform fault system located
in the subducting plate and was inherited from an Early Jurassic rifting episode, which caused the lateral juxta-
position of different rift domains.

In the Pontian Archipelago, submarine hydrothermal vents actively emit CO,-dominated fluids with a
mantle-derived geochemical component, sourced from cooling magmatic bodies (Martorelli et al., 2016; Ingrassia
et al., 2015; Italiano et al., 2019; Figures 2a and 2b). He isotopic signatures in gas and water emitted from these
sea bottom manifestations are up to 3.7 Ra +0.1 (Figure 9a; Martorelli et al., 2016; Italiano et al., 2019). These
values are in the range of those measured in fluids from the closest peri-Tyrrhenian volcanic systems and in Fls
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of minerals from the nearby volcanic complexes (2.5Ra, Roccamonfina, Phlegrean Fields, and Vesuvius < He
isotopic signature <5.2Ra, Ischia and Procida; Martelli et al., 2004; Figure la). The Pontian Archipelago is
located at the boundary between the Tuscan and Roman Magmatic Provinces (Figure 1a) and is constituted by
five islands generally subdivided into two main groups based on their structural and volcanic characteristics
(Chiocci & Orlando, 1996; Pantosti & Velona, 1986). The eastern group is composed of Ventotene and Santo
Stefano Islands, representing the subaerial portion of a large, submerged stratovolcano with ages of 0.8-0.13 Ma
(Metrich et al., 1988; Pantosti & Velona, 1986; Peccerillo, 2005; Figure 2a). The western group includes the Island
of Ponza, Palmarola, and Zannone and is located on a structural high separating the Plio-Quaternary Palmarola
(to the NW) and Ventotene (to the SE) Basins (Cadoux et al., 2005; De Rita et al., 1986; Peccerillo, 2005;
Zitellini et al., 1984; Figure 2a). The sector with structural high is bounded by NE-SW- and NW-SE-strik-
ing faults related to the early Pliocene extension of the Tyrrhenian back-arc basin (Curzi et al., 2020; De Rita
et al., 1986; Martorelli et al., 2016; Pantosti & Velona, 1986; Zitellini et al., 1984; Figure 2a). The western
Pontian Islands are constituted mostly by trachytes and rhyolites, with ages ranging from 4.2 to 1 Ma (Cadoux
et al., 2005; Peccerillo, 2005). These volcanic rocks, originally interpreted as part of the dominantly crustal
anatectic Tuscan Magmatic Province (Turi et al., 1991; Figure 1a), were recently interpreted as products of
mantle-derived magmas associated with the Roman Magmatic Province (Conte, Perinelli, et al., 2020; Figure 1a).
These volcanics cover a Mesozoic-Cenozoic sedimentary substratum exposed solely along the eastern coast of
Z1. From bottom to top, the substratum consists of Oligocene-Miocene turbidites (i.e., flysch) which were over-
thrust by Triassic dolostone at ~22 Ma, and was later affected by normal faults at ~7 Ma (Curzi et al., 2020;
Segre, 1954; Figure 2c). The Triassic dolostone are overlain by Upper Cretaceous-Eocene pelagic marls and
marly limestones, followed by Aquitanian-Burdigalian sandstones and marls and Langhian-Messinian clays and
marls with gypsum (De Rita et al., 1986; Parotto & Praturlon, 1975; Figure 2c). Occurrence of gypsum within
the Langhian-Messinian clays and marls was interpreted as the result of circulation of hydrothermal fluids with
volcanic origin (De Rita et al., 1986).

3. Methods

The paleo-hydrothermal fluid flow in ZI was characterized with a multidisciplinary approach that integrates field
and geochemical analyses aimed to constrain the pressure-temperature-composition (P-7-X) of the infiltrating
fluid(s). Field work was aimed at defining the control on fluid flow exerted by structural (secondary) permea-
bility and to collect representative samples. Laboratory analyses include (a) microtextural investigations through
optical microscopy and scanning electron microscopy on veins, alteration selvages, and host rocks; (b) XRD
analyses of host rocks, (c) microthermometry coupled with elemental mapping (EDS maps) of FIs in quartz and
carbonate mineralizations; (d) stable O and C systematics and clumped isotopes (mineralization and host rock);
and (e) noble gas (He, Ne, and Ar), H,0, and CO, systematics of the mineralizing fluid(s). The analytical meth-
ods and protocols are fully described in Methods in Supporting Information S1.

4. Results
4.1. Field Observations

Field work was focused on a ~100 m long outcrop along the eastern coast of the ZI (Figures 2b and 3a). A
major low-angle thrust is exposed controlling the contact between Triassic dolostones in the fault hanging wall
and Oligocene-Miocene siliciclastic rocks in the fault footwall, respectively. The thrust is cut and displaced by
high-angle, NE-SW striking normal faults (Curzi et al., 2020; Figures 2, 3a and 3b).

Up to 7 cm thick quartz veins spaced 5—10 cm apart, occur at the footwall of the thrust (i.e., within the siliciclas-
tic rocks) and are organized in two mutually cross-cutting, sub-orthogonal sets. One set shows a sub-horizontal

Figure 2. (a) Bathymetric map of the central Italian western margin showing the Pontian Archipelago, Palmarola and Ventotene Basins, main faults, hydrothermal
depressions, sulfur springs, and volcanic edifices/volcanic complexes of the area. (Bathymetric map from European Marine Observation and Data Network, EMODnet
www.emodnet.eu; boundary of the continental shelf from Pantosti and Velona (1986); normal faults from Zitellini et al. (1984) and Martorelli et al. (2016); sulfur
springs from Tricoli (1855); hydrothermal depressions from Martorelli et al. (2016) and volcanic edifices or complexes from Cuffaro et al. (2016).) (b) Bathymetric
map of the seafloor close to Zannone Island showing the five hydrothermal depressions which include the Zannone Giant Pockmark (ZGP), and which host active
hydrothermal vents. (c) Simplified geological map and stratigraphy of Zannone Island showing the sedimentary cover exposed on the island, the structural relationship
between the Oligocene-Miocene siliciclastic rocks and the overlying Triassic dolostone, and the location of the studied exposure (modified after Curzi et al., 2020).
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Figure 3. (a) Panoramic view of the eastern coast of Zannone Island with simplified geological interpretation and studied exposures (see location in Figure 2c). Note
the normal faults cutting the entire exposure. (b) Tectonic contacts between the Oligocene-Miocene siliciclastic rocks and the brecciated, fractured and veined Triassic
dolostone. Contacts consist of a thrust fault and at least two later opposite-dipping (NW and SE) normal faults. Schmidt net (lower hemisphere projection) shows
attitude of thrust and normal faults of panels (a and b) and related kinematic indicators.

attitude (i.e., parallel to the bedding), the other defines a sub-vertical (perpendicular to the bedding) non-systematic
array (Figures 4a—4c). Occasionally, millimetric carbonate veins cut and rework the quartz veins (see below).

The Triassic dolostones (thrust hanging wall) exhibit fractures, variably oriented veins localized adjacent to the
high-angle, and NE-SW striking normal faults that cut across the thrust surface (Figures 3 and 4d-4f). Fault
breccias are cemented by carbonate mineralization(s) and are characterized by crackle (Mort & Woodcock, 2008;
Figure 4e) and/or cement-supported chaotic fabric (Woodcock et al., 2006; Figure 4f). Variably oriented
carbonate veins, up to ~2 cm thick, are observed, with a spacing varying from 1 to 10 cm, and exhibiting mutual
cross-cutting relationships (Figure 4d).

4.2. Microscale Texture and Mineralogy
4.2.1. Host Rocks

The detrital mineral assemblage of the Oligocene-Miocene siliciclastic rocks is composed of up to 90% quartz,
subordinate muscovite, chlorite, plagioclase, and opaque minerals, embedded within a carbonate cement with
agglomerated or very fine-grained texture (Figure 5a). Small variations in grain size mark the primary foliation
(bedding, S; Figure 5b). A weakly developed secondary foliation (S,) is rarely observed, usually sub-parallel
to S, (Figure 5¢), occasionally associated with fine-grained muscovite bands (up to 50 pm wide, spaced
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Figure 4. (a) Sub-horizontal quartz veins within the Oligocene-Miocene siliciclastic rocks parallel to the bedding (see location in Figure 3a). (b) Sub-vertical quartz
veins within the Oligocene-Miocene siliciclastic rocks sub-perpendicular to the bedding (see location in Figure 3a). (c) Sub-horizontal and sub-vertical quartz veins
within the Oligocene-Miocene siliciclastic rocks (see location in Figure 3a). Schmidt net (lower hemisphere) shows poles to bedding and attitude of quartz veins. (d)
Dolomite veins and dolomite cement-supported chaotic fault breccia within the Triassic dolostone close to the normal faults which downfault the Triassic dolostone
onto the Oligocene-Miocene siliciclastic rocks (see location in Figure 3b). Note the mutual cross-cutting relationship between dolomite veins. (e) Crackle fault breccia
with dolomite cement within the Triassic dolostone (see location in Figure 3b). (f) Dolomite-cement-supported chaotic fault breccia within the Triassic dolostone
close by the normal faults which downfault the Triassic dolostone onto the Oligocene-Miocene siliciclastic rocks (see location in Figure 3b). Some sampling sites for
microscale analyses are also shown.
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tens-to-hundreds of um apart; Figure 5c). The XRD data in this study expand upon the pre-existing data set
published by Curzi et al. (2020), where the mineralogical composition of pelite beds within the siliciclastic rocks
was documented. Semi-quantitative XRD analysis of the <2 pm grain size fraction of sandstone layers within
the siliciclastic rocks (Table S1 in Supporting Information S1) shows an illite-rich composition (47%—-68%) with
variable amounts of smectite (10%—-33%), chlorite (8%—40%), and kaolinite (4%—12%). Non-clay minerals such
as quartz occur in the fine fraction as well. The clay fraction of the Triassic dolostones is mostly composed of
smectite (from 50% to 97%), with subordinate amounts of chlorite (2%-11%), mixed layers chlorite-smectite
(1%-9%), and illite (generally <1%). Quartz and dolomite were also observed.

The Triassic dolostones show evidence of secondary recrystallization which overprints the primary sedimentary
features (Figures 5d and 5e). The carbonate cement within brecciated layers shows an agglomerated texture and
embeds micrometric to millimetric fragments of dolostones (Figure 5d).

4.2.2. Veins

The quartz veins in the siliciclastic rocks (thrust footwall) are devoid of accessory minerals, except for rare pyrite
crystals. Quartz has a blocky texture, with up to 2 mm large grains (Figure 5f). Carbonate veins (mm-sized) either
cut the quartz veins or rework the quartz vein/host rock contacts (Figure 5f). Carbonate veins show either agglom-
erated (or very fine-grained) (Figures 5a and 5h) or blocky textures (Figure 5i). Quartz veins are also crushed into
fragments embedded within a carbonate cement (Figure 5f). Composite veins are observed and are characterized
by early quartz crystals growing from the vein walls toward the center and late carbonates in the center of the vein
(Figure 5g). Such composite veins are systematically cut by veins exclusively filled by carbonate (Figure 5g). At
the contact with carbonate veins (up to 1 mm from the vein wall; Figures 5f and 6e), the siliciclastic rocks are
characterized by mm-thick alteration selvages consisting of corroded quartz grains surrounded by late carbonate
cement (Figure 6f). Moreover, pyrophyllite, chalcopyrite, rutile, smectite, baryte, apatite, and illite are also
observed within the carbonate cement in the selvages of the siliciclastic rocks (Figures 6f—6i).

Carbonate veins within the Triassic dolostones (thrust hanging wall) are up-to-1 cm wide. At the thin section
scale, they show blocky or elongated-blocky syntaxial textures (Figure Se). The carbonates commonly have
mixed dolomite-ankerite composition (Figure 6a) and are associated with pyrite, baryte, rutile, and monazite
(Figures 6a—6e). Pyrite is commonly euhedral (Figures 6b, 6d and 6e) with grain size up to a few millimeters.

4.3. Microthermometry and Element Mapping of Fluid Inclusions

Primary FIs were measured in both quartz veins and carbonate mineralizations at the thrust hanging wall and
footwall. Primary FIs in quartz have diameters mostly between 5 and 30 pm and contain liquid water and vapor
(LV) (Figures 7a and 7b). Secondary FIs (i.e., occurring along intra-grain trails and/or trapped in microfractures)
contain LV and were measured only in quartz crystals (Figure 7a). Primary FIs in quartz veins show a wide range
of ice melting temperatures (Tmp), ranging from —17.5°C to —1.5°C (Figure 7c), corresponding to salinities
ranging from 2 to 20 wt % NaCl equivalent (Figure 7g). We observe a bimodal distribution of Tm,; with one
group having values between —15.5°C and —11°C, and another group between —3.5°C and —1.5°C (Figure 7c¢).
Homogenization temperatures (Th;,, ;) of primary FIs in quartz show a wide range, spanning from ~232°C to
~350°C and a bimodal distribution (Figure 7e). Secondary FIs show a range of Tm,; values from —24.5°C to

Figure 5. (a) Microphotograph under cross-polarized light showing the mineralogical composition of the siliciclastic rocks essentially consisting of quartz grains. Note
the carbonate veins with agglomerate texture and arranged sub-perpendicular to S (see Figure 4b for sampling location). (b) Microphotograph under cross-polarized
light showing small variations in grain size of quartz grains marking the faint planar anisotropy which corresponds to the bedding (S,). (c) Microphotograph under
cross-polarized light of white micas and microcrystalline quartz aligned along incipient foliation planes (S,) parallel to S. (d) Microphotograph under cross-polarized
light showing the brecciated layers within the Triassic dolostone. The brecciated layer consists of fragments of dolostones embedded within carbonate cement (see
Figure 4d for sampling location). (e) Microphotograph under cross-polarized light showing the recrystallized Triassic dolostone and detail of a carbonate vein filled

by elongated-blocky crystals (see Figure 4d for sampling location). (f) Microphotograph under cross-polarized light of a siliciclastic rock-hosted quartz vein. Note that
such vein is brecciated (with carbonate cement) and is also cut by carbonate vein. The thickness of the thin section is of about 80—100 pm to preserve both carbonate
and quartz as they are characterized by a strongly different hardness. (g) Microphotograph under polarized light showing crosscutting relationships between carbonate
veins which cut the composite veins (see panel (f)). Note that the composite veins are made up of early segregated quartz from the vein walls toward the center and

late carbonate precipitation at the center of the vein. (h) Microphotograph under cross-polarized light showing the agglomerated (or very fine-grained) texture of
carbonate veins within the siliciclastic rocks (see Figure 4b for sampling location). (i) Microphotograph under cross-polarized light of blocky carbonate veins within the
siliciclastic rocks.
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Figure 6. Scanning electron microphotographs of quartz and carbonate mineralizations and host rocks. (a) Carbonate vein within the siliciclastic rocks which are
made up of a quartz-rich matrix (quartz grains). The carbonate vein consists of dolomite and ankerite. Pyrite and rutile occur within the carbonate vein. (b) Carbonate
veins within the siliciclastic rocks. Note the euhedral crystals of pyrite associated with carbonate veins. (c) Detail of rutile and monazite in paragenesis and within the
carbonate veins hosted within the siliciclastic rocks. (d) Detail of carbonate vein (hosted within the siliciclastic rocks) with associated baryte and pyrite. (e) Detail of
the contact between carbonate veins and siliciclastic rocks (alteration selvage shown in Figure 5g). Note that the carbonate veins cut the quartz vein. (f) Detail of the
alteration selvage of siliciclastic rocks close to the carbonate vein (see panel (e)). Note the carbonate cement around corroded quartz grains. Apatite and illite associated
with carbonate cement are shown. (g) Detail of illite associated with carbonate cement within the alteration selvage of siliciclastic rocks close to the carbonate vein
(see panel (e)). (h) Detail of pyrophyllite and smectite associated with carbonate cement within the alteration selvage of siliciclastic rocks close to the carbonate vein
(see panel (e)). (i) Detail of chalcopyrite associated with the carbonate cement within the alteration selvage of siliciclastic rocks close to the carbonate vein (see panel
(e)). Chalcopyrite shows an altered rim which is altering to iron oxides and siderite. The punctual semiquantitative chemical analyses of solid solution of dolomite and
ankerite, rutile, pyrite, baryte, pyrophyllite, smectite, chalcopyrite, and altered chalcopyrite are also shown.

—17.5°C (Figure 7c¢), corresponding to higher salinity from 20 to 25 wt% NaCl eq. (Figure 7g). Homogenization
into the liquid phase occurs at temperatures ranging from ~230°C to ~300°C (Figure 7e).

Primary FIs in carbonate mineralization in the thrust hanging wall and footwall are more abundant and smaller
than primary FIs in quartz. Their sizes are variable, mostly between 5 and 25 pm in diameter, containing LV at
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room temperature (Figure 7b). They show Tm,; values ranging from —7.5°C to —1.5°C (average —4.5°C), with
unimodal Gaussian distribution; Th,,; ranges from ~202°C to ~320°C with an average of ~260°C (Figures 7d
and 7f). Their salinity varies between ~4 and ~11 wt % NaCl eq. (Figure 7h), overlapping the salinity field of the
primary FIs in quartz veins (Figures 7g and 7h).

Precipitates from decrepitated FIs hosted by quartz veins and carbonate mineralizations are dominated by Na and
Ca (Figures S1-S3 in Supporting Information S1). Cl was not detected in significant amounts (Figures S1-S3 in
Supporting Information S1) due to evaporation after decrepitation. Small fragments of quartz and/or dolomite
are found in the samples (Figures S1-S3 in Supporting Information S1) and may represent (a) former daughter
minerals, (b) accidently trapped crystals from the Fls, and (c) fragments of surrounding rocks that were flushed
out by the fluids during decrepitation.

4.4. Stable Isotope Systematics

Results from stable isotope analyses are shown in Figure 8s and listed in Tables S2 and S3 in Supporting Informa-
tion S1. Results are reported in the conventional d notation with respect to the Vienna Pee Dee Belemnite (VPDB)
for 8'3C and Vienna Standard Mean Ocean Water for §'0. Quartz veins show 5'%0 values between 18.1%0 and
20.1%0 (Table S2 in Supporting Information S1). No significant differences in the 8'30 values are observed
between sub-vertical and sub-horizontal veins (Table S2 in Supporting Information S1). The carbonate cement
in siliciclastic rocks shows 8'3C and 6'80 values ranging between —0.8%0 and —0.1%o, and between +14.1%o
and +19.0%o, respectively (Figure 8a and Table S3 in Supporting Information S1). Carbonate veins within the
Triassic dolostone provide two distinct groups of values, with §'3C and §'®0 values ranging —1.1%o to —1.0%o,
+14.4%0 to 15.2%0 and +2.7%o to +3.2%o, +16.4%o to 21.7%o, respectively (Figure 8a and Table S3 in Support-
ing Information S1). The Triassic dolostone displays 8'*C and 8'30 values ranging between +0.9%o and +2.8%o,
and between +11.2%0 and +21.9%o, respectively (Figure 8a and Table S3 in Supporting Information S1).

Clumped isotope analysis of five carbonate mineralizations hosted within the Triassic dolostone yields A47
values between 0.289%o and 0.456%0 (I-CDES; Table S4 in Supporting Information S1). Using the Anderson
et al. (2021) calibration, these values correspond to temperatures between 86°C + 9°C and 262°C + 9°C, respec-
tively (Figure 8a and Table S4 in Supporting Information S1). In particular, the group of carbonate mineral-
izations with higher §'3C and 8'30 values is characterized by temperatures between ~158 and ~262°C. The
group characterized by lower values of §'C and 8'®0 show temperature of ~86°C (Figure 8a and Table S4 in
Supporting Information S1). Clumped isotope analysis of two samples from the Triassic dolostone yields A47
values between 0.288%o and 0.292%o (I-CDES; Table S4 in Supporting Information S1). Using the Anderson
etal. (2021) calibration, these values correspond to temperatures between 256°C + 8°C and 265°C + 7°C, respec-
tively (Figure 8a and Table S4 in Supporting Information S1).

The calculated 880 of the fluid ranges from —5.5%o to 12.2%o. for carbonate mineralization (Figure 8b and Table
S4 in Supporting Information S1) and from 11%o to 15%o for quartz veins (Figure 8c). Temperature constraints
for quartz veins correspond to the Th,, ; temperatures of ~300°C and ~350°C of primary Fls in quartz veins,
corrected for the original pressure (see Section 5.2).

4.5. Noble Gases, H,0, and CO, in Fluid Inclusions

The concentrations of noble gases (He, Ne, and Ar) and their isotopic ratios (*He/*He, 2°Ne/**Ne, 2'Ne/*?Ne, “°A
1/*°Ar, and *Ar/*°Ar) in Fls hosted in quartz veins and carbonate mineralizations are reported in Table 1. For the
quartz veins (representative sample Z100 B2), the concentration of H,O and CO, and the C isotopic composition
(8 13C vs. VPDB in per mil) of CO, are also reported with a duplicate measurement. The mean concentration of
H,0 is 1.34 x 1075 mol/gr, while that of CO, is 1.56 x 10~7 mol/gr, indicating that water is the dominant species

Figure 7. (a) Primary and secondary fluid inclusions (FIs) in quartz veins arranged along intragrain trails and trapped in microfractures. (b) Primary FIs in carbonate
mineralizations (c—h) Microthermometric data from analysis of crystal FIs. (c) Histogram of ice melting temperatures of primary and secondary FIs in quartz veins
sampled from siliciclastic rocks. (d) Histogram of ice melting temperature of primary FIs in carbonate sampled from dolostone. (¢) Histogram of liquid—vapor
homogenization temperatures of primary and secondary FIs in quartz sampled from siliciclastic rocks. (f) Histogram of liquid-vapor homogenization temperatures of
primary FIs in carbonate sampled from dolostone. (g) Plot of salinity (as wt% NaCl equivalent) versus homogenization temperatures for primary and secondary FIs in
quartz sampled from siliciclastic rocks. (h) Plot of salinity (as wt% NaCl equivalent) versus homogenization temperatures for primary FIs in carbonate samples from

dolostone.
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mineralizations (veins and cement in fault breccias), host rocks (i.e., Triassic
dolostone), and carbonate cement in siliciclastic rocks. Clumped isotope
temperature for carbonate mineralizations is shown. (b) §'%0 (Vienna
Standard Mean Ocean Water, VSMOW) versus clumped isotope temperature
(A47) for carbonate mineralizations. The curves represent the paleofluid
880 (VSMOW) compositions as a function of temperature and have been
constructed using the equation of Miiller et al. (2019). (¢) §'%0 (VSMOW)

versus Thy,,; for quartz veins. The curves represent the paleofluid 880

(VSMOW) compositions as a function of temperature and have been
constructed using the equation of Clayton et al. (1972). Temperature
constraints (~300°C and ~350°C) for quartz veins are represented by the

temperature of primary FIs in quartz veins corrected for the original pressure

(see Section 5.2).

of the FIs. The “He concentration in the carbonate mineralization (from
1.47x 107" t05.61 X 10~ "> mol g~') are higher than in the inclusions in quartz
(from 1.02 X 10712 t0 4.93 x 10713 mol g~!). The *Ne concentrations in the
FIs of the two different kinds of mineralization (carbonate vs. quartz) show
the same behavior as “He, being from 1.47 X 107" t0 9.79 x 10! mol g~!
and from 4.54 x 107'* t0 9.04 x 10~'* mol g™, respectively (Table 1). Most
of the “He/*Ne ratios in the carbonate mineralization (57-100) are higher
than those in quartz (4—43; Figure 9a). In contrast, the concentration of “°Ar
in the two types of mineralization (quartz vs. carbonate) is in a range of one
order of magnitude (from 1.94 x 107" to 1.92 x 107'° mol/gr; Table 1).
The He isotopic ratio (expressed as R/Ra, where Ra is the He isotopic ratio
in atmosphere, 1.39 x 107%) varies from 0.04 to 1.62Ra, with the lowest
values in the carbonate mineralization (Table 1, Figure 9a). The highest He
concentrations are found in the samples showing the lowest *He/*He ratios
(Figure 9a). The 2°Ne/??Ne (from 9.81 to 9.90) and *'Ne/**Ne (from 0.0291
to 0.0297) are very close to or overlap the ratios found in air (9.8 and 0.029
respectively; Figure 9a). The **Ar/*Ar ratios are from 396 to 894, higher than
the ratio in air (298.6; Lee et al., 2006). The *¥Ar/3°Ar is similar to that in air
(0.1885), within the limits of the analytical uncertainty. The mean values of
8 13C g, for quartz veins (representative sample Z100 B2) is —0.1%o.

5. Discussion
5.1. Tectono-Structural Scenario

Our field and microstructural observations allow the identification of at
least two main events of mineralization assisted by post-orogenic exten-
sional tectonics. From the observed cross-cutting relationships (Figure 5f),
it is evident that the first event was localized at the footwall of the thrust
and led to the formation of quartz veins and conversion of detrital smectite
and kaolinite to illite and pyrophyllite, respectively. The second event caused
carbonate (and rutile, monazite, chalcopyrite, baryte, and smectite) precipita-
tion both at the hanging wall and footwall of the thrust. The second carbonate
veining event has been dated to late Messinian-early Pliocene time by U-Pb
carbonate geochronology (Curzi et al., 2020).

The set of variably oriented subvertical quartz veins (Figures 4b and 4c) is
coherent with a stress field where the maximum effective stress o, is vertical
and o, and o, are horizontal and tensile (6; < 0, < 0; e.g., Li & Ji, 2021).
The occurrence of a sub-horizontal set of quartz veins (Figure 4a) which
reactivates the primary bedding at the footwall of the thrust contact in an
extensional regime suggests that hydrostatic pressure was (supra)lithostatic
(Shen et al., 2020), as also attested by the blocky texture in quartz veins (e.g.,
Hilgers & Urai, 2002; Figure 5f).

Variably oriented carbonate veins and cement occur within crackle and
chaotic breccias localized adjacent to the normal faults (Figures 4d—4f
and 5d). These carbonates precipitated under high fluid pressure conditions,
here hypothesized to correspond to episodic events of high strain rate, implo-
sive brecciation (Figures 4d—4f) and subsequent rapid fluid depressurization
(Mort & Woodcock, 2008; Sibson, 2000; Woodcock et al., 2014).

5.2. P-T-X Environment of Quartz Mineralizations

Primary FIs in quartz veins have homogenization temperatures ranging
between ~232°C and ~350°C (Figures 7e¢ and 10a). By considering the
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Table 1
Summary of Concentrations of Noble Gases in Fluid Inclusions in Quartz Veins and Carbonate Mineralizations

Sample Type 2Nemol/g  *Neerr “*Hemol/lg “Heerr He/Ne R/Ra Rc/Ra

Z116 Carbonate mineralization 1.47E-13 0.64 1.47E-11 0.03 100.0 0.04 0.04
7115 Carbonate mineralization 9.79E-14 0.78 5.61E-12 0.04 57.3 0.19 0.19
Z100 A1 Quartz vein 4.54E-14 0.76 4.93E-13 0.03 10.8 1.46 1.49
Z100 A2  Quartz vein 9.04E-14 0.70 3.89E-12 0.02 43.0 0.95 0.95
7100 B1 Quartz vein 8.94E-14 0.63 1.02E-12 0.02 114 1.62 1.65
Z100B2  Quartz vein 8.36E-14 0.69 3.18E-13 0.01 3.8 0.44 0.42

maximum pressure of ~200 MPa (Curzi et al., 2020) experienced by the siliciclastic rocks that hosted the quartz
veins during contractional tectonics, a maximum lithostatic pressure of ~150 MPa is estimated for the entrapment
of the FlIs (Figure 10a). Assuming a geothermal gradient of 60°C km~! (Figure 10a), typical of high-heat flow
conditions in back-arc environments such as those presently recorded along the peri-Tyrrhenian margin (Diaferia
et al., 2019), and by considering that the quartz veins developed under fluid overpressure (see Section 5.1), we
estimated quartz precipitation pressures ranging between ~125 and ~150 MPa (Figure 10a). Hence, applying the
pressure correction, precipitation temperatures between ~300°C and ~350°C are estimated (Figure 10a).

The 8'80 of quartz veins (Table S2 in Supporting Information S1) and the calculated fluid 8'30 values ranging
between 11%o and 15%o (Figure 8c), suggest a magmatic origin for the mineralizing fluids (e.g., Yan et al., 2020).
This is consistent with the (a) high temperature of quartz crystallization (>300°C), (b) high fluid salinities
(Figure 7g), (c) high contents of Na ad Ca observed from decrepitated FIs (Figures S2 and S3 in Supporting
Information S1), and (d) the He isotopic signature of FIs in quartz veins suggesting a mantle-derived component
(Figure 9a; Section 5.2). Furthermore, the relatively small variation of 8'30 values of quartz veins (from 18%o
to 20%o; Table S2 in Supporting Information S1) is interpreted as reflecting the very limited oxygen isotope
exchange between magmatic fluids and surrounding rocks (e.g., Yan et al., 2020). This is consistent with the rapid
fluid flow associated with fluid overpressure events responsible for the precipitation of quartz veins (Figures 10a
and 11a) and the He isotopic signature of Fls that preserves a mantle-derived component (Figure 9a).

5.3. P-T Environment of Carbonate Mineralization

Carbonates precipitated in the footwall and hanging wall of the thrust document pervasive fracturing and fluid
infiltration at depths shallower than those related to quartz veining. Primary FIs in carbonates record minimum
trapping temperatures between ~202°C and ~320°C (Figure 7f). Using the temperatures derived from clumped
isotopes and a geothermal gradient of 60°C km™!, a pressure range of ~25 MPa (~240°C) to ~120 MPa (~320°C)
is estimated for the entrapment of the FIs in carbonates (Figure 10b). The range of temperatures between ~320°C
and ~240°C likely corresponds to the transition from high P-T closed-system conditions at a minimum lithos-
tatic pressure of ~120 MPa; to lower temperature open-system conditions at hydrostatic pressure (Figure 10b;
Selverstone et al., 2012). The temperatures from clumped isotopes, between ~262°C and 86°C (Figure 8a), are
interpreted as cooling temperatures associated with the opening of the fluid system and an increasing input of
meteoric fluids and late stage carbonate mineralization (See Section 5.5; Figure 10b). Hence, the minimum P-T'
conditions recorded by FIs in carbonate minerals, does not correspond with the minimum 7 conditions estimated
by clumped isotopes (Figure 10b).

5.4. Noble Gases Geochemistry of Mineralizing Fluids

The analytical procedure of single step in vacuo crushing cannot distinguish different generations of FIs within
the mineralization (Kendrick & Burnard, 2013; Stuart et al., 1994). Hence, the noble gas compositions are an
average of the different generations of FIs present in the studied mineralizations. However, this procedure strongly
limits the release of noble gases from the mineral matrix and the contamination of the noble gases trapped in
the inclusions by those produced in the matrix over time (post entrapment modifications such as addition of
cosmogenic 3He, radiogenic “He and “°Ar) is often negligible. Furthermore, in quartz and carbonates a signifi-
cant production of radiogenic “He by the decay of U and Th can be excluded because of their low concentrations
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Figure 9.

in our samples (Curzi et al., 2020) and the young age of the mineralizations (maximum ~7 Ma). The minerals
are also K free and in situ radiogenic *°Ar is proven to be negligible (Stuart et al., 1995). Modification of the
He and Ar isotopic signature in FIs can occur through loss or addition of noble gases due to post mineraliza-
tion processes. However, the lack of correlation between noble gases concentrations, elemental and 3He/*He
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Figure 10. (a) Field of P-T trapping conditions for primary fluid inclusions (FIs) in quartz veins. (b) Field of P-T trapping conditions for primary FIs in carbonate
mineralizations. The dashed gray lines are lithostatic and hydrostatic geothermal gradients for 60°C km~'. The yellow (in panel (a)) and blue (in panel (b)) areas
represent the whole P-T trapping conditions estimated through isochores. The dark yellow and blue areas identify the P-T trapping ranges constrained by the
overlapping of FIs isochores, Pmax experienced by the host rocks (siliciclastic rocks; Curzi et al., 2020), mineral paragenesis associated with alteration processes, and
clumped isotopes temperatures for carbonate mineralizations. Quartz veins in panel (a) precipitated under fluid overpressure conditions, with fluid pressure equal to
lithostatic pressure and comprised between ~125 and ~150 MPa, and temperatures between ~300°C and ~350°C. Carbonate mineralizations in panel (b) precipitated in
an evolving fluid system first characterized by fluid overpressure conditions, with fluid pressure equal to lithostatic pressure (~100 MPa) at a temperature of ~320°C,
and in which HT minerals (monazite, rutile, and chalcopyrite) precipitated within the alteration selvages of the host rocks. The fluid system evolved through time into
an open fluid system and associated pressure drop and cooling in which the minimum P-7 condition of carbonate precipitation occurred at a ~30 MPa pressure and
~254°C temperature, and in which LT minerals (barite and smectite) began to precipitate within the alteration selvages of the host rocks.

ratios suggests that late modifications are negligible. Instead, a positive correlation between He concentration
and “He/*’Ne (R? = 0.96) can be observed (Figure S5a in Supporting Information S1), with the highest values of
the latter ratio observed in carbonate mineralizations. When comparing “He/?’Ne with “°Ar/3Ar (Figure S5a in
Supporting Information S1), it can be noted that only carbonate mineralizations fall along a mixing curve between
an atmospheric (*He/?*’Ne = 0.318 and “°Ar/3*Ar = 296.6) and a hypothetical mantle or crustal component that
is characterized by high “He/*’Ne ~1,000 and “°Ar/**Ar ~10,000. Instead, quartz veins show *“He/*’Ne values
apparently lower than expected by the mixing path (Figure S5b in Supporting Information S1). It must be noted
that the mixing path would not change significantly if higher “He/?’Ne and *°Ar/*°Ar values are assumed. This
indicates that quartz veins may have suffered a partial loss of He. Shuster and Farley (2005) highlighted that He
may diffuse from the crystal lattice of quartz, especially at temperatures next to or above 400°C, which could have
happened at the crystallization temperature >300°C of our samples (see Section 5.5). However, the diffusivity
of “He across quartz seems indistinguishable from that of >He (Shuster & Farley, 2005), implying that even in the
case of a diffusive loss of He, the *He/*He should maintain the original signature. Therefore, we argue that the
He and Ar isotopic ratios in the FIs of the quartz veins and carbonate mineralizations represent the signatures of
the ore-forming fluids at the time of trapping.

Figure 9. (a) Helium isotopes as R/Ra (R is the *He/*He of the sample and Ra is the He isotopic signature in air) versus the “He/?’Ne ratios. The black lines represent
the mixing between the air end member (1Ra, “He/*Ne ratio = 0.318) and Mantle (6.3Ra, “He/*Ne ratio >1,000) and crust (0.01-0.03Ra; “He/*Ne ratio >1,000). All
the references are cited in the manuscript. The black dotted lines represent the mixing between air and different deep end members that result combining in different
percentages the two mantle and crustal end members. The orange dotted line is the best fit between the samples of Zannone Island and the average He isotopic signature
in the fluids emitted from the local submarine volcanic-hydrothermal gas emissions. (b) *He/3°Ar versus “°Ar/*Ar plot. The blue area is consistent with a mixing
between mantle-magmatic fluids that are enriched in “°Ar and *He and a fluid with air or air saturated water (the blues star: *He/*°Ar = 1 X 107% and “°Ar/*°Ar = 296.6;
Kendrick & Burnard, 2013). The blue area is built by plotting literature data of Figure 3 and it is representative of the mixing (Kendrick & Burnard, 2013 and references
therein; Tang et al., 2017; Goodwin et al., 2017; Wu et al., 2018). (c) He-Ar isotopes systematics of fluid inclusions (FIs) in quartz and dolomite. The blue area is built
plotting data from previous investigations of FIs with both magmatic and crustal origins in various worldwide ore deposits (literature data of Figure 9b). The blue

filled square represents the Air and Air Saturated Water end members. The Modified Air endmember is an air saturated water that is simply enriched by addition of
radiogenic “He (Burnard et al., 1999). (d) 5 *°Ar*/4He versus *He/*He (as R/Ra) plot. The composition of the three fields: (1) Average crust, (2) the low crustal fluids,
and (3) mantle are from Kendrick and Burnard (2013). The gray area is the field of the mixing between the crustal fluids and mantle-magmatic fluids. This area is built
by plotting data in the literature used in Figures 9b and 9c. (e) 8'3C versus CO,/*He; (f) CO,/*He versus *He/*He (as R/Ra).
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5.5. Mixing Processes: Evidence From Noble Gases

He in natural fluids is generally sourced from the atmosphere, mantle and crust. The *He/*He ratios of these
three sources are significantly different, hence this tracer is a powerful tool for recognizing the origin of natural
fluids. The upper convective mantle reservoirs 3He/*He ratio is between ~6.3 Ra (SCLM, Sub Continental Lith-
ospheric Mantle; Gautheron et al., 2005) and ~7 to 9 Ra (MORB, Mid Ocean Ridge Basalt; Graham, 2002). In
contrast, the He isotopic signature in crustal fluids is dominated by radiogenic “He, ~0.01 to 0.03 Ra (Ballentine
etal., 2002). Furthermore, both the “He/*°Ne and “°Ar/3¢Ar ratios of these end-members are different, being 0.318
in air and >1,000 in the crust and mantle (Sano & Wakita, 1985), and 298.6 in air and >>298.6 up to 44,000 in
the crust and the mantle (Lee et al., 2006; Ozima & Podosek, 2002), respectively. Therefore, according to the
approach proposed by Sano and Wakita (1985), by combining *He/*He and “He/*’Ne ratios in mixing equations it
is possible to solve the contribution of the atmospheric, crustal and mantle-derived He in the natural fluids. If we
assume the He isotopic ratio of the European Sub Continental Lithospheric Mantle (SCLM; 6.3 + 0.3; Gautheron
et al., 2005) as representative of the mantle beneath the study area, the computed mantle-component in the fluids
that are trapped in quartz inclusions is up to 28% (Figure 9a).

The He/*He versus the “He/*°Ne relationship shows that the fluids trapped within the mineralizations of ZI could
result from a three-component mixing (orange dotted line in Figure 9a) between (a) a crustal component that is
dominated by a radiogenic He isotopic signature (0.01-0.03Ra; entirely sustained by “He produced by radiogenic
decay of U and Th), as shown by carbonate mineralizations, (b) a Zannone-type magmatic component (average
He isotopic ratio up to 3.7 Ra; yellow area in Figure 9a) estimated from the He isotopic signature in the sea bottom
outgassing fluids (Italiano et al., 2019; Martorelli et al., 2016), and (c) a very low atmospheric component.

The *He and *Ar are both unradiogenic and their ratio in the pure air saturated water is 5 X 1078, whose “°Ar/*Ar
ratio is 298.6 (Figure 9b). Therefore, combining the 3He and *®Ar and the “°Ar/30Ar results is possible to inves-
tigate the occurrence of an air-saturated water component together with crustal and magmatic fluids in the
mineralization. The fluids trapped in the carbonate mineralizations have a He isotopic signature that is typical
of the crustal fluids (R/Ra <0.1) and a “°Ar/30Ar ratio (335; Table 1, Figure 9b) slightly higher than in air or
volatiles dissolved into groundwater (296.6; Figure 9b). In contrast the “’Ar/*Ar ratios in the quartz FIs (up
to ~890) are higher than those in atmosphere related fluids (298.6; Lee et al., 2006) since an excess of radio-
genic “°Ar is associated with a contribution of magma-derived He (R/Ra up to 1.65). The trend in Figure 9b,
indicates that fluids trapped in carbonate veins are along mixing lines between a pure air-saturated water end
member and a magmatic/mantle-derived component, supporting the evidence from “He/?’Ne versus R/Ra ratios.
Fluids trapped in quartz veins plot slightly off the mixing lines, due to preferential loss of He with respect to Ar
(Kendrick & Burnard, 2013). Indeed, it is common that FIs in quartz have anomalously He/Ar ratios (Stuart &
Turner, 1992), since He is more prone to leakage than Ar in many geological materials (Graupner et al., 2006;
Kendrick et al., 2011; Figure 9c).

In general, both 3He/*He and “°Ar/*®Ar compositions conform with those reported from ore-deposits in a range
of different geological settings. Thus, hydrothermal fluids are likely to retain their noble gas isotopic signature
of different sources (mantle-magmatic, crust, and atmosphere) and they may be combined in different propor-
tions representative of two possible formation-environments (e.g., orogenic ore-deposits vs. intrusion-related ore
deposits; Kendrick & Burnard, 2013; Tang et al., 2017).

In absence of a preferential leakage of He, the ratio between the radiogenic crustal “He and “°Ar* is expected to
be equal to the crustal production (*°Ar*/*He ~0.1-0.2; Kendrick & Burnard, 2013). If FIs also contain a mantle
derived component, the “°Ar*/*He ratios reflect a mixing of the two components (crust vs. mantle; e.g., and
2009; Kendrick & Burnard, 2013). This is documented in FIs in pyrite of different ages (a lot less than hundreds
of millions of years; Kendrick & Burnard, 2013). Pyrite preserves Ar and He trapped in the FIs over time, so

Figure 11. Conceptual model for fluid circulation, fluid-rock interaction, veining, mineralization, and alteration. The upper portion of the geological cross section
(siliciclastic rocks and Triassic dolostone) corresponds to the outcrop of Figure 3. (a) Before late Messinian-early Pliocene, sub-vertical and sub-horizontal quartz veins
developed in the footwall of the thrust (i.e. within the siliciclastic rocks) during fluid overpressure events with uprising warm hydrothermal fluids of magmatic origin.
(b) In the late Messinian-early Pliocene, the interaction between the uprising fluids with buried carbonates was responsible for change composition and precipitation

of carbonate mineralizations (veins and cement in fault breccias) and carbonate cement between the quartz grains of the siliciclastic rocks. HT minerals (monazite,
rutile, and chalcopyrite) are associated with carbonate precipitation. (c) During the progressive extensional tectonics (late Messinian-early Pliocene time), fracturing
and mixing with downwelling meteoric fluids occurred. Carbonate veins and cement precipitated with associated low-temperature minerals (baryte and neo-forming

smectite).
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the “°Ar*/*He ratios coupled to the He isotopic ratios show clear mixing trends between crustal and mantle derived
fluids (Hu et al., 2009). Previous studies of noble gases in quartz FIs showed preferential loss of He (Goodwin
et al., 2017; Graupner et al., 2006; Stuart & Turner, 1992), thus, the resulting high values of “°Ar*/*He ratios
in the trapped fluids are far from a trend of direct mixing between crustal and mantle components (Figure 9c).
The “°Ar*/*He ratios in the FIs in the Zannone quartz veins are extremely high confirming a significant He loss
(Figure 9c¢). These “°Ar*/4He ratios are not representative of the pristine ratios and, by combining the *°Ar*/*He
ratios and He isotopic ratios, no mixing trend is observed. The lowest He isotopic ratio (0.04Ra) in the carbonate
mineralization is associated with a “°Ar*/*He ratio (0.04) that is lower than the value caused by crustal produc-
tion (0.1-0.2) and it is in the field of crustal fluids (Figure 9c; Kendrick & Burnard, 2013) supporting that the
carbonate mineralization was mainly fed by crustal fluids mixed with meteoric fluids.

5.6. Mixing Processes: Evidence From Carbon Isotopic Composition of CO, in Fluid Inclusions

The 8"3C, in FIs was measured only in one quartz vein (Figure 9e), yielding a value of —0.1%o. Considering
the relationships between 8'*C, Rc/Ra and the CO,/*He ratios (Figures 9e and 9f) we propose a model for the
origin of CO, and He. Following the approach by Sano and Marty (1995), the data in Figure 9e allow us to distin-
guish among three possible sources: (a) a SCLM-like mantle having §'*C ~—4%o and CO,/*He ~2 x 10°%; (b) an
inorganic carbon (limestone) having —1%o < 8'*C < +1%0 and CO,/*He ~1 x 10'%; and (c) an organic carbon
having 8"*C ~—25%¢ and CO,/*He ~1 x 10". In Figure 9e, we also report comparative gas samples collected
from submarine emissions in the offshore of Zannone and Ventotene islands (Italiano et al., 2019; Figure 2a),
and FIs in mantle cumulates from Stromboli (Gennaro et al., 2017; Figure 1a) that were interpreted to record a
recycled inorganic carbon from the Ionian slab. The average 8'3C value measured in our FIs falls on the binary
mixing between mantle and limestone. The most magmatic samples of ZI (quartz veins) fall along the same
trendline (Italiano et al., 2019; Figure 9¢), while the submarine gas of Ventotene Island has a §'3C slightly higher
than the marine limestone range, which suggests the occurrence of secondary processes (e.g., CO, fractionation
in water). Similar indications arise from the CO,/*He versus Rc/Ra plot (Figure 9f), in which two binary mixing
curves are plotted: (a) a MORB-like mantle having CO,/*He ~2 x 10° and Rc/Ra = 6.3, and a limestone having
CO,/*He = 1 x 10'* and Rc/Ra = 0.05; (b) a local magmatic source having CO,/*He = 2 x 10° and Rc/Ra = 4.2,
and a limestone. Importantly, the quartz veins fall along the second binary mixing described above together with
submarine gas emissions from Zannone and Ventotene islands (Figure 9f), supporting the §'*C data from Fls
indicating a mixing between a local magmatic component and a crustal source. It is reasonable to suppose that
at the time when quartz-mineralizing fluids were circulating, they were already mixed and that the carbonate
component comes from the local sedimentary succession. This hypothesis is consistent with the presence of
carbonate rocks both on ZI and within its basement (Curzi et al., 2020). We conclude that magmatic fluids of the
hydrothermal system were similar to those presently degassing around ZI and were variably trapped in quartz
veins and to a lesser extent in carbonate mineralizations.

5.7. Evolution of the Hydrothermal System

Thrusting on ZI, which occurred at ~22 Ma, was followed by normal faulting at ~7 Ma accompanied by volcan-
ism and hydrothermal activity (Curzi et al., 2020; Peccerillo, 2005). During extensional tectonics, the early stages
of fluid infiltration at Zannone before ca. 7 Ma were controlled by the (inherited) structural setting, dominated
by the thrusting of the Triassic dolostone onto the siliciclastic rocks (Figure 11a). The fault gouge below the
thrust surface acted as a low permeability seal for the uprising silica-rich magmatic fluids, leading to the increase
of fluid pressure until (supra)lithostatic conditions and causing fracturing and quartz veining in the siliciclastic
footwall (Figure 11a).

The infiltration of hot silica-rich fluids of magmatic origin within the structurally controlled fracture network
associated with ongoing normal faulting caused a thermal overprint in the nearby siliciclastic host rocks, leading
to the prograde growth of pyrophyllite and illite in the alteration selvages at the expenses of kaolinite and smec-
tite, respectively (e.g., Frey, 1987; Figures 6f—6h, 10a and 11a), which are authigenic minerals within the silici-
clastic rocks (Table S1 in Supporting Information S1). The formation of pyrophyllite at the expenses of kaolinite
indicates a minimum temperature ~300°C at 125 MPa (Figure 10a; Inoue, 1995; Larsson, 2001; Reyes, 1990;
Reyes et al., 2003), consistently with the minimum temperature (~300°C) estimated for the Si-rich mineralizing
fluids (Figure 10a). The heat provided by uprising magmatic fluids was also responsible for the recrystallization
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of the Triassic dolostones, which are characterized by two groups with different §'3C and 8'80 values proba-
bly reflecting a different fluid to rock ratio during recrystallization, and clumped isotope temperatures between
~256°C and 264°C (Figure 8a).

The silica-rich fluids progressively interacted (Figures 11a and 11b) with the carbonate rocks, likely causing
an increase in the pH of the infiltrating fluids and final fluid neutralization (Rabiee et al., 2019; Reyes, 1990;
Figures 11b and 11c). The progressive interaction of the infiltrating fluids with carbonates is further demon-
strated by the dominant crustal-radiogenic component highlighted by noble gases (Figures 9a and 9c). Such
fluid-rock interaction was accompanied by fluid cooling, likely facilitated by progressive embrittlement and frac-
turing of the host rocks (Figures 11b and 11c), and mixing with downwelling meteoric fluids along the fracture
network created by normal faulting, leading to the precipitation of carbonates (Figure 11c).

The progressive deformation associated with extensional faulting promoted fluid circulation along faults (Sibson
& Rowland, 2003) and abundant downflow of meteoric fluids, leading to mixing, pH changes and cooling of
the hydrothermal system. The input of meteoric fluids during the late carbonate mineralization stage is also
supported by the decreases of salinity in FIs in carbonates (from 11%o to 4%o NaCl eq; Figure 7h), and by the
existence of two groups of carbonate generations with distinct §'3C and §'0 values and different formation
temperature and calculated fluid compositions (Figures 8a and 8b). The group characterized by lower §'30 and
negative 8'3C values and colder temperature (~86°C; Figures 8a and 8b) indicates the input of abundant meteoric
fluids enriched in light carbon derived from oxidation of organic carbon and with a §'30 of —5.5%0 (Figures 8a
and 8b). This represents the latest stage of carbonate precipitation, when meteoric fluids mixed with the existing
hydrothermal system during cooling (Figure 11c). The range in clumped isotope temperatures from ~262°C to
86°C (Figure 8a) documents that carbonate mineralizations clearly precipitated during the cooling of the hydro-
thermal system (Figure 10b). The absence of transitional stages between the two groups of carbonates suggests a
rapid mixing with meteoric fluids, likely due to pervasive fracturing associated with the progressive localization
of extensional faulting. This is compatible with carbonate mineralization occurring in a shallow environment.
Furthermore, the mineral assemblage associated with carbonate mineralizations shows a transition from high
temperature assemblages (monazite, rutile, and chalcopyrite; Figures 6a, 6¢ and 6i) to low temperature mineral
assemblages composed of barite and smectite (Figures 6f, 6f and 6h) (Larsson, 2001; Reyes et al., 2003) associ-
ated with the carbonate cement (Figures 6a, 6b, 6d, 6e and 6h; Giggenbach, 1997; Hemley & Hunt, 1992). These
minerals are observed in the veins and in the carbonate cement of the ~500 microns thick alteration selvages,
where quartz grains are corroded and cemented by secondary carbonates (Figures 6a, 6¢—61 and 11b and 11c).
The cooling trend is also associated with a significant decrease in the 880 composition of fluids from +12.2%o
to —5.5%o (Figures 8b and 8c).

The occurrence of monazite, rutile, and chalcopyrite further confirms that hydrothermal fluids originated from
a magmatic source, which provided rare Earth elements and Cu. The presence of neo-formed smectite hosted in
the carbonate/ankerite mineralization (Figure 6h) also indicates mobility of K, Al, Fe, Mg, and Si in the fluids.
The increase in pH of the infiltrating fluids of the hydrothermal system was likely promoted by the structurally
controlled infiltration of meteoric fluids, and it is suggested as a main controlling factor of formation of the ore
minerals in Zannone.

5.8. Linking Fossil to Active Hydrothermal System

The beginning of volcanic activity in the Zannone area has been dated at ~4.2 Ma (Cadoux et al., 2005), while
the onset of extensional tectonics on ZI was constrained to have started at about 7 Ma by U-Pb dating of the
syn-tectonic carbonates associated with normal faulting and analyzed in this study (Curzi et al., 2020). We there-
fore propose that the hydrothermal system was active during the late Miocene, roughly coeval with the main ore
stage in the Tuscan area (e.g., Brogi et al., 2011; Dini, 2003; Paoli et al., 2019; Rossetti et al., 2011; Figure 1a),
and was likely fed by intrusive magmatism at depth before the onset of volcanic activity at ca. 4.2 Ma. Quartz
veins and carbonate mineralizations on ZI are characterized by helium isotopic values lower than those from the
adjacent volcanic areas and from the surrounding active submarine hydrothermal systems in the Pontian archipel-
ago (Martorelli et al., 2016; Italiano et al., 2019; Table 1 and Figures 2a, 2b and 9a and Figure S5c¢ in Supporting
Information S1). Although the fossil hydrothermal system on ZI evolved into an open fluid system in which
crustal, magmatic, and very low atmospheric components mixed (Figures 9a and 11), the geochemical analyses
on hydrothermal fluids currently outgassing in the Pontian Archipelago (Figure 2a) show a significant fingerprint
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of mantle volatiles with He isotopic ratio up to 3.7 Ra (Italiano et al., 2019; Martorelli et al., 2016; Figure 9a).
Hence, we speculate that the Plio-Pleistocene magmatic activity (Cadoux et al., 2005; Peccerillo, 2005), has
provided heat and volatiles that fed (and rejuvenated) the long-term hydrothermal system in the Pontian Archi-
pelago (Italiano et al., 2019; Martorelli et al., 2016). Similarly to what was documented in the Colline Metallifere
area of the Tuscan region (Bertini et al., 2006; Dini et al., 2008; Villa et al., 2006; Rossetti et al., 2008, 2011;
Figure 1a), the fossil-to-active hydrothermal system of the ZI shows a geochemical evolution during the progres-
sive crustal thinning associated with normal faulting and multiple magmatic intrusions related to the long-lived
magmatism of the Tyrrhenian back-arc basin. As a whole, the active hydrothermal system of the Pontian
Archipelago covers an area of about 60 km? (Figure 2a) and its activity is controlled by the back-arc extension
(Martorelli et al., 2016). Currently, sulfur springs and hydrothermal vents occur along NE-SW- and NW-SE-strik-
ing normal faults and fractures, where fluid-escape morphologies such as cones, mounds, and pockmarks are
reported (Italiano et al., 2019; Martorelli et al., 2016; Figures 2a, 2b and 12b). Within the ZGP (Figure 2b), about
2 km to the east of ZI, crusts of native sulfur and altered rocks document sulfur-rich hydrothermal alteration
(Conte, Di Bella, et al., 2020) which is similar to what is documented in Ponza and the Pontian Archipelago in
general (Figure 2a; Ylagan et al., 1996, 2000). Mixing of hydrothermal fluids with seawater leads to the cool-
ing and neutralization of fluids in an active low-sulfidation hydrothermal system (Conte, Di Bella, et al., 2020;
Figure 12b). The widespread occurrence of hydrothermal activity shows that post-volcanism magmatic intrusions
are the source of heat and magmatic fluids and actually feed the whole 60 km? wide Tyrrhenian back-arc area
surrounding ZI (Figure 12b).

There is still an ongoing debated if the magmas involved in the early magmatic stage of the Pontian Archipelago
are crustal or mantle-derived. The magmatic products of ZI and the western Pontian Islands were interpreted
by Turi et al. (1991) to be crustal-derived magmas related to the Tuscan Magmatic Province, due to their age
and high 880 values >~11%o. However, recent petrologic analyses have linked the magmatic products of the
whole Pontian Archipelago to the mantle-derived Roman Magmatic Province (Conte, Perinelli, et al., 2020). Our
data do not provide a direct answer to this debate that would necessitate a direct study of the magmatic rocks,
but allows to put additional constraints to the origin of the fluids. The §'®0 values of quartz-mineralizing fluids
comprised between +11%. and +15%o (Figure 8c); suggest a significant contribution of crustal-derived magmas
and a likely magmatic affinity with the Tuscan Magmatic Province (e.g., Farina et al., 2018; Taylor & Turi, 1976;
Turi et al., 1991) with a minor contribution of mantle-derived magmas (Figure 12a). However, the noble gases in
the quartz veins indubitably indicate the presence of a clear mantle-derived component (Figures 9a and 9d). Long
lived magmatic-hydrothermal systems are usually sustained by multiple injection of crustal and mantle-derived
magmas, as documented in the Tuscan Magmatic Province (Farina et al., 2018; Di Vincenzo et al., 2022 and
references therein). Hence, we speculate that different crustal- and mantle-derived magmas could have formed
and interplayed depth releasing hydrothermal fluids at different times in the evolution of ZI and Pontian Archipel-
ago (Figure 12). Long-lived magmatic systems in which crustal- and mantle-derived magmas interacted through
time have been widely documented both in fossil (e.g., along the Gondwana and Pangea margins; e.g., Cochrane
et al., 2014; Wolfram et al., 2019) and active back-arc basins in the Mediterranean region and worldwide (e.g.,
Tyrrhenian Basin, Peccerillo, 2005; Alboran Basin, Duggen et al., 2004; Okinawa Through, Li et al., 2020).

5.9. Insights on the Mode of Hydrothermal Mineralization in the Tyrrhenian Back-Arc

The onshore fossil mineralizations on ZI can be considered as an analog of a very immature stage of back-arc
basin formation, when continental crust is presented due to the low amount of crustal stretching. The control
of faulting on the generation of hydrothermal mineralizations is clearly indicated by their development along
steep vertical faults that interrupted the continuity of impermeable (or low-permeability) horizons, allowing the
mixing between magmatic and meteoric fluids (and not with downward percolating seawater, as in Kuroko-type
processes; Ohmoto, 1996) and the deposition of high-temperature (monazite, rutile, and chalcopyrite) to low
temperature (barite and neo-formed smectite and pyrite) ore deposits. The active mineralizations in the ZGP,
where sulfide deposits derive from mixing of hydrothermal fluids with seawater (Conte, Di Bella, et al., 2020) can
be instead considered as an analog of more mature (but still immature), in the definition of Fouquet et al. (1993)
submarine back-arc conditions, produced by more extensive crustal stretching.
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Figure 12. (a) Oxygen isotope composition of magmatic rocks from Roman, Campanian and Tuscan Magmatic Provinces and quartz-mineralizing fluids. (b) Schematic
section showing the structural high where Zannone Island relies on, and that separates the Pliocene-Quaternary Palmarola (to the NW) and Ventontene (to the SE)
Basins. The intrusions which feed the active hydrothermal system in the area, the hydrothermal outflow close to Zannone Island, and the hydrothermal alteration area
on the seabottom and in subsurface area are also shown. The trace of the schematic section is shown in Figure 2a.
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6. Conclusions

The ZI represents an ideal locality to study the structural control, composition, and evolution of a long-lived
hydrothermal system in the back-arc of the central Apennine orogen. The adopted multidisciplinary approach
allowed us to draw the P-T-X and rheological evolution of the hydrothermal system:

1. Hydrothermal activity is associated with extensional tectonics, which began during the late Messinian-early
Pliocene time.

2. A magmatic origin is inferred for the early stage hydrothermal fluids responsible for the syn-tectonic quartz
veining.

3. The secondary permeability distribution associated with normal faulting and fracturing modulated and
assisted fluid flow, promoting mixing of magmatic and meteoric fluids and the interaction with carbonate
rocks. Progressive mixing and interaction with carbonate rocks led to the cooling of the fluid(s) and pH
increase leading to carbonate precipitation.

4. The late stage of carbonate mineralization occurred at shallower depth, when normal fault activity enhanced
the downwelling of meteoric fluids, causing changes in geochemical and P-T conditions of the hydrothermal
system.

5. The fossil-to-active hydrothermal history of the area of ZI is associated with a polyphase and long-lived
magmatic activity in which different crustal and mantle-derived magmas interplayed at depth.

6. The hydrothermal mineralizations on ZI can be considered as an archive for the mode through which crustal
thinning operated in space and time during formation of the Tyrrhenian back-arc domain.
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