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Abstract Structurally controlled Cu-Au mineralization in the
historic Flatschach mining district (Styria, Austria) occurs in a
NE-SW to NNE-WSW oriented vein system as multiple
steep-dipping calcite-(dolomite)-quartz veins in amphibolite
facies metamorphic rocks (banded gneisses/amphibolites,
orthogneisses, metagranitoids) of the poly-metamorphosed
Austroalpine Silvretta-Seckau nappe. Vein formation
postdated ductile deformation events and Eoalpine (Late
Cretaceous) peak metamorphism but predated Early to
Middle Miocene sediment deposition in the Fohnsdorf pull-
apart basin; coal-bearing sediments cover the metamorphic
basement plus the mineralized veins at the northern edge of
the basin. Three gold-bearing ore stages consist of a stage 1
primary hydrothermal (mesothermal?) ore assemblage domi-
nated by chalcopyrite, pyrite and arsenopyrite. Associated mi-
nor minerals include alloclasite, enargite, bornite, sphalerite,
galena, bismuth and matildite. Gold in this stage is spatially
associated with chalcopyrite occurring as inclusions, along re-
healed micro-fractures or along grain boundaries of
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chalcopyrite with pyrite or arsenopyrite. Sericite-carbonate
alteration is developed around the veins. Stage 2 ore minerals
formed by the replacement of stage 1 sulfides and include
digenite, anilite, “blue-remaining covellite” (spionkopite,
yarrowite), bismuth, and the rare copper arsenides domeykite
and koutekite. Gold in stage 2 is angular to rounded in shape
and occurs primarily in the carbonate (calcite, Fe-dolomite)
gangue and less commonly together with digenite, domeykite/
koutekite and bismuth. Stage 3 is a strongly oxidized assem-
blage that includes hematite, cuprite, and various secondary
Cu- and Fe-hydroxides and -carbonates. It formed during su-
pergene weathering. Stage 1 and 2 gold consists mostly of
electrum (gold fineness 640-860; mean="725; n=46), and rare
near pure gold (fineness 930-940; n=6). Gold in stage 3 is
Ag-rich electrum (fineness 350-490, n=12), and has a high
Hg content (up to 11 mass %). The Cu-Au deposits in the
Flatschach area show similarities with meso- to epizonal oro-
genic lode gold deposits regarding the geological setting, the
structural control of mineralization, the type of alteration, the
early (stage 1) sulfide assemblage and composition of gold.
Unique about the Flatschach district is the lower-temperature
overprint of copper arsenides (domeykite and koutekite) and
copper sulfides (djurleite, yarrowite/spionkopite) on earlier
formed sulfide mineralization. Based on mineralogical consid-
erations temperature of stage 2 mineralization was between
about 70 °C and 160 °C. Gold was locally mobilized during
this low-temperature hydrothermal overprint as well as during
stage 3 supergene oxidation and cementation processes.

Introduction
Mining of gold and silver has a century-long history in the

Alps. Dozens of historic mine sites and hundreds of showings
in Austria (e.g., see IRIS data-base, Weber 2015) document
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the previous importance of gold mining in the Alps but also
indicate the potential of the Alpine orogen for precious metals
mineralization (Fig. 1a). The majority of gold deposits in the
Eastern Alps in Austria are located in the Hohe Tauern area;
i.e., in the Penninc units of the Tauern Window and in the
Austroalpine units to its south, but there also exist Au-Ag-
base metal deposits in the Austroalpine tectonic units further
to the east in the Niedere Tauern and Saualpe area (Figs. 1a).

The Cu-Au deposits north of Flatschach (community of
Schonberg)—the object of this study—represent one of these
former mining areas. Mining there goes back to the 15th cen-
tury; the most active period of mining was in the 18th century.
These deposits were re-investigated after World War 11
(Friedrich 1964; Jarlowsky 1951) and explored in the se-
venties to eighties of the 20th century (G&d 1987;
Punzengruber et al. 1977). Since 2011 this region attained
renewed interest from an exploration point of view when
Noricum Gold started to re-evaluate the potential for gold
and copper of these deposits (Noricum Gold Limited 2014).
Some geological and mineralogical results of the
concommitant resarch project of this exploration activity are
presented in this paper.

A peculiar feature of these deposits is the association of
gold with a variety of copper sulfides and the rare copper
arsenides domeykite and koutekite which is atypical for
orogenic-type gold deposits.

This study presents data on the geological setting and ore
mineralogy of these deposits. It focuses on the different min-
eral assemblages containing gold and its association with cop-
per arsenides and copper sulfides. Furthermore, constraints on
the temperatures of formation as deduced from ore assem-
blages are discussed and a comparison with gold deposits of
undoubted orogenic origin in the Eastern Alps is made.
General aspects of orogenic and intrusion-related gold de-
posits are compared to Flatschach in order to correctly classify
these deposits and clarify their relation to the regional geolog-
ical evolution of the Alps. Results of this paper are hopefully
of interest to researchers who work on various aspects of gold
deposits in orogenic belts including those interested in pro-
cessing polymetallic gold ores.

Geology
Regional geological setting

The study area is located in the Austroalpine basement units of
the Eastern Alps to the east of the Penninic Tauern Window
(Fig. 1a, b). The Austroalpine tectonic units include metamor-
phic basement nappes plus sedimentary cover sequences of
the upper (Adriatic) plate that were thrust onto Penninic units
and the lower plate European continental margin during the
Alpine orogeny (Schmid et al. 2004). The Austroalpine units
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are subdivided into (1) Lower Austroalpine nappes, (2) the
Upper Austroalpine Northern Calcareous Alps and
Greywacke Zone, and (3) the Upper Austroalpine basement
nappes (Fig. 1b; Schmid et al. 2004). Using this classification,
the Flatschach area is located in the Silvretta-Seckau and the
Koralm-W&élz nappe systems of the Upper Austroalpine base-
ment. The Neogene pull-apart Fohnsdorf basin and the corre-
sponding strike-slip fault system are the youngest geological
units / structures in the area (Fig. 1a, b).

Silvretta-Seckau nappe system

The Silvretta-Seckau nappe system is the deepest Upper
Austroalpine tectonic unit. It is composed of
polymetamorphic basement rocks (up to few km thick) and a
thin cover of post-Variscan Late Paleozoic to Mesozoic sedi-
ments (Rannach Formation). The dominant metamorphic
rocks of this nappe system are biotite-plagioclase gneisses
(locally hornblende-bearing and migmatitic) and amphibo-
lites; the latter are associated with metagabbros and
serpentinized ultramafic rocks. The magmatic protoliths of
these rocks formed due to subduction, collision and extension-
al processes from the Late Proteozoic to Ordovician
(Neubauer et al. 2002). Acid to intermediate plutonitic
protoliths were transformed to metagranitoids derived from
calc-alkaline I-type granitoids of Variscan age (Schermaier
etal. 1997) but also including S-type granites in its uppermost
sections (Pfingstl et al. 2015). Two Rb-Sr whole rock isochron
ages for leucocratic orthogneisses yielded 354+16 and 432+
16 Ma, respectively (Scharbert 1981), indicating that Variscan
as well as pre-Variscan rocks are present in the eastern part of
the Seckau Silvretta nappe system.

A zone of intermixed rocks (Gaaler Schuppenzone) includ-
ing tectonic slices of the Permo-Triassic cover (Rannach
Formation) forms the NW continuation of the upper Speik
Complex. This complex is mainly composed of banded am-
phibolites and hornblende-bearing paragneisses, meta-
ultramafic rocks, metagabbros and locally retrograde
eclogites. In the hanging wall marbles, calc-silicate rocks
and micaschists become more common. Meta-ultramafic
rocks are primarily found toward the base of the complex
below the amphibolite-dominated part. The Speik Complex
is interpreted as a dismembered ophiolite of pre-Alpine age
(Neubauer et al. 1989) that formed in a supra-subduction re-
gime during the Late Proterozoic to Cambrian (~750 to
~550 Ma, Melcher and Meisel 2004). The Rb-Sr whole rock
isochron age of 331+25 Ma for the augengneisses (Frank
et al. 1983) can be interpreted as the emplacement age of the
granitic protoliths, which intruded the older series during the
Variscan orogeny in the Lower Carboniferous.

Conditions of Eoalpine metamorphism in the
Permomesozoic Rannach Formation were estimated at 530-
550 °C, 0.8-0.9 GPa (Faryad et al. 2002). The pressure-
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Fig. 1 a Geological map of the 10°E 12°F 14°E 16°E
eastern part of the Alps showing ' ' ' ®\/ienna
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deposit districts in Austria. /
Flatschach; 2 Kliening; 3
Pusterwald; 4 Gastein-Rauris; 5
Rotgiilden; 6 Schellgaden; 7
Kreuzeck- and Goldeck
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2002) b Geological sketch map
showing location of the study area
(green box) in the context of
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geological units (simplified after
Schmid et al. 2004). FB
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temperature conditions of pre-Alpine high-pressure metamor-
phism are 700 °C, 1.8-2.2 GPa and an Ar-Ar age of high-
pressure amphiboles yielded an age of ~400 Ma (Faryad
et al. 2002). The Rb-Sr ages of biotite in the Seckau
Complex range from 76 Ma to 86 Ma; they are interpreted
as cooling ages of Eoalpine metamorphism and linked with
extension-relatd exhumation of the Seckau nappe in the Late
Cretaceous (Pfingstl et al. 2015).

Koralpe-Wolz nappe system

The Koralpe-Wdlz nappe system tectonically overlies the
Silvretta-Seckau nappe system, and consists of several
nappes, which all record the same Eoalpine deformation and
metamorphic history. The metamorphic gradient of the units
increases from the northern (greenschist facies) to the southern
central units (upper amphibolite/eclogite facies); metamorphic
grade also decreases from the basal central units towards the
hanging wall units. The rocks record poly-metamorphic oro-
genic metamorphism. In addition to Eoalpine medium to high-

pressure Barrovian metamorphism, some units preserve evi-
dence of low-pressure metamorphism and granitoid and peg-
matite emplacement of Permian age (Schuster and Stiiwe
2008; Thoni 1999).

The dominant lithologies of the Koralpe-W6lz nappe sys-
tem are poly-deformed phyllites, garnet micaschists or alu-
minium silicate-bearing gneisses. Marbles, amphibolites and
quartzites are locally intercalated. In the Flatschach area, the
Koralpe-Wélz nappe system is represented by micaschists of
the Wolz Complex in the southern part of the field area
(Fig. 2). Light colored garnet micaschists in this complex con-
tain white mica, quartz and minor albite, garnet, biotite and
chlorite. The oldest garnet generation in metapelites of the
Wolz Complex formed during the low-pressure event (0.4—
0.5 GPa, 540-560 °C, Bestel et al. 2009) in the Permian
(~270 Ma, Schuster and Stiiwe 2008). The garnet rims and
the smaller garnets in the northern micaschists crystallized
during the Upper Cretaceous (~90 Ma) under P-T conditions
of 0.7-0.8 GPa and 550-570 °C (Bestel et al. 2009). The
widespread K-Ar muscovite and Rb-Sr biotite ages between
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Fig. 2 Geological map based on 1:10,000 scale re-mapping of
Flatschach — Tremmelberg area (Leitner 2013). Location of the main
veins (blue lines) in the three historic mining districts (BG

~80 and 90 Ma are evidence that the predominant metamor-
phic event in the Koralpe-Wdlz nappe system is Eoalpine
(Thoni 1999).

The Neogene Fohnsdorf-Seckau basin

Sediments of the Neogene Fohnsdorf basin cover the
Austrolapine basement rocks in the southernmost study area
(see e.g., Sachsenhofer et al. 2000; Strauss et al. 1999). This
~20 km? large and up to 2000 m thick basin formed in the
Miocene as result of orogen-parallel extension and lateral ex-
trusion of the central parts of the Eastern Alps to the east. The
asymmetric basin developed between major sinistral and dex-
tral wrench faults and is one of several en-echelon basins
along the Mur-Miirz fault system. The basin is located at the
junction of the sinistral ENE-trending Mur-Miirz fault system
and the dextral NW-trending Pols-Lavanttal fault system
(Fig. 1a, b). The three main sedimentary formations of this
intra-montane basin are composed of various clastic sedi-
ments and contain coal deposits at its base. Sediments aong
the northern basin margin were deposited onto the basement
rocks between the Early to Middle Miocene (Badenian?).
Regional faults can be assigned to four brittle deformation
phases. During the pre-Miocene, the NW-SE trending
Ingering strike-slip fault formed. The other three phases are
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related to Miocene basin evolution. The first phase is the pull-
apart phase related to sinistral strike-slip faulting, the second
one coincided with subsequent fault reactivation and half-
graben formation, and the third one was related to further
post-sedimentary compression (Strauss et al. 2001).

Local geology

Eight ore veins—of these three are regarded as main ones—
are known in the three mining districts referred to as
Brunngraben, Weissenbach and Adlitz mining districts
(“Revier”, Fig. 2). In the Weissenbach and Adlitz mining dis-
tricts the set of veins strikes NE-SW with a dip of 70-80° to
the NW. In the Brunngraben mining district in the SW the
veins become oriented NNE-SSW with a dip of 72-76° to
the SE (Friedrich 1964; Jarlowsky 1951). The veins are up
to ~1 m wide and are partly filled with fault gouge material
derived from cataclasis of the surrounding host rocks, which
are locally hydrothermally altered and converted into argilla-
ceous material. Thin phyllosilicate-rich selvages border the
veins. Copper-gold mineralization within the veins occurs in
disseminated form, in patches or in bands. Quartz and calcite
are the main gangue minerals. The upper mine levels and the
southern mine districts are reported to be enriched in
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arsenopyrite and pyrite, whereas chalcopyrite increases with
depth and becomes the predominant sulfide in the north
(Jarlowsky 1951). Coal-bearing sediments of the Neogene
Fohnsdorf basin unconformably overlie the ore veins in the
today inaccessible Fortuna Unterbau gallery (Jarlowsky
1951). This observation is important because it constrains
the mineralized structures to be of pre-Miocene age.

During a geological field campaign in 2012 the Flatschach-
Tremmelberg area was remapped on a 1:10,000 scale (Leitner
2013). The dominant host rocks to the mineralized veins are
amphibolites, biotite gneisses and orthogneisses. Micaschists,
granite gneiss and serpentinite are subordinate. Amphibolites
and biotite gneisses are commonly banded and interlayered on
various (from decimetre to metre) scales. They are summa-
rized as amphibolite-biotite gneiss unit. The amphibolites are
massive to foliated, fine- to medium-grained and composed of
hornblende and plagioclase with minor quartz, biotite,
+gamet, =muscovite, +clinozoisite, +ilmenite. Thin veinlets
and disseminations of scheelite accompanied by tourmaline
and hosted in the amphibolites were encountered during the
exploration drilling campaign at the Weissenbach district
(Paar 2014).

Biotite gneisses are well foliated and composed of plagio-
clase, alkali feldspar, quartz, biotite, muscovite, garnet,
thornblende, +epidote and+chlorite. The modal compositon
of these gneisses varies considerably; biotite-gneiss, biotite-
muscovite gneiss, garnet-biotite-muscovite gneiss as well as
quartzo-feldspathic varieties can be distinguished. Due to the-
se petrographic variation and small-scale interlayering of the
various lithologies, the amphibolite-biotite gneiss unit is
interpreted as a volcano-sedimentary unit with a contribution
of plutonic material.

Light-colored medium to coarse-grained feldspar-rich
orthogneisses contain variable amounts of alkali feldspar, pla-
gioclase, quartz, muscovite, with minor biotite and tourmaline
Dark biotite-rich and fine-grained mylonitic varieties also oc-
cur along with epidote-hornblende and tourmaline-rich gneiss.
Locally, coarser grained (up to 10 mm) granite gneiss is
interlayered with the orthogneisses, especially to the south of
Adlitzgraben (Fig. 2). It has a rather homogeneous composi-
tion with major alkali feldspar, plagioclase and quartz, and
minor muscovite+biotite.

Rare, small lenses of serpentinite occur at Tremmelberg
and contain serpentine-group minerals, olivine, magnetite,
chlorite and carbonates. Pyrite, chalcopyrite, bornite, covellite
and millerite are accessory sulfides.

The garnet micaschists belonging to the Wolz-Koralpe
nappe system include silver—grey schists, which are dominat-
ed by muscovite and normally contain mm—cm sized garnet
porphyroblasts. Larger garnets may show two growth stages.
Quartz, biotite, chlorite and feldspars are minor constituents.
Near the thrust zone where the micaschists are in tectonic
contact with the underlying amphibolites of the Seckau-

Silvretta nappe system, the micaschists tend to contain more
chlorite.

Structural measurements are summarized in Fig. 3. The
poles of foliation planes in the host rocks of the veins are
distributed along a ~N-S trending girdle (7t - circle 098/70)
in the stereographic projection diagram (Fig. 3a). The calcu-
lated 7t - point (A1; 278/20, Fig. 3a) gives the calculated fold
axis point of this great circle and fits well with the maximum
of the measured fold axes and other lineations in the mapped
area (Fig. 3b). The majority of the lineations are oriented
WNW-ESE with a predominant flat plunge to ~W to WNW
orientation. The data reflect a regional scale re-folding of the
major foliation. All these formed during the regional amphib-
olite facies metamorphism of Eoalpine age.

Data of brittle structures are shown in Figs. 3c, d. The
measured fault planes show N-S to WSW-ENE orientation,
however, with a considerable scatter of the data. A main fault
orientation is between NNW/NW and SSW/SW with a dip of
60 to 90°. This direction corresponds to the orientation of the
mineralized Cu-Au veins (see Fig. 2). Two major directions,
NNW-SSW and WNW-ESE, become visible in the joint
planes data set; i.e., these steeply dipping joint planes belong
to a conjugate joint system.

From field observations and structural data, it is clear that
the mineralized Cu-Au veins post-date the ductile deformation
event(s). Orientation of the ore veins approximately corre-
sponds with the regional orientation of one set of the fault
planes and also with the dominant set of unmineralized late
joints. It is therefore suggested that the mineralized vein sys-
tem formed after the main ductile deformation stage (but prior
to the brittle joints) in a regional stress regime characterized by
NNE-SSW compression with a WNW-ESE extensional
component.

Sampling and methods

The total sample set studied includes material collected from
fieldwork in 2012 as well as archive material from previous
projects (electronic supplementary material appendix 1). In
the first project phase, a total of 22 polished sections were
investigated. This material is mainly from the Weissenbach
mining district (Fig. 2). In the second project phase, a total
of 29 polished sections were investigated. These sections are
mostly from the PhD thesis by Jarlowsky (1951) (“Friedrich
Archiv”) and were provided by Universalmuseum Joanneum
Graz. Three new samples collected during sampling of dumps
at Barbara adit in April 2012 were added to this sample set.
The total material investigated is from all three mining dis-
tricts in the Flatschach area; i.e., Brunngraben, Weissenbach
and Adlitzgraben (Fig. 2).

Polished sections (40 respectively 30 mm in diameter)
were used for reflected light microscopy. A Zeiss AXIO
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Interval 5°
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Interval 10° 180 max.=20% 90

Fig. 3 a Lower hemisphere, equal area plot showing pole points of the
foliation planes in the host rocks of the veins; the red line shows the
constructed 7t - circle, point 1 (red triangle) defines the constructed
fold-axis. b Lower hemisphere, equal area plot showing contour plot of
lineations. ¢ Rose diagram of fault planes. Orientation of mineralized Cu-

Scope.Al polarization microscope equipped with a Zeiss
AXIO Cam ERc 5 s digital camera and AxioVision
Rel.4.8.2.0 software was used for transmitted and reflected
light microscopy. The electron microprobe analyses (EMPA)
were done at the Eugen Stumpfl Electron Microprobe
Laboratory of Universititszentrum Angewandte
Geowissenschaften Steiermark (UZAG) at
Montanuniversitaet Leoben. The analyses were made by
wavelength dispersive spectrometry (WDS) using a JEOL
JXA 8200 Superprobe. The analytical conditions were: accel-
eration voltage 20 kV, probe current 15 nA or 10 nA. Ko lines
were used for analyzing Fe, Cu, and S, L« lines for Ag, Au,
Sb and As and M« lines for Hg, Pb and Bi. Calculated detec-
tion limits (95 % confidence, in ppm) are about: Fe (120), Cu
(180) and S (150), Ag (180), As and Au (800), and about
1800 ppm for Sb, Hg, Pb and Bi. Natural mineral standards
were used for calibration. Some analyses of small grains
(<10 um) may show effects of the surrounding matrix and
give too low totals.

The Raman spectra of some phases were measured with an
ISA JobinYvon LABRAM confocal Raman spectrometer,
using a frequency-doubled 120 mW Nd-YAG laser with an
excitation wavelength of 532 nm. Silicon and polyethylene
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Au quartz veins corresponds to the smaller population (~NE-SW
oriented). d Rose diagram of joint planes. Two main directions, both
steeply dipping, are visible (NNW-SSW and WN-ESE). All diagrams
were constructed using the tectonics FP software (Reiter and Acs http:/
www.tectonicsfp.com)

were used for calibration. The spectra were collected between
180 and 2000 cm™ ' with a resolution of approximately
+2 cm™'. To allow phase identification the measured spectra
were compared with spectra reported in the RRUFF database
(RRUFF 2013) and an in-house database. If available, abbre-
viations of mineral names as suggested by Whitney and Evans
(2010) were used (Table 1).

Mineralogy
Vein mineralogy and wall rock alteration

Because of the inaccessibility of most of the historic under-
ground mine workings and poor exposures, hydrothermal al-
teration could not be studied in outcrop. Information comes
from larger blocks taken at dumpsites. Sample T.03 is from a
block taken at the dumps of Barbara adit. In this sample,
sulfide mineralization is found in the form of sulfide-bearing
quartz-calcite veinlets surrounded by altered host rock
(Fig. 4a, b).

The major minerals within the veinlets are quartz, calcite
and chalcopyrite, arsenopyrite and minor pyrite. Gold was not
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Table 1 Ore and gangue minerals identified in this study. The mineral names and the nominal mineral formulae are given. When available
abbreviations according to Whitney and Evans (2010) are used; for Cu sulfides nominal formulae as well as on basis of S=1 are listed

Mineral Abbreviation Chemical composition Frequency

Cu-S minerals

Chalcocite Cct Cu,S X
Digenite Dg Cuy g+xS; CuoSs XX
Djurleite Dju? Cuy 94S; Cuz;Sig X
Anilite Ani® Cu, 75S, CusS, XX
Geerite Gee? Cuy ¢S; CugSs X
Spionkopite "(bb. covellite") Cv / Spk* Cuy 30S; Cusz0S,g XX
Yarrowite ("bb. covellite") b Cv/ Yar* Cuy 13S; CueSg XX
Cu-As minerals
Domeykite Dom? Cus_4As, x=0.02 - 0.4 XX
Koutekite Kou® CusAs, X
Other ore minerals
Alloclasite ? Alc? Co;_<Fe,AsS (low Ni content) X
Arsenopyrite Apy FeAsS XXX
Bismuthinite Bis® Bi,S; X
Bornite Bn CusFeS, X
Chalcopyrite Ccep CuFeS, XXX
Enargite Eng CuzAsSy
Galena Ga PbS
Matildite Mat" AgBiS,
Bismuth Bi Bi XX
Copper Cu Cu X
Gold, electrum Au Au; (Au,Ag) X
Pyrite Py FeS, XXX
Safflorite Saf® (Co,Fe,Ni)As, X
Sphalerite Sp ZnS X
Tetrahedrite Ttd Cuy2As4S13 . CuypSbysSys X
Xenotime Xtm Y(POy) X
Cuprite Cpr Cu,O X
Hematite Hem Fe,04 XX
Magnetite Mag Fes;04 X
Ilmenite Ilm FeTiO5

Non-ore minerals

Azu®

Azurite Cu3(CO3),(OH), X
Calcite Cal CaCOs; XXX
Calcite, Fe-rich® XX
Chlorite Chl (Fe,Mg,Al,Zn)4(S1,Al)40,0(OH)g XX
Dolomite/Ankerite Dol/Ank Ca(Mg,Fe)(CO3), XXX
Fe - hydroxides (limonite) Lim FeO(OH).nH20 XX
Malachite Milc Cu,(CO3)(OH), X
Muscovite/ Sericite Ms KAIL((OH,F),|AlSi5010) XX
Quartz Qz SiO, XXX
Rutile Rt TiO, XX
Serpentine Srp (Mg)3(Si,05)(OH),4 X
Titanite (sphene) Ttn CaTi(O|Si0O4) X

X Very rare to rare, XX cOmmon, Xxx very common
*New defined abbreviation
°bb. covellite “Blaubleibender" covellite (mixture of spionkopite and yarrowite)

¢ due to replacement by Fe-(hydro)oxides
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Fig. 4 a Ore sample (polished slab of sample T.03) from the Barbara
dump, Weissenbach district. Carbonate-quartz-sulfide veinlets crosscut
strongly altered host rock. Sample height ~10 cm. b Microphotograph
showing veinlet with coarse calcite (Cc) and euhedral quartz (Qz)

observed in this specific sample; gold value of the bulk sample
is also low (i.e., 3.5 ppm). Quartz is intergrown with calcite
and the sulfides and partly forms perfectly euhedral crystals
(Fig. 4b). The co-existing coarse-grained vein carbonate is
calcite. Euhedral rutile was also observed in the veinlet.

The altered host rock around the veinlets contains sericite,
calcite and quartz (Fig. 4a, b). Rutile and other Ti-minerals
(titanite, anatase?) likely also belong to the alteration assem-
blage. From the primary host rock mineralogy only quartz,
and to some extent, muscovite, are preserved; no feldspars
are present any more. Locally, muscovite may define a
ghost-like relict foliation. Thus, sample T.03 represents
sericite-carbonate alteration that affected a siliceous quartz-
mica-(feldspar?)-rich rock. Most likely the unaltered protolith
was a biotite-muscovite-bearing paragneiss from the
amphibolite-biotite gneiss unit.

Paragenetic stages—an overview

Based on ore microscopy and EMPA analyses three parage-
netic stages can be distinguished (Fig. 5). This figure provides
only a summary; the detailed mineralogy of each sample is
listed in electronic supplementary material appendix 2. The
minerals identified, nominal mineral compositions together
with mineral abbreviations are given in Table 1.

Stage 1 includes the earliest formed Cu-Fe-As sulfides,
which were replaced by the younger stage 2 and 3 assem-
blages. The main ore minerals of this stage are chalcopy-
rite, pyrite and arsenopyrite. Associated minor minerals
include alloclasite, sphalerite, galena, bismuth and
matildite. Gold was observed in several samples of this

@ Springer

crosscutting altered gneissose host rock (fop left and bottom right).
Sericite (Mu) and carbonate are the common alteration minerals.
Sample T.03, thin section, transmitted light, crossed-polars

stage. The associated gangue minerals are quartz and
calcite.

Stage 2 includes the Cu-(Fe)-sulfides and Cu arsenides
that formed by replacement of stage 1 sulfides. It includes
bornite, enargite and various minerals of the Cu-S and
Cu-As system. The most common Cu-S phases are chal-
cocite/digenite, anilite and bb covellite (bb
“blaubleibend”=German for blue remaining), others like
djurleite, geerite etc. are more rare (Table 1). The most
common Cu-arsenide is domeykite; it occurs together
with minor koutekite. Gold is also associated with this

Stage 3
Supergene

Stage 1 Stage 2
Hypogene mesozonal| Hypogene epizonal

Ore minerals
Pyrite
Arsenopyrite
Chalcopyrite
Bornite/ Enargite
Cu sulfides

Cu arsenides _ |-
Gold

Copper

Bismuth minerals

Gangue
Quartz S ——

Calcite | — ?

Dolomite/ankerite ?
Oxides /hydroxides

Fig. 5 Paragenetic stages distinguished in vein-type Cu-Au
mineralization in the Flatschach mining area. Gold is present in all three
stages. Cu-rich sulfides include digenite, djurleite, anilite, geerite,
spionkopite and yarrowite; Cu-rich arsenides are domeykite, koutekite
and enargite; bismuth phases include bismuth, bismuthinite and
matildite (see text for details). Solid line: common, dashed line: less
common phase
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stage. The common gangue minerals are dolomite/
ankerite and quartz.

Stage 3 includes oxides, hydroxides and copper carbon-
ates that formed during supergene weathering. These are
hematite, cuprite, goethite, malachite and azurite. The Cu
sulfides anilite, djurleite, bb covellite as well as copper
could also be low-T phases related to supergene
oxidation/cementation processes. Their assignment to
stage 2 vs stage 3 is sometimes uncertain. Gold of finer
grain size (max. 20 um) and different chemical composi-
tion is also part of this stage.

Arsenopyrite, pyrite and chalcopyrite

Chalcopyrite, pyrite and arsenopyrite are the most frequent ore
minerals in stage 1 (Fig. 5, electronic supplementary material
appendix 2). Arsenopyrite and pyrite show sub- to euhedral
morphology (Fig. 6a, b). Two generations of pyrite can be
distinguished. The first generation (Pyrite I) is inclusion-free,
euhedral and intergrown with arsenopyrite. The second gen-
eration (Pyrite II) is finer grained, inclusion-rich and intimate-
ly intergrown with the gangue minerals; partly it overgrows
Pyrite I and arsenopyrite (Fig. 6a). The larger pyrite and arse-
nopyrite grains often show cataclastic texture. Chalcopyrite
fills fractured pyrite and arsenopyrite (Fig. 6b) but it also oc-
curs as large anhedral (£fractured) grains, commonly with
inclusions of euhedral pyrite and arsenopyrite, or disseminat-
ed in carbonate gangue. Locally, chalcopyrite overgrew
euhedral gangue quartz.

In stages 2 and 3 chalcopyrite, pyrite and arsenopyrite oc-
cur only as relicts that were incompletely replaced by bornite

Fig. 6 a Two generations of
pyrite (Py I and Py II) and
arsenopyrite (Apy) in quartz
calcite gangue. Stage 1. Sample
78561. b Chalcopyrite (Ccp)
filling fractured pyrite (Py).
Minor arsenopyrite (Apy) is also
present. Stage 1. Sample J.05. ¢
Stage 1 pyrite (Py), chalcopyrite
(Ccep) and gold (Au). Stage 1. d
Chalcopyrite (Ccp) replaced by
bornite (Bn), digenite (Dg) and bb
covellite. Transition of stage 1 to
stage 2. Sample 78568

and various Cu sulfides and Cu arsenides. Bornite forms co-
ronas around chalcopyrite or is present in micro-fractures and
oriented lensoid lamellae within chaclopyrite. Some of the
coronas are poly-phase and include, in addition to bornite,
digenite and bb covellite (Fig. 6d). Pyrite and chalcopyrite
are commonly altered to Cu-rich sulfides (e.g., digenite, anilite
etc.; Fig. 7a). In the oxidized stage 3, chalcopyrite is exclu-
sively preserved as tiny rounded inclusion in euhedral quartz
(Fig. 7d).

Chemical compositions of arsenopyrite, pyrite and chalco-
pyrite are listed in Table 2. Some pyrites contain minor arsenic
(up to 2.1 mass % As, JO3 anl), others not (sample 78568)
confirming that there are chemically different types of pyrite.
Compositions of chalcopyrite are close to ideal CuFeS,. In
contrast arsenopyrite composition is non-ideal; it contains ex-
cess sulfur (1.09-1.15 S per formula unit; Table 2).

Cu-rich sulfides and copper

Cu-rich sulfides observed include digenite/chalcocite, anilite,
djurleite and bb covellite (Tables 3, 4); actually, the latter is
now known to be a mixture of spionkopite Cu; 39S and
yarrowite Cu; ;3S (Goble 1980). The identification of these
minerals is based on optical properties observed in reflected
light in combination with EMPA analyses.

The Cu-sulfides commonly exhibit replacement and
cataclastic textures; i.e., the larger grains are often fractured
and fragmented, the micro-fractues being filled with gangue
minerals. Chalcocite/digenite and anilite mainly formed by
replacement of chalcopyrite, bornite and pyrite (Figs. 6d,
7a). Fine-grained covellite also occurs in cloud-shaped mi-
cro-areas together with bismuth. In sections with a higher
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Fig. 7 a Digenite (Dg) and
anilite (Ani) formed by
replacement of pyrite (Py).
Sample P.12. b Digenite, anilite
(Ani) and bb covellite (Cv) with
bismuth (Bi). Note the increase in
blue hue in these phases. Stage 2.
Sample P.7. ¢ Domeykite /
koutekite (Dom/Kou) intergrown
with bismuth (Bi) in carbonate
gangue. Stage 2. Sample P.18,
few days after re-polishing. d
Mixture of hematite /Fe-
hydroxide (Fe-ox) replacing bb
covellite (Cv). Chalcopyrite (Ccp)
of stage 1 is only preserved as
inclusion in quartz (Qz). Stage 3.
Sample P.22

amount of bismuth (e.g., P.15), digenite is intergrown with this
phase. In sections with a high amount of oxide/hydroxide
gangue (stage 3), digenite is mainly absent and covellite be-
comes the dominant Cu-sulfide (Fig. 7d). Bb covellite is lo-
cally intergrown with copper. Larger (>100 pm) grains of
copper show skeletal / dendritic morphology but it is also
present as fine disseminated dust in calcite that is replaced
by Fe-oxide/hydroxide (stage 3). There, copper is partly oxi-
dized to cuprite.

Analyses of minerals of the Cu-S system are listed in
Tables 3 and 4. Discrimination of these phases is mainly based
on their different Cu/S ratio (e.g., Posfai and Buseck 1994) but
also considering optical properties. Digenite has compositions
of Cuy gg_1.99S. Chemically analyses close to Cu,S (e.g., P12
anl0, Table 3) could, however, also be chalcocite. Similarly,
identification of djurleite on basis of chemical composition is
equivocal. Anilite has Cu/S of about Cu; 7;_; g,S. Bb covellite
is according to its chemcial composition yarrowite (Cuy 14
1.18S) as well as spionkopite (Cu; 35 139S). It must be noted
that structural data supporting unequivocal identification of
these phases is not available.

Domeykite, koutekite, enargite and safflorite

Domeykite and koutekite are quite common phases in the
Weissenbach district (Brandnergang) and less common else-
where (electronic supplementary material appendix 2). These
copper arsenides form irregular aggregates of different shape
and are commonly associated with carbonate gangue of stage
2. They form irregular patches (Fig. 7c) but also occur in a
reticulate network of micro-fractures and as irregular “reef-
like” aggregates (Fig. 8d) where these phases are porous. In
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some samples, domeykite/koutekite are associated with bis-
muth, digenite and gold (Figs. 7c, 8e).

Regarding their Cu/As ratio a continuous compositional
variation is evidenced in the domeykite—koutekite data
(Table 5). The Cu/As ratios vary between 2.5 and 2.8 but
never reach up to 3. Thus, according to its chemical compo-
sition domeykite is rather 3-domeykite than o-domeykite
(CuzAs). Analyses with Cu/As of 2.5-2.6 are classified as
koutekite (Table 5). Analyses of both domeykite and koutekite
may contain small but erratic amounts of Fe (0.02 to 3
mass%). Thus Fe is rather a contaminant than incorporated
in the structure.

Enargite is a rare phase formed during replacement of stage
1 chalcopyrite and arsenopyrite. It was observed in reaction
coronas around chalcopyrite together with tetrahedite (?). One
enargite analysis is listed in Table 5. Safflorite was only ob-
served in sample 78566, where it is associated with chalcopy-
rite. Tiny euhedral to subhedral safflorite crystals form elon-
gate aggregates or star-shaped groups.

Bismuth minerals

The bismuth minerals in the samples include mainly bismuth
and rare bismuthinite and matildite. Bismuth mainly occurs in
carbonate and oxides/hydroxide gangue, either finely dissem-
inated or in larger (up to 1x6 mm) irregular patches. It is quite
common in stage 2 where it is associated with digenite, anilite
and domeykite/koutekite (Fig. 7b, c). In a few cases has it
been observed together with gold, matildite and bismuthinite
associated with stage 1 chalcopyrite, pyrite and arsenopyrite.
Bismuthinite is intergrown with or overgrowing bismuth; the-
se polyphase grains are usually small (<10 pm). Elongated
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Table 3  Chemical composition of digenite/ chalcocite determined by EMPA
Mass%  P7an3 P7an9 P7an23  P12anl0 P12anll P12an20 Plan3 Plan5 Plan9 Pl0anl  Pl0an2  Pl0an3
Cu 79.65 79.63 79.24 79.72 80.08 79.76 80.15 80.32 79.87 80.10 79.64 79.61
Fe 0.12 0.18 0.33 0.55 0.39 0.28 0.00 0.00 0.00 0.05 0.03 0.44
As bld bld 0.16 bld bld 0.13 bld bld bld bld bld bld
S 20.93 20.77 21.24 20.26 20.36 20.45 20.35 20.49 20.49 20.36 20.58 20.59
Total 100.70 100.58 100.97 100.53 100.83 100.61 100.50 100.81 100.36 100.51 100.25 100.64
Atoms per S=1
Cu 1.921 1.935 1.882 1.986 1.985 1.968 1.987 1.978 1.967 1.985 1.953 1.951
Fe 0.003 0.005 0.009 0.016 0.011 0.008 0.000 0.000 0.000 0.001 0.001 0.012
As 0.000 0.000 0.003 0.000 0.000 0.003 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 1.000 1.000 1.000 1.000 1.000 1.000
Cu/S 1.92 1.93 1.88 1.99 1.98 1.97 1.99 1.98 1.97 1.99 1.95 1.95

bld below limit of detection

grains of bismuth/bismuthinite up to 10 mm in size were
found in drill cores rich in chalcopyrite during the exploration
campaign of Noricum Gold Limited in 2014 in the
Brunngraben district; they are associated with gold (Paar
2014). Matildite also occurs in approximately 20 pm poly-
mineralic grains intergrown with bismuth.

Analyses of bismuth minerals are listed in Table 6. The
analyses of bismuth are commonly close to 100 mass%.
Minor concentrations of Cu or Fe likely are due to matrix
effects. Bismuthinite is rather pure Bi,Ss; it only contains
small amounts of Cu, Fe, +Sb. Matildite is a main carrier of
silver (24.5-25.5 mass% Ag) and may contain minor Cu. One
analysis of matildite yielded 3.7 mass% of Sb.

Gold
Gold has been documented in all three paragenetic stages

(Fig. 5; electronic supplementary material appendices | to
3). Stage 1 gold occurs along the grain boundaries between

chalcopyrite and arsenopyrite (Fig. 8a, c¢) and in fractures in
gangue. In some cases, gold occurs in clusters of grains of
very variable grain size. The shapes are commonly irregular.
Gold in this stage shows composition of Au/Ag from nearly
pure gold to electrum.

Subrounded to angular shaped gold in stage 2 occurs pri-
marily in carbonate gangue together with digenite (containing
relicts of pyrite), domeykite/koutekite and bismuth (Fig. 8d).
In only a few cases it occurs in contact with Cu-rich sulfides
such as digenite (Fig. 8e).

In stage 3, gold mainly occurs in patchy clusters to linear
arrays consisting of multiple small grains embedded in the
oxide/hydroxide matrix, including hematite (Fig. 8f). In sam-
ple P22, gradual replacement of Cu-sulfides can be observed.
In a first step digenite and anilite are transformed to bb covel-
lite and subsequently the Cu sulfides are replaced by the Fe-
oxide/hydroxide assemblage (Fig. 8f).

The sizes of gold grains have been measured because
of their relevance to ore recovery techniques. The grain

Table 4 Chemical composition of anilite and covellite (yarrowite, spionkopite) determined by EMPA

Comment P7an4 P12an13 Pl2anl4 Plan6 Plan8 P7an6 P7an7 P12an9  Pl2anl7 Pl2an21 Planl2 Planl4
Mass% Ani Ani Ani Ani Ani Cv/Yar Cv/Spk Cv/Yar Cv/Yar Cv/Yar Cv/Spk Cv/Yar
Cu 77.91 78.19 78.06 78.14 77.79 69.18 72.86 69.95 69.21 68.78 73.33 69.19
Fe 0.39 0.49 0.60 0.02 0.13 1.97 1.96 0.58 0.98 1.02 0.31 0.57
As bld bld bld bld bld bld bld bld bld 0.37 bld bld
S 21.55 22.36 22.30 22.19 22.58 29.67 26.72 30.68 30.59 29.68 26.56 30.54
Total 99.85 101.04 100.96 100.38 100.50 100.82 101.54 101.21 100.78 99.85 100.20 100.30
Atoms per S=1
Cu 1.824 1.765 1.766 1.777 1.738 1.176 1.376 1.150 1.142 1.169 1.393 1.143
Fe 0.010 0.013 0.016 0.000 0.003 0.038 0.042 0.011 0.018 0.020 0.007 0.011
As 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.005 0.000 0.000
S 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Cu/S 1.82 1.76 1.77 1.78 1.74 1.18 1.38 1.15 1.14 1.17 1.39 1.14

bld below limit of detection
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Fig. 8 Gold in the paragenetic
stages 1 to 3. a—¢ Gold associated
with chalcopyrite (Ccp), pyrite
(Py) and arsenopyrite (Apy).
Stage 1. Samples 78568 (a, ¢) and
J.05 (b). d Gold and bismuth (Bi)
in Ca-Mg-Fe-carbonate gangue
together with digenite (Dg,
containing relicts of pyrite (Py))
and reef-like stringers of
domeykite (Dom). Stage 2.
Sample P.10. e Gold associated
with digenite (Dg), bb covellite
(Cv) and domeykite (Dom). Stage
2. Sample p.07. f Cluster of small
gold grains (Au, high reflectance)
in fractured matrix of oxides/
hydroxides (Fe-ox). Bb covellite
(Cv) forming pseudomorphs after
digenite/anilite (Dg/Ani) and is
itself replaced by the Fe-oxide/
hydroxide (Fe-ox) assemblage.
Euhedral quartz (Qz) contains
inclusions of pyrite (Py) and
arsenopyrite (Apy). Stage 3.
Sample P.22

gSD pm

size distribution of gold is illustrated in boxplots 14 pum) but with a larger uncertainty. There is a con-
(Fig. 9). The median grain size of stage 1 gold is  siderable overlap with stage 1. The grain size of stage 3
5 um with a large number of grains plotting as outliers  gold (median=5 pum) is comparable to stage 1 but larger
outside the box toward larger grain sizes. Gold from  gold grains are missing. Hence, gold grains >20 pum are
stage 2 seems to be slightly coarser-grained (median=  restricted to stages 1 and 2.

Table 5 Chemical composition of domeykite, koutekite and enargite determined by EMPA

P7an2_22 78568an2 27 Pl18an2 40 Pl8an2 41 Pl18an2 46 P18an2 48 Pl18an2 49 Pl2an2 54 Pl12an2 55 Pl12an2 62 J03-10

Mass% Kou Kou Dom Dom Dom Dom Kou Dom Dom Dom Eng
Cu 67.26 66.16 70.69 69.84 68.49 69.79 67.59 68.74 68.83 70.56 48.34
Fe 0.92 3.02 bld 0.17 0.67 bld 0.15 1.53 1.94 0.72 0.15
As 31.57 30.23 29.44 30.53 31.01 29.49 32.13 30.48 29.70 30.02 17.31
S bld bld bld 0.05 bld bld 0.13 bld 0.10 bld 33.45
Total ~ 99.76 99.43 100.17 100.59 100.17 99.30 100.00 100.75 100.57 101.30 99.25
Atoms per As=1 S=4
Cu 2515 2.584 2.835 2.701 2.608 2.794 2484 2.663 2.736 2.775 2916
Fe  0.039 0.134 0.000 0.007 0.029 0.000 0.006 0.067 0.088 0.032 0.01
As 1 1 1 1 1 1 1 1 1 1 0.886
S 0.000 0.000 0.000 0.004 0.000 0.000 0.010 0.000 0.008 0.000 4
CwAs 252 2.58 2.84 2.70 2.61 2.79 248 2.66 2.74 2.78 3.29

bld below limit of detection
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Table 6 Chemical composition of bismuth, bismuthinite and matildite determined by EMPA

Sample/Spot no. P18 sulfo-20 78568 sulfo-2 78568 sulfo-6 78571 sulfo-11 78568 sulfo-1 78571 sulfo-16
Mass(%) Bismuth Bismuth Bismuthinite Bismuthinite Matildite Matildite
Fe 0.32 0.13 0.47 0.29 0.29 0.94
Sb bld bld bld 0.39 3.69 bld
Cu 1.19 0.07 0.98 0.80 4.46 2.11
Ag bld 0.33 0.08 0.20 24.52 25.54
Bi 97.96 97.01 80.46 79.77 47.64 54.79
S bld 0.10 19.50 19.97 18.60 17.73
Total 99.47 97.66 101.64 101.42 99.20 101.11
Ions calculated on the basis of bismuthinite S=3, matildite S=2
Fe 0.011 0.005 0.041 0.025 0.018 0.061
Sb - - - 0.015 0.104 -
Cu 0.038 0.002 0.076 0.061 0.242 0.120
Ag 0.000 0.007 0.004 0.009 0.784 0.856
Bi 0.951 0.979 1.899 1.838 0.786 0.948
Sum Cations 1.000 0.993 2.020 1.948 1.934 1.985
S - 0.007 3 3 2 2

Pb is always below the limit of detection (bld)

Gold was analyzed in 12 samples. A few representative
analyses are listed in Table 7. The whole data set of gold
analyses is put in a data repository (electronic supplementary
material appendix 3) and graphically shown in a histogram
(Fig. 10). Composition of gold in the three ore stages is illus-
trated in Au-Ag-Hg triangular plots (Fig. 11).

According to composition three populations are distin-
guished in the histogram showing gold fineness (Fig. 10).
The dominant population has fineness of 640-860 (mean=
725; n=46) and is classified as electrum. Pure gold with fine-
ness 930-940 (n=6) is rare. Gold in the oxidized stage 3 is

80

60 -

40 -

max. length (um)
—

20 - i
o1 < ==—
Stage 1 Stage 2 Stage 3

Fig. 9 Box plot showing distribution of grain size of gold in the three
paragenetic stages; length refers to the maximum measurable distance of
a grain in polished section or SEM image. Horizontal line in the grey box
gives median value, lower and upper limit of grey box shows single
standard deviation, error bars on vertical line give the lower and upper
quartile values; outliers are shown as black points
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very Ag-rich electrum with fineness 350-490 (mean=412, n=
12). In stages 1 and 2 the composition of gold is comparable,
although stage 1 gold exhibits wider compositional variation
with respect to Au/Ag (Fig. 11a, b; Table 7). Gold mainly
differs in its Au/Ag but concentrations of Hg in gold of stage
1 may reach up to 14.3 mass%. Gold from the oxidized stage 3
sample P22 is commonly very rich in Hg (Fig. 11c).

Element mapping revealed that even on the micro-scale
there exist two generations of g