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Abstract

The metamorphic Gleinalm dome, Eastern Alps, was uplifted and exhumed within a releasing structure in a
sinistral wrench corridor during the Late Cretaceous. The dome is confined by a system of ductile shear zones
including low-angle normal faults and steep sinistral tear faults which define a large releasing structure with the
metamorphic dome in its center. The fabrics developed within all ductile shear zones record processes which were
operating during decreasing temperatures from initial epidote-amphibolite / upper greenschist facies conditions (with
crystal plastic fabrics in quartz) to temperatures below ca. 300°C (with predominantly cataclastic fabrics). A cooling
path based on “’Ar/>’Ar amphibole (95.4 + 1.2 Ma) and muscovite ages (87.6 + 0.6; 84.3 + 0.7 Ma) together with
sphene, zircon and apatite fission track data indicate cooling through ca. 500°C at ca. 94 Ma to below ca. 250-200°C
at 65 Ma. Subsidence of the adjacent Late Cretaceous Kainach Gosau basin occurred synchronously with cooling
and uplift of the Gleinalm dome. Internal depositional patterns record rapid subsidence at the time of cooling with
internal synsedimentary block rotation above an intra-crustal ductile normal fault. The sinistral wrench corridor of
the Eastern Alps developed by sinistral displacement of the Austroalpine units against a relatively stable Europe
during the Late Cretaceous.

1. Introduction underplating (e.g., England and Thompson, 1984;

Hsii, 1991). Structural associations have been de-

Several mechanism have been proposed to
contribute to late- to post-orogenic exhumation
of crust thickened during collision of continental
plates (England and Molnar, 1990). These in-
clude: (1) surface erosion (e.g., England and
Thompson, 1984); (2) gravitational collapse of
overthickened crust (Platt, 1986, 1992; Dewey,
1988); and (3) uplift of upper plate rocks by

scribed which relate rock uplift within metamor-
phic domes with subsidence of adjacent detach-
ment-related basins (e.g., Coney, 1980; Seguret et
al., 1989; Ratschbacher et al., 1989; Echtler and
Malavieille, 1990; Cassard et al., 1993; Malavieille,
1993). In this paper structural, geochronological
and sedimentological data are presented which
help to constrain Late Cretaceous rock uplift,
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exhumation, and cooling of metamorphic crust
exposed within the Gleinalm dome (Figs. 1, 2),
and synchronous subsidence within an adjacent,
detachment-related Late Cretaceous basin of the
Eastern Alps in an overall contractional setting.
These results provide insight into the role of
wrench translation in tectonic unloading and
thinning of overthickened thrust wedges.

2. General geological frame

The Austroalpine nappe complex exposed in
the central Eastern Alps is mainly composed of
imbricated basement thrust units (Fig. 2). Traced
tectonostratigraphically downward these include
(Tollmann, 1987): (1) Upper Austroalpine units
with largely Paleozoic basement and Permian and
Mesozoic cover sequences (the latter exposed
mainly in the Northern Calcareous Alps; Fig. 2);
(2) the Middle Austroalpine units with a Variscan
polymetamorphic basement complex (“Altkristal-
lin”), and Permian/Mesozoic cover rocks along
northern margins; and (3) Lower Austroalpine
units composed of basement and cover sequences
forming two major nappes (Grobgneiss and
Wechsel nappes).

Internal imbrication of the major Austroalpine
units is recorded by Permian and Mesozoic cover
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sequences which are structurally interleaved be-
tween basement rocks along the northern mar-
gins of individual thrust sheets (Fig. 2). Thrusting
of Upper Austroalpine over Middle Austroalpine
units occurred during the Early and Middle Cre-
taceous (Ratschbacher, 1986; Krohe, 1987; Frank,
1987; Neubauer et al.,, 1987; Fritz, 1988;
Ratschbacher et al., 1989; Ratschbacher and
Neubauer, 1989).

The rocks of the Gleinalm dome are struc-
turally overlain by the Koriden gneiss complex
(Fig. 2), another basement unit, which includes
Cretaceous eclogites (Thoni and Jagoutz, 1991).

The Gleinalm dome is part of the Muriden
complex, a lower basement unit within the Mid-
dle Austroalpine units. Rocks of the Gleinalm
dome record Alpine upper greenschist facies
metamorphic conditions along northern margins.
An Alpine lower amphibolite facies metamor-
phism affected central and southern portions
within the Gleinalm dome (Frank, 1987;
Neubauer, 1988). Mineral ages previously re-
ported for the Gleinalm dome include (Frank et
al., 1976, 1983): Rb~Sr muscovite 118 + 5 to 82 +
2 Ma; Rb-Sr biotite 96 + 4 to 74 + 1 Ma; K-Ar
muscovite 93 + 4 to 81 + 3; K-Ar biotite 94 + 5
to 85 + 4 Ma.

In contrast, Alpine metamorphic conditions
within Upper Austroalpine units did not exceed
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Fig. 1. General tectonic setting of the Alps. The location of the Austroalpine nappe complex is indicated.
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middle greenschist facies conditions (e.g.,
Hasenhiittl and Russegger, 1992). The age of
thrusting within the Graz nappe complex (part of
the Upper Austroalpine unit) must have predated
the late Santonian/early Campanian because of
overstepping of internally imbricated units by
rocks in the Late Cretaceous Kainach basin (Fig.
2). Furthermore, Rb—Sr and K—Ar ages of miner-
als, which grew during ductile deformation, indi-
cate Early Cretaceous thrusting within Upper
Austroalpine units (Fritz, 1988). An Early Creta-
ceous age of metamorphism within Upper Aus-
troalpine units is also recorded by a 139 + 6 Ma
lower intercept U-Pb zircon age which has been
interpreted to record peak metamorphic green-
schist facies conditions (Neubauer et al., 1987).

3. Structure of the Gleinalm dome

Middle Austroalpine units are exposed within
the Gleinalm dome and its northeastern exten-
sions in the Troiseck—Floning ridge (Fig. 2). The
Gleinalm dome is composed of three lithotec-
tonic basement complexes (Neubauer, 1988).
Traced tectonostratigraphically upward these in-
clude: (1) the Gleinalm “Core” complex with
mainly gneiss and amphibolite; (2) the Speik com-
plex with amphibolite and serpentinite; and (3)
the Micaschist—Marble complex. The latter is
structurally overlain by the Koriden gneiss com-
plex. Units within the Gleinalm dome form NE-
trending, dissected antiforms. As a result, the
“Core” complex is surrounded by the Speik com-
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Fig. 2. Simplified tectonic map of the Gleinalm dome and adjacent areas.
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plex and the Micaschist—Marble complex (Fig. 3). The tectonic boundaries of the dome are rep-
A broad, W-plunging synform exposes the Speik resented by a system of medium- to high-angle
complex to the north. NE-trending ductile shear zones which are partly
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Fig. 3. (a) Tectonic map of the Gleinalm dome displaying an ENE-trending fold structure within the dome, and an interconnected
system of steep ductile shear zones and low-angle normal faults along dome margins. The orientation of the composite foliation is
shown. For further explanation see text. (b) Generalized cross-section through the Gleinalm dome. For location of the section see

(a).
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interconnected through a system of low-angle
normal faults (Figs. 3a, 4). This system is dis-
sected by ca. E-trending, Neogene strike-slip
faults. Several Neogene basins occur along these
faults (Nievoll, 1985; Neubauer, 1988; Ratsch-
bacher et al., 1991b). A retrogressive metamor-
phic overprint was related to confining ductile
shear zones along the margins of the dome. The
intensity of retrogression increases towards dome
margins.

The ductile shear zones have been investigated
and re-evaluated using all evidence for sense of
displacement (Simpson and Schmid, 1983; Lister
and Snoke, 1984; Choukroune et al., 1987; Petit,
1987).

The shear zone on top of the Koriden gneiss
complex (Graden normal fault: Fig. 4) is charac-
terized by a gently E-dipping foliation and a flat
or NE-plunging stretching lineation. Numerous
shear sense indicators (including S—-C fabrics, ex-
tensional crenulation cleavage, and asymmetric
quartz and calcite fabrics) consistently suggest

v~
GRADEN
NORMAL FAULT
e

NE-directed shearing (Krohe, 1987; Fritz et al.,
1990; Ratschbacher et al., 1991b). Northeastern
extensions of the boundary of the Gleinalm dome
into the Graz nappe complex is represented by an
about 1.5 to 2.5 km wide medium-angle ductile
shear zone (Gleinalm shear zone), which displays
an in average 60° SE-dipping foliation and a
subhorizontal, in average 10° NE-plunging
stretching lineation (Figs. 3a, 4). The sense of
shear along this shear zone is always sinistral
(Neubauer, 1988). This fault juxtaposes amphibo-
lite facies rocks of the Gleinalm dome against
very low- to low-grade units in the Graz nappe
complex. The eastern margin of the Gleinalm
dome is defined by the ductile Breitenau low-an-
gle normal fault which dips gently to the south-
east and displays a northeast-plunging stretching
lineation (Figs. 3a, 4). Steeply inclined ductile
shear zones were found both along the northern
margins and within the Gleinalm dome (Fig. 3a).
These shear zones include the Mitterriegler shear
zone, and major portions of the Trasattel and
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sease of strike slip displacement
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Fig. 4. Indicators for subhorizontal stretching and sense of displacement along late-stage ductile shear zones within the Gleinalm
dome. Each datum represents between three and ten observations. Numbers refer to sample localities for “Ar /39Ar dating.
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Trofaiach faults (Fig. 4). The sense of shear is The ductile Lobming low-angle normal fault
sinistral. These latter two shear zones were reac- separates imbricated units of the Micaschist—
tivated as brittle faults during the Neogene. Marble complex from rocks of the Gleinalm

Fig. 5. Representative examples of fabrics characterizing ductile shear zones along upper margins of the Gleinalm dome. (a) Augen
gneiss with shear fabrics including recrystallized feldspar grains within feldspar porphyroclast tails formed within upper greenschist
to epidote-amphibolite facies conditions along the southeastern margin of the Gleinaim dome (Gieinalm shear zone). (b) Augen
gneiss with late-stage cataclastic fabrics in K-feldspar porphyroclasts and plastically deformed quartz ribbon layers from the
Mitterriegler line. Scale bar division in both specimen 1 cm.
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“Core” complex exposed in the footwall along
the northwestern margin of the Gleinalm dome
(Figs. 3a, 4). This relationship together with a
subhorizontal W-dipping foliation, W-plunging
stretching lineation and W-directed sense of shear
indicate top-to-the-west transport and a normal
fault geometry (Figs. 3a, 4). Deformation was
associated with a penetrative retrogression which
increases towards the ductile normal fault (Be-
cker and Schumacher, 1973).

Early deformation within all these ductile shear
zones was associated with fabrics which include
recrystallized potassium feldspar and plagioclase
grains (Fig. 5a). This suggests deformational tem-
peratures in excess of ca. 450°C (Tullis and Yund,
1985). Quartz includes dynamically recrystallized
grains which display polygonal, equidimensional
shapes and later elongated quartz crystals which
record little annealing. Final stages of deforma-
tion resulted in feldspar cataclasis (Fig. 5b) and
sericitization of feldspar.

The interior of the Gleinalm dome displays a
set of structures which apparently formed during
uplift and cooling. These include discrete, gently
E- and W-dipping conjugate shear zones and E-
and W-plunging stretching lineations. Mineral-
ized, subvertical tension gashes are common in
competent lithologies. The tension gashes gener-
ally strike west-northwest suggesting subhorizon-
tal ENE-WSW extension (Fig. 4). Late recum-
bent folds are locally associated with a weak axial
surface foliation. Within central portions of the
Hochalpe area to the south of the Trasattel fault,
upright, open to tight folds with steep axial sur-
face foliations are widespread. The fold axes trend
east and axial surface foliations are subvertical.
These relationships suggest that these folds were
related to the eastward closure of a large-scale
antiform.

4. “Ar /”Ar mineral data

“Ar/*Ar incremental release age determina-
tions were performed to complement previously
published Rb-Sr and K-Ar white mica and bi-
otite ages (Frank et al., 1976, 1983). Samples
included: (1) amphibole (sample 1A) and mus-

covite concentrates from the Humpelgraben
quarry (sample 1B; for locations see Fig. 4); and
(2) a muscovite concentrate (sample 2) from a
deformed pegmatite included in the Micaschist—
Marble complex near to the southeastern bound-
ary of the complex. Petrographic descriptions of
samples are given in Appendix 1. Analytical tech-
niques were similar to those described by
Dallmeyer and Gil-Ibarguchi (1990) and Dall-
meyer and Takasu (1992). A summary is given in
Appendix 2. Analytical results are presented in
Table 1 and are portrayed as age spectra in Figs.
6 and 7.

The amphibole concentrate displays a well-de-
fined intermediate- and high-temperature plateau
(Fig. 6). These increments display little variation
in apparent K/ Ca ratios. The argon gas evolved
during low temperature increments is highly ra-
diogenic suggesting some extraneous argon pre-
sent in the amphiboles. 4OAr/36A1r Vs. 3"’Ar/%Ar
correlation of the plateau data is well-defined
(MSWD = 1.7). The inverse ordinate intercept is
at 367.5 + 45.6 and suggests little intracrystalline
contamination with extraneous argon. Using the
inverse abscissa intercept to the age equation
yields a plateau isotope correlation age of 94.1 +
1.4 Ma. This is considered to be geologically
significant and is interpreted to date the last
cooling through ca. 500 + 25°C, adopting appro-
priate closure temperatures (e.g., Blanckenburg
et al., 1989; CIiff, 1985).

Both muscovite concentrates display similar
internally concordant age spectra (Fig. 7). The
muscovite concentrate from the Humpelgraben
quarry yields a plateau age of 84.3+0.7 Ma,
whereas the muscovite concentrate from the sec-
ond locality (sample 2) records a plateau age of
87.6 £ 0.6 Ma. Also these ages are considered to
be geologically significant and are interpreted to
date the last cooling through ca. 375 + 25°C.

5. Fission track results

Mineral concentrates of sphene, zircon and
apatite for fission track dating (FT) were pre-
pared from the Humpelgraben quarry (location 1
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in Fig. 4). The analytical techniques are described
in Appendix 3. Results are given in Table 2.
Sphene crystals from the orthogneiss (sample
1C) are tiny, euhedral colorless crystals, whereas
those from a paragneiss (sample 1D) are light-yel-
low to brownish. The number of spontaneous
tracks revealed in the colorless samples was sig-
nificantly higher in the case of the paragneiss.

Table 1

The orthogneiss sphene did yield an age of 82.7
+ 17, those of the paragneiss an age of 69.8 + 9.3
Ma. The zircon concentrate yielded an age of
61.1 + 5.8 Ma, the apatite 34.0 + 5.6 Ma.

To get additional information similarly to the
TINT and TINCLE procedures widely used for
apatite (Lal et al., 1968), 80 track lengths within
sphene were determined on the 1D sample. This

WOAr / PAr analycical data for an incrementcal heating experiment on a hornblende (sample 1A) and two muscovite (samples 1B, 2)

concentrates from the Gleinalm region, Eastern Alps

Release (*Ar/*Ar) @ (*%Ar /¥ Ar) (¥'ar/¥Ar) b YAr OAr ®Are, Apparent
temp. (°C) % of non- % age (Ma) ¢
total atmos. €
Sample 1A: J = 0.009925
650 27.69 0.04257 2.175 0.99 55.18 1.39 255.0 + 10.6
750 12.64 0.01766 2.282 1.22 60.13 3.51 1314+ 123
800 14.76 0.03365 3.836 0.75 34.67 3.10 89.6 + 8.1
830 10.95 0.02069 4.523 0.66 47.41 5.94 909+ 9.2
855 13.22 0.02205 4.750 0.43 53.55 5.86 122.8 +14.3
880 14.66 0.03309 4.237 0.52 35.57 3.48 91.2 + 18.1
905 15.84 0.03339 4.723 0.65 40.07 3.85 1105 + 16.2
930 9.41 0.01044 6.494 2.25 72.70 16.91 119.0 + 8.1
955 6.42 0.00481 6.754 9.72 86.21 38.16 969+ 1.0
975 5.97 0.00352 7.195 17.96 92.17 55.60 963+ 1.0
990 5.97 0.00331 7.649 18.33 93.79 62.77 98.0+ 1.1
1000 5.75 0.00341 7.544 8.13 92.90 60.14 936+ 1.7
1010 5.87 0.00508 7.385 4.96 84.45 39.56 87.0+ 1.9
1070 5.58 0.00296 6.682 16.64 93.83 61.38 91.7+ 1.5
Fusion 5.854 0.00268 6.557 16.79 95.36 66.52 97.5+ 0.9
Total 6.52 0.00493 6.870 100.00 89.65 54.00 98.1+ 2.5
Total without 690-930°C 95.52 954+ 1.2
Sample 1B: J = 0.009301
500 18.07 0.02766 0.035 0.40 54.74 0.03 1587+ 34
570 8.39 0.00665 0.011 0.46 76.53 0.05 1047 £ 6.2
620 7.00 0.00366 0.007 0.78 83.63 0.05 95.6 + 11.9
670 6.03 0.00316 0.003 2.55 84.42 0.02 834+ 39
700 5.73 0.00192 0.008 2.92 89.99 0.11 845+ 49
730 5.82 0.00205 0.007 3.40 89.49 0.10 854+ 2.0
760 6.32 0.00376 0.004 7.96 82.32 0.03 852+ 0.7
790 5.88 0.00239 0.003 15.51 87.88 0.03 847+ 0.6
820 5.58 0.00147 0.002 19.49 92.12 0.04 842+ 0.7
850 5.83 0.00218 0.004 11.29 88.84 0.05 849+ 0.7
880 5.91 0.00254 0.002 9.18 87.2.0 0.02 845+ 1.1
930 5.73 0.00197 0.002 11.56 89.72 0.03 843+ 04
990 5.42 0.00119 0.003 12.87 93.43 0.08 83.1+ 0.6
Fusion 5.33 0.00010 0.024 1.62 99.39 6.66 86.8+ 4.5
Total 5.84 0.00220 0.004 100.00 89.23 0.15 849+ 1.0
Total without 500-730°C 87.86 843+ 0.7




F. Neubauer et al. / Tectonophysics 242 (1995) 79-98

Tablie 1 (continued)

87

Release *ar/PAn . (CAr/PAn: (CAr/Pan® Par “Ar *Arc,  Apparent
temp. (°C) % of non- % age (Ma) ¢
total atmos. ©

Sample 2: J = 0.008773
600 12.17 0.01694 0.008 1.85 58.82 0.01 109.8 + 2.3
670 6.48 0.00275 0.006 4.67 87.38 0.06 874+ 0.8
710 6.13 0.00165 0.007 6.07 91.98 0.12 87.1+ 0.4
740 6.15 0.00178 0.005 8.40 91.36 0.07 86.7+ 0.8
770 6.17 0.00181 0.004 10.57 91.23 0.05 869+ 0.3
790 6.13 0.00173 0.002 8.54 91.58 0.03 86.8+ 0.6
810 6.24 0.00199 0.002 7.21 90.47 0.03 872+ 0.5
830 6.30 0.00206 0.003 6.47 90.25 0.05 878+ 0.5
860 6.32 0.00226 0.001 11.66 89.33 0.01 872+ 0.6
890 6.26 0.00179 0.002 8.95 91.46 0.03 884+ 0.8
930 6.25 0.00156 0.003 9.97 92.54 0.05 893+ 04
980 6.21 0.00164 0.003 13.03 92.11 0.05 88.3+ 0.5

Fusion 6.17 0.00144 0.012 2.61 93.04 0.23 88.5+ 0.9

Total 6.34 0.00214 0.003 100.00 90.51 0.05 88.1+ 0.6

Total without 600°C and fusion 95.54 876+ 0.6

# Measured.

b Corrected for post-irradiation decay of ¥Ar (35.1 day 1/2-life).

© [40Arlol. - (36Aralmos,) (295-5)]/40Ar!0(-'

4 Calculated using correction factors of Dalrymple et al. (1981); 20

procedure is not routinely used in the case of
sphene. A rhyolite sample from the southern
Rhodope Massif, Bulgaria, was chosen as a refer-
ence material. The track lengths in the 1D sam-
ple of the Gleinalm with 13.1 + 0.6 um and of
the reference sample with 13.2 + 0.6 wm are in-
distinguishable (Fig. 8). The obtained values per-
fectly fit with the average length determined by
Gleadow and Lovering (1977) in an Australian
sphene (13.1 +£0.6 um). The Gleinalm sphene
track lengths in respect to the rapidly cooled
reference sphenes suggest a short period spent
within the partial annealing zone. This interval
for sphene is approximately between 200 and
300°C. Thus we conclude that the Late Creta-
ceous cooling was a fast process within this tem-
perature range. This interpretation is supported
by a slightly younger zircon age.

The apatite FT age is much younger than all of
the other geochronological results. The deter-
mined 34 + 6 Ma is an apparent age. The crystals
only contain six confined tracks in horizontal
position which ranges between 10.5 and 16 um
and the average of 13.1 + 2 um apparently indi-

intralaboratory errors.

cates a significant amount of shortening, reveal-
ing later reheating within the partial annealing
zone of apatite.

6. Metamorphic conditions and cooling path

Peak conditions of Alpine metamorphism
within central and southern sectors of the
Gleinalm area are, in part, constrained by the
presence of kyanite in metapelites. This indicates
that peak-temperature conditions and subsequent
retrogression occurred within the stability field of
kyanite (Fig. 9). Common mineral assemblages of
amphibolites include green amphibole, plagio-
clase, quartz, clinozoisite and sphene with vari-
able contents of chlorite. This assemblage indi-
cates epidote-amphibolite facies conditions. Ret-
rogressive greenschist facies mineral assemblages
prevail near the boundaries of the metamorphic
dome. They are dominated by pale amphibole/
actinolite + epidote + chlorite + biotite within
amphibolites. The “’Ar/*Ar amphibole date ob-
tained from the Humpelgraben quarry (94.1 + 4
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Fig. 6. 40Ar/ *Ar incremental release spectrum and apparent
K/Ca spectrum of an amphibole from the Gleinalm “Core”
complex, Humpelgraben quarry. Analytical uncertainties 2o
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Fig. 7. Oar / *Ar incremental release spectra of two muscovite
concentrates from the southern Gleinalm area. Analytical
uncertainties (2o intralaboratory) are represented by vertical
width of scale bars. Experimental temperatures increase from
left to right.

Ma) suggests complete Alpine rejuvenation with
peak temperatures in excess of ca. 500°C.
Comparison of the *’Ar/*Ar amphibole and

Fission track results from the Gleinalm dome, Humpelgraben quarry

Sample Number of P, (N) P, (N) P (%) Py Ny Fission track
crystals age +20 (Ma)

Sphene:

1C 7 23.6 (369) 18.2 (280) 1 3.99 (9969) 8274+ 17

1D/a 10 583 (1457) 85.6 (2140) <1 6.35 (11304) 677+ 9.5

1D/b 10 62.4 (1328) 85.6 (1816) <1 6.35 (11304) 721+ 10
1D sphene: 69.8+ 9.3

Zircon:

1C 24 137 (3498) 46.1 (1161) 5 1.16 (4346) 61.1+ 5.8

Apatite:

1D 50 0.16 (202) 0.74 (891) 81 6.35 (11304) 340+ 5.6

Spontaneous (P,) and induced track densities (P;) of the samples and of the detector (P,) are as measured and are (x10°
tracks/ cm?). Numbers of tracks counted (N,, N;, N,) are shown in brackets. P (%): chi-square probability for n — 1 degrees of
freedom (where n = number of crystals). Ages are calculated using the zeta method and standard glass SRM 612. Zeta for apatite
488 + 13, for zircon 370 + 11 and for sphene 328 + 20 were used
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Sample 1C
{n=88)

track length:
13.08 + 0.58 pm

b 30{ Sample RO-8
{n=58) track length:

20 13.22 £ 063 ym

0 ) 10 15
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Fig. 8. Lengths of sphene fission tracks of the Gleinalm
sample 1D (a) and from a rhyolite from the Rhodope Massif
(b), Bulgaria, for reference of a rapidly cooled rock.

muscovite and fission track data with previously
published Rb-Sr and K-Ar muscovite and bi-
otite data from the Humpelgraben quarry (Frank
et al., 1976, 1983) allows the calibration of the
post-metamorphic cooling path for the “Core”
complex (Fig. 10). We adopt appropriate closing
temperatures for amphibole (ca. 500°C after Har-
rison, 1981) and the Rb-Sr and K-Ar isotopic
systems in muscovite (ca. 375 + 25°C) and biotite
(300°C; e.g., Cliff, 1985; Blanckenburg et al.,
1989).

The above presented mineral ages record a
cooling from ca. 500°C at ca. 95 Ma to 225°C at
ca. 61 Ma, with an average cooling rate of ca.
9°C/ Ma.

7. Sedimentation history within the Kainach basin

The Late Cretaceous Kainach basin is exposed

southeast of the Gleinalm dome. The Kainach
basin is separated by several hundred metres
thick, slightly metamorphic Upper Austroalpine
rocks from the underlying Gleinalm dome (Fig.
3a). The stratigraphic range of the Kainach basin
fill is late Santonian to Maastrichtian (van Hinte,
1965; Kollmann, 1965; Pamouktchiev, 1970; Grif,
1975; Ebner, 1986).

Six major lithofacies units (Fig. 11) have been
recognized (Schirnik, 1994). Stratigraphically up-
wards these include the following:

 eclogite f
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Fig. 9. Suggested Alpine P-T conditions within the Gleinalm
dome. Simplified petrogenetic grid of mafic rocks and the
stability fields of Al,SiOs polymorphs (Holdaway, 1971) are
shown.

(1) A proximal alluvial facies which is a mas-
sive to horizontally stratified, clast-supported red-
dish pebble to boulder conglomerate.

(2) A distal alluvial facies which mainly con-
tains horizontally and cross-stratified pebble con-
glomerates/sandstones and red to green silt-
stones / mudstones in fining-upward channel fills

0- SEDIMENTATION
I OF THE KAINACH
| BASIN
FT apatite
52007 #-£T zircon
g . Rb-Sr biotite
g 400 “Arf3%Ar muscovite
g YET
o amphibole
=
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TIME (Ma)
Fig. 10. Cooling path of the Gleinalm “Core” complex within
the Gleinalm dome based on relationships in the Humpel-
graben quarry. Time interval of sedimentation within the

Kainach basin is shown using the time calibrations of Harland
et al. (1990).
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with incipient soils (calcrete) in flood plane areas.
We interpret this lithotype as derived from den-
sity-modified grain flows or from longitudinal me-
dial bars.

(3) A lacustrine facies which comprises sub-
aqueous mass flow conglomerates/sandstones
and turbiditic sandstones in distal delta parts,
prodelta of varved mudstones and marls with
abundant sliding and slumping.

(4) A coarse submarine fan-deita facies
(according to the model of Nemec and Steel,
1988) which include wave-reworked mouth bar
conglomerates (beachface, shoreface) and trans-
gressive lag conglomerates. These conglomerates
grade upwards into mass flow boulder conglomer-
ates passing into finer-grained mass flow con-
glomerates which are interbedded with turbiditic
sandstones and parallel-laminated mudstones in
both fining upward and coarsening-upward se-
quences.

(5) Well sorted sandstones of a fine-grained
fan-delta facies equal with the former. These
sandstones often contain low-angle beach stratifi-
cation and wave-reworked structures (Clifton,
1969).

(6) A distal submarine fan-delta facies
(Hauptbecken Formation: Graf, 1975) is com-
posed of fine-grained turbiditic sandstones/
pebbly conglomerates. This facies turns in the
central / northern part from conglomeratic mass
flows into fine-grained parallel-laminated mud-
stones with only minor intercalations of thin-bed-
ded turbiditic sandstones. In the western part,
the fine-grained mudstones and intercalated peb-
bly mudstones/ sandstones contain abundant evi-
dence for slumping and sliding.

All the lithofacies data together represent an
evolution from a coarse alluvial facies, through a
lacustrine shallow-water fan delta to a marine
slope-type fan-delta system with interfed basin
sedimentation (Wescott and FEtheridge, 1980;
Etheridge and Wescott, 1984).

Sediment transport directions ranged from
northeast to northwest in lower lithofacies units,
but were only northeast in the upper part (Fig.
11). The clastic detritus is derived from three
sources (Gollner et al.,, 1987): (1) sedimentary
and volcanic rocks which closely resemble se-
quences of the surrounding Paleozoic of Graz; (2)
dominant clasts are Permian-Mesozoic rocks

distal fan delta facies
fine-grained fan delta facies
coarse-grained fan delta facies

distal alluvial facies
proximal alluvial facies

lacustrine facies

sediment transport

direction of mass flow

Fig. 11. Distribution of sedimentary lithofacies within the Kainach basin.
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Fig. 12. Schematic structural map of the Kainach basin.

similar to those presently exposed in the North-
ern Calcareous Alps; (3) Permian-Mesozoic
clasts, e.g. Permian fusulinid-bearing limestones,
from the Southalpine unit. Metamorphic clasts
which could be derived from the surrounding
Altkristallin do not occur within the Kainach
basin.

The overall structure of the Kainach basin is
an asymmetric basin-like structure with a struc-
tural thickness, controlled by the well Ul Afling
(Kroll and Heller, 1978), of ca. 1,000 m in the
central part. Because of a low, limited tilting to
the east in the western part, the thickness reaches
ca. 1600 m. Tilting of the easternmost third of the
basin to the west suggests stratigraphic thickness
of ca. 2500 m in the eastern part (Figs. 11, 12).

We interpret the eastern portion of the
Kainach basin deposits to represent a prograd-
ing /retrograding fan-delta system, and the west-
ern portion as a retrograding fan-delta system.
The skewed fan body in the eastern part indicates
slowed subsidence rates in the eastern part. The

deposition of all described lithofacies types indi-
cates a strongly aggrading system with average
sedimentation rates of 20-40 cm /1000 yr.

Westward basin floor tilting is indicated by: (a)
unconformities in outcrops (Fig. 12A) as well as
in the drill hole Afling Ul (Kroll and Heller,
1978); (b) westward-directed sediment transport
directions in the upper parts of sections (Fig. 11);
and (c) abundance of slumps in the western sec-
tors of the distal fan-delta facies. Extension is
also proved by W-dipping normal faults in east-
ern portions of the basin (B in Fig. 12).

Major tectonic pulses which are responsible
for subsidence occurred during: (a) the late San-
tonian (start of subsidence); (b) approximately
the early Campanian (marine transgression); and
(¢) the Maastrichtian (angular unconformities
within the slope-type fan-delta facies).

Paleomagnetic studies of Gosau sediments
showed broadly and unsystematically varying pa-
leopoles of remanent magnetism (Agnoli et al.,
1989). Vitrinite reflectance studies suggest post-
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depositional thermal conditions of ca. 180°C
within basal formations of the Gosau basin
(Teichmiiller, 1980).

8. Discussion

Essentially the Austroalpine crust within the
Gleinalm dome records synchronous cooling and
uplift of metamorphic crust within the dome with
subsidence and sedimentation in the adjacent

Late Cretaceous
paleopole

Kainach basin. Similar relationships between up-
lift of metamorphic sequences and subsidence of
adjacent basins during late-orogenic, lithospheric
extension were observed in several orogens like
the Norwegian Caledonides (Seguret et al., 1989;
Chauvet and Dallmeyer, 1992), the French
Variscides (Echtler and Malavieille, 1990) and
during the Neogene in the Alps (Ratschbacher et
al., 1989). A major difference exists in the role of
strike-slip faults which apparently dominate the
structural setting of the Gleinalm dome.
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Fig. 13. Kinematic model of the uplift history of the Gleinalm dome. For explanation see text.
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Uplift and cooling of the metamorphic Glein-
alm dome was accommodated by a system of
interconnected strike-slip and low-angle normal
faults which were also responsible for subsidence
of the Kainach basin within a releasing bend. The
W-directed Lobming and the NE-directed Breite-
nau normal faults which apparently have been
operating during the same time interval during
cooling suggest WSW-ENE-stretching of the en-
tire Gleinalm dome. Similar extension deduced
by fault patterns was reported by Ratschbacher et
al. (1991a) within the Kainach basin although
these structures postdate basin fill. The subsi-
dence of the Kainach basin was controlled by
similar kinematics as expressed in the Graden
normal fault and the Gleinalm shear zone. The
steep sinistral, NE-trending shear zones suggest
subhorizontal contraction in about a north—south
direction. The most reliable orientation of con-
traction within the Gleinalm dome is marked by
subvertical mineralized N- to NNW-trending ten-
sion gashes which formed during cooling of the
dome. Furthermore, subvertical shortening is in-
dicated by recumbent folds which are associated
with a flat-lying axial surface foliation. Such folds
have been described in a number of extensional
settings (e.g., Froitzheim, 1992). Antiformal bend-
ing of the dome must have resulted from contrac-
tion. This most likely was accommodated by
shortening of a rock mass above a shear zone, e.g.
a thrust fault, at depth. Thrust faults between
Middle and Lower Austroalpine as well as within
Lower Austroalpine units could have operated as
contractional faults which accommodated con-
traction of the Gleinalm dome (Fig. 13). Thrust
faults responsible for intra-Lower Austroalpine
nappe imbrication display N-directed displace-
ment (Reindl, 1989; Neubauer et al., 1992) dated
at ca. 80-70 Ma by Rb-Sr and 40Ar/39Ar mus-
covite ages (Frank et al., 1987; Dallmeyer et al.,
1992; Mueller et al., 1992). Northward-directed
nappe stacking within Lower Austroalpine units
was related to formation of basement ramps dur-
ing which the basement (Grobgneis unit) did
override the supracrustal Wechsel unit. There-
fore, we conclude that uplift and extension of the
Gleinalm dome was related to contemporaneous
crustal shortening within lower levels of the oro-

genic wedge, the Lower Austroalpine units (Fig.
13). This process was apparently contemporane-
ous to northwestward-tilting of the Upper Aus-
troalpine nappe succession within the Northern
Calcareous Alps which is supposed to record
subcrustal tectonic erosion beneath- the nappe
stack (Wagreich, 1991, 1995). In a north—south
section across the Cretaceous orogenic wedge
within the Eastern Alps three zones may be dis-
tinguished (Fig. 13): (1) a northern zone of active
thrust propagation and thickening of crust and
later, southerly prograding subcrustal erosion
which we relate to climbing of master thrust
faults into Permian/Mesozoic cover sequences;
(2) a zone of crustal shortening, uplift and oro-
gen-parallel wrenching-induced extension; and (3)
a southern zone with predominant extension and
ductile thinning of crust. This zone is apparently
separated from the Gleinalm dome by a sort of
backstop within the orogenic wedge.

The Kainach basin unconformably overlies
Upper Austroalpine units. A ductile low-angle
normal fault was located along the hangingwall
boundary of the Koriden gneiss complex. This
portion of the Koriden gneiss complex grades
towards the south into eclogite-bearing rock for
which P-T conditions of ca. 600°C and 14-18
kbar were estimated (Miller, 1990). Sm-Nd min-
eral ages indicate an Alpine age of eclogite meta-
morphism (Théni and Jagoutz, 1992). Krohe
(1987), Fritz et al. (1990) and Ratschbacher et al.
(1991b) described ductile low-angle normal faults
which were responsible for the formation of the
Kainach Gosau basin. Clast compositions within
the Kainach basin indicate erosion of a Permo-
Mesozoic cover sequence and, likely later, ero-
sion of very low-grade metamorphic basement.
Observed directions of sediment transport sug-
gest the erosion of a ridge located immediately
north of the present basin. Occurrences of
Southalpine clasts suggest linkages with drainage
systems of Southalpine units.

The evolution of the Kainach basin appears to
have occurred in three stages (after models of
Reading, 1982, 1986): (1) subsidence by low-angle
normal faulting; (2) filling of the basin during
synsedimentary subsidence indicated by an ap-
parent rollover structure; and (3) basin inversion
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and uplift by subsequent compression during con-
tinuing strike-slip motion during which basal por-
tions of Gosau sediments were displaced along
the Gleinalm shear zone.

Subsidence history and lithofacies distribution
argue for a marked tectonic subsidence during
early stages of basin history. The main subsidence
occurred during the late Santonian to early Cam-
panian and was associated with a marked change
from alluvial and lacustrine sedimentation to
fan-delta deposits. Maastrichtian sequences may
record the basin fill after tectonic subsidence.

Similar structural relationships between an up-
lifted metamorphic dome and adjacent sedimen-
tary basins developed in late stages of orogenic
evolution have been described in a number of
orogens. These include: the Basin and Range
Province of western North America (Coney, 1980),
the Norwegian Caledonides (e.g., Seguret et al.,
1989; Chauvet and Dallmeyer, 1992), and the
Montagne Noire in France (Echtler and
Malavieille, 1990; Cassard et al., 1993). In ali
these examples wrenching apparently connects
uplift of metamorphic domes with subsidence of
adjacent basins.

Of major interest is the evidence for sinistral
wrenching in the Eastern Alps during the Late
Cretaceous. Such wrenching fits well into a num-
ber of independent evidences which come from
the opening history of the Atlantic Ocean. All
authors agree that the time between ca. 140 and
80 Ma is a time with a large contraction between
Africa and stable Eurasia combined with a sinis-
tral component of offset (Le Pichon et al., 1988;
Dewey et al., 1989). The sinistral displacement is
interpreted to be related to the opening of the
North Atlantic Ocean during which an eastward
shift of Iberia along the North Pyrenean fault
resulted in some sinistral displacement in the
Alps. This wrench component may have resulted
in the formation of steep ductile shear zones
along the margins of the Gleinalm dome.

9. Conclusions

Cooling and uplift of the Gleinalm dome was
obviously related to contraction along deep-seated

thrusts. Oblique contraction resulted in partition-
ing of deformation into thrusting at deep crustal
levels, and wrenching and normal faulting per-
pendicular to shortening direction at mid-crustal
levels. Uplift of metamorphic domes is accom-
plished by steps along the wrench system. Com-
plementarily, the subsidence of the adjacent basin
is the result of a releasing structure. The struc-
tural association argues for a geometrical control
of the extensional structures during oblique
shortening rather than by gravitational collapse.
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Appendix 1

Sample 1A: abandoned Humpelgraben quarry. Fine-
grained foliated amphibolite with strong mineral lineation
formed by amphiboles. Amphiboles are green and do not
display optically detectable internal zoning. The matrix is
composed of fine-grained aggregates of plagioclase, and sub-
ordinate quartz, garnet, sphene, clinozoisite, biotite and
opaque minerals. Garnet forms relics which are surrounded
by mostly plagioclase, biotite, quartz, and little bluish-green
amphibole.

Sample 1B: abandoned Humpelgraben quarry. Medium-
grained Humpelgraben granite gneiss. The well-foliated rock
consists of plagioclase, K-feldspar with myrmekitic patches
along margins, quartz, muscovite, biotite, garnet, and zircon
and apatite as accessories. The foliation is formed by mica
flakes, and elongated quartz grains which include subgrains
along margins.

Sample 2: road exposure ca. 2 km west of the mouth of the
Kleintal stream into the Neuhof valley. The mylonitic peg-
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matite contains cm-sized books of muscovite of magmatic
origin and mm-sized recrystallized metamorphic muscovite,
the later forming an anastomosing foliation. The mm-sized
muscovite was concentrated for 40Ar/”Ar analysis. Further
major rock constituents are alkali feldspar, plagioclase and
quartz, All of them occur in two generations, namely in
porphyroclasts of originally magmatic origin and recrystallized
grains of metamorphic origin.

Appendix 2

Mineral concentrates for *’Ar /39Ar analysis were wrapped
in aluminium-foil packets, encapsulated in sealed quartz vials,
and irradiated for 40 h in the central thimble position of the
TRIGA Reactor at the U.S. Geological Survey, Denver. Vari-
ations in the flux of neutrons along the length of the irradia-
tion assembly were monitored with several mineral standards,
including hornblende MMhb-1 (Samson and Alexander, 1987).
The samples were incrementally heated until fusion in a
double-vacuum, resistance-heated furnace. Temperatures
were monitored with a direct-contact thermocouple and are
controlled to + 1°C between increments and are accurate to
+5°C. Measured isotopic ratios were corrected for total sys-
tems blanks and the effects of mass discrimination. Interfering
isotopes produced during irradiation were corrected using the
factors reported by Dalrymple (1981) for the TRIGA Reactor.
Apparent Oar /39Ar ages were calculated from corrected iso-
topic ratios using the decay constants and isotopic abundance
ratios listed by Steiger and Jager (1977) following the methods
described in Dallmeyer and Keppie (1987).

Intralaboratory uncertainties are reported and have been
calculated by statistical propagation of uncertainties associ-
ated with measurement of each isotopic ratio {at two standard
deviations of the mean) through the age equation. Interlabo-
ratory uncertainties are ca. +1.25-1.5% of the quoted age.
Total-gas ages have been computed for each sample by appro-
priate weighting of the age and percent FAr released within
each temperature increment. A “plateau” is considered to be
defined if the ages recorded by two or more contiguous gas
fractions each representing > 4% of the total %Ar evolved
(and together constituting > 50% of the total quantity of PAr
evolved) are mutually similar within a +1% intralaboratory
uncertainty. Analysis of the MMhb-1 amphibole monitor indi-
cates that apparent K/Ca ratios may be calculated through
the relationship 0.518 (0.005) x (“°Ar/"An)(*Ar/
37‘Ar)corrected'

Plateau portions of the analyses have been plotted on
AT/ Ar vs. 3(”Ar/“oAr isotope correlation diagrams (Rod-
dick et al., 1980, Radicati di Brozolo et al., 1981). Regression
techniques followed the methods of York (1969). A mean
square of the weighted deviates (MSWD) is the statistical
parameter which has been used to evaluate isotopic correla-
tions. Roddick (1978) suggests that an MSWD greater than
ca. 2.5 indicates scatter about a correlation line greater than
that which can be explained only be experimental errors.

Appendix 3

Sphene, zircon and apatite crystals were concentrated
from the 70-180 um sieve fraction by heavy liquid and
magnetic separation. Apatite crystals were embedded in epoxy
resin, the zircon and sphene grains in FEP-teflon. For apatite,
zircon and sphene 1% nitric acid was used with 2.5-3 minute
etching time (Burchart, 1972). In the case of zircon crystals
the eutectic melt of NaOH~-KOH-LiOH was used at a some-
what lower temperature (190°C) than suggested by the pre-
scriptions of Zaun and Wagner (1985). Neutron irradiations
were made at the nuclear reactor of the Austrian Universities
at Vienna. The external detector method was used (Gleadow,
1981). The induced fission tracks in the mica detectors were
etched by 40% HF for 40 min after irradiation. Spontaneous
track counts were made in oil immersion under a Zeiss NU 2
microscope, with magnification of 1600 times. In the case of
mica detectors dry optics of 800-time magnification was used.

The age was calculated on the basis of weighted average of
the measured track density proportions, by the zeta-method
(Hurford and Green, 1983) using zircon from the Fish Canyon
Tuff and Tardree Rhyolite and apatite from Durango and the
Fish Canyon Tuff. Reference ages of 27.84+0.2 Ma for the
Fish Canyon Tuff, 31.4+0.5 Ma for the Durango apatite,
16.2+ 0.6 for the Buluk Member Tuff and 58.7+1.1 Ma for
the Tardree Rhyolite have been adopted according to Hur-
ford and Watkins (1978), Hurford and Green (1983), Hurford
and Hammerschmidt (1985) and Green (1985). The errors
were evaluated by classical procedures, i.e. by the double
Poisson dispersion (Green, 1981).
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