
INTRODUCTION

Sulfide deposits located in the Northern Apennine of
Italy have been known as a workable source of copper since
3500 BC, thus providing evidence for the earliest copper ex-
ploitation in Western Europe (Maggi and Pearce, 2005). Be-
tween the Middle Age and the 18th century, copper was ex-
tracted cyclically, becoming a major commodity only in the
Industrial Era. From 1850 to 1910, several new deposits
were discovered and intensively mined in eastern Liguria,
yielding more than 1.5 Mt of ore with an average grade of
2-7% Cu. After a short period of decline, mining activities
started again during “Autarky” (1936) and lasted until the
early seventies, when the mines at Libiola (eastern Liguria),
Vigonzano and Ferriere (Emilia Romagna) were definitively
closed (Moretti, 1937; Violi Guidetti, 1968; Galli and Pen-
co, 1996; Pipino, 2003).
The most important copper deposits are associated with

the Western Alps and Northern Apennine ophiolites (Fig.
1), which represent fragments of the sub-oceanic lithosphere
that floored the Liguria-Piedmont Tethys. This embryonic
ocean formed by divergence of the European and the Adri-
atic Plates in Jurassic times, and closed between Late Creta-
ceous and Early Eocene (see references in Piccardo et al.,
2002). Continental rifting in a slow-spreading regime initial-
ly caused intrusion of MORB-type gabbroic bodies into the
upper mantle (Tribuzio et al., 2000; 2004), and subsequently
evolved into ocean opening (Piccardo et al., 2002). Tectonic
denudation allowed the peridotite-gabbro basement to be
exposed and eroded on the ocean floor, before the outflow
of MORB-type pillow lava and the deposition of pelagic
sediments (Abbate et al., 1970; Cortesogno et al., 1975;
Bortolotti and Gianelli, 1976; Barrett, 1982; Lemoine et al.,

1987; Lagabrielle and Lemoine, 1997). Upper Jurassic radi-
olarian cherts with Mn deposits cover the volcanic rocks
(Bonatti et al., 1976; Marcucci and Passerini, 1991; Cabella
et al., 1998). Recession of the seafloor from the axial rifting
zone and the decrease of magma extrusion led to progres-
sive burial of the igneous-volcanic basement and cherts un-
der carbonatic-siliciclastic sediments (Palombini Shales and
Calpionella Limestones) in the Cretaceous, passing upward
to various types of arenaceous turbidites (Late Cretaceous to
Paleocene).
Ophiolites of the Northern Apennine differ from coeval

ophiolites of the Western Alps because of the common lack
of eclogite- and blueschist-facies orogenic metamorphism
(Dal Piaz, 1974a; 1974b; Sandrone et al., 1986). They gen-
erally display the effects of low-grade oceanic metamor-
phism and syn-orogenic deformation caused by north-east-
wards thrusting onto the Adria continental margin (Corte-
sogno et al., 1975). Basalts are spilitized to variable extents
(Capedri and Toscani, 2000 and references therein). The
highest degree of alteration is observed in the surroundings
of stockwork-vein bodies (see below) where the basalt is to-
tally transformed into a felt aggregate of spiky albite crys-
tals, with interstitial chlorite, epidote and Fe-Ti oxides (Zac-
carini and Garuti, 2008). Hydrothermal alteration of gabbros
produced a low temperature secondary assemblage consist-
ing of sericitized-saussuritized plagioclase, albite, tremolite,
chlorite and calcite (i.e., Montecreto ophiolite). Basalts,
gabbros and serpentinized peridotites of mantle origin from
eastern Liguria (away from areas with sulfide ore deposits)
are enriched in 18O, indicating isotopic exchange with nor-
mal seawater below 200°C, at or near the seafloor (Barrett
and Friedrichson, 1989). Palombini Shales from the sedi-
mentary cover in the same area (Colli-Tavarone and Bracco-
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ABSTRACT

Sulfur isotope analysis of sulfide minerals has been carried out for the first time on ore samples from Volcanic-associated Massive Sulfide (VMS) deposits
in Tethyan Jurassic ophiolites of the Northern Apennine. The average d34S value is +5.2‰ in pyrite (n. 22), +6.7‰ in chalcopyrite (n. 23), +6.1‰ in spha-
lerite (n. 9), and 4.6‰ in pyrrhotite (n. 2). The overall average d34S of +5.9‰ (n = 30, s = 3.7) is consistent with data from other sulfide deposits of the East-
ern Mediterranean Tethys, although the Apennine ores display a distinctive range from +11.4‰ to the negative field (min. -2.9). The highest d34S‰ values are
found in stockwork veins crosscutting basalt and gabbro, and in stratabound ores within basalt (av., +8.9‰). The d34S decreases in serpentinite-hosted stock-
work veins (av., +5.8‰) and in stratiform deposits lying on ancient seafloors (av., +2.5‰), in which the negative values were detected. Inorganic reduction of
seawater sulfate is assumed to be the primary source of sulfur in the deposits, with some exception however. The low d34S values of serpentinite-hosted veins
indicate mixing with sulfur derived from the leaching of magmatic sulfides (av., d34S = +0.8‰). The negative values detected in seafloor-stratiform ores cor-
relate with sulfide textures indicative of the activity of sulfate-reducing bacteria causing preferential fractionation of the light sulfur isotope. The sulfur isotope
variations observed in the Northern Apennine VMS deposits reflect the influence of the different environments of sulfide deposition (seafloor vs. sub-
seafloor) and different lithologies of the host rocks (basalt vs. serpentinite).
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Val Graveglia Units) experienced maximum temperatures
and pressures of 160-250°C and 2-3 kb, respectively, com-
patible with conditions of extreme burial diagenesis during
orogenic evolution (Leoni et al., 1998).
The sulfide deposits of the Northern Apennine are char-

acterized by the metal assemblage Fe-Cu-Zn typical of
ophiolite-hosted Volcanic Massive Sulfide (VMS) deposits
(Galley and Koski, 1999). They consist of the hydrothermal

ore assemblage pyrite-chalcopyrite-sphalerite with or with-
out pyrrhotite, galena, magnetite and other accessory ore
minerals (linneite, millerite, marcasite, covellite, gold, sil-
ver, acanthite, freibergite, ilmenite, rutile, uraninite, hydro-
romarchite). Quartz, calcite and chlorite are major gangue
minerals, along with accessory siderite, epidote, titanite,
apatite and zircon (Bertolani, 1952; 1953; 1959; 1962; Fer-
rario, 1977; Ferrario and Garuti, 1980; Garuti and Zaccari-
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Fig. 1 - Location of the investigated VMS de-
posits in the Northern Apennine. Left top
square: simplified map of Piedmont-Ligurian
Units (dark grey) and ophiolite complexes
(black) in the Northern Apennine and Western
Alps. A) Eastern Liguria, RP- Reppia, BD-
Monte Bardeneto, LB- Libiola, CP- Campegli,
CS- Casali-Monte Loreto; B) Western Emilia
Romagna, CO- Corchia, VI- Vigonzano, FE-
Ferriere; C) Central Emilia Romagna, BO-
Boccassuolo, MO- Montecreto. Modified after
Zaccarini and Garuti (2008) and Bertolani and
Capedri (1966).
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ni, 2005; Zaccarini, 2006; Zaccarini and Garuti, 2008). 
Stratigraphic relationships (Fig. 2) suggest that forma-

tion of the sulfide deposits occurred in different stages
during evolution of the Ligurian basin (Garuti et al.,
2008a). Initially, sulfur-rich hydrothermal fluids venting
onto the ocean-floor deposited conformable-stratiform ore
bodies on the serpentinite breccia derived from sea-floor
erosion of the mantle basement (Type 1). The mineralized
stockwork-veins of Types 4a and 4b provide evidence that
convective hydrothermal cells were emplaced within the
mantle substrate, after its exposure at the ocean floor. The
stratiform deposits of Type 1 are invariably covered by pil-
low basalt flows, suggesting that hydrothermal circulation
was probably triggered by heat emanating from the uprais-
ing basaltic magma (Garuti et al., 2008a). Hydrothermal
activity continued during and after basalt extrusion, lead-
ing to precipitation of sulfides on the volcanic ocean-floor
(Type 2), as well as to deposition of stratabound ore bodies
(Type 3) and stockwork veins (Type 4c) within the vol-
canic rocks.
The Northern Apennine deposits represent a rare exam-

ple of seafloor-stratiform, stratabound, and sub-seafloor
stockwork ore-bodies associated with both the ultramafic
basement and the basalt volcanic cover in one single ophio-
lite sequence. Because of the lack of a significant metamor-
phic overprint, they yielded a unique opportunity to investi-
gate how and to what extent the different depositional set-
tings (seafloor vs. sub-seafloor) and host rocks (basalt vs.
serpentinite) have influenced the primary mineralogy and
composition of the sulfide ore (Garuti and Zaccarini, 2005;
Zaccarini, 2006; Zaccarini and Garuti, 2008). Preliminary
observations suggest that depositional setting and host rock
composition may have influenced also the sulfur isotopic
composition of the ore (Garuti et al., 2007). In this paper we
report the results of the first systematic study of sulfur iso-
topes in sulfide minerals from selected VMS deposits of the
Northern Apennine, considered as representatives of the
various depositional settings described.

ANALYTICAL PROCEDURES

Sulfur isotopes analyses were performed on single sulfide
minerals: pyrite (32 grains from 26 samples), chalcopyrite
(28 grains from 24 samples), sphalerite (9 grains from 9 sam-
ples) and pyrrhotite (2 grains from 2 samples). The sulfide
minerals were separated by scratching the surface of pol-
ished sections with a sharp needle, and picked up from the
polished section under the microscope. The obtained grains
had a minimum size of several tens of microns therefore the
possible influence of micro-impurities could not be avoided.
This circumstance caused negligible contamination in the
isotopic analysis of pyrite and chalcopyrite which usually
contain minor micro-inclusions, but was a serious limitation
in the case of sphalerite. The mineral is invariably clouded
with minute inclusions of chalcopyrite, down to less than
1mm in size, known as the “chalcopyrite-disease” texture.
Sphalerite is so densely spotted with chalcopyrite inclusions
as to affect even the results of electron microprobe analysis
(see the Sulfide Mineral Chemistry section). 
Two isotopic determinations were repeated for pyrite and

chalcopyrite in selected samples. The isotopic analyses were
carried out at the Serveis Científic-Tècnics (University of
Barcelona, Spain), using a combustion apparatus equipped
with Delta C Finnigan MAT, continuous flow, isotope-ratio
mass spectrometer, and TC-EA elemental analyzer, follow-
ing the method of Giesemann et al. (1994). The results are
given as d34S‰ values relative to the Cañon del Diablo
Troilite (CDT) standard. The analytical precision (2s) is
within ±0.2‰.
In order to characterize the compositions of the investi-

gated sulfide ores, bulk-rock concentrations of Cu, Zn, Ni,
Co, Cr, Au, Ag and U, performed at the Actlabs Laboratory,
Thornhill, Ontario, were made available by Garuti and Zac-
carini (2005) and Zaccarini and Garuti (2008). Textural re-
lationships, mineral assemblages and composition of the
sulfide minerals were studied by optical and electronic mi-
croscopy, and electron microprobe analysis, at the Eugen
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Fig. 2 - Idealized schematic stratigraphy of
VMS deposits of the Northern Apennine (not
to scale). Structural relations indicate that the
serpentinite-gabbro basement was exposed
and eroded at the seafloor prior to outflow of
pillow basalts. The Reppia II deposit is cov-
ered with chert, the Corchia deposit with
Palombini Shales. See Garuti et al. (2008a) for
geological details.
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Stumpfl Microprobe Laboratory (University of Leoben).
Electron microprobe analyses were obtained with a Jeol Su-
perprobe JXA-8200, operated at 15 kV accelerating voltage,
10 nA beam current, ~1 µm beam diameter, and counting
times of 20 and 5 seconds for peak and backgrounds, re-
spectively. Raman spectroscopy was used to quickly check
the mineralogical nature of Fe-oxides.

SAMPLES DESCRIPTION

A total of 34 samples of sulfide ore coming from 11 min-
ing sites in eastern Liguria and western to central Emilia
Romagna were selected for the isotopic analysis (Fig. 1A,
B, C). All the samples were collected away from supergene
weathered zones. Care was taken to investigate representa-
tives of all the ore types, covering the most outstanding tex-
tural variations displayed by single ore deposits. In order to
test the possible influence of “sulfide leaching” from the ul-
tramafic basement, the isotopic composition of magmatic
sulfides from one small Fe-Cu-(Ni) deposit associated to
serpentinite was investigated. Sulfides disseminated in the
serpentinite could not be used for this purpose due to the ex-
tremely low sulfur content of the ultramafic rocks (< 200
ppm), and the high degree of alteration of sulfide grains.
Provenance and mineralogy of the analyzed samples are
summarized in Tables 1 and 2, together with bulk-rock com-
positional data. Table 3 reports the results of electron micro-
probe analysis on selected sulfide minerals.

Local geologic setting of the investigated deposits
The stratiform deposits consist of concordant, tabular

bodies up to 2-4 meters in thickness, having massive struc-
ture at the contact with the hanging-wall rocks, and grading
into disseminated ore downwards.
Type 1: The stratiform deposits of Monte Bardeneto and

Reppia I (eastern Liguria, Fig. 1A) are associated with the
seafloor serpentinite breccia that marks the transition be-
tween serpentinite basement and pillow basalt (Fig. 3A).

The host breccia consists of serpentinite clasts along with
minor fragments of sandstone and micritic limestone
(basaltic clasts are absent), embedded in a sandy matrix of
quartz, calcite, chlorite and minute rock fragments, charac-
terized by graded bedding and other sedimentary textures
(Ferrario and Garuti, 1980; Garuti and Zaccarini, 2005;
Garuti et al., 2008a). Five samples of massive ore were col-
lected: three from Monte Bardeneto (BD6, BD8, BDX) and
two from Reppia I (RP1, RP2B).
Type 2: The stratiform deposits of Reppia II (eastern Lig-

uria, Fig. 1A) and Corchia (western Emilia Romagna, Fig.
1B) occur in basalt breccia at the top of the pillow basalt
unit. They are stratigraphically overlain by pelagic sedi-
ments consisting of Palombini Shales in olistostrome facies
at Corchia (Fig. 3B), and by chert and Calpionella Lime-
stones at Reppia II (Fig. 3C). The host breccia is composed
of fragmented pillows surrounded by a fine-grained matrix
of quartz, carbonate, chlorite and fragments of chert and
clay minerals (Garuti and Zaccarini, 2005; Garuti et al.,
2008a). Six samples of massive sulfide ore were examined:
two from Reppia II (RP12, RP14) and four from Corchia
(CO1, CO8, CO12, CO17).
Type 3: The stratabound sulfide deposit of Libiola (east-

ern Liguria, Fig. 1A) consists of a suite of massive sulfide
lenses stacked one on the other, hosted in a huge dome of pil-
low basalt, underlain and partly overthrust by massive ser-
pentinite and laminated gabbro (Bertolani, 1952; Ferrario and
Garuti, 1980). At the footwall, massive ore bodies grade to a
network of sulfide infiltrating among and into fragmented
pillows (Fig. 3D), giving rise to an interstitial ore that grades
into a reticulate of millimetric veins, filling cracks and fis-
sures within completely chloritized basalt (stringer ore). Two
samples representing the massive (LB13) and stringer ore
(LB12), respectively, were selected for isotopic analysis.
Type 4a: Two examples of stockwork-veins hosted in ser-

pentinite were studied in the old mines of Ferriere and
Vigonzano (western Emilia Romagna, Fig 1B). The deposit
of Ferriere consists of a network of quartz-carbonate-chlorite-
siderite veins vertically emplaced into a huge serpentinite
block, tectonically embedded in a sedimentary mélange
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Table 1 - Provenance and location of the investigated samples from VMS deposits of the Northern Appennines ophiolites.
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(Garuti et al., 2008a). The analyzed samples (FE2, FE13)
represent semi-massive and massive ore from a 25 cm-thick
vein in the upper section of the serpentinite block. Here, the
sedimentary mélange is absent, and the stockwork is abruptly
cut by sub-horizontal layers of Palombini Shales, suggesting
that the deposit was deeply eroded before deposition of the
pelagic sediments (Garuti et al., 2008a). The Vigonzano mine
comprises several stockwork deposits distributed in three ser-
pentinite blocks surrounded by sedimentary mélange
(Bertolani, 1959; Garuti et al., 2008a). Two samples (VI18,
VI24) were collected from the main ore body of “Cantiere
Vaie”, where the stockwork veins may reach a thickness of
more than 1 meter, and contain high-grade to semi-massive
sulfide mineralization. One sample of massive sulfide (VI13)
was collected in a small exploration gallery at Rocca Lagona,
possibly representing the marginal zone of the stockwork.
Type 4b: One stockwork vein deposit hosted in gabbro

was studied at Campegli (eastern Liguria, Fig 1A). Two
samples showing low-grade dissemination of sulfide (CP1,
CP3) were collected in a small assay gallery cutting across a
vertical swarm of quartz veins up to some ten centimeters in
thickness (Garuti et al., 2008a).
Type 4c: Three stockwork deposits hosted in pillow

basalt were sampled in the old mines of Boccassuolo (BO6,
BO33, BO53, BO91, BO93, BO96, BO97, BO98) and Mon-
tecreto (MO11) (central Emilia Romagna, Fig. 1C) and
Casali-Monte Loreto (CS5) (eastern Liguria, Fig. 1A). The

stockwork deposits of Boccassuolo and Casali-Monte Lore-
to consist of a dense reticulate of quartz-calcite-chlorite-sul-
fide veins, up to more than one meter in thickness, emplaced
in a hydrothermally altered pillow basalt and basalt breccia
(Fig. 3E). The Montecreto sulfide deposit is hosted in hy-
draulic breccia composed of cm- to dm-sized fragments of
spilitic basalt, mineralized veins and serpentinite, cemented
by quartz, calcite and sulfide, and is believed to have
formed by repeated cycles of hydraulic fracturing and ore-
gangue deposition (Garuti et al., 2008a).
Magmatic sulfide in serpentinite: Four samples of mag-

matic sulfide (COPO1, COPO2, COPO3, COPO4) were col-
lected in the copper mine “Il Pozzo” (Corchia ophiolite).
This deposit has been described by Garuti et al. (2008b) and
pertains to a group of Fe-Cu-(Ni) sulfide ores emplaced in
the ultramafic basement of the Ligurides before the Jurassic
ocean-opening (i.e., Monte Rossola, Monte Ramazzo ores).
According to Ferrario (1977) and Ferrario and Garuti (1980)
the sulfide ore originally formed by liquid immiscibility at
magmatic temperatures, and subsequently underwent partial
hydration-oxidation under regional and/or oceanic metamor-
phic conditions.

Controls on mineralogical and textural variations

According to Garuti and Zaccarini (2005) and Zaccarini
and Garuti (2008), mineralogy, composition and texture of
the sulfide ores have been influenced by the depositional en-
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Table 2 - Mineralogy and bulk-rock metal concentration samples from VMS deposits of the Northern Appennines ophiolites.
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Table 3 - Representative analyses of major sulfide minerals in the investigated VMS deposits of the Northern Appennines
ophiolites.
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vironment (seafloor vs. sub-seafloor) and country rock type
(ultramafic vs. mafic).

Seafloor vs. sub-seafloor environment
Both stratiform and stratabound sulfide ores deposited

at the seafloor are characterized by systematic anomalies in

Au and U (Table 2). This feature has been interpreted as
due to the interaction between the sulfide ore and fresh sea-
water in submarine conditions (Garuti and Zaccarini, 2005
and reference therein). The two types of deposits, however,
display differences in the sulfide texture. In contrast to the
basalt stratabound deposit of Libiola, which was quickly

49

Fig. 3 - Field view of different types of VMS deposits in the Northern Apennine. A) Upper mining works in the Monte Bardeneto mine (alt., 778 m). Note that
the stratigraphy is overturned. Sf- massive sulfide, Bp- pillow basalt, Sp- serpentinite breccia. B) Underground view of the Corchia mine (Cantiere Donnini).
The massive sulfide (Sf) is covered by a Palombini Shales olistostrome (Ps). C) External outcrop of the Reppia II deposit showing the massive sulfide (Sf)
covered by chert (Ct) and Calpionella Limestones (Cl). D) Massive sulfide network (Sf) infiltrating the pillow basalt (Bp), Libiola mine (external outcrop). E)
View of the “Filone Omar”, a vertically emplaced dike into pillow basalts (Boccassuolo).
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overwhelmed by the accumulating pillow lavas, the strati-
form sulfides underwent long-lasting exposure at the
seafloor that caused development of distinctive textures
typical of a sedimentary environment (Ferrario and Garuti,
1980; Garuti and Zaccarini, 2005). Pyrite framboids are
common and almost ubiquitous in all stratiform deposits
(Fig. 4) but rare in the stratabound one. Other biogenic tex-
tures are exclusively found in stratiform deposits. Rem-
nants of microfossil shells (mainly foraminifera and radio-
laria) replaced by sulfides were observed at Corchia, and
Reppia II (Fig. 5A to D). Sample CO1 from Corchia con-
sists of resedimented detrital sulfide accumulated by de-
bris-flows into topographic depressions of the seafloor,
topped by a Palombini Shales olistostrome (Fig. 3B). The
sulfide ore has been transformed into a massive, poorly-
sorted clastic sediment, consisting of fragments of hy-
drothermal sulfides (pyrite, chalcopyrite, sphalerite) and
abundant biologic remains embedded in a sandy matrix of
quartz, chlorite and clay minerals (Fig. 5A, B). A variety of
enigmatic structures were attributed to the activity of bac-
teria (Garuti and Zaccarini, 2005). At Monte Bardeneto,
they may simply appear as vermiculations, stalks and fila-
ments of sulfide (mainly pyrite) intimately intergrown with
calcite and chlorite in the gangue rich portions of the mas-
sive ores (Fig. 6A). Corona-like structures are also fre-
quent, varying in shape from rounded spherules to rod-like,
rectangular or less regular aggregates. They consist of
chains of minute pyrite euhedra enclosing a fine aggregate
of Fe-Al-Mg silicate (Fe-rich chlorite or clay-like phase)
intermixed with Fe-sulfide (Fig. 6B, C, D). Peculiar spher-
oids, up to 100-200 µm in size, have been described by
Garuti and Zaccarini (2005) in the massive sphalerite ore
of Corchia (samples CO8, CO17). They usually occur in
closely packed assemblages forming either botryoidal ag-
gregates of sphalerite-silica spheroids coated with a thin
film of silica or a concentric, palisade-like array of spha-
lerite crystallites (Fig.7). Magnetite spherules of about 30-
100 µm have been observed in sample BD8 from Monte
Bardeneto. They appear as complete or incomplete rings
with jagged or scalloped outlines, surrounding a core of
Fe-Al-Mg silicate, possibly Fe-rich chlorite. The spherules
are attached to the external border of large sulfide aggre-
gates or occur isolated in the calcite matrix (Fig. 8A, B).
The spherules concentrate in magnetite-rich domains in
which magnetite also occurs either as small (< 300 mm)
lozenge-shaped idiomorphic crystals within the calcite ma-
trix (Fig. 8C) or a large aggregates associated with the pri-
mary hydrothermal assemblage pyrrhotite-chalcopyrite-
pyrite (Fig. 8D). Rare hematite has been observed in the
calcite matrix or as inclusions in magnetite. 
The stockwork sulfides precipitated from hydrothermal

fluids flowing upwards along fractures and cracks in the
rock substrate. Some deposits (i.e., Boccassuolo, Casali-
Monte Loreto, Ferriere) extend over a vertical distance of
several hundreds of meters, suggesting that ore deposition
started at relevant depth below the seafloor (Garuti et al.,
2008a). The sulfide texture indicates crystallization and
grain coarsening with development of straight grain bound-
aries and idiomorphic crystal shapes. There is no evidence
of biologic replacement or sedimentary reworking. The lack
of contact with fresh seawater in the sedimentary environ-
ment has not produced Au and U anomalies (Garuti and Za-
ccarini, 2005). Only sample FE13 exhibits some enrichment
in Au and U (Table 2) suggesting a possible influence of
fresh seawater during seafloor erosion of the stockwork at

Ferriere (Garuti et al., 2008a).
Application of the chlorite geothermometer (Kranidiotis

and MacLean, 1987) to 645 chlorite grains from 64 samples

Fig. 4 - A) Pyrite framboids from Monte Bardeneto. Note the skeletal crys-
tal of chromite partially replaced by chlorite, included in calcite (white cir-
cle). B) Detail of the microphotograph in A (white box) showing the chlo-
rite matrix interstitial to the framboids. C) Large fragment of pyrite with
framboidal texture in accumulated sulfide debris of Corchia (sample CO1);
py- pyrite, cp- chalcopyrite, dark grey- quartz, chlorite and clay minerals.
A) and B) reflected light images; C) BSE image. 
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gave results consistent with the inferred environments of
sulfide deposition (Zaccarini et al., 2003; Zaccarini and
Garuti, 2008). High temperatures from 200°C to 360°C (av.,
255°C) were obtained for the stockwork and stratabound
ores. They mark the thermal range of hydrothermal fluids
uprising through the sub-seafloor or emanating from extrud-
ing basalt. In contrast, chlorite from seafloor stratiform ores
gave an average temperature of 170°C, with 85% of the data
points between 50°C and 200°C. Most of these chlorites dis-
play interlayering with clay-type sheet silicates possibly
caused by submarine weathering during long-time exposure
at the seafloor (Zaccarini and Garuti, 2008). Significantly,
the chlorite temperatures obtained for the seafloor stratiform
deposits are similar to those deduced from O isotopes 
(< 200°C) in igneous rocks far from the veins, which were
interpreted to indicate prolonged reaction with relatively
cold seawater at or near the seafloor (Barrett and Friedrich-
son, 1989). 

Influence of the host rock lithology
Compared with the sulfide ores hosted in mafic rocks

(basalt and gabbro) those associated with serpentinite and
serpentinite breccia (types 1 and 4a) are characterized by the

common occurrence of pyrrhotite, scarcity of sphalerite,
high Cu/Zn and Ni/Co ratios in both the bulk ore and in in-
dividual pyrite grains. They also are enriched in total Cr,
due to the presence of chromite and clinochlore character-
ized by high Cr/Mn, Mg/Fe, and Mg/Al ratios (Zaccarini
and Garuti, 2008). Field relations show that these deposits
formed before a significant outflow of basaltic lava (Garuti
et al., 2008a), therefore the hydrothermal fluids interacted
mainly with the mantle basement, resulting preferentially
enriched in compatible elements with strong ultramafic
affinity (Ni, Mg, Cr). Hydrothermal leaching and rock-fluid
metasomatic reactions were the active chemical mecha-
nisms. However, the sulfide ore was also enriched in the
compatible elements by mechanical incorporation of detrital
ultramafic minerals (i.e., chromite, serpentine) and ultramaf-
ic rock fragments liberated in situ, or transported from the
substrate. Evidence for transport of ultramafic-derived ma-
terial over long distances is observed in the stockwork de-
posit at Montecreto. Here, the sulfide ore is hosted in a hy-
draulic breccia intruding the pillow basalt unit. Both the
breccia and the sulfide ore contain abundant fragments of
chromitite and serpentinite eroded from the underlying ul-
tramafic substrate, and transported upwards during explo-
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Fig. 5 - Remnants of foraminifera and radiolaria from seafloor stratiform VMS deposits of the Northern Apennine ophiolites. A) and B) Shells of foraminifera
replaced by pyrite and chalcopyrite in accumulated sulfide debris of Corchia (sample CO1). Note the chlorite filling of the fossil shells (BSE images); C) Ra-
diolarian shell replaced by pyrite included in the calcite matrix of sample RP12 from yhe Reppia II deposit (reflected light). D) Radiolarian shells and spiculae
(arrow) from a radiolarite layer of the sedimentary cover at Montecreto (transmitted light). qz- quartz, cal- calcite, other abbreviations as in Fig. 4.
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sive emplacement. Because of the interaction with the ultra-
mafic substrate, the Montecreto deposit displays the compo-
sitional characters of the serpentinite-hosted deposits. The
gabbro-hosted sulfide veins (Campegli) have composition
similar to those of basalt-hosted deposits.

Magmatic sulfides in serpentinite
The mineralogy of the Fe-Cu-Ni magmatic sulfides is

characterized by pyrite, chalcopyrite, magnetite and siegen-
ite, with accessory sphalerite, molybdenite and gold.
Gangue minerals are pyroxenes, serpentine, talc, chlorite
and dolomite, whereas quartz, ubiquitous in the gangue of
the hydrothermal deposits, is conspicuously absent (Garuti
et al., 2008b). Textural evidence clearly indicates that mag-
netite and siegenite are secondary phases after the primary
sulfides pyrite, chalcopyrite and pentlandite.

SULFIDE MINERAL CHEMISTRY

Electron microprobe compositions of sulfide minerals in
the investigated samples (Table 3) are consistent with the
data reported in the previous works (Ferrario and Garuti,
1980; Garuti and Zaccarini, 2005; Zaccarini and Garuti,
2008). The composition of chalcopyrite reflects the stoi-
chiometry CuFeS2 without detectable substitutions. Pyrite

displays variable contents of Ni (234 - 4405 ppm) and Co
(342 - 4679 ppm). Both metals are enriched in the cores of
grains, with the exception of tiny pirite inclusions in spha-
lerite and chalcopyrite that are homogeneous. The Co/Ni ra-
tio of pyrite varies from 0.11 to 1.93 (av., 0.87) in ultramaf-
ic-hosted deposits, and from 1.04 to 5.15 (av., 1.99) in de-
posits associated with basalt. The Ni and Co contents of
pyrite from magmatic sulfide deposits in serpentinite vary in
the ranges 1209-1484 ppm and 501-1070 ppm, respectively,
with Co/Ni ratios from 0.34 to 0.52 (av., 0.45), lower than
those from pyrite in ultramafic-hosted hydrothermal ores.
Pyrrhotite is the monoclinic variety (Fe7S8) and may contain
significant amounts of Ni (385-5229 ppm) and Co (378-
3556 ppm). The Co/Ni ratio varies from 0.10 to 1.57 (av.,
0.61) in coarse pyrrhotite from ultramafic-hosted deposits,
but is as high as 2.27 (av., 1.71) in small pyrrhotites includ-
ed in pyrite and sphalerite from the basalt-hosted ores of
Boccassuolo and Corchia. Sphalerite contains significant
amounts of iron and copper up to 11.1 wt% Fe and 8.7 wt%
Cu, respectively. With the exception of the massive spha-
lerite from Corchia, that is iron rich (11.1 wt% Fe) and cop-
per poor (1.25 wt% Cu), in most cases, Fe and Cu correlate
positively according to regression lines parallel to the Cu/Fe
ratio of chalcopyrite (Fig. 9). This feature is considered as
an analytical artifact due to the “chalcopyrite-disease” tex-
ture of sphalerite. 
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Fig. 6 – Biogenic ore textures in the seafloor stratiform VMS deposit of Monte Bardeneto interpreted as sulfides and sulfide-silicate minerals nucleated on
bacterial cells. A) Pyrite vermiculations, stalks, and filaments in calcite matrix; note the large aggregate of quartz and chlorite on the left side (sample BDX).
B) Chains of pyrite euhedra surrounding intermixed (Fe-Al)-silicate and sulfide in calcite matrix (sample BD6). C) Same as in B) but in quartz-calcite matrix;
the white grain is chalcopyrite (sample BD6). D) Same as in B) and C) in calcite matrix (sample BD8). A), B) and D) reflected light images; C) BSE image.
ss- (Fe-Al)-silicate and sulfide, other abbreviations as in Figs. 4 and 5. 
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RESULTS OF SULFUR ISOTOPE ANALYSIS

The whole data set of d34S obtained for the Northern
Apennine VMS deposits (Table 4) ranges between -2.9‰
and +11.4‰ (av., +5.9‰), besides just one anomalous val-
ue of +22.8‰ in sample RP2B. The d34S vary from -0.6‰
to +11.3‰ in pyrite (av., +5.2‰), -2.9‰ to +11.4‰ in
chalcopyrite (av., +6.7‰), and 0.0‰ to +10.3‰ in spha-

lerite (av., +6.1‰) (Fig. 10A). Two pyrrhotite grains from
Monte Bardeneto and Reppia I gave d34S values of 3.0‰
and 6.2‰, respectively. Significant differences are ob-
served among deposits when they are sorted by structural
type (Fig. 10B). Stockwork veins hosted in gabbro
(Campegli) and basalt (Boccassuolo, Casali-Monte Loreto)
have very similar average d34S‰, of +8.7‰ and +8.9‰, re-
spectively. A comparable average value of +7.9‰ is found
in the basalt-stratabound deposit of Libiola. Stockwork
veins hosted in serpentinite (including Montecreto) have a
significantly lower average d34S = +5.8‰. The stratiform
deposits have the lowest d34S, showing no difference be-
tween deposits hosted in serpentinite (av., +2.4‰) and
basalt breccia (+2.5‰). They also display negative d34S
values down to -2.3‰ and -2.9‰ in samples BD8 and CO1,
from Monte Bardeneto and Corchia, respectively. The d34S
values for magmatic sulfides in serpentinite vary from
0.0‰ to +2.8‰ in pyrite, with only one negative value of -
1.7‰ from pyrite in sample COPO2, and +0.5‰ to +1.0‰
in chalcopyrite, with a total average of +0.7‰, calculated
for 15 measurements.

DISCUSSION
Source of metals and sulfur 
in Phanerozoic VMS deposits

The first observation of “black smokers” at the axis of the
East Pacific Rise, near 21°N and 109°W, provided unequiv-
ocal evidence for the massive deposition of sulfides from
hot, metal-charged solutions venting onto the ocean floor
(Francheteau et al., 1979). This historical discovery and the
subsequent exploration of modern ocean-floor by the ocean
drilling programs (see references in Goodfellow and Zieren-
berg, 1999) have provided invaluable insights into the nature
of submarine hydrothermal activity, confirming the predict-
ed hypothesis that ancient, on-land Volcanic-associated
Massive Sulfides (VMS) were originally deposited from hy-
drothermal solutions at or below the seafloor. They general-
ly occur within volcano-sedimentary sequences and show
consistent space-time relationships with extrusive magmatic
activity. A number of studies addressed to the identification
of the primary source of metals and sulfur which are the ma-
jor constituents of VMS deposits. Experimental data and the
study of modern submarine hot-springs have demonstrated
that the metal constituents are largely derived from leaching
of foot-wall igneous rocks, with a possible contribution from
the magmatic source responsible for volcanism (Reed, 1983;
Lyndon, 1988; Seyfried et al., 1999). The model implies a
long lasting convective circulation of hot solutions through
the rock substrate, triggered by a heat source emplaced at
shallow depth in the lithosphere, and requires continuous
transfer of large volumes of water from an almost infinite
reservoir to the hydrothermal system.
Considering the geologic setting of VMS deposits within

ophiolite sequences, the obvious evidence is that fluids cir-
culating in sub-oceanic hydrothermal cells must consist
mainly of heated and chemically modified seawater, with
possible contribution from the igneous source that provides
heat for the convection. The broad, positive correlation be-
tween the sulfur isotopic compositions in Phanerozoic and
modern VMS and coeval seawater sulfate (Fig. 11) supports
the proposed genetic linkage between the mineralizing hy-
drothermal fluids and seawater (Sangster, 1968; Claypool et
al., 1980). The average sulfide/sulfate fractionation factor
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Fig. 7 - Biogenic textures in massive sphalerite in sample CO8 from the
seafloor stratiform VMS deposit of Corchia (reflected light). A) Botryoidal
aggregates of sphalerite-silica spheroids interpreted as minerals nucleated on
bacterial cells; white crystals on top and right side are pyrite replacing spha-
lerite. B) Individual spheroids including silica (qz) in sphalerite; the arrow
indicates the concentric, palisade-like crystallites of sphalerite bordering the
spherulae. C) Same as B) under crossed Nichols; note that sphalerite inter-
grown with silica at the core of spherulae has intense internal reflections, in
contrast with the deep extinction of the sphalerite matrix. sph- sphalerite.
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Fig. 8 - Magnetite spherulae in sample BD8 from the seafloor stratiform VMS deposit of Monte Bardeneto (reflected light). A) and B) Magnetite spherules
with (Fe-Al)-silicate infilling (mt+ss) in calcite matrix. C) Cluster of lozenge-shaped magnetite (mt) associated with sulfides and calcite. D) Magnetite aggre-
gates associated with primary sulfides. po- pyrrhotite; other abbreviations as in Figs. 4, 5 and 6. 

(DH2S-SO4) is about -16.5‰ (Huston, 1999), implying re-
markable reduction of sulfur in metal sulfides with respect
to seawater sulfates. Proposed sources of reduced sulfur in
VMS younger than 1.0 Ga include: i) partial to complete in-
organic reduction of seawater sulfur during convective cir-
culation in the rock substrate (Green et al., 1981; Ohmoto,
1986), ii) leaching of magmatic sulfides in the igneous rock
substrate (Ohmoto, 1986; Solomon, 1976; Ohmoto and
Goldhaber, 1997), iii) juvenile sulfur directly emanating
from the same magmatic heat source that causes the convec-
tive circulation (Ohmoto and Goldhaber, 1997; Rye, 2005),
iv) biogenic reduction of seawater sulfate (Sangster, 1968;
Ohmoto and Goldhaber, 1997).
Data from the Northern Apennine VMS deposits have

been plotted in the Age/d34S‰ covariation diagram (Fig.
11), by assuming a Late Jurassic age of 160 Ma. Convective

Fig. 9 - The “chalcopyrite-disease” texture (reflected light) causing spuri-
ous Fe and Cu contents in the electron microprobe analyses of sphalerite
(sample BO6 from “Galleria Labirintica”, Boccassuolo). The diagram
shows the sharp positive correlation between Cu and Fe according to 1 : 1
regression lines, indicating that Cu and proportional amounts of Fe are due
to mixed microprobe analysis of chalcopyrite inclusions. Open square-
Boccassuolo, filled square- Corchia; open circle- Vigonzano; filled circle-
Ferriere; open diamond- Libiola; filled diamond- Campegli. 
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hydrothermal circulation through the rock substrate of the
Ligurian Tethys might have covered a time span of about 30
Ma, between initial denudation of the peridotite-gabbro
basement at the ocean floor (Early to Middle Jurassic) and
the decline of volcanic activity, marked by widespread de-

position of pelagic sediments (Late Jurassic - Early Creta-
ceous). Therefore some serpentinite-hosted stockwork de-
posits (types 4a) may be quite old, dating back to the early
stages of ocean opening (Garuti et al., 2008a). However, the
close time relation between hydrothermal activity and
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Table 4 - Isotope data for VMS deposits of the Northern Appennines ophiolites.

1) average of all mineral data; 2) values from different grains; 3) value excluded from calculations; 4) includes the value from Montecreto; 5) the value from
Montecreto excluded (see text for explanation). Sulfides: Py = pyrite; Cp = chalcopyrite; Sph = sphalerite; Po = pyrrhotite.
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basaltic magmatism would place the onset of the mineraliz-
ing episodes in the Late Jurassic, at about 160-150 Ma, as
supported by dating of basalts and associated radiolarian
cherts (Bortolotti et al., 1991; Marcucci and Passerini,
1991). The Northern Apennine VMS deposits have an aver-
age d34S of +5.9‰, comparable with data from Cretaceous
(~ 80-95 Ma) VMS deposits in Tethyan ophiolites of Troo-
dos and northeastern Turkey (Fig. 11). However, like many
other Phanerozoic deposits, they show a great variability of

d34S, from +11.4‰ to negative values of the order of -2.9‰.
In the Northern Apennine hydrothermal deposits, isotopic
variations appear to be primarily controlled by the structural
setting, indicating different trends for sulfide ores formed
below or at the seafloor. In addition, the sub-seafloor de-
posits display differences attributable to the ultramafic vs.
mafic nature of the country rock (Fig. 12). The possible
sources of sulfur in the various types of deposits are dis-
cussed below. 
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Fig. 10 –-Statistical variations of d34S‰ in VMS deposits of the Northern Apennine, A) sorted by sulfide mineral (dashed area-
pyrrhotite), and B) sorted by structural type. Abbreviations: bas- basalt, gb- gabbro, serp- serpentinite. Average d34S‰ in frame.
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Origin of sulfur in VMS deposits 
of the Northern Apennine

Basalt-stratabound deposit: possible contribution of juve-
nile sulfur
The d34S values of mantle-derived mafic magmas are be-

lieved to be originally close to 0.0‰. Likewise, sulfides in
igneous rocks are generally characterized by low d34S val-
ues, although deviations of 0.0‰ ± 5‰ are common
(Ohmoto and Goldhaber, 1997). High temperature fluids
emanating from magmas (> 400°C) contain gaseous SO2
that generates both H2S and SO4

2- by hydrolysis during
rapid cooling (Ohmoto and Goldhaber, 1997):

4SO2 + 4H2O → H2S + 6H+ + 3SO4
2-

Daughter solid species of the reaction (sulfides and sul-
fates) exhibit fractionation factors DH2S-SO4 between -16‰
and -28‰. Therefore, given the initially low d34S values of
magmatic sulfur, this inorganic reaction can produce sul-
fides with low and even negative d34S (Ohmoto and Gold-
haber, 1997; Rye, 2005).
As to the Northern Apennine VMS, mixing with mag-

matic sulfur may have occurred in the case of the
stratabound deposit of Libiola, where hydrothermal sulfides
precipitated in close association with the extrusion of pil-
low-basalt (Ferrario and Garuti, 1980). The d34S values are
comprised between +6.0‰ and +9.5‰ (av., = +7.9‰), im-
plying a fractionation factor DH2S-SO4 of -9.5‰ with respect
to coeval seawater sulfate at 160 Ma (~ +17.04 d34S‰) (Fig.
11). The lack of biological-derived textures in the sulfide
ore and the high temperature (> 250°C), well above the limit
for the development of bacterial activity, suggest that re-
duced sulfur was not produced via organic reactions. Al-
though we cannot provide any quantitative evidence, the
isotopic composition of the stratabound sulfide might have
resulted from a combination of different inorganic processes
taking place in the various stages of ore formation: i) reduc-
tion of seawater sulfate and leaching of sulfide from the
substrate basalt, during convective circulation before vent-
ing, ii) reduction of fresh seawater at the seafloor venting
site, iii) addition of magmatic sulfur from degassing pillow
basalt, during or after sulfide precipitation.

Stockwork veins: the role of country rock leaching
Reduction of the seawater SO4

2- molecule took place dur-
ing convective circulation through the rock substrate that led
to formation of stockwork deposits. In general, it requires
large amounts of H+ that can be produced according to a va-
riety of biological and no-biological reactions: i) non-bacte-
rial, thermochemical reduction of sulfate by reaction with
organic matter (thermochemical sulfate reduction); ii) bacte-
rial-mediated decomposition of organic matter (biologic sul-
fate reduction), or iii) hydrothermal alteration of the country
rocks (inorganic reduction) (Ohmoto and Goldhaber, 1997
and references therein). Reactions of type i) and ii) involv-
ing organic matter or bacteria are considered unlikely in the
stockwork deposits of the Northern Apennine. In fact, they
formed in the sub-seafloor, isolated from fresh seawater, in
the apparent lack of any kind of organic matter or bacterial
activity. There is no field evidence that the solutions cut
across sedimentary horizons enriched in organic matter.
Furthermore, the temperature estimates (200-350°C) extend
significantly above the thermal range in which bacterial and
non-bacterial decomposition of organic matter can take
place (Ohmoto and Goldhaber, 1997). Thus reduction of the

seawater sulfate was probably an essentially inorganic
process.
Seawater penetrating at depth into the sub-seafloor of the

Ligurian Ocean became progressively hotter and was chem-
ically modified by reaction with mafic and ultramafic ig-
neous rocks (Zaccarini and Garuti, 2008). Experimental
studies on seawater/rock interaction indicate that mafic-ul-
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Fig. 11 - Evolution of d34S in Phanerozoic to Modern VMS deposits and
coeval seawater sulfate. Symbols and lines indicate mean and ranges of
variation of VMS deposits (data from Huston, 1999): black square- North-
ern Apennine (N.A); black diamonds- Red Sea and western Pacific; black
dots- Tethyan VMS of Cyprus and northeastern Turkey; open diamonds-
Mesozoic VMS; open circles- Paleozoic VMS. The heavy line and grey
area indicate the evolution with age of the seawater-sulfate after Claypool
et al. (1980).

Fig. 12 - Variation of d34S ratios as function of the structural type of the
Northern Apennine VMS deposits. Black squares- stockwork veins in ser-
pentinite (Vigonzano, Ferriere); black dots- stockwork veins in gabbro
(Campegli); black triangles- seafloor stratiform ore in serpentinite breccia
(Monte Bardeneto, Reppia I); open squares- stockwork veins in basalt
(Boccassuolo, Montecreto, Casali-Monte Loreto); open circles-
stratabound ore in basalt (Libiola); open triangles- seafloor stratiform ore
in basalt breccia (Corchia, Reppia II); black diamond- magmatic sulfide
ore in serpentinite (Il Pozzo).
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tramafic rocks are significantly altered at relatively high
temperatures (250-350°C) and water/rock ratios (Shanks et
al., 1981; Reed, 1983). The H+ required for sulfate reduction
is supplied by reduction of H2O mainly through oxidation of
Fe2+ in mafic minerals (olivine, orthopyroxene, spinels) or
volcanic glass, and removal of Mg2+ from seawater to form
secondary hydrous silicates (serpentine, talc, chlorite). Dur-
ing reaction, the hydrothermal solution becomes more and
more acid due to increasing activity of H+. Fe2+ is dissolved
as hydroxide complexes, whereas base metals (i.e., Cu, Zn)

are stored in the solution mainly as hydrochloride complex-
es (Reed, 1983). The solution becomes also enriched in sili-
ca, and loses Mg, Ca, Na and SO4

2- that is reduced to S2-
through the simplified reaction:

2H+ + SO4
2- + 4H2 → H2S + 4H2O 

Isotopic fractionation normally reaches maximum 
DH2S-SO4 factors of approximately -20‰ (Ohmoto and Gold-
haber, 1997). Isotopic ratios of Northern Apennine stock-
work ores vary in the range +3.9‰ and +11.4‰, indicating
DH2S-SO4 values between -13.14‰ and -5.64‰ with respect
to coeval seawater sulfate (Fig. 11). These values are con-
sistent with the proposed mechanism of inorganic sulfate re-
duction, but do not exclude mixing with sulfur derived from
leaching of the country rock sulfide with d34S lighter than
the seawater sulfate.
The average d34S of sulfides from serpentinite-hosted

veins (+5.9‰) is one third less than the average d34S of
basalt-hosted stockwork deposits (+8.9%), ranging from
+3.9‰ to +6.7‰. Excluding mixing processes with bio-
genic or magmatic sulfur, this variation may represent a de-
crease of d34S downwards in the stratigraphic succession.
This feature, already observed elsewhere, is interpreted as a
result of mixing with increasing amounts of descending
fresh seawater, when the ascending hydrothermal solution
approaches the seafloor (Green et al., 1981; Huston et al.,
1995). In the serpentinite-hosted veins of the Northern
Apennine it may also indicate an Early Jurassic age of the
serpentinite-hosted deposits that would imply initially
lighter d34S (~15.88‰) for the 200 Ma seawater (Fig. 11).
However, given the close time-relation between deposition
of the stockwork veins and Upper Jurassic basaltic magma-
tism, the low d34S of sulfides from serpentinite-hosted veins
has to be ascribed to some different process. We suggest
that it was due to relatively high mixing rates with sulfur de-
rived from leaching of sulfide minerals within the ultramafic
country rocks, having almost chondritic d34S ratios, similar
to the sulfides from the “il Pozzo” deposit. Zaccarini and
Garuti (2008) have shown that chemical and mechanical in-
teraction with rocks of predominant ultramafic composition
variably enriched the serpentinite-hosted veins in compati-
ble metals (i.e., Ni, Cr, Mg). Among other effects, these de-
posits display a lower Co/Ni ratio of pyrite compared with
deposits hosted in basalt (Table 3, Fig. 13A). Consistently,
the d34S of pyrite correlates with the Co/Ni ratio increasing
from pyrite in magmatic deposits to pyrite in basalt-hosted
veins (Fig. 13B). The intermediate composition of pyrite
from serpentinite-hosted veins suggests a possible mixing
process between two end members represented by hy-
drothermal and magmatic sulfur, respectively.

Seafloor stratiform deposits: the role of organic matter
The d34S data graphically summarized in Fig. 12 show

that the trend defined by stockwork and stratabound hy-
drothermal deposits is abruptly interrupted by the stratiform
deposits associated with the serpentinite and basalt breccias,
both showing distinctive shifting of d34S from +7.5‰ down-
wards, into the negative field (to d34S = -2.9‰). Structural
and sedimentary features recognized within and around the
stratiform deposits indicate that their stratigraphic position
corresponds to ancient seafloor. 
In general, discharge of sulfides at ocean-floor vents oc-

curs as a result of mixing between hydrothermal solutions
and cold seawater that causes a sharp drop in T and an in-
crease in pH. Under these conditions, base metals (i.e., Cu
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Fig. 13 - Co-Ni (A) and Co/Ni-d34S (B) relationships in pyrite from hy-
drothermal stockwork veins of the Northern Apennine ophiolites. Open tri-
angles- basalt-hosted veins; open squares- serpentinite-hosted veins; black
squares- magmatic sulfides in serpentinite; cross- primitive mantle, from
Barrie and Hannington (1999). 
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and Zn), which are mainly transported as hydrochloride
complexes, are readily precipitated as insoluble sulfides
(Reed, 1983; Lyndon, 1988; Rona, 1988; Scott, 1997; Se-
ward and Barnes, 1997). The final d34S of the precipitating
sulfides depends on the rate of mixing between the two end-
members, eventually implying an enrichment in the heavy
34S isotope derived from in-situ reduction of fresh seawater
sulfate. A major implication is that seafloor sulfides may
have d34S ratios even higher than those precipitating in a
sub-seafloor environment. For example, this could be the
case of sample BD6 from Monte Bardeneto (Table 4) in
which the pyrite has a d34S of +7.5‰, slightly higher than
the maximum value recorded in veins emplaced in the ultra-
mafic substrate (+6.7‰). However, most isotopic values ob-
tained from stratiform sulfides of the Apennine show a vari-
able enrichment in the light 32S isotope, up to reach negative
d34S ratios. Excluding mixing with juvenile sulfur, both the
depositional environment and the abundance of biogenic
features (Figs. 4 to 8) suggest that lightening of sulfur iso-
tope ratios might have resulted from mixing of hydrother-
mal and biogenic sulfur, the latter typically having DH2S-SO4
as negative as -45‰ (Ohmoto and Goldhaber, 1997).
Stratiform sulfides were deposited on the seafloor togeth-

er with clastic material eroded from the footwall breccia and
remnants of planktonic biota (Garuti and Zaccarini, 2005;
Zaccarini and Garuti, 2008). In submarine conditions, the
organic debris started to decompose yielding H+ for in situ
reduction of the seawater sulfate:
(1) (CH2O) + H2O → 4H+ + CO2

(2) 2(CH2O) + SO4
2- → 2H+ + S2- + 2H2O + 2CO2

Initially, sulfate reduction might have occurred in the ab-
sence of bacteria (reaction 1), being controlled by thermal de-
composition of organic matter at relatively high temperatures
(T° > 230°C, pH < 2). This reduction pathway, however,
would have not caused substantial isotopic fractionation,
since the resulting sulfides would have approached the iso-
topic composition of the SO4

2- reservoir (Ohmoto and Gold-
haber, 1997). The observed enrichment in light 32S is better
explained by reaction (2) driven by anaerobic “sulfate-reduc-
ing-bacteria” (SRB), at temperatures below 110°C (upper
life-limit for thermophilic SRB). The SRB generate the ener-
gy essential to their life by oxidizing organic matter via re-
duction of the seawater sulfate molecule SO4

2-. The relevant
metabolic waste product of this biochemical process is S2-
which, in the surrounding of seafloor vents is fixed within the
crystal framework of precipitating sulfide minerals together
with the inorganic-reduced S2- present in hydrothermal fluids.
Since the chemical linkages 32S-O in the sulfate molecule are
weaker than the 34S-O bonds, they are more easily broken by
SRB. Accordingly, the resulting S2- is isotopically lighter
than the initial aqueous sulfate by highly negative sulfide/sul-
fate fractionation factors (DH2S-SO4 = -45‰). The reaction also
yields CO2 that contributes to precipitation of abundant cal-
cite observed in the matrix of the stratiform deposits of the
Northern Apennine.
According to this model, SRB were directly responsible

for oxidation of the organic matter coating the internal wall of
microfossil shells, thereby precipitating metal sulfides that re-
sulted in the pseudomorphic replacement of the original struc-
ture (pyritization of microfossils at Corchia and Reppia II).
Furthermore, bacteria cells played a passive role in the miner-
alizing reactions by acting as templates for deposition of met-
als. For example, bacteria can modify the chemical properties
in the immediate environment (i.e., pH, Eh, S2- activity) as a

result of their metabolic activity, thereby creating very re-
stricted sites for local precipitation of metals (Konhauser,
1998). The numerous microstructures observed in the Liguri-
an stratiform deposits (spherules, coronas, filaments) might
have originated in this way. Their morphology and size
strongly recall bacteria cells completely encrusted with mi-
crogranular crystallites (in our case pyrite, sphalerite, mag-
netite) observed in nature and in experimental cultures (Kon-
hauser, 1998 and references therein). In our samples, textural
features indicate that biogenic ore minerals are usually associ-
ated with either pure silica or silicates dominated by the Fe-
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Fig. 14 - Schematic model illustrating the origin of d34S variations in the
Northern Apennine VMS deposits. The initial value of d34S ~ 17 assumed for
seawater sulfate at 165 Ma has been extrapolated from the evolution curve of
Claypool et al. (1980) in Fig.10. T = temperature of sulfide deposition in-
ferred from chlorite geothermometry (see text). A) Distribution of d34S in
basalt-hosted sulfide deposits: stratabound ore and ore veins have similar
d34S, derived from inorganic reduction of seawater sulfate during convection
through the basalt substrate. B) Distribution of d34S in serpentinite hosted
sulfide deposits: the low d34S in ore veins is caused by leaching of magmatic
sulfides during convection through the serpentinite substrate. In both cases A
and B, seafloor stratiform deposits have very low d34S, down to negative val-
ues, derived from syngenetic, biogenic reduction of seawater sulfate.
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Al assemblage (possibly chlorites or clay-like phases) that
form thin films coating the sphalerite spheroids and the infill-
ing of spherules and capsular aggregates. The infilling silicate
is always associated with dusty disseminated Fe-sulfide parti-
cles, and overall differs in chemistry and mineralogy from the
external matrix enclosing the corona aggregates, which con-
sists of dominant calcite with subordinate amounts of quartz
and chlorite. The general context suggests that the silicate in-
filling of spherules and corona aggregates may represent ma-
terial nucleated by microorganisms. This conclusion is sup-
ported by experimental studies (Urrutia and Beveridge, 1994)
showing that some bacteria are able to flock (Fe-Al) silicates
around their bodies with retention of considerable amounts of
heavy metals, including Zn, Cd, Ni, Cu and Pb. Filament and
spheroid microstructures consisting of iron and silica or Si-
Al-Fe compounds, similar to those described here, have been
reported from ancient and modern hydrothermal vents, in-
cluding deep-sea hot springs of the northwest Pacific Ocean
and lava flows of the Juan de Fuca Ridge (Konhauser, 1998;
Juniper and Fouquet, 1988). In all cases, the microstructures
were recognized as the result of biocatalyzed precipitation of
inorganic compounds (sulfides, oxides, silicates).
The magnetite-silicate spherules in sample BD8 from

Monte Bardeneto closely recall in shape and size the Fe-ox-
ide spheroids from the Precambrian banded iron formations
(Laberge et al., 1987), and analogously they are interpreted
as bacteria-induced mineralization. Magnetite micro-
spherules (10-50 mm) have been observed as a by product of
organic matter oxidation by anaerobic bacteria in experi-
mental cultures (Konhauser, 1998), according to the follow-
ing possible reaction: 
CH3COO- + 8Fe(OH)3→ 8 Fe2+ + 2HCO3

- + 15 OH- + 5H2O
This reaction is favoured by relatively high pH, a condi-

tion commonly met at the seafloor, and requires a solid
source of Fe3+ (i.e., ferrihydrite) to sustain the production of
oxygen for oxidation of organic matter, and of Fe2+ for pre-
cipitation of magnetite.
At Monte Bardeneto, the ore texture suggests that mag-

netite and hematite associated with primary sulfides
(pyrrhotite, chalcopyrite, pyrite) formed initially through in-
organic processes involving a change in redox conditions
from anoxic-suboxic to oxic. This change was probably not
due to a variation in the composition of the hydrothermal
fluid itself, more likely it was reflecting progressive reces-
sion from the venting site toward a more marginal zone, in
which oxic conditions were prevailing. The early formed
iron oxides (hematite and magnetite) provided the solid
source of Fe3+ to be reduced for oxidation of the organic
matter and crystallization of the magnetite byproduct. Mag-
netite precipitated by the biologically-induced process as-
sumes the typical spheroid shape with Fe-Al silicate infill-
ings similar to the sulfide-silicate spherules produced by
SRB. Sample BD8 contains both types of spherules (sulfide
and oxide) concentrated in adjacent domains. We suggest
that the magnetite spherules may have formed as a continu-
um of the sulfide biomineralization process that character-
izes the zones more proximal to the venting site. Magnetite-
producing bacteria are able to live above and below the
anoxic-oxic boundary (Konhauser, 1998). Interestingly, it
has been observed in nature that one single bacterium can
produce Fe-sulfide or Fe-oxide under anoxic or oxic condi-
tions, respectively, thus implying that a local variation in
O2- to HS- activity was the factor controlling the type of ex-
creted iron species (Bazylinski et al., 1990).

SUMMARY AND CONCLUSIONS

Sulfur isotope values in VMS deposits of the Northern
Apennine ophiolites have an overall average of 5.9 d34S‰,
similar to other VMS deposits of the eastern Mediterranean
Tethys, i.e. Troodos (4.6‰) and Eastern Turkey (4.2‰).
They differ, however, for a much wider range of d34S, vary-
ing from +11.4‰ to -2.9‰. The origin of this variation is
schematically represented in Fig. 13, assuming an initial
d34S value of 17‰ for seawater at 165 Ma.
The highest d34S‰ values (average 8.9‰) are found in

sulfide ores occurring as stockwork veins or stratabound
bodies within the pillow basalt unit (Fig.13A). These values
are consistent with partial inorganic reduction of seawater
sulfates during convective circulation through the basaltic
substrate, plus a possible addition of magmatic sulfur in the
stratabound ores. A significant decrease of the average d34S
ratio to 5.8‰ and 2.5‰ is observed in sulfides from serpen-
tinite-hosted stockwork veins and stratiform deposits lying
on ancient seafloor, respectively. In the first case, sulfur de-
rived from the leaching of magmatic sulfides, characterized
by an almost chondritic d34S ratio of 0.8‰, was added to the
hydrothermal fluids while they migrated through the serpen-
tinite basement (Fig.13B). In the second case, 32S was most
likely contributed to the sulfide ore by the action of SRB.
Because of the weak post-depositional recrystallization of
the ore, many of the primary structures were exceptionally
preserved and interpreted as produced by bacterial activity.
They indicate that the light isotope was derived from syn-
genetic, biogenic reduction of seawater sulfate, and mixed
with hydrothermal inorganic sulfur at the time of sulfide
precipitation on the seafloor. Probably, biologic-driven iso-
topic reworking of the stratiform sulfides continued during
the long-lasting exposure at the seafloor, before burial under
basalt lava flows and pelagic sediments.
The results of this isotopic investigation provide further

evidence for the influence of the country rock type (basalt
vs. serpentinite) and the depositional setting (seafloor vs.
subseafloor) on the ore composition in the Northern Apen-
nine VMS deposits.
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