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A B S T R A C T

The Bleiberg Pb-Zn deposit in the Drau Range is the type locality of Alpine-type carbonate-hosted Pb-Zn deposits.
Its origin has been the subject of on-going controversy with two contrasting genetic models proposed: (1) the
SEDEX model, with ore forming contemporaneously with sedimentation of the Triassic host rocks at about
220Ma vs. (2) the epigenetic MVT model, with ores forming after host rock sedimentation at about 200Ma or
later. Both models assume that, on a deposit or even district scale, a fixed paragenetic sequence of ore minerals
can be established. The results of our detailed petrographic, chemical and sulfur isotope study of two key ore-
samples from two major ore horizons in the Wetterstein Formation at Bleiberg (EHK02 Erzkalk horizon and
Blb17 Maxer Bänke horizon) demonstrate that there is no fixed paragenetic sequence of ore minerals. Small-scale
non-systematic variations are recorded in textures, sphalerite chemistry and δ34S. In each sample, texturally
different sphalerite types (colloform schalenblende, fine- and coarse-grained crystalline sphalerite) co-occur on a
millimeter to centimeter scale. These sphalerites represent multiple mineralization stages/pulses since they
differ in their trace element inventory and in their δ34S. Nonetheless, there is some correspondence of sphalerite
micro-textures, sulfur isotope and chemical composition between the two samples, with microcrystalline col-
loform schalenblende being Fe-rich, having high Fe/Cd (15 and 9, respectively) and a light sulfur isotope
composition (δ34S −26.0 to −16.2‰). Cadmium-rich and Fe-poor sphalerite in both samples has relatively
heavier sulfur isotope composition: in sample EHK02 this sphalerite has Fe/Cd of ∼0.5 and δ34S from −6.6 to
−4.6‰; in sample Blb17 Fe/Cd is ∼0.1 and δ34S ranges from −15.0 to −1.5‰. Barite, which is restricted to
sample EHK02, has δ34S≈ 17‰. The large variations in δ34S recorded on the mm to cm-scale is consistent with
variable contributions of reduced sulfur from two different sulfur reservoirs. The dominant reservoir with δ34S
values<−20‰ likely results from local bacteriogenic sulfate reduction (BSR), whereas the second reservoir,
with δ34S about −5‰ suggests a hydrothermal source likely linked with thermochemical sulfate reduction
(TSR). Based on this small- to micro-scale study, no simple, deposit-wide paragenetic and sulfur isotope evo-
lution with time can be established. In the Erzkalk ore (sample EHK02) an earlier Pb-Zn-Ba stage, characterized
by heavy sulfur isotope values, is succeeded by a light δ34S-dominated Zn-Pb-F stage. In contrast, the several
mineralization pulses identified in the stratiform Zn-Pb-F Maxer Bänke ore (sample Blb17) define a broad trend
to heavier sulfur isotope values with time. The interaction documented in these samples between two sulfur
reservoirs is considered a key mechanism of ore formation.

1. Introduction

Bleiberg (Austria) is the type locality of carbonate-hosted Alpine-
Type (APT) Pb-Zn deposits. It was the largest and economically most
important Pb-Zn deposit in the Alps. Together with other deposits like
Mežica (Slovenia) it is part of an extensive historic mining district of
stratabound Pb-Zn deposits hosted in the Early Mesozoic carbonate-
dominated sedimentary sequences of the Drau Range in the Eastern
Alps (Fig. 1a, b). The genesis of these Pb-Zn deposits has long been

controversial, the spectrum of proposed genetic models ranging from
syngenetic synsedimentary (e.g., Schulz, 1968) to epigenetic Mis-
sissippi-Valley Type (MVT) models (e.g., Leach et al., 2003).

Traditionally, Bleiberg has been interpreted as a distinct ore deposit
type referred to as Alpine-Type Pb-Zn deposits (APT; Brigo et al., 1977;
Köppel, 1983) and it has been considered distinct from the classic
Mississippi-Valley Type (MVT) deposits due to its markedly different Pb
isotope signature (Stanton and Russel, 1959) and other chemical cri-
teria (Schroll, 1983; ; Schroll, 1996). A characteristic feature of APT
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deposits is the very light sulfur isotope composition of ore sulfides, with
δ34S typically below −20‰ (Schroll et al., 1983; Leach et al., 2005;
Schroll and Rantitsch, 2005); at Bleiberg more than 50% of the sulfides
have δ34S values below −20‰. This predominant, negative sulfur
isotope signature indicates that open system bacterial sulfate reduction
played a key role in providing reduced sulfur for sulfide formation (e.g.,
Schroll and Rantitsch, 2005; Kucha et al., 2010). However, there is also
evidence for a second non-bacterial sulfur source at Bleiberg, char-
acterized by less negative δ34S values (about −10 to −1‰ δ34S),
which is interpreted as input from a poorly characterized hydrothermal
sulfur reservoir (Schroll and Rantitsch, 2005). Questions remain as to
whether Pb-Zn mineralization occurred at different stages and at dif-
ferent times, with episodic input from two sulfur reservoirs, or if these
sources mixed dynamically at the time of ore deposition and, if so, on
what scale (Schroll, 2008).

We present results of a detailed investigation of two sphalerite ores
from two major ore horizons (Erzkalk and Maxer Bänke) within the
Wetterstein Formation at Bleiberg using a multi-analytical small-scale
approach, in order to address these key questions. The samples were
selected from a pool of about 70 samples studied in the PhD thesis by
the first author (Henjes-Kunst, 2014) because the ore-gangue textures
from these two horizons have been used to support the syngenetic

model for APT deposits (e.g., Hagenguth, 1984; Schulz, 1968; Siegl,
1985). For each sample a specific crystallization sequence with time of
ore and gangue minerals can be established. The focus was on spha-
lerite because it shows a considerable textural and chemical variation in
carbonate-hosted ore deposits (Barrie et al., 2009; Pfaff et al., 2011).
Combining chemical and sulfur isotope data of sphalerite with para-
genetic information sheds new light on the dynamism of the mixing
processes that operate in APT Pb-Zn deposits.

2. Geological setting and Pb-Zn mineralization

The Drau Range, where the Bleiberg deposit is located, extends over
a distance of approximately 180 km, parallel to the Periadriatic
Lineament, a prominent first order tectonic structure in the Alps
(Fig. 1a, b). More than 100 Pb-Zn deposits and showings, mostly hosted
in Triassic carbonate sequences, are known in the Drau Range (Fig. 1b).
Similar carbonate-hosted Pb-Zn deposits are also widespread in the
Northern Calcareous Alps and in the Southern Alps (Cerny, 1989).

A schematic stratigraphic profile (Upper Paleozoic – Mesozoic) is
illustrated in Fig. 1c. In the Bleiberg area, the sediment cover (Permian
to Mesozoic), resting unconformably on low-grade metamorphic pre-
Mesozoic basement rocks, includes Triassic red beds (Scythian, Alpine

Fig. 1. a) Major units of the Alps, modified after Schroll and Rantitsch (2005). The white parallelogram marks the position of the Drau Range (Bb=Bleiberg, M=Mežica). b) Simplified
sketch of the Drau Range and the location of some of the larger historic Pb-Zn deposits. c) Schematic stratigraphic profile of the Permomesozoic strata in Drau Range (B.
Fm.=Buntsandstein Formation, M. Fm.=Muschelkalk Formation) with the position of the ore horizons at Bleiberg, simplified after Cerny (1989).
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Buntsandstein Formation), shallow marine carbonate sequences (Ani-
sian, Alpine Muschelkalk Formation), lagoonal and reef carbonate se-
quences (Ladinian to Carnian, Wetterstein Formation), carbonate-
clastic sequences of the Raibl Group (Carnian) and lagoonal carbonate
rocks (Norian, Hauptdolomit Formation). The limestones in the dif-
ferent formations are partly to completely dolomitized. This marine
carbonate-dominated sedimentary sequence has been formed at a pas-
sive continental margin during the early stages of the development of
the Tethys (Schroll, 1996).

Mining at Bleiberg started in the 14th century and terminated in
1992, extracting about 2.2Mt of metal (approximately the same
amounts of Pb and Zn, Schroll, 2008). The Pb-Zn ores are hosted by
carbonate rocks of different lithofacies of Triassic age. Cerny (1989)
distinguished six different ore horizons within the Ladinian/Carnian
sedimentary units at Bleiberg (Fig. 1c): (1) The Maxer Bänke, the dee-
pest ore horizon in the Wetterstein Formation, (2) the Erzkalk in the
uppermost ∼120 m of the Wetterstein Formation below the 1st Raibl
shale, (3) the Crest horizon, which occurs in a similar stratigraphic po-
sition as the Erzkalk, but consists of a different lithofacies and (4), (5)
and (6) Pb-Zn ores within the 1st, 2nd and 3rd carbonate interlayer,
respectively, of the Raibl Group. Historically, the ore horizons in the
Wetterstein Formation, especially the Erzkalk horizon within the Upper
Wetterstein Formation, were most important regarding production of
Pb and Zn.

The Maxer Bänke horizon was exclusively mined in the western part
of the mine (total metal content 100,000 t of ore, Pb:Zn= 1:8, Weber,
1997). It is the deepest ore horizon at Bleiberg occurring 170–360m
below the 1st Raibl shale (Fig. 1c). The carbonate rocks hosting the
Maxer Bänke ores were characterized by a highly irregular relief and
variable microfacies from sub-, inter- to supratidal environments (e.g.,
oolite, mudstone, pelitic mudstone, grapestone; Hagenguth, 1984).
Hagenguth (1984) reported Zn-Pb mineralization within dolomites (or
marly dolomites) in all these environments. Mineralization within the
subtidal sediments is typified by stratiform beds of fine-grained spha-
lerite (+ subordinate galena) and authigenic quartz. Mineralization in
the intertidal facies is characterized by larger crystalline and colloform
sphalerite (schalenblende) with common anhedral galena. In the su-
pratidal facies mineralization is commonly discordant, e.g., schalen-
blende in cracks, which formed due to emersion (Hagenguth, 1984).
Thus, the ores within the Maxer Bänke can be concordant as well as
discordant, with stratiform ore bodies generally having a limited lateral
extension.

Historically, Erzkalk was the most extensively mined ore horizon in
the Bleiberg mine (total metal content 1.5Mt of Pb and Zn;
Pb:Zn=1:1–1:4; Weber, 1997), and has been referred to as the “special
facies” (in German “Sonderfazies”, Holler, 1936). It comprises eight
separate concordant ore horizons in the top 120m of the Wetterstein
Formation (Fig. 1c). Its lithofacies differs from that of the adjacent
Wetterstein Formation by being deposited in a topographically elevated
zone. It consists of cyclic alternating beds of sub-, inter- and supratidal
sediments including emersion layers formed as the result of combined
cyclic sea level oscillations and the relative topographic elevation of
this zone with respect to the surrounding platform sediments
(Bechstädt, 1975; Zeeh, 1994). The subtidal sediments are mainly
composed of limestones and/or dolostones; the inter- to supratidal se-
diments are characterized by a rapid alternation of various lithologies
like packstones, wackestones, mudstones and intercalated stromatolite
layers. The emersion layers commonly occur above erosional un-
conformities and consist of caliche crusts and pisolites. Periodic emer-
sion also facilitated meteoric karstification of the sediments (Bechstädt,
1979). Stratiform ores within the Erzkalk are generally restricted to
such emersion layers and are rather small-scale with a volume of
∼80m3 (Cerny, 1989). More broadly, however, stratiform ores in the
Erzkalk, connected to emersion layers, can be traced over several
kilometers of the deposit. In addition, discordant mineralization in
veins or in irregular cavities is present. The timing and interplay of

diagenetic versus hydrothermal dolomitization, which commonly ac-
companies the ores, are still unclear.

Stratiform ore textures, characterized by fine-grained alternating
banding/laminations of ore and gangue minerals (“ore rhythmites”) are
typical of both the Maxer Bänke and Erzkalk. Several authors
(Schneider, 1964; Schulz, 1968; Siegl, 1985) interpreted these textures
as sedimentary and favored syngenetic exhalative precipitation of ore
minerals directly on the seafloor (cf., SEDEX model). Alternatively,
these rhythmites were interpreted as intra-karst sediments (Bechstädt,
1979; Leach et al., 2003).

Rubidium-Sr isochron dating of 15 mineral separates
(sphalerite+ Fe-sulfides) from different ore horizons in the western
Bleiberg mine yielded two age groups (Melcher et al., 2010). The ma-
jority of sphalerite separates yielded a well-defined isochron age of
201 ± 1.6 Ma (n=12); the second age of 225 ± 1.6 Ma is less well
constrained (n=3).

3. Samples and methods

3.1. Samples

The two samples selected for this study represent different lithofacis
within the Wetterstein Formation and are from different ore horizons.
Sample EHK02 is from the Erzkalk horizon from Antoni 6th level,
Pflockschachtlager, from the central to western part of the Bleiberg
mine; sample Blb17 is from Maxer Bänke horizon at Bellegarde-
Schachtl from the western part of the Bleiberg mine. Sample EHK02 has
been described as “cocade ore” (Schroll, 1983) typical for the Erzkalk
horizon. Sample Blb17 comprises schalenblende aggregates and layers
of fine-grained sphalerite. This fine-grained stratiform texture is char-
acteristic of sphalerite ores from the Maxer Bänke horizon (Hagenguth,
1984). These two representative samples were chosen from a set of
about 70 samples that were investigated during the PhD thesis of the
first author (Henjes-Kunst, 2014) and selected because of the visible
micro-textural similarities (e.g., schalenblende) and potential presence
of several mineralization stages within each sample. Petrographic
characteristics of these two samples were studied in detail using stan-
dard optical microscopy (transmitted and reflected light) focusing on
textures and paragenetic ore-gangue relationships.

3.2. Mineral chemical analyses

Mineral chemical analyses of sphalerite were performed using the
Cameca SX100 electron microprobe (EPMA) at the Federal Institute for
Geosciences and Natural Resources (BGR) in Hannover (Germany) and
the Jeol JXA8200 instrument of Universitätszentrum Angewandte
Geowissenschaften Steiermark at the Chair of Resource Mineralogy,
Montanuniversität Leoben (Austria). Both instruments operated in the
wavelength dispersive (WDS) mode. During EPMA sessions the con-
centrations of As, Fe, Pb, Ge, Cu, Tl, Cd and Zn and S in sphalerites were
analyzed. Analytical conditions and limits of detection are reported in
Table 1. The mineral chemical data set of the Jeol JXA8200 is provided
as electronic Supplementary material to this paper (Online Resource 1).

3.3. QEMSCAN

Quantitative mineral and textural analysis was done by automated
scanning electron microcopy (QEMSCAN, Quantitative Evaluation of
Minerals by Scanning electron microscopy) on polished thin sections of
30 µm thickness. The analyses were made at FEI laboratories in
Brisbane, Australia (analysts Leonardo Salazar and Gerda Gloy) using a
FEI Quanta 650F SEM instrument equipped with two Bruker EDS de-
tectors and the QUEMSCAN software. The analyses were carried out in
the FieldImage mode. In order to illustrate the delicate differences in
the ore-gangue assemblages the samples were scanned automatically
using 10 and 5 µm spot sizes, respectively. The results are shown in
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color-coded mineral maps in comparison with photographs of the two
samples (Figs. 2a, b and 3a, b). The modal mineralogical composition
(Table 2) was calculated from QEMSCAN data.

3.4. Sulfur isotope analyses

For sulfur isotope analyses, polished blocks (approximately
2× 3 cm in size, Figs. 2a and 3a) were prepared from counter-pieces of
the slabs, which were taken for preparation of the polished thin sec-
tions. Full mineralogical and textural characterization of the samples
was performed prior to the isotope analyses.

All sulfur isotope analyses were performed at the Scottish
Universities Environmental Research Centre (SUERC). Sulfur isotope
analyses were carried out by conventional and in situ laser extraction.
Conventional analyses were carried out on micro-drilled powders (area
affected by the driller is at least 1 mm wide and 5mm long) combusted
by the standard procedure of Robinson and Kusabke (1975) for sulfides
and Coleman and Moore (1978) for barites.

In situ laser combustion was carried out using the method described
in Fallick et al. (1992) and Wagner et al. (2002). All data are presented
as true δ34S, corrected using the small mineral-dependent laser frac-
tionation factors calculated by Wagner et al. (2002). Pure SO2 gases
delivered by each of these techniques were analyzed either on-line to a

VG SIRA II (laser), or Thermo Fisher Scientific MAT 253 (conventional)
mass spectrometer. Raw machine δ66SO2 data were converted to δ34S
by calibration with international standards NBS-123 (+17.1‰) and
IAEA-S-3 (−31.5‰), as well as SUERC’s internal lab standard CP-1
(−4.6‰). Reproducibility of the analytical results (around±0.2‰
during these analyses) was controlled through replicate measurements
of these standards. All sulfur isotope compositions were calculated re-
lative to Vienna Canon Diablo Troilite (V-CDT) and are reported in
standard permil notation.

4. Results

4.1. Petrography

4.1.1. EHK02 – Erzkalk horizon
Sample EHK02 consists of sphalerite, galena and minor amounts of

pyrite. The gangue is composed of barite, calcite, dolomite, fluorite and
quartz (Fig. 2a, b; Table 2). Textural relationships indicate that several
generations or types of sphalerite and the ore/gangue paragenesis
formed sequentially, perhaps related to mineralization pulses (from the
bottom to the top as shown in Fig. 2a, b). The four sphalerite “types”
distinguished (i.e. EHK02_ZnS I, EHK02_ZnS II; EHK02_SB and
EHK02_ZnS IV) are described as follows:

Table 1
Analytical conditions and standards used for EMP analyses in the microprobe laboratories at BGR Hannover (Cameca SX100) and Montanuniversitaet Leoben (Jeol JXA8200).

CAMECA SX100 (30kV, 40nA) JEOL JXA8200 (20 kV, 40nA)

Line Crystal Time P/BG Standard Approx. LoD [ppm] Line Crystal Time P/BG Standard Approx. LoD [ppm]

S Ka PET 10/5 ZnS 400 Ka PETJ 15/5 ZnS 80
Zn Ka LLIF 10/5 ZnS 560 Ka LIFH 15/5 ZnS 130
Fe Ka LLIF 30/15 FeS 100 Ka LIFH 20/10 CuFeS2 50
Cd La PET 120/60 Cd 240 La PETH 90/40 Cd 30
Pb Ma PET 10/5 PbS 2000 Ma PETJ 20/10 PbS 250
Ge Ka LLIF 120/60 Ge 130 La TAP 90/40 Ge 40
As La TAP 140/70 AsGa 250 La TAP 90/40 PtAs 50
Cu Ka LLIF 130/75 Cu 110 Ka LIFH 90/40 CuFeS2 60
Tl Ma LPET 140/70 Tl 670 Ma PETH 90/40 TlBrI 300

Fig. 2. a) Polished block of sample EHK02. The notation of the different sphalerite types is explained in the text. b) QEMSCAN color-coded mineral map of polished thin section prepared
from the counter-piece of the polished block shown in a. See text for detailed explanations.
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• EHK 02_ZnS I, a pale beige, crystalline sphalerite (a few 100 µm in
size), intimately inter-grown with calcite, is the paragenetically
oldest mineralization. This sphalerite is overgrown by a band com-
posed of coarse anhedral barite and galena and crosscut by dolomite
veinlets.

• EHK02_ZnS II is a coarse grained (up to 2mm), pale beige spha-
lerite-dominated band. Subsequent to its formation, a barite band
occurs (similar grain size barite associated with EHK02_ZnS I) fol-
lowed by euhedral galena (Fig. 2a).

• EHK02_SB is a sphalerite band, about 800 µm thick, showing char-
acteristic schalenblende texture (i.e. alternate colloform banding on
the micro-scale) consisting of four slightly differently colored mi-
crocrystalline sphalerite layers. This schalenblende clearly over-
grows the euhedral galena associated with EHK02_ZnS II.
Subsequently a mixture of barite and fluorite was precipitated, fol-
lowed by pyrite.

• EHK02_ZnS IV is the youngest sphalerite and forms fine-grained
(approximately 100 µm) grayish-brown crystals that post-date
pyrite. This sphalerite is inter-grown with carbonates (calcite, do-
lomite) and fluorite. The top part of the sample is free of barite and
dominated by fluorite showing a laminated fabric (Fig. 2a, b). The
lamination is caused by varying contents of fluorite, carbonate mi-
nerals and quartz.

The whole sample, especially in its bottom part, shows some late
brittle deformation. Micro-fractures are mostly filled with dolomite
(Fig. 2b). The texture of this sample suggests formation due to episodic
precipitation of sphalerite, galena and the gangue minerals within a
cavity. Regarding the distribution of the gangue phases, two main
paragenetic stages are clearly distinguished: In the lower part barite
and carbonates are the exclusive gangue minerals, whereas in the upper
part fluorite becomes the dominant gangue mineral. There, fluorite is
associated with calcite, dolomite and quartz but without barite. As will
be seen below, these petrographic differences are also reflected in the
sulfur isotope and chemical composition of the sphalerites.

4.1.2. Blb17 – Maxer Bänke horizon
The mineral assemblage of sample Blb17 consists of sphalerite and

galena, with a predominance of sphalerite (Fig. 3a, b, Table 2). The
gangue is primarily composed of fluorite and subordinate quartz and
dolomite. Quartz is especially enriched in the upper third of the sample,
where it forms a nearly mono-mineralic quartz layer with a sharp upper
contact, above which quartz is rare (Fig. 3b).

Three main textural varieties of sphalerite (Blb17_SB, Blb17_ZnS II,
Blb17_ZnS III) can be distinguished in this sample (from bottom to top
in Fig. 3a), with Blb17_SB representing the earliest formation stage and
Blb17_ZnS III the latest one.

• Blb17_SB consists of an up to ≤0.5 cm thick polycrystalline scha-
lenblende aggregate of variably colored microcrystalline sphalerite
bands. Galena occurs in accessory amounts, forming near euhedral

Fig. 3. a) Polished block of sample Blb17. The notation of the different sphalerite types is explained in the text. b) QEMSCAN color-coded mineral map of polished thin section prepared
from the counter-piece of the polished block shown in a. See text for detailed explanations.

Table 2
Modal mineralogical composition (vol%) of samples EHK02 and Blb17 calculated from
QUEMSCAN analyses.

Mineral vol%

EHK02 Blb17

Sphalerite 24.6 30.9
Fe-rich sphalerite 1.2 2.2
Galena 22.8 0.9
Pyrite 3.6 0.0
Quartz 1.0 19.6
K-Feldspar 0.3 0.9
Calcite 4.5 1.4
Dolomite 1.0 4.9
Fluorite 11.5 38.2
Barite 28.9 0.0
Other 0.7 0.9
Total 100.0 100.0
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crystals within the schalenblende.

• Blb 17_ZnS II comprises fine-grained sphalerite, arranged in discrete
layers with fluorite and minor quartz defining a rhythmic layering.
Individual layers are characterized by sphalerite crystals of certain
grain size and color and different modal proportions of the minerals,
and the layers have the appearance of sedimentary banding.

• Blb 17_ZnS II comprises coarser-grained (∼500–2000 µm) sub-
hedral brownish sphalerite grains in the uppermost part of the
sample, where it occurs from the contact of the quartz-rich to the
quartz-free layer.

In the bottom part of the sample the layering partly follows and
infills depressions on the convex boytroidal surface of the schalen-
blende (Fig. 3a, b), which confirms that the sequence is younging-up
towards the top of the photograph. This is also consistent with the
preferred convex growth direction of schalenblende (Roedder, 1968).
These discrete finely layered textures strongly suggest that the ore was
precipitated in distinct pulses.

4.2. Chemical composition of sphalerite

The results of EPMA analyses on sphalerite are summarized in
boxplots (Fig. 4). Representative analyses are listed in Online Resource
1 as supplementary electronic material. Iron and Cd are nearly omni-
present in all sphalerites and show the highest concentrations among
the analyzed minor/trace elements in sphalerite. Hence, we used the
Fe/Cd to document the chemical variance among the various sphalerite
types.

Schalenblende (SB, yellow boxes) is characterized by variable, but
relatively high Fe contents ranging between 700 ppm and 3.2 mass% Fe
(mean 9700 ppm), with a dark brown schalenblende layer in the central

part that is particularly Fe-rich (shown as Fe-rich sphalerite on Fig. 2b).
Cadmium contents of this sphalerite type are between 500 and
3700 ppm (mean 1600). The average Fe/Cd of this schalenblende is
14.8 (Table 4). One analysis of this sphalerite type revealed 830 ppm Tl.
The beige EHK02_ZnS II aggregate (dark blue boxes in Fig. 4) shows
lower Fe concentrations (600–1000 ppm, mean 900 ppm), but is higher
in Cd (8600–6500 ppm, mean 3000 ppm) than the schalenblende re-
sulting in considerably lower Fe/Cd of 0.5 (Table 4). The earliest
sphalerite stage (EHK02_ZnS I; light blue boxes in Fig. 4) has a very
similar trace element composition to the adjacent EHK02_ZnS II. It is
also low in Fe and high in Cd (Fe/Cd=0.5). In contrast EHK02_ZnS IV

Fig. 4. Boxplots showing the distribution of some
trace/minor elements in sphalerite in sample
EHK02 - Erzkalk. Sphalerite notation as in Fig. 2
a. I = EHK02_ZnS I, II = EHK02_ZnS II, etc.

Table 3
Results of sulfur isotope measurements.

EHK 02 Blb17

Mineral/ZnS type δ34S [‰] Mineral/ZnS type δ34S [‰]

type I ZnS −6.6 SB −21.5
type II ZnS −6.6 SB −16.2
type II ZnS −4.6 SB −25.4
galena −7.7 SB −24.4
galena −25.1 SB −26.0
SB −22.3 SB −25.0
SB −22.6 galena −20.9
pyrite −21.8 galena −24.4
type IV ZnS −18.2 type II ZnS −19.8
barite +17.0 type II ZnS −21.4

type III ZnS −15.0
type III ZnS −13.5
type III ZnS −15.0
type III ZnS −14.5
type III ZnS −13.8
ZnS −1.5
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(light yellow boxes in Fig. 4) contains more Fe than EHK02_ZnS I/
_ZnSII, but less than the schalenblende. The Cd concentrations of this
latest formed sphalerite are generally low (EHK02_ZnS IV; average Fe/
Cd=1.6; Table 4). The difference between the two later sphalerite
generations (schalenblende and EHK02_ZnS IV) and the two earlier
formed sphalerite generations (EHK02_ZnS I/_ZnS II) is also seen in the
As and Ge concentrations. The later sphalerite types usually contain

detectable As (> 300 ppm) whereas in early ones As concentrations
were only sporadically above detection limit of the microprobe. Ger-
manium concentrations show also some systematic variation from
EHK02_ZnS I to EHK02_ZnS IV. In both early-formed sphalerite types Ge
was typically< 0.03 mass% or even below the limit of detection (e.g.,
in EHK02_ZnS I), whereas Ge contents in both later sphalerite types are
usually> 0.03 mass%.

Table 4
Sphalerite types distinguished in samples EHK02 and Blb17. The relative chronology (old to young) and info about sphalerite texture, gangue paragenesis, Fe/Cd ratios of sphalerite and
results (mean values) of sulfur isotope measurements are shown. Arrows in front of element symbol in the last column give qualitative information about element concentrations: arrow
up=high, arrow down= low, arrow side up=moderately high.

EHK02, Bleiberg Erzkalk

Time ZnS Texture Ore+ gangue δ34S Fe:Cd Trace/minor elements

old I coarse-grained ZnS accumulations barite, calcite −6.6 0.5 Cd
Fe

II coarse-grained ZnS accumulations barite, secondary dolomite, anhedral galena −7.7 to −4.6 0.5 Cd
Fe, Ge

young SB colloform schalenblende fluorite, barite, euhedral galena −22.6 14.8 Fe, Pb+ As, Tl, Ge
Cd

IV anhedral and fine-grained ZnS fluorite, dolomite, pyrite −18.6 1.6 Fe, Pb; Ge
Cd

Blb17, Bleiberg Maxer Bänke
time ZnS texture ore+ gangue δ34S Fe:Cd trace/minor elements
old SB colloform schalenblende fluorite, dolomite, quartz+ galena −26 to −16.2 8.6 Fe, Pb, As+ Tl, Ge

Cd
young II fine-grained ZnS, partly enriched in II layers fluorite, quartz, dolomite ∼−20 3.6 Fe, Pb, As, Ge

Cd
III coarse-grained ZnS+ fine-grained ZnS quartz, fluorite −14 to −1.5 0.1 Cd

Fe, Ge

Fig. 5. Boxplots showing the distribution of some
trace/minor elements in sphalerite in sample
Blb17 - Maxer Bänke (SB= schalenblende;
II =Blb17_ZnS II; III= Blb17_ZnS III). Elements,
which are not displayed, were mostly below the
detection limit of the EPMA.
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4.2.1. Blb17 – Maxer Bänke horizon
The trace element characteristics of the three main sphalerite types

in this sample are displayed as boxplots in Fig. 5. Iron contents in the
schalenblende are very variable but are on average high (800 ppm – 5.6
mass%, mean 1 mass%), with individual layers within the schalen-
blende occasionally showing very high Fe contents (see also Fig. 3b).
The Cd concentrations of the schalenblende are generally low ranging
from 400 to 2800 ppm (mean 1400 ppm) resulting in an average Fe/Cd
ratio of 8.6 (Table 4). The Fe contents of the Blb17_ZnS II range from
300 to 9000 ppm and are thus highly variable (mean 3600 ppm), but in
general lower than in the schalenblende. The average Fe/Cd of
Blb17_ZnS II is 3.6. The coarse-crystalline sphalerite Blb17_ZnS III and
fine-grained sphalerite in the layers above (Fig. 3a, b) are characterized
by low concentrations and limited variability in Fe (100–700 ppm,
mean 350 ppm). Cadmium shows an opposite trend and is higher
(2400–4400 ppm, mean 3600 ppm). Thus, the average Fe/Cd ratio of
this sphalerite is very low (0.1). Besides the differences in the Fe/Cd of
the three sphalerite types minor differences in As, Pb and Tl con-
centrations are documented. Both early-formed sphalerite types
(Blb17_SB and Blb17_ZnS II) sometimes have Tl contents above the
detection limit of the microprobe, and are often richer in Pb and As
(Fig. 5; Online Resource 1).

4.3. Sulfur isotope data

Results of sulfur isotope analyses are listed in Table 3. The spatial
distribution of sulfur isotope data within the two studied samples is
illustrated in Figs. 2a and 3a.

4.3.1. EHK02 – Erzkalk horizon
The sulfur isotope composition of sphalerite is very heterogeneous

with δ34S between −4.6 and −22.6‰ (n= 9). Galena displays also a
similar range from −25.1‰ to −7,7 (n=2). Pyrite has a δ34S of
−21.8‰ and barite +17‰.

There is a clear and sudden change of about 17‰ over a distance of
5mm (Fig. 2a), with earlier formed EHK02_ZnS I and EHK02_ZnS II
(bottom part of the sample) being distinctly less negative (>−8‰
δ34S) than the later formed schalenblende and crystalline sphalerite
(δ34S=−22.6 to −18.2‰; central and top part in Fig. 2a). The δ34S
values of coexisting sphalerite-galena increase in accordance with the
fractionation sequence of isotopic equilibrium (Ohmoto and Rye, 1979;
Ohmoto, 1986), that is, PbS < ZnS. However, temperature calculations
for EHK02 based on the Δ34S values of sphalerite-galena pairs yielded
unrealistic depositional temperatures (300–590 °C), which are far above
the typical formation temperatures of carbonate-hosted Pb-Zn deposits
(60–150 °C, rarely up to 250 °C, Ridley, 2013). Clearly, the two sulfides
did not form in isotopic equilibrium.

4.3.2. Blb17 - Maxer Bänke horizon
Heterogeneity in δ34S is also typical for this sample (Fig. 3a). The

two early formed sphalerite types (Blb17_SB and Blb17_ZnS II) are
dominated by light δ34S (mostly<−20‰). The schalenblende itself
exhibits some non-systematic variations in δ34S, with the least negative
value (−16.2‰) measured on the thin Fe-rich layer in the center of the
sample (Fig. 3a, b). In the youngest sphalerites (Blb17_ZnS III) a sig-
nificant increase in δ34S is visible (−15.0 to −13.5‰). The very fine-
grained (∼10 µm) top layer gave the isotopically heaviest δ34S of
−1.5‰. Unfortunately, only very small amounts of this layer were
present in this sample, thus this sulfur isotope measurement could not
be replicated.

Again, this sample records significant, although less dramatic,
changes in sulfur isotope composition on the millimeter scale. To
summarize: (a) The variation between individual layers of the scha-
lenblende is ∼10‰; (b) an abrupt change of about 5–6‰ occurs across
the quartz-rich layer, and (c) there is a change of ∼13‰ between ad-
jacent layers with fine-grained sphalerite at the top of the sample.

4.4. Correlation of sphalerite chemistry and sulfur isotope composition

As documented above, texturally and chemically different sphalerite
types are present in both samples though these textures are partly si-
milar; for example, in each sample schalenblende aggregates are pre-
sent. However, schalenblende formed at different times (relatively early
vs. late) in the two samples and its associated ore and gangue minerals
are neither texturally, nor chemically comparable. It is therefore highly
unlikely that schalenblende formed during a single deposit (or ore
horizon) spanning mineralization event. We were thus not able to es-
tablish a uniform paragenetic mineralization sequence valid for the
Bleiberg deposit, let alone the whole Drauzug Pb-Zn district, as had
been suggested by previous studies (e.g., Kuhlemann, 1995; Schroll,
1996; Zeeh, 1994). Our naming of the sphalerite types here therefore
refers only to the within sample-scale formation stages.

In Table 4 sphalerite textures, qualitative trace/minor element
concentrations, sulfur isotope composition and (gangue) mineralogy
are compiled for each of the two samples in relation to its crystallization
sequence. Fig. 6 illustrates the relation between the mean Fe/Cd ratios
and the sulfur isotope composition of the different sphalerite types
within each sample. Sphalerites with comparable texture, chemical and
sulfur isotope composition occur in both samples but they show op-
posite evolution trends with time.

EHK02 – Erzkalk: The early formed EHK02_ZnS I has high Cd, but
low Fe contents and a heavy sulfur isotope composition (δ34S −6.6‰).
The beige EHK02_ZnS II aggregates display a similar Fe/Cd distribution
and heavy sulfur isotope composition (δ34S−4.6 to−6.6.‰), with low
or undetectable Ge contents. The gangue of EHK02_ZnS I and
EHK02_ZnS II is mainly barite with small amounts of calcite the barite
having δ34S of + 17‰. Dolomite is restricted to late brittle structures

Fig. 6. Average Fe/Cd vs. δ34S values of the different sphalerite types in samples EHK02 - Erzkalk and Blb17 - Maxer Bänke. Arrows indicate evolution from older to younger sphalerite
types with each sample.
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(Fig. 2b). The schalenblende (EHK02_SB) is characterized by a sudden
increase in Fe and decrease in Cd, and a sudden decrease in δ34S values
to about −23‰. Additionally, it is relatively enriched in Pb, As, Ge,
and sporadically Tl. The occurrence of schalenblende is furthermore
marked by an obvious change in gangue mineralogy with fluorite be-
coming important. The late EHK02_ZnS IV has δ34S of −18.2‰ and
contains more Fe and less Cd than EHK02_ZnS I/ZnS II. The low Fe
contents in EHK02_SB are accompanied by relative enrichment in Ge.
The gangue in this top part of the sample is completely different; i.e., it
is free of barite and fluorite coexists with dolomite. In addition, pyrite is
present in discrete layers with a similar light δ34S (−21.8‰).

Blb17 – Maxer Bänke: Schalenblende, the earliest phase in this
sample, shows a generally light and variable sulfur isotope composition
(−26 to−16‰ δ34S) and is characterized by high Fe and rather low Cd
contents. Furthermore, it has high Pb and As and increased Tl and Ge
concentrations. In the Blb17_ZnS II the Fe, Pb and As contents are lower
than in the schalenblende while δ34S remains enriched in 32S (−20‰);
Cd contents are low, whereas Ge contents are similar. The main gangue
mineral of the two early sphalerite stages is fluorite, with minor
amounts of dolomite and quartz. Blb17_ZnS III shows a sudden decrease
in Fe concentrations, whilst Cd increases. This dramatic change (Fe/
Cd=0.1) is combined with an increase in δ34S value to about −14‰.
The gangue of Blb17_ZnS III consists solely of fluorite. The formation of
the first coarse-grained Blb17_ZnS III layer is preceded by the pre-
cipitation of large amounts of quartz, which is subsequently completely
absent (Fig. 3b).

Making some general observations, we note that in both samples,
schalenblende has a high Fe/Cd and tends to be isotopically lighter than
other sphalerite types. In contrast, crystalline sphalerite tends to have
lower Fe and higher Cd contents (i.e. low Fe/Cd) and heavier sulfur in
both samples, markedly in EHK02_ZnS I. Less distinct correlations exist
between the Pb, As and Tl contents and the sulfur isotope composition
of the sphalerite, although higher values are noted in the colloform
schalenblende.

5. Discussion

5.1. Source of sulfur in Alpine type Pb-Zn deposits

Previous sulfur isotope studies on Alpine type Pb-Zn deposits in the
Drau Range have already reported the large variability in the sulfur
isotope composition (Herlec et al., 2010; Kuhlemann et al., 2001;
Schroll et al., 1983; Schroll and Rantitsch, 2005). At Bleiberg, the δ34S
values of sphalerites from the six different ore horizons are in the range
of −26 to −1‰ (Schroll and Rantitsch, 2005). Recently published
sulfur isotope data on sphalerite from Bleiberg extended the sphalerite
data set to δ34S values down to less than−30‰ and confirmed the non-
uniform distribution of the sulfur isotope data of sphalerites in the
Bleiberg deposit (Kucha et al., 2010; Henjes-Kunst et al., 2013). Schroll
and Rantitsch (2005) have distinguished three δ34S populations at
Bleiberg: one pronounced population at −25 to −29‰, a second one
at −6 to −8‰ and a poorly defined third one with values in between.

Schroll and Rantitsch (2005) interpret the sulfur isotope variation in
sulfides from Bleiberg to reflect at least two different sulfur reservoirs
and two different processes causing sulfate reduction; bacterial (BSR)
vs. thermochemical sulfate reduction (TSR, Machel et al., 1995). The
dominant population with very negative sulfur isotope compositions of
sulfides (<−18‰) is linked with bacterial sulfate reduction (BSR),
probably near the site of ore deposition, given the open system behavior
reflected in the isotopic values (Schwarcz and Burnie, 1973). The po-
pulation with heavier δ34S values (−8 to 0‰) is interpreted as a hy-
drothermal or deep-seated sulfur reservoir derived via thermochemical
sulfate reduction (TSR). Intermediate values are then explained as a
mixing of these two end-members. Our data can be interpreted in this
established framework. A novel aspect of the present study, however, is
that we show that this variability is not only a feature on the regional

and ore deposit scale, but even exists on the millimeter to centimeter
scale, reflecting the dynamism of the ore forming process at hand
specimen scale.

Based on sulfur isotope data of sulfides from the Drau Range
Kuhlemann et al. (2001) proposed the presence of two paragenetic
stages of Pb-Zn mineralization, which generally follow a trend towards
heavier δ34S values with time. A similar trend with time was observed
by Herlec et al. (2010) for sulfide ores from the Mežica deposit. On the
contrary, Schroll et al. (1983) proposed a temporal evolution towards
lighter δ34S values. Our data clearly demonstrate the presence of both
trends in sulfur isotope evolution, even on the sample scale. Thus, our
results contradict the previous attempts (Kuhlemann, 1995; Schroll,
1996; Zeeh, 1994) to establish a uniform paragenetic sequence for Pb-
Zn mineralization in the Drau Range.

5.2. Evidence for mixing and multiple mineralization pulses

Fluids are necessary for the transport of sulfur (in the form of var-
ious aqueous species with different valence) and (base) metals towards
the depositional site(s) in carbonate hosted Pb-Zn deposits. There are
still some controversies regarding the question whether these fluids are
capable of transporting base metals and sulfur at the same time and
what the Pb and Zn complexing ligands are (e.g., Anderson, 1975;
Sicree and Barnes, 1996). Also, the experimental work of Bischoff et al.
(1981) shows that a significant reduced sulfide component can only be
transported together with Pb and Zn (as chloride complexes) well above
200 °C. In the following we therefore argue that Pb-Zn mineralization at
Bleiberg clearly formed by interaction of different fluids and that sulfur
must have been provided from two different reservoirs.

The simplest explanation of the early Zn-Pb-Ba mineralization in
sample EHK02 is that it formed whilst the system was dominated by
sulfur from a (higher temperature? TSR?) hydrothermal reservoir, with
δ34S values around −6‰. This hydrothermal sulfur signature is cor-
related with an enrichment of Cd, what has also been seen in other
studies of colloform and crystalline sphalerite (Barrie et al., 2009; Pfaff
et al., 2011). We note that its association with a distinct barite-rich
layer, which has δ34S similar to Triassic seawater (i.e. +17‰, Table 3;
Kampschulte and Strauss, 2004), suggests that the cavities into which
the hydrothermal fluid ingressed likely contained seawater. In such
circumstances, the barite forms through interaction of hydrothermal Ba
with seawater sulfate upon mixing, a feature typical in some carbonate-
hosted deposits (e.g. Ireland; Coomer and Robinson, 1976).

The sudden changes in texture, chemistry, δ34S and gangue miner-
alogy in the upper half of sample EHK02 indicate an abrupt change of
the physico-chemical conditions at the depositional site. Now the
system becomes dominated by bacteriogenic sulfur and the limited
hydrothermal sulfur reservoir is likely exhausted. It is likely that a
second fluid contributed bacteriogenic sulfur, which was formed via
BSR in an±open system (shallow reservoir with sufficient supply of
fresh seawater) and mixed with the metal bearing fluid. With this mi-
neralization phase we note a very significant increase in Fe content of
sphalerite, and to a limited extend also of Pb, As and Tl. Similar changes
in sulfur isotope composition and trace element composition have been
found in sphalerite in the carbonate-hosted MVT deposit Wiesloch, SW
Germany (Pfaff et al., 2011).

In sample Blb17 a different sequence is documented. Mineralization
starts with precipitation of schalenblende, which, as in the Erzkalk
sample, is dominated by bacteriogenic sulfur. Again Pb, As and Tl are
found at increased tenor, along with strong enrichment in Fe. Mixing
between spent ore fluid (with respect to hydrothermal sulfide, but not
metals) and a fluid containing the bacteriogenic sulfide is the likeliest
cause of deposition. Roedder (1968) has suggested that the colloform
texture of schalenblende may arise through rapid deposition from a
fluid supersaturated with respect to Zn. The increase in δ34S values in
the upper third of this sample, where the character of the sphalerite
changes markedly, can be interpreted as increasing input from the
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hydrothermal reservoir. There is no doubt that the deposition of the
early schalenblende had ceased prior to this stage. An alternative ex-
planation of the heavier δ34S values seen in this stage is that the system
gradually became closed with respect to seawater sulfate (Schwarcz and
Burnie, 1973). However, we would expect that the latter process would
result in a rather gradual increase in δ34S; this is not supported by our
data, and, in any case, there is an obvious abundance of sulfide, so it
seems unlikely that the system was limited by sulfur availability.

On the scale of the two hand specimens studied, there is a clear
dominance of the bacteriogenic sulfur. The observed small-scale var-
iations are therefore best explained by an episodic mixing of a hydro-
thermal base metal-bearing fluid with a fluid carrying reduced sulfur
derived from a low temperature reservoir.

5.3. Remarks on ore genesis

Proponents of the SEDEX model for Alpine Pb-Zn deposits used the
predominance of strongly negative δ34S values (<−20‰) and the
presence of fine-grained, rhythmically layered “ore sediments”, as
“proof” for the syngenetic origin of the Pb-Zn ores (e.g., Schulz, 1968).
However, neither of these arguments is an unequivocal proof for syn-
sedimentary ore formation. Warren (2000) argues that BSR can also
operate in subsurface environments down to depths of 2–2.5 km, as
long as the temperature does not exceed 110 °C (e.g., BSR in enclosed
pore waters). The burial depth of the Wetterstein Formation and the
Raibl Group was less than 3 km until the beginning of the Late Cre-
taceous (100Ma, Rantitsch, 2001). Temperature estimates, based on
vitrinite reflectance and thermal modeling demonstrate that the burial
temperature in the Drau Range never exceeded 110 °C (Rantitsch,
2001). BSR could therefore have been operative for several tens of
millions of years in the geologic history of these deposits. Our study
clearly shows that sulfur independently produced by TSR and BSR
sulfur was transported by different fluids and mixed at the site of ore
formation.

Formation of sedimentary ore textures is not restricted to pre-
cipitation of ore minerals on the sea floor (e.g., exhalatites); they can
also form within open cavities in already lithified carbonate rocks (e.g.,
intra-karstic sediments, Bechstädt, 1975). At Bleiberg formation of such
“internal sediments” associated with collapse breccias within meter-
sized cavities has already been documented by Siegl (1956). Indeed,
mixing of two fluids as demanded by our data can preferably be ac-
complished in lithologies with higher (secondary) porosity (fractures,
veins, karst-cavities etc.) allowing directed fluid flow.

There is still no agreement on the timing of ore formation as re-
flected in the controversial genetic models proposed for Alpine Pb-Zn
deposits. Recent Rb-Sr dating of sphalerite revealed two age groups for
Bleiberg (Melcher et al., 2010): (1) A well-defined isochron age of
sphalerite from various ore types and ore horizons at Bleiberg yielding
201.2 ± 1.6Ma; (2) A less well-defined 225.2 ± 2.1Ma isochron age
based on only three samples (sphalerite and Fe-sulfides). The latter age
is consistent with the Carnian stratigraphic age of the host rocks and
could indicate an early mineralization stage in the Late Triassic. The
well-defined ≈200Ma age indicates that the main stage of ore forma-
tion occurred at the Triassic/Jurassic boundary and post-dated sedi-
mentation of the carbonate host rocks by about 25 million years. This
younger age would be consistent with the MVT models proposed for
Alpine Pb-Zn deposits (Kuhlemann et al., 2001; Leach et al., 2003). It
remains the challenge of future studies to confirm the poly-phase gen-
esis and exact timing of ore formation of these ore deposits, especially
to confirm or rule out if there is an early syngenetic (?) mineralization
stage in the Late Triassic.

6. Conclusions

Samples from two different strata-bound ore horizons (Erzkalk,
Maxer Bänke) in the Wetterstein Formation at Bleiberg show

considerable small-scale variation in gangue mineralogy, textures,
chemical composition of sphalerite and sulfur isotope composition. No
strict paragenetic sequence can be established on a within-sample scale
for Pb-Zn mineralization at Bleiberg precluding that it is possible to
establish a uniform paragenetic sequence on the deposit or even district
scale.

The two samples record opposite evolution trends in trace element
chemistry and δ34S values. In the Erzkalk (EHK02) an early Pb-Zn-Ba
stage with a heavier hydrothermal sulfur isotopic signature and Cd-rich
sphalerite predates younger BSR dominated Pb-Zn-(Fe)-F mineraliza-
tion. In the sample from the Maxer Bänke horizon (Blb17) several
distinct Fe-rich Zn± (Pb)-F mineralization pulses, dominated by BSR
sulfur, are followed by crystallization of Cd-rich sphalerite with heavier
(hydrothermal) δ34S values. The observed variations are best explained
by small-scale interaction of (various) sulfur and metal carrying fluids.
Such mixing of reduced sulfur from different reservoirs with major
contribution from bacteriogenic derived sulfur is also a key feature of
the Irish Pb-Zn deposits, which show a similar range in δ34S values
(Fallick et al., 2001; Wilkinson et al., 2005). Similar to the Irish deposits
mixing of fluids from two reservoirs was a crucial process for ore for-
mation in the Alpine Pb-Zn deposits: a hydrothermal fluid that inter-
acted with the basement carrying the metals and a shallow low-tem-
perature reservoir providing the fluids contributing sulfur derived from
BSR of seawater. This light sulfur was mixed to variable extent with
sulfur characterized by heavier sulfur isotope compositions, likely de-
rived from the metal-bearing hydrothermal fluid.

Mixing of sulfur from these different sources and the metal-bearing
hydrothermal fluid operated on the millimeter to centimeter scale. This
is best explained by repeated short-lived mineralization pulses, a fea-
ture echoed in the textural evidence and also recorded in layered
sphalerite associated with carbonate-hosted Pb-Zn mineralization else-
where. Mixing provides an explanation for the observed sulfur isotope
variations and delivers a process for ore deposition. Given the dyna-
mism reflected by the dramatic variations across the two samples, it is
therefore not surprising that a deposit-wide uniform paragenesis should
prove elusive.
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