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Abstract The Lavanttal Fault Zone (LFZ) is generally
considered to be related to Miocene orogen-parallel escape
tectonics in the Eastern Alps. By applying thermochrono-
logical methods with retention temperatures ranging from
~450 to ~40°C we have investigated the thermochrono-
logical evolution of the LFZ and the adjacent Koralm
Complex (Eastern Alps). “°Ar/*°Ar dating on white mica
and zircon fission track (ZFT) thermochronology were
carried out on host rocks (HRs) and fault-related rocks
(cataclasites and fault gouges) directly adjacent to the un-
faulted protolith. These data are interpreted together with
recently published apatite fission track (AFT) and apatite
(U-Th)/He ages. Sample material was taken from three drill
cores transecting the LFZ. Ar release spectra in cataclastic
shear zones partly show strongly rejuvenated incremental
ages, indicating lattice distortion during cataclastic shear-
ing or hydrothermal alteration. Integrated plateau ages
from fault rocks (~76 Ma) are in parts slightly younger
than plateau ages from HRs (>80 Ma). Incremental ages
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from fault rock samples are in part highly reduced
(~43 Ma). ZFT ages within fault gouges (~ 65 Ma) are
slightly reduced compared to the ages from HRs, and fis-
sion tracks show reduced lengths. Combining these results
with AFT and apatite (U-Th)/He ages from fault rocks of
the same fault zone allows the recognition of distinct
faulting events along the LFZ from Miocene to Pliocene
times. Contemporaneous with this faulting, the Koralm
Complex experienced accelerated cooling in Late Miocene
times. Late-Cretaceous to Palacogene movement on the
LFZ cannot be clearly proven. “°Ar/*’Ar muscovite and
ZFT ages were probably partly thermally affected along the
LFZ during Miocene times.

Keywords Major fault zone - Koralm Complex -
Austria - Fault rocks - Thermochronology -
“OAr/*Ar dating - Zircon fission track dating

1 Introduction

The structure of the Eastern Alps is characterized by a
system of fault zones (Fig. 1) resulting from eastward
displacement of Austroalpine units during Late Oligocene
to Miocene times, described as lateral extrusion by Rats-
chbacher et al. (1991). Such escape tectonics was
responsible for the final exhumation of Penninic and Sub-
penninic units within tectonic windows (e.g., the Tauern
and the Engadine Windows: Selverstone 1988; Genser and
Neubauer 1989; Neubauer and Genser 1990; Fiigenschuh
et al. 1997; Neubauer et al. 2000), and caused the subsi-
dence of sedimentary basins located along the eastern
margin of the Eastern Alps (e.g., Styrian Basin; see Fig. 1)
and along related strike-slip faults (Figs. 1, 2) (Decker
et al. 1993; Decker and Peresson 1996; Wagreich and

) Birkhauser


http://dx.doi.org/10.1007/s00015-011-0068-y

324

W. Kurz et al.

WEST EUROPEAN
ELATECRM r EAST EUROPEAN
: PLATFORM

Bregenz

o

A

Innshruck

+/-(+
tFr ok

g
g~ "+ + +5F
- Otztal complext
+ + T+ +

g 100 km

N
//////X/‘j//’ /

BOHEMIAN MASSIF ’/

Styrian Basin

Miocene volcanics

Schwanberg
lock debris

+ Ribnica trough

F Pohorje

[_]_]imbricated/autochthonous Molasse
[ ] ] Oligocene / Neogene basins

[l Oligocene / Neogene plutons

[ ]Rhenodanubian Flysch

£ Helvetic units

:’ Northern Calcareous Alps

[ ] Lower Austroalpine Quarzphyliite units
Graywacke zone (Upper Central Austroalpine)
m&)sau Basins ("Zentralalpine Gosau”) Penninic windows: (a) metasediments (b) graniloids‘E Neogene thrusts
Lower Central Austroalpine

[[T']] South Alpine units

W Bohemian basement
major thrusts (NCA)
strike-slip faults (NCA)

[(==] Neogene normal faults

@ Ollgocene / Neogene
strike-slip faults

Fig. 1 Tectonic map of the Eastern Alps including Palaeogene to
Neogene fault systems. BF Brenner normal fault; HoF Hochstuhl
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Schmid 2002). Geochronological data from related fault
zones are rare and are only available from exhumed faults
and mylonitic shear zones in the vicinity of the Tauern
Window (Miiller et al. 2000, 2001, 2002; Mancktelow et al.
2001). The pseudotachylite ages from these studies are
directly dating seismic events along these faults. Dating of
fault zones would therefore help to constrain the process of
extrusion in time. Constraints are given by pull-apart basins
filled with intramontane molasse deposits. Sedimentation
within these intramontane basins started at ~ 18 Ma (e.g.,
Sachsenhofer et al. 2000).

Another time constraint is given by the exhumation and
cooling of Penninic and Subpenninic units in the Tauern
Window. White mica *°Ar/*°Ar ages (e.g., Cliff et al. 1985;
Reddy et al. 1993) indicate exhumation-related cooling at
23.5 Ma (Frisch et al. 2000). Within and around the Tauern
Window, Miiller et al. (2001) and Glodny et al. (2008)
demonstrated two peaks of deformation ages, one in the

Basin (Gosau); KLB Klagenfurt Basin; KrB Krappfeld Basin (Gosau);
LaB Lavanttal Basin; ObB Obdach Basin; PaB Parschlug Basin; SeB
Seegraben Basin; STB Seetal Basin; TaB Tamsweg Basin; 7rB
Trofaiach Basin

Oligocene between 32 and 30 Ma and a second in the Early
to Middle Miocene between 21 and 15 Ma. Ages from
pseudotachylites in the southwestern part of the Eastern
Alps indicate a period of enhanced fault activity between 22
and 16 Ma (Mancktelow et al. 2001; Miiller et al. 2001).
Farther east, however, only the upper crustal sections,
affected by cataclastic deformation mechanisms, are
exposed. Geochronological data from these cataclastic
shear zones are rare (e.g., Wolfler et al. 2010). Although the
existing reconstructions indicate that the main part of oro-
gen-parallel extension occurred during Early to Middle
Miocene times (Frisch et al. 2000), seismic events along
most of these faults indicate that these are still active (e.g.,
Reinecker and Lenhardt 1999; Reinecker 2000; Lenhardt
et al. 2007; Frost et al. 2009) and that a certain amount of
displacement has been accommodated until recent times.
From geochronological and tectono-metamorphic argu-
ments there is strong evidence that orogen-parallel
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Fig. 2 a Geological map of the LFZ including related faults, the
Koralm Massif, and adjacent areas (modified after Pischinger et al.
2008; Wolfler et al. 2010). The sampled drilling sites are marked.
A-A' trace of cross section in Fig. 1b. b Simplified geological cross

displacement also played a major role in Alpine tectonics
during Late Cretaceous and Palaeogene times (Kurz and
Fritz 2003). In particular major fault zones, interpreted as
Early Cretaceous thrusts, were overprinted and sealed by
upper greenschist- to amphibolite-facies metamorphism,

section across the western part of the Koralm massif and the LFZ
including faults and cataclastic shear zones documented during
surface mapping and drilling campaigns (by courtesy of OeBB,
Infrastruktur-Bau)

and large rock volumes within the eastern sectors of the
Eastern Alps cooled down below 300°C already during
Late Cretaceous times (e.g. Hejl 1997, 1998; Fiigenschuh
et al. 2000). Additionally, a large number of age data
previously interpreted to date early Alpine nappe stacking
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cluster around 80 Ma and may also be re-interpreted in
terms of extension tectonics (for summary, see Kurz and
Fritz 2003).

In this study we describe the temporal evolution of the
Lavanttal Fault Zone (LFZ, Fig. 2) by the application of
thermochronological systems with distinct closure tem-
perature and partial retention zones. The LFZ is located in
the easternmost part of the Eastern Alps and is assumed to
be related to the Miocene tectonic evolution of the Eastern
Alps (Ratschbacher et al. 1991; Frisch et al. 2000; Rei-
necker 2000). This fault zone is one of the most accessible
fault zones in the Eastern Alps thanks to underground
excavation and cored drillings related to the geological site
investigations for a major railway project in Austria
(Koralm base tunnel). Structural data document multiple
deformation events (Pischinger et al. 2008). Thermochro-
nological data presented in this study show that distinct
faulting events were accompanied by thermal activity
along the LFZ not only during the Middle Miocene, but
possibly also during Late Cretaceous-Palaecogene and Late
Miocene-Pliocene times, hence providing additional con-
straints for the evolution of the Eastern Alps.

2 Geological setting of the Lavanttal Fault Zone
and adjacent units

The NNW-trending LFZ is a part of the Pols-Lavanttal
fault system (Frisch et al. 2000; Reinecker 2000), and
separates the Koralm Complex in the east from the Sa-
ualm Complex in the west (Fig. 2). Both complexes form
part of the Central Austroalpine nappe complex. Some
models at the scale of the Eastern Alps include the LFZ in
general reconstructions of the evolution of faulting during
Palacogene and Neogene times (Neubauer and Genser
1990; Decker and Peresson 1996; Peresson and Decker
1997; Frisch et al. 1998, 2000; Neubauer et al. 2000; Kurz
et al. 2001), but little is known about its detailed evolu-
tion. These reconstructions, however, show that there is a
clear relationship between the Lavanttal fault system and
the uplift of Koralm Complex (Neubauer and Genser
1990).

The Pols-Lavanttal fault system consists of distinct
segments showing a right-handed overstep geometry.
Dextral offset of approximately 10 km was deduced from
displaced lithological units. Vertical offset is 4-5 km, with
relative upward movement of the Koralm Complex to the
east (Frisch et al. 2000; Reinecker 2000). Near its southern
termination, the LFZ cuts and offsets the Periadriatic fault
by about 15 km (Figs. 1, 2). The Pols-Lavanttal fault sys-
tem is accompanied by intramontane molasse basins (from
north to south the Fohnsdorf Basin, Obdach Basin, La-
vanttal Basin, see Fig. 2). Particularly the Lavanttal Basin

has been interpreted as an oblique graben that formed
within a transtensional regime (Frisch et al. 2000) or as an
asymmetric, eastward deepening basin (Reischenbacher
and Sachsenhofer 2008). Based on the sedimentary evo-
lution of the Lavanttal Basin the LFZ is assumed to be
active since Early Miocene times with peaks in activity at
18-16 and 14-12 Ma (Reinecker 2000). At the eastern
margin of the Lavanttal Basin, upper Middle Miocene
clastic sediments (ca. 12.5-11.5 Ma) are vertically offset.
Successive syntectonic sediments indicate a period of
continued fault activity between ca. 11 and 5.5 Ma (Reis-
chenbacher and Sachsenhofer 2008). Fault plane solutions
for recent seismicity display clear dextral strike-slip
movements (Reinecker and Lenhardt 1999; Reinecker
2000). Although displacement is predominantly accom-
modated along the main fault zone at the western margin of
the Koralm Complex, which is several hundred meters
wide, distinct sets of subparallel shear zones and faults can
be observed towards the central parts of the Koralm massif
as well.

According to Hejl (1997, 1998), the units adjacent to the
LFZ were already exhumed to a depth of approximately
5-8 km at the beginning of the Cenozoic (from approx.
60 Ma onwards). As indicated by zircon fission track
(ZFT) ages, the northern part of the Koralm Complex
cooled to temperatures below 200°C already during Late
Cretaceous times (Hejl 1997, 1998). In the Pohorje region
farther southeast (Figs. 1, 2), ZFT ages indicate Late Oli-
gocene to Middle Miocene cooling of metamorphic rocks
(26-15 Ma, Fodor et al. 2003, 2008).

Apatite fission track (AFT) ages from the Koralm
Complex become gradually younger from north to south
(Hejl 1998). This indicates that the southern parts were
cooled later through the apatite partial retention zone. In
the central part of the Koralm Complex, AFT ages range
from 50 to 37 Ma (Hejl 1998; Rabitsch et al. 2007),
whereas ages from 31 to 26 Ma were reported from the
southern and western margin of the Koralm Complex (Hejl
1998). Two AFT ages located close to the LFZ show
cooling below ~120°C between 28.5 and 18 Ma, and
along the western boundary of the LFZ, AFT ages range
from ~27 to 12 Ma (Puch 1995).

The subsidence of the Styrian Basin adjacent to the
Koralm Complex started around 18 Ma (Ottnangian stage
of the Central Paratethys palaeogeographic realm; see
Piller et al. 2004). In the southern part of the western
Styrian Basin, close to the Pohorje Mountains (Figs. 1, 2),
early Miocene sediments lacking a thermal overprint con-
tain apatite grains with a cooling age of ~19 Ma
(Eggenburgian). This is only 1-2 Ma older than the time of
deposition (Sachsenhofer et al. 1998). As these are detrital
ages, they must reflect the timing of exhumation of the
source. The cooling rate of the mainly Austroalpine source
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was very fast, pointing to tectonic denudation and/or a high
geothermal gradient (Sachsenhofer et al. 1998). In the
Lavanttal Basin, a phase of coarse-grained clastic input
from the east (i.e., from the Koralm massif) is documented
for the Sarmatian stage of the Central Paratethys palacog-
eographic realm (~ 12 Ma, Reischenbacher et al. 2007).
From the Late Pannonian (~7 Ma) onwards, the terrestrial
sedimentary influence increased due to continuing uplift
of the Koralm Massif (Ebner and Sachsenhofer 1995;
Sachsenhofer et al. 1997, 2001).

3 Internal structure of the Lavanttal Fault Zone

Surface exposures of fault rocks related to the LFZ are
rather scarce and are usually strongly weathered. We
therefore took samples from three drill cores penetrating
segments of the LFZ (drilling sites are shown in Fig. 2).
These drill cores were taken as part of the geological and
geotechnical site investigations for the Koralm railway
tunnel (to be built under the Koralm Massif with a length of
32.8 km) (Fig. 2) (Harer and Otto 2000; Vavrovsky et al.
2001; Steidl et al. 2001). Reconstructions of the LFZ
structure from pilot tunnel excavations (Pischinger, Otto,
communications) show that the LFZ is characterized by
zones of fractured and disintegrated host rock (HR) mate-
rial (paragneisses alternating with pegmatite gneisses), and
domains of cataclastic fault rocks with thicknesses between
a few centimetres and several meters. Following the fault
zone classifications of Chester et al. (1993), Caine et al.
(1996), Faulkner et al., (2003, 2010), and Brosch and Kurz
(2008) this internal structure can be described in terms of a
succession of HRs, a damage zone (DZ) and a fault core at
a scale of a few decimetres to meters (Fig. 3). These
domains recur several times along the investigated drill
core sections. From this it can be assumed that the dis-
placement along the LFZ is internally partitioned into
distinct cataclastic shear zones. We are aware, however,
that the sampled drill cores only intersect a small part of
the entire fault system.

In the drill core sections, the transition from the HR to
the DZ is usually gradual over distances of centimeters to
decimeters. The HRs are partly injected by veins indicating
hydrothermal fluid activity. Microstructures indicate a
strong alteration of the HR close to shear zones (Wolfler
et al. 2010). Along the transition to the fault-related rocks
the occurrence of secondary shear fractures, irregular veins
and fracture networks increases. This transition zone is
marked by a few, mm thick, injection veins branching into
the HR (Wolfler et al. 2010). The DZ and fault core
domains are separated by a sharp boundary marked by
shear zones with ultracataclasites (fault rock terminology
according to Brodie et al. 2002).

The DZs are characterized by angular HR fragments
with a fragment size usually between 0.5 and 5 cm, either
clast-supported or partly separated by a fine grained, poorly
foliated matrix (Fig. 3). The original HR fabric can still be
recognized. Displacement along shear fractures is generally
of the order of a few millimetres. Some rock fragments are
transected by healed extensional cracks.

Fault core domains are characterized by lens-shaped
fragments with a size of 0.5-1 cm in a fine-grained, foli-
ated, dark matrix (Fig. 3). Clay mineral formation by
transformation of feldspars is commonly localized along
distinct zones of shear localization with a thickness of only
a few millimetres (Fig. 3).

4 Sample description

In this study we present data from three drill cores situated
at the western margin of the Koralm Massif (Fig. 2). Drill
cores KB-D12/02 and KB-D13/03 transect the LFZ, drill
core TB-D02/02 is from within the western part of the
central Koralm Massif.

“OAr/*Ar dating was carried out exclusively within the
LFZ in order to determine the influence of cataclastic
deformation and/or hydrothermal fluids on the “°Ar/*°Ar
system in white mica. Fission track and (U/Th)-He-dating
have been carried out both within the LFZ (KB-D12/02)
and in the central western Koralm Massif (TB-D02/02) to
analyze potential differences between ages from the margin
and the internal parts of the Koralm massif, i.e. along and
away from the LFZ. AFT and (U/Th)-He-ages from these
two cores were already described in detail by Wolfler et al.
(2010). As KB-D12/02 and KB-D13/03 are located quite
close to each other, only the better preserved drilling KB-
D12/02 was used for fission track dating. For this purpose,
samples were taken as coupled DZ and adjacent HR pairs,
and/or as pairs of fault core (FC) cataclasites and the
adjacent DZ. This allows to obtain faulting-related reset-
ting of various thermochronological systems within the
distinct domains of the LFZ. For “°Ar/*°Ar dating, samples
were taken from the protolith and the adjacent DZ and/or
fault core cataclasites. The labelling of samples displayed
in Fig. 4, and used in later figures and in the data tables, is
related to drilling depth.

Drill core TB-D02/02 cuts a fault segment in the western
central part of the Koralm complex (Pischinger et al. 2008).
This fault segment, not exposed at the surface, strikes
approximately northward, i.e. subparallel to the Lavanttal
fault system, and dips steeply toward east. The cataclastic
shear zone penetrates a coarse-grained pegmatite gneiss. A
clearly developed north-trending shear zone boundary
discordantly cutting the pegmatite gneiss foliation dips
steeply toward east. The samples from this drill core
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Fig. 3 Meso- and microscale fabrics representative for the internal
structure of the LFZ from drilling KB-D13/02 (depth 61.3-66 m).
a Polished drill core section (KB-D13/02, depth 61.3-61.7 m), with
the transition from a paragneiss protolith and an adjacent DZ to a
cataclastic fault core. For location of drilling site, see Fig. 2.
b Protolith microstructure representing the original fabrics, slightly
modified by transecting shear bands (KB-D13/02, depth 61.3). qu
quartz, plag plagioclase, ms muscovite, zir zircon. ¢ Microstructure
from the DZ—fault core transition, showing HR fragments bordered by
shear fractures and partly surrounded by fine-grained fault gouge

comprise two fine grained cataclasites (samples 425FC,
458FC), one strongly fractured paragneiss (sample
458DZ), and an unfractured micaceous gneiss (sample
426HR).

Drill core KB-D12/02 cuts the main subvertical fault
segment along the western margin of the Koralm massif at
an angle of 45° and transects a number of sub-parallel
segments of the LFZ, consisting of recurring HR, DZ and
fault core domains. After a 7 m thick succession of Qua-
ternary deposits, this drill core is characterised by a fault
zone divided into a 20 m broad fault core with fault gouges
(sample 28FC) and a 29 m wide DZ (samples 28DZ,

et
@t
a0

fault core
cataclasite

falult core
cataclasite

host rock
(paragneiss)

(dark) (KB-D13/02, depth 61.5). d Microstructure from the fault core,
showing a matrix-supported cataclasite. The matrix (dark) mainly
consists of clay minerals and ultrafine-grained quartz, the embedded
fragments are derived from the protolith (KB-D13/02, depth 61.6).
e Close-up view of the DZ-fault core transition, showing the
development of shear fractures and cataclastic shear zones (KB-D13/
02, depth 61.45). f Polished drill core section from drilling KB-D13/
02 (depth 66 m) with a cataclastic shear zone bordered by strongly
altered, bleached HR mainly consisting of albite (from Wolfler et al.
2010, modified). Photos b—d were taken with crossed polarizing filters

56DZ). Between 56.8 and 58 m depth an unfractured HR is
represented by coarse grained pegmatite (sample S6HR).
The other sample pair from this drill core covers the
transition from a DZ (sample 107DZ) to the HR (sample
106HR) consisting of a foliated hydrothermally altered
gneiss body.

Drill core KB-D13/02 is close to KB-D12/02 and cuts the
western boundary of the Koralm massif and the transition to
the LFZ. The samples from this drill core were used espe-
cially for “°Ar/*’Ar dating of white mica, as the drill core
transects a wide variety of mica-bearing protoliths (parag-
neisses, eclogite-amphibolites and pegmatite gneisses,
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Fig. 4 Schematic lithologs of parts of drill cores KB-D13/02 and
KB-D12/02, with the sampling sites for “*Ar/*®Ar dating of muscovite
and the corresponding integrated plateau ages. For location of
sampled drilling sites, see Fig. 2. Samples from fault cores are
highlighted. FC fault core, DZ damage zone, HR host rock

Fig. 4), all of them affected by cataclastic faulting. Mus-
covites were separated either from paragneiss protoliths,
mainly consisting of plagioclase, quartz, muscovite, and
minor amounts of hornblende, or from distinct shear zones
and shear planes. Samples KB-D13/02-205.7 and KB-D13/
02-206 (Figs. 4, 5) were taken from garnet amphibolites
interpreted to be derived from eclogites (so-called eclogite-
amphibolites). KB-D13/02-212K, KB-D13/02-212.7, KB-
D12/02-58BR, and KB-D12/02-58PEG (Figs. 4, 5) were
taken from pegmatite gneisses, also affected by cataclastic
shearing. In these cataclastic shear zones muscovite was
incorporated within fault rocks and distinct shears subpar-
allel to the shear zone boundaries. Along single shear
fractures, muscovite was smeared out along the shear
planes. From these, the muscovites were removed directly
by hand picking. The sampling positions along the drill
cores are displayed in Fig. 4, and the *“°Ar/*°Ar dating
results are represented in Fig. 5. The detailed analytical
results are published as electronic supplementary material
on the journal website (Electronic Supplementary Material,
Online Resource 1).

5 Methods used for thermochronology

Tectonic reconstructions in the brittle field are an exercise
fraught with uncertainties, and their reliability is strongly
dependent on accuracy of deformation dating. Different
approaches have been applied, such as (a) direct dating
of syntectonic minerals grown on fault planes (e.g. Free-
man et al. 1997; Zwingmann and Mancktelow 2004);

(b) reconstruction of exhumation histories in distinct fault-
bounded blocks (e.g. Bigot-Cormier et al. 2006; Malusa
et al. 2005, 2006; Wolfler et al. 2008); (c) correlation
among fault-rock types, deformation mechanisms, hydro-
thermal regimes and low-temperature geochronometers
(Malusa et al. 2009); (d) thermochronological analyses of
low-temperature systems at short distance across fault
zones (Murakami et al. 2002; Tagami and Murakami
2007); (e) combination of some of these approaches (Siebel
et al. 2010). In this work, we will follow the approach that
near-surface brittle faulting may lead to thermal anomalies
by infiltration of hydrothermal fluids or frictional heating
(e.g., Maddock 1983; d’Alessio et al. 2003; Otsuki et al.
2003; Wolfler et al. 2010). As deformation along the LFZ
is heterogeneously distributed and is typically concentrated
along distinct cataclastic shear zones that accommodate
displacement of relatively rigid wall rocks, the effect of
frictional heating should be extremely localized and
restricted to zones of a few centimetres thickness adjacent
to the fault surface. Murakami et al. (2006) estimated that
for a temperature range of 400-1,000°C along a fault plane
ZFTs will only be affected within a distance of 2.5 mm and
therefore concluded that the main mechanism of heat
transfer in fault zones is fluid-related. In contrast to shear
heating, hydrothermal fluids penetrating a fault zone may
affect a wider area and leave a mark of thermal influence
within the DZ and adjacent HR. Along the LFZ, hydro-
thermal activity is indicated by the precipitation of quartz
and ore minerals within extensional cracks and tension
gashes, and by the alteration of the wall rocks along distinct
shear fractures and shear zones (Wolfler et al. 2010) (Fig. 3).

We have chosen thermochronological systems charac-
terized by closure temperatures between ~400°C and
approximately ~40°C. New data from *“°Ar/*°Ar dating on
white mica and ZFT dating are combined with recently
published AFT and apatite (U-Th)/He ages (Wolfler et al.
2010) from the same fault zone. For the thermochrono-
logical systems applied in this study, annealing and
retention depend not only on heating temperature, but on
heating duration as well (Laslett et al. 1987; Murakami
et al. 2006). Thermochronometry should provide informa-
tion on the timing of thermal events related to shearing
along the LFZ and on the exhumation of the fault zone and
adjacent units. The following thermochronological meth-
ods were used.

5.1 “Ar/°Ar dating

The “°Ar/*°Ar analytical techniques follow those described
by Handler et al. (2004). The preparation of the samples
before and after irradiation, the OAr/PAr analyses, and the
age calculations were carried out at the ARGONAUT
Laboratory of the Department of Geography and Geology
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at the University Salzburg. For additional details about the
sample preparation and irradiation procedures, see Wie-
singer et al. (2006).

The samples are characterized by the accumulation of
white mica along shear fractures within the DZ domains,
and along cataclastic shear zones within the fault core
domains. Mineral concentrates were prepared by crushing,
sieving, flotation, and hand-picking of the grain-size
200-250 pm. For measurements, 10—15 grains were finally
used. In addition to muscovite multigrain samples, single
grains from cataclastic shear zones were analyzed in order
to reveal the influence of deformation on Ar diffusion and/
or resetting in the crystal lattice.

The closure temperature of the Ar isotopic system in
white mica has been reported to be relatively low, and
ranges from ca. 350°C (Lips et al. 1998) to ca. 450°C
(Hames and Browning 1994; Kirschner et al. 1996) and ca.
500°C (Hammerschmidt and Frank 1991; Hames and
Cheney 1997). Closure temperatures depend on grain-size,
chemical composition and cooling rate. Moreover, several
studies (e.g., Chopin and Maluski 1980; von Blanckenburg
and Villa 1988; von Blanckenburg et al. 1989; Dunlap
1997; Bossé et al. 2005) have revealed that temperature is
not the only controlling factor for setting or re-setting the
isotopic system within minerals (see also Villa 1998, for a
general discussion) and deformation can be of equal
importance (e.g., Chopin and Maluski 1980; Miiller et al.
1999; Kurz et al. 2008).

5.2 Fission track and (U-Th)/He dating

We used ZFT, AFT, and apatite (U-Th)/He dating methods
with partial retention or annealing zones (ZPAZ, APAZ,
HePRZ), between 300 and 200, 120 and 60, 85 and 40°C,
respectively (Wagner and Van den haute 1992; Green et al.
1986 for APAZ; Tagami and Shimada 1996 for ZPAZ,
Wolf et al. 1998 for HePRZ).

Fission track and (U-Th)/He analyses were carried out in
the Thermochronological Laboratory of the University of
Tiibingen (Germany) using standard procedures described
by Farley (2002) and Wélfler et al. (2008). The AFT and
(U-Th)/He analytical procedures are described in detail by
Wolfler et al. (2010), as well as the procedures of thermal
history modelling. The zircon mounts were etched in a
KOH-NaOH eutectic melt at 215°C (Gleadow et al. 1976;
Zaun and Wagner 1985) for 30 h. Track lengths were
measured on horizontal confined tracks, revealed as tracks-
in-tracks. We followed the methods described by Tagami
and Murakami (2007). We therefore adopted tracks with
orientations >60° to the crystallographic c-axis because of
enhanced anisotropy in annealing and etching for tracks
<60° (Hasabe et al. 1994). The zeta calibration approach
(Hurford and Green 1983) was adopted to determine the

ages. FT ages were calculated with the program TRACK-
KEY version 4.1 (Dunkl 2002). Modelling of the low
temperature thermal history was carried out using the
HeFty modelling program by Ketcham (2005), with Dpar
values (mean diameters of the etch figures on prismatic
surfaces of apatites parallel to the crystallographic c-axis,
see Burtner et al. 1994) as kinematic parameter.

The annealing behavior of fission tracks in zircon sam-
ples is highly sensitive to ¢-damage, in particular in the
very low o-damage density range (Rahn et al. 2004).
Temperatures for total resetting of the FT system depend
not only on the annealing duration, but also on the amount
of accumulated o-damage. Closure temperatures for the
ZFT system may therefore vary over more than 100°C as a
function of a-damage (Brandon et al. 1998; Rahn et al.
2004). There is no fixed closure temperature for the ZFT
system but the range of the ZPAZ is dependent not only on
the cooling rate but also on the U and Th content.

6 Results from geochronology
6.1 “°Ar/*°Ar dating results

In general, all Ar release spectra from HR and DZ samples
(Figs. 4, 5) are characterized by elevated ages for the first
heating steps, suggesting the incorporation of extraneous
Ar both for protolith- and DZ-derived muscovites. Except
for these first heating steps, the Ar release spectra show
well-defined integrated plateau ages between ~ 81 and
90 Ma. Samples from eclogite-amphibolites show older
ages around 110 Ma (samples KB-D13/02-205.7 and KB-
D13/02-206). These ages were only observed within
coarse-grained eclogite-amphibolites, associated with
pegmatite. KB-D13/02-204.8 displays a well defined pla-
teau age of ca. 81 Ma.

Fault core samples from cataclastic shear zones (KB-
D13/02-212K, KB-D13/02-212.7, KB-D12/02-58BR, KB-
D12/02-58PEG), by contrast, show reduced ages for the
first experiment increments (Fig. 5). These highly reduced
incremental ages are far below the protolith cooling ages
described above. Particularly KB-D12/02-58BR shows an
incremental age of ca. 43 Ma for the first heating step,
significantly lower than the mean ages of the subsequent
steps. KB-D12/02-58BR and KB-D12/02-58PEG were
sampled from a cataclastic shear zone containing fragments
of pegmatite. KB-D12/02-58BR comprises fine-grained
pegmatite kakirites consisting of altered pegmatite frag-
ments. The average fragment size is approximately 1 mm.
The related muscovite grains are distorted and broken and
are smeared out along shear planes. KB-D12/02-58PEG
adjacent to the kakirite shear zone of KB-D12/02-58BR
comprises pegmatite fragments with a size between 0.5 and
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5 cm and remnants of coarse grained distorted muscovite
grains. KB-D13/02-212K comprises fine-grained kakirites
consisting of strongly altered pegmatite gneiss fragments
with an average size of approximately 1 mm.

The integrated plateau ages of 85-87 Ma (KB-D13/02-
212K, KB-D13/02-212.7) for the subsequent heating steps
are similar to the protolith plateau ages described above.
Only KB-D12/02-58BR and KB-D12/02-58PEG, derived
from a cataclastic shear zone, show integrated plateau ages
and incremental ages being more than 2 Ma younger
(76-78 Ma). These age spectra therefore indicate Ar loss
along the grain boundaries assuming that during stepwise
heating Ar will be released from the muscovite rims at first.

6.2 Zircon fission track dating results

In both analyzed drill cores (KB-D12/02, TB-D02/02), ZFT
central ages range between 77.6 & 5.5 and 64.8 + 4.6 Ma
both within fault and HRs (Fig. 6; Table 1). Although all
four fault/HR sample-pair central ages overlap within the 1o
error, there is a trend of decreasing ages towards the fault
rocks, particularly for samples 28FC (68.3 £+ 5.0 Ma) and
458FC (70.3 £ 5.0 Ma). Track lengths were additionally
analyzed and demonstrate reduced mean track lengths
(MTL) of 7.13 & 1.56 and 8.22 + 1.67 um in fault core
samples 28FC and 458FC, respectively. By contrast, the
samples from HRs and DZs show MTLs in the range of
10.00 £ 0.97-10.42 £ 1.03 pum (Fig. 6; Table 1). Particu-
larly within the DZs and fault cores, but also in HRs close to
fault zones, single grain ages are highly variable and range
between ~36.6 and 155 Ma (Fig. 6; Table 2).

6.3 Apatite fission track and (U-Th)/He dating results

The AFT and (U-Th)/He dating results are described in
detail by Wolfler et al. (2010) and are therefore just sum-
marized here. Representative results are displayed in
Figs. 7 and 8, and an overview of ZFT, AFT and (U-Th)/
He ages is provided in Fig. 8.

AFT HR ages not affected by cataclastic deformation
range between 51.1 + 2.3 in the central part of the Koralm
massif and 37.7 &+ 4.3 Ma along its western margin. Ages
from fault-related rocks vary between 46.6 & 4.7 and
43.3 £ 4.2 in the central part and 43.6 + 2.1 and 34.3 £+
1.8 Ma along the western margin of the Koralm massif.
Single grain ages, however, are variable within all three
fault core rocks and range from 76.5 + 12.3 to
3.6 &+ 1.3 Ma. These samples do not pass the chi-square
test and can be decomposed into two age clusters related to
the skewed age-track length distribution, reflecting some
level of annealing (Fig. 7). The two dominant age com-
ponents yield a weighted mean of 56.1 &+ 4.3 and
8.6 £ 2.6 Ma. Furthermore, the samples from the fault

cores show significantly reduced MTL (Fig. 7). Dpar
measurements from fault core samples indicate a clear
relationship between single grain ages, MTL and Dpar
values (Wolfler et al. 2010) (Fig. 7). The lowest Dpar
values are associated with the youngest single grain ages
and the shortest MTL’s.

In the (U-Th)/He analyses a clear trend of decreasing
ages from the HR toward the DZs and fault cores can be
observed (Wolfler et al. 2010) (Fig. 8). The weighted mean
age from the HR is 11.8 & 0.8, from the DZs 7.4 + 0.4
and 6.2 = 0.4 Ma, and 4.7 £ 0.3, 57 £ 0.5 and 4.8 &+
0.3 Ma from the fault cores.

It is generally assumed that both high chlorine-content
in apatites and large Dpar values indicate enhanced
resistance against annealing (e.g., Green et al. 1986;
Carlson et al. 1999; Barbarand et al. 2003). Recent studies
have demonstrated, however, that Dpar values need not
necessarily correlate with chlorine but may correspond
with the Si content (Spiegel et al. 2007), or reflect the
complex interactions between anion (Cl, F, OH) and cat-
ion (REE, Mn, Sr) substitutions (Barbarand et al. 2003).
However, the single grain-age-Dpar and MTL-Dpar
relationships as shown in Fig. 7 indicate that secondary
heating is reflected by different annealing behaviour due to
different kinetic properties of the apatites. Even though we
cannot exclude that apatites from HR-derived fragments,
embedded within a fault gouge matrix, contribute to the
older AFT age groups within the fault core samples, at
least partial annealing in cataclastic shear zones is beyond
doubt.

6.4 Results from thermochronological modelling

Thermal history modelling for two HR samples suggests
cooling to the level of the lower APAZ boundary in the
Eocene, followed by thermal stagnation at these tempera-
tures and accelerated final cooling during Late Miocene
times (Fig. 9). Zircon/apatite pairs from HR samples
indicate slow cooling on the order of 4.3°C Ma™"' for the
samples from drill core KB-D12/02 (sample 106HR) and
5.1°C Ma~" for those from drill core TB-D02/02 (sample
426 HR) between Late Cretaceous and Palaeocene to
Eocene times.

7 Implications for the evolution of the Lavanttal Fault
Zone and adjacent units

The comparison of thermochronological age data from
distinct structural domains provides new information on
the evolution of the LFZ and the adjacent Koralm Massif.
Several thermochronological systems indicate at least
partial thermally and/or mechanically induced deviation
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Table 1 Analytical results of ZFT dating

Sample code Drill core Depth N pg N; Pi N; 0d Ny P(Xz) Age +l¢ MTL SD N

(m) (%) Ma)  (Ma) (um)  (um)

28FC KB-D12/02 282 20 4.602 873 2583 490 6345 12,047 80.62 683 5.0 7.13 156 52
28DZ KB-D12/03 28.8 20 4.855 902 2.541 472 6.543 12,047 5323 755 55 10.13 140 70
58DZ KB-D12/04 582 20 6.597 1,297 3.616 711 6322 12,047 100.00 69.6 4.5 10.00 097 70
5S8HR KB-D12/05 58.8 20 5.682 1,117 4592 552 6.121 12,047 9570 748 52 10.12 1.10 72
106HR KB-D12/06 106.2 20 5.035 970 2.875 554 6477 12,047 9999 685 4.8 1042 1.03 70
107DZ KB-D12/07 1073 20 4.744 900 2.783 528 6.291 12,047 5548 648 4.6 10.28 097 72
458FC TB-D02/02  458.0 20 5.840 953 3.340 545 6.655 12,047 9484 703 5.0 822 1.67 74
458HR TB-D02/03  458.8 20 6.104 996 3.150 514 6.633 12,047 85.04 776 55 1024 1.02 74

N is number of dated zircon crystals; py/p; spontaneous/induced track densities (x 10° tracks/cmz); N,/N; is number of counted spontaneous/
induced tracks; py dosimeter track density (x 10° tracks/cm?); N4 number of tracks counted on dosimeter; P(XZ) probability obtaining chi-square
value (%) for n degree of freedom (where n is number of crystals —1); age & g is central age + 1 standard error; Comp. 1 and 2: different age
components in samples; MTL mean track length; SD standard deviation of track length distribution; N (1) number of horizontal confined tracks

Table 2 Analytical results of ZFT dating—single grain ages

28FC 28DZ 58DZ S8HR 106HR 107DZ 458FC 458HR

Age *lo Age *lo Age +lo Age +lo Age +lo Age *+lo Age *lo Age +lo
(Ma) Ma) (Ma) Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma)  (Ma) (Ma)  (Ma) (Ma)
47.6 79 572 148 57.1 11.6 59.6 124 58.4 13.7 39.6 7.8 527 123 565 110
479 10.6 594 155 62.7 12.5 60.4  13.1 58.8 12.6 533 123 546  10.6 56.7 132
51.8 12.1 60.6  14.0 64.2 14.0 62.1 13.6 59.0 14.0 557 127 584  13.1 66.5 153
59.0 13.4 61.3 143 66.7 13.7 629 139 59.5 16.1 56.6 137 59.6 134 700 162
59.5 16.3 62.8 169 67.4 14.0 702  14.6 59.7 14.4 575 128 650 158 703 152
61.0 159 67.8 163 67.4 14.0 715 165 61.1 14.7 625 135 669 147 71.1  15.6
65.6 15.9 698 173 68.2 14.3 732 155 64.9 14.9 63.7 156 68.1 14.9 735 174
66.6 16.5 703 17.1 69.0 14.7 742 159 66.6 15.0 64.0 142 689 16.0 755 172
67.4 17.3 754 159 69.5 14.3 742 159 69.1 15.4 65.1 159 704 17.1 758 189
69.7 19.0 771 172 70.1 14.9 754 172 69.3 14.6 651 159 70.6  16.0 776 189
73.6 15.6 782  18.0 72.1 14.2 76.8  18.1 69.6 17.2 74.6  19.7 71.1 179 789 199
76.9 19.7 789 204 721 16.5 843 222 72.0 18.4 764  19.6 7577 193 823 211
78.4 20.0 85.6 205 73.0 14.4 847 228 72.6 16.3 78.1 205 71.1 175 859 218
80.4 20.4 90.6 245 73.3 15.6 85.1 214 73.7 21.7 78.1 205 774  19.6 859 218
83.9 21.6 90.9 225 73.4 15.7 925 225 731 18.8 80.5 246 80.8  20.8 879 228
86.5 23.3 9277 228 73.5 154 94.1 238 74.1 21.2 926 226 80.8  20.8 879 228
87.9 28.2 98.7 237 74.5 15.8 958 242 75.9 222 932 262 82.6 21.6 96.5  24.1
89.0 24.5 109.8 275 74.6 15.6 98.4 322 76.9 19.9 932 232 859 21.0 97.6 238
90.2 22.5 141.7 356 75.7 15.6 983 279 79.2 17.0 99.7  30.1 86.1 243 982 276
101.2 359 157.8 553 78.6 16.1 103.1  34.1 87.8 222 1552 614 116.7 443 137.8 474

from the ages in HRs adjacent to the LFZ. As reported by
Woélfler et al. (2010) the occurrence of a second, young
AFT age population in fault core samples and the decrease
of MTL’s and apatite (U-Th)/He ages towards the fault
cores indicate substantial heat advection into the fault zone.
The trend of younger (U-Th)/He ages in the fault cores
compared to the DZs is considered to reflect the final

evolution of the LFZ. Heat transfer was high enough to
partly reset the AFT ages in the fault cores, but not in the
DZs (Wolfler et al. 2010). From the degree of resetting of
the various thermochronological systems we assume that
temperatures within the LFZ were in the range of the
ZPAZ-APAZ transition and therefore resetting of both
systems remained incomplete.
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Fig. 8 Compilation diagram comparing the mean age results from
ZFT data (this paper) with AFT and (U-Th)/He mean ages (from
Wolfler et al. 2010). For location of sampled drilling sites, see Fig. 2.
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Fig. 9 Results of fission track and (U-Th)/He thermal history
modelling using the HeFTy program package (Ketcham 2005). The
lower temperature parts of the models are taken from Wolfler et al.
(2010). a Thermal history model of HR sample (106HR) from drilling
KB-D12/02 calculated from AFT and ZFT ages. b Thermal history
model of HR sample (426HR) from drilling TB-D12/02 calculated
from AFT and (U-Th)/He ages. Light gray paths: acceptable fit; dark
grey paths: good fit; thick black line: representative best fit line. AFT
modelling: input parameters: weighted mean AFT age with 2¢ error,
track length distribution, Dpar values as kinetic parameters; multi-
kinetic annealing model of Ketcham et al. (1999). Additional

AFT apatite fission track ages; ZFT zircon fission track ages; HR host
rock; DZ damage zone; FC fault core

b 426HR
drill core: TB-D02/02
(1]
so{ _ ____tHePRZ T
100 APAZ
- T o T T o o an o o]
Q
o
— 150
@
—_
.g 200
@ zPAZ
o 250
E
CRS NI A ——
350
400
90 70 50 30 10
Time (Ma)
Model Meas. GOF
AFTage:  51.2¢16  51.1:23  0.95
MTL:SD: 14714142  14.51:0.97 0.78
Apatite 11.2:28  11.8:3.2  0.65

(U-Th)/He age:
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input parameters: uncorrected (U-Th)/He age with 1o error, sphere
radius; activation energy 32.9 kcal/mol; calibration after Farley
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Fig. 10 Schematic cross sections (not to scale) for the evolution of the LFZ and the adjacent Koralm Massif and Styrian Basin during Miocene
times. HePRZ He partial retention zone; APAZ apatite partial annealing zone; ZPAZ zircon partial annealing zone

“OAr/*° Ar muscovite ages do not provide detailed timing
information on fault activity as heat advection into the LFZ
was too low to reset the Ar isotopic system completely.
ZFT ages were partly reset. The degree of annealing,
however, is difficult to estimate.

7.1 Neogene evolution

Beside the constraints on the thermochronological evolution
of the LFZ described by Wolfler et al. (2010), the AFT and
apatite (U-Th)/He ages provide additional information on
the evolution of the adjacent basement blocks and sedi-
mentary basins. The time—temperature history of the Koralm
basement indicates thermal stagnation within the upper
APAZ to HePRZ during Oligocene to Middle Miocene times
(Fig. 9). This time span is the main phase of eastward dis-
placement of Austroalpine units and is surprisingly not
displayed by the geochronological data presented in this
study. The initial phase of this evolution is, however, mainly
characterized by strike-slip displacement along block
bounding fault zones (e.g., Ebner and Sachsenhofer 1995;
Frisch et al. 2000; Linzer et al. 2002). Particularly in the
easternmost part of the Alps this did not result in vertical
movements of fault-bounded blocks. The eastern part of
the Eastern Alps is characterized by the subsidence of

intramontane Molasse basins and of the Styrian basin along
the eastern margin of the Koralm massif, starting during
Early Miocene times. The Styrian Basin and the Lavanttal
Basin were initially limnic-fluvial and subsequently marine
(Ebner and Sachsenhofer 1995; Sachsenhofer 1996; Sac-
hsenhofer et al. 1997, 2001; Reischenbacher et al. 2007),
indicating a phase of sea-level rise (Piller and Harzhauser
2005). As indicated by remnant clastic deposits on top of the
Koralm Massif (Beck-Mannagetta 1980; Nebert 1983) and
along the eastern margin of the Saualm Massif and the
Gurktal mountains (Dunkl et al. 2005; Reischenbacher et al.
2007, see Fig. 2), the eastern part of the central Eastern Alps
was entirely covered by Early Miocene deposits (Fig. 10). A
separation into distinct basins started during mid-Miocene
times (~ 12 Ma), probably related to the differential vertical
movement of crustal blocks (Ebner and Sachsenhofer 1995;
Pischinger et al. 2008, see Fig. 10). This is reflected by 2
types of age data (cf. Wolfler et al. 2010):

(1) Although the maximum temperature reached in the
fault cores cannot be revealed by the AFT data, the
timing of fluid flow can be bracketed between
the younger AFT group and the (U-Th)/He ages, i.e.
in Late Miocene to Early Pliocene times (Wdlfler
et al. 2010).
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(2) The (U-Th)/He age of one HR sample (426HR) shows
a weighted mean age of 11.8 £ 0.8 (Fig. 8) (Wolfler
et al. 2010). We presume that this age reflects the final
cooling of the Koralm basement through the HePRZ.
According to the thermal modelling results (Fig. 9),
the Koralm Complex was in thermal stagnation
between ~30 and 10 Ma, right within the HePRZ,
and final cooling started at ~12 to 10 Ma. This was
accompanied by vertical displacement along the
LFZ, reflected by the annealed AFT age populations
(Wolfler et al. 2010) described above. Vertical
displacement with relative upward movement of the
eastern block is also indicated by shear bands and
shear fractures within cataclastic shear zones and the
DZ (Fig. 3). This is supported by the vertical offset of
clastic sediments of late Mid-Miocene age (ca.
12.5-11.5 Ma) at the eastern margin of the Lavanttal
Basin, suggesting a considerable faulting episode
during post Mid-Miocene times until ca. 5.5 Ma
(Reischenbacher and Sachsenhofer 2008). Subsequent
faulting episodes along the LFZ are documented both
by partial annealing of AFT single grain ages and
resetting of U/Th-He ages within DZs (7.4—-6.2 Ma)
and fault core cataclasites (5.7-4.7 Ma, see Fig. 8).
Previously deposited clastics in the area of the
Koralm massif (Fig. 2) were nearly entirely eroded
and partly re-deposited in the Lavanttal Basin
(Fig. 10). The present elevation of remnant clastic
deposits at an altitude of 800-1,100 m indicates that
the Koralm massif was uplifted by a minimum of
800 m during post Mid-Miocene times, associated
with a phase of E-W-directed extension accommo-
dated by N-S striking normal faults (Pischinger et al.
2008). Although a detailed stratigraphic correlation is
missing for these palaeosurfaces, the cooling of the
basement below the HePRZ at ~12 to 10 Ma
provides an assessment of their minimum age.

Based on these data, together with the sedimentary record
from the Lavanttal Basin, it seems likely that the separation
of the Lavanttal Basin from the Styrian Basin, now
disconnected by the exhuming and uplifting Koralm massif,
was related to this tectonic event along the LFZ (Fig. 10).
Accordingly, the Lavanttal Basin was initially not formed as
a pull-apart basin or oblique graben structure as commonly
suggested (e.g., Frisch et al. 2000; Reinecker 2000).

7.2 Age constraints on the pre-Neogene evolution

Up to now the LFZ was assumed to have formed during
Early Miocene times within the eastward moving Austro-
alpine corridor (e.g., Ratschbacher et al. 1991; Frisch et al.
2000; Linzer et al. 2002). The AFT and apatite (U-Th)/He
age clearly document that the LFZ formed a thermal

anomaly over a period in the range of several million years.
“OAr/*°Ar muscovite and ZFT ages show that along the
LFZ these thermochronological systems were affected as
well.

Most “°Ar/*° Ar muscovite ages provided in this study are
in accordance with the ages described from the adjacent
Koralm Complex (e.g., Thoni and Miller 1996) and Saualm
Complex (Wiesinger et al. 2006). Ages from DZs along the
LFZ are similar to ages from HR domains. In other words,
the Ar isotopic system was not reset within the DZs. The
related plateau ages are therefore interpreted to represent
the cooling of the HRs below the closure temperature for
the Ar isotopic system in muscovite (approximately
400-450°C, see Chap. 5) during Late Cretaceous times, i.e.,
between 80 and 90 Ma, subsequent to the peak of meta-
morphism. Ages of ~ 110 Ma from eclogite-amphibolites
are older than the peak of high-pressure metamorphism
within the Koralm Complex (~ 90 to 100 Ma, cf. Thoni and
Miller 1996) and may indicate excess Ar or incomplete
rejuvenation during Alpine eclogite and amphibolite facies
metamorphism.

Muscovites derived from fault cores of cataclastic shear
zones, however, show Ar release spectra characterized by
reduced incremental ages for the first steps of heating
experiments (Fig. 5). While KB-D13/02-212K and KB-
D13/02-212.7 show a common plateau age of ca. 87 and
85 Ma for the subsequent heating steps, KB-D12/02-58BR
and KB-D12/02-58PEG are characterized by a plateau age
of ~78 Ma and highly reduced incremental ages, far
below the protolith cooling ages described above. Assum-
ing that by stepwise heating Ar will be released from the
muscovite rims first, this is a strong indication for lattice
distortion and related Ar loss along the grain boundaries
due to cataclastic shearing or alteration by hydrothermal
fluids, and incomplete subsequent resetting of the Ar iso-
topic system. Studies from other fault zones (e.g., Miiller
et al. 2002) also considered this Ar loss to be related to
weathering and weathering-related alteration of the sam-
ples or even to loss due to recoil during irradiation,
particularly if the rims were damaged/deformed during the
fault activity. The samples described in our study were all
taken from drill cores, and the sampling sites are rather
deep-seated compared to surface exposures. We therefore
take our samples to be affected by long-term weathering at
surface conditions only to a minor degree. A minimum age
of ca. 43 Ma for shearing-related damage is suggested by
the reduced incremental ages. As the incremental ages are
in parts highly erratic, however, statements about the tim-
ing of shearing remain speculative.

Zircon fission track ages show a tendency of decreasing
ages from protoliths toward the fault rocks, as indicated by
reduced track lengths in zircons from cataclasites and fault
gouges. The HR ages indicate cooling of the western part
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of the Koralm Complex below the ZPAZ (approximately
300-200°C, cf. Wagner and Van den haute 1992) during
Late Cretaceous times, i.e. between 77 and 65.5 Ma. In
the more central parts cooling occurred slightly earlier
(77.6 &+ 5.5 Ma) (sample TB-D02/02-458) than along the
western margin of the Koralm Massif (65.5-68 Ma, sam-
ples from KB-D12/02) (Fig. 6). ZFT ages of 68 and 64 Ma
in the LFZ and related shear zones are slightly younger
than in the HR, still within the 2¢ error. In contrast to the
AFT ages, ZFT single grain ages from the fault zone
domains do not show clearly separated age populations, but
fairly normal distributions (Figs. 6, 7). The chi-square test
was passed in all zircon samples. The calculated central
ages are therefore interpreted as cooling ages and are not
evidence for the timing of a thermal event along the LFZ.
Partial annealing may, however, be indicated by reduced
track lengths within the cataclasite samples. The MTL
shift from 10.13 & 1.40 pm (sample 28DZ) and 10.24 +
1.02 pm (sample 458DZ) to 7.13 & 1.56 pm (sample 28
FC) and 8.22 £ 1.67 pum (sample 458FC) within a distance
of 60 and 80 cm, respectively. By choosing a consistent
etching time, the effects of anisotropic track annealing
were avoided. We therefore suggest that secondary heating
caused by a thermal event affected the ZFTs within the
fault core cataclasites subsequent to the cooling of the
adjacent protolith.

7.3 Gosau basin formation

In a regional geological context the evolution defined by the
“OAr/*° Ar and ZFT ages coincides with the formation of the
Gosau-type sedimentary basins (Fig. 2), which started
during Santonian times (~ 85 Ma) and was characterized
by a polyphase subsidence history (e.g., Willingshofer et al.
1999). Remnants of these basins are situated at the eastern
and western margin of the Koralm Complex, the Gosau
basins of Kainach and St. Paul, respectively (Fig. 2), and at
the southwestern margin of the Saualm Complex (Krapp-
feld basin, Wilkens 1989). The Gosau basin of St. Paul is in
close vicinity to the LFZ at the southern margin of the
Saulam Complex (Fig. 2). Subsidence of the Gosau basins
is closely related to the exhumation of the surrounding
basement complexes (e.g., Neubauer et al. 1995; Kurz and
Fritz 2003). Both basement domes and the related basins
formed within a system of strike-slip and normal faults
(Neubauer et al. 1995). As described by Wilkens (1989),
the sedimentary sequence within the Gosau deposits is
characterized by a well-developed angular and erosive
unconformity at the Cretaceous/Palacogene boundary
(~65 Ma).

Although the “°Ar/** Ar muscovite ages and ZFT ages from
fault-related cataclasites apparently coincide with distinct
events within the Gosau basins, a clear thermochronological

relationship to Late-Cretaceous to Palaeogene movement on
the LFZ cannot be proven by our data. The younger ages
obtained in the very first Ar release steps of some samples, as
well as the slightly reduced zircon FT ages and reduced track
lengths, could represent rejuvenation due to cataclastic
shearing and/or alteration by hydrothermal fluids in the fault
zones, but can certainly not be unequivocally established,
since the observed temperatures within the LFZ were not high
enough to reset both systems completely. These “’Ar/*°Ar
muscovite and ZFT ages therefore indicate that both ther-
mochronological systems were partly thermally affected
along the LFZ, most probably during Miocene times. Also,
the cooling models (Fig. 9) provide no evidence for a dif-
ference in the cooling history across the LFZ during Late
Cretaceous to Palaeogene times, which would have been
evidence for differential vertical movement and therefore
activity of the LFZ over this period.

Apatite fission track protolith ages indicate cooling of
the Koralm Complex below the APAZ (120-60°C)
between ~50 and ~30 Ma (Fig. 9). In the central part of
the Koralm Complex the AFT ages are older (~51 Ma)
than those found along the western margin (~ 36 to 43 Ma,
Fig. 8), indicating the effect of elevation. Cooling below
the APAZ occurred earlier in the central parts of the
Koralm Massif than along the western margin. The sedi-
mentary record within the Gosau basins west of the Koralm
massif, mainly characterized by carbonate sequences
abruptly cut by an erosive unconformity, is documented up
to the Middle Eocene (Lutetian stage, approximately
45 Ma, see Wilkens 1989). Although the subsidence his-
tory of these basins during Palacogene times is badly
constrained, we infer that the evolution of the Gosau basins
and the exhumation-related cooling of the Koralm massif
were coupled processes up to Eocene times.

8 Conclusions

1. Exhumation and cooling of the Koralm massif from
mid-crustal levels was mainly completed at the end
of the Cretaceous, as indicated by YOAr°Ar white
mica and ZFT ages from the Koralm basement (~ 80
to 65 Ma).

2. Ar release spectra from muscovites in cataclastic shear
zones in part show highly reduced incremental ages,
indicating lattice distortion or hydrothermal alteration,
and incomplete subsequent resetting of the Ar isotopic
system only for the first low-temperature steps.

3. Rejuvenation of ZFT ages along the LFZ indicates a
thermal event. Recognition of a Cretaceous displace-
ment event is hampered by the fact that the Cretaceous
cooling is regionally very widespread. Additionally,
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potential Late Cretaceous structural elements were
frequently reactivated by faulting during Miocene
times.

4. *Ar/**Ar muscovite and ZFT ages from LFZ-related
cataclasites do not bear clear evidence of pre-Miocene
faulting. Rather, both thermochronological systems
were partly thermally affected along the LFZ during
Miocene times.

5. During the main phase of eastward extension-related
displacement, Austroalpine crustal blocks in the east-
ern parts of the central Eastern Alps do not show
significant differential exhumation.

6. The disintegration of the Styrian Basin and the
separation of the Lavanttal Basin by the uplifting
Koralm block is most probably related to vertical
displacement along the LFZ around 12-10 Ma.
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