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AB STRA CT
Several Cyprus-type volcanogenic massive sulphide (VMS) deposits occur in the Jurassic ophiolitic series of the 
Northern Apennines. Stratabound, stratiform and stockwork deposits were formed in the western limb of the Ne-
otethys (Ligurian Ocean) and are observed today in basalt, gabbro and serpentinised peridotite host rocks. The stu-
died stockwork deposit at Boccassuolo occurs in basalt and basalt breccia. Detailed petrography, fluid inclusion study, 
Raman spectroscopy analyses and chlorite thermometry calculations were used to determine the P, T, X conditions 
of the fluid circulation system. The veins contain three quartz generations, calcite, chlorite, epidote and sericite as 
gangue minerals and pyrite, chalcopyrite, sphalerite, pyrrhotite and galena as ore minerals. Based on the fluid inclu-
sion study, the earlier defined three vein types (1, 2 and 3) precipitated from the same type of evolving fluid, though 
at slightly different stratigraphic positions. The determined ranges of temperature (370‑60°C), salinity (6.2‑11.4  NaCl 
equiv. wt%), pressure (30‑44 MPa) and methane content (average 0.28 mol/kg) suggest an evolved seawater origin 
for the hydrothermal fluid, modified by fluid‑rock interactions and possibly by mixing of magmatic volatiles. The 
fluid characteristics and the mineralogical observations have proven a slightly distal position in relation to the centre 
of the fluid flow for all the studied locations, but more central and more distant blocks were also recognised. The 
temporal evolution of the system developed into a low temperature event, occurring after the main mineral stage of 
formation, but still within the same overall process.

Keywords: hydrothermal processes, VMS deposit, ophiolite, Northern‑Apennines, fluid inclusions, Raman 
spectroscopy

Historical mining activity at Boccassuolo enables re-
search at several levels of the stockwork mineralisation. This 
convenient situation allows modelling the vertical and hori-
zontal features of the mineralised hydrothermal system. In 
spite of this, only an attempt to evaluate the temperature of 
the mineralised fluids in Boccassuolo was done by using a 
chlorite geothermometer (ZACCARINI & GARUTI, 2008), 
but a detailed description of the characteristics of the hydro-
thermal fluids is not currently available. The present study 
describes this phenomenon more precisely, with the help of 
detailed fluid inclusion microthermometry, Raman spectro‑
scopy and chlorite thermometry studies in all three types of 
Boccassuolo veins. Characteristics of the P, T, X conditions 
of the hydrothermal fluid helps to link genetically the three 
vein‑types and allows a model of the fluid circulation system 

1. INTRODUCTION

Numerous volcanogenic massive sulphide (VMS) deposits 
with a Cyprus-type metallogenic signature (Cu-Fe-Zn) oc-
cur in the Tethyan Jurassic ophiolites (the Ligurides) of the 
Italian Northern Apennines. One of these deposits, Boccas-
suolo, is located close to the city of Modena. It consists of 
sulphide mineralisation in quartz veins which cut across pil-
low-basalt and basalt breccia. This stockwork mineralisation 
consists of pyrite, chalcopyrite, and sphalerite, with (in the 
upper levels), galena, occurring together with quartz, calcite 
and chlorite (see e.g. GARUTI et al., 2008, 2011 and the re‑
ferences therein). On the basis of the Pb-Ag-Au-Zn-Cu dis-
tribution pattern, GARUTI et al. (2011) recognised three 
major types of mineralised veins.
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Asymmetric extension induced by a detachment fault 
initially caused the subcontinental mantle to be intruded by 
small gabbroic plutons and mafic dykes (from the Triassic 
to the Middle Jurassic). As a consequence of continental 
breakup, the peridotite‑gabbro basement was exposed and 
deeply eroded at the floor of the incipient ocean (the Pied-
mont‑Liguria Basin). Extensive formation of thick horizons 
of ophicalcite and serpentinite-gabbro breccia marked these 
initial episodes of seafloor erosion (CORTESOGNO et al., 
1978, PRINCIPI et al., 1992). Further ocean opening oc-
curred in a slow-spreading regime producing scattered and 
limited extrusion of MORB‑type lava lying directly on the 
plutonic rocks (BARRETT, 1982; LEMOINE et al., 1987; 
LAGABRIELLE & LEMOINE, 1997; PICCARDO et al., 
2002).

The upwelling mafic magma provided the heat for the 
establishment of convective hydrothermal cells across the 
Ligurian sub‑oceanic crust and led to the consequent forma-
tion of VMS-type Cu-sulphide deposits, characterised by 
their different ore composition and sulphur isotope signature 

to be established. It could serve also as a base for future work 
in the other Ligurian VMS deposits. Furthermore, compari-
son of the temperature obtained using fluid inclusion micro-
thermometry with those calculated with a chlorite geother-
mometer allows us to evaluate the research efficiency of this 
latter approach.

2. REGIONAL GEOLOGY AND DESCRIPTION  
OF THE VMS DEPOSITS

The small mass of ophiolite of Boccassuolo pertains to the 
Ligurian Ophiolite Belt (Fig. 1A) extending from the Wes‑
tern Alps to the Northern Apennines and northeastern Corsica 
(GARUTI et al., 2008, 2011, and references therein). The 
Ligurian Ophiolites formed in the westernmost limb of the 
Neotethys by rifting of the Adria and European continental 
plates. They are considered as typical examples of subduc-
tion-unrelated, continental margin ophiolites (BARRETT, 
1982; PICCARDO et al., 2002; DILEK & FURNES, 2011, 
2014).

Figure 1: Structural sketch of the ophiolites of the Northern Apennines (A) and a simplified geological map of the Boccassuolo ophiolite (B) (GARUTI et 
al. 2011). The location of Figure 1B is marked with the sign BO on Figure 1A. Figure 1B shows the sampling sites (numbers 1-8 in circles) and the eleva-
tions (italic numbers, in metres) above sea level. The ophiolite locations discussed in the text are: BC-Monte Bianco, BD-Monte Bardeneto, BO-Boccassuo-
lo, CO-Corchia, CP-Campegli, CS-Casali, FE-Ferriere, GR-Groppallo, LB-Libiola, MO-Montecreto, RP-Reppia, VI-Vigonzano. The parts of the Boccassuolo 
ophiolite are: CC-Cinghio del Corvo, LL-Cascina Lame, MC-Madonna del Calvario, PBD-Poggio Bianco Dragone, PM-Poggio Medola.
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according to their distinctive structural position in the ophio-
lite stratigraphy (FERRARIO & GARUTI, 1980; GARUTI 
& ZACCARINI, 2005; GARUTI et al., 2008, 2009). Hydro-
thermal activity, preceding the outflow of basaltic lava, gene‑
rated deposition of sulphides in stockwork-veins crosscut-
ting the peridotite-gabbro basement (at Vigonzano, Ferriere, 
Groppallo, Santa Maria and Campegli), and in the formation 
of stratiform ore bodies within the seafloor serpentinite bre-
ccia (at Monte Bardeneto, Reppia and Monte Bianco). The 
seafloor‑stratiform deposits are invariably covered with pil-
low lava flows, whereas no significant deposition of sulphide 
was observed in the serpentinite breccia overlain by sedi-
ments. This observation supports the conclusion that forma-
tion of hydrothermal cells and subsequent discharge of me‑
tals on the seafloor were essentially focused around centres 
of uprising magma, during a relatively long volcanic hiatus 
preceding the basalt extrusion (GARUTI et al., 2008). The 
hydrothermal activity continued during and after basalt out-
flow, thereby sulphides were deposited in crosscutting stock-
work-veins (at Casali, Reppia, Monte Bianco, Montecreto 
and Boccassuolo) and conformable ore bodies within the ba-
salt unit, as well as in seafloor‑stratiform ore bodies on top 
of the volcanic pile (at Reppia, Corchia and Libiola) (Fig. 
1A) (ZACCARINI & GARUTI, 2008).

The overlying rocks of the VMS-bearing oceanic units 
are pelagic sediments. Firstly radiolarian chert (Upper 
Jurassic) was deposited, accompanied by intensive exhala-
tive hydrothermal activity leading to the formation of huge 
manganese deposits (BONATTI et al., 1976; CABELLA et 
al., 1998). Progressive regression of the oceanic crust from 
the axial rifting zone was marked by burial of the ophiolitic 
basement under a thick cover of pelagic sediments, mainly 
represented by Calpionella Limestone and Palombini Shale 
(Lower- to Upper-Cretaceous), overlain by various types of 
arenaceous turbidites (Upper-Cretaceous to Palaeocene). 
Palombini Shale may occur also as a sedimentary intercala-
tion within the pillow basalt (e.g. at Boccassuolo) and can 
be found as a component of „debris‑flow‑type” polygenic 
breccia (together with chert, basalt, serpentinite and rare 
granite), indicating that continuing episodes of seafloor ero-
sion occurred at intervals coeval with basaltic volcanism and 
pelagic sedimentation. This geotectonic evolution resulted 
in the build-up of the anomalous architecture of the Ligurian 
Ophiolites, consisting of weakly depleted subcontinental 
mantle, directly overlain by a volcano-sedimentary cover 
with thick accumulations of ophiolitic breccia, but lacking 
a true, mafic‑ultramafic cumulus pile and sheeted‑dyke com-
plex, which are typical members of the conventional ophio-
lite stratigraphy (BARRETT & SPOONER, 1977; ABBATE 
et al., 1980; BARRETT, 1982; CORTESOGNO et al., 1987; 
LEMOINE et al., 1987; PRINCIPI et al., 1992; PICCARDO 
et al., 2002).

Convergence across the Piedmont-Liguria Basin (Up-
per-Cretaceous to Eocene) resulted in subduction of the wes-
tern limb of the oceanic crust beneath the Adria continental 
margin. The subducted oceanic lithosphere and associated 
sulphide deposits underwent eclogite-facies metamorphism 
and during the Alpine orogeny, were obducted along the 

Western Alps and the Western Liguria Apennines (Dal PIAZ, 
1974 a,b; POGNANTE & PICCARDO, 1984; LOMBARDO 
et al., 2002). In contrast, large fragments of oceanic litho-
sphere preserved from the high-P, low-T metamorphism, are 
presently exposed in the Northern Apennines, between east-
ern Liguria and southwest Emilia Romagna and partly in 
northeastern Corsica. These ophiolites and related sulphide 
deposits of the Northern Apennines show the effects of 
 sub-oceanic hydrothermal metasomatism (BARRETT & 
FREIDRICHSEN, 1989), or weak metamorphism to the 
lower limit of the prehnite-pumpellyite facies and orogenic 
deformation in a cold regime (CORTESOGNO et al. 1975). 
Mineralogy of shale from the sedimentary cover reflects P‑T 
conditions compatible with extreme burial diagenesis 
 (LEONI et al., 1998; ZACCARINI & GARUTI, 2008). 
These ophiolites form a composite nappe in which fragments 
of oceanic crust proximal to the axial rifting zone (Internal 
Ligurides) are thrust northeastward over ophiolites and sed-
iments exhumed from more distal zones, close to the Adria 
continental margin (External Ligurides). The Internal Ligu-
rides consist of NE-verging blocks bounded by southwest-
ward dipping faults, in which stratigraphic contact between 
ophiolites and sedimentary cover is commonly preserved 
(ELTER, 1975; BARRETT, 1982). The External Ligurides 
are characterised by dismembered ophiolitic blocks of kilo-
metre to metre size, embedded in a mélange formed by poly-
phase tectonic disruption of the Cretaceous sedimentary 
cover (Fig. 1A) (PINI, 1999). Due to the intense tectonism, 
stratigraphic relationships among ophiolite units are pre-
served only inside the largest ophiolite blocks (GARUTI et 
al., 2008).

3. THE GEOLOGY OF THE BOCCASSUOLO  
OPHIOLITE

The Boccassuolo ophiolite (Fig. 1B), preserved from the 
high P low T metamorphism, is located in the External Li-
gurides, at about 44° 18’ N and 10° 37’ E, southwest of the 
city of Modena (Emilia Romagna). The ophiolitic rocks 
form a N‑S elongated body of about 4 x 1.5 km, composed 
of two major blocks: Poggio Bianco Dragone to the north 
and Cinghio del Corvo to the south, separated by a NW‑SE 
trending subvertical fault (GARUTI et al., 2011). The ophio-
lite is made up of an alternation of lava flows (pillow and 
massive basalt) intercalated with several metre thick horizons 
of ophiolitic sediments (breccia and sandstone), composed of 
clasts of basalt, chert, limestone and rare serpentinite and 
granite. These ophiolitic rocks tectonically overlie strongly 
deformed carbonaceous‑argillaceous sediments, poorly ex-
posed at the northeastern border of the ophiolite. No mafic‑
ultramafic basement has been observed at Boccassuolo. Close 
to the top of the Cinghio del Corvo block (1079 m), pillow 
and pillow breccias are stratigraphically capped by siliciclas-
tic sediments containing thin layers of Mn-rich clay (early 
pelagic sedimentation?), although, the original presence of 
a thick formation of chert in the sedimentary cover of the 
Boccassuolo ophiolite is supported by the occurrence of 
large blocks (up to several metres in size) of radiolarian chert 
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within the ophiolitic breccia. The ophiolitic rocks of the 
 Poggio Bianco Dragone block reach a maximum exposed 
thickness of about 350 m, with a general attitude varying 
from NW‑dipping (~10° to 45° degrees) at the base, to nearly 
horizontal close to the top. The original thickness of the 
 entire volcano-sedimentary pile is estimated to have not 
 exceeded 500 m, from a possible ultramafic footwall to the 
overlying sedimentary cover (PLESI et al., 2002).

4. THE MINERALISATION OF THE BOCCASSUOLO 
VMS DEPOSIT

The sulphide deposit of Boccassuolo (Fig. 1B) consists of a 
reticulate stockwork of quartz‑calcite‑chlorite‑sulphide 
veins emplaced in pillow basalt and ophiolitic breccia (ZAC-
CARINI & GARUTI, 2008, GARUTI et al., 2011). The 
veins vary in thickness from 10 to 30 centimetres, but giant 
veins of 0.5 to 1.5 metres diameter have also been observed 
locally. The pillow basalt shows progressively increasing 
spilitic alteration from the outside towards the core of the 
stockwork pipe, with the appearance of disseminated pyrite 
(GARUTI et al., 2011). Individual veins cutting across pil-
low basalt may have weakly deformed, sharp contacts with 
the country rock, or display disrupted irregular boundaries 
generating an anastomosing texture in which centimetre to 
decimetre sized fragments of strongly spilitised basalt are 
engulfed. Veins cutting across the ophiolitic breccia have ir-
regular, diffuse boundaries derived from permeability-con-
trolled infiltration of fluids into the country rock. Here, the 
mineral corrensite ((Mg,Fe)9((Si,Al)8O20)(OH)10 · nH2O) 
has been identified as a major component of the clayey ma-
trix of the breccia. The occurrence of corrensite possibly in-
dicates the reaction of the original clay minerals with a hot 
hydrothermal solution (DAOUDI & POT de VIN, 2002). 
The ophiolitic sandstone is usually barren, or weakly min-
eralised with infiltration of minute calcite‑epidote‑sulphide 
fissure filling and impregnation. Epigenetic veins containing 
abundant datolite (CaBSiO4(OH)) have also been described 
(GARUTI et al., 2008, 2011; ZACCARINI et al., 2008).

Relevant mining sites, prospects and outcrops predomi-
nate in the northern block of the Boccassuolo ophiolite (Fig. 
1B). The veins form a sub‑vertical pipe extending between 
600 m, at the lower level of the Due Livelli mine (site nr. 1), 
up to the elevation of about 750 m, above the Labirintica 
mine (site nr. 5). Between these two localities, mineralised 
veins had been intercepted by mining works at the altitudes 
of 654 m (Lumaca prospect, site nr. 2), 663 m (Allagata mine, 
site nr. 3), and 673 m (Dolicopoda‑Pipistrello prospects, site 
nr. 4). Furthermore, a single vein up to 1 m thick (Filone 101) 
is exposed between sites nr. 2 and 3 (GARUTI et al., 2011).

In the southern block, a few veins crop out in small min-
ing prospects (trenches and galleries) close to the Lame loca-
lity (site nr. 7, 1031‑1060 m) northeast of the Cinghio del Corvo 
peak (1079 m). Two previously unknown sulphide occur-
rences have been recently brought to light by natural erosion 
(Filone Omar, site nr. 6, 880 m), or dug out during quarrying 
work for basaltic aggregate (Cinghio del Corvo quarry, site nr. 
8, 874 m). In both the northern and southern blocks, the stock-

work mineralisation disappears upwards, apparently not tec-
tonically interrupted, but topped by new pillow lava and basalt 
breccia debris flows (GARUTI et al., 2011).

Major sulphide minerals are pyrite (±accessory pyrrho-
tite), along with variable amounts of chalcopyrite, sphalerite 
and galena, minutely disseminated in a quartz‑carbonate‑
chlorite gangue (BERTOLANI, 1953; ZACCARINI & 
GARUTI, 2008). Based on the Pb‑Ag‑Au‑Zn‑Cu distribu-
tion pattern, three major types of veins have been identified 
(GARUTI et al., 2011):

Type 1 is characterised by high Cu (2.09 – 5.94 wt%), 
Zn (1.92 – 4.85 wt%), Ag (2.9 – 7.28 ppm), Au (11‑17 ppb), 
and Pb below the detection limit of 0.3 ppm.

Type 2 is the most common sulphide mineralisation, 
with variable concentrations of Cu (20 ppm – 3.89 wt%), Zn 
(0.01 – 2.31 wt%), Ag (2.0 – 13 ppm) and Au (2.0‑13 ppb), 
but characterised by a moderate Pb content (3.43 – 117 ppm).

Type 3 is rare, and shows low Cu (0.02 – 0.6 wt%), Zn 
(0.01 – 0.44 wt%), Ag (0.63 – 1.08 ppm) and Au (4.1‑6.5 ppb), 
but relatively high Pb (906 – 1532 ppb) which accounts for 
the abundant galena in the sulphide mineral assemblage.

The concentration of sulphide increases from a low-
grade (1.06‑2.09 wt% sulphur) to medium‑grade (3.0‑6.2 wt% 
sulphur) in type 2 and 3 veins and relatively high‑grade 
(8.73‑12.3 wt% sulphur) in type 1 and 2 veins. The appear-
ance of distinctive Pb anomalies in the veins of Boccassuolo, 
compared with other stockwork vein deposits in the Northern 
Apennine ophiolites, has been interpreted as evidence of 
their emplacement in a transition zone from the Ligurian 
mid-oceanic-ridge to the Adria continental margin (GARUTI 
et al., 2011).

5. SAMPLING AND ANALYTICAL TECHNIQUES

A total of 104 samples were collected from abandoned galler-
ies, dumps (in front of the galleries) and natural outcrops of 8 
different levels (sites no. 1‑8, see above) of the Boccassuolo 
ophiolite (Fig. 1B). Thirty-three representative samples of the 
sulphide mineralisation were selected for the fluid inclusion 
study (Table 1), in part they are the same samples analysed in 
previous works (ZACCARINI & GARUTI, 2008, GARUTI 
et al., 2009, 2011), in part they are samples studied in detail 
only during this investigation (therefore they were not classified 
into vein types by GARUTI et al. 2011).

Petrography of the studied samples was carried out with 
a Zeiss Axioplan microscope. The work was completed with 
observations in IR light, using a Hamatsu C2400 camera 
(spectral response from 400 nm to 1800 nm) system mounted 
on an Olympus BH2 type microscope. Fluid inclusion pe-
trography and a microthermometric study were carried out 
on 80‑100 μm thick, double polished sections of the stock-
work veins, using a Linkam FT‑IR 600 type heating freezing 
stage mounted on an Olympus BX-51 type polarizing mi-
croscope providing 1000x magnification. The precision of 
the microthermometric measurements was ±0.1 oC below 
0 oC, and ±1 oC above it. The calibration of the instrument 
was made by analysis of CO2 and pure water synthetic fluid 
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inclusions. These analyses were carried out at the Eötvös 
Loránd University, Department of Mineralogy.

Raman microanalysis of fluid inclusions in quartz and cal-
cite was completed at the Eötvös Loránd University, Faculty of 
Science, Research Instrument Core Facility, using a Horiba 
Yvon Jobin LabRAM HR 800 edge filter based confocal dis-
persive Raman spectrometer, 800 mm focal length, coupled 
with an Olympus BXFM type microscope. During the mea-
surements, 532 nm emission of a frequency doubled Nd:YAG 
laser, 600 grooves/mm grating, 50 μm confocal aperture and 
50x and 100x long working distance objective were used. For 
some measurements, the Linkam FTIR 600 microthermometric 
stage was mounted to the spectrometer and analyses were per-
formed at different temperatures from ‑50 °C to +355°C.

Interpretation of the microthermometric and Raman 
spectroscopic data was carried out using the methods of 
GUILLAUME et al. (2003), DUAN & MAO (2006) and 
SUN et al. (2010) and using PeakFit v. 4.12. software by 
Seasolve Software Inc. For salinity calculations (SUN et al., 
2010), the same treatment was performed in each case: the 
baselines were corrected by the linear method, the spectra 
were fitted with two Gaussian functions (fitting parameter 
R2=0.995-0.997). The effects of measurement conditions and 
data fitting procedure were eliminated by calculating the dif-
ference between the solution and pure water. As the base of 
the calculations is the good quality Raman spectra of the 
aqueous liquid phase of the inclusions, only those are applied 
in the study, which are characterised by >10µm size, statio-
nary gas bubble and are occurring deep in the samples.

Chlorite thermometry calculations are based on the chlo-
rite composition database of ZACCARINI & GARUTI 
(2008), and new electron microprobe analyses performed at 
the Eugen Stumpfl Microprobe Laboratory (University of 
Leoben) using a Jeol Superprobe JXA‑8200, operated at 
15 kV accelerating voltage, 10 nA beam current, ~1 µm beam 
diameter, and counting times of 20 and 10 seconds for peak 
and backgrounds, respectively. The X‑ray Kα lines for Si, 
Mg, Al, Ti, Cr, Ca, Na, K, Mn, Fe, and natural silicates and 
chromium spinel as standards were used for the analysis of 
chlorite. The method of CHATELINEAU & IZQUIERDO 
(1988) with an uncertainty of about 20°C was used to calcu-
late the formation temperature of the chlorite, as the mea-
sured Al(IV) and XFe amounts of the individual crystals fitted 
into the criteria of that method.

6. CHARACTERISATION OF THE HYDROTHERMAL 
PROCESSES

6.1. Petrography of the veins

The studied veins occur in strongly altered basalt. The origi-
nal variolitic texture of the basalt is hardly traceable; the 
rock is almost completely altered to clay minerals, chlorite 
and fine grained quartz. It is commonly cross‑cut by <1 mm 
thick quartz veins. The basalt‑vein contact is sharp and con-
tains –besides a few altered glassy basalt clasts– the same 
minerals, as the other parts of the vein.

The studied veins were partly classified by GARUTI et 
al. (2011) into vein types 1, 2, and 3, but samples without 
this earlier classification were also studied (Table 1). How-
ever, based on the available results (GARUTI et al., 2011), 
the northern block of the Boccassuolo ophiolite (sites nr. 1-5) 
contains only types 1 and 2, while the southern block (sites 
nr. 6‑8) contains only types 2 and 3 veins. According to the 
observations, no significant difference in the occurring 
gangue and ore minerals was observed between vein types 
1, 2 and the unclassified samples, although the amounts of 
the ore minerals may vary. In contrast, vein type 3 differs 
notably, since galena occurs only in these veins. Based on 
these, a summarising description is presented here, and the 
occurrence of the different gangue and ore minerals at the 
various localities is shown in Table 1.

Quartz is the most common gangue mineral found in the 
veins. Generally, it occurs in all 3 vein types in 3 generations, 
corresponding to the sequence of crystallisation events (Fig. 
2A); quartz 1 is the oldest, while quartz 3 is the youngest. 
Quartz 1 (Qtz1) is characterised by 1-10 mm euhedral and 
subhedral, commonly growth zoned crystals with a spongy 
core. They frequently show a comb structure resulting from 
open‑space filling from the vein walls inward. Quartz 2 
(Qtz2) is typically 0.1-1 mm subhedral, barely transparent 
quartz, while quartz 3 (Qtz3) is commonly <0.05 mm in size 
and forms anhedral crystals. Qtz3 may form thin veinlets, 
with/without carbonate and sulphides, cross-cutting or some-
times even brecciating the earlier quartz grains (Fig. 2B). In 
general, all three generations are observed at every locality, 
though their relative amounts may be different. The only ex-
ception is site nr. 6, where only Qtz2 and Qtz3 were ob-
served.

Sericite occurs commonly as <10 μm sized anhedral 
grains among the quartz crystals and also as solid inclusions 
within them. Carbonate and chlorite consist of 0.1-1 mm 
sized anhedral grains (Fig. 2A, C, D), occurring rarely co-
genetically with, most commonly epigenetically to the quartz 
crystals.

Sulphide minerals occur disseminated interstitially or as 
solid inclusions in both quartz generations, usually showing 
a banded distribution, symmetrical around the centre of the 
vein. Therefore, early and late sulphides were also distin-
guished. Except for samples from sites nr. 2‑3, where only 
pyrite occurs, pyrite is commonly accompanied by chalco-
pyrite, sphalerite and rarely galena and pyrrhotite, forming 
up to 5‑50 area% of the ore.

The pyrite may form eu-, sub- and anhedral crystals up 
to 5 mm in size, and can be one of the most common ore 
minerals (Fig. 2E, F). None of the crystals are transparent in 
IR light. Chalcopyrite is the second most common ore mine-
ral, varying between 5‑50 area% of the ore. It forms up to 
1 mm sized anhedral crystals (Fig. 2F, G). Sphalerite occurs 
at almost each studied locality, forming anhedral grains up 
to 2 mm in size. Its amount varies between 1‑10 area% of 
the ore. Grains with signs of „chalcopyrite disease” are com-
mon (Fig. 2E, H), though some crystals are lacking this fea-
ture. The formers are not transparent in IR light, while the 
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Figure 2: Typical textures of the gangue and ore minerals under polarizing microscope. A: Euhedral and subhedral coarse grained Qtz1, the remaining 
space is filled by Qtz2, Qtz3 and calcite (cal) (site nr. 8, 1N). B: The coarse grained Qtz1 is brecciated by Qtz3 (site nr. 2-3, +N). C: Chlorite (chl) fills up the 
space among the crystals of Qtz2 (site nr. 3, 1N). D: Strongly altered basalt with Qtz2, transparent sphalerite (sp) and late calcite (site nr. 6, 1N) E: Pyrrho-
tite (po) inclusions in early pyrite (py), and later sphalerite (sp) with chalcopyrite (ccp) disease (site nr. 4, 1N). F: Chalcopyrite consuming the early pyrite 
(site nr. 4, 1N). G: Later chalcopyrite veins cutting the earlier sphalerite (site nr. 6, 1N). H: Chalcopyrite disease in sphalerite (site nr. 4, 1N).
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latter ones are transparent even in VIS (Fig. 2D). Pyrrhotite 
occurs only as <0.05 mm inclusions within the pyrite (Fig. 
2E). The amount of this mineral is always <1 area% of the 
ore. Galena forms anhedral grains up to 0.3 mm, forming up 
to 5‑10 area% of the ore in the type 3 veins of site nr. 8.

Based on the textural features, a generalised mineral 
precipitation sequence is postulated (Fig. 3).

6.2. Fluid inclusion petrography

Fluid inclusions were observed at all sites (nr. 1‑8), vein 
types (1‑3) and quartz generations (Qtz1, Qtz2 and Qtz3), in 
both the calcite and sphalerite. As no significant petrographic 
difference was observed among the fluid inclusions of vein 
types 1‑ 3, or between the different sites, a summary descrip-
tion is presented here. All the studied minerals were barely 
transparent, due to the extremely high amount of secondary 
fluid inclusion planes, which created difficulties during the 
petrographic study.

Qtz1 and Qtz2 contain rare, generally 4‑7 μm sized, rec-
tangular shaped, two‑phase (liquid, L and vapour, V) fluid 
inclusions of primary origin, either in the growth zones or 
in the spongy core of the crystals (Fig. 4A, C). The phase 
ratio is fairly constant (10‑20 area% V and 90‑80 area% L), 
suggesting a homogenous entrapment from a homogenous 
parent fluid. The inclusions rarely reach 15‑20 μm in size 
and/or contain accidentally trapped, irregularly shaped solid 
phase(s) (S) (Fig. 4D). Identification of the primary inclu-
sions was hindered by the high amount of secondary inclu-
sions, of which several generations were observed. One of 
these is characterised by similar features, like the primary 
inclusions of Qtz3, while other generations of single‑phase 
(L) and two‑phase (L+V, V <5 area%), 1‑25 μm sized inclu-
sions with irregular or rounded shape also occur.

Qtz3 contains rarely 4‑20 μm sized, rectangularly 
shaped, single‑ (L) or two‑phase (L+V) fluid inclusions of 
primary origin, occurring far from the secondary planes (Fig. 
4E). The phase ratio is fairly constant (5‑10 area% V and 95‑
90 area% L) in the two‑phase inclusions, suggesting a ho-
mogenous entrapment from a homogenous parent fluid.

The calcite contains rarely 4‑20 μm sized, negative crys-
tal shaped, single‑ (L) or two‑phase (L+V) fluid inclusions 
of primary origin, occurring far from the secondary planes 
(Fig. 4B). The phase ratio is fairly constant (5‑10 area% V 
and 95‑90 area% L) in the two‑phase inclusions, suggesting 
a homogenous entrapment from a homogenous parent fluid. 
Extremely high numbers amounts of secondary planes oc-
cur, containing commonly one-phase (L) inclusions, but two-
phase (L+V, V<5 area%) inclusions are also observed.

The one‑phase (L) primary inclusions of Qtz3 and the 
calcite may be interpreted as a phenomenon of metastable 
stretched liquid. This inhibits the formation of a vapour bub-
ble during cooling and hence precludes measurement of Th 
at T below ~65 °C (GOLDSTEIN & REYNOLDS, 1994; 
DIAMOND, 2003).

The sphalerite is rich in secondary planes (Fig. 4H), con-
taining one‑phase (L), rarely two‑phase (L+V, V~5 area%), 
rectangularly shaped inclusions of 5‑20 μm in size. In the 
growth zones of the crystals, solid chalcopyrite inclusions 
(Fig. 4F, G), together with some poorly observable (due to 
their small size and dark outline) fluid inclusions occur. Far 
from the secondary planes, 10‑20 μm sized, rectangular 
shaped, two‑phase (L + V) primary inclusions are rarely ob-
served (Fig. 4I), with a constant phase ratio (~20 area% V 
and ~80 area% L). Despite of its scarce occurrence, based 
on the textural similarities with the inclusions of Qtz1 and 
Qtz2, a homogenous entrapment from a homogenous parent 
fluid is assumed.

Figure 3: The temporal series of mineral precipitation in the studied stockwork veins.
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Figure 4: Typical textural features of the fluid inclusions in quartz, calcite and sphalerite. A: Two-phase L+V primary fluid inclusions in the growth zones 
of Qtz1 (site nr. 8). B: Two-phase L+V primary fluid inclusions among the secondary planes of the late calcite (site nr. 8). C: Two-phase L+V primary fluid 
inclusion in the spongy core of Qtz1 (site nr. 5). D: Three-phase L+V+S, accidentally trapped mineral containing fluid inclusion in Qtz1 (site nr. 2-3). E: Two-
phase L+V primary fluid inclusion in Qtz3 (site nr. 1). F: Chalcopyrite inclusions in the growth zone of sphalerite (site nr. 6). G: the same location under a 
reflected light microscope (site nr. 6, 1N). H: Abundant secondary inclusion planes in transparent sphalerite (site nr. 6). I: Two-phase L+V primary fluid 
inclusion in sphalerite (site nr. 6).

6.3. Microthermometric study

Fluid inclusion microthermometry was carried out on the 
different quartz generations, as well as on calcite grains. The 
results were evaluated according to the different sites as well 

as the vein types, in order to be able to draw more precise 
conclusions. Analyses were carried out on well defined fluid 
inclusion assemblages, only where the petrographic associa-
tion of the inclusions was unambiguous and they represented 
the original trapped fluid. Measurements on Qtz3 were often 
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impossible due to small crystal size and low transparency, 
therefore only a few data are available. Metastability often 
caused failure to observe the final melting temperatures, re-
sulting in some cases incomplete data sets. Attempts to ob-
tain measurements through heating were performed on 
sphalerite crystals, but due to its intensive cleavage upon 
heating above 150°C‑200°C, no successful measurements 
were documented.

Results of the fluid inclusion microthermometry are pre-
sented in Table 2. and Fig. 5AB. In some cases, a high stan-
dard deviation was observed regarding Th, which may be in-
terpreted as a result of temporal fluid evolution. This is 
proven by two facts. Firstly, in several cases, a Th increase 
of 10‑15°C (at sites nr. 1 and 5) and Th decrease of 10‑30°C 
(at sites nr. 4 and 8) were observed from the core to the rim 
of the same quartz crystal. Secondly, measurement of diffe‑
rent sized inclusions in the same growth zone resulted in con-
sistent Th values (maximum scattering was 7°C). This latter 
observation, in line with the experience of BODNAR (2003) 
(the smaller the size and higher the gas content characteris-
ing the inclusion, the higher the pressure that is needed to 
begin reequilibration), strengthens the lack of reequilibration 
processes.

Eutectic temperatures were determined in only a few 
cases, between ‑20.9°C and ‑22.4°C. Thus, NaCl‑containing 
aqueous solution was applied for modelling the system. 
However, salinities were not calculated from the observed 
final melting temperature data (Table 2.), because the last 
solid to melt is CH4 clathrate, as discussed in the following 
section. Due to the small size of the inclusions, it was gene-
rally only possible to observe the final melting, i.e. it was 
not possible to distinguish ice- and clathrate melting. A few 
available, uncertain data of ice melting scatter between 
Tm(ice)=(‑5.5)°C and (‑5.9)°C, corresponding to a salinity of 
approx. 6.5 NaCl equiv. wt%.

6.4. Raman spectroscopy analyses

Raman spectroscopy analyses were carried out to examine 
the gas content and the accidentally trapped solid phases as 
well as to calculate salinity and the amount of gas in the 
quartz and calcite hosted primary fluid inclusions.

All the analysed accidentally trapped minerals were 
found to be sericite (muscovite). In the gas phase, the pres-
ence of methane was proven at sites nr. 1, 2‑3, 4, 5, 6 and 8, 
in the primary inclusions of both quartz generations as well 
as in the calcite and no other gas phases were observed. The 

Table 2: Fluid inclusion microthermometry studies in quartz and calcite and chlorite thermometry calculations.

Site nr. Vein type* Mineral Number of 
measurements

Average 
Th (LV-L) (°C)

St.dev. 
Th (°C)

Average 
Tm (cla) (°C)

St. dev. 
Tm (cla) (°C)

Average 
formation T (°C)

St.dev 
formation T (°C)

1 – Quartz 1. 11 308 38 –1.3 0.2 – –

1 – Quartz 2. 10 314 24 –1.3 0.2 – –

1 – Quartz 3. 5 70 8 –0.5 – – –

1 – Chlorite 5 – – – – 140 21

2–3 – Quartz 1. 22 89 16 –0.6 – – –

2–3 – Quartz 2. 10 103 24 – – – –

4 type 1 Quartz 1. 8 295 22 –1.5 0.1 – –

4 type 1 Quartz 2. 12 235 29 –1.4 0.2 – –

4 type 1 Calcite 9 79 6 –0.5 0.1 – –

4 type 1 Chlorite 5 – – – – 209 14

5 type 1 Quartz 1. 14 289 37 –1.4 0.2 – –

5 type 1 Quartz 2. 9 302 20 –1.6 0.1 – –

5 type 1 Quartz 3. 6 74 6 –1.2 0.4 – –

5 type 1 Chlorite 12 – – – – 210 23

6 type 2 Quartz 2. 11 303 21 –0.6 0.2 – –

6 type 2 Quartz 3. 2 152 – – – – –

6 type 2 Calcite 12 89 40 –0.8 0.5 – –

8 type 2 Quartz 1. 13 233 38 –0.7 0.3 – –

8 type 2 Quartz 2. 6 163 30 –0.6 0.3 – –

8 type 2 Quartz 3. 4 111 2 –0.5 0.2 – –

8 type 2 Calcite 14 81 13 –0.4 0.2 – –

8 type 2 Chlorite 1. 3 – – – – 259 16

8 type 2 Chlorite 2. 4 – – – – 159 25

8 type 3 Quartz 1. 6 154 3 – – – –

8 type 3 Chlorite 8 – – – – 168 25

Total number of measurements: 221

*: vein types according to GARUTI et al. 2011, applied only for samples, which were classified in that study.
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occurrence of methane clathrate upon 
cooling was also confirmed (Fig. 6A, B, 
D).

Salinity calculations were per-
formed based on the method of SUN et 
al. (2010), on fluid inclusions of ran-
domly oriented quartz crystals from 
sites nr. 1, 2‑3, 5. and 8. The calculated 
salinities are between 6.2 and 
11.4 NaCl equiv. wt%, as presented in 
Table 3.

The amount of methane was calcu-
lated using the method of GUIL-
LAUME et al. (2003), on fluid inclu-
sions of Qtz1 from site nr. 8. This 
calculation is based on the Raman spec-
tra of the homogenised liquid (Fig. 6C), 
measured only on large fluid inclusions 
in order to eliminate any expansion ef-
fect occurring during heating. The re-
sults of the calculations are presented in 
Table 3, together with the calculated ho-
mogenisation pressure (DUAN & 
MAO, 2006). Taking into consideration 
the homogenous nature of the parent 
fluid, this data corresponds to the mini-
mum formation pressure.

6.5. Chlorite thermometry  
calculations

Chlorite analyses from the database of 
ZACCARINI & GARUTI (2008) were 
used to calculate the formation tempera-
ture of the chlorite crystals (see the rep-
resentative analyses in Table 4.). Chlo-
rite compositions measured in the same 
samples used for the fluid inclusion 
study to enable efficient comparison of 
the results. Instead of using the ther-
mometry method of KRANIDIOTIS & 
MACLEAN (1987), suggested by ZAC-
CARINI & GARUTI (2008), the method 
of CATHELINEAU & IZQUIERDO 
(1988) was used here, as the Al (IV) and 
XFe values of the measured data fitted 
into the criteria of the latter method. The 
calculated formation temperatures are 
Tformation=122‑276°C, the details are 
shown in Table 2. and in Fig. 5C.

7. DISCUSSION

7.1. PTX conditions of  
the hydrothermal system
Several extensive studies and reviews 
have been published about submarine 
hydrothermal systems, summarising the Ta
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Figure 5: Minimum formation temperatures of quartz and calcite, as well as the formation temperature of chlorite at the different localities. A: A homoge-
nisation temperature distribution diagram of quartz and calcite from the southern block of Boccassuolo (sites 6 and 8). B: Homogenisation temperature 
distribution diagram of quartz and calcite from the northern block of Boccassuolo (sites 1-5). C: Formation temperature of chlorite from different sites, 
based on chlorite thermometry calculations.

A)

B)
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Figure 6: Results of the Raman spectroscopy analyses. A: Raman spectra of methane found in the gas phase of a primary fluid inclusion at lab tempera-
ture (25°C) (site nr. 8, Qtz1). B: Methane clathrate occurs together with ice, upon cooling, at -20°C (site nr. 1, Qtz1). C: Homogenisation experiment in a 
primary fluid inclusion. Upon heating, dissolved methane occurs in the liquid phase. Methane content calculations were performed at 20°C above the 
homogenisation temperature (245°C) (site nr. 8, Qtz1). D: Raman spectra of the accidentally trapped solid phase in a primary fluid inclusion at lab tem-
perature (25°C). Background quartz was subtracted, in order to be able to identify muscovite. Reference muscovite from the RUFF data base (DOWNS, 
2006) is also plotted (site nr. 2-3, Qtz1).

A)

B)

C)
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concepts on the sources, development and run of those pro-
cesses (see e.g. RONA, 1984; HERZIG & HANNINGTON, 
1995; WILKINSON, 2001; FOUSTOUKOS & SEYFRIED, 
2007; PIRAJNO, 2009 and the references cited therein). Al-
though many studies are available about both modern and 
ancient spreading ridge systems, significantly more results 
are published from other geodynamic environments (e.g. 
Kuroko‑type systems, Iberian Pyrite Belt, Precambrian sys-
tems). WILKINSON (2001) and PIRAJNO (2009) agreed, 
however, that the concepts and knowledge about the Ku-
roko‑type hydrothermal systems may be extended to other 
VMS deposits, therefore in the present discussion results and 
interpretations from different geodynamic environments are 
used.

7.2. Composition of the hydrothermal fluid

WILKINSON (2001) has reported a typical salinity range of 
1‑8.4 NaCl equiv. wt% for the hydrothermal fluids of the 
Kuroko‑type deposits, similar to the 4±1.6 NaCl equiv. wt% 
result of NEHLIG (1991) from ophiolites and modern ana-
logues. Other works have reported higher salinities up to 
24 NaCl equiv. wt% in ancient VMS systems (e.g. China, 
ZENGQIAN et al., 2008, the Iberian Pyrite Belt, TORNOS, 
2006). Moreover, the occurrence of even halite‑bearing fluid 
inclusions were also documented both at Precambrian (sa-
linities of 38.2 ± 1.9 NaCl equiv wt%, IOANNOU et al., 
2007) and Phanerozoic locations (salinities up to 
52 NaCl equiv. wt%, NEHLIG, 1991 and JUTEAU et al., 
2000). A recent compilation by BODNAR et al. (2014) has 
confirmed a typical salinity range of 2‑6 NaCl equiv. wt% 
for felsic, mafic and bimodal volcanism hosted VMS depos-
its, though higher salinity inclusions (99% of the data are 
within the range of 0‑21 NaCl equiv. wt%) were also re-
ported. Modification of the seawater may cause high salinity 
variations, the processes may involve fluid‑rock interaction, 
mixing with seawater, phase separation (i.e., boiling), leach-
ing of evaporites in the host sedimentary rocks, and/or mix-
ing with magmatic volatiles, according to NEHLIG (1991), 
SCOTT (1997), WILKINSON (2001), FOUSTOUKOS & 
SEYFRIED (2007), PIRAJNO (2009), BODNAR et al. 
(2014) and references cited therein.

In the case of Boccassuolo, the calculated (based on Ra-
man spectra of the inclusions’ fluid) salinities are between 
6.2 and 11.4 NaCl equiv. wt% in the different vein types. 
Comparison of these data with the few available microther-
mometry based values (approx. 6.5 NaCl equiv. wt%), as 
well as cross-checks with other Raman spectra based me-
thods (MERNAGH & WILDE, 1989) supports the validity 
of this latter approach, although the results still have to be 
handled with caution, knowing the uncertainties of the Ra-
man spectra based salinity calculations (see e.g. BAUM-
GARTNER & BAKKER, 2009). The Th vs. salinity diagram 
shows a slight decrease of salinity with decreasing tempera-
ture (Fig. 7.), which can be explained by more intense mix-
ing of hydrothermal fluids with seawater towards the top of 
the system.

The determined salinities indicate a modified seawater 
origin. As petrographic evidence of phase separation (coe-
xisting liquid and vapour rich inclusions) was not observed, 
together with the fact that the Th vs. salinity diagram does 
not suggest mixing between two end‑members, this process 
can be excluded as a possible source of seawater modifica-
tion. Evaporites are not known in the host rock series. There-
fore the two possible explanations would be the fluid‑rock 
interaction and/or addition of magmatic volatiles. Similar 
salinity ranges were interpreted -with the help of O and H 
isotopes‑ as a result of modified seawater and magmatic fluid 
mixing at several Iberian Pyrite Belt localities (TORNOS, 
2006), but simple fluid‑rock interaction may also cause such 
elevated values (NEHLIG, 1991). Therefore both options 
could be reasonable explanations, and an unequivocal deci-
sion cannot be made based on the salinity values.

The presence of methane (average 0.28 mol/kg) may re-
veal further details. Though CO2 is the most common vola-
tile component in VMS systems (PIRAJNO, 2009), it was 
not observed in the studied fluid inclusions of Boccassuolo. 
Instead, a remarkable amount of methane occurred at both 
sites. Methane may form during biotic or abiotic (i.e., with-
out involving organic matter) processes. CH4 degassing (i.e. 
magmatic volatile) can be intense, if serpentinised peridotite 
is present, but methane can also occur in the system if sea-
water CO2 is transformed to CH4 after passing through the 
recharge zone, or it may occur as an indirect by-product of 
hydrothermal alteration of mafic rocks or graphitic, carbon-
aceous wall rocks (RONA, 1984, ZENGQIAN et al., 2008, 
PIRAJNO, 2009, ETIOPE & SCHOEL, 2014). In the stud-
ied area, interaction between the volcanic succession and 
sedimentary rocks is evidenced by the formation of corren-
site (GARUTI et al., 2011). Additionally, serpentinised peri-
dotite occurs also in the nearby ophiolites. Thus, an unequiv-
ocal decision cannot be made, a future detailed stable isotope 
study may help in answering this question.

The rather similar compositional features of the studied 
primary inclusions suggest that the different vein types (de-
fined by GARUTI et al., 2011), all quartz generations and 
late calcite formed from the same evolved solution as part 
of the same hydrothermal process.

Figure 7: Homogenisation temperature (based on fluid inclusion micro-
thermometry) vs. salinity (based on Raman spectroscopy) diagram of the 
quartz samples from Boccassuolo (data from the late fluid circulation event 
of site 2-3 are not presented).
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7.3. Pressure of the hydrothermal fluid

The typical water column in similar systems is 2.5 km in 
depth, which corresponds to a pressure of 25 MPa. In gene ral, 
the depth of the stockwork zone is 100‑300 m, up to 1‑2 km 
below the seafloor, but typically remains within 1 km. Besides 
hydrostatic pressures, lithostatic or near-lithostatic pressures 
may also occur, if an independent and/or isolated convection 
cell forms at depth. Thus the characteristic pressure of the 
stringer zone is the sum of the hydrostatic pressure of the wa-
ter column and the stringer zone and – if applicable – the litho-
static pressure. Generally it comprises 30‑60 MPa, but in some 
cases, can reach 90 MPa, especially if self-sealing of the 
cracks is taken into consideration (e.g. SHERLOCK et al., 
1999; IOANNOU et al., 2007; PIRAJNO, 2009; STEELE-
MACINNIS, 2012 and references cited therein).

In Boccassuolo, the minimum formation pressure in the 
uppermost level of the deposit was 31.2‑38.5 MPa. Conside‑
ring that the total thickness of the pillow series did not ex-
ceed 500 m (PLESI et al., 2002), and calculating with a typ-
ical water column of 2.5 km, a total of 30‑44 MPa pressure 
can be estimated. This approximation is in good agreement 
with the typical stockwork-zone pressures shown above, as 
well as with the observed minimum formation pressures. 
Hence no further pressure correction was performed on the 
obtained homogenisation temperature data.

7.4. Temperature of the hydrothermal fluid

In general, VMS stockwork mineralisations are interpreted 
as the discharge zone of the seafloor vents, formed at simi-
lar, or slightly higher temperatures, than the massive sul-
phide mound (e.g. ZENGQIAN et al., 2008 reported <220°C 
to >300°C in the stringer zone and 62‑225°C in the massive 
sulphide body). A wider range of homogenisation tempera-
tures (100‑400°C) was also reported previously from differ-
ent stringer zones (e.g. NEHLIG, 1991, PIRAJNO, 2009). 
BODNAR et al. (2014) also discovered that the homogeni-
sation temperature from the VMS deposits are broadly con-
sistent with the ‘reaction zone” temperatures, reaching a 
maximum of less than ~400°C. The results obtained from 
Boccassuolo are in good agreement with the above mention ed 
facts, however, the measured homogenisation temperatures 
can be divided into three groups, indicating slightly different 
fluid evolution paths (Fig. 8).

The typical minimum formation temperatures at sites 1, 
5 and 6 are 260‑340°C. There the first two quartz generations 
are characterised by similar temperatures, thus a relatively 
consistent temperature environment can be concluded. The 
rather wide range can be the result of sampling from differ-
ent parts of the same block, as within a single sample, the 
differences were always within 15°C.

The typical minimum formation temperatures at sites 4 
and 8 are 150‑290°C. There the first quartz generation 
yielded higher homogenisation temperatures than the second 
one. At these localities, relatively rapid cooling is concluded, 
emphasized by the observable temperature drop of 10‑30°C 
within a single quartz crystal, from core to rim.

At both localities, a minimum formation temperature 
range of 60‑130°C (generally in the third quartz generation 
and in calcite, but at sites 2, and 3 in each quartz generation) 
was also recorded. This can be interpreted as a low-tempera-
ture, later fluid circulation event, which belongs to the same, 
evolving hydrothermal process (see above).

In contrast to the fluid inclusion data, which are in good 
agreement with other VMS deposits, chlorite thermometry 
yielded slightly different results. ZACCARINI & GARUTI 
(2008) published a formation temperature range of 80‑360°C 
for stockwork chlorites of the Northern Apennines VMS de-
posits, while in the case of Boccassuolo, only 122‑276°C 
were observed (Fig. 5C). Both are in contrast with e.g. the 
Iberian Pyrite Belt results of 320‑400°C by INVERNO et al. 
(2008). However, in the studied case, the thermometry re-
sults support the petrographic observations. It is proven that 
chlorite formed only rarely cogenetically with the highest 
temperature first quartz generation (see e.g. the results from 
site 8), but it precipitated mostly after or simultaneously with 
the second quartz generation (see e.g. the results from site 
5). Thus it formed generally during the cooling of the sys-
tem, filling the temperature gap between the high tempera-
ture quartz and the late fluid circulation event. Therefore, an 
additional step in the hydrothermal process is recognised with 
the help of this method. In contrast to the cautions against the 
use of this thermometer (see e.g. De CARITAT et al. 1993; 
JIANG et al. 1994; ESSENE & PEACOR, 1995), our obser-
vations confirm the use and validity of this method in the 
studied environment (similarly to the results reported by KISS 
et al., 2012, from a Hungarian Jurassic basaltic suite).

7.5. Spatial and temporal evolution  
of the hydrothermal system

7.5.1. Spatial distribution
The studied sites at Boccassuolo represent different levels 
of that ophiolitic sequence (611‑874 m a.s.l.), although it is 
not necessary, that they were in a similar order upon their 

Figure 8: Schematic illustration of the typical fluid evolution paths (time 
vs. temperature) observed at sites 1, 4, 5, 6 and 8. Note, that relatively con-
sistent temperature conditions were common at sites 1, 5 and 6, while a 
more rapid cooling was observed at sites 4 and 8. However, a later, low 
temperature event was common at every studied locality.
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formation. While there is a known fault zone between sites 
1‑5 (northern block) and 6‑8 (southern block), there is also 
the possibility of even smaller, so far unknown tectonic 
zones formed due to the obduction process (see also the dip-
ping of the sequence). Therefore, the original structure of the 
stockwork zone is barely traceable and interpretation of the 
data according to the different sites is reasonable.

The observed ore and gangue minerals in the Boccas-
suolo VMS stockwork mineralisation (see e.g. the scarce oc-
currence of pyrrhotite and the common sericite, the latter 
also as an accidentally trapped solid phase in the fluid inclu-
sions) have shown that the studied sites formed in distal lo-
cations, in relation to the centre of the fluid flow (see e.g. 
FRANKLIN et al. 1981; LYDON, 1984; HERZIG & HAN-
NINGTON, 1995; BARRIE & HANNINGTON, 1999; PI-
RAJNO, 2009).

Numerical modelling of STEELE-MACINNIS et al. 
(2012) has revealed that the temperature along the stockwork 
zone is rather constant in the centre of the fluid flow, but de-
creases rapidly towards the distal parts. Thus significant ver-
tical temperature zonation is not expected, but a horizontal 
one is presumed, explaining the presence of the three ho-
mogenisation temperature groups discussed above. Sites 1, 
5 and 6, where no significant cooling was observed (Fig. 8.), 
were most probably located in the more central parts of the 
fluid flow, but still not in the core (see the slight temperature 
change and the sericite content). Sites 4 and 8, with more 
intense cooling (Fig. 8.), formed at a more distal location, 
while sites 2‑3, where only low‑temperature processes oc-
curred, formed even farther away. This idea is also supported 
by the MgO content of the chlorite crystals: 21.75‑27.20 wt% 
was observed at sites 1 and 5 (more central) and 14.86‑
24.64 wt% at sites 4 and 8 (more distal). According to 
URABE et al. (1983), higher concentration of MgO occurs 
in the alteration product chlorite close to the central parts of 
the system. Thus, the role of later tectonic movements is also 
indicated, bringing the more and less distal parts close to 
each other. However, the slightly lower temperatures and 
salinities observed in the southern block (caused by the more 
intense hydrothermal fluid‑seawater mixing) reveal that this 
now higher altitude block was also originally located in a 
higher position in the sequence.

7.5.2. Temporal evolution
All the observations shown above reveal a temporal evolu-
tion in the hydrothermal system (Fig. 8.). Quartz formed in 
three successive generations, while chlorite formed coge-
netically and epigenetically to quartz. Sphalerite most likely 
formed in the early stages of the hydrothermal activity, pro-
bably at a slightly lower temperature than the later chalcopy-
rite. Chalcopyrite formed probably at a slightly higher tempe-
rature, replacing the earlier minerals (see the slight Th 
increase in the more central sites from Qtz1 to Qtz2 (Fig. 8.), 
as well as within a single Qtz1 crystal). An excellent indica-
tor for this process is the occurrence of chalcopyrite-disease 
in the early sphalerite, which is caused by replacement, with 
the reaction of the Fe-S content of the sphalerite with a later 
Cu‑rich fluid (BARTON & BETHKE, 1987). A minor amount 

of sphalerite formed most probably during the waning of the 
system, together with late chalcopyrite (no chalcopyrite - 
 disease is observable, but chalcopyrite inclusions in growth 
zones are found). Pyrite formed during the entire process, 
before, simultaneously and after the Cu and Zn-bearing min-
erals. A similar evolution was also observed by OHMOTO 
(1996) in Kuroko‑type deposits.

However, a slightly different process took place in the 
central and the distal parts, depending mostly on how rapidly 
the formation temperature changed (Fig. 8.). This resulted 
in different ore mineral ratios (e.g. the amount of chalcopy-
rite is higher in the more central locations, and only pyrite 
occurs at the most distal one). This fact is proven by the 
chemical compositions of the veins (i.e. the occurrence of 
the different vein types 1, 2 and 3, defined by GARUTI et 
al. 2011); yielding up to 5.94 wt% Cu in samples from site 
5 (originally more central location, type 1 vein) and up to 
0.4 wt% Cu, but up to 1532 ppm Pb in samples from site 8 
(originally more distal location, type 2 and 3 veins) (GARUTI 
et al., 2011). However, each locality suffered a late, low-
temperature (<130°C) fluid circulation overprint, that still 
had similar characteristics (salinity, methane, sericite, fine‑
grained sulphide content), and can therefore be interpreted 
as a late result of the same hydrothermal process.

8. CONCLUSIONS

The detailed fluid inclusion, Raman spectroscopy and chlo-
rite thermometry study of sulphide mineralised quartz veins 
of the Boccassuolo ophiolite helped to characterise the hy-
drothermal processes that occurred in this Jurassic VMS-
related stockwork system. Besides rather common sulphide 
minerals (pyrite, chalcopyrite, sphalerite, pyrrhotite and ga-
lena), three quartz generations as well as chlorite, sericite 
and late carbonate were identified. The wide range of minimum 
formation temperatures (370‑60°C) is most likely caus ed by 
the temporal evolution of the system as well as the more 
proximal vs. more distal position in relation to the centre of 
the hydrothermal fluid flow. Comparison of the minimum 
formation temperatures defined by the fluid inclusion study 
and the formation temperatures based on chlorite thermom-
etry calculations (276‑122°C) supported the petrographic 
observations; i.e. chlorite generally formed simultaneously 
and after the second quartz generation, within the tempera-
ture gap between the high temperature quartz and a late fluid 
circulation event. The salinity range (6.2‑11.4 NaCl equiv. wt%) 
as well as the methane content (average 0.28 mol/kg) can both 
be explained by the formation of modified seawater, while pe-
trographic observations and pressure estimations (30‑44 MPa) 
suggest that boiling phenomena did not occur. Based on the 
fluid characteristics, the formation of the described vein 
types (1, 2, and 3) belongs to the same hydrothermal process. 
Modelling the temporal and spatial evolution of the system 
contributes significantly to our knowledge about the hydro-
thermal processes of the VMS systems of the N-Apennines, 
however, the results also illustrate the research efficiency 
and validity of the combination of fluid inclusion study, Ra-
man spectroscopy and chlorite thermometry.
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