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Abstract In both mineralizations, siderites as well as magnesites,

The field trip focuses on the siderite and sparry magnesite
mineralizations in Palaeozoic strata of the Eastern Alps.
In both mineralizations, siderites as well as magnesites,
metasomati c-epigenetic structures of |ens-shaped orebodies
with dolomitic alteration rims are dominant features. The
basic chemical features of the ore forming fluids in these
mineralizations are very similar indicating closely related
ore forming processes. Both types of mineralizations were
formed by the invasion of younger brines representing a
unique type of secondary - diagenetically induced -
sedimentary ore deposits. Fluid invasion and
mineralization structure strictly depend on the original
lithology of the host rocks, mainly carbonatic sedimentary
rocks. In Late Triassic times, evaporitic brines were
mobilized and their circulation led to siderite as well as
magnesite formation.

1. Topicsof theField Trip

The field trip focuses on the siderite and sparry magnesite
mineralizations in Palaeozoic strata of the Eastern Alps.
Today slightly metamorphosed Pal aeozoic rocks represent
originally the sedimentary successions of the Variscan
cycle. Opinions concerning the genesis of the siderite
mineralizations in these rocks are inconsistent and
discussions on this topic have a long-standing tradition.
Early geoscientistsfavoured syngenetic models; at the turn
of the century epigenetic models for the Erzberg type
mineralization were proposed.

At present the impressive Steirischer Erzberg (* Austrian
pyramid’) siderite deposit near the town Eisenerz is the
only operating iron mine in Austria and one of the largest
siderite mines in the world. Currently the Austrian iron
ore production of about 2 milliontisexclusively produced
from this giant open pit mine. The siderite body of the
Erzberg is generally hosted in fine-grained limestones of
Devonian age, similar to equivalent siderite deposits in
the surroundings.

The sparry magnesite mineralizations occur exclusively
in Carboniferous host rocks which belong to the same ori-
ginal sedimentary succession as the siderite deposits. The
magnesite mineralizations occur very widespread in these
Carboniferous rocks, and currently Austria is holding a
prominent position in the world's magnesite production.

metasomati c-epigenetic structures of lens-shaped orebodies
with dolomitic alteration rims are dominant features. The
basic chemical features of the ore forming fluids in these
mineralizations are very similar indicating closely related
ore forming processes. Both types of mineralizations were
formed by the invasion of younger brines representing a
unique type of secondary - diagenetically induced -
sedimentary ore deposits. Fluid invasion and
mineralization structure strictly depend on the original
lithology of the host rocks, mainly carbonatic sedimentary
rocks.
According to their identical fluid characteristics the
mineralizations were formed during the same
minerogenetic event. Recent investigations and data
suggest a Permo-Triassic origin of the mineralizing fluids;
in the Neotethyan sedimentary cycle, starting in the Late
Permian, huge masses of evaporites were deposited in the
Late Permian and around the Early/Middle Triassic
boundary. In Late Triassic times, evaporitic brines were
mobilized and their circulation led to siderite as well as
magnesite formation. Especially the diagenetic reactions
under fluid overpressure conditions led to leaching of Fe
from the surrounding carbonates.

The convection system caused the formation of irregular

mineralizations, but large ore bodies were only formed in

the carbonatic rocks of the original sedimentary sequence.

We will see and discuss a complex mineralization history

by ore forming fluids, which reveal characteristics of resi-

dual brines.

- Epigenetic modelsfor the origin of these mineralizations
will be discussed based on the investigations on the flu-
id chemistry and radiometric age dating.

- The ore forming fluids reveal characteristics of residual
brines produced during evapo-concentration of seawater
for the siderite occurrences, regardless their host rocks
and stratigraphic position.

- Arguments and field evidence for ayounger metasomatic
formation of the mineralizations will be shown and
discussed. E.g., we will see the metasomatic fluid front
in Permian conglomerates.

2. Overview on the geology
of thefield trip area

The main tectonic feature of SE-Austriais the dipping of
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the Eastern Alps beneath the Tertiary Pannonian basin
system. According to ToLLmMANN (1977) the thrust belt of
the Eastern Alps is zoned into the basal Penninic units
overthrusted by the Lower, Middle and Upper Austroal pine
nappe systems. Major parts of SE-Austriaare occupied by
Lower Austroalpine and Middle Austroalpine basement
units. At the SE margin of the Eastern Alps the Penninic
units form the tectonic window of Rechnitz (Fig. 1).

All Penninic and Austroalpine units consist of a
metamorphosed pre-Alpine basement and Permomesozoic
cover units. In the Upper Austroalpine within the
Greywacke zone, the Graz Palaeozoic and the Gurktal
Palaeozoic thrust systems the pre-Alpine metamorphic
overprint is up to low grade metamorphic facies. Thisis
in contrast to the medium to high grade Variscan
metamorphosed basement of the Penninic, Lower
Austroalpine and Middle Austroalpine units, which are
frequently intruded by Variscan, mainly Carboniferous
synorogenic granitoids. Penninic post-Variscan sediments
include also Jurassi c-Cretaceous oceanic formations. In the
Austroal pine nappe system the Mesozoic sedimentary
environments reflect the evolution of the former passive
European continental margin.

The subduction of the Penninic oceanic realm below the
Austroal pine continent caused Cretaceous nappe stacking
and metamorphism in the Austroalpine units. This
metamorphic overprint is increasing in the Austroapine
basement units to the south up to the amphibolite and
locally even up to the eclogite facies. Relics of a Late
Cretaceous to Early Tertiary high pressure subduction
related metamorphism, followed by a Tertiary regional
metamorphic event, are known from the Penninic units.
Tertiary metamorphism is caused by the overriding of the
Austroal pine nappe system above the Penninic units as a
result of the indentation of the Apulian promontory.

The Permo-Mesozoic cover ispreserved only fragmentarily
in the Lower Austroalpine and Middle Austroal pine
tectonic units. There the so-called “Central Alpine

Journal of Alpine Geology, 54: 309-322, Wien 2012

Mesozoic sediments* are within the greenschist facies. In
the Northern Calcareous Alps the Mesozoic is mostly
unmetamorphosed. The unmetamorphosed Upper
Cretaceous (Gosau) sediments of the Kainach and Krapp-
feld basins were deposited after the Mid-Cretaceous
tectonothermal event on the Graz Palacozoic or respective
on the Gurktal Palaeozoic thrust.

During Tertiary an E-directed escape tectonic operated
along sinistral wrench corridors of the Noric lineament
and the Salzach/Enns valley-Puchberg line in the north.
In the south there were dextral systems along the Lavant
valley and the Periadriatic lineament zone. The extrusion
of the Austroalpine crustal wedge east of the Tauern
window was the result of the Apulian indentation which
triggered also the “push up* of the Penninic core. Today
the Periadriatic lineament zone is the boundary zone
between Eastern and Southern Alps. It is marked by some
Oligocene tonalitic intrusions.

3. Metallogenetic processes and maj or
metallogenetic districts of SE-Austria

A comprehensive overview on the mineral deposits and
occurrences of SE-Austria is presented in the
metallogenetic map of Austria, the explanatory text book
to the map (Weser 1997) and the Interactive Raw Materi-
al Information System “IRIS* (Weger et a. 2002). The
section of the area of the excursionisgivenin Fig. 2. Note
the different types of Fe-mineralizations (in red) and the
magnesite deposits of the Greywacke Zone (in brown).

In contrast to the Alpine metallogenetic provinces in the
Alpine-Balkan-Carpathian-Dinaride region, which are
strongly influenced by Late Cretaceous and Neogene
magmatism (EsNer et al. 2000, EsNer 2002, NEUBAUER
2002) the metallogenetic processes of SE-Austria are
complex and controlled by the geodynamic settings and

Fig. 1: Geologic map of the
Eastern Alps (modified
after FrRank 1987) and the
location of the excursion
targets.
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Fig. 2: Section of the Minerogenetic Map of Austriawith the Fe- and magnesite mineralizations of the Greywacke Zone

(WEeBkR et a. 2002).

intensive mobilizations during all major pre-Alpine and
Alpine evolutionary stages. During the Palaeozoic the
accreted Speik and Celtic terranes formed the basement of
the Noric compositeterrane. Thisincludesall fossiliferous
and low-grade metamorphic Palaeozoic units of the Eastern
(Greywacke zone, Graz Pal eozoic, Gurktal Palaeozoic) and
Southern Alps as well as the Middle Austroalpine
Micaschist-Marble Complex (NEuBAUER & FRriscH 1993).
During Silurian/Lower Devonian this terrane split off
Gondwana and drifted to the north. It collided finally
during the Carboniferous with the European margin.
Extensional tectonics and alkaline basaltic intraplate
volcanism were the most important facts controlling
metallogensis in these units. SEDEX type deposits with
Pb-Zn-Ag(Ba) mineralizations can be found in Graz
Palaeozoic lead-zinc-barite district hosted by
metasediments (carbonate, sericite, chlorite and graphite
phyllite, marble) of the Late Silurian - Early Devonian
age (Weger 1997).

During the Devonian a passive continental margin with
carbonate platformsevolved at the Noric compositeterrane.
In general the platform carbonate series of this event host
the siderite mineralizations of “Erzberg-type" in the Noric
nappe of the Greywacke zone. Mostly the siderite hosted
by Silurian/Devonian marbles (,,ore bearing limestone")
exhibits metasomatic features. However, siderite is also
bound to quartz-ankerite-veins (Schendleck type) in
siliciclastic and porphyroidic rocks. The debate on the
siderite formation has a longstanding tradition and will
be discussed during the excursion when visiting the
outcrops in the open pit mine.

Post-orogenic molasse like marine sedimentation started
within the Late Visean after deformation and
metamorphism (* bretonic phase*) of the internal Variscan
zones. During Alpine orogeny thiszone, the Veitsch nappe,
became the structural base of the Upper Austroalpine
Greywacke zone. The marine shallow-water sediments of
the Veitsch zone underwent exclusively Alpine
(Cretaceous) deformation and greenschist facies
metamorphism (RATscHBACHER 1984, 1987). The Veitsch
nappe hosts numerous deposits of sparry magnesite of the
Veitsch type, talc and graphite. Weser (1997) gathered

these within two minerogenetic districts:

(1) the Veitsch nappe magnesite (talc) district and

(2) the Veitsch nappe graphite district.
The magnesite formation will be discussed later; the talc-
formation is clearly related to late Alpine tectonic and
metamorphogenic events (ProcHAskA 1999).
Post-Variscan sedimentation above the L ower Austroal pine
and MiddleAustroal pine crystalline complexes started with
the Permian “ Alpine Verrucano Fm.” and Permo-Triassic
quartzite formations (Krainer 1993). These include strati-
form U-mineralizations (Palten/Liesing valley and the
Wechsel/Semmering U-ore districts, WeBer 1997).
Extensiverifting, Permian anorogenic intrusions of granite
and gabbroic rocks and metamorphism marked the
beginning of the Alpine cycle. In the Northern Cal careous
Alps the evaporitic “Haselgebirge* with economic halite
and gypsum/anhydrite deposits was formed in rift-related
basins. Inthese basinsresidual bittern brineswere enriched
during the evaporite precipitation. Crustal extension,
opening pathways for the circulation of surface derived
fluids, continued with less velocity until early Middle
Triassic time and produced ht/lp metamorphism in some
parts of the Austroal pine basement (ScHusTer et a. 1998).
It isstriking that some evidently epigenetic mineralizations
are hosted by Permo-Triassic sedimentsup to early Middle
Triassic stratigraphic levels. This scenario is discussed by
ProcHAskA (1999) as responsible for the formation of a
variety of mineral deposits.
During the Cretaceous the subduction of the Penninic
Ocean beneath the Austroalpine plate triggered thrusting
within the Austroal pine and the expulsion of high salinity
fluidsfrom deeper tectonic units. Circul ation of thesefluids
started after the peak of Cretaceous metamorphism around
90 Ma. They were focused along thrust/shear zones and
along low angle normal faults above uprising metamorphic
domes (BeLocky 1992, PoHL 1990, 1993, PoHL & BEeLocky
1994, 1999, Esner 2002). The formation of some talc and
leucophyllite deposits (Lassing, Rabenwald, Kleinfeistritz)
may be attributed to this period. The respective
metamorphic P/T-conditions, the existence of Si-rich
hydrothermal fluids, Mg-rich protoliths (dolomite,
magnesite), and ductile shear and fracture zones were the
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prerequisitesto form talc deposits of economic dimensions
(ProcHASKA 1984).

The final Eocene-Oligocene continent-continent collision
was the trigger of the extensive lateral extrusion of the
Austroalpine crustal wedge east of the uplifting Tauern
window. Theformation and distribution of mineral deposits
were controlled by thistectonics and by an increasing heat
flow approaching the upliftig Penninic windows. The late
orogenic Tertiary fluids are contrasting the Cretaceous
synorogenic fluids. They are dominated by |ow to modera-
te salinities, significantly higher homogenization
temperatures, appreciable contents of CO,, and trapping
of inclusions below 2 kb (BeLocky 1992, PoHL 1993, PoHL
& BEeLocky 1994, 1999).

Numerous Au-arsenopyrite vein-mineralizations are
located in the Austroalpine basement along the Tertiary
wrench corridors. Further mobilizationsin the polymetallic
(Fe-Pb-Zn-Ag-Ba) ore district of Oberzeiring and siderite/
specularite mineralizations in the Huttenberg/\Wal denstein
iron ore district may be related to this Tertiary
metallogenetic event (ProcHAskaA et al. 1995, WeBer 1997,
EsNer 2002).

3.1. The “Erzberg* Siderite deposit

On aworld-wide scal e the economic importance of siderite
depositsis fairly limited compared to oxide iron ores and
thismineral is hardly considered to be economic iron ore.
Nevertheless, siderite is an important ore mineral and
occurs in nearly all types of sedimentary iron ores and in
many vein type mineralizations. In some European and
Mediterranean countries siderite deposits are of national
importance and are still in production.

Numerous siderite mineralizations are situated in the Noric
nappe of the Greywacke zone; many of them were exploited
in the past. Presently only the Erzberg siderite deposit is
operated by VOEST-ALPINE Erzberg Ges.m.b.H. First
iron production from Erzberg was recorded from 712 AD,
but most probably the Romans had already worked this
deposit. Currently the Austrian iron ore production of about
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1.8 million t is exclusively produced from the Erzberg
mine. Until now about some 245 milliont of ore have been
mined, and the current reserves are in the range of 150
million t.

Themined oreissiderite and siderite/ankerite intergrowths
with an average geochemical composition of Fe 30-33 %,
Mn 1.5-2 %, CaO 7 % and SiO, 3-4 %; the cut off gradeis
22-28 % Fe. Ankerite, called as “Rohwand”, with an
average Fe-content of 15 % is not mined. It is mainly
deposited in the waste dumpswell visible from the parking
slot. The ore concentrate has 32 % Fe and is used for steel
production in Linz and Donawitz. In account of its
carbonatic composition it is a good additive for
Precambrian acid banded iron ores which were mainly
smelted at the mentioned metallurgical plants.

The structure of the Erzberg deposit includes a tectonic
(nappe) duplication of Palaeozoic rocks as proved by the
unconformable superposition of the Prabichl and Werfen
Formations by Variscan thrust tectonics, and a wide Alpi-
ne synclinewhich eastern part isfaulted about 350 m along
the “Christoph-Hauptverwurf* (Fig. 3). The deeper
Variscan unit comprises the Late Ordovician Blasseneck
porphyroid superposed by Silurian/Devonian limestones
which were followed during the Visean after an erosional
gap by thin limestones breccias with conodont mixed
faunas and the pelitic Eisenerz Fm. Silurian/Devonian
limestones are the constituents of the upper Variscan
tectonic unit. Devonian stratigraphic ages of the limestones
are proven by some makrofossils and conodonts (ScHON-
LAuB et. al. 1980). Gypsumisalso included within the post-
Variscan Permo-Triassic clastics. The metamorphic
overprint of the whole pile is of Variscan and Alpine
(Cretaceous) age and within the lower greenschist facies.
The siderite deposits in the Greywacke zone are neither
stratabound nor stratiform and exhibit different modes of
occurrence. Host rock lithology strongly influences the

Fig. 3: Geological cross section through the Styrian Erzberg siderite deposit.
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structure of the mineralizations. In acidic volcanic and
clastic host rocks, Ordovician quartz porphyries or
Palaeozoic metapelites and sandstones, vein type
mineralization usually occurs, while Devonian carbonates
and the Permian Prabichl conglomerates host metasomatic
bodies and stocks of siderite.

In the Erzberg deposit irregular bodies of siderite
mineralization occur within both Variscan tectonic units
and within the post-Variscan Prébichl conglomerate. The
siderite of the Erzberg deposit is generally hosted by fine-
grained limestones of Devonian age. Metasomatic-
epigenetic textures are dominant and usually coarse-
grained siderite ore exhibits discordant contacts with the
unmineralized limestones (Figs. 4, 5). In the nearby
abandoned Radmer mine, the majority of the observed ore
textures is the same, but very rarely banded ores occur.
This lead to syngenetic interpretations of the primary
genesis of these mineralizations (BERAN & THALMANN
1978). The Erzberg mineralizations and especially the ore
textureswere described by BErRAN & THALMANN (1978) and

Fig. 5: Metasomatic siderite formation in the Permian
carbonate conglomerate. Note that the metasomatic front
and the boundary between the ore and the unmineralized
conglomerate cut single carbonate components.

Fig. 4: Crosscutting contact of the siderite
orebody to the Devonian limestone with
concordant coarse-grained siderite veinsgrading
into the hostrock limestones.

ScHuLz et al. (1997). These authorsfocused on fine-grained,
banded textures that have been interpreted as evidence for
a primary syngenetic ore deposition.

Oretextures of the different siderite mineralizations of the
Greywacke zone differ remarkably. Asindicated above the
mineralizations are usually siderite-(quartz-sulfide) veins
in metapelitic or volcanic host rocks. In metapelites and
the metamorphosed quartz porphyry series distinct
alteration features and clearly epigenetic structures can be
observed. Mineralizations in carbonate host rocks
(Devonian limestones and Permian carbonate
conglomerate) exhibit features of metasomatic bodies and
siderite veins. The majority of the siderite ore bodies of
the Erzberg mine belong to thistype. Coarse-grained types
of siderite (veins) as well as fine-grained metasomatic
textures can be observed. In the latter case mimetic
crystallization still exhibiting the textures of the
sedimentary precursors can be found. Frequently
idiomorphic quartz crystals occur indicating that no major
metamorphic overprint after the formation of the siderite
ore occurred (Fig. 6).

Fig. 6: Idiomorphic quartz crystalsin the siderite ore prove
the lack of a major postcrystalline overprint after ore-
formation (length of image is 7 mm).
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Chemistry of the ore-forming fluids

In order to characterize the nature of the ore-forming fluids
the chemistry of the inclusion fluids of the siderites was
investigated. On a CI/Br and Na/Br molar ratio diagram
(Fig. 7), theevolution of thefluids by fractionation of halite
from seawater is demonstrated. Accordingly the
composition of an evaporitic brine is shifting along the
“evaporation trend“ when halite starts to precipitate at an
evaporation index of about 10. On the other hand fluids
percolating through the crust acquiring salinity by
dissolution of halite, plot towards higher CI/Br and Na/Br
molar ratios and their composition is close to the , halite
dissolution trend".

In the CI/Br and Na/Br molar ratio diagram (Fig. 7) the
inclusion chemistry of none of the investigated samples
from the mineralization matchesthe seawater composition.
The molar ratios are characterized by low Na/Br (55-499)
and low CI/Br (78-530) numbers. Fig. 7 shows that all
samples from the different localities are situated on the
“evaporation trend* thus indicating an origin of the fluids
from subaerial evapo-concentration of seawater.

Timing of the mineralizing event

The knowledge of the timing of the mineralization is
crucial to establish agenetic model within the geodynamic
frame of the Alpine or Preal pine orogenic cycles. The fact
that the mineralized structures and the mineralizations cut
Permo-Mesozoic strata excludes a syngenetic Devonian
formation for these deposits. However, the Eoalpine
metamorphic event is believed to be responsible by some
authors for modification and remobilization of early
syngenetic mineralizations finally producing epigenetic
vein type deposits. No indication of two fundamentally
different sets of fluid compositions (e.g. marine-
sedimentary and Alpine hydrothermal) were found. In some
localities, the mineralized Devonian limestones can be
found in close vicinity of Carboniferous limestones of the
tectonically deeper Veitsch nappe which completely lack
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siderite mineralizations. This observation is a sound proof
for theformation of the sideritesbefore the Alpine stacking
of the nappes.

Some attempts have been made to obtain radiometric ages
from sericites from the ateration zones (ProcHAskA €t al.
1996). A plateau age (Ar-Ar) of approximately 160 Mafor
the Schendleck deposit was found. This age seemsto be of
some regional importance at the eastern margin of the
Eastern Alps and is probably not the age of the hydro-
thermal oreforming event. It coincides with an extensional
phase in the Austroal pine due to the opening of the South-
Penninic Ocean. Furthermore a prominent rejuvenation
due to the Cretaceous metamorphic event (~90 Ma) can be
observed by the Ar-Ar investigations.

A breakthrough for the discussion of the genetic models of
the Erzberg siderite mineralizations was the direct age
determination of the ores and the alteration zones
(ProcHASKA & HENJES-KuNsT 2009). Sm-Nd investigations
(Fig. 8) yielded an isochrone of 208 +22 Ma. It is
remarkable that recent age determinations on sparry
magnesite mineralizations (ProcHAskA & HENJES-KUNST
2009) and ongoing investigations on the Bleiberg Pb/Zn
deposit reveal similar Upper Triassic ages.

Consequently, from a geologic point of view and from
radiometric age determination, the siderite forming hydro-
thermal activity is not older than Permo-Scythian and
predates the Eoal pine tectono-metamorphic event. Sm-Nd
dating yielded an Upper Triassic age for the mineralizing
event.

3.2. The Hohentauern/Sunk M agnesite deposit
Magnesite in Styria/SE Austria

Starting soon after the discovery of the world’'s first
magnesite deposits in the Eastern Alps after 1850
syngenetic models (e.g., Rumpr 1873, LeiTmeier 1917) and
epigenetic models (e.g., KocH 1893, RepLicH 1907) were
published. Beginning with the 1950-ies a general trend
towards syngenetic and early diagenetic models can be

Fig. 7: Na-ClI-Br ratios of the siderite
mineralizations of the Eastern
Greywacke Zone. Thefluid composition
clearly plotson the seawater evaporation
trend and exhibits different degrees of
evaporation.
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observed (De LLARenA 1953, LEITMEIER & SiEcL 1954).
NiEDERMAYR €t al. (1989) argued for synsedimentary or early
diagenetic genesisfor magnesite mineralizationin Permian
sediments of the Eastern Alps and extended this model to
the sparry magnesites of the Eastern Alps. There is no
consensus so far about a genetic model and not even about
the principal mechanismsfor the magnesite mineralization.
PoHL & SiecL presented an extensive overview on the
magnesite mineralizations of the Eastern Alps in 1986.
MoLLER (1989) edited a monograph on magnesite
summarizing the recent geochemical and mineral ogical
facts on the “magnesite problem*.

Earlier workers (e.g., RepbLicH 1907, 1909, PETRASCHECK
1932) aready mentioned a consanguineous origin of the
Alpine sparry magnesite mineralizations and the siderite
deposits. In general they argued for hydrothermal fluids
of different origin like magmatic or metamorphic fluids of
Alpine age. Nevertheless these concepts never gained
general acceptance. The model of a Permo-Triassic
magnesite formation by the influence of residual bittern
brines contemporaneous with the siderite formation
(ProcHAskA 1999) was outlined in the previous chapter.
Deposits of the Veitsch type are hosted in Palaeozoic
carbonatic rocks. In the Veitsch nappe of the Greywacke
zonetoday only the deposits of Oberdorf/Laming and Wald/
Schoberpass are in operation (Styromagnesit Company).
After World War 11 additionally some other deposits were
mined (year of closing): Lassing (1964), Veitsch (1968),
Hohentauern/Sunk (1991). Another magnesite mine in
operation is the Breitenau deposit situated in Silurian/
Lower Devonian sediments at the northern margin of the
Graz Paleozoic. In 2009 the annual production of sparry
magnesite in Styria was some 540.000 t.

Long before the discovery of the sparry magnesite as a
refractory commodity it was used al so as decoration stone,
e.g. for steps and window cornices in the Benedictine
monastery of Admont which are made of sparry magnesite

Fig. 8: Sm-Nd isochrone of the
siderites of the Erzberg.

from Hohentauern. The decorative black and white pinolitic
texture and the good polishing properties are the main
quality criteria of this decorative rock.

Sparry magnesite and talc deposits are especially
concentrated in the Veitsch Nappe of the Greywacke zone.
In the metallogenetic map of Austria 1: 500.000 (WEeBER
1997) all magnesite/talc deposits of the Veitsch nappe were
gathered within the Veitsch nappe magnesite /talc district.

Characteristic featuresfor Veitsch type magnesite are (We-

BER 1997):

- Late Viséan shallow marine, fossiliferous carbonatic host
rocks.

- Stratiform (layers, lenses) and irregular magnesite bodies.

- Coarse-grained banded and pinolitic texture. The matrix
of the pinoliteisblack, fine-grained and rich in dispersed
organic (graphitic) matter (Fig. 10).

- Seams of dolomite are mostly surrounding the magnesite.

- Magnesiteisfollowed by several generations of dolomite.
Large idiomorphic crystals of dolomite in the magnesite
are frequent.

- Chlorite/leuchtenbergite and talc are bound to tectonized
zones and marginal parts of the magnesite bodies.
Temporarily this talc was also mined.

- Sulfide vein mineralizations with tetrahedrite,
chalcopyrite, pyrite and gold belong to a younger
metallogenic event.

- The regional metamorphic overprint of the host rocks is
of Cretaceous age and within the greenschist
metamorphic facies.

Up to now there is no consensus about a genetic model
and the principal mechanisms for magnesite
mineralization. Different genetic models, including a
synsedimentary origin or an Eoalpine metamorphic vein-
type or metasomatic mineralization, were proposed in the
past.
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The Hohentauern/Sunk deposit is one of the important
magnesite depositsin the Veitsch nappe magnesite district.
It was mined from 1907-1991 in underground and in open
pit operations. In total the production was about some 5.5
million t of magnesite ore and areserve of >10 milliontis
till in the deposit. A computer model based on the data of
the abandoned mine operation exhibits an initial volume
about some 10 x 106 m® of the deposit which can be
followed along >750 m (WaLTter 2001).

Geological situation

The general geological situation of the deposit and its
surroundings was described by RepricH (1935), MeTz
(1938, 1940), MEIXNER & CLAR (1953), and RATSCHBACHER
(1984, 1987); recently the deposit was investigated by
Azimzapen (2009). The location of the deposit is in the
Veitsch nappe of the Greywacke zone in a very close
position to the Tertiary Pols line. The up to 650 m thick
sequence of the Veitsch nappe comprises three
lithostratigraphic formations. Their stratigraphic range
from the Late Visean to Westfalian is proven by fossils.
The deposit is hosted by the Steilbachgraben Fm., which
forms the stratigraphic base of the Veitsch nappe. This
formation comprises silty/sandy shales, often rich in
organic/graphitic materials, calcareous shale, dark
limestones and dolomite. The magnesite occurs as lens-
shaped, layered and irregular bodies in three levels, the
“footwall*, the “middle" and the “hanging wall layer”.
Usually an envelope of dolomite of highly variable
extension occurs at the transition of the massive magnesite
bodies and the host rocks (Fig. 9). A layer of orbicular
dolomite is another remarkable intercalation (HADITscH
1968, SiecL & FeLser 1973).

The sedimentary sequence of the Veitsch nappe is a
continuous one. It resembles to the evolution of a shallow
shelf, sometimes interfingering with hypersalinar lagoons
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Fig. 9: Transition from the host rock-
limestones to a dolomitic alteration
zone and finally to the sparry
magnesites in the Trieben/Sunk
deposit.

and lensoid bioherms, to a regressive shore line with
distributary bay depositsand river dominated deltadeposits
(RAaTscHBACHER 1984, 1987, Krainer 1993). The
tectonofacies of the Veitsch nappeisinterpreted asamari-
ne molasse after the first tectonothermal peak (bretonic
phase) of the Variscan orogeny (FUGeL 1977, SCHONLAUB
1979, NeuBAUER & VozarRova 1990, EBNER 1992, NEUBAU-
ErR & HanbLER 2000). The heavy mineral spectra, dominated
by turmaline, rutile, apatite and zircon derived from a
hinterland dominated by anatectic granitoids (RaTscH-
BACHER & NievoLL 1984, RaTscHBACHER 1987). Devonian
ages of detrital micas can berelated to apre-Carboniferous
metamorphic source area (NeuBauer & HaNbLER 2000).
Theboundary of the depositinthe N and NE to the Trieben-
stein Fm. is partly an E-W striking fault. The rocks of the
deposit are deformed due to their different competences.
Layers/lenses of the rigid magnesite are embedded in
strongly folded cal careous/graphitic schists. The carbonates
are often deformed to boudins by the NW stretching.

The regional metamorphic overprint is Cretaceous and
within the greenschist facies (RAaTscHBACHER & KLIMA
1985). Neither major Variscan internal deformation nor
metamorphism was identified for the Veitsch nappe. The
tectonothermal overprint isexclusively Alpine (Cretaceous)
(RaTscHBACHER 1984, 1987, RaTscHBACHER & KLima 1985).
On the basis of Raman investigation the temperature of
metamorphism can be estimated between 400 °C and 500
°C, indicating the maximum temperature of this segment.
This temperature is similar to thermometric data from
Kaisersherg, another graphite deposit in the Veitsch nappe.
There, temperatures between 360-410 °C and 2 kbar for a
minimum of pressure were calculated (RaITH & VALl 1998,
RAITH & PostL 2000).

The magnesite of the Hohentauern deposit is known for
its attractive pinolitic texture (Fig. 10) which is
characterized by big, oval shaped, usually white crystals
without any orientation in afine-grained black matrix rich
inorganic matter. Earlier workersinterpreted these textures
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Fig. 10: “Pinolitic* texture of the magnesite from the
Hohentauern deposit

assyn/diagenetic aswell as epignetic/metasomatic features
(Rumpr 1867, 1873, PeTrAscHECK 1932, FriEDRICH 1951,
SiecL & FeLser 1973).

The orbicular dolomiteis an up to 1 m thick intercalation
in the “hanging wall magnesite* which is parallel to the
sedimentary bedding. The dolomite is composed of light
grey coloured aggregates of dolomite spheres with a
diameter up to 5 cm within a black-dark grey fine-grained
dolomitic matrix. The orbicular aggregates have angular
cores of fine-grained black dolomite or pinolite magnesite
fragments. These cores are rimmed by some mm-thick,
concentric seams of light radially orientated dolomite
crystals. The spaces between the dolomite spheres are
cemented by dolomite. Fluid chemistry of the matrix
dolomite resembles marine composition. Therefore we
consider these orbicular dolomitesto belateveinsor fillings
of fractures after lithification of the magnesites.

The Hohentauern deposit iswell known for itsrich mineral
paragensis (MeixNer & Crar 1953). It includes graphite,
chal copyrite, sphalerite, millerite, pyrite, galena, marcasite,
pyrrhotite, pentlandite, gersdorffite, boulangerite, fluorite,
quartz (amethyst), hematite, rutile, magnesite, dolomite,
calcite, aragonite, baryte, anhydrite, gypsum, pickeringite,
slavikite, apatite, albite, muskovite, fuchsite, talc, chlorite
(leuchtenbergite), uranylsilikate.

Geochemistry

The average geochemistry of the mined magnesite was
MgO 43,3 %, Ca0 2,5 %, SiO, 2,0 % und Fe,0, 2,4 %
and LOI 49,8 %. There are relatively higher contents in
SO, and AlLO, inthe “footwall layer” of the open pit then
within the “middle layer”. The “hanging wall layer” is
characterized by higher CaO contents and a decrease of
pinolitic textures. An SiO, content >2 % was the limiting
factor for mining.

Some geochemical investigations on the stable isotope
geochemistry (C, O), Sr, the trace elements (REE) and the
composition of the mineralizing fluids were carried out to
investigate the magnesite formation and the origin of the
mineralizing fluids. A summary of the data is given by
ScHroLL (1997), ScHroLL et al. (1986), and EBNER &
ProcHaska (2003).

§%C(PDB) and $**0O(PDB) from magnesite of the Hohen-

tauern deposit were published by GuiLLou & LEeToLLE
(1986). The &°C valueis0 %o, the 6120 values are scattering
in a small range between -15,4 and -13,3 %o and are in
agreement with those of other sparry magnesites of the
Veitsch nappe (ScHroLL 1997).

PeTrascHEck (1978) published 6*S values of anhydrite
(+17.2 £ 0.2 %o) and gypsum from the Hohentauern
magnesite deposit (+17,6 = 0,2 %o.) and proposed
Carboniferous age identical with the stratigraphic age of
the host rock.

87Sr/%8Sr values of the magnesite are between 0.7087-
0.7103; those of dolomitic and calcitic host rocks between
0.7083-0.7085 (FrimmeL 1988). All these values are close
to or above Carboniferous seawater (0.7076-0.7081).

Fluid characteristics

The analysis of the mineralizing fluids by the crush-leach
method allows the investigation of the fluid evolution and
the determination of the primary nature of the hydrothermal
solutions. Thus it seems to be a key to elucidate genetic
problems of the siderite and magnesite mineralization in
the Greywacke zone. A first and obvious result is the
identity of the chemical composition trends of the fluids
of all investigated siderite mineralizations of the
Greywacke zone and the sparry magnesite mineralizations
regardless of their host rock lithologies. This strongly
suggests a consanguineous origin for the siderite as well
as the magnesite deposits.
Very important questions to be solved within this context
are the origin of the fluids, and the source of fluid salinity
and the metals (Fe, Mg, Ba, etc.). Microthermometric data
availablesofar (BeLocky 1992, SrinpbLER 1992) report high
salinity values for the Erzberg and the Schendleck fluids.
There are several possibilities to generate highly saline
brines:
a) Surficial evapo-concentration of seawater.
b) Dissolution of evaporite minerals.
¢) Metamorphic fluids and concentrating retrograde
reactions generated by the Cretaceous event.
For recognition of the original fluid characteristics,
conservative elements which are not buffered or changed
by mineral reactions in the alteration zones, have to be
considered. Thus chloride-bromide, and to some extent
sodium systematics are more suitable for providing clues
as to the source of the salinity of the fluids than other
element ratios which can be changed by wallrock
alterations.
In Fig. 11 the Na-Cl-Br ratios of the extracted fluids are
presented (ProcHAskA 2000, PRocHASKA & HENJES-KUNST
2008). The fractionation trend of the halogen elements
demonstrates that the magnesite forming fluids plot on
the end of the evaporation trend, while the dolomitic
transition zones still are buffered to some extent by the
seawater ratios of the host rock limestones. This clearly
proves the origin of the fluids and their high salinities
from evaporitic brines and excludes the dissolution of
evaporites by fluids migrating through the crust. If
dissolution of evaporites would have had occurred the
oppositetrend (towards high Na/Br and CI/Br molar ratios)
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would result. This fractionation trend contradicts models
favouring Alpine metamorphogenic fluids that gained their
salinities by dissolving Permo-Mesozoic evaporites
(BeLocky 1992, PoHL 1993). Additionally, the observation
that residual brines from extensive evaporitic series were
themineralizing fluids, restrictsthetiming of theformation
of the fluids to the Late Permian - Early Triassic where
extensive evaporitic systems occurred. The timing of the
mineralizing event not necessarily coincides with the
formation of the mineralization (see below).
Microthermometric studies of inclusion fluids from the
Hohentauern deposit were carried out by WENINGER (1981)
and AzimzapeH (2009). Nevertheless, the position of the
investigated quartz is unclear and it is questionable if the
fluid trapped in the quartz is in a genetic relation to the
magnesite formation. According to Azimzapen (2009) the
magnesite fluids are highly saline with tH clustering
between 170-190 °C and final ice melting temperatures
between -15 and -20 °C. The NaCl-dominated fluids are
interpreted as saline brines with an overall salinity of 22,4
eq. mass % NaCl. The application of the Na-K
geothermometer yielded a fluid temperature of 247 °C.

4. A model for epigenetic siderite and
magnesite formation by evaporitic residual
brinesduring a Permo-Triassic rifting stage

Opinions concerning the genesis of the Greywacke zone
siderite and magnesite mineralizations are inconsistent
(cum. cit. ToLLmann 1977) and discussion about this topic
is longstanding tradition. Different genetic models,
including a synsedimentary origin or an Alpine
(Cretaceous) vein type or metasomatic mineralization, were
proposed in the past. Early workers on this topic favored
syngenetic models, and at the turn of the century, epigenetic
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modelsfor the Erzberg type mineralization were proposed.

More recent research focused on the investigation of

structural and geochemical features. In the 1970‘s

syngenetic models were favored mainly because of the

findings of minor banded ore structures that were
interpreted as primary sedimentary ore bands (BEran &

THALMANN 1978 cum lit.). Following these arguments

ScHuLz et al. (1997) described ore textures of the Erzberg

deposit and postulated a marine-synsedimentary origin for

the mineralization. An epigenetic genesis for siderite
mineralization in the Greywacke zone was reintroduced
on the basis of microthermometric, geochemical and iso-

tope data (FrimmEL 1988, ProcHASKA 1991, SpinpLER 1992,

PoHL & BeLocky 1994, Lauge et al. 1995). A detailed

overview on sediment hosted magnesite depositswas given

by PoHL & SiecL in 1986. MoLLER (1989) published a

monograph containing different aspects of magnesite

deposits of the Eastern Alps.

Based on the above mentioned geol ogic observations and

on crush leach fluid analyses on siderite and magnesite

deposits in the Eastern Alps a genetic model for the
formation of siderite and sparry magnesite can be proposed.

This model is based on the following observations:

1. The nature of the mineralizations is hydrothermal-
metasomatic. No indications of a synsedimentary
concentration of Fe or Mg can be observed.

2. In general the magnesite as well as the siderite
mineralizations are neither stratabound nor stratiform.

3. The immediate transition in the fluid composition and
the sharp contact between marine host rock carbonates
and the mineralizations characterized by evaporitic
fluids is not compatible with a simple marine-
sedimentary model.

4. The mineralizing event is post-Variscan and pre-
Cretaceous because of mineralized Variscan basal
conglomerates on one hand and the termination of
hydrothermal mineralizing features at Alpine nappe
boundaries. Furthermore Sm-Nd age determination

Fig. 11: Na-ClI-Br ratios of the
Hohentauern sparry magnesites.
The magnesite forming fluid
composition plots on the extreme
end of the seawater evaporation
trend thus clearly exhibiting
similarities to the siderite fluids.
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Fig. 12: Genetic model for siderite formation by diagenetic mobilization of buried evaporitic brines (Upper Permian/
Lower Triassic) mobhilized in the Upper Triassic by diagenetic processes.
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indicates an Upper Triassic age for the metasomatic
event.

5. The high salinity of thefluidsand especially the chemical
composition of the fluids indicate that the mineralizing
fluidswere originally oxidized evaporitic, bittern brines
with high Mg/Fe-ratios |eading to magnesite formation.
Low fluid rock interaction results in the formation of
magnesite. During migration and fluid-rock interaction
these originally oxidizing fluids are modified by
wallrock alteration (hot reducing fluids) with the
capacity of leaching iron and the formation of the diffe-
rent types of siderite mineralizations.

6. The Upper Triassic age of the mineralizations can be
explained with diagenetic mobilization of buried resi-
dual bittern brines from Permo-Mesozoic series.

In Permian (to Lower Triassic) times evaporitic basins are
ubiquitous in the Austroal pine realm. Deposition of thick
series of evaporites is widespread in the Permo-Scythian
strata of the Upper Austroalpine unit. High degrees of
evaporation (evaporation index 20-90) produced residual
»bitterns® with high salinities and high concentrations of
Br, Mg, K, SO, in the fluids. Diagenetic reactions and
host rock alterations (crustal thinning and high heat-flow)
changed these brines into acid and reducing fluids with
the capacity of leaching Fe from the host rocks.
Lithification and diagenesis due to the sedimentation of
the Mesozoic formation finally expelled the originally
buried bittern brines and formation waters and induced
hydrothermal systems. Vein type siderite-hematite-sulfide
mineralizations were formed in the metapelitic and
metavolcanic host rocks. Within the Devonian platform
carbonates metasomatic siderite bodies were formed.
M etasomatism and mimetic crystallization of the marine
host rock carbonates often preserved primary sedimentary
textures very well, which lead earlier researchers to
postulate syngenetic models. A graphic sketch of the
formation of the siderite mineralizations is given in Fig.
12. Similar mechanisms are considered for the formation
of the magnesite mineralizations. As magnesite forming
fluids have to betotally free from Fe, these fluid could not
have undergone an intensive interaction with the host rocks
because in this case the fluids would easily loose their
capability of producing magnesites.

This model is consistent with features as the overall high
salinity of the fluids, the uniform and special fluid
chemistry and the Sr- and stable isotope ratios which can
neither be explained by sedimentary scenarios nor by Al-
pine remobilization models. It is worth to note that the
advances in the investigations by applying inclusion fluid
analysis and radiometric dating, uncovers crucial
similarities between the siderite and magnesite
mineralizations. These observations again put the model
of a consanguineous origin of the deposits in perspective.
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