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Abstract The sulphide deposits of the Iberian Pyrite
Belt (IPB) represent an ore province of global impor-
tance. Our study presents 113 new sulphur isotope an-
alyses from deposits selected to represent the textural
spectrum of ores. Measured d34S values range from ÿ26
to �10& mostly for massive and stockwork ores, in
agreement with data previously published. In situ laser
d34S analyses reveals a close correlation of d34S with
texture. Primary diagenetic textures are dominated by
relatively low d34S (ÿ8& to ÿ2&), whereas stockwork
feeder textures are dominated by higher d34S (�+3& to
�5&). Intermediate textures (mainly coarse textures in
stratiform zones) have intermediate d34S, although they
are mostly dominated by the high d34S component. Rare
barite has a homogeneous d34S around �18&, which is
consistent with direct derivation from Lower Carbonif-
erous seawater sulphate. A dual source of sulphide sul-
phur in the IPB deposits has been considered. A
hydrothermal source, derived from reduction of coeval
seawater sulphate in the convective systems, is repre-
sented by sulphide in the feeder zones. Here variations in
d34S are caused by variations in the extent of the sul-
phate reduction, which governs the SO4:H2S ratio. The
second end-member was derived from the bacterial re-
duction of coeval seawater sulphate at or near the sur-
face, as re¯ected in the primary textures. A distinct
geographical variation in d34S and texture from SW

(more bacteriogenic and primary textures) to NE (more
hydrothermal textures and d34S) which re¯ects a varia-
tion in the relative input of each source was likely con-
trolled by local geological environments. Given that the
sulphur isotope characteristics of the IPB deposits are
unlike most VMS and Kuroko deposits, and noting the
dominance of a mixed reduced sedimentary and volcanic
environment, we suggest that the IPB could represent an
ore style which is intermediate between volcanic and
sedimentary hosted massive sulphide types.

Introduction

The Iberian Pyrite Belt (IPB) volcanic- and sediment-
hosted deposits are regarded as one of the world's major
massive sulphide provinces, and include several noted
giant orebodies with reserves of some hundreds of mil-
lion tons (e.g. Rio Tinto, Neves Corvo, Aljustrel, Thar-
sis, Sotiel, Aznalcollar; Fig. 1). These deposits were
formed as consequence of intense hydrothermal activity
during Upper Devonian to Lower Carboniferous times,
when felsic and ma®c lavas and tu�s, volcanic breccias,
and sediments, such as shales, quartzites, grey-
wackes, limestones and cherts, were deposited (SaÂ ez et al.
1996). The massive sulphides and the host rocks were
later variably metamorphosed and deformed during the
Hercynian orogeny. Considering the close relationship to
felsic volcanism and some other geological features,
several authors have classi®ed the IPB massive sulphide
deposits as Kuroko type (Hutchinson 1983; Sawkins
1990). However, it seems that an Iberian type (SaÂ ez et al.
in press) of massive sulphide deposits is more appropri-
ate, because the importance and general features of the
province (e.g. the peculiarities about the sulphur isotope
composition). Whatever their classi®cation, there is little
doubt that most of these sulphides were precipitated on
or near the coeval sea ¯oor, during the waning stages of
volcanic activity (Barriga 1990; SaÂ ez et al. 1996).

In the last three decades, approaching 500 sulphur
isotopic analyses have been carried out mainly on the
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massive and stockwork ores of IPB deposits (Rambaud
1969; Williams et al. 1975; Arnold et al. 1977; LeÂ colle
1977; Routhier et al. 1978; Eastoe et al. 1986; Mitsuno et
al. 1988; Kase et al. 1990; Yamamoto et al. 1993; Al-
modoÂ var et al. 1998; Tornos et al. 1998). Whilst sul-
phides in many volcanogenic massive sulphide (VMS)
deposits show generally positive d34S values, with a close
relationship to d34S of coeval seawater sulphate, IPB
sulphides exhibit a wide variation of d34S values, both
positive and negative among di�erent deposits, and even
within the same deposit (Table 1; Fig. 2). The majority
of the massive ores, mostly composed of pyrite, yield a
widely scattered distribution, ranging from ÿ34& to
�15& with an average close to 0& (e.g. Aljustrel,
Aznalcollar, Sotiel, Neves-Corvo). Only San Telmo
displays a narrow range of positive values (�0:5 to
�4:9&, according to Mitsuno et al. 1988). Vein-stock-
work ores clearly exhibit mostly positive isotopic values
(average of �4:7&). Barite is rare in the IPB deposits
(found to date only in San Telmo, San Dionisio,
Sierrecilla, San PlatoÂ n and Planes: Routhier et al. 1978;

GarcõÂ a de Miguel 1990) with average d34S around �18&
(Eastoe et al. 1986; Mitsuno et al. 1988; this study). The
scarcity of barite is a feature which marks a distinction
with Kuroko deposits, and indicates a relatively reduced
environment of deposition, with only minor changes in
the oxidation state of the ¯uids during massive sulphide
deposition (Rye and Ohmoto 1974). Tables 1 and 2
summarize the available data.

Controversy exists about whether VMS deposits were
formed by magmatic, connate or convective seawater
hydrothermal systems or some mixture thereof. Sulphur
isotope studies have proposed two potential sources for
the deposits: either magmatic sulphur derived from sul-
phides within associated igneous rocks (Rambaud 1969;
Williams et al. 1975), or a reduced seawater source
(LeÂ colle 1977; Routhier et al. 1978; Mitsuno et al. 1988;
Kase et al. 1990; Yamamoto et al. 1993). The latter

Fig. 1 Simpli®ed geological map of the Iberian Pyrite Belt showing
the location of the deposits studied (adapted from Carvalho et al.
1976)
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hypothesis allows a variable contribution from both
reduction of seawater in the hydrothermal system, and
also from bacterial reduction near the site of deposition.

All of these cited sulphur isotopic studies were per-
formed using conventional techniques. Most of the

studies acknowledge that, because of the ®ne-grained
and complex nature of the ores, mixed sulphides were
analyzed. Thus, these studies give us the average d34S of
the main co-existing sulphide minerals. However, recent
studies (Eldridge et al. 1988, 1993; Kelley and Fallick

Table 1 Selected sulphur iso-
tope data in & d34S from lit-
erature on principal massive
sulphide deposits and main host
rocks from IPB

Source of data analysis:
Rambaud (1969), Arnold et al.
(1977), LeÂ colle (1977), Eastoe
et al. (1986), Mitsuno et al.
(1988), Kase et al. (1990),
Yamamoto et al., 1993, and
Tornos et al., (1998)
a Data analysis belonging to
sulphides from some minor
deposits have not been included

Group Number Mean Median SD Minimum Maximum

1 Tharsis 73 )4.3 )4.5 3.6 )26.8 3.5
2 Loussal 15 )2.0 )3.0 4.2 )8.3 5.5
3 Aljustrel 41 )1.7 )1.3 4.4 )20.4 4.0
4 Sotiel 35 )4.7 )0.7 12.6 )34.2 6.7
5 AznalcoÂ llar 16 )0.1 0.3 2.9 )6.0 4.4
6 Neves Corvo 51 1.1 1.6 3.6 )11.1 6.0
7 La Zarza 32 0.8 0.4 2.9 )7.3 7.8
8 Lomero Poyatos 8 2.7 3.4 1.5 )0.1 3.9
9 San Miguel 13 2.1 2.8 4.3 )3.9 9.2
10 San Telmo 14 3.0 3.2 1.3 0.5 4.9
11Rio Tinto 121 4.3 5.0 4.7 )14.1 12.4
12 ConcepcioÂ n 10 5.4 6.0 3.4 )1.4 9.2

Stockwork 51 4.7 4.6 4.3 )4.5 11.7
Jaspers 4 )23.7 )27.8 11.4 )32.1 )7.0
Slates 13 )2.1 )3.1 6.8 )16.6 6.7
Volcanic rocks 8 )2.5 )2.1 5.0 )10.0 6.5

Total IPB data
Sulphidesa 468 )0.2 0.8 7.1 )34.2 12.4
Barite 9 17.8 16.0 3.3 14.9 24.0
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1990) indicate that in situ sulphur isotopic analyses at
moderate to high resolution can reveal genetically sig-
ni®cant information which can not be caption Fig. 2
discerned using the bulk conventional techniques. Ac-
cordingly, our study aims to describe the common tex-
tural features of sulphide ores from the IPB deposits,

and to use conventional and laser-based isotope ana-
lyses to distinguish the isotopic compositions of sul-
phides from the various stages of deposition,
hydrothermal replacement and metamorphism. This is
the ®rst in situ laser sulphur isotope study of Iberian
sulphides. Using existing isotopic data and our new
petrographic studies, we have selected several deposits
which cover the isotopic and textural spectrum of the
IPB. These include the giant Tharsis deposit (Fig. 1: the
lowest d34S end-member, and the least metamorphosed
of our selected group) and ConcepcioÂ n (the highest d34S
end-member, with the most abundant secondary tex-
tures). What emerges from our study is a close corre-
lation of d34S with texture, which allows elucidation of
genetic models for these deposits.

Geological setting

The sampled deposits (Fig. 1) are located in the central and eastern
part of the IPB, which is the main region of the South Portuguese
Zone of the Iberian Hercynian orogene. This belt extends over a
distance of 230 km from Seville (in Spain) to the south of Lisbon
(in Portugal), with a width of about 30 km; it delineates an E-W

Table 2 Reported sulphur isotope studies on ores from the IPB deposits

Reference n Main suggested source
of sulphur

Remarks

Rambaud (1969) 27 Magmatic (juvenile) Sulphur signature modi®ed by isotopic
exchange with sulphur of seawater
derivation

Williams et al. (1975) (27) Juvenile ¯uids modi®ed by
mixing with hot sulphate-bearing
seawater

These authors use the same isotope
data presented by Rambaud (1969)

Arnold et al. (1977) 47 Hydrothermal exhalative Inorganic reduction of coeval seawater
sulfates and leaching of the sulphides
disseminated in the host volcanic rocks

Routhier et al. (1978) 32 Bacteriogenic fractionation
from a deep sulphur source

Progressive in¯uence of marine
environment. Data come mainly from
the PhD Thesis by LeÂ colle (1977)

Eastoe et al. (1986) 32 Hydrothermal ¯uids Derived from contemporaneous seawater
sulphate � inputs of biogenic sulphur
in the margins of stratiform bodies and
in stockwork

Mitsuno et al. (1988) 300 Bacteriogenic High variability of sulphur isotopes:
stockwork ores largely derived from
volcanogenic sulphur while layered ores
derived from mixture of volcanogenic
and bacteriogenic sulphur

Kase et al. (1990) 30 Bacteriogenic and connate Applied to the Tharsis deposit.
Stockwork sulphur is largely
volcanogenic and cognate with the
original sulphur in the felsic rocks

Yamamoto et al. (1993) 14 Bacteriogenic and volcanogenic In¯uence of sulphate/sulphide ratio in
the ¯uids due to changes in fO2 and pH
condition during ore deposition.
Stockwork largely volcanogenic; massive
ores from mixture of volcanogenic
and bacteriogenic sulphur

Tornos et al. (1998) 14 Bacteriogenic Most of the sulphur was
bacteriogenically reduced before reacting
with hydrothermal brines

n, number of samples analyzed using conventional mass spectrometric methods

Fig. 2 Plot of the available conventional d34S data for the main ore
deposits from the Iberian Pyrite Belt (Rambaud 1969; Williams et al.
1975; Arnold et al. 1977; LeÂ colle. 1977; Routhier et al. 1978; Eastoe
et al. 1986; Mitsuno et al. 1988; Kase et al. 1990; Yamamoto et al.
1993; Tornos et al. in press) shown with increasing mean d34S to the
right of the diagram. Deposits have been organized considering their
geographic location (approximately from SW to NE) and their
respective d34S averages (from lower to higher d34S values). IPB
boxplot represents all the published sulphur isotope data, including
sulphides from ores and host rocks. Boxplots de®ne the median
(horizontal line across the box), percentiles, whiskers, and outliers;
shaded area on each box indicates 95% con®dence interval bounds
around its median. For comparison purposes common ranges of d34S
values for the sediment-hosted massive sulphide deposits (SHMS),
some selected volcanic hosted sulphide massive deposits, and the
present-day mid-ocean hydrothermal ¯uids have been plotted (data
from Ohmoto and Rye 1979; Eldridge et al. 1988; Bluth and Ohmoto
1988; Cagatay and Eastoe 1995; Ohmoto 1996; Cook and Hoefs 1997;
Herzig 1997)
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striking structure in Spain, changing to NW-SE in Portugal. The
stratigraphic sequence comprises several conformable sedimentary
successions of late Devonian to Carboniferous age (Strauss 1970;
Carvalho et al. 1976; Routhier et al. 1978; Barriga 1990; SaÂ ez et al.
1996) including several intercalated acid and basic volcanic units of
Dinantian age (Routhier et al. 1978; MunhaÁ 1983; ThieÂ blemont
et al. 1994) and the presence of the huge massive sulphide deposits
(SaÂ ez et al. 1996).

Three main lithostratigraphic units have been established in the
IPB (Schermerhorn 1971), which from older to younger are:

1. The Phyllite-Quartzite Group (PQ), composed of Upper Dev-
onian slates, quartzites and litharenites;

2. The Volcano-Sedimentary Complex (VSC), Upper Devonian to
Middle Visean in age, comprising felsic and ma®c volcanic
rocks interbedded with detrital sediments, and hosting the
massive sulphide deposits;

3. The Culm Group, composed of a ¯ysch-like turbiditic sequence
of slates and sandstones of Upper Visean to Lower Westphal-
ian age.

In the VSC, three main felsic volcanic events are usually dis-
tinguished alternating with two ma®c ones. These volcanic units are
generally intercalated in pelitic rocks. As a general rule, the ma-
jority of the massive sulphide deposits of the southern zones are
associated with the top of the ®rst (V1) felsic volcanic episode,
whereas deposits located in the northern zone are mainly associated
with the second (V2) felsic volcanic episode (Routhier et al. 1978;
SaÂ ez and AlmodoÂ var 1993; SaÂ ez et al. 1996; SaÂ ez et al. in press).
The host rocks are mainly tu�s and lava ¯ows of dacitic to rhyolitic
composition (AlmodoÂ var and SaÂ ez 1992; SaÂ ez et al. 1996) with
terrigenous sediments, including black shales. Volcanic rocks show
a monotonous mineralogy, with quartz and albite phenocrysts
supported by a quartz-feldspar-sericite groundmass. In most cases,
the original volcanic textures are preserved, only being obliterated
where deformation or hydrothermal alteration is most intense.

These rocks were folded and metamorphosed during the Her-
cynian orogeny, under conditions of very low to low-grade meta-
morphism (Schermerhorn 1971; MunhaÂ 1983, 1990). In addition,
and prior to the low-grade metamorphism, VSC rocks underwent a
regional hydrothermal alteration (MunhaÂ and Kerrich 1980; Bar-
riga 1990), as well as a more local and intense hydrothermal al-
teration contemporaneous with the deposition of the massive
sulphides, resulting in intense chloritization and sericitization of the
wall rocks (Barriga 1990; Toscano et al. 1993; AlmodoÂ var et al.
1995; SaÂ ez et al. 1996; SaÂ nchez-EspanÄ a et al. 1997).

Although some synsedimentary tectonic events have been re-
ported in relation to basin subsidence (Moreno et al. 1996), the
main stages of deformation (D1, D2 and D3) recognized in the IPB
are clearly associated with the Hercynian orogeny (Ribeiro and
Silva 1983; Quesada 1991). The principal compressive deformation
(D1), accompanied by regional metamorphism, produced tight
folds, thrusts and overthrusts. The regional variability in the in-
tensity of the deformation and metamorphism is related to prox-
imity of shear zones.

Ore petrography

Despite the occurrence of a great number of minor, trace
and very rare minerals, the major ore mineralogy of the
IPB deposits is relatively simple (Strauss 1970; Routhier
et al. 1978; GarcõÂ a de Miguel. 1990; Marcoux et al.
1996). The dominant mineral is pyrite, accompanied by
subordinate chalcopyrite, sphalerite and galena. Tetra-
hedrite, arsenopyrite, pyrrhotite and cassiterite often
occur in signi®cant, but minor quantities, most com-
monly in the stringer assemblages. A range of bismuth
sulphides, sulphosalts and rare cobalt sulphoarsenides
are characteristic indicators of these stringer zones

(Marcoux et al. 1996). In some deposits, magnetite or
pyrrhotite occur as minor minerals, though the magne-
tite may locally be very abundant (e.g. Castillo de las
Guardas, ConcepcioÂ n). Quartz, carbonate, muscovite
and chlorite are the most common gangue minerals.

Four main ore facies have been distinguished (mas-
sive, banded, breccia and stringer ores) within each de-
posit. However, despite these various ore types, a
continuous spectrum of sulphide assemblages and tex-
tural characteristics can be established.

In order to evaluate the wide textural range displayed
by pyrite ores, three di�erent types of deposits have been
studied: (1) the ®rst is characterized by the predomi-
nance of the original sedimentary-diagenetic features
(e.g. Tharsis); (2) the second includes the more over-
printed, deformed and metamorphosed orebodies with
very rare sedimentary features (e.g. ConcepcioÂ n); and (3)
all the intermediate cases (e.g. AznalcoÂ llar), character-
ized by massive ores displaying relicts of primary de-
positional textures together with variable hydrothermal
and deformational e�ects. In all the studied deposits
ores show extremely variable textures, with marked
textural changes observed over very short distances
(sometimes less than 1 mm in the same sample). We
have established the following textural groupings:

(1) Growth textures: early pyrite exhibits nodular or
crustiform microstructures usually as dense and massive
subautomorphic growths, or disseminated single grains.
These include framboidal, colloform, spheroidal, with
shrinkage or syneresis cracks, and microcrystallite tex-
tures (Fig. 3A,B). Framboidal and colloform pyrite
could have been formed by colloidal precipitation
(Papunen 1966; Ramdohr 1980), but may also be due to
crystallization from supersaturated solutions (Roedder
1968). Complex growth processes involving magnetic
attraction and aggregation of magnesioferrite (Taylor
1982), or several stages of nucleation, aggregation and
replacement of greigite by pyrite (Wilkin and Barnes

c

Fig. 3A±F Polarized re¯ected-light photomicrographs of some ore
samples used in this study showing primary and secondary textures
with examples of coexisting low and high d34S values (®gures in &).
The scale bar is 200lm in all photos. A Bedded pyritic ore consisting
of ®ne-grained pyrite laminae, ¯attened framboids and pyrite
spheroids surrounded by a radial ®brous rim, Tharsis deposit.
Specimen etched with HNO3. B Pyrite framboids surrounded by
recrystallized sphalerite (sp) and disseminated euhedral pyrite crystals.
Neoblasts of sphalerite displaying abundant annealing and some
deformation twins. ConcepcioÂ n mine. Specimen etched with HNO3.
C Replacement texture of primary colloform and crustiform pyrite
(white) with relict radial and concentric growth structures, sieved with
sphalerite (dark grey) and galena (light grey, gn), AznalcoÂ llar mine.
D Coarse-grained euhedral pyrite crystals containing relict of zoned
cores (framboids?) replaced by sphalerite and enveloped in a matrix of
sphalerite (dark grey) and gangue minerals (black), AznalcoÂ llar mine.
E Deformed pyrite metablasts separated by gangue (mainly carbon-
ates) showing sutured grain boundaries, brecciation and the e�ects of
pressure solution. ConcepcioÂ n deposit. Specimen etched with HNO3.
F Recrystallized massive pyrite showing strongly indented grains
enveloping a lens of magnetite (mt). Truncated grain boundaries by
pressure solution develop a preferred shape orientation, ConcepcioÂ n
deposit. Specimen etched with HNO3
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1997), have recently been proposed to explain pyrite
framboid formation at low to moderate temperatures.

(2) Replacement textures: hydrothermal replacement
during deposition and late diagenesis is commonly the
principal factor responsible for the obliteration of early
textures. Replacement of ``gel-pyrite'' (melnikovite) or
other initially ``dusty'' pyrite forms by idiomorphic
habits and ``birds-eye'' textures, with matrix of chalco-
pyrite are very frequent. This secondary pyrite shows
zoned overgrowths, subhedral to euhedral crystals, and
impingement overgrowths (McClay 1991; Lianxing and
McClay 1992). The cores of the crystals frequently ex-
hibit spongy pyrite perhaps as a result of recrystalliza-
tion of polyframboid pyrite aggregates, whereas the
inclusion free euhedral pyrite crystals appear as a con-

centric rim on the automorphic crystals (Fig. 3C,D).
Pyrite from the stockwork zones also display euhedral
morphologies and coarse-grained textures.

(3) Deformation and metamorphic textures: the e�ects
of deformation and metamorphism on sulphide are
variable, even within a single deposit. Pyrite shows a
general tendency towards cataclasis, whereas sphalerite
and chalcopyrite and galena show a variety of texture
indicative of ductile deformation (Cox 1987; McClay
1991; Lianxing and McClay 1992; Pesquera and Velasco
1993). In general, in pyrite ores the following features
can be observed: (1) microfracturing and blow-apart
e�ects, (2) porphyroclastic textures, (3) non-equilibrium
impingement microstructures with a variable grain size,
irregular boundaries and multiple junctions, and (4)
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granoblastic textures and elongated pyrite grains whose
origin is debatable (Fig. 3E,F). Granular metablastic
pyrite, composed of ®ne to very ®ne-grained metacrys-
tals developed during metamorphic recrystallization, are
also free of inclusions, being surrounded by a coarse-
grained matrix comprising recrystallized sphalerite
crystals, and other gangue minerals. Additionally, ac-
companying ductile sulphides, such as sphalerite,
chalcopyrite and galena, have often been dynamically
recrystallized.

Massive ores representative of the ®rst type of de-
posits (Tharsis deposit, FiloÂ n Norte) display numerous
free-growth habits, being dominantly framboidal, col-
loform and spherulitic textures. These morphologies are
typical of the sedimentary or early diagenetic environ-
ments mainly formed at relatively low temperatures
(stage I, Fig. 4). The intermediate or transitional type of
deposits (e.g. AznalcoÂ llar) are recognized by the pres-
ence of replacement, ``atoll'' and ``birds-eye'' textures,
equi-dimensional habits and by the presence of ®nely
disseminated automorphic pyrite microcrystallites. Im-
pingements (formed by interaction of competing pyrite
overgrowths, to form monomineralic massive aggre-
gates), zoning and diagenetic overgrowths (normally
involving a central pyrite micrograin with secondary
pyrite overgrowths) are common. These features repre-
sent a continuum from early primary textures (stage I) to
the late hydrothermal replacements (stage II, Fig. 4),
indicating that the primary minerals and textures have
been replaced and re®ned by later ¯uids, presumably at
higher temperature. The most deformed deposits, the
third type, exhibit ores dominated by textures displaying
medium to coarse-grained subhedral pyrite grains, and
granuloblastic textures as the result of extensive hydro-

thermal recrystallization during the low-grade meta-
morphism.

All the ores have undergone variable deformation
and metamorphism which may be evidenced by a wide
number of pressure solution textures such as interpene-
trated grains, serrated, curved and irregular grain selv-
ages, pressure shadows, and locally elongate crystals
(stage III, Fig. 4). All these textures were probably
produced at relative low temperature by ¯uid assisted
di�ussive mass transfer (McClay 1977; Marshall and
Gilligan 1987). Because of the highly brittle nature of
pyrite under relatively low temperature and pressure
during regional metamorphism (Marshall and Gilligan
1987), massive IPB pyrite ores show diverse cataclastic
textures such as blow-apart, cracking and fracture tex-
tures (cataclasis), porphyroclastic textures with remobi-
lized chalcopyrite or galena in®lling fractures. Elongated
grains and oriented fabric may be the result of a com-
bination of pressure solution, grain-boundary sliding
and cataclastic ¯ow. Such processes have been suggested
to explain the macroscopic ductility of ®ne-grained py-
rite ores in low-grade metamorphic environments
(McClay and Ellis 1983; Craig and Vokes 1993). Sutured
grain boundaries and very ®ne new grains of pyrite may
have been developed by stress-induced grain boundary
migration. Ductile sulphide grains such as chalcopyrite,
sphalerite and galena normally display annealing twins,
polygonal textures with triple junction angles ap-
proaching 120°, oriented overgrowths, and generalized
recrystallization.

An important variety of textures, ranging from sedi-
mentary to metamorphic textures, may be found as
consequences of: (1) deposition; (2) diagenetic recrys-
tallization and overgrowths during hydrothermal re-
placement; and (3) deformation and metamorphic
recrystallization. The present-day textural variation in
the ore sulphides among di�erent deposits, and even
over short distances in a single deposit or sample, is the
result of the relative interplay of the four styles of de-
position, as well as the relative proportions of ductile
and brittle minerals in the mineral association. Most of
the IPB ore deposits show pyrite exhibiting well-pre-
served primary depositional and diagenetic textures. In
contrast pyrite mylonites, resulting from dynamic
metamorphism in shear zones, which normally tend to
obliterate existing features, are most frequent in the NE
of the IPB (e.g. ConcepcioÂ n, Cueva de la Mora).

In short, textures are mostly controlled by the degree
of replacement of original textures during hydrothermal
stages, and/or deformation and metamorphism of the
ores. Nevertheless, in the less deformed and recrystal-
lized parts of the massive deposits, many textural fea-
tures have been observed which are similar to those
recorded for the undeformed Kuroko deposits (Yui and
Ishitoya 1983; Eldridge et al. 1983). The distribution and
relative importance of the preserved primary textures is
consistent with the model of Ohmoto (1996), in which
two main processes are established: (a) deposition and
early diagenesis; and (b) recrystallization and ore re-

Fig. 4 Textural variation in massive pyrite ores (>95% pyrite). Main
pyrite textures have been ordered approximately from primary to
more evolved and metamorphic textures (left to right), whilst the
studied ore deposits are organized taking into account their
geographic location (approximately from NE to SW) concurrent
with the increasing of metamorphic grade (MunhaÂ 1983)
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placement related to late diagenesis and hydrothermal
alteration. Most of the primary ore deposition is as-
sumed to have occurred during the waxing stage of hy-
drothermal activity at low temperature (<150 �C), being
later modi®ed or altered by hotter hydrothermal ¯uids
(�200±350 °C). Subsequently, sulphides were weakly
metamorphosed under conditions of very low to low
degree metamorphism (Schermerhorn 1971; MunhaÂ
1990; FernaÂ ndez Caliani et al. 1994).

Sulphur isotopic study

Materials and analytical procedures

Sampling of massive and stockwork ores was facilitated from
outcrop and drillcore. All samples were classi®ed by their textural
type and mineralogy, with a view to determine if there was any
correlation between texture and d34S. Sulphur isotope analyses
were carried out by two methods at the SURRC, Glasgow (Scot-
land, UK): (1) sulphides extracted by hand-drilling of polished
hand specimens and blocks using conventional procedures (after
Robinson and Kusakabe 1975); and (2) performed in situ via laser
extraction (Fallick et al. 1992), on ®ne-grained sulphide inter-
growths and coarse grain crystals, in well characterized polished
blocks. The conventionally analyzed sulphides were generally
concentrates with varying proportions of pyrite, sphalerite,
chalcopyrite and galena.

In all cases, the composition of the conventionally processed
mixtures was controlled by microscopic examination. By contrast,
laser analyses were performed on monomineralic sulphides of
varying morphology and grain size (e.g. framboids, colloform
structures, spherulites, cubic aggregates, zoned overgrowths, and
recrystallized coarse grains). Typically, laser analyses were carried
out over an area around 300 lm by 300 lm for sulphide minerals.
All results are reported in delta notation, as per mil (&) variations
from the CanÄ on Diablo troilite (CDT) standard. Error of repro-
ducibility, based on repeated analyses of internal and international
standards was better than � 0.3& for both techniques.

Sulphur isotope data

One hundred and thirteen new d34S analyses (conven-
tional and laser) are listed in Table 3, mainly from the
Tharsis (n � 27), AznalcoÂ llar (n � 28), and Con-
cepcioÂ n (n � 23) mines. In addition, 35 analyses from
the more intensely deformed and metamorphosed de-
posits in the NE part of the IPB ± Aguas TenÄ idas mine
(n � 16), Cueva de la Mora (n � 6) and Monte
Romero (n � 11) ± and the barites (n � 2; Sierrecilla
and San PlatoÂ n), have also been performed. The sulphur
isotopic statistics and the main mineralogical and tex-
tural features are listed in Table 4 and plotted in Fig. 5
as histograms. These data con®rm, as noted already, the
general sulphur isotopic distribution described in the
literature (see also Fig. 2 and Table 1).

In the Tharsis Mine, where colloform, framboidal
and other primary textures are dominant, most of the
massive ores have mainly negative d34S values ranging
from ÿ26:5& to �2:2& with a mean of ÿ5:6&. In
contrast, stringer sulphides have d34S close to 0&. In the
AznalcoÂllar Mine, where replacement and recrystalliza-
tion textures are more frequent, the d34S range is ÿ8:1 to

�5:6& with a mean of ÿ0:8& the isotopic signatures of
primary ores, displaying less evolved textures, are shifted
to more negative values. In ConcepcioÂn Mine, in which
primary textures are less well preserved, the isotopic
range is from ÿ15:1 to �10:1& with an average value of
�2:8& (median of �5:3&). It is interesting to note that
all three deposits show a few analysis shifted to the very
negative extreme values (see Fig. 5). The d34S range for
massive sulphides from Cueva de la Mora and Monte
Romero deposits is �2:5 to �9:0& (averages in �5:2
and �6:6&, respectively), whereas in the Aguas TenÄ idas
deposit, the d34S average for massive sulphides is
�0:3&.

Where available for sampling, the stockwork ores
almost always display the most positive values (Table 3),
with average of �0:2& (Tharsis), �2:1& (AznalcoÂ llar),
and �5:8& (ConcepcioÂ n). Similar results to ConcepcioÂ n
were reported from the Rio Tinto mine stockwork, with
average d34S reported between �5 and �11& (Eastoe
et al. 1986) and �9& (Mitsuno et al. 1988). Likewise,
the reported values for the Tharsis stockwork, ranging
between ÿ4:5 and �1:9& (Kase et al. 1990; Tornos et al.
1998), match with our results (�0:2&).

Isotope sulphur ratios for two barites from San Pla-
toÂ n (a small orebody close to ConcepcioÂ n) and Sierrec-
illa (located about 15 km NW from Tharsis) were also
determined. Their respective d34S values of �21:5 and
�19:5& are quite similar to the highest values (�22&)
from barites reported by Mitsuno et al. (1988), Eastoe
et al. (1986), and Yamamoto et al. (1993) for San Telmo
and Rio Tinto deposits; the d34S values of barites from
the IPB (Table 1) range from �15 to �24& (average of
�17:8&).

A strong relationship between the measured d34S
(mostly by laser) and the di�erent textures displayed by
these minerals is observed (Fig. 6). Primary and less
evolved textures such as framboidal, spherulitic, unre-
crystallized colloform overgrowths, and other ®ne-
grained sulphide crystals show negative average (d34S
values between ÿ15:1 to �2:2&). The more evolved
textures, such as euhedral to subhedral crystals, as well
as replacement textures and coarse-grained crys-
tals, exhibit more positive values (up to �10:2&).
Transitional textures, being the product of variable
replacement and recrystallization e�ects, are re¯ected
by intermediate d34S between the two end-member
groups of morphologies.

A comparison of the results performed by conven-
tional and laser methods reveals that there is much more
variation in d34S when the in situ analysis are consid-
ered. Data from complex textures, involving various
depositional styles, display wide isotopic variation.
There is a relationship between the conventional results
and the ``average'' of the more heterogeneous laser data
coming from the same sample, showing that conven-
tional analysis maintain their e�cacy in general isotopic
studies. However, when heterogeneous and ®ne-grained
sulphides are concerned, the in situ analysis confers
obvious advantages.
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Table 3 New sulphur isotope data for ore minerals from the studied IPB deposits

Sample Minerals d34S& Ore type Description Method

THARSIS
TH-6 Gn (+Cp) ) 8.3 Massive Fracture ®lled up in massive pyrite C
TH-7 Py (+Cp) ) 1.3 Massive Massive Py + minor Cp C
TH-9 Cp-Sp-Gn ) 5.4 Massive Thin bed in the massive body C
TH-9 Cp ) 5.3 Massive Fracture ®lled up in massive pyrite C
TH-co. Py (+Cp) ) 3.3 Massive Fine-grained Py + Cp C
TH-co./2 Py (+Cp) ) 7.9 Massive Fine-grained Py + Cp C
TH-d. Py (+Cp) ) 7.3 Massive Fine-grained Py + minor Cp C
TH-2 Py ) 6.1 Banded Colloform L
TH-2 Py )12.9 Banded Framboidal L
TH-2 Py )13.1 Banded Framboidal L
TH-2 Py ) 9.1 Banded Idiomorphic crystal L
TH-2 Sp-Gn ) 6.9 Banded Thin massive band L
TH-10 Py ) 2.7 Massive Idiomorphic crystal L
TH-10 Py + 1.5 Massive Idiomorphic crystal L
TH-10 Py ) 2.9 Massive Idiomorphic crystal L
TH-10 Sp )26.5 Massive Massive. ®ne-grained L
TH-10 Sp )20.1 Massive Massive. ®ne-grained L
TH-1 Py + 2.2 Banded Colloform L
TH-1 Py ) 1.3 Banded Very ®ne-grained. (melnikovite) L
TH-1 Py ) 0.9 Banded Colloform L
TH-1 Py + 2.1 Banded Very ®ne-grained. (melnikovite) L
TH-1 Py ) 1.7 Banded Colloform L
MUR-N. Py ) 3.5 Nodule Diagenetic nodule in shale C
TH-Stk Py + 0.2 Stringer Py dissemination in stockwork ore C
TH-Stk Py + 0.4 Stringer Euhedral crystal in stockwork vein L
TH-Stk Py + 0.4 Stringer Euhedral crystal in stockwork vein L
TH-Stk Py + 0.6 Stringer Euhedral crystal in stockwork vein L

AZNALCOLLAR
A15/280 Py ) 1.1 Banded Framboidal L
A15/280 Py ) 0.4 Banded Framboidal L
A15/280 Py ) 0.3 Banded Idiomorphic crystal L
A15/280 Py + 0.8 Banded Idiomorphic crystal L
A15/280 Py ) 0.3 Banded Colloform L
A15/280 Sp ) 1.4 Banded Thin massive band L
A15/280 Sp ) 2.5 Banded Thin massive band L
BRT-61 Cp ) 1.1 Massive Massive, ®ne-grained L
BRT-61 Cp ) 1.6 Massive Massive, ®ne-grained L
G4-LF1¢¢ Py ) 8.1 Massive Framboidal L
G4-LF1¢¢ Sp + 0.5 Massive Massive, ®ne-grained L
G4-LF1¢¢ Gn + 2.9 Massive Massive, ®ne-grained L
G4-LF1¢¢ Py + 2.4 Massive Idiomorphic crystal L
G4-LF1¢¢ Py ) 6.1 Massive Framboidal L
G4-LF1¢¢ Py + 0.2 Massive Colloform L
458±492 Py (+Cp-Gn) ) 2.1 Massive Thin bed in the massive body C
6-PA5 Cp ) 2.2 Massive Fracture ®lled up in massive pyrite C
BRT-61 Cp ) 1.8 Massive Fracture ®lled up in massive pyrite C
BRT-61 Py (+Cp-Gn) ) 2.5 Massive Large pyritic massive area C
G1-LF-1 Py (+Cp-Gn) ) 0.3 Massive Thin pyritic massive bed C
TLF-11 Gn (+Py-Cp) ) 3.4 Massive Fracture ®lled up in massive pyrite C
TLF-11 Gn (+Py-Cp) ) 3.3 Massive Fracture ®lled up in massive pyrite C
TLF-11 Py (+Cp-Gn) ) 0.8 Massive Large pyritic massive area C
FR-PyD Py + 5.6 Banded Disseminated Py in shale C
TLF-24 Py + 0.0 Massive Mainly sub-automorph C
G1-LF-1 Sp + 0.0 Banded Diseminated in black shales C
A34-400 Py + 3.2 Stringer Coarse grained automorph pyrite C
TLF-2 Py + 1.0 Stringer Medium grained pyrite C

CONCEPCIOÂ N
CO-1 Py (+Cp ) + 5.3 Massive Massive Py + minor Cp C
CO-20 Py (+Cp) + 6.2 Stringer Py dissemination in host rock C
CO-8 Py (+Cp-Sp) + 4.1 Massive Massive Py + minor sulphides C
CO-95.M Py (+Cp-Sp) + 5.9 Massive Massive Py + minor sulphides C
CO-95.11 Py + 7.3 Massive Idiomorphic crystal L
CO-95.11 Py + 5.1 Massive Elongated recrystallized grains L
CO-95.11 Sp + 6.2 Massive Massive. ®ne-grained L
CO-95.11 Cp + 4.3 Massive Massive. ®ne-grained L
CO(g)-3 Py ) 8.5 Banded Framboidal L
CO(g)-3 Py ) 9.7 Banded Framboidal L
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Discussion

A notable geochemical characteristic of the volcanic-
hosted massive sulphide deposits of the IPB is the
remarkable variation of their sulphur isotopic compo-
sition among di�erent ore deposits (values fall in a broad
range from ÿ26& to �10&), and even within each de-

posit and ore facies. This feature contrasts with the
majority of Kuroko deposits which generally exhibit a
relative narrow scatter of d34S values, mostly between 0
and �8& (Ohmoto and Rye 1979; Ohmoto 1996), sug-
gesting a relative homogeneity in ¯uid sulphur compo-
sition and similar physico-chemical conditions during
ore forming processes. In the same way, recent studies
on the East Paci®c Rise (Bluth and Ohmoto 1988;

Table 3 (Continued )

Sample Minerals d34S& Ore type Description Method

CO(g)-3 Py )15.1 Banded Framboidal L
CO(g)-3 Py + 6.1 Banded Brecciated. coarse-grained L
CO(g)-3 Sp ) 1.8 Banded Thin massive band L
CO(g)-1 Py ) 9.1 Banded Framboidal L
CO(g)-1 Sp ) 0.2 Banded Thin massive band L
CO(g)-1 Py + 5.2 Banded Massive. syneresis cracks L
CO(g)-1 Py ) 9.3 Banded Framboidal L
CO-8 Py + 7.7 Massive Massive, coarse-grained L
CO-14 Py (+Cp) + 4.1 Stringer Py dissemination in stockwork ore C
CO-95.Stk Py (+Cp) + 8.1 Stringer Py dissemination in stockwork ore C
CO-6 Py (+Cp) + 5.6 Stringer Py dissemination in stockwork ore C
CO-95.Stk Py + 10.2 Stringer Euhedral crystal in stockwork vein L
CO-95.Stk Py + 9.8 Stringer Euhedral crystal in stockwork vein L

AGUAS TENÄ IDAS
AT-11 Py-Cp-Sp-Gn-Te + 1.3 Banded Fine-grained massive bands C
AT-12 Py-Cp-Sp-Gn-Te ) 5.7 Banded Fine-grained massive bands C
AT-12 Py-Cp-Sp-Gn-Te ) 5.1 Banded Fine-grained massive bands C
AT-4 Py-Cp-Sp-Gn-Te + 3.6 Banded Fine-grained massive bands C
AT-9 Py-Cp-Sp-Gn-Te + 0.3 Banded Fine-grained massive bands C
AT-95.1 Py-Cp-Sp-Gn-Te + 1.4 Banded Fine-grained massive bands C
AT-11 Py-Cp-Sp-Gn-Te + 1.6 Banded Fine-grained massive bands C
AT-5¢¢ Py-Cp-Sp-Gn + 2.6 Banded Fine-grained massive bands C
AT-8 Py-Cp-Sp-Gn ) 0.2 Banded Fine-grained massive bands C
AT-8 Py + 3.2 Banded Idiomorphic crystal L
AT-8 Sp + 1.6 Banded Massive, coarse-grained L
AT-11 Py + 3.2 Banded Idiomorphic crystal L
AT-11 Sp-Gn + 0.8 Banded Thin massive band L
AT-12 Py + 0.1 Banded Idiomorphic crystal L
AT-12 Py + 0.5 Banded Idiomorphic crystal L
AT-12 Sp-Gn ) 4.8 Banded Thin massive band L

CUEVA DE LA MORA
CM-1 Sp-Cp +2.9 Banded Coarse-grained sulphide lens C
CM-10 Sp-Gn-Te-Py +5.5 Banded Coarse-grained sulphide lens C
CM-9 Py (Cp) +7.1 Stringer Py dissemination in host rock C
CM-10 Py +6.9 Banded Idiomorphic crystal L
CM-10 Sp +6.2 Banded Thin massive band L
CM-10 Te +2.5 Banded Thin massive band L

MONTE ROMERO
MR-5 Py-Cp-As-Sp-Gn +3.3 Banded Fine-grained massive bands C
MR-6 Py-Cp-As-Sp-Gn +6.5 Banded Fine-grained massive bands C
MR-95.1 Cp-Gn+Sp+Gn +5.5 Banded Fine-grained massive bands C
MR-95.1 Cp (+Gn) +5.3 Banded Fracture ®lled up in massive pyrite C
MR-95.1 Gn-Cp (+Sp-Py) +5.6 Banded Fine-grained massive bands C
MR-6 Py +8.5 Banded Idiomorphic crystals L
MR-6 Py +9.1 Banded Idiomorphic crystals L
MR-6 Sp +8.1 Banded Massive, coarse-grained L
MR-6 Cp +6.3 Banded Massive, coarse-grained L
MR-6 Cp +6.7 Banded Massive, coarse-grained L
MR-6 Te +7.1 Banded Thin massive band L

BARITES
Bar-SanP Ba +21.5 Massive Large euhedral crystal C
SR-1 Ba +19.5 Massive Stratiform massive barite C

Abreviations: Py-pyrite, Sp-sphalerite, Gn-galena, Cp-chalcopyrite, Te-tetrahedrite, As-arsenopyrite, Ba-barite
Analytical method: L-laser analyses, C-conventional analyses
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Graham et al. 1988; Hannington and Scott 1988), and in
Deep Sea Drilling Project (Herzig 1997; Petersen et al.
1997), show the existence of a continuous interaction
between pore ¯uids (former seawater) and volcanic
rocks, during diagenesis and hydrothermal replace-
ments, giving sulphides with d34S ranging from �4 to

�10& (Zierenberg and Shanks 1988; Bluth and Ohmoto
1988; Petersen et al. 1997). Only one modern ridge hy-
drothermal site has so far produced signi®cantly nega-
tive d34S: the Lau Basin (Herzig et al. 1997). Here, pyrite
was noted with d34S down to ÿ7:7&, which was at-
tributed to disproportionation of magmatic volatiles,
highlighted by the presence of texturally and isotopically
distinct alunite (unique to this site; Herzig et al. 1997).

As stated already, our d34S data set can be broken
down by textural association. There are clearly two end-

Table 4 Summary statistics of sulphur isotope compositions in & d34S from the selected IPB sulphur massive deposits (conventional plus
laser) and principal textural types (only laser analysis)

Number Mean Median SD Minimum Maximum IntQRange

Massive deposits (conventional + laser)
Ore deposits
Aguas TenÄ idas 16 +0.3 +1.1 2.9 )5.6 +3.6 2.1
Aznalcollar 28 )0.8 )0.6 2.7 )8.1 +5.6 2.5
ConcepcioÂ n 23 +2.8 +5.3 6.8 )15.1 +10.1 6.2
Cueva de la Mora 6 +5.2 +5.8 2.0 +2.5 +7.1 3.9
Monte Romero 11 +6.6 +6.5 1.6 +3.3 +9.0 2.3
Tharsis 27 )5.6 )3.5 6.9 )26.5 +2.2 8.0

Textures (laser only)
Texture type
1. Framboidal/spherulitic 8 )7.6 )8.3 5.1 )15.1 )0.4 7.4
2. Colloform 12 )2.5 )1.1 5.3 )12.8 +2.2 7.8
3. Subhedral crystals 20 +1.8 +1.2 4.7 -9.0 +9.0 6.3
4. Replacement/recrys. 19 +2.7 +3.2 4.3 -6.9 +8.1 7.9
5. Coarse grained 11 +3.9 +3.2 3.9 +0.2 +10.2 6.9

IntQRange, interquartile range

Fig. 6 Plot of the d34S values for pyrite from di�erent textural types
showing a close relationship between d34S and textural style. Boxplots
indicate the range and the increasing mean of d34S composition of
early-primary pyrites (1 and 2 texture types) to secondary (3 and 4),
and hydrothermal (5) pyrites

Fig. 5 Histograms of obtained d34S data for the main sulphides from
Tharsis, AznalcoÂ llar and ConcepcioÂ n deposits (analysis performed by
laser and conventional techniques). The plot shows that the pattern of
the total sulphur isotope compositions found in this study is similar to
the summary of the d34S data for the whole Iberian Pyrite Belt
(compare the uppermost histogram with Fig. 2)
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members. The ®rst, and most obvious is the low d34S
associated with the less evolved, early diagenetic tex-
tures. The second is the high d34S component seen in the
stockwork ores. In both cases, pristine materials pre-
serve the original d34S. The range of d34S recorded by
these materials spans the entire range we have measured,
and cannot be explained by comparison with accepted
processes proposed to explain d34S in modern ridges, or
in Kuroko deposits.

The source for the rare sulphates present in the IPB is
relatively straightforward. The range and mean of the
isotopic data (�15& to �24&; �18& respectively) fall
within the range accepted for Lower Carboniferous
seawater sulphate, therefore it is likely that exhaled Ba
combined directly with seawater sulphate at the time of
barite precipitation. Typically, bacterial reduction of
modern seawater sulphate (an extremely common pro-
cess in the absence of dissolved oxygen in the marine
environment) results in sulphide with a d34S around
40 � 20& lower than the starting sulphate (Goldhaber
and Kaplan 1974; Ohmoto 1986). In the Lower Car-
boniferous Irish Zn+Pb+Ba deposits (penecontempo-
raneous with the IPB deposits), the fractionation is
typically 35 � 15& (Boyce and Fallick 1995). Applying
this fractionation to the IPB deposits would result in a
range of sulphide with d34S between ÿ2& and ÿ32&,
with the modern fractionation extending this range to-
wards even higher or lower values. Examining our data,
the range of d34S for sulphides with primary diagenetic
textures (labelled S on Fig. 7) is dominantly negative
(between ÿ26& and �3&, with median around
ÿ2:5&). Thus, these data are consistent with a bacte-
riogenic derivation of this sulphide.

The hydrothermal component, exempli®ed by sul-
phides in the stockwork feeder zones, display a positive
range of d34S with a mode around +6& (between �2&
and �10:2&, with median of �5:6&). In these high
temperature zones near the sea¯oor (200±350 °C: To-
scano et al. 1993; 1997; AlmodoÂ var et al. 1998), there is
little evidence for oxidizing conditions, witnessed by the
absence of barite and haematite, and the notable pres-
ence of pyrrhotite (especially abundant at Sotiel) or
magnetite (e.g. ConcepcioÂ n). Thus, the solutions were
consistently reducing, in which case the d34S of precipi-
tated sulphide minerals closely re¯ects the d34S of the
hydrothermal solutions (Ohmoto and Rye 1979). Ex-
perimental evidence indicates that sulphate is reduced in
high temperature hydrothermal systems interacting with
volcanic rocks by oxidation of Fe2+ (Ohmoto and Rye
1979). This results in a fractionation between 0& and
25& lower than the starting sulphate, depending on the
degree of reduction which governs the SO4/H2S ratio
(Rye and Ohmoto 1974). Such a process has been in-
voked to account for the spread to positive values of
d34S in modern vent sulphides (e.g. Bluth and Ohmoto
1988; Petersen et al. 1997).

We suggest a similar process was operating in the
hydrothermal systems responsible for the deposition of
the IPB deposits. It is noted that most of the interme-

diate textures (in general, coarser) have d34S with me-
dian around �1& and �3& (3 and 4 ore texture types,
respectively in Fig. 6), which is signi®cantly heavier than
the primary sulphides, and overlaps with the feeder
sulphide isotopic range. This indicates that the dominant
component in these sulphides was also hydrothermal,
that is, derived from reduction of seawater sulphate in
the hydrothermal system. This is true of most of these
sulphides even where they occur away from known
stockwork zones. Evidence of both primary and re-
placement sulphur components can be documented by
the existence of scattered remains of framboidal and ®ne
grains of pyrite, within recrystallized massive pyrite
from ConcepcioÂ n mine (see Fig. 3B), displaying d34S
values of ÿ9:3 and �5:2&, respectively. Such observed
dramatic variation of up to 15& occurs among pyrites
separates smaller than 200 lm in size from a single rock
specimen. This suggests that the process responsible for
the intermediate textures overprinted the early textures,
and deposited new sulphide during the evolution of the
hydrothermal system. The low-grade metamorphism
(greenschist facies) does not appear to have signi®cantly
altered the d34S of sulphides. It is generally accepted that
metamorphism tends to homogenize and reduce the
range of d34S in a deposit (Sangster 1971), since pres-
ervation of the primary isotope fractionation patterns is
the dominant rule (Cook and Hoefs 1997). However,
our documented variation of d34S values among sul-
phide grains from the same rock specimen demonstrates

Fig. 7 Summary histogram compared with a simpli®ed schematic
representation of the data for the sulphur isotope composition of
sulphide minerals from the studied orebodies. This plot illustrate the
consequences of the isotope-texture style dependence by heuristically
divided d34S histogram into two contributing components: ``H '' and
``S'' labels are the signatures of the ores formed by inorganic reduction
(hydrothermal ¯uids) and by bacteriogenic reduction of seawater
sulphate, respectively. 1, 2, 3, and 4 represent average compositions of
the main ore texture evolution stages (see Fig. 6 and explanation in
the text). Some additional barite data (black bars) are from Eastoe
et al. (1986) and Mitsuno et al. (1988)
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that very limited homogenization took place during re-
gional metamorphism.

Like many previous authors (LeÂ colle 1977; Routhier
et al. 1978; Eastoe et al. 1986; Mitsuno et al. 1988; Kase
et al. 1990; Yamamoto et al. 1993; SaÂ ez et al. in press),
we favour a dual source of sulphur for the deposits.
Overall, it appears that there was a mixed sulphide
source in the IPB deposits: one, a bacteriogenic com-
ponent found at or near the sea¯oor, and the other, a
hydrothermal component created by the chemical re-
duction of seawater in the hydrothermal system, and
carried towards the sea¯oor with the leached metals.
Nevertheless, for this last source some minor contribu-
tion from magmatic sulphur (leached from underlying
volcanic rocks) should be also considered. It is therefore
possible to account for the distinct isotopic variations
between deposits, by assuming some variation in the
relative contributions of the two reservoirs, most likely
caused by di�erences in the local geological environment
during deposition. It is thus possible that the regional
trend towards higher d34S in the NE (Figs. 1 and 2) may
indicate that the systems in these areas were dominated
more by the hydrothermal component than those to-
wards the SW. However, our detailed textural and laser
analyses indicate that both sulphur sources were present
in all the deposits studied. Finally, given this dual source
model, quite unlike modern vent systems and most an-
cient VMS deposits, together with the frequently inti-
mate spatial relationship between the sulphide ores,
volcanic rocks and interlayered black shales and other
reduced sediments, we suggest that the IPB deposits
could be considered as a distinct type, intermediate be-
tween clastic sediment-hosted (SEDEX) massive depos-
its (SaÂ ez et al. in press), and more typical VMS deposits
in a dominantly volcanic environment.

Conclusions

1. The detailed petrographic and in situ laser sulphur
isotope analyses have revealed a close correlation be-
tween di�erent textural styles and d34S.

2. Primary sulphide growth textures (e.g. framboids,
colloform growths, spheroids, shrinkage or syneresis
cracks, and microcrystallites) have dominantly low d34S
(between ÿ26& and �3&), whereas feeder stockwork
ores have dominantly high d34S (between 0& and
�10&).

3. Intermediate textures (e.g. zoned overgrowths,
subhedral to euhedral crystals, and impingement over-
growths) have an intermediate d34S range, although
mainly towards higher d34S (averages between �1& and
�3&).

4. The data are consistent with a dual source of sul-
phide sulphur. The ®rst, represented mainly in the pri-
mary diagenetic stratiform zones (but also seen in the
intermediate textures), is from the bacterial reduction of
coeval seawater sulphate. The second source, evidenced
in the stockwork and most of the intermediate textures,

is a hydrothermal source derived from the reduction of
coeval seawater sulphate in the convective systems. The
spread of data relates to the extent of the reduction,
which controls the SO4:H2S ratio in the solutions. In
both cases the systems were reduced and dominated by
sulphide. The variation in intra-deposit spread of d34S
across the province re¯ects a variation in the relative
input from these reservoirs, most likely controlled by the
geological conditions prevailing at each deposit. Rare
barite in the IPB deposits has quite homogeneous d34S
around +18&, which is consistent with direct deriva-
tion from Lower Carboniferous seawater sulphate.

5. There is a distinct geographical variation in tex-
tural dominance and corresponding d34S in the IPB de-
posits, which suggests that deposits in the NE have a
stronger component of the hydrothermal source than
deposits in the SW, which have more bacteriogenic sul-
phur. However, both sulphide sources are seen across
the province.

6. Noting that the IPB deposits have a distinct iso-
topic signature compared to most VMS deposits, and
given the strong association of volcanics and reduced
sediments, we suggest that the IPB deposits could be
considered as a new type of the large group of volcanic
associated massive sulphide deposits, exhibiting a num-
ber of features more typical of the clastic sediment
hosted base metal deposits.

7. Our study highlights the strength of using in situ
laser sulphur isotope analyses on paragenetically con-
trolled samples in unravelling the origin of sulphide ore
deposits.
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