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ABSTRACT

The Cu-Fe-Pb-Zn-(Ag) deposit of the Pfunderer Berg is located near the Eisack Valley, northwest of Klausen in South Tyrol, Italy.
The mineralizations are hosted in the rocks of the Southalpine Basement and are related to Permian dioritic intrusions. The obser-
ved primary sulfide assemblage consists of galena + chalcopyrite + sphalerite + freibergite-tetrahedrite,, + polybasite + acanthite

+ electrum. The most common Ag-bearing phases are freibergite-tetrahedrite,,, polybasite and acanthite. They occur as few microns-

large, pebble-shaped inclusions in galena. The most common inclusions are freibergite and freibergite-tetrahedrite,, followed by po-
lybasite and acanthite. In one sample intimately intergrown gustavite (AgPbBi,S;) and cosalite (Pb,Bi,S;) were found. These two
rare minerals have been described for the first time at the Pfunderer Berg. Rarely electrum occurs as inclusion in chalcopyrite. Chal-
copyrite shows anisotropic transformation lamellae as well as numerous star-shaped sphalerite inclusions. Sphalerite shows replace-
ment textures by chalcopyrite, contains chalcopyrite inclusions and also shows complex Cu-Fe zoning patterns. Idiomorphic pyrite,
dispersed throughout the samples, and a second generation of tetrahedrite (secondary tetrahedrite) represent the secondary sulfide
assemblage, which crystallized after the main mineralization stage.

Sphalerite inclusions in chalcopyrite, interpreted as exsolutions from a ZnS-bearing high-T ISS phase during cooling, as well as
a-f3 transformation lamellae in chalcopyrite indicate high temperatures of formations >500°C for the formation of the primary sulfide
assemblage. Cd-exchange thermometry between galena and sphalerite yielded temperatures between 500°C and 900°C. Due to
the associated uncertainties these values represent only semiquantitative information but confirm the high-T formation of the primary
sulfide assemblage associated with Permian magmatic activities and agree with the observed cooling textures. Old mining records
frequently mention the high Ag content of the minerals of this deposit and galena was considered as the dominant Ag-bearing mi-
neral. It could be shown in this study that the presence of abundant Ag-rich mineral inclusions in galena is responsible for the high
Ag concentrations of bulk galena.

These mineralogical data are the prerequisite concerning possible provenance studies of ores used in the prehistoric Cu produc-
tion in the Southern Alps in the course of the special research area HIMAT (History of Mining in the Tyrol and Adjacent Areas). The
implications are that Cu-slags and metal compositions produced by smelting of the chalcopyrite-sphalerite-galena-rich ores from the
Pfunderer Berg should show a characteristic, but different chemical signature from fahlore-based products from the lower Inn valley
due the complex phase assemblage in the system Cu-Fe-Pb-Zn and the elevated Ag contents.

Die Cu-Fe-Pb-Zn-(Ag) Lagerstatte Pfunderer Berg liegt in der Nahe des Eisacktals bei Klausen (Sudtirol). Die Lagerstatte befindet
sich in den Gesteinen des Siidalpins und ist genetisch mit den permischen Dioritintrusionen von Klausen verwand. Die primare Sul-
fidparagenese setzt sich aus Galenit + Chalcopyrit + Sphalerit + Freibergit-Tetraedrit,, zusammen. Als Nebengemengeteile findet
man Polybasit, Akanthit und Elektrum. Die Ag Erze Freibergit-Tetraedrit,,, Polybasit und Akanthit treten in Form von winzigen, tro-

pfenférmigen Einschllissen im Galenit auf. Der groRte Teil der Einschlisse setzt sich aus Freibergit-Tetraedrit,,, gefolgt von Poly-

basit und Akanthit zusammen. In einer Probe wurden Cosalit (Pb,Bi,S,) und Gustavit (AgPbBi,S;) als schmale Anwachsaume von
Chalcopyrit festgestellt. Das Auftreten dieser beiden Phasen am Pfunderer Berg wird hier zum ersten Mal beschrieben. Elektrum
tritt sehr selten als Einschluss im Chalcopyrit auf, welcher haufig oleanderblattférmige a- Umwandlungslamellen und zahlreiche,
sternfornige Zinkblende Einschlisse aufweist. Sphalerit wird haufig von Chalcopyrit verdrangt, enthalt zahlreiche tropfenférmige
Chalcopyrit Einschliisse und zeigt komplexe Cu-Fe Zonierungen. Idiomorpher Pyrit und eine zweite Ag-arme und As-reiche Tetrae-
dritgeneration stellen aufgrund der Wachstumstexturen die sekundare Mineralparagenese dar, die spater als die primare Mineral-
paragenese gewachsen ist. Sternférmige Sphalerit Einschlisse in Chalcopyrit werden als ZnS Entmischungen aus einer hoch-T
ISS Phase wahrend der Abkuhlung interpretiert. Die a-f Umwandlungslamellen in Kupferkies werden ebenfalls als Abkuhlungstex-

turen interpretiert. Die beschriebenen Texturen lassen auf Entstehungstemperaturen >500°C schlieRen. Das Cd-Austauschthermo-



meter zwischen Sphalerit und Galenit ergibt trotz grofRer Streuung einen Temperaturbereich von 500°C bis 900°C was auch auf die
Hoch-T Bildung der Lagerstatte in Zusammenhang mit den Permischen Intrusionen hinweist. In der alteren Literatur wird vor allem
der Ag Reichtum der Lagerstatte hervorgehoben, wobei Bleiglanz als Ag Trager vermutet wurde. In dieser Untersuchung konnte
nachgewisen werden, dass Polybasit, Freibergit und Acanthit Einschlisse in Galenit dafiir verantwortlich sind.

Diese mineralogischen Daten bilden die Basis fiir zukinftige Herkunftsstudien beziglich prahistorischer Cu Rohstoffe im Siidalpi-
nen Raum im Rahmen des Sonderforschungsbereiches HiIMAT (History of Mining in the Tyrol and Adjacent Areas). Es kann erwartet
werden, dass durch die Verhlttung der Chalcopyrit-Sphalerit-Galenit-reichen Erze vom Pfunderer Berg, aufgrund der komplexen
mineralogischen/chemischen Zusammensetzung im System Cu-Fe-Pb-Zn und den hohen Ag Gehalten, charakteristische Metall-
und Schlackenzusammensetzungen produziert werden, die sich von Produkten auf Fahlerzbasis aus dem unteren Inntal deutlich

unterscheiden.

1. INTRODUCTION

Mining archaeological investigations revealed that various
Cu deposits in the Southern Alps were mined from the middle
Bronze Age on and probably also before (Metten, 2003). Un-
fortunately, archaeological investigations concerning the extent
and the intensity of these prehistoric mining activities in the
Southern Alps are far from conclusive yet. The most important
Bronze Age mining and smelting activities were described from
the autonomous Italian province of Trentino with the smelting
centre in Aqua Fredda, approximately 20 km to the northeast
of the city of Trento (Metten, 2003). Although several large Cu-
deposits are known further north in the autonomous lItalian
province South Tyrol, no definitive evidence for prehistoric mi-
ning activities has been found in South Tyrol yet. The special
research program HiMAT (Historical Mining Activities in the
Tyrol and Adjacent Areas), installed at the University of Inns-
bruck (Oeggl et al., 2008), will address the topic of prehistoric
and historic Cu-mining activities in the Southern Alps, with a
focus on selected South Tyrolean sites associated with Cu ore
deposits. Thus the first step in the exploration of possible pre-
historic mining and smelting activities in an area is the mine-
ralogical, petrological and geoche-
mical characterization of possible
adjacent ore deposits (e.g. Nieder-
schlag et al., 2003). These results
can then be used as a basis for sub-
sequent mining archaeological inves-
tigations in order to conduct raw ma-
terial provenance studies as well as
interpretations concerning the smel-
ting technologies used (e.g. Nieder-
schlag et al., 2003).

The Pfunderer Berg mining district
is a historic and probably also a pre-
historic mining area (Krismer et al.,
2008). First mentioned in 1140, the
last mining activities were aborted in
1943 (Dorfmann, 1974). Old mining
records frequently mention the high
silver content of the minerals of this
deposit and galena was considered
as the dominant silver-bearing mi-

mical data are completely lacking so far. This study represents
therefore the first electron microprobe investigation of the sul-
fide mineral assemblage from this deposit.

The aims of this work are therefore fourfold, namely to 1.)
provide a detailed overview of the sulfide matrix mineral and
inclusion assemblages, 2.) obtain their chemical composition
with a special focus on the nature and occurrence of the Ag-
bearing sulfides, 3.) deduce T-fS, conditions of primary sulfide
formation and 4.) discuss the implications of the chemical da-
ta for future prehistoric ore provenance studies in the course
of the special research area HIMAT (History of Mining in the
Tyrol and Adjacent Areas).

2. GEOLOGICAL OVERVIEW

The Pfunderer Berg is located to the west of Klausen in the
autonomous ltalian province of South Tyrol (Figure 1). The geo-
morphology of the area is characterized by the narrow Thinne
creek, marking the north-eastern boundary of the mining area.
To the south-west the steep slope of the Villanderer Berg ex-
tends from the Thinne creek approximately 750 m a.s.l. to the
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neral (Moll, 1798; Dorfmann, 1974),
but mineralogical and mineral che-

FIGURE 1: Geographic map of South Tyrol, the mining symbol marks the location of the Pfunde-
rer Berg. The mining district of the Pfunderer Berg is located to the west of Klausen/Chiusa between
Bozen/Bolzano and Brixen/Bressanone.
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FIGURE 2: Geological overview of the Pfunderer Berg mining district, modified after Exel (1998). The numbers in the white circles denote the exit
mouths of galleries. The galleries are named according to Exel (1998). A = Rotlahn district: 1) Hirschlegg-Stollen, 2) Vittorio Emanuele-Stollen, 3) Franz-
Stollen, 4) Theresia-Stollen, 5) Katharina-Stollen, 6) Kassian-Stollen, 7) Barbara-Stollen, 8) Andreas-Stollen, 9) Nikolaus-Stollen, 10) Elisabeth-Stollen,
11) Lorenz-Stollen, 12) Fundgrube, 13) Kreuz-Stollen, 14) Martin Stollen, 15) Mathias-Stollen, 16) Georg Stollen. B = Kaltwasser District: a) Remedi-
Stollen, b) Tagebau, c) Unterer Kaltwasser-Stollen, d) Oberer Kaltwasser-Stollen, e) Tagebau. C = Wolfsgraben Distric: I, II, Ill, IV (no specific names
in the literature).
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peak of the Pfunderer Berg at 1519 m a.s.l. (Figure 2). The
ore deposits are situated in the rocks of the Southalpine crys-
talline basement. The dominant basement lithology near Klau-
sen is the Brixen Quarzphyllite (Figure 2), which was intruded
by Permian small dioritic intrusion bodies or dykes leading to
widespread contact metamorphism. These dioritic rocks have
been called Klausenites. The ore deposits are located either
in the dioritic dikes, in the contact area between the intrusive
rocks and the basement rocks, or in the contact metamorphic
rocks, the hornfelses (Figure 2). The mining district is located
to the south of the SAM (Southern limit of Alpine Metamor-
phism, Hoinkes et al., 1999), which indicates that the basement
and the ore mineralizations were not, or only very weakly, af-
fected by Alpine metamorphism. However, despite the lack of
significant Alpine metamorphic overprint, the area south of
the SAM experienced Alpine folding and faulting (Sassi and
Spiess, 1993) which led at least in part to secondary remobili-
zation of the ore deposits (Dorfmann 1974).

The Cu-Fe-Pb-Zn-(Ag) mineralizations of the Pfunderer Berg
formed due to hydrothermal processes related to the diorite
intrusions in the area of Klausen (Exel, 1998; Fuchs, 1988).
The Pfunderer Berg is part of several Pb-Zn-Cu-Fe-(Ag) mi-
neralizations occurring in the contact area between the Per-
mian granitic- to dioritic Intrusions and the Southalpine base-
ment in the area of Brixen and Meran, South Tyrol (Fuchs,
1988). The main sulfide assemblage described by Dorfmann
(1974) and Exel (1998) consists of galena, sphalerite, pyrite,
chalcopyrite and fahlore-group minerals. Accessory sulfide mi-
nerals are electrum, polybasite and acanthite. Besides these
phases a number of additional minerals such as marcasite,
arsenopyrite, antimonite (stibnite), jamesonite, boulangerite,
gudmundite, pyargirite, native gold (Dorfmann, 1974) as well
as native silver (Posepny, 1880) and molybdenite (Klebelsberg,
1935) have been described in the literature. Native gold oc-
curring as inclusions in pyrite and sphalerite was described
by Brigo (1971). Oxide ore minerals are hematite, which oc-
curs as inclusions in pyrite and magnetite as well as in spha-
lerite (Dorfmann, 1974). In the different lithologies (diorite,
hornfelses and quartzphyllites) the ore mineral assemblage is
different. Whereas quartzphyllites and contact metamorphic
rocks predominantly contain chalcopyrite and pyrite, the intru-
sive rocks contain galena and sphalerite. However, these four
phases also occur together in many samples. Gangue phases
are mostly quartz but occasionally calcite, barite and fluorite
occur (Dorfmann, 1974).

3. ANALYTICAL TECHNIQUES

Due to the lack of appropriate samples from the now aban-
doned Pfunderer Berg mine, samples were taken from the ore
collection of the Institute of Mineralogy and Petrolography of
the University of Innsbruck and only samples with known geo-
graphical provenance were used. Selected samples were pre-
pared as polished sections. For polarized light microscopical
investigations a Leica DM 2500P microscope with reflected
light mode as well as transmitted light mode was used. Stand-

ard electron microprobe analysis was carried out using the
JEOL JXA 8100 SUPERPROBE with five WDS detectors and
a Thermo Noran EDS system. The analyses file contained the
elements S, Cu, Fe, Zn, Hg, Mn, Mo, Cd, Ni, Pb, Co, Au, Ag,
Ge, In, As, Sb, Bi, Se, Sn, Te. Eleven peak overlap corrections
were considered in order to minimize interferences between
the various elements. For further phase information micro-
Raman spectroscopy was applied using a HORIBA JOBIN
YVON LabRam-HR 800 Raman micro-spectrometer. Samples
were excited at room temperature with the 515 nm emission
line of an Ar-ion laser through an OLYMPUS 100X objective.

4. DORE PETROGRAPHY AND TEXTURAL RELA-
TIONS

The sulfide mineral assemblage consists of galena + chal-
copyrite + sphalerite + pyrite + secondary tetrahedrite + frei-
bergite-tetrahedritegs + polybasite + acanthite + electrum. All
samples are characterized by numerous idiomorphic secon-
dary pyrite grains overgrowing the primary phase assemblage.
A second generation of Ag-poorer, As-richer tetrahedrite co-
exists with pyrite (secondary tetrahedrite). From textural rela-
tions both, pyrite and secondary tetrahedrite were formed in a
later stage of the ore forming process. One sample also con-
tains the rare phases cosalite and gustavite, two Bi-Pb-(Ag)
sulfides with the formulae Pb,Bi,S, and AgPbBI,S,, respectively.
Table 1 shows the phase assemblages of all 15 investigated
samples.

Ag-Au-rich phases: Besides electrum, Ag-bearing minerals
are only present as tiny lenticular- and pebble-shaped inclu-
sions in large galena grains (Figure 3). The most common
Ag-phase is freibergite-tetrahedrite,, followed by polybasite
and acanthite. The size of the Ag-rich inclusions varies from
only a few microns up to 50 microns. Freibergite-tetrahedrite,,
pebbles are greenish-grey (Figure 3), show no pleochroism
and are isotropic. Polybasite appears bluish (Figure 3) with
distinct pleochroism. The anisotropy of polybasite is well vi-
sible. While freibergite-tetrahedritess and polybasite are com-

FIGURE 3: Reflected light microphotograph showing freibergite-
tetrahedriteg, polybasite and acanthite inclusions in galena. Abbrevi-
ations: ac: acanthite, plb: polybasite, f-t: freibergite-tetrahedrites.
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mon, acanthite is rare and exhibits strongly corroded surfaces
(Figure 3). These inclusions were formed during a primary mi-
neralization stage. Electrum was very rarely found. The grains
are enclosed in chalcopyrite. The textural appearance sug-
gests that electrum also formed during the primary minerali-
zation stage.

Bi-(Ag) phases: Gustavite and cosalite are Bi-bearing pha-
ses which were found in one sample as distinct rims surroun-
ding chalcopyrite (Figure 4). These two rare minerals occur
either as late-stage phases during the primary mineralization
or as secondary remobilization products.

Galena occurs as large grains and forms together with chal-
copyrite, sphalerite, pyrite and secondary tetrahedrite the ma-
trix of the sulfide mineralization. Galena contains many tiny
pebble-shaped inclusions. The size of the inclusions is near
the limit of the optical resolution. The most important inclu-
sions are freibergite-tetrahedriteg, polybasite and acanthite
(Fig. 3).

Chalcopyrite forms large grains, with grain sizes up to a few
millimeters but it also occurs as fine inclusions and veins in

sample _ga cp sph fahl fahll

P2a
P2b
P3
P3a
P3b
P3c
P3d
P4a
P5a
P6a
P6d
P7
P7d
P9a
P9b -

TABLE 1: Mineral assemblage of all investigated samples. Abbrevi-
ations: ga: galena, cp: chalcopyrite, sph: sphalerite, fah I: freibergite-
tetrahedritess, fah Il: secondary tetrahedrite, py: pyrite, plb: polybasite,
ac: acanthite, el: electrum, co/gu: cosalite gustavite.
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FIGURE 4: Reflected light microphotograph showing a strongly
decomposed sphalerite grain. The primary grain-shape is still visible.
Spha-lerite contains numerous chalcopyrite inclusions while the sur-
rounding chalcopyrite grains contain star-shaped sphalerite inclusions.
Abbreviations: cp: chalcopyrite, sph: sphalerite.

sphalerite. The small chalcopyrite inclusions in sphalerite are
up to 20 microns large, but in many cases only submicros-
copic “chalcopyrite dust” was observed. Star-shaped sphale-
rite inclusions are a widespread texture found in large chalco-
pyrite grains. The star-shaped sphalerite inclusions are orien-
ted along two, perpendicular, crystallographic directions. Most
of the large chalcopyrite grains are characterized by distinct,
slightly anisotropic lamellae.

Sphalerite occurs as large grains as well as small star-shaped
inclusions in chalcopyrite (Figure 5). The large grains are in
many cases dissolved and pervaded by chalcopyrite (Figure 5).
The original grain shape of sphalerite is in some cases still
visible. A common texture of the large sphalerite grains is the
occurrence of numerous pebble-shaped chalcopyrite inclusions.
Their sizes range from few tenths of microns down to submi-
croscopic chalcopyrite “dust”. It was observed that in the inner
part of sphalerite cores only a few large chalcopyrite pebbles
occur while in the outer rims tiny, almost “dusty”, chalcopyrite
inclusions are more common. Adjacent to the pervading chal-
copyrite veins sphalerite shows reddish-grey optical zoning.

Pyrite mostly occurs as idiomorphic grains within chalcopy-
rite. Texturally it is a product of a later, secondary mineraliza-
tion or remobilization stage since it overgrows other phases
and textures. For instance, oriented star-shaped sphalerite
inclusions, which occur in chalcopyrite were overgrown by
these later-grown pyrites. Reflected light microscopy revealed
a weak anisotropy of the pyrite grains.

Secondary tetrahedrite grows interstitially as well as on the
crystal faces of idiomorphic pyrite grains. The phase occurs as
crack filling and in veins pervading the primary phase assem-
blage. From this textural appearance seondary tetrahedrite is
a product of a secondary mineralization or remobilization stage
Secondary tetrahedrite can be distinguished from pebble-sha-
ped primary freibergite-tetrahedriteSS by the textural occur-
rence and its polygonal grain-shape. The occurrence of frei-
bergite-tetrahedriteg is restricted to small inclusions in galena.

5. MINERAL CHEMISTRY

Freibergite-tetrahedrite ¢s: Analyses of freibergite-tetrahedrite ¢
inclusions in galena were normalized to 13 S+Se per formula
unit. Normalized analyses show semimetal excess sums of
>4 a.p.f.u. Sb+As when compared to the ideal stoichiometry.
The inclusions are rich in Sb and Ag, representing near frei-
bergite end-member compositions. The chemical composition
is in contrast to the large fahlore grains intergrown with matrix
chalcopyrite, sphalerite, pyrite and galena. The mean As con-
centration of latter is 0.96 wt.%, equal to 94.5% tetrahedrite
end-member. The highest tetrahedrite component is 99.25%.
The Ag content of the fahlore inclusions in galena reaches up
to 5.67 a.p.f.u. (30.30 wt.% Ag), which is equivalent to a frei-
bergite component of 94.5% (Figure 6). However, Ag concen-
trations show strong variations down to 0.93 wt.%. The mean
Ag concentration is 14.89 wt.%. Another notable chemical fea-
ture of the fahlore inclusions are high Cd concentrations. Even
if Cd-concentrations <1 wt.% can be attributed to at least in



part to interferences with Ag, the maximal Cd concentrations
of 11.20 wt.% indicate uncommonly high Cd concentrations in
freibergite-tetrahedrite;s. The Cd end-member component
ranges from 2.5% to 88% (0.05 a.p.f.u. to 1.76 a.p.f.u.). Some
analyses show Au concentrations up to 0.09 wt%, however,
considering the detection limit of 300 ppm -400 ppm and the
analytical error, this values are not reliable for further interpre-
tation. Chemical analyses of freibergite-tetrahedrites are lis-
ted in Table 2 (analyses 1-3).

Polybasite: Due to its small grain size electron microprobe
analyses was not always possible, however in some cases the
grain size of polybasite was large enough for reliable EMPA
analyses. The chemical analyses revealed no solid solution
between polybasite and the As end-member pearceite, there-
fore the measured phase represents the Sb end-member.
The analyses were normalized to 11 S atoms, according to
the general formula of the polybasite-pearceite solid solution
[Ag,CuS,][(Ag,Cu)s(Sb,As),S,] by Bindi et al. (2007). The Ag
concentration varies between 62.49 wt.% and 74.25 wt.%,
this corresponds to 13.87 a.p.f.u. and 20.61 a.p.f.u. (Table 3).
The Cu content is low, ranging from 1.93 wt.% to 6.91 wt.%;
this corresponds to 0.72 and 2.60 a.p.f.u. (4.52% and 16.27%
Cu substitution for Ag). Se substitutes for S with up to 0.75
wt.%. The Sb content ranges from 1.69 to 3.10 a.p.f.u. The
As content is near or below the detection limit. As shown in
Table 3 Pb concentrations are highly variable and exceed in
some EPMA spot analyses 10 wt.%. These values are not
to expect as solid solution. In fact these concentrations are
mainly analytical artefacts arising from the small grain size of
the phase, which occurs basically as inclusion in galena.

Acanthite: Due to the rare occurrence and small grain size
of acanthite, only few chemical analyses could be carries out.
EDS and WDS analyses revealed pure Ag2S composition.

Electrum: Due to the small grain size only one microprobe
analysis of electrum was possible. The Au concentration is
61.67 wt% and the Ag concentration is 35.09 wt%. The com-
position of electrum is Au,Ag,,. The analysis also shows
traces of Hg (0.95 wt.%).

Cosalite and gustavite are intimately intergrown and form
rims surrounding chalcopyrite. The ideal composition of cosa-
lite is Pb,Bi,S,. Variable amounts of Cu and Ag can be incor-
porated (Pring and Etschmann, 2002) according to the follo-
wing substitution: Pb + [] &+ Cu + Ag (Pring, 1989). This leads
to the general formula Cu,Ag,Pb, Bi;S,, (Pring and Etschmann,
2002). Cosalite from the Pfunderer Berg incorporates 2.95 to
2.98 wt.% Ag and 1.35 to 1.48 wt.% Cu. Normalized to 5 S+Se
these concentrations correspond to 0.28 a.p.f.u. Ag and 0.21-
0.24 a.p.f.u. Cu respectively. Cosalite analyses reveal high Se
concentrations, ranging from 0.97 to 1.06 wt.%. The mean co-
salite composition fits the formula CuggAg, 0P b ssBig0sS 15.40S€0.51-
This composition agrees with the substitution proposed by
Pring (1989) where Ag substitutes for Pb and Cu occupies a
vacant site. Gustavite shows a more complex stoichiometry,
which fits the formula AgPbBi,S,; and belongs to the lillianite
homologous series, a Pb-Bi-(Ag) solid solution of sulfosalts

500 pm

FIGURE 5: Reflected light microphotograph and backscattered
electron image close-up of a gustavite/cosalite rim surrounding chal-
copyrite. Abbreviations: co: cosalite, gu: gustavite, cp: chalcopyrite.
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FIGURE 6: Ag-Cu correlation diagram of electron microprobe ana-
lyses of freibergite-tetrahedriteg inclusions in galena (open diamonds)
and secondary tetrahedrite grains, coexisting with pyrite (filled diamonds).

(Pring and Etschmann, 2002). Chemically gustavite can be
derived from ideal lillianite Pb,Bi,S, by the substitution Ag + Bi
< 2 Pb. Gustavite from the Pfunderer Berg has a composition
close to the ideal end-member, but also contains 1.43 wt.%
Se, which substitutes for S. The mean chemical composition
can be described with the formula Pb, ;4AQ, 4B, 41S5755€02.- Che-
mical analyses of cosalite and gustavite are given in Table 3.

Galena: Since galena was considered to be the main Ag car-
rier in the older literature (see Dorfmann 1974), it was one of
the aims of this study to verify if galena itself or if the fine in-
clusions in galena were the Ag carrier. Ag concentrations of
galena measured by electron microprobe are in most cases
near or below the detection limit. However few single analy-
ses reveal up to 1.15 wt% Ag. The Cd concentration of galena
is very low ranging from below the detection limit to 0.26 wt.%
with a mean value of 0.06 wt.%. Bi was always detected in
galena. The mean concentration of Bi is 0.60 wt.% and the
highest concentration reaches 0.81 wt.%.



Chalcopyrite: Large chalcopyrite grains and small chalcopy-
rite inclusions can be distinguished in terms of their chemical
compositions. The maximal Zn concentration in chalcopyrite
is 7.43 wt.%. This value was measured in a chalcopyrite in-
clusion in sphalerite and is probably an analytical artefact due
to the small grain size. In contrast, the highest Zn concentra-
tion of matrix chalcopyrite is only 1.55 wt.%. This value can
considered to be in solid solution within the chalcopyrite lattice.
Similar concentrations around 1 wt.% were reported from ex-
periments between 400 and 500°C in the chalcopyrite stability
field (Lusk & Calder, 2004) Some important trace elements,
detected in chalcopyrite, are Pb, Sn, Zn and Cd. In some ca-

sample P2a P2a P2a P3 P3 P3
spot fah 1 fah 2 fah 3 fah1 fah2 fah3

As 0.06 0.05 0.01 0.69 053 044
S 2044 2056 2116 2394 2459 2484
Ag 30.03 2937 2466 1050 280 312
Cu 1551 1580 1824 30.08 3520 36.38
Ni 0.00 0.01 0.00 0.00 0.01 0.01
Ge 0.00 0.00 0.01 0.00 0.00 0.01
Pb 0.07 023 1.87 0.00 0.06 0.12
Sn 0.15 0.15 0.11 0.00 0.02 0.00
Fe 4.83 426 529 348 3.89 317
Zn 1.32 1.80 0.32 3.58 3.54 4.18
Se 0.01 0.00 0.03 0.00 0.02 0.00
Sb 26.61 26.88 26,58 2791 2916 2858
In 0.1 0.13 0.08 0.08 0.1 0.07
Co 0.00 0.00 0.01 0.00 0.00 0.00
Te 0.00 0.00 0.00 0.00 0.00 0.00
Au 0.07 0.00 0.09 0.03 0.00 0.03
Cd 044 047 060 0.16 0.1 0.13
Bi 0.00 0.05 0.01 0.00 0.09 0.03
Hg 0.00 0.00 0.02 0.03 0.00 0.00
Mo 0.01 0.01 0.01 0.13 0.01 0.01
Mn 0.00 0.00 0.03 0.00 0.00 0.00

Total 9966 9976 99.12 10060 100.15 101.13

As 0.015 0.013 0.001 0.160 0.119 0.099
S 12998 13.000 12993 13.000 12995 13.000
Ag 5666 5.510 4.493 1.692 0439 0.484
Cu 4968 5032 5641 8227 9.369 9.590
Ni 0.000 0.003 0.000 0.000 0.004 0.003
Ge 0.000 0.000 0.003 0.000 0.000 0.003
Pb 0.006 0.022 0.177 0.000 0.005 0.010
Sn 0.026 0.025 0.018 0.000 0.003 0.000
Fe 1.760 1544 1862 1.083 1.178 0.951
Zn 0411 0557 0.096 0952 0.916 1.071
Se 0.002 0.000 0.007 0.000 0.005 0.000
Sb 4449 4468 4290 3984 4051 3.932
In 0.020 0.022 0.014 0.012 0.017 0.010
Co 0.000 0.001 0.002 0.000 0.000 0.000
Te 0.000 0.000 0.000 0.000 0.000 0.000
Au 0.007 0.000 0.009 0.003 0.000 0.002
Cd 0.080 0.084 0.105 0.024 0.016 0.020
Bi 0.000 0.005 0.001 0.000 0.007 0.003
Hg 0.000 0.000 0.002 0.002 0.000 0.000
Mo 0.003 0.001 0.002 0.023 0.002 0.002
Mn 0.001 0.001 0.010 0.000 0.000 0.000
semimetals 4.484 4.509 4.309 4.156 4.194 4.046
FetZn+Cd 2.252 2185 2.063 2.059 2.110 2.041
Ag+Cu 10634 10542 10.134 9.919 9.808 10.074

TABLE 2: Selected electron microprobe analyses of fahlore. Analy-
ses are normalized to 13 S+Se atoms. Fahlore analyses from sample
P2a are Ag-rich fahlore inclusions in galena while analyses from sam-
ple P3 are secondary tetrahedrite analyses.

ses low In concentrations of up to 0.11 wt.% were measured.
EMPA spot analyses of matrix chalcopyrite grains yielded no
Sn contents. Only some inclusions in sphalerite show up to
4.5 wt.% Sn. The solubility of stannite in chalcopyrite is high,
even if only the a-chalcopyrite solid solution or the Sn-bearing
intermediate solid solution (ISS) above ~470°C is capable of
elevated Sn concentrations (Moh, 1975). The trace elements
Pb and Cd show no preferential behavior for either the inclu-
sions or the large chalcopyrite grains. The Pb content ranges
from below the detection limit up to 0.30 wt.% with a mean
value of 0.14 wt.% and Cd is even lower, with concentrations
ranging from below the detection limit up to 0.22 wt.% with a
mean value of only 0.05 wt.%.

Sphalerite shows a complex chemical composition in the sys-
tem (Zn,Fe,Cu)S. The composition of sphalerite is characteri-
zed by strong variations in its Cu and Fe contents as well as
relatively high Cd concentrations. The mean Fe content in spha-
lerite is 7.07 wt.% and Fe ranges from 0.61 wt.% to 12.79 wt.%.
Cu ranges from below the detection limit up to 11.68 wt.% with
a mean value of 2.13 wt.%. The highest Fe and Cu concentra-
tions derive from one sphalerite analysis which shows masses
of fine chalcopyrite inclusions. The inner parts of the sphale-
rite grains contain large chalcopyrite pebbles and are nearly
Cu-free (<0.01 a.p.f.u.) while the Fe concentrations range be-
tween 0.15 a.p.f.u. and 0.18 a.p.f.u. The reddish rims and
grain boundaries along chalcopyrite-bearing veins contain
0.07 a.p.f.u. to 0.09 a.p.f.u. Cu and ca. 0.10 a.p.f.u. Fe. The
latter show a positive near 1:1 correlation of Fe and Cu sug-
gesting the presence of sub-microscopic chalcopyrite inclu-
sions and/or sub surface (approx. < 10um below) chalcopy-
rite pebbles which were activated by the electron beam. The
mean Cd concentration is 0.51 wt.% but values up to 0.74 wt.%
were measured. Chemical analyses of sphalerite are shown in
Table 4, analyses 1-2 are Fe-rich and Cu poor, analyses 3-4
are Fe- and Cu-poor and analyses 5-6 are Fe- and Cu-rich.

Pyrite shows besides the main elements Fe and S only trace
element concentrations at or below the detection limit. The
observed anisotropic behavior of pyrite is not caused by the
incorporation of additional elements (e.g. As).

Secondary tetrahedrite is poorer in Ag and Cd compared to
the freibergite-tetrahedritess inclusions. The As concentration
is higher compared to the inclusions but still low with a mean
value of 2.35 wt.%, corresponding to 0.52 a.p.f.u. (equivalent
to 13% tennantite end-member). The Ag content varies be-
tween 0.79 wt.% and 13.23 wt.%; this corresponds to 0.12
a.p.f.u. and 2.22 a.p.f.u. (2% and 37% freibergite end-mem-
ber). Pb, Sn and In were detected only in trace concentra-
tions. The maximal measured Pb concentration is 0.30 wt.%.
The Sn concentrations are similar to the Pb content. In is pre-
sent in all analyses, with concentrations between 0.03 wt.%
and 0.14 wt.%. Analyses of secondary tetrahedrite are also
shown in Table 2 (analyses 4-6).

6. MICRO-RAMAN SPECTROSCOPY
Freibergite-tetrahedriteg inclusions in galena were also ana-



) ) sample P9b P9b Pgb P9b P3a P3a
lyzed using micro-Raman spectros- spot gustavite2  gustavite3 cosalite 1 cosalite2 polybasite 3 _polybasite 4
copy and the data were compared As 0.00 0.02 0.00 0.00 0.02 0.00
to literature data (Table 5). The cha- S 15.97 16.05 15.41 15.72 14.33 13.77
- . o . Ag 9.30 9.40 2.98 295 65.55 64.43
ract(—:‘.rlstlc.band.s of f.relberglte tetra Cu 0.31 0.88 148 135 577 215
hedritegs inclusions in galena from Ni 0.00 0.01 0.04 0.00 0.00 0.00
the Pfunderer Berg are similar to the Ge 0.00 0.00 0.00 0.04 0.00 0.01
spectra of pure tetrahedrite (Table 5, gb 18.27 19.65 %5.37 35.81 3604 1240
n 0.00 0.00 0.00 0.00 0.00 0.00
samples J22 and M11) from Kharbish Fe 0.10 0.35 0.00 0.06 0.00 0.01
et al. (2007). Freibergite-tetrahedritegg Zn 0.00 0.00 0.01 0.10 0.06 0.04
inclusions in galena contain eleva- gz 532 ;g; éﬁg ggg 1067;)67 ggg
ted Ag and occasionally Cd concen- In D:gg 0:10 0:13 0:03 0_‘19 0:16
trations. Despite this chemical diffe- Co 0.13 0.00 0.02 0.00 0.00 0.01
Te 0.00 0.01 0.00 0.00 0.00 0.00
rence, the Ramar.1 bands are compa- o 0.04 0.00 0.15 0.00 0.00 0.12
rable to the Sb-rich, Ag-poor samp- Cd 0.00 0.18 0.1 0.32 0.69 0.76
les from Kharbish et al. (2007). How- Bi 52.01 5223 4155 42.12 0.00 0.11
. . Hg 0.00 0.00 0.00 0.00 0.01 0.00
ever all modes are shifted to slightly Mo 028 015 0.43 0.48 0,09 005
lower wavenumbers (Table 5). Accor- Mn 0.00 0.00 0.00 0.00 0.00 0.00
ding to Johnson et al. (1988), Ag sub- Total 99.28 100.75 98.92 100.21 101.17 102.61
stitutes for Cu on the trigonal planar As 0.000 0.003 0.000 0.000 0.007 0.000
sites located in the cavity of the te- fg ?ggg fgg; 1‘?11““1557 119358? :2;:3 1232;
trahedral framework. This substitu- Cu 0:05? 0:151 0:941 0:844 2_1134 D..851
tion increases the length of the six Ni 0.000 0.003 0.029 0.000 0.000 0.000
trigonal planar (Cu, Ag)S, groups, SE ?g? ?%g ggg ggég ggg ?ggg
the so-called spinner blades (John- Sn 0.000 0.000 0.000 0.000 0.000 0.000
son et al. 1988). Thus the framework Fe 0.020 0.073 0.000 0.046 0.000 0.006
extends by rotating the (Fe,Zn,Cu, Zn 0.000 0.000 0.003 0.063 0.021 0.016
L Se 0.200 0.196 0.543 0488 0.230 0.179
Cd)S, tetrahedrons, which is accom- Sb 0.040 0036 0.062 0.064 1.990 1659
panied by a slight increase of the In 0.009 0.010 0.046 0.027 0.039 0.035
(Sb,As)-S bond length. The result is Co 0.026 0.000 0.010 0.000 0.000 0.002
hift in the ch - hi Te 0.000 0.001 0.000 0.000 0.000 0.000
a shift in the characteristic stretching Au 0.002 0.000 0.030 0.000 0.000 0.016
and bending vibrations of the “cups” Cd 0.000 0019 0.040 0.115 0.148 0.169
of the (Sb,As)S, pyramids. Bi 2.893 2892 8.035 8.007 0.000 0.013
Purite: Anisotropi d isotropi Hg 0.000 0.000 0.000 0.000 0.001 0.000
yrite: AISOlropic and ISotropic py- Mo 0.034 0018 0.181 0200 0.023 0013
rite grains were also analyzed with Mn 0.000 0.000 0.000 0.000 0.000 0.000

micro-Raman spectroscopy. Marca-
site and arsenopyrite spectra from

TABLE 3: Selected electron microprobe analyses of gustavite, cosalite and polybasite. Gustavite
and cosalite were only found in sample P9d. Gustavite analyses are normalized to 6 S+Se atoms

while cosalite analyses are normalized to 20 S+Se atoms. Polybasite was normalized to 11 S atoms.

Mernagh and Trudu (1993) show com-
pletely different Raman modes. The
acquired spectra are comparable to
pyrite described by Mernagh and Trudu (1993). The authors
distinguished between optically anisotropic and isotropic pyrite,
where slightly lower wavenumbers occur in the anisotropic
specimen. Raman modes from anisotropic pyrite measured in
this investigation are very similar to anisotropic pyrite descri-
bed by Mernagh and Trudu (1993). The anisotropic effects,
clearly nor produced by chemical variations, are probably due
to polishing effects as proposed by Libowitzky (1994).

7. DiIscussiaN

7.1 CD-DISTRIBUTION THERMOMETRY BETWEEN
GALENA AND SPHALERITE

Bethke and Barton (1971) reported experimental measure-
ments of the distribution coefficients of Cd, Mn and Se between

galena and sphalerite and the distribution of Se between ga-

Polybasite analyses are from sample P3a and normalized to 11 S+Se.

lena and chalcopyrite. They showed that Cd is strongly fractio-
nated into sphalerite and the two solid solutions exhibit Henry
law’s behaviour throughout the concentration range found in
nature (Bethke and Barton, 1971). The expected concentra-
tions in natural assemblages are therefore only functions of
pressure and temperature. Bethke and Barton (1971) found
that the pressure effect on this system is insignificant. The in-
vestigated temperature range of Bethke and Barton (1971)
was 600°C to 800°C. In our samples galena-sphalerite pairs
were selected using optical microscopy. Most large sphalerite
grains contain numerous chalcopyrite inclusions and thus show
complex textural zoning patterns, which makes the applica-
tion of the Cd-distribution thermometer complicated. In some
samples, up to a few hundred microns large, inclusion-free
and chemically unzoned sphalerite grains occur enclosed in
large galena grains. Statistical examinations of the microprobe



sample P7d P7d P7d P7d P7d P7d
spot  sph1 sph2 sph3 sphd4 sph5 sph6
As 0.00 0.00 0.00 0.00 0.00 0.00
S 32.95 3298 3203 3208 32.88 32.72
Ag 0.00 0.00 0.02 0.03 0.02 0.08
Cu 0.12 0.14 027 0.30 5.35 427
Ni 0.01 0.00 0.00 0.02 0.00 0.00
Ge 0.00 0.00 0.00 0.00 0.00 0.00
Pb 017 0.12 0.07 0.15 0.19 0.14
Sn 0.00 0.00 0.00 0.00 0.00 0.03
Fe 8.13 949 061 0.70 7.01 8.89
Zn 59.00 5728 6651 6696 5546 55.04
Se 0.01 0.00 0.00 0.00 0.00 0.00
Sb 0.02 0.00 0.00 0.01 0.00 0.00
In 0.07 0.11 0.08 0.06 0.08 0.08
Co 0.04 0.00 0.00 0.00 0.01 0.04
Te 0.00 0.00 0.00 0.00 0.00 0.00
Au 0.00 0.07 0.00 0.00 0.00 0.00
Cd 065 052 0.73 047 0863 0.54
Bi 0.02 0.00 0.00 0.01 0.04 0.00
Hg 0.00 0.00 0.00 0.00 0.00 0.00
Mo 0.02 0.03 0.15 0.07 0.13 0.05
Mn 0.20 0.24 0.00 0.00 0.01 0.16

Total 101.39 100.97 10047 100.84 101.81 10205

As 0.000 0.000 0.000 0.000 0.000 0.000
S 1.000 1.000 1.000 1.000 1.000 1.000
Ag 0.000 0.000 0.000 0.000 0.000 0.001
Cu 0002 0.002 0.004 0005 0.082 0.066
Ni 0.000 0.000 0.000 0.000 0.000 0.000
Ge 0.000 0.000 0.000 0.000 0.000 0.000
Pb 0.001 0.001 0.000 0.001 0.001 0.001
Sn 0.000 0.000 0.000 0.000 0.000 0.000
Fe 0.141 0165 0.011 0012 0122 0.156
Zn 0876 0.850 1.016 1.022 0.826 0.823
Se 0.000 0.000 0.000 0.000 0.000 0.000
Sb 0.000 0.000 0.000 0.000 0.000 0.000
In 0.001  0.001 0.001 0.000 0.001 0.001
Co 0001 0.000 0.000 0.000 0.000 0.001
Te 0.000 0.000 0.000 0.000 0.000 0.000
Au 0.000 0.000 0.000 0.000 0.000 0.000
Cd 0.006 0.004 0.007 0.004 0.005 0.005
Bi 0.000 0.000 0.000 0.000 0.000 0.000
Hg 0.000 0.000 0.000 0.000 0.000 0.000
Mo 0.000 0.000 0.002 0.001 0.001 0.000
Mn  0.003 0004 0000 0.000 0.000 0.003

Cu+Fe 0.143 0.167 0.015 0.017 0.204 0.221
TABLE 4: Selected electron microprobe analyses of sphalerite. Ana-
lyses are normalized to 1 S atom. Analysis one and two are Fe-rich

and Cu-poor, analysis three and four are Fe- and Cu-poor and analy-
sis five and six are Fe- and Cu-rich from sample P7d.

technique revealed detection limits near 370 ppm for Cd. Us-
ing this microprobe routine, sphalerite analyses yielded Cd
concentrations between 0.18 wt.% and 0.73 wt.%, which is
well above the detection limit thus yielding only small errors.
On the other hand, the Cd concentration measured in galena
is much lower, slightly above, near or below the detection li-
mit, and thus large errors between 30% and 70% have to be
taken into account based on count rate statistics. The estima-
ted mean temperature of this semiquantitative thermometer is
695°C according to Bethke and Barton (1971) with errors of
+15-20°C. If we include the analytical uncertainties associa-
ted with the Cd concentration in galena the error increases up
to +200°C! This results in temperatures between 500°C and

900°C for all calculated pairs.

7.2 T-LOGFS;-RELATIONS

Some samples are galena-free and can be described in the
chemical systems Cu-Fe-S and Cu-Fe-Zn-S. The phase rela-
tions in these systems were experimentally examined by Lusk
and Bray (2002) and Lusk and Calder (2004). The T-logfS,
plot in Figure 7 shows the stability field of the Cu-Fe sulfides
combined with isopleths showing the FeS content of sphale-
rite. The isopleths were calculated according to Lusk and Bray
(2004) with 2 mol.% CuS and 1, 5, 10, 15, 20 and 25 mol.%
FeS in sphalerite (Figure 7). Assuming temperatures >500°C
the ISS phase is stable at sulfur fugacities between -1 and -5
logfS,. Pyrite was a secondary product and thus can be omit-
ted from the primary ore assemblage. In this case it can be
assumed that, due to the absence of pyrrhotite, the limiting
reaction:
Pyrrhotite + S, -~ Pyrite
does not mark the lower boundary of fS,

7.3 COOLING TEXTURES AS EVIDENCE FOR HIGH-
T HYDROTHERMAL PROCESSES

a-f lamellae: Matrix chalcopyrite shows distinct a-f transfor-
mation lamellae. These a-B transformation lamellae in chalco-
pyrite indicate the formation of chalcopyrite at high tempera-
tures and subsequent cooling (Ramdohr, 1975). The a-3 trans-
formation temperature of chalcopyrite is ~550°C (Moh, 1975)
and decreases gradually with increasing ZnS concentration in
chalcopyrite to ~500°C (4 wt.% ZnS) (Moh, 1975). Large chal-
copyrite grains from the Pfunderer Berg show Zn contents of
~1.5 wt.% indicating that minimum temperatures of at least
520 — 530°C can be assumed. However unmixing of star-sha-
ped ZnS grains in chalcopyrite modified the ZnS concentra-
tion of chalcopyrite.

Star-shaped sphalerite exsolutions: Another cooling pheno-
menon is the occurrence of star-shaped sphalerite exsolutions
in chalcopyrite. Star-shaped sphalerite exsolutions are clearly
restricted to high T-deposits (Ramdohr, 1975). They are caused
by the higher solubility of ZnS in the a-chalcopyrite modifica-
tion at temperatures above 500°C+10°C (Moh, 1975; Ram-
dohr, 1975). The maximal solubility of ZnS in a-chalcopyrite is
reached at 850°C and is 15 wt.% ZnS (Moh, 1975). The maxi-
mal measured Zn concentration in chalcopyrite from the Pfun-
derer Berg is 7.43 wt.% which corresponds to 11.07 wt.% ZnS
in chalcopyrite. Measured Zn concentrations in matrix chalco-
pyrite and chalcopyrite inclusions in sphalerite are within the
solubility limits of the chalcopyrite-sphalerite phase diagram
(Moh, 1975). The described exsolutions yield a minimum tem-
perature of formation of 500°C.

8. CoONCLUSIONS

8.1 PETROLOGY OF THE SULFIDE MINERAL AS-
SEMBLAGE

Textural and mineral chemical data strongly suggest a high-
T formation of the primary Cu-Fe-Zn-Pb-(Ag) mineral assem-
blage of the Pfunderer Berg. Large chalcopyrite grains show



numerous star-like sphalerite inclusions and this texture can
be interpreted as exsolution during cooling from a ZnS bea-
ring, high-T ISS phase which is consistent with relatively high
sulfur fugacities between -1 and -4 log units. This is in agree-
ment with the observation of a- transformation lamellae in
chalcopyrite, indicating the transformation from a structurally
different ISS phases to a low-T chalcopyrite phase during cool-
ing. Sphalerite stars were overgrown by idiomorphic, secon-
dary pyrite suggesting that pyrite belongs clearly to a younger
crystallization stage. But it is not clear if pyrite was formed
during a late stage of the main ore-forming event during the
late Permian or an individual, subsequent event such as the
Eo-Alpine or Alpine remobilization. Application of the semi-
quantitative Cd-distribution thermometer yielded temperatures
>500°C consistent with textural observations such as sphale-
rite exsolutions in chalcopyrite and the a-f transformation la-
mellae in chalcopyrite which is a product of cooling from above
500°C. Geobarometric investigations, using the sphalerite-
pyrrhotite-pyrite geobarometer, could not be applied to the
samples due to the absence of pyrrhotite.

As concluded by Exel (1998) and Fuchs (1988) the ore mi-
neralizations are high-T hydrothermal products related to the
intrusions of diorites into the basement. Although a precise in-
formation about the thermic conditions of formation of the Pfun-
derer Berg mineralizations have not been published so far.
Fuchs (1988) noted that ore petro-
graphical investigations of small mi-

Vi(int) V1 (iet) V2 V3 Vg

P3 fahlore incl. in galena - 358 350 320 292
22 tetrahedrite - 362 380 324 298
"M11 tetrahedrite - 363 352 327 297

'E22 tennantite 381 368 358 337 302
'E23 tennantite 380 366 356 336 304
'Kharbish et al. (2007)

TABLE 5: Comparison bewteen measured Raman modes of fahlore
inclusions in galena from the Pfunderer Berg and fahlore Raman modes
from Kharbish et al. (2007).

nerals that occur as small inclusions in galena. The most im-
portant inclusion in galena is freibergite-tetrahedritess, which
is very rich in Ag and Sb, thus representing near freibergite
end-member composition. The highest Ag concentration in
fahlore is 5.67 a.p.f.u. Other important inclusions are polyba-
site and acanthite. Since galena has been mentioned in the
older literature as the main “Ag carrier” it could be shown in
this study that the presence of abundant Ag-rich mineral inclu-
sions alone is responsible for the high Ag concentrations of
bulk galena analysis.

8.3 IMPLICATIONS FOR ORE PROVENANGE IN
PREHISTORIC MINING
The comparison between the ore mineral assemblage of pre-

- . T [1000/°K]
neralizations related to the Permian " 173 153 133 113 0.93
i i i i T T T T T T T T
Brixen Granite yielded at least epi 3ho 400 500 500 700 soh
to meso-thermal conditions (<300°C; | 1 1 1 1 ._J

Misra, 2000). Our obtained mineral
assemblage and textural relations
as well as thermometry are in agree-
ment with the previous data but yield
hypothermal conditions of at least
500°C for the Pfunderer Berg mine-
ralizations.

Au (electrum) is a common consti-
tuent in many epithermal polymetal-
lic vein deposits associated with sub-
volcanic high-T porphyry Cu-ores
(Hedenquist et al., 1998; Bendezu
and Fontboté, 2009; Kouzmanov et

LOG fs,

al., 2009). The geological setting and
the mineralization style suggest a si-
milar, smaller scaled genetic model.

8.2 IDENTIFICATION OF THE
AG CARRIER

Microprobe analyses of inclusion-
free galena show only occasionally

Sulfidation reactions: Data from Lusk and Bray (2002)
* Barton and Skinner (1979)

measurable Ag concentrations (spo- -12_17
radically up to 1 wt.% in EMPA spot

FIGURE 7: Stability fields of Cu-Fe sulfides in T-logfS, space calculated according to Lusk and

Bray (2002). The sphalerite isopleths were calculated according to Lusk and Calder (2004) with a CuS

analyses) and BSE images demon-
strated the presence of Ag-rich mi-

concentration of 2 mol.% in sphalerite. The 15 mol.% FeS isopleth is characteristic for an inclusion-
free sphalerite from the Pfunderer Berg.



historically mined ore deposits in the Eastern- and Southern
Alps clearly shows that chalcopyrite and fahlore-group mine-
rals were the most important phases used in the prehistoric
Cu production. The beginning of Cu-metallurgy in the Eastern-
and Southern Alps can be dated into the Late Neolithic to Ear-
ly Bronze Age. Well-known smelting sites are known from the
lower Inn valley (North Tyrol, Austria) (Krismer et al., 2009;
Bartelheim et al., 2002) and Aqua Fredda from the Trentino
(Italy, Metten, 2003). “C ages from these sites yielded ages
of 22000 BC. In the Middle- and Late Bronze Age abundant
Cu metallurgy in the central Eastern and Southern Alps is known
from the Mitterberg (Salzburg, Austria, Stollner et al., 2006) from
Kelchalm/Jochberg/Kitzbuhel (North Tyrol, Austria, Goldenberg,
2004), from the Schwaz-Brixlegg mining district (North Tyrol,
Austria, Goldenberg and Rieser, 2004) and from the Southern
Alps in Trentino (ltaly, Metten, 2003). The Pfunderer Berg is
geographically located at the intersection between South Al-
pine and North Alpine smelting and mining sites.

Extensive trace element and Pb-isotope studies from arte-
facts and ore samples from mining areas from the Northern
Greywacke Zone (Mitterberg, Kelchalm/Jochberg/Kitzbiihel)
were performed by Lutz et al. (2010). They concluded that the
deposits of this major Austroalpine unit and especially the Mit-
terberg were the most important mining districts in the middle-
and late Bronze Age. Artioli et al. (2008) presented a similar
trace element, Cu-isotope and Pb-isotope database for Cu-
mining areas from the Southern Alps (ltalian provinces of: Bel-
luno, Trento, South Tyrol). In this study the Pfunderer Berg
was considered to be an important Cu-mining area.

In the Mitterberg and the Kelchalm/Jochberg/Kitzblhel mi-
ning districts chalcopyrite is the predominant Cu carrier. From
the Southern Alps, Metten (2003) reported chalcopyrite to be
the most dominant Cu carrier in the smelting site of Aqua
Fredda near Trento. So far, the presence of notable amounts
of Ag-bearing minerals, associated with chalcopyrite minerali-
zations has been neglected. The smelting sites from the North
Tyrolean Inn Valley on the other hand suggest the processing
of fahlore-group minerals with dominantly tetrahedrite-tennan-
tite composition, which resulted in elevated Zn concentrations,
the presence of Ag (e.g. fahlore and/or balkanite in Réhrer-
bihel) and in some cases traces of Co and Ni (tetrahedrite-
tennantite with Co and Ni) in the smelting products (Krismer
et al., 2009).

The sphalerite- and galena-rich veins of the Pfunderer Berg
were probably only of minor interest in prehistoric times but
the chalcopyrite-rich domains could have been of considerable
interest, although concise archaeological evidence has not
been documented yet. The occurrence of evidence for Late
Neolithic smelting of sphalerite-galena-chalcopyrite ores from
Milland/Brixen, 15 km to the north of the Pfunderer Berg could
imply a possible connection to the Pfunderer Berg mineraliza-
tions but further investigations are currently being conducted
(Artioli et al., 2008; Colpani et al., 2008). Since the chalcopy-
rite-rich domains contain sphalerite, galena, pyrite and Ag-
bearing phases, this would produce slags and raw metals with

elevated amounts of Zn, Fe, Pb and Ag phases as well as ele-
mental contents during smelting. The presence of Bi-phases
and elevated Bi concentrations in metallurgical products (es-
pecially in metal and sulfide phases) can also be expected.
Thus during smelting Fe and Zn would form silicates such as
Zn-bearing fayalite, Zn-bearing clinopyroxene and Zn-bearing
akermanite/gehlenite (Fe-Si-O slag with Zn) and Ag and Pb
would remain similar to As and Sb predominantly in the obtai-
ned metal or within distinct sulfide enclaves of the slags and
the raw metal (Krismer et al., 2009). Based on elevated Pb
(galena), Zn (sphalerite) and Ag (freibergite) contents and mi-
nor Bi (cosalite, gustavite) concentrations, the chemical major-,
minor- and trace element contents of metallurgical products
will show a unique geochemical signature and thus can be pro-
bably distinguished from the products of ores from the Trentino
and from the North Tyrolean and Salzburg sites.
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