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Abstract

The Sieggraben structural complex occupies a middle position (the former Middle Austroalpine Unit) in the Austroal-
pine basement nappe system in the Eastern Alps. Itis reported as a part of the Upper Austroalpine Unit and is located in
the Rosalien Mountains between the Sieggraben and Schwarzenbach villages (approximately 80 km south of Vienna).
Our main goal is to precisely determine the petrography and mineral chemistry of lensoidal metaultramafic bodies in
metapelites (micaschists to gneisses, migmatitic gneisses), metabasites (eclogites, amphibolites, metagabbros), im-
pure metacarbonates to calc-silicate rocks (marbles), crosscut by veins of granitic orthogneisses (leucocrate metagra-
nites, metapegmatites) in a pre-Alpine basement complex. Mineral assemblages from representative microstructures
of massive to strongly schistose metaultramafics were studied by polarized-light microscopy and mineral chemical
compositions were determined by Cameca SX-100 electron microprobe. Part of the metaultramafics preserves a mi-
neral assemblage characterized by a higher content of olivine (forsterite) and orthopyroxene (enstatite) relics from
the inferred eclogite facies metamorphic stage (D1). Antigorite, Ca-amphibole (tremolite) and Mg-rich chlorite (1) with
chromite as the main matrix in the exhumation amphibolite facies metamorphic stage (D2); and chrysotile, Mg-rich
chlorite (2), magnetite, rare talc and carbonates in the greenschist facies metamorphic stage (D3). Clinopyroxene is
absent. The studied metaultramafics are mantle fragments emplaced in a subducted continetal crust most likely due to

the Cretaceous subduction-collision event reported from this basement.

Key words: Sieggraben structural complex, metaultramafics, petrography, mineral chemistry

Received: 1. 2. 2014; accepted: 17. 6. 2014

Introduction

Eclogite-bearing complexes provide information on
subducted rocks, recrystallization P-T conditions and also
on mineral deformation mechanisms in a subduction cha-
nnel or accretionary wedge. Both mantle rocks and con-
tinental and/or oceanic crustal rocks are typical members
of subduction complexes therefore interactions between
these rock types provide important information on subdu-
ction and exhumation mechanisms.

The Sieggraben structural complex in the Rosalien
Mountains at the south-eastern margin of the Eastern
Alps contains metaultramafics in an eclogite-bearing ba-
sement complex. According to Tollmann (1980), the Sieg-
graben structural complex is a part of the Middle Austro-
alpine tectonic unit in the Eastern Alps (Fig. 1). Although
this complex is most likely a remnant of a pre-Alpine ba-
sement, it has a strong Alpine polyphase metamorphic/
deformational overprint (Puti$ et al. 2000, 2002).

The geological and geotectonic evolution of this
complex was characterized by Tollmann (1980), Frank
et al. (1987), Frisch and Neubauer (1989), Neubauer et
al. (1992), Neubauer and Frisch (1993) and Neubauer
(1994). The results of isotopic mineral and whole-rock da-
ting were described by Dallmeyer et al. (1992, 1996), Tho-
ni and Jagoutz (1993), Froitzheim et al. (1996) and Puti$
et al. (2000); all reporting Alpine metamorphic overprint.

Data on its geological mapping, petrotectonics and
petrology was supplied by Puti§ and Korikovsky (1993,
1995), Korikovsky et al. (1998) and Puti$ et al. (1994,
2000, 2002). While petrological and geothermobaromet-
ric data, including the evolutionary P-T pathway of the
host eclogite-bearing complex was suggested by Puti$ et
al. (2002) and Kromel et al. (2011), its metaultramafics
have never been investigated in detail.

The metaultramafics in this Austroalpine (AA) Sieggra-
ben structural complex (SSC) occur as lenses in eclogite
facies metamorphic rocks. They are mantle fragments
which enable reconstruction of the tectonometamorphic
evolution and allow identification of crust-mantle interac-
tions. This paper presents new petrographic and mineral
chemical data from metaultramafics sampled between
Sieggraben and Schwarzenbach (Fig. 2), and their evolu-
tionary stages are compared with those published for host
eclogite facies rocks in this area.

Geological setting

The tectonostratigraphy of the AA structural com-
plexes is based on the work of Tollmann (1980). Schmid
et al. (2004) avoided Middle AA Unit terminology; consi-
dering this part of the Upper Austroalpine (UAA) Unit.

The top of the tectonostratigraphic profile has UAA
SSC (sensu Schmid et al. 2004) overlaying the Lower
Austroalpine (LAA) Grobgneiss and Wechsel structural
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N Fig. 1 Location of the Sieggraben structural com-
plex in the Austroalpine basement. Geographic
Sieggraben coordinates of the sampling sites: Sieggra-

ben area samples S-200a4, S-200e, S-200f3,
S-201, S-201-2a, S-201-2b (N 47° 66’ 75", E
16°36° 92”) and Schwarzenbach area samples
SW-3-1, SW-3-2, SW-4-1-2a, (N 47°64’ 80", E
16°35’47”).

Fig. 2 Geological map of the Sieggraben structural
complex and its surrounds (Puti§ 1995, from Pu-
ti§ et al. 2002).

Geological map of the
Sieggraben area (Eastern Alps)

(M. PUTIS 1995)
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complexes as a result of the Cretaceous collisional event
(Neubauer 1994).

The crystalline basement rocks incorporated in the
SSC are a part of the Koriden terrane (Frisch, Neubauer
1989; Neubauer, Frisch 1993), forming an accretionary
wedge originally derived from the flyschoid sediments
and the ocean fragments near a trench located on the
upper northern Variscan plate (Matte 1986, 1991; Puti§
et al. 2000).

Field geological-structural mapping determined
two main types of thrust-faults and related meso- and
microstructures in the Sieggraben area (Puti$ et al. 2000,
2002).

Early Cretaceous higher-temperature structures are
defined by NNW - SSE trending high-pressure D1 mineral
lineations recorded in high-pressure phases of Cpx-Omp,
Zo and Amp-Prg, and also in the mostly medium-tempe-
rature D2 lineations of Qz, Pl, Amp in ductile layered my-
lonites. These higher-temperature structures are recogni-
zable only in the internal parts of the AA SSC, and they
are overprinted by D3 lower temperature WSW dipping
stretching lineations in ductile blastomylonitic/phyllonitic
microstructures; particularly evident in the hanging wall.

Overprinting low-angle normal faults, most likely ac-
tive during late Cretaceous to Early Neogene, were ob-
served in the footwall of the SSC and the underlying LAA
Grobgneis structural complexes (the latter overlying the
deeper LAA Wechsel structural complex). Top-to-WSW
movement along the low-temperature lineation is defined
by linear orientation of newly formed fine-grained white
mica aggregates (Ms), Bt and Chl. These are combined
with asymmetric S-C type microstructures in metapelites
and orthogneisses.

The pre-Alpine metamorphic age here is presumed
Paleozoic. This is inferred from the U/Pb upper intercept
age of zircon, apatite and monazite at 312.7+7.9 Ma, and/
or the whole-rock Rb/Sr isotope age of 289+16 Ma, dating
the granitic protoliths of the Sieggraben orthogneisses

(Puti$ et al. 2000). These dates indicate the magmatic
age of an orthogneiss granitic precursor which intruded
an Early Paleozoic metamorphosed crustal complex.
However, the lower intercept age of 103+14 Ma reported
by Putis et al. (1994, 2000) clearly indicates the age of the
main Alpine (Early Cretaceous) higher-temperature me-
tamorphic overprint. The U/Pb lower discordia intercept
age of granitic orthogneisses zircon, apatite and monazite
is interpreted as cooling of the SSC during exhumation
along a deep crustal extension normal detachment fault
between 750 - 500 °C (Puti$ et al. 2000). These time con-
straints are consistent with the shortening period in the
Meliata-Hallstatt basin passive continental margin (Puti$
et al. 2000, 2002).

The Sieggraben structural complex is composed of
the following lithological sequences: metapelites (gnei-
sses, micaschists), metabasites (eclogites, amphibolites,
metagabbros), metaultramafics (serpentinites), metagra-
nitoids (leucocrate metagranites, metapegmatites), impu-
re metacarbonates and calc-silicate rocks (marbles) (Fig.
2).

Ultramafic rocks of the AA SSC (Kumel 1935; Toll-
man 1977; Puti§ 1992) were most likely affected by ec-
logite-facies metamorphism together with the hosting
gneiss-amphibolite-marble lithological complex contai-
ning concordant to discordant veins of granitic-pegmati-
tic orthogneisses. While the lens shaped metaultramafic
bodies were commonly located in the ductile banded am-
phibolites, they were also found in marbles and gneisses
(Putis et al. 2000, 2002).

The AA SSC rocks indicate two higher-temperature
and high-to-medium pressure metamorphic stages; re-
ported here as D1 and D2 deformation stages. D1 deno-
tes burial in a subduction-related wedge and subduction
channel, while D2 is a later unroofing and exhumation
stage (Puti$ et al. 2000, 2002; Kromel et al. 2011). While
the D1 prograde burial stage resulted in Omp formation
with almost 40 % Jd, Prg-Amp1, Zo, Grt and relics of PI,

Fig. 3 Cut surfaces of metaul-
tramafics in the Sieggra-
ben structural complex.
The cut is orientated along
the mineral stretching-line-
ation and perpendicular to
metamorphic foliation. a)
Swarzenbach area sample
SW-3-2 with flattened and
stretched Opx porphyroc-
lasts in metamorphic foli-
ation, b) Sieggraben area
sample S-201-1 with light-
coloured aggregates of
Chl along schistosity plan-
es. Photo M. Putis.
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the D2 exhumation stage formed Cpx2-Pl symplectites
and Ts-Amp2 coronas around Grt, Pl and Bt (Puti$ et al.,
2000, 2002).

The D1 temperature had previously been estimated
at 610 - 650°C (Grt-Cpx geothermometer) at minimum
pressure of 16-17 kbar (Grt-Cpx-Pl-Qz geobarometer)
by Kromel et al. (2011). The same authors found D2 P-T

at 700°C and 12 kbar by Grt-Bt geothermometer and Grt
-PI-Ky-Qz geobarometer. Compared to model of Putis et
al. (2002), this eclogite-facies metamorphic temperature
was estimated slightly lower at higher minimum pressure
(Kromel et al. 2011). A brief petrographic characterization
of the Sieggraben metaultramafics was reported by Hrva-
novic et al. (2013a, b).

Fig. 4 Photomicrographs of metaultramafics in the Sieggraben structural complex.
a) Plain-polarized light microscopic images of Ol, Opx, Atg, Chl (1), Chl (2) and Chr from sample SW-3-1, b) Cro-
ssed-polarized light microscopic images of Opx, Chl (1), Tr, Atg and Tic from sample S-201-2b, c) Plain-polarized
light microscopic images of Ol, Atg, Chl (1), Chl (2) and Tr from sample SW-4-1-2c, d) Crossed-polarized light
microscopic images of Atg, Chl (1), Chl (2) and Tr in sample SW-4-1-2c, e) Plain-polarized light microscopic images
of Atg, Chl (1), Chr and Tr in sample S-201-1, f) Crossed-polarized light of Atg, Chl (1), Ctl and Tr in sample S-201-
1. Photo M. Putis.
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Materials and methods

The hand samples listed in Figures 3a and b were co-
llected between Sieggraben and Schwarzenbach villages.
Their mineral composition and microstructures were then
studied in ten selected polished sections (from 32 sec-
tions) by polarized-light microscope Leica DM2500P at
the Department of Mineralogy and Petrology, Comenius
University in Bratislava.

Chemical compositions of minerals were determined
by a Cameca SX-100 electron microprobe at the State
Geological Institute of Dionyz Stur in Bratislava. Analyti-
cal conditions were at 15 kV accelerating voltage and 20
nA beam current. Cameca Peak Sight v 4.2 software was
used for data recalculation. We used following standards
for calibration of the given elements (in brackets): albite
(Na), wollastonite (Si, Ca), orthoclase (K), forsterite (Mg),
ALQO, (Al), fayalite (Fe), rhodonite (Mn), metallic V, Cr, and
Ni, TiO, (Ti), SrTiO, (Sr), LINbO, (Nb), LaPO, (La), CePO,
(Ce), and LiTaO, (Ta). The beam diameter used was 10
pm.

Mineral formulae were calculated on the basis of 4
Oxygen anions for olivine, 15 (eNK) cations for amphibo-
le, 4 cations for pyroxene, 3 cations for spinel, 14 Oxygen
anions for the minerals of serpentine group and chlorite.

Mineral abbreviations used in our text, tables and fi-
gures are after Whitney and Evans (2010): Amp = am-
phibole, Atg = antigorite, Bt = biotite, Chl = chlorite, Chr
= chromite, Ctl = chrysotile, Cpx = clinopyroxene, Fa =

fayalite, Fo = forsterite, Grt = garnet, Hem = hematite, Jd
= jadeite, Ky = kyanite, magnetite = Mag, Ms = muscovite,
Omp = omphacite, Ol = olivine, Opx = orthopyroxene, PI =
plagioclase, Prg = pargasite, Qz = quartz, Srp = serpenti-
ne group, Tlc = talc, Tr = tremolite, Ts = tschermakite, Zo
= zoisite, besides Carb = carbonates.

Results

Metaultramafics exclusively contain metamorphic
phases: Opx porphyroblasts (enstatite) in an Ol (forste-
rite) matrix and Chr associated with Atg, Ctl serpentine
minerals, Amp (Tr), Chl, Mag and, very rarely, Tlc.

Chemical analyses were re-calculated for individual
mineral phases and their end-member components (Fig.
4). Herein, analytic positions are shown in BSE images
(Fig. 5), compositional data is plotted in classification dia-
grams (Fig. 6) and mineral analysis is listed in Tables 1

Petrography and mineral chemistry

Serpentinites from AA SSC occur as lenses in eclo-
gitic amphibolites, gneisses or marbles. Macroscopically,
these are (1) massive or slightly schistose with coarse-
grained Opx porphyroclasts (0.5 - 1 cm in size; ca. 30 vol.
%) randomly oriented in a fine-grained partly serpentini-
zed olivine matrix (approximately 60 vol. %); (2) schistose
with preserved flattened and stretched Opx porphyroc-
lasts in Srp minerals and Chl (Fig. 3a) or (3) ranging to di-

Fig 5 Back-scattered electron (BSE) images from mineral assemblages of metaultramafics in the Sieggraben structural
complex. a) Atg, Chl (1), Ctl, Ol from sample S-200a4, b) Atg, Chl (2), Ol and Opx from sample S-200e, c-d) Chl (1),
Chl (2), Chr, Ctl and Opx from sample S-201-2a. Photo I. Holicky.
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stinctly schistose without macroscopically preserved Opx
porphyroclasts. The latter are almost completely serpen-
tinized with greatest shearing deformation and accompa-
nying serpentinization and chloritization (Fig. 3b).
Polarized light microscopy was used to identify Ol,
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Clinopyroxene was not observed in these samples and
calcite veinlets were located in only one sample.

Olivine forms aggregates of randomly oriented fine-
grained (100 - 10 ym) partly serpentinized matrix with
typical mesh structure. The olivine grains show homoge-
neous chemical composition and have no inclusions (Fig.
4a, Fig. 5a, b). According to the end member composition,
Ol contains from 90.38 to 90.51 mol. % of Fo component
(Table 1) that is quite characteristic for metamorphic Ol.

The pyroxene in our investigated metaultramafics is
magnesium-rich low-Al orthopyroxene, enstatite (Fig. 4a,
b; Fig. 5b - d; Fig. 6a; Table 1), with Mg ranging from 1.81
to 1.93 apfu. It forms coarse-grained relic grains with in-
clusions of Chr. Orthopyroxene porphyroclasts are partly
to totally replaced by Srp minerals (bastite), Chl and Tr.
The porphyroclasts show deformation (flattening, stret-
ching and fracturing) due to hydration recrystallization to
Srp group minerals and Chl.
Dynamic recrystallization was
not observed.

Amphibole

occurs as

Serpentine group minerals occur in the metamorphic
matrix or they form pseudomorphs after Ol and Opx (Fig.
4a - f). Our back-scattered electron images show two
compositionally different serpentine mineral domains,
and these most likely indicate variations in Fe and Mg
content (Fig. 5a - d). The Atg flakes have relatively higher
Fe content, lower content of octahedral cations and usua-
Ily lower Si contents than the Ctl fine-grained flaky aggre-
gates (Fig. 6f; Table 3), while chrysotile often ingrows Chl
(1) flakes (Fig. 5a). The increased content of Fe with Fe/
(Fe+Mg) ratio higher than 0.1 and decreased content of
octahedral cations are typical for antigorite in comparison
to lizardite (Page 1968).

Talc occurs here as colourless grains with low relief
and characteristically high interference colours, and it is
subordinately present in the matrix, associated with ser-
pentine group minerals (Fig. 4b; Fig. 5¢c; Table 2).

Table 1 Representative mineral analyses of olivine, orthopyroxene and chromite in
metaultramafics from the Sieggraben structural complex (wt. %)

prismatic non-pleochroic gra- _ Sample S-200e S-201-2a  S-200a4  S-200e  S-200e SW-4-1-2a
ins of tremolite (Fig. 4b - d; Fig.  Mineral ol ol Opx Opx Chr Chr
ﬁ.tiio?:h;fatgz‘ bCJ' tgg'zr:;;‘;‘fs AnalysesNo.  An25  An10  An 11 An5  An18 An5
recorded here in Table 2. Alte-  SIO, 40.94 41.34 57.03 57.81 0.00 0.03
ration of amphibole crystals by TiO, 0.00 0.00 0.00 0.00 0.07 0.07
late serpentine minerals (Ctl)  ALO, 0.00 0.00 0.18 0.04 4.85 7.40
and Chl (2) along cleavage v O, 0.00 0.00 0.00 0.00 0.54 0.00
zf“de_sss Z'ea”y visible in Fig. ey 9.47 9.21 6.39 6.48 2819 2572
’s'piné/ éroup minerals oc.  MnO 0.15 0.16 0.21 0.18 0.66 0.63
cur as opaque anhedral grains ~ MgO 49.70 49.64 35.35 35.54 417 5.51
in the matrix (approximately 5  CaO 0.01 0.03 0.11 0.12 0.00 0.03
vol. %) and also as acicular  Na,0 0.00 0.00 0.00 0.00 0.00 0.00
igcf',USignshi“ O_I?X- EMPA S’t?ta K,0 0.01 0.01 0.01 0.01 0.00 0.00
Cth 144 10179 acls’fr;‘(’;"rs'cc';“ Cr,0, 0.01 0.00 0.1 002 6146  60.14
tent (Fig. 4a, b: Fig. 5a, ; Fig.  NiO 0.47 0.39 0.10 0.05 0.00 0.02
6d; Table 1, 2). Zn0O 0.00 0.00 0.00 0.00 0.54 0.00
Chlorite forms randomly to  Total 100.76  100.77 99.48  100.25  100.48 99.55
strictly.orientgd flgkes ir.1 meta- apfu
morphic schistosity (Figs. 4a -
-f). Here, two Chl generations ~ SI* 0.998 1.007 1.972 1.984 0.000 0.000
can be distinguished_ In additi- Ti%* 0.000 0.000 0.000 0.000 0.002 0.002
on to Srp and Tr presence, the AP+ 0.000 0.000 0.007 0.002 0.204 0.302
sub-parallel flaky Chl porphy- s+ 0.000 0.000 0.000 0.000 0.000 0.000
roblasts (1) (L,‘S”fa"y 100 - ?00 crer 0000 0000 0003 0002 1721  1.647
“m";t;fnnoﬂpﬂirs”;Cr']?sktfgtyd?,:'?ge_ Feo 0.004 0000 0045 0029 0075  0.050
4c - f). Chlorite (1) and Trover-  Fe?' 0.189 0.187 0.140 0.156 0.760 0.695
grow Opx porphyroclasts (Fig. Mg 1.810 1.802 1.822 1.818 0.219 0.285
5a, ¢, d). In calculated structu-  Mn2* 0.003 0.003 0.000 0.005 0.019 0.018
ral formula value, Mg content g2 0.000 0.001 0.004 0.004 0.000 0.000
ranges from 4.7 to 4.8 apfu . 0.000 0.000  0.000  0.000  0.000  0.000
(Table 3). The chemical com-
positions of Mg-rich Chl (1) Zn* 0.000 0.000 0.000 0.000 0.000 0.000
are shown in our classification Na* 0.000 0.000 0.000 0.000 0.000 0.000
diagram, and these are close  K* 0.000 0.000 0.000 0.000 0.000 0.000
tc;afi?:ggChéorer e(F;?éSGGL-f F:g‘tﬂe Total 3.000 3.001 3.993 3.998 2.999 2.998
generationgl\sllgg-ﬁch Chl (2) are Fo 90.21 90.39
alteration products of OI, Opx  2Ti/(2Ti+Al+Cr) 0.002 0.002
and Tr filling fractures in these  2Fe3+/(2Fe3*+Al+Cr) 0.072 0.048
minerals (Fig. 4b, c; Fig. 5b, d). Fe?*/(Fe?+Mg) 0776 0.709
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Table 2 Representative chemical composition of amphibole, talc and chromite in metaultramafics from the Sieggra-

ben structural complex (wt. %)

Sample S-200e S-200a4 S-200f3 S-201-2a S-201-2a S-201-2a S-200a4 S-201-2a
Mineral Amp Amp Amp Amp Tlc Tlc Chr Chr
Analyses No.  An 20 An9 An 2 An2 An5 An11 An 12 An 9
SiO, 56.51 55.64 56.05 57.38  SiO, 63.45 54.88 SiO, 0.05 0.06
TiO, 0.03 0.02 0.01 0.03 TiO, 0.00 0.00 TiO, 0.08 0.32
ALO, 2.27 2.68 2.55 1.56  AlLO, 0.21 0.03 V,0, 0.52 0.40
Cr,0, 0.21 0.55 0.62 033 V.0, 0.00 0.00 ALO, 5.35 2.71
V,0, 0.00 0.00 0.00 0.00 FeO 1.65 8.14 FeO 28.90 39.70
Fe,O, 0.00 0.00 0.00 0.00 MnO 0.00 0.01 MnO 0.59 0.59
FeO 2.53 2.56 2.38 252  MgO 30.97 28.32 MgO 4.35 4.02
MnO 0.08 0.04 0.05 0.06 CaO 0.01 0.66 CaO 0.01 0.02
MgO 23.68 23.35 23.15 23.58 Na,0 0.08 0.03 Cr,0, 59.47 50.71
NiO 0.08 0.22 0.08 0.13 K0 0.01 0.08 ZnO 0.55 0.35
ZnO 0.00 0.00 0.00 0.00 Cr,0, 0.02 0.00 NiO 0.05 0.15
CaO 12.51 12.55 12.64 1246  NiO 0.06 0.92

Na,O 0.97 1.15 0.90 0.56 ZnO 0.00 0.00

K,0 0.08 0.1 0.09 0.07

Total 98.95 98.87 98.52 98.67  Total 96.46 93.07 Total 99.92 99.02
Si4* 7.703 7.616 7.681 7.826  Si** 3.984 3.702 Ti%* 0.002 0.009
Al T 0.297 0.384 0.318 0.174  Ti* 0.000 0.000 AR 0.233 0.115
T-sum. 8.000 8.000 8.000 8.000 AP 0.015 0.002 Cr¥* 1.668 1.443
Ti** 0.003 0.002 0.001 0.003 Vv 0.000 0.000 Fe®* 0.107 0.434
APRZ 0.067 0.049 0.094 0.076  Fe* 0.000 0.000 Fe?* 0.751 0.761
Cr3* 0.023 0.060 0.067 0.036 Fe* 0.087 0.459 Mg?* 0.230 0.216
/3 0.000 0.000 0.000 0.000  Mn?* 0.000 0.000 Mn?* 0.018 0.018
Mg? 4.812 4.765 4.772 4793  Mg* 2.899 2.849 Total 3.009 2.995
Mn?* 0.009 0.005 0.006 0.007 Ca* 0.001 0.047

Fe3* 0.000 0.000 0.000 0.000 Na* 0.010 0.004

Fe?* 0.250 0.240 0.237 0.249 K 0.001 0.007

Zn? 0.000 0.000 0.000 0.000 Cr* 0.001 0.000

Niz* 0.009 0.025 0.009 0.015 Ni# 0.000 0.000

C-sum. 5173 5.159 5.144 5179  Zn* 0.000 0.000

Ca* 1.827 1.841 1.856 1.821 Total 6.996 7.071

Na* 0.173 0.159 0.144 0.148

B-sum. 2.000 2.000 2.000 1.969 2Ti/(2Ti+Al+Cr)  0.002 0.0M1
Na* 0.083 0.146 0.095 0.000 2Fe*/(2Fe**+Al+Cr)  0.101 0.358
K* 0.014 0.019 0.016 0.012 Fe?*/(Fe**+Mg)  0.765 0.779
A-sum. 0.097 0.165 0.1 0.012 Cr/(Cr+Al)  0.882 0.926
Discussion

Austroalpine SSC metaultramafics are mostly inten-
sively serpentinized, with no preserved relics of primary
magmatic minerals. The metamorphic mineral compositi-
ons indicate a harzburgite-type peridotite protolith, typical
of the sub-continental mantle lithosphere (Arai 1994; Bo-
dinier, Godard 2007).

The AA SSC shows three deformation-recrystalliza-
tion stages (D1 to D3) according to Puti$ et al. (2000,
2002) and Kromel et al. (2011). Our studied serpentini-
tes demonstrate the following three metamorphic stages;
(1) The prograde metamorphic stage (D1) defined by
inferred HT/HP metamorphic mineral assemblage of Ol
(with increased Fa component) and low-Al Opx, most li-
kely due to eclogite facies metamorphic conditions; (2)
The assemblage of Atg, Tr, Mg-Chl (1) and Chr provides

the MT amphibolite facies retrograde stage (D2), and (3)
The assemblage of Ctl, Mg-Chl (2), Mag, +Tlc and +Carb
indicates the LT or greenschist facies (Bucher, Grapes
2011) retrograde metamorphic conditions of the inferred
D3 exhumation stage. Finally, the deformation structures
are mainly related to MT/LT D2 and D3 exhumation st-
ages connected with hydration of Ol and Opx and their
replacement by Srp minerals and Chl.

The P-T conditions of the inferred metamorphic facies
have been reported by both Puti$ et al. (2002) and Kromel
et al. (2011). However, their P-T estimates were not ob-
tained from the same rocks presented here. Although the
mineral composition (Grt-free) of the studied metaultra-
mafics is not suitable for geothermobarometric estimates,
the mineral assemblages of the D1 to D3 metamorphic
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Table 3 Representative mineral analyses of Atg, Ctl and Chl in metaultramafics from the Sieggraben structural com-

plex (wt. %)

Sample S-200e  S-201-2a S-200e  S-200a4  S-200a4  S-200a4  S-201-2a SW-4-1-2a
Mineral Atg Atg Ctl Ctl Atg Chli(1) Chi(2) Chi(1)
Analyses No. An 1 An 14 An 2 An 4 An 6 An3 An3 An3
SiO, 40.19 40.28 42.63 43.65 41.23 32.40 34.09 31.70
TiO, 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.02
ALO, 0.24 0.01 0.04 0.04 0.13 14.30 12.77 14.31
Cr,0, 0.06 0.02 0.00 0.03 0.09 3.53 3.72 2.66
V,0, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe,O, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 9.29 9.19 3.95 3.61 8.76 2.79 2.99 292
MnO 0.08 0.29 0.04 0.15 0.07 0.02 0.04 0.06
MgO 31.70 33.60 3948 39.29 33.00 33.68 33.77 31.70
NiO 0.13 0.43 0.33 0.05 0.14 0.25 0.27 0.20
ZnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca0o 0.11 0.04 0.04 0.03 0.15 0.00 0.03 0.01
Na,O 0.01 0.04 0.00 0.00 0.00 0.01 0.00 0.07
K,0 0.02 0.01 0.00 0.01 0.00 0.00 0.01 0.00
Total 81.83 83.91 86.51 86.87 83.57 86.98 87.71 83.66
apfu
Si#* 4.131 4.055 4.037 4.095 4.133 3.085 3.218 3.128
VAR 0.000 0.000  0.000 0.000 0.000 0.915 0.782 0.872
T-sum. 4.131 4.055 4.037 4.095 4.133 4.000 4.000 4.000
Ti* 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.001
VIAR 0.029 0.001 0.004 0.004 0.015 0.689 0.638 0.792
Cr3* 0.005 0.001 0.000 0.002 0.007 0.266 0.277 0.208
V3 0.000 0.000  0.000 0.000 0.000 0.000 0.000 0.000
Fe? 0.798 0.773  0.313 0.283 0.734 0.222 0.236 0.241
Mn2z* 0.007 0.024  0.003 0.012 0.006 0.002 0.003 0.005
Mg?* 4.857 5.041 5.573 5.495 4.932 4.780 4.751 4.662
Zn* 0.000 0.000  0.000 0.000 0.000 0.000 0.000 0.000
Ni2* 0.011 0.036  0.026 0.004 0.012 0.020 0.022 0.017
Ca* 0.012 0.005 0.004 0.003 0.016 0.000 0.003 0.001
Na* 0.002 0.007  0.000 0.000 0.000 0.002 0.000 0.014
K* 0.003 0.001 0.000 0.001 0.000 0.000 0.001 0.000
M-sum. 5.724 5892 5.924 5.806 5.723 5.981 5.933 5.942

stages suggest a common tectonometamorphic evolution
of metaultramafics with the hosting eclogite facies rocks;
following the subductional burial D1 phase and during the
D2 and D3 exhumation stages. Garnet-free lithologies in-
dicate the maximum subduction pressures (D1) of these
metaultramafics at approximately 20 kbars. The presence
of Ol+Opx, however, indicates the higher D1 temperatu-
res of 600 - 750°C deduced from the petrogenetic grid
(Bucher, Grapes 2011).

Conclusions

While the investigated rocks contain no primary mag-
matic minerals, the Ol (enriched in Fa) and Opx (Al-poor)
chemical compositions clearly indicate their metamorphic
origin. The predominating metamorphic olivine-orthopyro-
xene composition was most likely inherited from harzbur-
gitic protoliths.

Olivine (forsterite) and orthopyroxene (enstatite) rich
relics indicate the inferred eclogite facies metamorphic
stage (D1; with estimated temperature of 600 - 750°C at
approximately 15 - 20 kbar pressure deduced from the

petrogenetic grid). The superimposed mineral assembl-
age of antigorite, tremolite, Mg-rich chlorite (1) and chro-
mite forming the metamorphic matrix provide the exhu-
mation amphibolite facies metamorphic stage (D2); and
chrysotile, Mg-rich chlorite (2), magnetite, rare talc and
carbonates determine the greenschist facies metamor-
phic stage (D3).

Metaultramafics from the Sieggraben structural com-
plex are fragments of metaperidotites, attached to the
subducted lower continental crust during the Cretaceous
tectonometamorphic event also reported in other areas of
the Eastern Alps Austroalpine basement.
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