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Tertiare Sproédstruktiuren
im Ostlichen Tauernfenster (Ostalpen)

Zusammenfassung

Untersuchungen von mesoskopischen Sprodstrukturen im dstlichen Tauernfenster ergaben eine klare Abfolge ihrer Pragung, die im
gesamten Untersuchungsgebiet sehr einheitlich ist. Die dltesten Sprodstrukturen sind subvertikale, sulfidfihrende Quarzgange, welche
anscheinend nur im zentralen Teil der Hohen Tauern auftreten. Sie streichen NE-SW und zeigen eine rechtslaterale, staffelférmige Anord-
nung. Diese Génge werden von flachen, semiduktilen Abschiebungen geschert und abgeschnitten und in weiterer Folge von NNE-strei-
chenden Quarzgéngen geschnitten, die ebenfalls sulfidische Erzminerale fuhren und manchmal Uber linkslaterale Relaisstrukturen verbun-
den sind. Die Quarzgange und andere hydrothermale, erzfihrende Gange treten bemerkenswerterweise am Ende der Mélitalstdrung, einer
NW-SE-streichenden, dextralen Blattverschiebung, gehauft auf. Wir erklaren dies als Ausdruck der Aufnahme eines Teils der Blattverschie-
bungskomponente in Form von Dehnungsstrukturen im Endbereich dieser Stdrung. Manche dieser Gange werden spater als Abschiebun-
gen wiederbetétigt und zeigen somit im Wesentlichen eine Dehnung in E-W-Richtung an. Die Abschiebungen treten einerseits in den
inneren Bereichen des Tauernfensters als flache diskrete Scherzonen auf, andererseits wird diese Abschiebung am Ostrand des Fenstersin
der Schieferhulle gefligepragend.

Paldospannungsanalysen an Hand von Orientierungen von Stérungen und Striemungen ergeben eine subhorizontale, NNE-SSW-gerich-
tete Orientierung der Hauptnormalspannung o im Bereich der dextralen Mélitalstdrung. Diese Orientierung von o4 ist mit der Bildung der
NNE-SSW-streichenden Dehnungsgéngen in Ubereinstimmung.

Alle diese Sprodstrukturen belegen eine subhorizontale Orientierung der Hauptnormalspannung o4 innerhalb des NE-Quadranten und
eine Rotation der subhorizontalen Hauptnormalspannung o, bzw. der Orientierung der o, —Trajektorien gegen den Uhrzeigersinn wéhrend
der Bildung dieser Sprodstrukturen. Diese Entwicklung gibt Hinweise auf die Existenz eines groBraumigen sinistralen, E-W-streichenden
Seitenverschiebungskorridors, der fir den Aufstieg des Tauernfensters innerhalb einer Stufe von zwei Blattverschiebungen verantwortlich
gemacht werden konnte. Ein Wechsel der Hauptnormalspannungen o, und o, wahrend der andauernden E-W-gerichteten Dehnung (o3)
beweist das Durchschreiten einer neutralen, isotropen Flache wahrend des Aufstiegs des metamorphen Tauerndoms.

Abstract

Investigations of brittle outcrop-scale structures within the eastern sectors of the Tauern Window provide a clear succession of structures
that are coherent over the entire study area. The oldest brittle structures are subvertical sulphide-bearing extensional quartz veins which
dominate the central part of the Tauern Window. They trend NE and show a right-lateral en echelon arrangement. These veins are sheared
and crosscut by low-angle normal faults and subsequently overprinted by NNE-trending extensional quartz-veins bearing sulphidic ore
minerals. Occasionally vein arrays are linked by left-lateral bridge structures. The hydrothermal quartz and ore veins are concentrated at the

*) Authors’ addresses: WALTER KURz, JOHANN GENSERInstitut fir Geologie und Paldontologie der Universitat Graz, A-8010 Graz, Austria;
FrRANZ NEUBAUER, HANNES HORNER, Institut fur Geologie und Paldontologie der Universitat Salzburg, A-5020 Salzburg.
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end of the Maélltal strike-slip fault. This phenomenon is explained as an accomodation zone in which the dextral strike-slip components
along this fault have been partly compensated by extension in ESE-WNW-direction. Some of the hydrothermally mineralized veins have
subsequently been used as normal faults, bearing evidence of extension in E-W-direction. These normal faults are widespread over the
internal sectors of the Tauern window as localized shear zones dominating the roof zones of the Tauern Window as well.

The results of the paleostress-analyses from the orientation of slickensides and striae point to a subhorizontal, ca. NNE-SSW orientation
of the principal stress axis o, at the NW-SE-trending right-lateral Mélital fault. The orientation of oy is compatible with the formation of
NNE-trending extensional veins. All these brittle structures documented display evidence of a subhorizontal orientation of the principal
stress axis o, in the northeastern quadrant and a counterclockwise rotation of the subhorizontal orientation of o, -trajectories during the
formation of these brittle structures. The combination of these structures is interpreted to represent the stress distribution within a sinistral
step of a left-lateral, east-trending wrench-corridor which accomodated the exhumation of the Tauern window. During the subsequent
subhorizontal extension in E-W-direction an exchange of the principal stresses ¢y and o is documented. This change is interpreted to

document the passage through the neutral, isotropic surface during the uplift of the metamorphic dome of the Tauern Window.

1. Introduction

Underplated metamorphic continental crust is often
found within tectonic windows in internal zones of collisional
orogens. The ideas on conditions of exhumation of such
crustal pieces are controversial and many models have
been proposed. Many authors agree that exhumation mainly
occured during the late stages of the orogenic evolution in
an extensional regime (DEWEY, 1988; ENGLAND & MOLNAR,
1990; PLATT, 1986, 1993; RATSCHBACHER et al., 1989; HiLL et
al., 1992). Removal of the hangingwall crust was achieved
by operation of ductile low-angle normal faults on the roofs
of uplifted metamorphic domes. Geometrically, the dis-
placement along these extensional faults are directed either
towards the foreland (Lister et al., 1984) or largely subparal-
lel to the orogen (BEHRMANN, 1988, 1990; SELVERSTONE,
1988; GENSER & NEUBAUER, 1989; NEUBAUER & GENSER,
1990; RATSCHBACHER et al., 1989).

During uplift and cooling the orogenic crust crossed the
transition from plastic to brittle deformation. Thus the orien-
tations of the extensional fractures can be used to docu-
ment strain and stress orientations during the late stage of
orogenic deformation (ANGELIER & MECHLER, 1977; ANGE-
LIER, 1979, 1989; DvER, 1988; ENGELDER & GEISER, 1980;
HANCOCK, 1985; RAWNSLEY et al., 1992).

We investigated the eastern part of the Tauern Window to
obtain information on the kinematics of orogen-parallel tec-
tonic escape and to deduce the stress conditions of the up-
lift of such metamorphic domes (GENSER & NEUBAUER, 1989;
RATSCHBACHER et al., 1991).

2. Geological Setting
of the Tauern Window

The Tauern Window exposes Penninic units below the
Austroalpine Nappe Complex that represents the hanging-
wall continental plate during the Tertiary plate collision (Tex-
t-Fig. 1). The Penninic units include a continental basement
composed of Paleozoic metamorphic units and the widely
distributed Variscan Central Gneiss with a parauto-
chthonous Permian to Mesozoic cover, overlain by the Peri-
pheral Schieferhiille (basically within the Glockner nappe:
ToOLLMANN, 1980) which represents a Mesozoic ophiolite se-
quence (HOck & MILLER, 1987). The burial of the Penninic
units during plate collision resulting in high pressure meta-
morphism is believed to have occurred in the Cretaceous,
followed by Eocene to Oligocene regional metamorphism
(“Tauern crystallization”) (CLIFF et al., 1985; DrRoor, 1985;
Frank et al., 1987). Uplift and cooling of the Tauern Window

AUSTROALPINE

UNITS [ ‘

PERIPHERAL .
SCHIEFERHULLE

GLOCKNER NAPPE |

AUTOCHTHONOUS
MESOQZOIC UNITS

ZENTRALGNEIS
AND CENTRAL r
SCHIEFERHULLE

FAULT

EANE 0

AREAS 10 km

——

BAD GASTEIN [y

MALLNITZ

[]

of INVESTIGATION |

=

Text-Fig. 1.

Simplified tectonic sketch map of the eastern Tauern window with locations of investigated areas.
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apparently started during the late Oligocene and continued
throughout the Neogene (CLIFF et al., 1985; GRUNDMANN,
1987; STAUFFENBERG, 1987) with formation of ductile low-
angle normal faults with top west displacement along the
western margins (BEHRMANN, 1988; SELVERSTONE, 1988)
and top east displacement along the eastern margins of the
Tauern Window (GENSER & NEUBAUER, 1989; ELSNER, 1991,
1992; GENSER, 1992). Several studies reported structural
expressions like normal faults for extension and rock uplift
along eastern margins of the Tauern window during uplift
(EXNER, 1989; GENSER & NEUBAUER, 1989; ELSNER, 1991,
1992). Presently, portions of the Tauern window are still up-
lifting with a rate of ca. 1.5 mm/a (SENFTL & EXNER, 1973).

3. Methods

Methods applied in the field largely followed those de-
scribed by ENGELDER & GEISER (1980), HANCOCK (1985), and
Ramsay & HUBER (1987). Data for paleostress orientation an-
alysis were collected following the methods initially prop-
osed by ANGELIER & MECHLER (1977). The shear criteria
along brittle faults have been described by PeTiT (1987). On-
ly the slickenside and striae data from single exposures have
been used for paleostress orientation analysis to keep con-
trol on possible overprint and multistage formation of
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faults. Note that not the number of measured fault data is
essential for quality of the diagram but the distinct orienta-
tions. Only in a few cases an overprint by a second set of
striae along faults has been observed. Numerical calcula-
tions of possible paleostress orientations have been per-
formed by means of a computer program of WALLBRECHER &
Unzoa (Graz) which follows the algorithms described by AN-
GELIER & MECHLER (1977) and ANGELIER (1979).

4, Brittle Deformation
within the Eastern Tauern Window

We investigated three areas in more detail (Text-Fig. 1):

1) The area along the Molltal fault (“Mélltal Line”) within the
Mallnitz-Fragant area. This fault is a major NW-trending
subvertical, apparently dextral strike-slip fault zone
which offsets the southern margin of the Tauern Window.
The area is of major interest because many subvertical
NE- to NNE-trending hydrothermal ore veins are located
within it (TornQuisT, 1931; 1933; HIESSLEITNER, 1937,
KIESLINGER, 1937; FEITZINGER & PAAR, 1991; FEITZINGER,
1992; VAVTAR, 1982),

2) The Silbereck area, which includes a major NNW-trend-
ing synform with Penninic Permian to Mesozoic metase-
diments within Paleozoic basement rocks (EXNER,
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Text-Fig. 2.
Brittle deformation in the Fragant area (W of Mallnitz).

All here documented structures are from mountain tracks below the Wurten Kees, between the Eisseehaus (2795 m) and the quarry

100 metres south of the Wurtenspeicher dam (Fragant area).

a) Structural summary of all observed brittie structures within the Central Gneiss (taken from outcrops along mountain tracks 100-200 m

south of the Eisseehaus).

b) Foliation boudins and mineralized necks (outcrop along mountain track, approximately 300 metres west of the Duisburger Hitte).
c) Semibrittle to ductile normal faults and type ll extension veins (quarry 100 metres south of the dam of the Wurtenspeicher).
d) Mineralized type | vein with secondary cleavage parallel to fault plane (like b).

e) Sheared type | vein due to low-angle normal faulting (like c).
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Text-Fig. 3. «

Schematic presentation of brittle structures in the Siglitz area

southwest of Badgastein.

a) NE-trending tension gashes with right-handed en-echelon ar-
rangement (type | vein).

b) NNE-trending tension gashes with a sinistral relais (or bridge
structure) of type Il veins.

c) Intersection between NE- and NNE-trending veins.

d) Brittle normal faults affecting tension veins from type | and Il

All sketches are in plan view.

Text-Fig. 4. <

Orientation data of extension veins.

a) Polestotype | veins.

b) Poles to type Il veins.

c) Fold axes (OJ) and related subhorizontal axial surface cleav-
age ().

d) Low -ngle normal faults (see Text-Fig. 2c¢): great circles = fault
planes; points with arrows = striae with sense of hangingwall
displacement.

Lambert's projection, lower hemisphere.

Text-Fig. 5. > >
Orientation data of the brittle structures along the Mélltal Line.
e = fault planes; + = striae.

Lambert's projection, lower hemisphere. FAULT PLANES & STRIAE FRAGANT AREA
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Orientations of principal stress axes deduced from slickenside and striae data along the Mélltal Line.

Black area in diagrams: possible orientations of o, orientations; stippled area in diagram: possible o orientation. Number on diagrams
refers to the number of faults on a single locality with measured fault plane, striae, and sense of shear defining to a complete slip system.
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1983). Epigenetic hydrothermal mineralizations within
extensional fissures and shear and fault zones are of
some importance (FRIEDRICH, 1934, 1935; EXNER, 1989:
WEIDINGER & LANG, 1991).

3) The Malta valley area at the eastern margin of the Tauern
Window, which exposes the transition from the tectonic
hangingwall units of the Tauern Window to the internal
portions of the Central Gneiss cores.

4.1. Moélltal Line Area

In the area along the Mélltal Line (EXNER, 1962, 1964) we
observed a progressive sequence of deformation structures
which are developed in the Siglitz valley and the Fragant
area in an exemplary fashion.

Subvertical extensional sulphide-bearing quartz veins
of cm to dm thickness are the oldest brittle structures. They
trend NE and show right-lateral en echelon arrangement
(Text-Figs. 2a, 3a, 4a). These veins are affected by open to
tight, NE-facing recumbent folds which are formed by fold-
ing of the penetrative foliation around subhorizontal, SE-
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striking fold axes. These folds are associated with a flat-ly-
ing axial plane crenulation cleavage (Text-Figs. 2a, 4c).

These structures are crosscut and sheared by conjugate
sets of low-angle normal faults dipping to the WNW and
ESE, respectively (Text-Figs. 2a, 4d). Extensional veins are
sheared and offset by these low-angle normal faults (Text-
Fig. 2e). Sometimes an asymmetric foliation boudinage is
related to normal faulting (PLATT & VISSERS, 1980) (Text-
Fig. 2b).

The NE-trending veins, the folds and the low-angle normal
faults are also crosscut by NNE-trending extensional quartz
veins bearing sulphidic ore minerals (Text-Figs. 2a, 3b, 4b).
They are sometimes linked by left-lateral bridge structures
(Text-Fig. 3b). Extensional fissures of small dimensions dis-
playing chlorite mineralization parallel to NNE-trending
veins show right-lateral and left-lateral en echelon ar-
rangements, respectively, depending on the major fault they
are related to. NE-trending quartz veins may show right-lat-
eral offset by NW-trending subvertical brittle faults and
cleavages parallel to these faults (Text-Fig. 2d). Both types
of veins have subsequently been used as normal faults or
are crosscut by NW- to WNW-dipping high-angle normal
faults (Text-Fig. 3d). Subvertical
N-trending joints occur together
with subvertical Riedel-en-echelon
fractures which indicate subvertic-
al shearing. These structures are
due to this final stage of brittle de-
formation (mode [l shearing: PoL-
LARD & AYDIN, 1988).

Ductile deformation structures
with a steep penetrative folia-
tion and a flat-lying SW-trending
stretching lineation apparently pre-
dominate along the Mdlital Line,
Brittle segments of the fault zone
which overprint earlier ductile
structures are very limited in the
field. In such segments, like in the
Fragant area, subvertical fault sur-
faces are associated with a sub-
horizontal striation and/or Riedel
shears indicating dextral displace-
ment (Text-Fig. 5a,b). These faults
often contain mineralizations with

chlorite, calcite and subordinate
guartz indicating hydrous fluids
from which these minerals have
been precipitated.

Text-Fig. 7.

Brittle shear zone displaying the in-
teraction between normal faults and ex-
tensional horse tails with mineralized
veins.

Base of the Silbereck Group west of the
Schurfspitze (for location, see Text-
Fig. 8).
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The results of paleostress analyses from the orientation  patible with the formation of NNE-SSW striking exten-
data of slickensides and striae (ANGELIER & MECHLER, 1977;  sional veins.
ANGELIER, 1979, 1989) indicate a subhorizontal NNE-SSW Some of these veins have subsequently been reactivated
orientation of the principal stress axis o, at the NW-trend-  as normal faults which documents an exchange of oy and o,
ing Molltal strike slip fault. This orientation of o, is com- aside and at the end of the Mdélltal Line.
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Text-Fig. 8.
Orientations of principal stress axes as deduced from slickenside and striae data from the Silbereck area.
For explanation of diagrams, see Text-Fig. 6.
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4.2. Silbereck Area

The Silbereck area (Text-Fig. 1) mainly exposes par-
autochtonous Mesozoic carbonates, black schists and mi-
caschists within the Variscan “Central Gneiss” and the mig-
matitic Storz Group (EXNER, 1983) which represents another
basement unit (Text-Figs. 1, 8). Complex ductile deforma-
tion of the area is followed by local brittle deformation. Basic
observations are the presence of subvertical mineralized,
mostly NNE-trending tension gashes which include a three-
step mineralization:

1) Inafirst mineralization phase mostly muscovite has been
formed within such gashes,

2) a second phase resulted in precipitation of quartz,
chlorite and other silicates, and

3) sulphides which have been precipitated on silicates of
the first two phases.

The last phase is often combined with brittle shear zones
along the contact zones of rocks with a large competence
contrast like the boundary of the Central Gneiss to basal
formations of the Mesozoic cover sequence. Brittle shear
zones gradually change into extensive horse tails which in-
clude mineralized tension fissures (Text-Fig. 7). These fis-
sures often contain sulphides. Extension veins both in the
Central Gneiss and in the Mesozoic Silbereck sequence
have the same subvertical und predominantly NNE-trending
orientation (Text-Fig. 7b).

Orientations of brittle shear faults, which have been col-
lected from several localities, imply a predominant subver-
tical orientation of oy (Text-Fig. 8). Only very few data sets
yielded patterns with subhorizontal o, . Depending on coun-
try rocks, these faults often contain some mineralizations
with chlorite, calcite, and sulphides.

4.3. Malta Valley

At the eastern margin of the Tauern Window tectonic units
from the G&Bkern, the deepest exposed tectonic level, up to
the Austroalpine unit have been studied. They exhibit a com-
plex sequence of ductile deformation, followed by brittle
structures. The last main ductile deformation is low-angle
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normal faulting, concentrated in the Peripheral Schieferhul-
le, displacing the Austroalpine unit to the ESE (GENSER &
NEUBAUER, 1989).

The oldest brittle structures in the Penninic unit are miner-
alized tension gashes, which occur mostly in conjunction
with semiductile normal faults. These tension gashes occur
in more competent layers, whereas extension in the incom-
petent layers is accomodated by listric normal shear zones,
passing into the fractures and the main foliation, respective-
ly. The fractures trend NNE (Text-Fig. 9a). Some are gently
folded around subhorizontal axes (Text-Fig. 9b). Quartz,
chiorite, biotite, calcite, albite and other hydrothermal mi-
nerals have grown, indicating elevated temperatures during
their formation. Similar open gashes occur in neck areas of
foliation boudins. Especially within amphibolites close to the
Peripheral Schieferhllle, which are affected by low-angle
normal faulting, NNE-trending calcite-filled veins are deve-
loped.

In the homogeneous granodioritic gneisses of the Goi3-
kern, steep NNE-trending subvertical chlorite-filled joints
(Text-Fig. 9c) indicate ESE-WNW-directed extension as
well. These joints occur in sets which are about half a meter
in width and which are in distances of more than several
meters from each other. The surfaces are smooth, the areal
extent of individual joints is up to several square metres.

Slickensides on shear fractures in the granodioritic gneis-
ses display a continuous evolution from discrete surfaces to
ductile shear zones mm to cm wide. Hydrothermal minerals
like quartz, calcite, and chlorite in releasing bends of slick-
ensides point to the formation of the slickensides at elevated
temperatures. Paleostress analyses based on orientations
of slickensides and striae yield a steep, W-directed plunge
of the principal stress axis oy and a subhorizontal, E-W-
orientation of the principal stress axis o3 (Text-Fig. 10).

Ductile, low-angle normal faults in the Peripheral Schiefer-
hille gradually change into often mineralized shear fracture
with slickensides within the Austroalpine unit. Therefore,
they must be older than the brittle structures in the Penninic
unit. The brittle deformation, forming cataclasites and fault
gouges is concentrated in the Lower Austroalpine unit and
especially at the former thrust contact between the Lower
Austroalpine and the Middle Austroalpine units, reactivating

N

a

C

Text-Fig. 9.

Brittle structures of the Malta area (Lambert’s projection, lower hemisphere).
a = orientation data of tension gashes; b = folded tension gashe: tension gash (e), foliation in the country rock (+); ¢ = chlorite-mineralized

extension veins (GoBkern, Koschach).
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Orientations of principal stress axes deduced from slickenside and striae data from the Malta valley.

For explanation of diagrams, see Text-Fig. 6.
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the thrust surface as brittle normal fault. Paleostress ana-
lyses result in vertical orientations of oy and ESE-WNW
orientations of o5 (Text-Fig. 10).

5. Sequence of Deformations

From the data presented above a clear succession of
brittle deformation events can be recognized in the central
and eastern portions of the Tauern Window.

The oldest brittle structures occur in the central part of the
Hohe Tauern. These are subvertical extensional sulphide-
bearing quartz veins (FEITZINGER & PAAR, 1991; FEITZINGER,
1992). They trend NE and display right-lateral en-echelon
arrangement. These veins are crosscut by NNE-trending ex-
tensional quartz-veins bearing sulphide ore minerals.
Sometimes a second set of veins is linked by left-lateral re-
lais structures. However, both the relais structures and the
en-echelon arrangement of veins indicate a subhorizontal
o4 direction during formation of these extensional gashes
(NICHOLSON, 1991; POLLARD et al., 1982; POLLARD & AYDIN,
1988; RAMSAY & HUBER, 1987). In the Mallnitz-Fragant area
the formation of both sets of veins is separated by formation
of ductile low-angle normal faults and recumbent folds
which both result from subvertical shortening.

Both sets of quartz and other hydrothermal veins contain-
ing ore minerals are concentrated remarkably at the end of
the Mdlltal strike-slip fault. This phenomenon suggests an
explanation of these structures as the result of an accomo-
dation zone which partly compensated the strike-slip com-
ponent of this fault by extension in ESE-WNW-direction (fol-
lowing amodel of GRATIER & GAMOND, 1990) and occasional-
ly within the extensional steps of overlapping brittle faults
(GAMOND, 1987).

The results of paleostress analyses from the orientation of
slickensides and striae (ANGELIER & MECHLER, 1977; ANGE-
LIER, 1979) point to a subhorizontal, ca. NNE-SSW orienta-
tion of the principal stress o at the NW-trending right-later-
al Molltal fault. This orientation of ' is compatible with the
formation of NNE-trending extensional veins.

Some of these veins have subsequently been used as
normal faults, basically bearing evidence of extension in
ESE-WNW-direction. Especially in areas with competence
contrasts, e.g. between the Central Gneiss and the covering
Permian and Mesozoic metasediments, there is proof of a
linkage between subvertical extensional veins and listric
low-angle normal faults.

These normal faults are widespread over the internal part
of the Tauern Window as localized shear zones. They domi-
nate at the eastern margin of the Hohe Tauern near the fossil
plate margin. Similar orientations of brittle structures within
the Austroalpine unit suggests that they could have formed
contemporanously with the ductile shear zones of the Pen-
ninic unit.

6. Discussion

Tension gashes as well as hydrothermal quartz veins are
mineralized with quartz, silicates and sulphides which for-
med at elevated temperatures. FEITZINGER & PAAR (1991) es-
timated the temperature of sulphide formation of ca.
365-410°C. REDEN & GOTZINGER (1990) assumed 300°C as
a minimum temperature of quartz formation within quartz
veins. The origin of hydrous fluids is uncertain but open
veins suggest an origin from lower levels within the Tauern
window. Ascending hydrous fluids may supply additional
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water to trigger hydrolytic weakening of main rock constitu-
ents like quartz within shear zones along the upper margin of
the window. Similarly, transformation of feldspars into hy-
drous minerals like sericite often observed along axial plane
surfaces and ductile shear zones postdating formation of
type | veins might have been triggered by the same process.

Text-Fig. 11.

Model for the progressive development of brittle structures in the
eastern part of the Tauern Window.

For explanation, see text.
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Furthermore, an elevated water pressure respectively over-
pressure could have significantly lowered the strength of
rocks within middle and upper levels of the orogenic crust.

The conjunction of documented brittle structures with
mineralizations formed within a temperature interval be-
tween ca. 400° and 300°C as well as associated ductile
structures like conjugate shear zones argue for formation of
these structures on the cooling path of the rocks within the
Tauern window. According to geochronological results of
mineral age dating within the area under consideration
(CUFF et al., 1985; STAUFFENBERG, 1987) we assume, there-
fore, that these structures were formed within the Neo-
gene.

All these documented brittle structures give evidence of a
subhorizontal orientation of the principal stress axis oy inthe
NE-quadrant and a counterclockwise rotation of the sub-
horizontal orientation of a4, respectively the orientation of o,
-trajectories, during the formation of these brittle structures
(Text-Fig. 11a,b). This phenomenon points to the existence
of a large-scale left-lateral bridge (GAMOND, 1987) within an
approximately east-trending wrench corridor parallel to the
strike of the orogen causing the uplift of the Tauern Window
at a left-lateral step (GENSER & NEUBAUER, 1989). Further-
more, in conjunction with the existence of confining strike-
slip faults, patterns of tension gashes as well as internal
strike-slip faults indicate that significant rock uplift occurred
in an transpressive, contractional setting.

During the subsequent subhorizontal extension in E-W-
direction an exchange of the orientations of principal stress
axes o4 and o, is documented. This change is interpreted to
represent the passage of a neutral, isotropic surface of prin-
cipal stresses during the uplift of the metamorphic dome of
the Tauern Window (Text-Fig. 11c).

7. Conclusions

Metamorphic underplated crust passes the transitional
domain from plastic to brittle deformation during uplift and
cooling. Several general trends may be recognized from the
investigations in the eastern Tauern Window:

@ Early brittle structures are tension gashes that formed
within a strike-slip regime. Associated hydrothermal vein
systems may have been channelways for escaping me-
tamorphic fluids.

@ |n the interior of metamorphic domes mesoscale struc-
tures gradually change from predominantly subhorizon-
tal pure shear extension with formation of mineralized
extension gashes and ore veins to subhorizontal simple
shear deformation resulting in (semi-)brittle shear
zones.

© Ductile to brittle simple shear deformation expressed
structurally as low-angle normal faults, is located along
. the upper margins of the uplifted metamorphic domes.

@ Orientations of tension gashes and mineralized ore veins
exhibit a gradual counterclockwise rotation of the max-
imum instantaneous xtension direction and therefore al-
so of the applied principal stress orientations.

© The structures created during rock uplift and cooling dis-
play a gradual change from subhorizontal contraction
within a strike-slip regime to subvertical contraction. We
interpret this transition as an effect of the passage of the
neutral surface within an upbending plate.

163

Acknowledgements

We appreciate discussions on the topics presented in this study
with Wolfgang FRISCH, Istvan DUNKL, Lothar RATSCHBACHER & Harry
FRITZ. We gratefully acknowledge E. WALLBRECHER and W. UNZOG
(Graz) for the computer program for numerical calculation of prin-
cipal stress orientations from fault data. Suggestions of two ano-
nymous reviewers helped to clarify models presented in the study.
The studies have been carried out within the projects P7405-GEO
and P8652-GEO of the Austrian Research Foundation.

References

ANGELIER, J., 1979: Determination of the mean principal directions
of stresses for a given fault population. — Tectonophysics, 56,
T17-T26.

ANGELIER, J., 1989: From orientation to magnitudes in paleostress
determination using fault slip data. - J. Struct. Geol., 11, 37-50.

ANGELIER, J. & MECHLER, P., 1977: Sur une méthode graphique de
recherche des contraintes principales également utilisable en
tectonique et en seismologie: la méthode de diédres droits. —
Bull. Soc. Géol. France, (7) 719/6, 1309-1318.

BEHRMANN, J.H., 1988: Crustal-scale extension in a convergent
orogen: the Sterzing-Steinach mylonite zone in the Eastern Alps.
— Geodinamica Acta, 2, 63-73.

BEHRMANN, J.H., 1990: Zur Kinematik der Kontinentkollision in den
Ostalpen. — Geotekt. Forsch., 76, 1-180.

CLIFF, R.A., DRooP, G.T.R. & Rex, D.C., 1985: Alpine metamorph-
ism in the south-east Tauern Window, Austria: 2. Rates of hea-
ting, cooling and uplift. - J. metamorphic Geol., 3, 403-415.

DEwWEY, J.F., 1988: Extensional collapse of orogens. - Tectonics, 7,
1123-1139.

Droor, G.T.R., 1985: Alpine metamorphism in the south-east
Tauern Window, Austria: 1. P-T variations in space and time. — J.
metamorphic Geol., 3, 371-402.

DyeR, R., 1988: Using joint interactions to estimate paleostress ra-
tios. —J. Struct. Geol., 10, 685-699.

ELSNER, R., 1991: Geologische Untersuchungen im Grenzbereich
Ostalpin-Penninikum am tauern-Sidostrand zwischen Katsch-
berg und Spittal a.d. Drau (Karnten, Osterreich). — Frankfurter
Geowiss. Abh., Serie A, 10, 1-239.

ELSNER, R., 1992: Geologie des Tauern-Sidostrandes und geotek-
tonische Konsequenzen. — Jb. Geol. Bundesanst.,, 134,
561-645.

ENGELDER, T. & GEISER, P., 1980: On the use of regional fault sets as
trajectories of paleostress fields during development of the Appa-
lachian Plateau, New York. - J. Geophys. Res., 85, 6319-6341.

ENGLAND P. & MOLNAR, P., 1990: Surface uplift, uplift of rocks and

- exhumation of rocks. — Geology, 18, 1173-1177.

EXNER, Ch., 1962: Sonnblicklamelle und Mélltallinie. — Jb. Geol.
Bundesanst., 105, 273-286.

EXNER, Ch., 1964: Erlauterungen zur geologischen Karte der Sonn-
blickgruppe 1 : 50 000. — Vienna (Geol. Bundesanst.), 170 p.

EXNER, Ch., 1983: Erlauterungen zur Geologischen Karte der Haf-
nergruppe (Blatt Muhr, O.K. 156 - Sidteil, 1 : 25.000). — Mitt.
Ges. Geol. Bergbaustud. Osterr., 29, 41-74.

EXNER, Ch., 1989: Geologie des mittleren Lungaues. — Jb. geol.
Bundesanst., 132, 7-103.

FEITZINGER, G. & PAAR, W.H., 1991: Gangférmige Gold-Silber-Verer-
zungen in der Sonnblickgruppe (Hohe Tauern, Kérnten). — Archiv
Lagerstattenforsch. Geol. Bundesanst., 13, 17-50.

FEITZINGER, G., 1992: Gold-Silber-Vererzungen und historischer
Bergbau im Zirknitz- und Wurtental (Sonnblickgruppe, Hohe
Tauern, Karnten). — Lapis, 5, 13-30.

FRANK, W., KRALIK, M., SCHARBERT, S. & THONI, M., 1987b: Geochro-
nological Data from the Eastern Alps. —In: H.W. FLUOGEL & P. FAUPL
(eds.): Geodynamics of the Eastern Alps, Vienna (Deuticke), pp.
272-279.



164

W. KtRZ, E NEUBAUER, H. GENSER & H HORNER

FRIEDRICH, O.M., 1934: Uber den Vererzungstyp Rotgtilden. — Sit-
zungsber. Akad. Wiss. Wien, Abt.l, math.-naturwiss. Kl., 143,
97-108.

FRIEDRICH, O.M., 1935: Uber den Vererzungstyp Rotglilden. — Sit-
zungsber. Akad. Wiss. Wien, Abt.l, math.-naturwiss. Kl., 144,
1-6.

GAMOND, J.F., 1987: Bridge structures as sense of displacement in
brittle fault zones. — J. Struct. Geol., 9, 609-620.

GENSER, J., 1992: Struktur-, Geflge- und Metamorphoseentwick-
lung einer kollisionalen Plattengrenze: das Beispiel des Tauern-
ostrandes (Kérnten, Osterreich). — Unpubl. PhD thesis, University
of Graz, 379 pp., Graz.

GENSER, J. & NEUBAUER, F., 1989: Low angle normal faults at the
eastern margin of the Tauern Window (Eastern Alps). — Mitt.
Osterr. Geol. Ges., 81 (1988), 233-243.

GRATIER, J.P & GAMOND, J.F. 1990: Transition between seismic and
aseismic deformation in the upper crust. — In: KNIPE, R.J. & RuT-
TER, E.H. (eds.): Deformation Mechanisms, Rheology and Tec-
tonics. - Geol. Soc. Spec. Publ., 54, 461-473.

GRUNDMANN, G., 1987. Hebungsraten im Tauernfenster, abgeleitet
von Spaltspurendatierungen von Apatiten. — Mitt. Osterr. Miner.
Ges., 132, 103-116.

HANCOCK, P.L., 1985: Brittle microtectonics: principles and practi-
ce.—J. Struct. Geol., 7, 437-457.

HIESSLEITNER, G., 1937: Alter Goldbergbau am Grieswies-Schwarz-
kogel (Ritterkar) im Sonnblick-Hocharnmassiv, Hohe Tauern. —
Berg Huttenméann. Jb., 85, 50-64.

HiLL, E.J., BALDWIN, S.L. & LISTER, S.L., 1992: Unroofing of active
metamorphic core complexes in the D’Entrecasteaux Islands,
Papua New Guinea. — Geology, 20, 907-910.

HOCK, V. & MILLER, Ch., 1987: Mesozoic ophiolitic sequences and
non-ophiolitic metabasites in the Hohe Tauern. — In: FLUGEL, H.W.
and FAUPL, P. (eds.): Geodynamics of the Eastern Alps, Vienna
(Deuticke), pp. 16-33.

KIESLINGER, A., 1937: Die geologischen Grundlagen des Goldberg-
baues in den Hohen Tauern. Festschr. — Berg- u. Hittenméann.
Jb., 85, 286-291.

LISTER, G.S., BANGA, G. & FEENSTRA, A., 1984: Metamorphic core
complexes of Cordilleran type in the Cyclades, Aegean Sea,
Greece. ~ Geology, 12, 221-225.

NEUBAUER, F. & GENSER, J., 1990: Architektur und Kinematik der
dstlichen Zentralalpen - eine Ubersicht. — Mitt. naturwiss. Ver.
Steiermark, 120 (METz-Festschrift), 203-219.

NICHOLSON, R., 1991: Vein morphology, host rock deformation and
the origin of the fabrics of en echelon mineral veins. - J. Struct.
Geol., 13, 635-41.

PETIT, J.P., 1987: Criteria for the sense of movement on fault surfa-
ces in brittle rocks. — J. Struct. Geol., 9, 597-608.

PLATT, J.F., 1986: Dynamics of orogenic wedges and the uplift of
high-pressure metamorphic rocks. — Geol. Soc. Amer. Bull., 97,
1037-1053.

PLATT, J.F., 1993: Exhumation of high-pressure rocks: areview of
concepts and processes. — Terranova, 5, 119-133.

PLATT, J.P. & VISSERS, R.L.M., 1980: Extensional Structures in ani-
sotropic rocks. — J. Struct. Geol., 2, 397-410.

POLLARD, D.D., SEGALL, P. & DELANEY, T.P., 1982: Formation and
interpretation of dilatant echelon cracks. - Geol. Soc. Am. Bull.,
93, 1291-1303.

PoLLARD, D.D. & AYDIN, A., 1988: Progress in understanding of join-
ting over the past century. — Geol. Soc. Amer. Bull., 100,
1181-1204.

Ramsay, J.G. & HUBER, M.l., 1987: The Techniques of Modern
Structural Geology, Vol.2: Folds and Fractures. — London (Acade-
mic Press), pp. 309-701.

RATSCHBACHER, L., FRISCH, W., NEUBAUER, F., SCHMID, S.M. & NEU-
GEBAUER, J., 1989: Extension in compressional orogenic belts:
the Eastern Alps. — Geology, 17, 404-407.

RATSCHBACHER, L., FRISCH, W., LINZER, G., MERLE, O., 1991: Lateral
Extrusion in the Eastern Alps, part 2: Structural Analysis. - Tec-
tonics, 10, 257-271.

RAWNSLEY, K.D., Rives, T., PETIT, J.P., HENCHER, S.R. & LUMSDEN,
A.C., 1992: Joint development in perturbed stress fields near
faults. — J. Struct. Geol., 14, 939-951.

REDEN, G. & GOTZINGER, M., 1990: Fluid inclusions in vein minerali-
sations in the region of Badgastein, Rauris and Heiligenblut (Hohe
Tauern/Austria). — Annual Meeting of IGCP Project no. 291 “Meta-
morphic fluids and mineral deposits”, Zlrich, March 21-23,
1991, Abstracts, 47-48.

SELVERSTONE, J., 1988: Evidence for east-west crustal extension in
the Eastern Alps: Implications for the unroofing of the Tauern
Window. — Tectonics, 7, 87-105.

SENFTL, E. & EXNER, Ch., 1973: Rezente Hebung der Hohen Tauern
und geologische Interpretation. — Verh. Geol. Bundesanst.,
1973, 209-234.

STAUFFENBERG, H., 1987: Apatite Fission-Track Evidence for Post-
metamorphic Uplift and Cooling History of the Eastern Tauern
Window and the Surrounding Austroalpine (Central Eastern Alps,
Austria). — Jb. Geol. Bundesanst., 130, 571-586.

TOLLMANN, A., 1980: Das ¢stliche Tauernfenster. — Mitt. Osterr.
Geol. Ges., 71/72, 73-80.

TORNQUIST, A., 1931: Die Vererzungsphasen der jungen ostalpinen
Lagerstatten. — Sitzber. Akad. Wiss., Abt.l, math.-naturwiss. KI.,
140, 219-230.

TORNQUIST, A., 1933: Vererzung und Wanderung des Goldes in den
Erzen der Hohen Tauern — Gange. Sitzber. Akad. Wiss., Abt.I,
math.-naturwiss. Kl., 142, 41-85.

WEIDINGER, J. & LANG, M., 1991: Der As-Au-Ag-Bergbau Rotgulden
im Lungau. — Arch. Lagerstattenforsch. Geol. Bundesanst., 13,
233-247.

VAVTAR, F., 1982: Topomineralische Gold-Quarz-Gange des Sig-
litz-Pochart-Erzwies-Revieres (Gastein, Hohe Tauern). — Arch.
Lagerstéattenforsch. Geol. Bundesanst., 2, 143-148.

Manuscript received: 23.12. 1992 &
Revised version received: 21.07.1993 @&
Manuscript accepted: 06.10. 1993 &



ZOBODAT - www.zobodat.at

Zoologisch-Botanische Datenbank/Zoological-Botanical Database
Digitale Literatur/Digital Literature

Zeitschrift/Journal: Austrian Journal of Earth Sciences

Jahr/Year: 1993

Band/Volume: 86

Autor(en)/Author(s): Kurz Walter, Genser Johann, Neubauer Franz, Horner Hannes

Artikel/Article: Sequence of Tertiary Brittle Deformations in the Eastern Tauern
Window (Eastern Alps): 153-164


https://www.zobodat.at/publikation_series.php?id=20620
https://www.zobodat.at/publikation_volumes.php?id=34300
https://www.zobodat.at/publikation_articles.php?id=166851

