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Abstract: The Italian Northern Apennines contain several Fe-Cu-Zn-bearing, Cyprus-type vol-
canogenic massive sulfide (VMS) deposits, which significantly contribute to the Cu resources of
Italy. The massive sulfide lenses and related stockwork mineralizations are hosted by several levels
(from basalt to serpentinite) of the unmetamorphosed ophiolitic series; therefore, this region offers
perfect locations to study the ore-forming hydrothermal system in detail. A combination of fluid
inclusion microthermometry, Raman spectroscopy, electron probe analyses (chlorite thermometry)
and stable and noble gas isotope geochemistry was used to determine the fluid source of the VMS
system at Bargone, Boccassuolo, Campegli, Casali-Monte Loreto, Corchia, Reppia and Vigonzano.
This question of the fluid source is the focus of modern VMS research worldwide, as it has a direct
influence on the metal content of the deposit. The obtained temperature and compositional data
are both in the typical range of VMS systems and basically suggest evolved seawater origin for
the mineralizing fluid. Modification of seawater was most commonly due to fluid-rock interaction
processes, which happened during long-lasting circulation in the crust. The role of a small amount of
magmatic fluid input was traced only at the lower block of Boccassuolo, which may be responsible
for its higher ore grade. This fluid origin model is evidenced by O, H and C stable isotopic as well as
He, Ne and Ar noble gas isotopic values.

Keywords: Cyprus-type VMS; Italian ophiolite; fluid inclusion study; stable isotope geochemistry;
noble gas isotope geochemistry

1. Introduction

Several studies are dealing with the formation and evolution of volcanogenic massive
sulfide (VMS) deposits (see, e.g., [1-5] and the references cited therein). Research projects of
the past few decades provided robust genetic and descriptive models of these deposits and
significantly improved our knowledge of the source of the hydrothermal fluid, the driving
force of the system, the controlling factors of the ore precipitation and the transported
metals. However, refinement of the models emerged new questions and challenges; a
system-based approach, as well as a modern methodology, is needed to answer them.

Geological evidence generally indicates an evolved seawater origin for the hydrother-
mal fluid (see, e.g., 1-5 and the references cited therein), though there is a continuous
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debate regarding the mode of modification, i.e., (1) fluid-rock interaction in the oceanic
crust (2) and/or admixture of magmatic fluid (3) and/or phase separation may also play
a role. Understanding these processes bears high importance, as they can significantly
contribute to the metal content of the deposit (1% magmatic fluid component can bring
85% of the deposit’s metal content [6]). However, studies on VMS deposits have shown
that finding reliable evidence of the fluid source can be a challenge (see, e.g., [1,3,4] and
the references cited therein). In the present study, several different mineralogical and
geochemical research methods are utilized in order to better model the hydrothermal fluid
source in VMS deposits through examples from the Northern Apennines, Italy. We not only
show the useful combination of fluid inclusion study, Raman spectroscopy, electron probe
analyses and stable and noble gas isotope analyses but also highlight those points where
data interpretation may be misleading without the combination of the above-mentioned
methods. Hence the obtained results can contribute to tracing the hydrothermal fluid
source at other similar VMS deposits worldwide.

2. Geological Background

The Ligurian Ophiolites arrived at their present (near) surface position during the
orogenesis of the Italian Apennines, beginning from the Oligocene. These ophiolites
represent the remnants of the southwestern Alpine Tethys [7]. The ophiolites occurring on
the eastern side of the Sestri-Voltaggio Line suffered only very low-grade metamorphism,
while the ones in the Western Alps, to the west of this line, experienced high-pressure,
low-temperature metamorphism. The non-metamorphosed oceanic crust fragments and
the related rocks of the accretion prism form the Liguride Nappe, which is divided into
two distinct units. The Internal Ligurides form the upper nappe, and its rocks are formed
in a proximal position related to the spreading, whereas the External Ligurides, forming a
nappe below, contain rocks representing a more distal position [7,8] (Figure 1).

The Eastern Ligurian ophiolites (where both the Internal and the External Ligurides
occur) form an incomplete ophiolitic series, as the sheeted dyke complex and the transitional
zone are missing or subordinate. The pillow basalt series is commonly thin (max 200 m),
whereas sometimes pelagic sediments can be found on serpentinites due to syntectonic
processes [8]. Based on petrological, geochemical and structural characteristics, these
ophiolites formed during the early phase of oceanic crust formation, most likely related to
marginal basin opening ([9,10] and the references cited therein).

Several Fe-Cu-Zn sulfide mineralizations classified as Cyprus-type volcanogenic mas-
sive sulfide deposits are known in the Eastern Ligurian ophiolites (Figure 1) [11]. These
mineralizations contain 65% of the ophiolite-hosted Cu in Italy. Based on textural prop-
erties and stratigraphical position, they are divided into five groups: stratiform deposits,
which occur on the top of (1) serpentinite breccia or (2) pillow basalt; stratabound deposits
found (3) within the pillow basalt series; stockwork deposits, which (4) cross-cut the differ-
ent units of the ophiolitic series (c: basalt, b: gabbro, a: serpentinite); and liquid magmatic
massive sulfides, which (5) are hosted by serpentinite [12,13].

Modern studies of the above-mentioned deposits mostly addressed mineralogical,
mineral chemical and geochemical questions (see, e.g., [11-15]), but only a little data is
available about the characteristics and development of the hydrothermal process, which
resulted in the ore formation [16,17]. The latter studies have shown the dynamic evolution
of the fluid conditions (e.g., temperature, composition) and characterized the consecutive
ore-forming and barren stages of the hydrothermal process; however, the source and
development of the hydrothermal fluid remain unclear.
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Figure 1. Simplified geological map (based on [15]) showing the ophiolites of the Northern Apennines
and the study locations. Numbers refer to the deposit types introduced in Section 2.

Eight VMS locations (Figure 1) were chosen for further study from the Eastern Lig-
urian ophiolites, representing all hydrothermal deposit types (types 1-4abc). Vigonzano
contains stockwork ore in serpentinite (4a), and Bargone and Campegli are known for their
stockwork ore in gabbro (4b), while Boccassuolo, Casali, Monte Loreto and Reppia feature
stockwork ore in basalt (4c); Stratabound ore in pillow basalt is known in Corchia and Rep-
pia (3); Above this, Reppia contains stratiform sulfide in serpentinite breccia (1) and pillow
basalt (2), too [12]. The most important ore minerals are chalcopyrite, pyrite, sphalerite
and rarely pyrrhotite either in the massive sulfide lenses or in the stockwork ore. Local
differences are observable in the gangue and accessory minerals (Table 1.).

Table 1. Mineral assemblage of the studied VMS deposits, based on the research of [13,18] and
own observations.

Location

Type

Ore Minerals Gangue Minerals Accessories

Bargone

Boccassuolo
Campegli

Casali-Monte Loreto

Corchia

Reppia

Vigonzano

4b

4c
b

4c

1,2,3,4c*

4a

Pyrite, chalcopyrite (sphalerite) Quartz, prehnite (calcite, chlorite) Bornite, covellite, Mn-minerals,
Pb-selenides

Pyrite, chalcopyrite, sphalerite Quartz, calcite, chlorite, epidote, titanite Galena, rutile, zircon

Pyrite, chalcopyrite (sphalerite) Quartz, chlorite, epidote (pumpellyite) Monazite, other REE minerals

Quartz, calcite, chlorite, epidote, titanite

(actinolite, prehnite, pumpellyite)

Pyrite, chalcopyrite Calcite, quartz, chlorite, siderite, clay

sphalerite, pyrrhotite minerals, titanite

Pyrite, chalcopyrite sphalerite Rutile/anatase
Linnéite, native gold, acanthite, uraninite,
barite, REE minerals, magnetite,
freibergite, galena,
smithsonite, hydroromarchite
pl;zgft’i::?sl;%zﬁ;;eé) Quartz, calcite, chlorite, siderite Limonite
quartz, calcite, Chlorite, siderite, epidote,

titanite, prehnite Marcasite, millerite, chromite, magnetite,

Pyrite, chalcopyrite, pyrrhotite
hematite, zircon, serpentine minerals

*: samples of this study represent types 1, 2 and 4c.

3. Materials and Methods

Careful fieldwork, aiming to collect representative samples, was carried out at each
study location. Textural features, classification and observation of the typical features of
the hydrothermal infillings were carried out with the help of a hand lens and a stereomi-
croscope. Further observations on the hydrothermal phenomena, as well as their host
rock, were performed with a Zeiss Axioplan polarizing microscope under transmitted and
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reflected light. Microphotographs were taken with the help of an Olympus Camedia C-5060
camera. These studies were performed on polished 30 um thin sections as well as on block
sections. Fluid inclusion petrography was carried out on doubly polished, 100-150 pm
thick sections with an Olympus-BH2 type microscope, while the microthermometric mea-
surements were performed by means of a Linkam FT-IR 600 type heating-freezing stage
mounted on an Olympus-BX51-type microscope equipped with up to 100x long work-
ing distance objectives, providing optical magnification up to 1000 x. For the calibration
of the microthermometric stage, quartz-hosted synthetic CO, and H,O inclusions were
used, allowing 0.1 °C precision during the freezing runs and 1 °C precision during the
homogenization experiments. Salinity calculations were performed based on the final
ice-melting temperatures, using the equation of [19], except in inclusions with the forma-
tion of voluminous methane clathrate during the freezing runs. In these latter inclusions,
the determination of salinity was based on the Raman spectra of the aqueous phase [20].
In some cases, salinity was not possible to measure due to technical reasons (metastabil-
ity during freezing, small size of inclusions or strong luminescence of calcite). All the
above-mentioned work was carried out at the E6tvos Lorand University, Department
of Mineralogy.

Raman spectroscopy analyses of fluid inclusions were performed at the ELTE Research
and Industrial Relations Center, Faculty of Science, E6tvos Lordnd University, by using a
Horiba Jobin Yvon LabRAM HR 800 edge filter (based confocal dispersive Raman spec-
trometer), with 800 mm focal length and coupled with an Olympus BXFM-type microscope.
During the 3 x 20 s-long measurements, frequency-doubled Nd:YAG 532 nm laser, 600
grooves/mm grating, 50 um confocal aperture and 50x and 100x long working distance
objectives were used. The methane content of fluid inclusions was determined according
to the method presented in [21]. The high-temperature Raman analyses were performed by
mounting the Linkam heating-freezing stage on the microscope of the Raman equipment.

Chlorite thermometry calculations were based on electron microprobe analyses per-
formed at the Eugen F. Stumpfl Microprobe Laboratory (University of Leoben) using a
Jeol Superprobe JXA-8200, operated at 15 kV accelerating voltage, 10 nA beam current,
~1 um beam diameter and counting times of 20 and 10 seconds for peak and backgrounds,
respectively. The X-ray K« lines for Si, Mg, Al, Ti, Cr, Ca, Na, K, Mn and Fe, as well as
natural silicates and chromium spinel as standards, were used for the analysis of chlorite.
Detection limits for each element are shown in the related tables. After obtaining chlorite
EPMA data, we calculated its formula based on 14 O. We checked several different chlorite
thermometry methods [22-27] and used the one in which criteria (Al (IV) and XFe value
ranges, amount of K,O+Na;O+CaO, vacancy) was fulfilled by our measurement results.

Noble gas isotope analyses were carried out at the Isotope Climatology and Envi-
ronmental Research Centre, Institute for Nuclear Research, Hungary. The selected rock
samples were gently crushed into 0.1-5.0 mm pieces. The pure mineral (sulfide and quartz)
separates were cleaned in an acetone ultrasonic bath and dried at 60 °C overnight to remove
any adhering contamination. Approximately 1.0-3.5 g mineral separates were loaded into
a stainless steel tube attached to the gas purification line. The gas was extracted by crush-
ing (100 strokes) with a piston, which was activated using an external magnet. Different
components of the released gas were separated in a cryogenic system consisting of two
cold traps and a getter trap. Argon and the chemically active gases (e.g., Oy, CHy, CO;, etc.)
were adsorbed in an empty trap at 25 K, while He and Ne were adsorbed in a charcoal trap
at 10 K. Thereafter, Helium and Ne were desorbed at 42 and 90 K, respectively, whereas
Ar was desorbed from the trap at 55 K. The isotope compositions of each noble gas were
sequentially measured after purification in a getter trap (SAES) using a HELIX-SFT noble
gas mass spectrometer (He) and a VG 5400 noble gas mass spectrometer (Ne, Ar). Signals
were collected using a Faraday cup (*He, “’Ar) and an electron multiplier for the other
isotopes. The overall measurement procedure was calibrated with known air aliquots and
calibration gases. The measured He isotope ratios have been corrected for excess air using
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the atmospheric 3He/*He and *He/?°Ne ratios, recommended by [28]. The corrections
resulted in minor changes (0.01%) in the final data.

Stable carbon and oxygen isotope compositions of approximately 150-200 pg carbonate
samples were determined by carrying out the carbonate—orthophosphoric acid reaction at
72 °C [29] and using an automated GASBENCH II sample preparation device attached to
a Thermo Finnigan Delta Plus XP mass spectrometer at the Institute for Geological and
Geochemical Research (IGGR) in Budapest, Hungary. Precision is better than £0.1%. for
both 5180 and §'3C.

Stable hydrogen isotope composition of the inclusion-hosted water and the water
content of carbonate (dolomite and calcite) samples were determined at the Institute for
Geological and Geochemical Research (Budapest, Hungary), using the laser spectrometric
method described in detail by [30,31].

4. Results

The studied mineralizations represent each level of the Cyprus-type VMS systems
(massive sulfide lens and below the stockwork zone with alteration halo), although not
all textural types are known at each location (see Section 2 and Table 1). A special feature
of the study locations is the fact that almost every member of the ophiolitic series (basalt,
gabbro and peridotite) contained mineralizations due to syntectonic processes; therefore,
the studied samples cover a wide range in terms of either host rock or ore texture.

4.1. Massive Sulfide Lenses
4.1.1. Texture and Mineralogy

Massive sulfide lenses occurring in basalt and serpentinite breccia were studied in
Reppia and Corchia. This type of mineralization contains more than 80% of ore minerals,
including pyrite, chalcopyrite, pyrrhotite, sphalerite and detrital chromite, as well as
magnetite, together with their alteration products hematite and limonite. Chlorite, quartz,
calcite, clay minerals, barite and anhydrite are common gangue minerals. The gangue
minerals most commonly occur among the sulfide grains, forming a massive, granular
texture. However, brecciation may also occur (Figure 2).

Figure 2. Massive sulfide (py—pyrite; ccp—chalcopyrite) with gangue minerals (quartz and calcite) from
Corchia (reflected light microphotograph, 1N; left) and brecciated ore (pyrite, chalcopyrite; sp—sphalerite)
with gangue quartz and calcite from Corchia (reflected light microphotograph, 1N; right).

The most common sulfide mineral is pyrite (50-80%), which is formed in multiple
stages during the whole hydrothermal process. Pyrrhotite is formed either earlier or
cogenetically with early pyrite, whereas chalcopyrite crystallizes after early pyrite. This
was followed by sphalerite crystallization. Late pyrite precipitation lasted longer than
chalcopyrite and sphalerite formation.

Chlorite is a common early-formed gangue mineral; the studied grains belong to the
type-1 Mg—chlorite group [32] based on their composition (Table 2), and their calculated
formation temperature is 198 + 10 °C [24].
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Table 2. Composition of chlorite based on EPMA data in wt.% (Det. lim.—detection limit; St. dev.—
standard deviation; b.d.l.—below detection limit; n.a.—not available). Al (IV) and XFe data are based

on 14 O. Formation temperature data are based on [22-24].

ALO;  MgO K,O Ca0 Cr,0; Na,0 MnO  Si0, TiO, NiO  FeO AL(IV) XFe T(O
Det. lim.  0.013  0.011 0012 0016  0.021 0015 0023 0021 0029 0032 0024

Reooi Min 13282 16280  b.d.l 0077  bdl  bdl 0274 29263 b.dl bdl 22194 0.824 0392 184
}flpp.ta' Max 17488 18985  0.037 0.495 b.dl 0.030 0471 31475 0395 0071 23.995 0.953 0442 214
C(”‘lns)e Mean 16172 17.606  0.035 0.263 na. 0.025 0367  30.043 0153 0.064 23.076 0.883 0419 198
= St. dev. 1.393 1.005 0003 0122 na. 0007 0072 0826 0163 0010 0570 0.047 0019 10

c . Min 15539 13788 0012 0015 bdl  bdl 0279 26578 b.dl bdl 11.784 0.820 0203 222
;‘lnp.ig L Max 19979 25644  0.062 1.258 0.206 0.059 0819 31758  0.199 0.141 26.950 1.147 0515 302

? Srizi Mean 17.691 20648 0023 0165 0066 0027 0570 29389 0.056 0.051 18.658 1.001 0333 242
n= St. dev. 0858 2873 0015 0211 0052 0014  0.165 1234 0042 0025 3.766 0.082 0074 19
Monte Min 14922 14848 0017  b.dl bdl  bdl 0351 25788 b.dl bdl 19.843 1131 0466 302
Loreto, Max 18799 19261 0042 0427 0096 0053 0454  31.194 0075 0082 27.255 1.238 0503 337
chlorite Mean 18162 15865  0.029 0125  0.041 0034 0404 2688 0055 na. 25681 1.179 0484 318
(n=11) St dev. 1.162 1260 0010 0202 0029 0012  0.036 1555 0016 na. 2147 0.032 0013 10

The basalt in close proximity to the massive sulfide lens shows intensive alteration.
Hydrothermal veins are common, and due to the appearance of strongly altered rock-
forming minerals, only the relict texture of the original rock is observable. Chlorite, albite
and titanite are the most common alteration products in the host rock, whereas quartz,
calcite and the above-mentioned sulfides are found in the veins.

4.1.2. Fluid Characteristics

Quartz and calcite are found among the sulfide grains. The coarser-grained quartz
could be associated with later sulfides, while fine-grained quartz and calcite are clearly later
products. Both may contain common ~5 um-sized primary fluid inclusions in 3D clouds,
far from any secondary plains. The observed constant phase ratio (~10 area% vapor (V)
and ~90 area% liquid phase (L), though a rare, accidentally trapped mineral solid phase (S)
occurs) suggests trapping from a homogeneous parent liquid (Appendix B, Figure Al).
The homogenization temperature was Th(LV-L) = 127-178 °C in coarser-grained quartz
(n = 48), Th(LV-L) = 69-91 °C in fine-grained quartz (n = 6) and Th(LV-L) = 49-93 °C in
late calcite (n = 26). The salinity was rather stable with values between 2.12-4.18 NaCl
equiv. wt.% (Appendix B, Figure A2). Raman spectroscopy identified methane in the vapor
phase of each inclusion, and the accidentally trapped mineral was found to be sericite.
Where methane content was quantified, 0.3 = 0.05 mol/kg was calculated. Based on the
above-mentioned data, a homogenization pressure of 59 + 5 MPa was calculated [33]
(Appendix A, Table Al).

4.1.3. Stable and Noble Gas Isotopic Composition

The average stable isotopic composition of the fluid inclusions occurring in quartz crystals
of Corchia is 8D = —42.39 %0, while the average composition of calcite is 813Cppp = —2.376
and 5'80spow = 21.238. The calculated [34] average oxygen isotope composition of fluid in
equilibrium with calcite is 8'"®Ospjow = 0.275 (1 = 9) (Tables 3 and 4). To calculate this, we
have used the temperature value obtained from the fluid inclusion microthermometry study
of the same sample (Corchia: 70 °C). The noble gas isotopic composition of sulfide-hosted
fluid inclusions from Reppia is 20Ne /3 Ar* (normalized to air) = 0.756 (st. dev. = 0.1), and
4He /3¢ Ar* (normalized to air) = 210.445 (st. dev. = 21.1) (Appendix A, Table A2).

4.2. Stockwork Mineralizations
4.2.1. Texture and Mineralogy

Stockwork mineralizations were studied in basalt (Boccassuolo, Reppia, Casali-Monte
Loreto), gabbro (Bargone, Campegli) and peridotite (Vigonzano). In Boccassuolo, the ore
veins occur in two major blocks, separated by a subvertical, NW-SE-trending fault. In
Reppia, the connection between the stockwork and massive sulfide ores is difficult to
observe due to tectonic processes.
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Table 3. Stable isotope geochemistry of late calcite and the calculated [34] composition of the fluid in
equilibrium with calcite.

Location Calcite Fluid
813 Cppg 818 Osmow 88 Ogmow
Min —2.79 15.18 —0.32
Bargone Max —0.26 16.52 0.99
n=9) Mean —1.04 15.89 0.38
St. dev. 0.8 0.43 0.43
Boccassuolo Min —0.79 15.87 —-3.67
(upper block, Max —0.01 18.51 -1.07
1= 8) Mean —-0.21 16.63 —-2.92
St. dev. 0.28 0.83 0.81
Boccassuolo Min 0.14 22.01 3.57
(lower block Max 0.71 22.74 4.28
1=6) ’ Mean 0.37 22.38 3.94
St. dev. 0.21 0.29 0.28
Min —3.07 20.92 —0.04
Corchia Max —1.85 21.76 0.78
n=9) Mean —2.38 21.24 0.28
St. dew. 0.46 0.39 0.39
Min —6.96 14.97 0.46
Monte Loreto Max —0.88 15.95 142
(n=7) Mean —3.75 15.43 091
St. dev. 2.96 0.42 0.41

Table 4. Results of the H isotope geochemical analyses of quartz-hosted fluid inclusions.

8D
Bargone, quartz —39.38
! —47.01
Boccassuolo (upper block), quartz —41.15
—65.12
Boccassuolo (lower block), quartz —42.99
—47.14
Corchia, quartz —42.39
Monte Loreto, quartz —44.05
Vigonzano, quartz —40.85
& +q ~30.39

This stockwork type of mineralization contains less than 20% sulfides; pyrite, pyrrhotite,
chalcopyrite, sphalerite and galena commonly occur, but some rare minerals, such as marc-
asite, millerite, chromite, magnetite, bornite, covellite and Pb-selenides, may also be found.
Quartz, calcite and chlorite are common gangue minerals, but clay minerals, prehnite,
pumpellyite and epidote also occur (Figure 3). Details on the different steps of gangue
mineral formation, as well as their relation to the ore minerals in Bargone, Boccassuolo,
Campegli, Reppia and Vigonzano, are found in [16,17].

Chlorite of the stockwork veins is most commonly type 1 Mg—chlorite (nomenclature
by [32]) based on their composition (Table 2). This mineral may have formed either
before quartz (e.g., in Campegli gabbro, at 220-300 °C, or in Monte Loreto basalt, at
300-340 °C), syngenetically with it (e.g., in Reppia basalt, at 185-215 °C), or as a later
product (e.g., at some locations of Boccassuolo, at 120-160 °C; for details on this location,
see the corresponding results of [13]) [22,23].
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Figure 3. Coarse-grained early quartz (qz) (at places with growth zones with primary fluid inclusions),
later calcite (cal) and pumpellyite (pmp) of a stockwork vein from Campegli (transmitted light
microphotograph, 1N; left). Semimassive, brecciated sulfide sample of a thick quartz vein from
Vigonzano, showing early pyrite (py) surrounded by later chalcopyrite (ccp), magnetite (mag) and
gangue minerals (quartz). Note that pyrite can also occur in later, thin veinlets (reflected light
microphotograph, 1N; right).

4.2.2. Fluid Characteristics

The fluid inclusion study was performed in different quartz generations and the
late calcite, as described in [16,17]. In addition to those results, measurements were also
performed in Casali-Monte Loreto. In summary of the fluid inclusion study results, the
primary L+V(+5) fluid inclusions are commonly between <1 and 10 pm, occurring along
growth zones of the crystals or in 3D inclusion clouds in the core of the crystals (Appendix B,
Figure Al). The observed constant phase ratios suggest a homogeneous parent liquid.
Based on Raman spectroscopy, sericite is the S phase, and the V phase always contains
methane. The homogenization temperatures show a wide range (Th(LV-L) = 50-360 °C)
(n = 716), depending on the study location and quartz/calcite generation. Within this
range, quartz of Casali-Monte Loreto yielded a Th(LV-L) = 110-190 °C (n = 193) and fluid
inclusions of its calcite resulted in a Th(LV-L) = 95-160 °C (n = 62). Slightly changeable
salinity and methane content was observed at each location (2.2-9.3 NaCl equiv. wt.%
salinity and 0.05-0.33 mol/kg methane), with the newly studied Casali-Monte Loreto
showing results in the lower range (2.2-4.6 NaCl equiv. wt.% and 0.05-0.13 mol/kg
methane) (Appendix B, Figure A2). Based on these data, the calculated homogenization
pressure was between 20-50 MPa [33] (Appendix A, Table A1).

4.2.3. Stable and Noble Gas Isotopic Composition

The stable and noble gas isotopic composition of the hydrothermal minerals, as
well as their fluid inclusions, were also studied. The hydrogen isotopic composition of
the quartz-hosted fluid inclusions is between 6D —65.12 and —30.39%. (Table 4), while
their noble gas isotopic composition is R/Ra = 0.097-0.173 (where R is the measured
3He/*He ratio, and Ra is (1.382 4 0.006) x 10~° [35]; (*He/3¢Ar),;; = 17.126-2389.488
and (**Ne/30Ar),;, = 0.419-5.579; Appendix A, Table A2). The stable isotopic composi-
tion of late calcite is 88 Ogpow = 15.0-22.7%0 and §'8Cppg = 0.71—(—6.96) %0 (n = 30).
The calculated [31] oxygen isotope composition of fluid in equilibrium with calcite is
5180spow = (—3.67)-4.28%o (Table 3). To calculate this, we have used the temperature
value obtained from the fluid inclusion microthermometry study of the same sample
(Bargone: 117 °C; Boccassuolo—upper block: 80 °C; Boccassuolo—lower block: 90 °C;
Monte Loreto: 128 °C).
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5. Discussion

The studied Italian VMS deposits represent all levels of a Cyprus-type VMS system;
therefore, we can obtain information on the formation of the massive sulfide lens as well as
the stockwork ore.

5.1. Formation Conditions, Fluid Characteristics

The massive sulfide lenses form directly on the seafloor due to the rapid interaction
between the hot hydrothermal fluid and the cold seawater [4]. The ore and gangue minerals
commonly form together or continuously; therefore, we can obtain information on the
ore genesis by studying the gangue minerals. Chlorite formed prior to the quartz, calcite
and sericite and precipitated at approximately 200 °C. As homogeneous parent fluid was
proven by the fluid inclusion petrography, the obtained homogenization temperature and
pressure data can be interpreted as minimum formation temperatures and pressures. Thus,
the following quartz and calcite precipitation occurred from a continuously cooling and
low-salinity (average: 3.3 NaCl equiv. wt.%) fluid at a minimum formation temperature
of 50-178 °C. This is caused by dilution and rapid cooling, depicting intensive mixing
between hydrothermal fluid and seawater. The calculated minimum formation pressure
(59 £ 5 MPa) is higher than the hydrostatic pressure typically affecting the massive sulfide
lenses (~25 MPa [3]). This overpressure phenomenon could be caused by the rapid healing
of the fluid migration pathways by newly formed hydrothermal minerals. Its result is the
brecciation, well-observable in the samples.

Investigation of the relationship between the massive sulfide lenses and the stockwork
mineralizations is difficult at several locations due to later tectonic processes, i.e., the
obduction of the ophiolitic series. At some locations, certain levels of the system are
missing, or parts of obviously different origins are close to each other (see, e.g., the different
blocks of Boccassuolo). However, based on the known ore deposit model and analogies
(e.g., [3,4,36] and the references cited therein), at least a distant connection between the
massive sulfide lens and the stockwork zone can be assumed, and thus, we can model the
processes in spite of the missing link. This connection is supported by the observed, similar
hydrothermal fluid characteristics, i.e., the observable typical methane content and the
similar stable and noble gas isotopic values.

Studying the gangue minerals also contributes to understanding the hydrothermal
processes related to stockwork mineralization. This is well illustrated by [17], who stud-
ied quartz from Bargone, Boccassuolo, Campegli, Reppia and Vigonzano, demonstrating
that combined use of fluid inclusion microthermometry, Raman spectroscopy, SEM-CL
imaging and LA-ICP-MS can effectively reconstruct the physico-chemical characteristics
of the hydrothermal fluid producing the barren and ore-forming stages of the evolving
hydrothermal system. The additional fluid inclusion study results from Casali-Monte
Loreto and the new chlorite thermometry data from Campegli, Monte Loreto and Reppia
fit well into the above model; both suggest a dynamically changing hydrothermal system
comprised of several consecutive steps. The calculated homogenization pressure (which
can be interpreted as the minimum formation pressure due to the observed homogeneous
parent fluid) is commonly found within the typical 30-60 MPa range of VMS stockwork
systems [3,37]. Local variations are the results of the overpressure phenomena caused
by the healing of fluid-flow pathways (fractures) by rapid precipitation of hydrothermal
minerals. Therefore, pressure correction is not needed on the homogenization temperature
(i.e., minimum formation temperature) data; they approximate the formation conditions
well. This is also supported by the chlorite thermometry data from Reppia, where chlorite
syngenetic with quartz yielded similar formation temperatures as the obtained homogeniza-
tion temperatures from quartz (T, = 120-170 °C vs. Tqz1—2 = 120-200 °C). An important
question, however, remained open: the source of the ore-forming hydrothermal fluid.
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5.2. The Source of the Hydrothermal Fluid

The obtained common temperature and compositional data (minimum formation
temperature: 50-360 °C, 2.2-9.3 NaCl equiv. wt.% salinity) are both in the typical range
of VMS systems and basically suggest the seawater origin of the fluid [1]. Although
methane content is not common in this deposit type, it may occur [4], mostly related to
abiotic processes (e.g., directly emanated from magma, thermal decay of organic material,
reduction related to the serpentinization of ultramafic rocks) [38]. The interpretation of the
above-shown compositional data and its variability is difficult, as several effects during
its circulation could have modified the seawater. Based on the literature data, the most
important influencing factors are the fluid-rock interaction during circulation in the crust,
mixing with fresh seawater, phase separation (i.e., boiling), passing through evaporites in
the host rock series and admixture of magmatic fluid component [1,3,39,40]. In the case of
the studied deposits, phase separation and the effect of evaporitic host rock can be excluded
based on the geological background as well as our fluid inclusion petrography. However, it
is worth discussing the possibility and relative significance of the fluid-rock interaction
processes and the magmatic fluid input. This question has both academic and economic
significance and is often misinterpreted due to the difficulties of reliable proofing.

The stable O and C isotopic composition of late calcite is similar to the typical ranges of
low-temperature alteration zones in VMS systems, mostly depicting fluid-rock interaction
processes [4]. Results from Bargone, Boccassuolo (upper block) and Monte Loreto are in
the same range (mostly between —3 and 0 813Cppg; —16 and —12 5'80ppp), showing that
the different host rock (basalt and gabbro) has a negligible effect on the stable isotopic
composition. This is also supported by [41], who have found similarly enriched 580
isotopic compositions in basalt, gabbro and serpentinite of the Ligurides, indicating an
exchange with lower-temperature fluids at a near-seafloor position. However, Boccassuolo
(lower block) shows somewhat different characteristics (between 0-1 §'3Cppg; —9 and
—7 8180ppgp), pointing to slightly different fluid characteristics for that location.

In addition, the calculated oxygen isotopic composition of the fluid in equilibrium with
calcite remains in the typical VMS range [1], although the effect, which has modified the
original seawater, cannot be unequivocally identified (Figure 4). Similar fluid salinity and O,
H stable isotopic values were interpreted to support modified seawater plus magmatic fluid
admixture for VMS deposits from the Iberian Pyrite Belt [42], but we would rather beware
of such an explicit conclusion. Based on our results, in the case of Boccassuolo (upper block)
and Bargone, we can exclude the significant magmatic fluid input, but we cannot reliably
decide whether this is the case for Monte Loreto, Corchia and Boccassuolo (lower block)
results (Figure 4). The possibility of magmatic fluid involvement is the highest in the case
of Boccassuolo (lower block) and the lowest at Boccassuolo (upper block). This is in good
correlation with the mineralogical and geochemical observations of [15], who emphasized
the effect of crustal fluid circulation and leaching in the case of the anomalously high Pb
content of Boccassuolo (upper block).
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Figure 4. Stable isotopic composition of the fluid in equilibrium with late calcite from the studied
locations. Reference values of [1,42,43] are shown on the top (in black) to assist interpretation.

Stable and noble gas isotopic study of quartz and sulfide-hosted fluid inclusions com-
plete the above results. The origin of the hydrothermal fluid can be effectively traced based
on the fluid inclusions of hydrothermal minerals, such as quartz and sulfides, as they are
less liable to diffusion [44]. This seems to be proven in our case, too, as there is no significant
difference between our results obtained from quartz and sulfides. The obtained OAr/3Ar
data are slightly different from the atmospheric values (**Ar /3¢ Ar = 295 & 0.5 [45]), show-
ing crustal contribution [44]. Some exceptionally high values (up to 699 £ 29) can be
explained by the potassium content of the commonly occurring sericite as an accidentally
trapped mineral in the inclusions. The 4He /20Ne, as well as the *He /%0 Ar* ratios, also
support the deviation from atmospheric characteristics (Figure 5). This variance is most
commonly of crustal origin, but in the case of the Boccassuolo (lower block), the magmatic
(mantle) origin cannot be ruled out [44]. The ratio of He, Ne and Ar normalized to air
also supports the modifying effect of fluid—rock interaction in the crust (Figure 6). How-
ever, the low R/Ra values (up to 0.17) are the unambiguous result of this process, and
the mantle-derived magmatic component (which would result in higher amounts of 3He)
can be clearly excluded for most of the samples [44]. This is supported by the 5D values
(commonly between —47 and —39%o.), which are within the typical VMS range [1] and
show lower values than those that are characteristic of the typical field of magmatic fluids
(between 8D —50 and —85%o [43]). In the case of the Boccassuolo (lower block) samples,
a small amount of mantle-derived (magmatic) fluid input can be assumed based on the
combined evaluation of stable isotopic (see Figure 4 and 5D between —42.99 and —65.12 %o)
and noble gas isotopic values (Figure 5).

Summarizing our findings, we conclude that the studied Italian VMS mineralizations
were formed by a seawater-originated hydrothermal fluid, in which its composition was
modified by the fluid—rock interaction during its crustal circulation. The effect of the
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different host rocks is negligible, which can be explained by the fact that both basalt,
gabbro or serpentinite were at a near-seafloor position at the time of deposit formation
due to syntectonic processes [8,41]. Only the Boccassuolo (lower block) shows different
stable and noble gas isotopic compositions suggesting a slight magmatic fluid input. This
finding explains the difference in the ore grade and mineralogy well; while the lower block
contains medium- to high-grade ore with higher Cu and Zn values, the upper block has
low- to medium-grade ore with anomalously high Pb content [15]. Thus, the appearance of
high-grade ore is in correlation with the possible magmatic fluid input.
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Figure 5. Interpretation of noble gas isotope composition of quartz and sulfide-hosted fluid inclusions
from the studied Italian locations; *He /40 Ar* (A) as well as *He /2’Ne (B) data both support a very
slight magmatic fluid input for Boccassuolo (lower unit), while results of a fluid—rock interaction
in the crust is clearly seen for the other localities (end-members in the R/Ra vs. *He/?’Ne plot):
atmospheric (1 R/Ra, 0.318 4He/?Ne [46]), crustal (0.02 R/Ra, 1000 *He/?'Ne [47]) and MORB
(8 R/Ra, 1000 *He/?°Ne [48]).
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Figure 6. Noble gas isotopic composition of quartz and sulfide-hosted fluid inclusions show evidence
of a fluid-rock interaction. This support the establishment of a large fluid circulation system in the
crust (typical VMS fields by [44] are shown for reference).

6. Conclusions

The present research on VMS deposits of the Italian Northern Apennines has shown
that the source of the VMS-forming hydrothermal fluid can be trustworthily traced by
the combination of more mineralogical and geochemical study methods (namely, fluid
inclusion and stable and noble gas isotopic studies). Our results support that most of the
studied Italian VMS locations were formed by hydrothermal fluid of dominantly seawater
origin, in which its composition evolved during long-lasting fluid—rock interaction in the
crust. The only exception is the lower block of Boccassuolo, where a slight magmatic fluid
input is also suggested (aside from the above-mentioned processes). This results in higher
ore grades and slightly different mineralogy as well. Though the methods are well-known
and often used in VMS case studies separately, a similarly complex approach is hardly
available (see, e.g., [49,50]). Therefore, this novel methodology can also help other VMS
locations in answering the open questions that remain.
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Appendix A

Table Al. Summary of primary fluid inclusion data.

VMS Massive Sulfide 'VMS Stockwork
Corchia Reppia Bargone * Boccassuolo * Campegli * Casali ﬁ?e\:s Reppia * Vigonzano*
Th (°C) (core) 170-270 170-225 150-205 290-330
C -grained it Ty (°C) (rim) 135-180 125-180 120-160 260-310
oarse %(';t‘“; quartz Salinity 26-57 2647 3.1-39 7.2-9.3
“ CHy x 0.13-0.22 x x
n 53 58 70 18
T}, (°C) 150-360 110-180 110-190
Coarse- and ht.
medium-grained quartz salinity 3.3-8.3 3.7-4.6 2.2-35
Qtz1-2) CHy 0.19-0.26 0.04-0.05 0.12-0.13
n 98 71 122
Ty ©0) 127-178 110-158 122-171
Medium-grained quartz Salinity 2.12-3.26 3.1-47
(Qtz 2) CHy 0.32-0.34 X 0.22-0.33
n 48 9 41
. . T}, (°C) 69-91 107-118 80-160 50-125
Fme-grame;l)quarfz (Qtz }(‘jH4 » » N ’
n 6 3 15 5
Ty, (°C) 49-93 110-135 60-160 132-169 95-156
Calcit Salinity 241418 3.1-6.6
alcte CHy x ? x x ?
n 26 13 35 6 62

Salinity is given in NaCl equiv. wt.%. Methane content is given in mol/kg. x: methane content proven by Raman
spectroscopy but not quantified. ?: methane content was not possible to check due to the small size of inclusions
or strong luminescence of calcite. *: data from [16,17].
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Table A2. Summary of noble gas isotope measurement data.
Locality Sample Type Mass (g) 3He (ccSTP/g) St. dev. 3He 4He (ccSTP/g) St. dev. 4He He (ccSTP/g) R/Ra St. dev. R/Ra 20Ne (ccSTP/g) St. dev. 20Ne 21Ne (ccSTP/g) St. dev. 21Ne
Boccassuolo Basalt, upper block 1.58 2.29E-15 1.78E-16 1.7042E-08 1.92E-10 1.7042E-08 0.0970 0.0076 1.41E-09 3.75E-11 4.00E-12 8.37E-14
(stockwork basalt) Basalt, lower block 1.38 2.19E-15 2.05E-16 4.4485E-09 5.02E-11 4.4485E-09 0.3560 0.0336 1.98E-09 5.25E-11 5.93E-12 1.17E-13
. 1.50 2.56E-15 2.07E-16 4.2420E-09 4.79E-11 4.2420E-09 0.4364 0.0356 9.11E-10 2.41E-11 2.70E-12 5.89E-14
Corchia (massive sulfide lens) 1.38 3.97E-15 2.66E-16 1.0698E-07 1.21E-09 1.0698E-07 0.0268 0.0018 3.33E-12 1.48E-13
Bargone (stockwork gabbro) 1.45 1.56E-15 1.67E-16 4.5720E-09 5.16E-11 4.5720E-09 0.2465 0.0266 1.68E-09 4.48E-11 5.35E-12 1.05E-13
1.26 2.31E-15 2.27E-16 1.5216E-08 1.72E-10 1.5216E-08 0.1095 0.0109 4.80E-10 1.28E-11 1.41E-12 3.98E-14
1.61 1.29E-15 1.65E-16 3.9088E-09 4.41E-11 3.9088E-09 0.2390 0.0306 5.58E-10 1.48E-11 1.63E-12 4.08E-14
Vigonzano (stockwork serpentinite) 1.38 3.33E-15 2.50]%-16 5.7313E-08 6.47E-10 5.7313E-08 0.0420 0.0032 1.57E-09 4.17E~-11 4.75E;12 9.69E‘-14
1.48 1.37E-14 5.17E-16 5.9689E-08 6.74E-10 5.9689E-08 0.1663 0.0065 5.88E-10 1.56E-11 1.75E-12 4.44E-14
3.41 2.11E-14 4.64E-16 8.8095E-08 9.95E-10 8.8095E-08 0.1728 0.0043 2.50E-10 6.63E-12 7.15E-13 1.80E-14
Reppia (massive sulfide lens) 2.03 7.36E-16 1.16E-16 2.1960E-08 2.48E-10 2.1960E-08 0.0242 0.0038 2.48E-10 6.57E-12 7.96E-13 2.21E-14
22Ne (ccSTP/g) St. dev. 22Ne 36Ar (ccSTP/g) St. dev. 36Ar 40Ar (ccSTP/g) St. dev. 40Ar Ne (ccSTP/g) St. dev. Ne Ar (ccSTP/g) St. dev. Ar 20Ne/22Ne St. dev. 20/22Ne
Boccassuolo Basalt, upper block 1.45E-10 4.23E-12 8.05E-10 8.49E-11 1.56E-09 6.98E-11 9.766 0.4
(stockwork basalt) Basalt, lower block 1.97E-10 5.73E-12 2.99E-09 2.99E-10 1.01E-06 1.07E-07 2.18E-09 9.60E-11 1.02E-06 1.48E-07 10.041 0.4
’ 9.23E-11 2.69E-12 1.91E-09 1.90E-10 6.13E-07 6.47E-08 1.01E-09 4.53E-11 6.15E-07 8.93E-08 9.880 04
Corchia (massive sulfide lens) 1.12E-10 3.28E-12
Bargone (stockwork gabbro) 1.65E-10 4.80E-12 5.45E-10 6.04E-11 1.85E-09 8.16E-11 10.215 0.4
4.69E-11 1.38E-12 1.10E-09 1.11E-10 3.85E-07 4.09E-08 5.28E-10 2.57E-11 3.86E-07 5.64E-08 10.245 0.4
5.50E-11 1.61E-12 6.44E-10 6.64E-11 1.52E-07 1.63E-08 6.15E-10 2.88E-11 1.52E-07 2.27E-08 10.142 0.4
Vigonzano (stockwork serpentinite) 1.58E-10 4.61E-12 5.29E-10 5.37E-11 1.57E-07 1.72E-08 1.74E-09 7.69E-11 1.58E-07 2.35E-08 9.941 0.4
6.09E-11 1.78E-12 4.58E-10 4.57E-11 1.39E-07 1.47E-08 6.50E-10 3.05E-11 1.39E-07 2.03E-08 9.642 0.4
2.44E-11 7.13E-13 2.20E-10 2.19E-11 6.69E-08 7.05E-09 2.75E-10 1.29E-11 6.71E-08 9.74E-09 10.235 0.4
Reppia (massive sulfide lens) 2.53E-11 7.42E-13 6.26E-10 6.24E-11 1.86E-07 1.96E-08 2.74E-10 1.32E-11 1.87E-07 2.71E-08 9.793 0.4
* i * i
21Ne/22Ne 251‘/'22;‘;' 40Ar/36Ar St. dev. 40/36Ar 4He/20Ne 432 /gg;\’ie 4He/40Ar * St. dev. 4He/40Ar * 4Hel 36A'm ;‘i‘;‘m“l‘“d 4;:}312"; . 20Ne/ 36A:0 a(i';;"“‘“l‘zed St. dev. 20Ne/36Ar *
Boccassuolo Basalt, upper block 0.028 0.001 12.1 03 126.9 13.5 34 0.4
(stockwork basalt) Basalt, lower block 0.030 0.001 338.6 49.2 2.2 0.1 0.03 0.001 8.910 0.9 1.262 0.1
’ 0.029 0.001 321.1 46.6 4.7 0.1 0.09 0.003 13.337 13 0.913 0.1
Corchia (massive sulfide lens) 0.030 0.002 0.0
Bargone (stockwork gabbro) 0.032 0.001 2.7 0.1 50.330 5.6 5.900 0.7
0.030 0.001 349.3 51.1 31.7 0.9 0.26 0.027 82.875 8.4 0.833 0.1
0.030 0.001 235.9 35.1 7.0 0.2 36.422 3.8 1.657 0.2
Vigonzano (stockwork serpentinite) 0.030 0.001 297.0 44.3 36.4 1.0 73.99 3.323 650.163 66.5 5.683 0.6
0.029 0.001 303.2 44.0 101.6 29 16.85 1.788 781.106 78.5 2449 0.3
0.029 0.001 304.2 44.2 352.6 10.2 46.05 1.604 2403.878 2415 2172 0.2
Reppia (massive sulfide lens) 0.031 0.001 297.7 43.2 88.6 2.6 15.64 0.540 210.445 21.1 0.756 0.1

St.

dev: standard deviation.
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Appendix B

Figure A1. Microphotographs of fluid inclusions from the stratiform ore of Reppia and Corchia as
well as from the stockwork ore of Casali-Monte Loreto. (A): location of primary (P), secondary (S)
and pseudosecondary (PS) inclusions in quartz from Casali-Monte Loreto. (B): liquid (L), vapor (V)
and accidentally trapped solid (S) containing primary inclusion in quartz from Reppia. (C): negative
crystal-shaped two-phase inclusion in calcite from Corchia.

Salinity vs. homogenization temperature diagram
of the newly studied VMS localities

10

[e2)

Casali — Monte Loreto
stockwork

seawatel

Corchia
MS lens

Salinity (NaCl equiv. wt%)

Reppia
MS lens

50 100 150 200
Homogenization temperature (°C)

Figure A2. Salinity vs. homogenization temperature diagram of the newly studied VMS localities
(quartz and calcite from the massive sulfide/MS/lenses at Corchia and Reppia and the stockwork
veins of Casali-Monte Loreto).
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