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Petrotektonik des Eklogit fihrenden Sieggrabener Komplexes
und U-Pb-Daten zu seiner Exhumation

Zusammenfassung

Die oberostalpine Sieggrabener Einheit am Siidostrand der Alpen glt als subduziertes und spéter exhumiertes Krustenfragment. Die friih-
alpine Subduktion (DR1-Stadium, P = 14-15 kbar, T ca. 700°C) und die folgende kollisionsbedingte Zerrung sind durch unterkretazische Alter
von 137+£1-109,3x1 Ma (“°Ar—3%Ar; Amphibole aus Amphiboliten [DALLMEYER et al., 1992, 1996]) oder 103+14 Ma (U-Pb; Zirkon und Monazit
aus Granitgneisen [PuTiS et al., 1994, und diese Arbeit]) belegt.

Die friihalpine, kollisionsunterstutzte Exhumation (DR2-Stadium) wurde durch eine mittel- bis oberkrustale Storungszone im Liegenden der
Sieggrabener Einheit unterstitzt. Der Prozess wurde erleichtert durch dynamische Aufweichung in Pyroxen- und Zoisit-Aggregaten in tief-
krustalen Niveaus. Dynamische Rekristallisation von Feldspaten und Amphibolen und Migrationsrekristallisation von Banderquarz in Gra-
nitgneisen und Banderamphiboliten deuten auf einen Ubergang zu mittelkrustaler Rheologie wahrend einer SSE-vergenten Scherung und
Hebung der Sieggrabener Einheit.

Gefligestudien mit U-Tisch zeigen deutlich eine bevorzugte Orientierung von Omphazit 1 und Zoisit 1 in Lineation und Schieferung als Folge
metamorphen Wachstums (DR1). Andere Mineralien wie Omphazit 2, Zoisit 2, Plagioklas, Kalifeldspat, Quarz und Kalzit zeigen Anzeichen
duktiler Deformation. Eine {010}[001]-Translation fand in Plagioklasen bei mittleren Temperaturen (DR2) statt. Quarzgefiige zeigen das bei
mittleren Temperaturen dominierende <a>-Prisma und in der hoher temperierten Phase des DR2-Stadiums rhombische Translation. Die
basale <a>-Translation wirkte in Quarz wahrend der niedriger temperierten Phase des DR2-Stadiums. Niedrig temperierte e-Lamellen in
Calzit (DR2) beweisen mechanische Verzwillingung als hauptsachlichen Deformationsmechanismus, dynamische Rekristallisation in den
C-Ebenen ist zu vernachlassigen.

*) Authors’ addresses: MARIAN PuTIS: Comenius University, Faculty of Natural Sciences, Department of Mineralogy and Petrology, Mlynska dolina,
SK-84215 Bratislava, Slovak Republic, Fax: +421-7-60296293, E-mail: putis@fns.uniba.sk; SERGEY P. KORIKOVSKY: Russian Academy of
Sciences, Institute of Geology of Ore Deposits, Petrography, Mineralogy and Geochemistry, Staromonetny per. 35, 109017 Moscow, Russian Fede-
ration, Fax: +7-095-2302179. E-mail: korik@msk.ru; Yurl D. PUSHKAREV: Russian Academy of Sciences, Institute of Precambrian Geology
and Geochronology, Makarova Emb. 2, 199034 St. Petersburg, Russian Federation, Fax: +7-812-218401, E-mail: lev@ad.iggp.raas.spb.ru.
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Reaktionsmikrostrukturen (DR2) von Eklogiten, Amphiboliten, Marmoren und Gneisen reflektieren eine beinahe isothermale Dekompres-
sion zumindest wahrend der ersten Periode der Hebung: DR2-1-HP/MP-HT-Stadium: T = 730-770°C, P <12 kbar, gefolgt vom DR2-2-MP/
LP-MT-Stadium: T = 650-550°C, P <8 kbar.

Die mittelostalpine Sieggrabener Einheit scheint innerhalb eines ausgediinnten passiven Kontinentalrandes des Meliata-Hallstatt-Ozeans
an der Jura-Kreide-Grenze subduziert worden zu sein. Die obduktionsartige Freilegung (DR2, 137+1-109,3+1 Ma bzw. 10314 Ma) ent-
lang einer Abscherungszone wurde spéater zu einer Uberschiebung iiber das Unterostalpin, die gut belegt ist durch Datierungen des alpi-
nen Metamorphosehdhepunktes (T 500°C bei P 10 kbar [Korikovsky et al., 1998]) um 109+18 Ma (Zirkone aus dem Wiesmather Ortho-
gneis, unterostalpine Wechseleinheit [KoRIKovsKY et al., 1998) im iberschobenen Unterostalpin.

Das oberkretazisch-untertertidre Zerrungsereignis (DR3, seit ca. 85 Ma, K-Ar-Daten) folgte der SchlieBung des Penninischen Ozeans und
bewirkte die Freilegung begrabener unterostalpiner und penninischer Struktureinheiten. Dieses Ereignis bzw. eine WSW-vergente Deh-
nungs-Scherung wurde hauptséchlich durch die niedrigtemperierte Quarzrheologie kontrolliert. Obwohl diese Scherung im Unterostalpin
penetrativ wirkt, wurde nur die Basis der Sieggrabener Einheit reaktiviert.

Abstract

The Austro-Alpine (AA) eclogite-bearing complex of the Sieggraben structural unit (= SSU) occurs at the southeastern margin of the
Eastern Alps. It is inferred to be a subducted and then exhumed basement fragment. Early Alpine subduction (DR1, HP/HT event:
P = 14-15 kbar, at T ca. 700°C) and the following collision-driven extensional (DR2) event are constrained by the dominated Early Cretac-
eous isotope ages of 137+1-109.3+1 Ma (40Ar—3%Ar plateau data on amphiboles from amphibolites [DALLMEYER et al., 1992, 1996]), or
103+14 Ma (U-Pb-lower discordia intercept using zircon and monazite from granite-gneisses [PuTIS et al., 1994, and this paper]).

The Early Alpine collision-driven exhumation (DR2) was enhanced by a mid- to upper-crustal master detachment fault located in the
footwall of the SSU. The exhumation process was firstly accommodated by dynamic strain softening in pyroxene (omphacite) and zoisite
aggregates at the lower-crustal level. Dynamic recrystallization of feldspars, amphibole and migration recrystallization of quartz into ribbons
in granite-gneisses and layered amphibolites indicate a transition to mid-crustal rheology during a top-to-the SSE hanging wall extensional
shearing (DR2) and uplift of the SSU.

Textural U-stage microscope patterns document a pronounced preferred orientation of omphacite 1 and zoisite 1 in lineation and foliation
due to oriented metamorphic (DR1) growth. Other minerals like omphacite 2, zoisite 2, plagioclase, potassium feldspar, quartz and calcite
bear the features of ductile deformation by micromechanisms of dislocation flow. {010}[001] glide operated in plagioclase at medium
temperatures (DR2). Patterns of quartz reveal dominated medium-temperature prism <a>, less rhomb glide during the higher temperature
period of the DR2 stage. Calcite low-temperature (DR2) e-lamellae indicate mechanical twinning as the main deformation micromechanism,
with negligible contrubution of dynamic recrystallization in the C-planes.

Reaction microstructures (DR2) of eclogites, amphibolites, marbles and gneisses reflect almost isothermal decompression at least during
the first period of the uplift: DR2-1-HP/MP-HT stage: T = 730-770°C, P <12 kbar, followed by DR2-2-MP/LP-MT stage: T = 650-550°C,
P <8 kbar.

The Middle AA Sieggraben structural unit (SSU) seems to have been subducted within a thinned passive continental margin of the Meliata-
Hallstatt Ocean approximately at the Jurassic-Cretaceous boundary period. The obduction-like exhumation (DR2, 137+1-109.3+1 Ma or
103+14 Ma, respectively) along a master detachment fault transformed into the thrust over the LAA structural complex. It is well constrained
by dating of Alpine metamorphism climax conditions (T 500°C at P 10 kbar [Korikovsky et al., 1998]) at 109+18 Ma (U-Pb-lower
discordia intercept using zircon from the LAA Wechsel structural unit Wiesmath orthogneiss [Korikovsky et al., 1998]) in the buried
LAA structural complex.

The Late Cretaceous—Early Tertiary collision-related extensional event (DR3, since ca. 85 Ma, K-Ar data) thus followed the closure of the
Penninic Ocean. It enhanced the exhumation of buried LAA (and Pennine) structural complexes in some domes and tectonic windows. This
event, or a top-to-the WSW extensional shearing was mainly controlled by the low-T quartz rheology. Although it is penetrative for the LAA
structural complex, only the basis of the SSU was reactivated.

1. Introduction and Geological Setting

The Austro-Alpine (AA) Sieggraben eclogite-bearing
structural unit is located at the south-eastern margin of
the Eastern Alps or within the internal part of the Alpine
orogenic belt (Text-Fig. 1, 2). TOLLMANN (1977) ascribed it
to the Middle Austro-Alpine (MAA) structural complex.

The paper contributes to regional problems of progra-
dation of the Cretaceous orogeny in alpidic internides.
Two collision-driven extensional events (DR2 and DR3
deformation-recrystallization stages) followed after the
closing of the two distinctive oceans: the Meliata-Hall-
statt (Kozur, 1991; PLASIENKA, 1991; PuTi§, 1991; NEuU-
BAUER, 1994) and the Pennine one. An inferred record of
those events was tried to be distinguished in the area of
the villages Sieggraben and Schwarzenbach (Text-Fig. 2)
using a methodically combined geological-structural,
textural, petrological and geochronological approach.

The paper analyses deformation-recrystallization
evolution of the deep-seated mylonites within the detach-
ment shear zones developed during the DR2 and DR3
events (Text-Fig. 3) following an A-type subduction
(DR1). The reconstructed P-T path (Text-Fig. 4) of eclo-
gite and amphibolite facies rocks is closely related to their
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deformation path and both document the existence of a
deep-crustal detachment zone responsible for the exhu-
mation of the Sieggraben structural unit (SSU).

Concerning the previous results and views, the MAA
basement, including the Sieggraben structural unit (SSU),
is inferred to have formed as a part of the Koriden terrane
(FRISCH & NEUBAUER, 1989; NEUBAUER & FRISCH, 1993). It
represents an accretional wedge, derived from the
flysch-like sediments and ocean fragments near a trench
located on the upper (northern) Variscan plate (MATTE,
1986, 1991).

The southern parts of the AA domain, along with the
southern parts of the central Western Carpathians base-
ment complexes represent a Paleotethyan remnant
(STAMPFLI, 1996; PUTIS & GRECULA, in PLASIENKA et al.,
1997) incorporated into a passive continental margin of
the Triassic-Jurassic Meliata-Hallstatt Ocean (KozuUR,
1991; PLASIENKA, 1991; PuTiS, 1991; NEUBAUER, 1994).

The MAA (Koriden) basement of the Saualpe and Koral-
pe of the Eastern Alps comprises perhaps both pre-Alpine
(693 Ma, Sm-Nd, Grt-WR [MANBY & THIEDIG, 1988; MANBY
et al., 1989]) and Alpine (275+18 Ma, Sm-Nd, PI-Cpx-WR



Text-Fig. 1. . C
Small sketch above framed figure: Position of AA and central-Carpathian oro- ,‘@(\‘a C"Z
gen internides. N ~
Tertiary CCFL = Tertiary central Carpathian frontal line; Late Cretaceous SZ = /f-—:-C,S
Late Cretaceous suture zone; J-Cr SZ = Late Jurassic—Early Cretaceous suture — " Cygypathians <
zone; Triangled line = Early Cretaceous thrust; S = Sieggraben structural unit.
Framed figure: Tectonic position of the Middle Austro-Alpine (MAA) Sieggraben
structural unit at the eastern margin of the Eastern Alps.
T = Tertiary; S = Sieggraben unit (MAA); G = Grobgneis unit (upper LAA); W =
Wechsel unit (lower LAA); P = Penninic unit. (J)-Crsz
Tectonic units are divided by thrust-faults and extensional normal faults.
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isochrons from the core of an eclogite body, and Grt-WR
Sm-Nd age of 93+15 Ma from an eclogitic part of the
same outcrop [THONI & JAGOUTZ, 1992, 1993]) eclogites.
The latter apparently resemble those of the Sieggraben
unit. The MAA structural complex comprises metapelites
(gneisses, micaschists), metabasites (eclogites, amphi-
bolites, metagabbros), metaultramafics (serpentinites),
metagranitoids (leucocrate metagranites, metapegma-
tites) and less metacarbonates, comparable with the li-
thological sequence of the MAA Sieggraben structural
unit (KUMEL, 1935; PuTIS, 1992a) (Text-Fig. 2).

The Early Alpine evolution of the southeastern edge of
the AA basement and cover complexes is related to the
evolution of a continental margin adjoining to the northern
side of the Meliata-Hallstatt Ocean (Text-Fig. 3). The
same is valid for the Veporic and Gemeric structural units
of the central Western Carpathians located to the north of
the Meliata unit suture zone (or the RoZnava line).

The southern parts of the central Western Carpathians
basement and cover complexes, which are nearly in the
“AA” position, yield radiometric ages of 278-216 Ma for the
Early Alpine continental rifting phase ([KoTov et al., 1996]
U-Pb data). Similarly, Rb-Sr Permian ages 270-240 Ma
(FRANK et al., 1987; DALLMEYER et al., 1992) and a Sm-Nd
PI-Cpx-WRisochron (275+18 Ma) of a gabbro (THONI & JA-
GouTz, 1992) in the MAA Koriden Complex appear to be
related to the first stage of the Early Alpine extension lead-
ing to the development of the early Tethys in the Permian-
Triassic period at the southern margin of the AA realm.

The Late Cretaceous—Early Tertiary dome structures at
the eastern margin of the Eastern Alps coincide quite well
with the formation of the Vepor dome/core structure at the
SE margin of the neighbouring central Western Carpa-
thians (PLASIENKA & PUTIS, 1993; PLASIENKA, 1993; PuTIS,
1992b, 1994). Tectonic linkage of these domains has
already been proposed (PuTiS, 1991; NEUBAUER, 1994).
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Text-Fig. 2.

Geological-tectonic sketch-map of the
Middle and Lower Austro-Alpine base-
ment and cover complexes in the Sieg-
graben area (PuTi§, 1992a).

1 = Tertiary; 2-3 = Permo-Mesozoic
cover: 2 = Permo-Scythian metasand-
stones and metaconglomerates, 3 = mid-
Triassic metacarbonates; 4 = granite,
pegmatite; 5 = Micaschist Complex; 6 =
Gneiss Complex; 7-9 = Eclogite-amphi-
bolite (= 7) Serpentinite (= 8) Marble
(=9) Complex; 10-11 = LAA Grobgneiss
unit: 10 = mylonitic granite-gneiss
(Grobgneis), 11 = paragneiss; 12 = LAA
Wechsel-like unit (phyllites, green-
schists, porphyroids); 13 = Qtz vein; 14
= medium-T lineation (DR2); 15 = low-T
lineation (DR3); 16 = crenulation line-
ation; 17 = normal fault (late DR3); 18 =
internal thrust (early DR3) of a structural
unit; 19 = fault. Lineations and foliations
are subhorizontal.

U-Pb dating (PuTiS et al., 1994) was per-
formed on granitic veins (4) cca. 2 km
northwest (sample SG1) and southwest
(sample SW2) of Sieggraben.

S35, SW4, S32, S26, S16 = location of
petrological samples (from Tab. 1-7).

The Austro-Alpine Nappe
Complex represents a thick-
skinned fold and thrust belt in-
terpreted to have comprised the
upper continental plate during
the Tertiary collision of the
European foreland/Penninic
continental crust and Adriatic
microplate (NEUBAUER & VON
RAUMER, 1993). However, ear-
lier, during the Early Cretaceous
orogeny (after the closing of the
Meliata-Hallstatt Ocean), the
SSU participated as a part of the
lower-plate passive margin
(NEUBAUER, 1994; DALLMEYER et
al., 1996).

Mineral ages, decreasing
from the hanging wall to foot-
wall structural units (UAA:
140-125 Ma, MAA: 136-85 Ma,
LAA: 125-70 Ma) according to
the 40Ar/3%Ar method (DALLMEY-
ER et al., 1992, 1996) are inter-
preted to indicate a tectonic
pattern, which reflects in the
Cretaceous a long-term colli-
sion footwall propagation of a
master fault (DALLMEYER et al.,
1992; NEUBAUER et al., 1992;
NEUBAUER, 1994). This pattern,
however, does not comprise the
complexity of the exhumation
process of the MAA and LAA
structural units in the studied
region.



Text-Fig. 3.

Evolution of the MAA Sieggraben EARLY
structural unit (SSU). Wechsel  Pannonic
MAAB = Middle Austro-Alpine base- ter. ter

ment

1 = eclogites, amphibolites (pre-
Apine metabasites, metaultramafics
and marbles, originally); 2 = Ky-Sil
gneisses (Pre-Alpine metapelites,
originally); 3 = micaschist (pre-Al-
pine metapelites, originally); 6 =
orthogneisses (granites and pegma-
tites, originally).

LAAB = Lower Austro-Alpine base-
ment

4 = micaschist gneisses to phyllites
(Early Palaeozoic?); 5 = grobgneis-
type orthogneisses (Variscan por-
phyric granites, originally), UAAB =
Upper AA basement; 7 = low-grade
metamorphic rocks (Early Palaeo-

e \

zoic); 8 = Cadomian(?) unknown
basement rocks, ter = terrane, PEN = - (LAAB )\ .
Pennine, HE = Helvetic, EU = Euro- ( _— T pre-DR1 //
pean. e 0 L Q SN B\ © (uaaB) - . )
Variscan - . o —
- >~ . . f
2 @ (mans) K\ Y \\\' - L /.\_ X .
SSuU =N e + \.\ + \'0
\_\
»[D:L,
. . - 10k
Radiometric data suggest Okm
an Early Cretaceous exhuma- 500 km
tion of amphibolized eclo- ; 0 —
gites in the time interval be-
tween 137+1 and 109.3+1 Ma EARLY CRETACEOUS (DR2)
(40Ar-3%Ar plateau data on y Closed
amphibole [DALLMEYER et al., o . alistatt- Meiiata Basin
bductio

1992, 1996]). An age of open Ko
103+14 Ma was found in a Penninic

granite-gneiss (U-Pb-lower
discordia intercept on Zr and
Mnz [PuTIS et al., 1994; PuTIS
& KORIKOVSKY, 1993, 1995])
cutting the Sieggraben meta-
basite-marble complex.
THONI & JAGOUTZ (1992,
1993) dated gabbroic rocks
of Permian age and there-
fore proved the existence of
Alpine eclogites within the

PERMIAN — TRIASSIC (pre-DR1)

Hallstatt (-Meliata~-Vardar)
Basin (Palaeotethys)

LATE CRETACEOUS

Austro—-Alpine

CARBONIFEROUS

Noric ter.

Koriden Plankoget

(DR3)

Middie
Austl‘o-Alpine

Lower Upper

Austro-Aipine

MAA basement. They sug-

~~
gested the age of the HP
event in a time interval of ca. EU
150-100 Ma. However, they ptatform

found out rejuvenation of all
applied isotope systems
within the hydrated shear
zones thatis also reflected by

early

DR3 ~

%

a disequilibrium in studied
isotopic systems (Sm-Nd, Rb-Sr and K-Ar) of the major
mineral components in eclogites: Grt, Cpx1-3, Zo/Ep,
Phe, Am and Rt. The Sm-Nd data for WR, Grt, Cpx1-3 and
Am of the eclogite show clear isotopic disequilibrium: WR
and Grt define an isochron age of 93+15 Ma (the Rb-Sr
age for this pair is 100 Ma), WR-Cpx3 (Om) an age of
151 Ma (the Rb-Sr age for this data pair is 140 Ma). The
Sm-Nd isochron of 95,5+9,5 for Grt, Cpx3 and Phe for
eclogite is identical with the 95+1 Ma Rb-Sr age of Phe
(Koralpe — Bérofen).

2. Methodical Approach

The methodical approach is directed to some open
questions concerning the polyphase evolution of the
Sieggraben structural unit (SSU) within the AA internides.

These are mainly:

— The mode of emplacement and kinematics of an eclo-
gite-bearing nappe during the Cretaceous orogeny.

— Conditions of deformation-recrystallization (DR)
stages.
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Text-Fig. 4. P, [kEbar)
Estimated P-T path of the Sieggraben eclogite-bear-
ing structural unit.

Further explanation in text. L]

— Rheological behaviour and textural pat- 14
terns of some rock-forming minerals.
— The age of DR events. &

The mode of emplacementwas solved in .
the scale of the new geological map o e
1:10.000 in the area of the villages Sieg- & —_
graben and Schwarzenbach (an Austrian i ?
Geological Survey mapping project [Pu-
TIS, 1992a, Text-Fig. 2]) as well as by app-
lication of structural-geological tech- i3
niques (PuTi§, 1995).

Deformation-recrystallization relation-
ships were firstly studied in detail from
oriented thin-sections under a polarized ;
microscope. The Petrographical descrip- '
tion of the different DR stages is do-
cumented by macro- and micro-photo-
graphs (Text-Fig. 8-10).

All rock-forming minerals were analyzed
in polished sections using a CAMSCAN
electron microprobe equipped with a LINK
H.E.D.A. system at Moscow State Uni-
versity. Some representative microprobe
analyses of key minerals are summarized
in Tab. 1-7 and their chemical composi-
tions are depicted in Text-Fig. 5-7. Fe2*
and Fe3* were computed with a computer

program assuming stoichiometry and i
charge balance, taking into account re- : g 50 T (")
commendations of SCHUMACHER (1991).
. A B C
NaAIS |206 rim core rim core Tim core
Jd % 48 % 50 % 68 Alm
5 Alm
40 - Al 64
1 ’*sipj. 2-| ct—o<* 4 Sps
2 - Sps 5d N—'ﬂ
18
234 209
7 214 .—(-4:\\' ] \ip//'
149 Prp 15
7 284 . 17 Grs
38 24 N
| G 0.81 >
its 070 X,. o /,/‘\‘
344 :
e TN~
031
) Xh:
0774
Di-Hd Acm
Ca(Mg,Fe)Si,0, NaFe™Si,0, ]
073
Text-Fig. 5. Text-Fig. 6.
Composition diagram of pyroxenes in eclogite. Prograde and retrograde compositional zoning in garnets.
Cpx1 (Om, S35b, SW4/14, SW4/16, Tab. 1), DR1 HP/HT event. Cpx2 (Di,  Left (S32b) and middle (S26c) in Grt amphibolite (Tab. 3, 4), right in
S32b, S26¢, Tab. 4, 5), DR2 MP/HT event. paragneiss (S16b, Tab. 7).
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Text-Fig. 7.

Composition diagram of amphiboles in eclogites, amphibolites and marbles.
Black points = Hbl1 (DR1) in eclogites (S35b, SW4/14, SW4/16) and amphibolites (S32b, S26c), Tab. 4, 5, 6; circles = Hbl2 (DR2) in eclogites and
amphibolites around Grt in contact with Cpx1 (SW4/16) or Hbl1 (S26¢/2), Tab. 6; crosses = Hbl2 (DR2) around Cpx in impure marbles.

Andradite end-members (Fe3* content) in garnets are very
low (0-3 %) and therefore for simplicity we calculated
garnet analyses for 4 end-members: Alm, Sps, Prp and
Grs.

For obtaining PT-estimates we used equilibrial mineral
assemblages of the DR1 and DR2 stages in Grt-Cpx ther-
mometers of PATTISON & NEWTON (1989), KROGH (1988) and
PoOwELL (1985); Grt-Hbl thermometers of GRAHAM & Pow-
ELL (1984), BLUNDY & HOLLAND (1990) and HOLLAND &
BLUNDY (1994); Grt-Cpx-PI-Qtz barometer of ECKERT et al.
(1991); Grt-Hbl-PI-Qtz barometer of KOHN & SPEAR (1989)

for those associations with Na in Hbl less 0.6 f.u., Grt-PI-
aluminium silicate-Qtz barometer of MCKENNA & HODGES
(1988) and Grt-Px-Pl-Qtz barometer of PERKINS & NEWTON
(1981).

P-T parameters (Text-Fig. 4) were reconstructed using
the mineral succession relationships. The distinguishing
DR1, DR2, and DR3 stages were performed on the basis of
observed mineral and microstructural changes. The cli-
max conditions of the estimated PT-path correspond with
Jd38-isopleth for Cpx-Ab-Qtz association (HOLLAND,
1980).

Sample S35b | sw4/14 | swa/te | s35b | sw4/14 | sw4/i6
Phase Cpx1 (Om large grains) Cpx2 from Cpx2-Pl symplectite
SiO, 55.29 55.72 54.99 51.99 51.90 54.20 51.74 50.76
TiO, 0.19 0.23 0.19 0.17 0.24 0.25 0.29 0.21
Al,O3 9.52 9.47 9.17 8.52 8.52 7.34 5.61 7.26
FeO 6.21 6.06 4.98 7.60 7.58 5.58 8.35 9.28
MnO - - - 0.15 0.09 - 0.10 0.02
MgO 8.48 8.60 8.11 7.75 7.87 9.90 9.84 10.99
Ca0 13.68 13.47 14.56 14.16 13.94 16.64 17.17 19.01
Na,O 5.86 6.06 6.23 5.53 5.70 4.40 3.67 2.35
K,O - - - 0.06 0.03 - - 0.08
Fe,O3* 1.11 1.49 3.14 3.53 4.20 2.95 3,51 411
Total 100.34 101.10 100.37 99.46 100.07 101.26 100.27 100.07
Si 1.99 1.99 1.98 1.96 1.95 1.95 1.96 1.95
Alyy 0.01 0.01 0.02 0.04 0.05 0.05 0.04 0.05
Alyp 0.39 0.39 0.37 0.34 0.33 0.21 0.21 0.10
Ti 0.01 0.01 0.01 - 0.01 0.01 0.01 0.01
Fe’* 0.03 0.04 0.09 0.10 0.12 0.08 0.10 0.12
Fe?* 0.19 0.18 0.15 0.14 0.12 0.17 0.16 0.18
Mn - - - - - - - -
Mg 0.45 0.46 0.43 043 0.44 0.53 0.55 0.63
Ca 0.53 0.51 0.52 0.57 0.56 0.64 0.70 0.78
Na 041 0.42 0.43 0.40 0.42 0.31 0.27 0.18
K - - - - - - - -
Jd 37.9 37.2 34.9 30.1 28.8 21.9 16.6 5.6
Acm 3.0 4.0 8.6 10.1 12.0 8.0 10.1 12.0
Di 423 42.6 41.5 42.8 435 51.0 54.2 51.6
Hd 15.5 14.8 12.9 12.9 11.0 14.4 14.7 18.1
Ts 1.3 1.4 2.1 4.1 47 477 4.4 4.7
XFe2+ 0.30 0.28 0.26 0.25 0.22 0.24 0.23 0.22

Table 1.
Microprobe ana-
lyses of primary
and secondary
Cpx from eclogite
(S35b) and eclo-
gite-amphibolite
(SW4/14,
SW4/16).

*Fe, 0; and Fes3*
in Cpx calculated
from site satura-
tion and charge
balance.
Locations: see
Text-Fig. 2.
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Text-Fig. 9. ANA
Reaction and recrystallization microstructures of eclogites, amphi-
bolites and Opx-Ky-Grt gneisses (MAA Sieggraben unit).

A: Cpx1(Om) + Grt (DR1), Cpx2(Di) + Pl symplectite (DR2), eclogite.
B: A prograde Cpx2(low-Na) + Pl aggregate between Hbl1(Prg) and Qtz
(DR2), amphibolite.

C: Hbl2 (Ts-rich) rim between Grt and Hbl1 (Prg), amphibolite (DR2).
D: Ath-Tlc rim around Opx, gneiss mylonite (DR2).

Scale: 1 cm = 0.4 mm.

Text-Fig. 8 (opposite page 80). <4<«
Macrostructures of high- and medium-temperature mylonites (MAA
Sieggraben unit).

A: Gabbro-eclogite (DR1).

B: Amphibolized gabbro-eclogite mylonite (DR2).

C: Layered amphibolite (DR2).

D: Amphibolite mylonite (DR2).

E: Impure marble mylonite (DR2).

F: Tourmaline pegmatite mylonite (DR2).

Scale bar =1 cm.

The relationship of macro- and microstructures to tex-
tural (CPO) patterns is also documented by crystallo-
graphic preferred orientation patterns of minerals (Text-
Fig. 11-12). These were measured by the U-stage micro-
scope technique using omphacite, zoisite, amphibole,
plagioclase, quartz and calcite.

The mentioned minerals were utilized as kinematical and
deformation mechanism indicators in mylonitic rocks
(Text-Fig. 13) that passed through different lithospheric
levels during uplift. Their rheological behaviour fits quite
well into the suggested P-T-path (Text-Fig. 4).

U-Pb (Text-Fig. 14A, Tab. 8) isotope data enabled us to
date the DR2 stage of the eclogite-bearing nappe exhu-
mation. The presented data were measured in the Institute
of Precambrian Geology and Geochronology in St. Peters-
burg (Russian Federation). Zircon, apatite and monazite
were extracted from the two (SG1 and SW2) rock samples
of the granitic orthogneisses. All measurements were car-
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Text-Fig. 10. ANA
Microstructures of medium to low-T

my

lonites.

A: Qtz ribbons surrounded by dyna-

D:

micaly recrystallized Fsp matrix
(DR2), granitic orthogneiss—
mylonite.

. ductile fibrous Qtz around albiti-

zed Kfs porphyroclasts, S-C my-
lonite of the Grobgneis-type or-
thogneiss (DR3).

. flattened Cal grains parallel to

e-lamellae (DR2), cut by C-pla-
nes with the newly-formed dy-
namically recrystallized Cal(2)
grains, marble.

pseudotachylitic matrix, grob-
gneis-type orthogneiss (DR3?).

Scale: 1 cm = 0.4 mm.

Table 2. > >
Microprobe analyses of Grt from eclo-
gite (S35b). Location: see Text-Fig. 2.

Sample S35b
Phase Grt Grt
core middle rim core rim
SiO, 39.15 39.22 39.68 39.75 39.14 39.62
TiO, - - - - 0.19 -
Al O3 20.94 21.01 21.48 21.54 21.97 22.54
FeO 24.92 24.18 25.26 24 .32 23.18 23.28
MnO 0.95 0.90 0.44 0.40 2.04 0.41
MgO 3.40 3.74 4.29 4.70 3.20 5.01
Ca0O 10.74 10.71 9.71 9.64 10.48 9.69
Total 100.10 100.39 100.87 100.36 100.21 100.55
Alm 54.5 53.8 55.1 53.5 52.2 51.7
Sps 2.1 2.0 1.0 0.9 4.6 0.9
Prp 13.3 14.4 16.7 18.4 12.9 19.8
Grs 30.1 29.8 27.2 27.2 30.3 27.6
Xe2" 0.80 0.79 0.77 0.74 0.80 0.72
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Sample S26¢ S32b IJEXt'Fig- 11. ALA
-stage microscope patterns of
Phase Grt Grt om1, Zo1, Hbl1 and PI.
core middle rim core middle rim XZ cuts parallel to lineation and
dicular to foliation.
S0, | 3878 | 3857 | 3889 | 3914 | 4054 | 4043 | 4069 | A DRI Om1 (536, N - 80) in
. logite.
TiO, 0.13 0.13 0.02 0.21 0.22 0.25 0.10 B: ECR(iglzgl (535, N = 90) in
AlLO; 2172 21.98 22.01 21.98 22.19 22.37 22.01 eclogite. o
FeO 23.27 23.47 22.79 21.99 20.84 20.25 2090 | C R eae N2 Ta
MnO 0.96 0.82 0.90 0.81 0.99 1.33 1.44 D-F: DR2 Pl in layered amphibo-
MgO 5.82 6.07 5.61 5.58 437 3.90 2.57 lte (S8, mD'ngnﬁilcg)artGh}ff
Ca0 9.09 8.90 9.69 10.15 11.04 11.76 12.63 gneiss (SG1, Ng , = 151) in-
Total 99.77 99.85 99.81 99.77 100.20 100.28 100.35 g'ceﬁ‘rt;'t]i%e(ﬁllgl) [001] glide
Alm 50.3 50.4 494 48.0 47.6 46.4 48.4 P '
Sps 2.1 1.8 2.0 1.8 2.3 3.1 34
Prp 224 23.2 217 218 17.8 16.0 10.6 Table 3. <<«
Microprobe analyses of Grt from
Gr§+ 252 24.6 26.9 28.4 32.3 34.5 37.6 Grt amphibomesy(S%C’ S32b).
Xre 0.69 0.68 0.69 0.69 0.73 0.74 0.82 Locations: see Text-Fig. 2.
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Text-Fig. 12.

U-stage microscope patterns of Qtz and Cal.

Qtz c-axes (A-1), Cal c-axes (J, L) and Cal e-poles (K) preferred orientation patterns. Grobgneis structural unit (A-E, DR3). Sieggraben structural unit
(F-L, DR2), XZ cuts.

A,D,E: “Grobgneis” granitic mylonite (A-G3, N = 456; D-G13a, N=403; F:  Layered amphibolite (S8, N = 421).

E-G13b, N = 331). G,I: Granitic orthogneiss mylonite (G-S12, N = 229, I-SG1, N = 461).
B: Paragneiss mylonite (G4, N = 431). H:  Metaquartzite mylonite in marble (5107, N = 229).
C: Metaconglomerate mylonite (G5, N = 228). J-L: Marble (J-S11, N = 167; K-S11, N = 89; L-S11, N = 176).
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Cpx1(Om)

Cpx1-1(Om)

Text-Fig. 13.

Microtextures of mylonites of the Sieggraben and Grobgneis structural units from the different crustal levels.
A,B: Lower-crustal level: (DR1) eclogites (A), scale bar = 0.3 mm, and eclogitic mylonites (B), scale bar = 0.5 mm.

E:

C,D: Mid-crustal level: (DR2) mylonites of amphibolized eclogites (C), scale bar = 0.3 mm, and granite-gneisses (D), scale bar = 0.5 mm.
: Mid-upper crustal level: (DR2) mylonites of marbles with Qtz lenses and bands, scale bar = 1 mm.

F: Upper crustal level: (DR3) mylonites of Grobgneis-type granite-gneisses, scale bar = 1 mm.

ried out using the multicollector mass-spectrometer
MAT-261. When model U-Pb ages were calculated, the
Pb isotope composition was corrected for 0.20.1 ng “Pb
blank* and for mass-discrimination 0.00130.0003 per
mass unit. The model U-Pb ages and intercept of the dis-
cordia with concordia were calculated using LubwiG’s
computer program (LubwiG, 1991a,b). Calculation ac-
curacy corresponds to 2¢.

3. Recrystallization P-T Path

The recrystallization P-T path (Text-Fig. 4) was recon-
structed on the basis of changing rock-forming minerals,
their composition and some thermo-barometric calcula-
tions applied in the different lithological members of the
SSuU.

The eclogite-bearing complex forms the middle part of
the Sieggraben structural unit (SSU) (Text-Fig. 2). It com-
prises eclogites (Text-Fig. 8A-B) to amphibolites (Text-
Fig. 8C-D) with thin bodies of serpentinites and rare flat-
tened and boudinaged thin bodies of Opx-Ky-Grt-Hbl

gneisses. Also boudinaged bodies (of centimeter to de-
cameter, less than tens of meters) of eclogites are present
in marbles and calc-silicate rocks (Text-Fig. 8E) due to
the high viscosity contrast between the eclogites and

enclosing country rocks. The whole lithological sequence
is cut by veins a few metres thick of leucocrate granite to
pegmatite altered to orthogneiss (Text-Fig. 8F). This is
probably an Early Paleozoic basement complex with un-
known Variscan metamorphic grade after a strong Alpine
reactivation.

The progressive burial during subduction is reflected by
the high-pressure prograde stage (DR1). On the cli-
max of the prograde stage, depending on a bulk-rock
chemistry, a part of the (meta)basites turned into mafic
Cpx(Om)-Grt-Rt-Zo eclogites, and the other part into PI-
bearing eclogite-amphibolites or primary Grt amphibo-
lites with pargasitic Hbll. (Meta)pelites to psammites
have turned into Grt-Ky gneisses and schists with high-
pressure associations of Ky-Kfs-Ms-Qtz(PI; (meta)lime-
stones into impure marbles with low-Na Cpx(Di), Grt, Hbl,
Ep and Scp; Mg-rich pelites into Opx-Ky-Hbl gneisses.
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Table 4. Sample S32b
Microprobe analyses of minerals Phase Grt Hbll Cpx2 P12
from the reaction domains of Grt ; .
amphibolites (S32b). core middle rim
Chpx2 ¥ PIZH?;TFéitC)tgﬁz bfztvi?:%n Si0, 38.85 38.95 39.13 44.54 52.90 60.48
gge;r:(ljn?:aeg)j in Cpx2 calcula?ed.froni TiO, 0.05 0.14 0.10 0.69 0.12 -
site saturation and charge balance. AlLOs 21.66 21.54 21.74 12.63 0.62 24.58
Locations: see Text-Fig. 2. FeO 22.57 22.63 23.40 15.61 9.96 -
MnO 0.67 0.87 0.67 0.23 0.16 -
MgO 4.77 4.73 5.23 10.75 12.88 -
Ca0O 11.32 11.09 9.68 10.66 23.13 6.35
Na,O - - - 2.48 0.19 8.09
K,0 - - - 0.31 0.03 0.11
Fe,05* - - - - 0.50 -
Total 99.92 99.95 99.95 97.90 100.49 99.61
A prograde metamorphic Si - ' - 6.49 1.99 o
trend from amphibolites to Aly - - - 1.51 0.01 -
eclogites in the Eclogite- Aly; - - - 0.66 0.02 -
Amphibolite-Serpen- Ti - - - 0.08 - -
tinite-Marble  Com- Fe** - - - 0.61 0.01 -
plex can be deduced after Fe** - - - 1.29 0.30 -
relic inclusions of Hbll, Ep- _ - _ _
Czol and PI1 in Om (with I\I\illlgl N - N ggg 82; -
23-38% of Jd, Tab.1, : :
Text-Fig. 5, 9A) or Grt Ca - - - 1.66 0.93 -
grains; by a prograde zoning Na - - - 0.70 0.01 -
of some Grt grains in eclo- K - - - 0.06 - -
gites (Tab. 2), or at least in Alm 48.8 49.0 51.1 I1d -
the central part of Grt in Sps 1.5 1.9 1.5 Ac 14
Grt amphibolites (Tab. 3,
Text-Fig. 6). Grt amphibo- g?; ;21;; ;g; igi gg ggg
lites are depleted or de- : - - 2
voided of Om, they contain - Ts 1.4
primary Hb|1(Prg) (Tab 4-6, XFe 0.73 0.73 0.71 0.36 0.30
Text-Fig. 7) coexisting with An 30.0

Grt (Tab. 4, Text-Fig.9C)

and PI1. Some eclogites also contain relic Hbl1(Prg)
(Tab. 6, Text-Fig. 7). Association of minerals like Om, Grt,
Rt, Zo, Ab, Am formed during Early Alpine DR'1 HP/HT
event (P = 14-15 kbar, at T ca. 700 °C) and indicates sub-
duction of the probably Early Paleozoic basement (vol-
cano-sedimentary) complex.

The mineral assemblage of marbles and calc-silicate
rocks comprises low-Na Cpx, Am (brown-green), Scp,
Ttn, but also Grt, Bt, Cal, Qtz and relics of Ep. Marbles
contain layers of ophicalcite, marbles with serpentinized
Fo, Grt(Adr-Grs), Cpx(Di) and Phl.

Some layers within metabasites have the character of
high-grade Mg-rich gneisses (Qtz, Opx, Grt, Ky, PI,
DR2-1) with the retrograde Hbl 2(Ath) + Tcl in a meta-
morphic matrix (DR2-2).

The Gneiss Complex overlying the eclogite-bear-
ing complex contains the higher amphibolite facies meta-
morphic mineral assemblage of the DR2-1 stage defined
by Qtz, Bt (Tab. 7), Pl, Kfs, Ky, Grt(Tab. 7, Text-Fig. 6), Ms
(rare inclusion in Grt).

The Micaschist Complex usually forms the top or
the bottom of the Sieggraben unit. The micaschists con-
tain Qtz, Bt, Ms, less PI, Grt, Rt, Ilm, Tur and usually a high
amount of opaque minerals. In the upper part of the com-
plex there are micaschists interlayered by marbles (a few
cm thick), usually as a part of dominant Cal-Ep-Bt(Am)
gneisses.

Alot of veins and veinlets of Tur pegmatite caused tour-
malinization and microclinization of micaschists.
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On the retrograde stage eclogites were changed
into amphibolized eclogites to amphibolites. The retro-
grade process can be subdivided into two P-T intervals
DR2-1 and DR2-2. Decompression at slightly increased
temperature in the initial stage of the upliftisre-
flected by reaction microtextures in form of Cpx 2 (with
20-5 % of Jd, Tab. 1, Text-Fig. 5, 9A) + PI 2 (Olg to Ads,
Tab. 4, 5) aggregates among Om (Tab. 1, Text-Fig. 5, 9A)
grains in eclogites, or between pargasitic Hbl1 (Tab. 4-6,
Text-Fig. 7, 9B) and Qtz in amphibolites. This is an Early
Alpine DR2-1 HP/MP-HT stage of the uplift at T =
730-770°C and P <12 kbar.

High temperatures under decreasing pressures initiat-
ed segregation of pale layers of trondhjemite composition
(Qtz, PI, Am, Bt) in eclogite-amphibolites (Text-Fig. 8C),
or of a granitic composition in high-grade gneisses (Qtz,
Kfs, PI, Ky, Bt, Sil).

Two types of high-T symplectite-bearing reactions char-
acterize the earlier DR2-1 period of the uplift. Although the
reactions were initiated by the uplift and pressure de-
crease, both represent a temperature increase related to
extensional deformation. In the first type (Cpx 1 =Cpx 2 +
Pl) at decreasing P and increasing T a newly-formed asso-
ciation Cpx 2 + Pl 2 (Text-Fig. 9A) has a larger volume than
Cpx 1(Om) and the reaction was caused by decompres-
sion during the uplift (DR2). The second type (Hbl 1 + Qtz +
Zo=Cpx 2+PIl2+H,0)represents a typical prograde de-
hydration reaction. The latter reaction is especially char-
acteristic of Cpx 1-free Grt amphibolites (Text-Fig. 9B).



Table 5. Sample S32b S26¢
l'\/'isceg‘)g][orgfngp;; Phase Hbll Cpx2 P12 Cpx2 P12 Hbll Cpx2 P12
from the reaction |_Si0» | 44.43 | 54.68 | 66.97 | 5340 | 6593 | 45.63 | 41.88 | 53.67 | 63.24
domains of Grt TiO, | 059 | 0.15 - 0.26 - 096 | 063 [ 013 -
e ALO, | 1344 | 323 | 1406 | 558 | 2385 | 1243 | 1732 | 158 | 23.22
Cpx2 + PI2 sym- FeO | 1497 | 730 - 7.42 - 11.80 | 13.80 | 4.83 -
D e [ MnO | 016 | 0.1 - 0.14 - 013 | 014 - -
(Grt)and Quz. *Fe, | MgO | 1040 | 12.15 - 11.20 - 13.42 | 1066 | 14.74 -
g;xg"gafgj];g § CaO | 1124 | 2050 | 383 | 2063 | 432 [ 1090 | 1088 [ 2266 | 3.93
from site satura- Na,O 2.20 2.00 6.06 1.89 5.47 2.53 2.70 0.87 9.45
tion and charge KO | 027 - 005 | 009 [ 003 [ 022 [ 025 - 0.09
Locations: Fe,03* - - - - - - - 1.04 -
see Text-Fig. 2. Total | 97.70 | 100.12 | 100.97 | 100.61 | 99.60 | 98.03 | 98.26 | 99.47 | 99.84
Si 650 | 2.01 - 1.96 - 652 | 6.03 1.98 -
Alyy 1.50 - - 0.04 - 1.48 1.97 | 0.02 .
Aly, | 082 | 014 : 0.20 - 061 | 097 | 0.05 -
Ti 0.06 - - 0.01 010 | 0.07 - -
Fe** 0.35 - - - - 0.58 0.71 0.03 -
Fe©* | 148 | 022 - 0.23 - 083 | 095 | 0.5 -
Mn 0.02 - - - - 002 [ 0.02 - -
Mg 227 | 067 - 0.612 - 286 | 229 | 081 .
Ca 1.76 | 0.81 - 0.81 - 167 | 168 | 0.89 -
Na 062 | 0.14 - 0.13 - 070 | 075 [ 0.06 -
K 0.05 - - - - 004 | 0.5 - -
I - 15.2 . 16.2 - - - 3.3 -
Acm - - - - - - - 2.9 -
Di - 64.7 - 59.3 - - : 79.2 -
Hd - 20.1 - 203 - - - 12.8 -
Ts - - - 4.2 - - - 1.8 -
Xr | 039 | 025 - 0.27 - 022 | 029 [ 016 -
An - - 258 - 30.4 - - . 18.6
Sample | S26c/1 | S35b I SW4/14 | swa/te6 | s26c2 | Swasne
Phase Hbll Hbl2
Si0, 4491 | 4101 | 4369 [ 4170 | 4466 | 4257 | 3935 | 37.49
TiO, 0.50 0.65 1.01 1.89 0.95 115 0.24 0.07
ALO, | 1460 | 1720 | 1512 | 1444 | 1222 | 1335 19.77 | 2028
FeO 13.23 1655 | 1394 | 1487 | 1508 | 1628 | 1631 19.42
MnO 0.14 0.14 0.04 0.07 0.06 - 0.18 0.50
— MgO 11.26 9.99 1138 | 1050 | 11.16 | 1043 8.14 621
Microprobe ana- Ca0 11.17 9.92 10.01 10.66 9.61 9.79 11.23 10.36
lyses of Hbl1 Na,O 1.96 3.22 3.08 3.25 3.76 3.63 2.67 3.86
(e oo s [ K0 0.12 0.66 0.64 0.54 0.64 0.89 0.24 0.22
Grt,Ep, PIl) from | Total | 97.89 | 9834 | 9891 | 9792 | 98.14 | 9785 | 98.13 | 98.41
e k. s 6.46 5.94 6.25 6.14 6.52 6.27 5.77 5.58
lite (SW4/14, Alyy 1.54 2.06 1.75 1.86 1.48 1.73 2.23 2.42
gmilkfglﬁgg o | _Aly 0.93 0.88 0.80 0.65 0.62 0.59 1.18 1.14
out Cpx (5260/1 - Ti 0.05 0.07 0.11 0.21 0.10 0.13 0.03 0.01
QQCéL;figgr:)f HbI1 Fe’* 0.50 0.94 0.70 0.40 0.46 0.65 0.67 0.81
HbI2 analyses Fe** 1.09 0.94 0.97 1.43 1.38 1.35 1.32 161
from rims around Mn 0.02 0.02 - 0.01 0.01 - 0.02 0.06
(SW4/16) and Grt Mg 241 2.16 2.42 2.30 2.43 2.29 1.78 1.38
amphivolite Ca 1.72 1.54 1.53 1.68 1.50 1.54 1.76 1.65
ey TeT o8 Na 0.55 0.90 0.85 0.93 1.06 1.04 0.76 1.11
saturation and K 0.02 0.12 0.12 0.10 0.12 0.12 0.04 0.04
charge balance. Xee | 031 0.30 0.29 0.38 0.36 0.37 0.43 0.54
see Text-Fig. 2. Xr™ 0.40 0.47 0.41 0.44 0.43 0.47 0.53 0.64
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Further decompression and temperature-
decrease (DR2-2-MP/LP-MT stage: T = 650-550°C, P
<8 kbar)isindicated by blue-green tschermakite-rich Hbl
between Grtand Om in eclogites (Tab. 6, Text-Fig. 7, 9A),
or between Grt and pargasitic Hbl 1 in amphibolites
(Tab. 6, Text-Fig. 7, 9C); Ilm and Ttn rims around Rt; Ath-
Tlc rim around Opx in Opx-Hbl-Grt-Ky gneisses (Text-
Fig. 9D); PI-Hbl rim between Di and Ep, or Czo rim around
Scp in marbles, amphibolization of Cpx in marbles and
calc-silicate rocks; Bt 2 + Ky 2 or later Bt 2 + Sil 2 aggre-
gates replacing Grt in dark bands at the presence of Kfs,
and by recrystallized Ky 2 + Fsp 2 aggregates in the light-
-coloured bands of layered paragneisses.

During the medium-T stage of the uplift (DR2-2) were
derived two retrograde reactions. Both reactions (Grt +
Cpx1 + H, 0 =Hbl £ Pl)in eclogites, or (Grt + Hbl £+ PI 1 +
H, O = Hbl 2) in Grt amphibolites represent the formation
of a blue-green Al-enriched Hbl 2 £ Pl in contacts be-
tween Grt, Cpx 1 and Hbl 1 (Text-Fig. 9A-C).

Retrograde reactionsin gneisses (Grt + Kfs+H,O =Bt +
Ky, then Grt + Kf + H, O = Bt + Sil) belong to the typical
isochemical hydration process.

The LT-period of the DR2 event is reflected by Qtz,
Ser-Ms, Chl in gneisses and micaschists, or by Qtz, Chl,
Act, Ep, Bt in amphibolites, although in general, it has a
negligible extent within the internal part of the SSU. Low-
temperature aggregates are especially bound to the
C-(shear-)planes in S-C fabrics (BERTHE et al., 1979) de-
veloped near the basis of the SSU during the DR3 stage.
Secondary Ms and Tur appeared in gneisses.

The complexes of the SSU survived a partly separate
evolution since the DR1 (burial) event. The complex of
metabasites, metaultrabasites and marbles indicates the
deepest conditions of subductional burial (DR1 HP-HT
event).

The suggested P-T (DR) path (Text-Fig. 4) is clearly
common for eclogite-amphibolite-serpentinite-marble
and gneiss complexes only since the peak temperature
conditions that roughly fit for both complexes. They could
be interpreted as starting conditions for an (early DR2) ob-
duction-like exhumation of eclogite and gneiss bearing
complexes. In that case, the complexes definitively must
have been juxtaposed during the early DR2 collision-ob-
duction event. The micaschist complex was exhumed
separately from a shallower level.

Ten kilobars of decompression occurred during a tem-
perature-decrease of approximately 200 °C. Such a minor
temperature-decrease compared to decompression
(Text-Fig. 4) suggests arapid uplift and/or additional heat
source during early Alpine (DR2) exhumation of the buried
eclogite- and gneiss-bearing complexes (Text-Fig. 3).
Both demands were met during an extensional mode of
the exhumation (DR2).

Quite arapid uplift of the Sieggraben structural unit can
also be suggested by the practically missing low-T miner-
al assemblages. This feature is characteristic for all li-
thotectonic complexes of the SSU.

4. Relationship of Textural (CPO) Patterns
to Macro- and Microstructures

Tectonostratigraphy of the MAA and LAA
structural complexesaswellasthefield relationship
of the superimposed macrostructures in the area con-
sidered are outlined in Text-Fig. 2.
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The top of the tectonostratigraphic profile is occupied
by the MAA Sieggraben structural unit (SSU) overlying the
LAA Grobgneis and Wechsel ones, as the result of mid-
Cretaceous collision (early-DR 3 event). Internal struc-
ture of the Grobgneis unit comprises Permo-Scythian
Bt-Chl metasandstones and metaconglomerates as well
as Triassic metacarbonates of the cover as an evidence of
Alpine juxtaposition of the previously described structural
complexes (Text-Fig. 2).

The Late-DR3 (Late Cretaceous-Early Tertiary) ex-
tensional event also left distinct meso- and macrostruc-
tures in the whole tectonostratigraphic profile. The main
tectonometamorphic overprint is recognizable in the
hanging walls of the structural units. The S-C type of low-
temperature mylonitic deformation is common there. The
asymmetry of S and C planes indicates the top-to-WSW
shearing along the distinct low-temperature mineral and
stretching lineations. Lineation on C-planes is defined by
the low-T newly formed minerals: WhM, Bt, Chl. Meso-
scopic tension (“en-echelon* type) cracks are striking
NW-SE. Low-angle normal faults in the hanging wall of
the Grobgneis and Sieggraben structural units are re-
presentative macrostructures of the late-DR3 extensional
event (Text-Fig. 2).

The older higher-temperature extensional (DR2, Early
Cretaceous) fabrics are only recognizable in the internal
part of the MAA Sieggraben structural unit. The unified
NNW-SSE striking mineral and stretching lineations are
characteristic for all lithological complexes of the SSU.
Lineation is determined by the medium-T minerals like
Am, e.g. in amphibolized eclogites. Newly-formed micas
and ductilely deformed Fsp and Qtz aggregates define the
lineation in granite-gneisses. Foliation is visible accord-
ing to banded structures of eclogite-amphibolites, mar-
bles, para- and ortho-gneisses (Text-Fig. 8B-F) in-
dicating medium-T conditions of ductile deformation and
recrystallization.

Microstructures of deforming minerals like
omphacite, zoisite, amphibole, plagioclase, quartz and
calcite (Text-Fig. 9, 10) are closely related to the P-T path
(Text-Fig. 4) of the (DR2) extensional uplift.

The dynamic recrystallization of originally prismatic
Om1 (Text-Fig. 13A)intoan aggregate of Om2inlay-
ered structures of eclogites (Text-Fig. 8B) was accom-
panied by synkinematic growth of Grt2 in ranges enclos-
ing core-mantle structures of flattened Om1 porphyro-
clasts in mylonitic foliation (Text-Fig. 13B). Similarly, Zol
is altered into dynamically recrystallized bands of Zo2
(Text-Fig. 13B). Such HT/HP microstructures might re-
flect an initial uplift (early DR2) of eclogites from the lower
crustal level just after the subduction (DR1).

The Early Alpine period of extension (DR2 event) mainly
left the medium-temperature mylonites of all rock types of
the MAA Sieggraben structural unit, which are character-
istic of the mid-crustal level:

Strongly amphibolized eclogites (gabbro-eclo-
gites, Text-Fig. 8A-B) to layered amphibolites (Text-
Fig. 8C-D) show a distinct NNW-SSE mineral and
stretching lineations defined by partially re-oriented
shaped preferred Om 1 (N, optical directions, Text-
Fig. 11A), Zo 1 (Ny, Text-Fig. 11B) and Am 1 (c-axes,
Text-Fig. 11C; Text-Fig. 13A) crystals. E.g. Cpx-Om 1
appearsto be a“hard” mineral phase enclosed in mylonit-
ic matrix (Text-Fig. 13B). Passive Cpx markers within a
ductile matrix of Hbl and Pl are segmented by a lot of ten-
sion fractures and microshears (Text-Fig. 13C). Hbl
and Plwithlow viscosity contrast underwent distinct dy-



Table 7. Sample S16b
Microprobe ana- Phase Gt | Bt Gt | Bt Gt | Bt Grt | Bt
lyses of zonal Gt core middle middle Tim
from Bt-Grt gneiss Si0, 38.35 37.15 37.66 37.38 38.04 37.40 38.04 38.38
(Liig?.%m o TiO, 0.13 4.56 - 3.77 0.04 4.74 - 4.59
Text-Fig. 2. Al O, 21.26 16.65 21.32 15.76 21.37 17.25 21.73 17.83
FeO 28.14 16.70 29.61 17.54 30.16 15.64 30.91 13.13
MnO 1.18 - 1.41 - 1.43 - 1.54 -
MgO 4.36 11.97 4.00 12.75 4.29 12.11 5.06 13.07
Ca0O 5.34 - 5.90 0.09 4.53 - 2.62 0.02
Na,O - - - 0.09 - - - 0.21
K,0O - 9.11 - 9.32 - 9.39 - 9.43
Total 99.76 96.14 99.90 96.70 99.86 96.53 99.90 96.46
Alm 64.8 - 64.7 - 66.9 - 68.9 -
Sps 2.7 - 3.1 - 3.2 - 3.5 -
Prp 17.3 - 15.6 - 17.0 - 20.1 -
Grs 15.2 - 16.6 - 12.9 - 7.5 -
Si - 2.83 - 2.83 - 2.83 - 2.88
Alyy - 1.17 - 1.17 - 1.17 - 1.12
Aly - 0.33 - 0.24 - 0.37 - 0.44
Ti - 0.26 - 0.21 - 0.27 - 0.26
Fe - 1.06 - 1.11 - 0.99 - 0.83
Mg - 1.35 - 1.44 - 1.37 - 1.47
Na - - 0.02 - - - 0.03
K - 0.89 - 0.87 - 0.91 - 0.91
Xre 0.79 0.44 0.81 0.44 0.80 0.42 0.77 0.36
namic recrystallization in amphibolites. Hbl porphyro- Mylonitic granite-gneisses (Text-Fig. 8F, 10A, 13D)

clasts are surrounded with mantle structures and long
tails of dynamically recrystallized aggregates (Text-
Fig. 13C). Deformation (100) twins, kink bands, tension
gashes, microfaults and book-shelf structures of Hbl are
common. Pl is intensively dynamically recrystallized into
fine grained ultramylonitic layers (Text-Fig. 13C). Micro-
structures of Hbl and Pl suggest dislocation creep as act-
ive deformation mechanism. Grain boundary sliding or
superplastic flow could operate in extremely fine-grained
ultramylonitic bands of PI.

Plagioclase (mostly with 9-16 An content) Ny (Text-
Fig. 11D), Ny (Text-Fig. 11E) and N, (Text-Fig. 11F) optical
directions that were measured from the light-coloured
bands of amphibolites indicate a slip activity in the
{010}[001] system close to foliation and lineation. An al-
most pure-shear regime of deformation can be supposed,
because of an acute angle of optical (Ny) and planar {010}
crystallographic elements to foliation and lineation. A
prism <a> glide system (LIASTER & HOBBS, 1980; SCHMID &
CASEY, 1986) predominated in Qtz (Text-Fig. 12F).

show dynamic recrystallization of Fsp and migration re-
crystallization of Qtz to ribbons. Some Fsp porphyro-
clasts are rimmed by the newly-formed subgrains. Asym-
metric “mica-fish” structures of Ms (Text-Fig. 10A) in-
dicate a general top-to-the SSE extensional sliding during
the exhumation (DR2). Large flakes of Ms are partially re-
placed by fine-grained recrystallized aggregate of the
WhM. PI (with 5-16 An content) Ny (Text-Fig. 11G), Ny
(Text-Fig. 11H), N, (Text-Fig. 111) and Qtz c-axes (Text-
Fig. 12G, I) preferred orientation patterns resemble those
patterns from layered amphibolites (Text-Fig. 11E-F, 12F).
Dislocation creep in the {010}[001] glide system occurred
in Pl; prism <a> with the contribution of the rhomb glide
systems was active in Qtz.

Calcite in marbles (Text-Fig. 8E, 10C) exhibits an
internal medium- to low-temperature e-lamellae parallel
to flattened grains and oblique to C-planes with dyna-
mically recrystallized Cal(2) grains within the shear bands
(the top and bottom of Text-Fig. 10C). Calcite e-poles
(Text-Fig. 12K), c-axes (Text-Fig. 12J,L) indicate the po-

Table 8.

U-Pb isotopic data for uranium containing minerals from metagranites of the Sieggraben structural unit (to Fig. 14A).

1) Measured ratios.
2) Data corrected for mass-discrimination, blank and common lead.

3) Theisotope composition of common lead for correction of 207Pb/206Ph was determined in feldspars (Fsp) after their washing by HNO;. For Fsp SG-1
it corresponds to 206Ph/204Ph = 19.111, 207Ph/204Ph = 38.534 and for Fsp SW-2 it corresponds to 206Pb/204Ph = 18.507, 207Pb/204Ph = 15.672, and for
208ph/204Ph = 38.493.

Mineral- U Pb 206pp 1 | 2%5pp ! 206pp ! 206py 2 27py 2 Rho 27py, 3
Sample (ppm) (ppm) 204py, 207py, 208pt, 385 By 206py,
(%) (%) Ma)
Zr-SG-1 3513 103.6 780.3 14326 | 17.1812 | 0.02972+0.31 | 0.20956+0.43 | 0.75 | 247.46.5
Ap-SG-1 412 7.96 25.85 1.6211 | 0.65784 | 0.01820£0.89 | 0.1254x13.8 0.93 -
Zr-SW-2 3058 136 285.4 96924 | 6.88892 | 0.03870+0.31 | 0.27796+0.39 | 0.82 | 289.745.1
Mnz-SW-2 | 10590 | 1216 3533 17.811 | 0.44994 | 0.04024+0.32 | 0.28896+035 | 0,92 | 289.1+3.2
Mnz-SW-2a | 3584 | 3887 281.2 9.6243 | 0.54973 | 0.04005+0.36 | 0.28747£2.98 | 0.59 | 287.8+64
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sition of the compression tensor ¢l that acted almost
subvertically during the Early Alpine (DR2) exhumation
period connected with the top-to-the SSE extension
shearing of the MAA basement.

Microstructures of Qtz lenses and bands in marble
(Text-Fig. 12H, 13E) indicate a dislocation creep in the
prism <a> glide system and migration recrystallization to
ribbons (1) during the medium-T period of the DR2 exten-
sional deformation. The next period is represented by
oblique small ribbons (2) within the ribbons (1). The lower
temperature and higher deformation rate caused dynamic
polygonization of the ribbon (1)/(2) boundaries that are at
last cut by very low-T tension fractures filled by Cal. Thus
the deformation of Qtz was controlled by plastic deforma-
tion of host (Cal) marble.

P-T and deformation paths indicate a rapid uplift of the
SSU probably by an obduction-like process (DR2)
(Text-Fig. 3) in form of a collision-driven extension ex-
humation. The result of ongoing mid-Cretaceous collision
(early-DR3 event) was the thrust of the MAA Sieggraben
unit over the LAA structural units (Text-Fig. 2, 3). The mi-
crostructures of this compressional deformation were
strongly modified by a newer Late Cretaceous—Early Ter-
tiary extension (late-DR3 event) that started the unroofing
of the Pennine and LAA units (Text-Fig. 3). Especially the
submerged LAA units suffered LT mylonitization. E.g. the
mylonitic granite-gneiss or “Grobgneis” reveals a top-
to-the WSW extension shearing with a perfect ductility of
Qtz and a semi-ductility of Fsp (Text-Fig. 10B, 13F).

Asymmetric Qtz c-axes patterns (Text-Fig. 12A-E) are
the result of combined basal <a> and prism <a> glides.
The distinct S-C fabrics (BERTHE et al., 1979) confirm a
top-to-the WSW shearing during the late-DR3 event. The
local pseudotachylitic textures (Text-Fig. 10D), e.g. in
Grobgneis-type granite gneiss suggest their develop-
ment in a seismoactive level. Some asymmetric quartz
c-axes patterns in the hanging wall of the Sieggraben
structural unit are consistent with the superimposed DR3
top-to-the WSW extensional shearing.

5. Discussion and Conclusions

The analysis of deformation-recrystallization stages
(DR1-3) of the Middle Austro-Alpine (MAA) eclogite-bear-
ing Sieggraben structural unit (= SSU) revealed a poly-
phase evolution of the AA internides (Text-Fig. 1-3).

The Early Alpine A-type subduction (DR1, HP/HT event:
P = 14-15 kbar, at T ca. 700°C) predated a collision-
driven exhumation (DR2) constrained by the dominating
Early Cretaceous isotope ages of 137+1-109.3+1 Ma
(40Ar—39Ar plateau data on amphiboles from amphibolites
[DALLMEYER et al., 1992, 1996]), or 103+14 Ma (U-Pb-low-
er discordia intercept using zircon and monazite from gra-
nite-gneisses [PuTIS et al., 1994, and this paper]). This
time period overlaps with the period of shortening within
the Meliata-Hallstatt passive continental margin.

The reconstructed P-T path (Text-Fig. 4), as well as the
changes in mineral composition (Text-Fig. 5-7) and the
reaction microstructures (DR2, Text-Fig. 9) of eclogites,
amphibolites, marbles and gneisses reflect decompres-
sion at a slightly arised temperature (almost an isothermal
decompression) at least during the first period of the up-
lift: DR2-1-HP/MP-HT stage: T=730-770 °C, P <12 kbar,
or a simultaneous decrease of temperature with pressure
during the DR2-2-MP/LP-MT stage: T = 650-550 °C,
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P <8 kbar. Ten kilobars of decompression occurred dur-
ing a temperature-decrease of approximately 200°C.
Such a minor temperature-decrease compared to the de-
compression (Text-Fig. 4) was enabled by the extensional
conditions of the uplift during the Early Alpine (DR2) exhu-
mation (Text-Fig. 3). The rate of the uplift was controlled
both by the rate of mineral reactions, and the rate of duc-
tile (dislocation recovery, or power-law) deformation
(BARBER, 1990). There is a characteristic change of rheo-
logically active minerals along the P-T-t loop during a few
deformation-recrystallization stages of the uplift through
the different lithospheric levels. The latter argument,
however, does not point to an extremely high rate of ex-
humation. There was enough time for both the mineral re-
actions and the dynamic recrystallization of rheologically
active phases in the ductile shear zone.

The complexes of the SSU survived a partly separated
evolution. The only complex of metabasites, metaultraba-
sites and marbles clearly preserves HP-HT mineral asso-
ciations after subduction (DR1). The relics of higher-pres-
sure mineral association (Ky-Kfs-Qtz) in high-grade
gneisses could indicate their burial into the subduction
zone too. The complexes were definitively juxtaposed in-
to one structural unit (SSU) during (early DR2) obduction-
collision event. The estimated P-T-DR path (Text-Fig. 4)
is common for eclogite-amphibolite-serpentinite-marble-
and gneiss complexes only since the DR2 stage. The
micaschists were exhumed from a shallower level as an
independent complex.

A footwall propagating a master detachment fault,
combined with the hanging wall structural unroofing was
responsible for the exhumation of the SSU. The exhuma-
tion process was firstly accommodated by dynamic strain
softening in pyroxene (Om) and zoisite aggregates in
eclogites at the lower-crustal level. Dynamic recrystall-
ization of feldspars, amphibole and migration quartz rib-
bon fabrics of granite-gneisses and layered amphibolites
indicate a superimposed mid-crustal rheology during a
top-to-the SSE extensional shearing (DR2) and uplift of
the SSU. Consequently of this part of the eclogites is
wrapped by ductile host rocks, mainly by banded am-
phibolites, protecting them against a stronger deforma-
tion and retrograde recrystallization.

Textural patterns suggest a pronounced preferred
orientation of Om1 and Zolinlineation and foliation as the
result of oriented metamorphic (DR1) growth in eclogites.
Other minerals like Om2, Zo2, P, Kfs, Qtz and Cal bear the
features of ductile deformation of amphibolites, granite-
gneisses and marbles by micromechanisms of disloca-
tion flow in both coaxial and noncoaxial tectonic regimes.
Their textural patterns reveal predominant medium-T
prism <a>, less rhomb glide (early DR2), or a low T basal
<a> glide (late DR2 and DR3) in Qtz. The {010}[001] sys-
tem was active in PI (DR2). Cal low-T (late DR2) e-lamellae
indicate the mechanical twinning as the main deformation
micromechanism, with the negligible contribution of dis-
location flow and dynamic recrystallization in the
C-planes. Asymmetry of crystallographic preferred orien-
tation (CPO) patterns is consistent with the asymmetry of
mesostructures (e.g. S-C mylonites) and both confirm the
DR2 top-to-the SSE, or DR3 top-to-the WSW shearing
(Text-Fig. 12, 13).

U-Pb analytical data of dated Sieggraben orthogneiss
are outlined in Tab. 8. A concordia diagram for Zr and Mnz
is depicted in Text-Fig. 14A. The upper concordia in-
tercept with discordia (312.7+7.9 Ma) is interpreted as
the age of magmatic emplacement of the granite veins



Text-Fig. 14.

Concordia diagrams for some ura-

nium-containing minerals. 5

A: Sample SW2 (3 points: one Zr and
two Mnz) and sample SG1 (2 points:
Zr and Ap). Both samples are grani-
tic orthogneisses of the MAA Sieg-
graben structural unit.

B: Sample W1 (3 points of Zr), the LAA
Wiesmath orthogneiss.
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(103+14 Ma) age is interpreted
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to date a higher-temperature
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real temperatures above the
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blocking ones of U-Pb isotope
system in Zr and Mnz. Such
conditions correspond to those
achieved during the DR2 stage
(770-550°C), as it is proved by
petrological data. Although the
granite-pegmatite veins dis-
cordantly cut the metabasite- L
marble complex, both have a
common (Alpine) metamorph-
ic-mylonitic fabric. From this
point of view, the lower inter-
cept age can be related to -
deep-crustal thrusting of the
SSU over the LAA structural
complexes during the DR2
stage.

A similar intercept age of
109+18 Ma (Text-Fig. 14B, af-
ter KoTov in KORIKOVSKY et al.,
1998) was obtained from Zr of
the Lower AA Wiesmath ortho-
gneiss (a locality near Wies-
math) of the Wechsel structural

0.08

0.02- 100
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400
603 + 23 Ma |
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109 + 18 Ma
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unit. This age is interpreted to
date the Alpine metamorphism

0.2 0.4 0.6 0.8

climax conditions (T 500°C at
P 10 kbar [KorIkovsky et al., 1998]) in the buried footwall
LAA structural complex.

The Late Cretaceous-Early Tertiary collision-related ex-
tensional event (DR3, K-Ar data: Ms 88+5-76+4 Ma, Kfs
97+5-88+4 Ma, Bt 78+6 Ma [PUSHKAREV in PuTIS et al.,
1994]) thus followed the closure of the Penninic Ocean. It
enhanced the exhumation of buried LAA (and Pennine)
structural complexes in some domes and tectonic win-
dows. This event, or a top-to-the WSW extensional
shearing was mainly controlled by the low-T quartz rheo-
logy. Although it is penetrative for the LAA structural
complex, only the basis of the SSU was reactivated.
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Mineral Abbreviations in Text and Text-Figures

Ab
Acm
Act
Adr
Ads
Aeg
Alm
Am
An
Ap
Arg
Ath
Bar
Bt
Cal
Chl
Clm
Czo
Cpx
Di
Ed
Ep
Fo
Fsp
Grs
Grt
Hbl
Hd
IIm
Jd

albite

acmite
actinolite
andradite
andesine
aegirine
almandine
amphibole
anortite
apatite
aragonite
anthophyllite
barroisite
biotite
calcite
chlorite
chloromelanite
clinozoisite
clinopyroxene
diopside
edenite
epidote
forsterite
feldspars
grossularite
garnet
hornblende
hedenbergite
ilmenite
jadeite

Ktp
Kfs
Ky
Mnz
Ms
Olg
Oom
Opx
Pg
Prg
Phe
Phl
PI
Prp
Px
Qtz
Rt
Scp
Ser
Sil
Sps
Tar
Ttn
Tic
Ts
Tur
WhM
Zo
Zr
WR

kataphorite
kalifeldspar
kyanite
monazite
muscovite
oligoclase
omphacite
orthopyroxene
paragonite
pargasite
phengite
phlogopite
plagioclase
pyrope
pyroxene
quartz
rutile
scapolite
sericite
sillimanite
spessartine
taramite
titanite

talc
tschermakite
tourmaline
white mica
zoisite
zircon
whole-rock.
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