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ABSTRACT

Raman microspectroscopy on carbonaceous material (RSCM) from the eastern Tauern Window indicates contrasting peak-temperature patterns in three different fabric domains, each of which underwent a poly-metamorphic orogenic evolution: Domain 1 in the northeastern Tauern Window
preserves oceanic units (Glockner Nappe System, Matrei Zone) that attained peak temperatures (Tp)
of 350–480 °C following Late Cretaceous to Palaeogene nappe stacking in an accretionary wedge.
Domain 2 in the central Tauern Window experienced Tp of 500–535 °C that was attained either
within an exhumed Palaeogene subduction channel or during Oligocene Barrovian-type thermal overprinting within the Alpine collisional orogen. Domain 3 in the Eastern Tauern Subdome has a peaktemperature pattern that resulted from Eo-Oligocene nappe stacking of continental units derived from
the distal European margin. This pattern acquired its presently concentric pattern in Miocene time
due to post-nappe doming and extensional shearing along the Katschberg Shear Zone System
(KSZS). Tp values in the largest (Hochalm) dome range from 612 °C in its core to 440 °C at its rim.
The maximum peak-temperature gradient (≤70 °C km 1) occurs along the eastern margin of this
dome where mylonitic shearing of the Katschberg Normal Fault (KNF) significantly thinned the Subpenninic- and Penninic nappe pile, including the pre-existing peak-temperature gradient.
Key words: doming; Eastern Alps; high-pressure and Barrovian-type metamorphism; orogen-parallel
extension; peak-temperature pattern; Raman microspectroscopy.
Abbreviations: CI, confidence interval; CM, carbonaceous material; ETD, Eastern Tauern Subdome;
KNF, Katschberg Normal Fault; KSZS, Katschberg Shear Zone System; Tp, peak temperature;
RSCM, Raman microspectroscopy on carbonaceous material; SEMP, Fault Salzach-Ennstal-MariazellPuchberg Fault; WTD, Western Tauern Subdome.

INTRODUCTION

The Tauern Window in the Eastern Alps exposes a
nappe pile of continental and oceanic units (Subpenninic- and Penninic units respectively) that underwent
Cenozoic subduction, collision, and metamorphism
during convergence of the Adriatic and European
plates (e.g. Tr€
umpy, 1960; Frisch, 1979; Tricart,
1984; Haas et al., 1995; Stampfli et al., 2001; Schmid
et al., 2004). The structurally deepest nappes of these
units experienced upper amphibolite facies metamorphism centred on two domes at either end of the
Tauern Window (e.g. Selverstone et al., 1984; Cliff
et al., 1985; Oberh€
ansli et al., 2004), namely, the
Eastern and Western Tauern subdomes (ETD and
© 2013 John Wiley & Sons Ltd

WTD in Fig. 1). In contrast, the centre of the window preserves structurally higher nappes that were
less affected by Barrovian-type thermal overprint
and, hence, contain relicts of earlier high-pressure
metamorphism, including blueschist and eclogite
facies mineral assemblages (e.g. Dachs, 1986; Dachs
& Proyer, 2001). 40Ar/39Ar dating of phengite from
these assemblages (Zimmermann et al., 1994; Ratschbacher et al., 2004; Kurz et al., 2008) combined with
geodynamic arguments (see discussion in Schmid
et al., 2013) suggests that this high-pressure metamorphism occurred in Middle Eocene time, prior to
the attainment of peak temperatures (Tp) in the
domes during the Oligocene (Kurz et al., 2008). Previous work on the distribution and conditions of
1
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Fig. 1. Tectonic map of the Tauern Window modified from Schmid et al. (2013). Dotted frames indicate the investigated areas.
BSZS, Brenner Shear Zone System; KNF, Katschberg Normal Fault; KSZS, Katschberg Shear Zone System; MF, M€
olltal Fault;
NF, Niedere Tauern Southern Fault; PF, Periadriatic Fault; RT, Ragga-Teuchl Fault; SEMP, Salzach-Ennstal-Mariazell-Puchberg
Fault; ZWD, Zwischenbergen-W€
ollatratten-Drau Fault. Arrow marks a thrust in the northern part of the central Tauern Window
that separates the southern part of the Glockner Nappe System with high-pressure metamorphic relics from the northern part that
was unaffected by high-pressure metamorphism.

regional metamorphism based on equilibrium mineral
assemblages (Cliff et al., 1985; Droop, 1985; review
in Hoinkes et al., 1999) and stable oxygen isotopes
(Droop, 1985) reveals an asymmetrical concentric
pattern of peak-temperature isotherms that cut across
the nappe contacts in map view (Fig. 2a). This asymmetrical pattern coincides broadly with the ETD containing the structurally lowest basement nappes in its
core. This dome is delimited to the east by the Katschberg Shear Zone System (KSZS, Scharf et al.,
2013), which comprises an east- to southeast dipping,
low-angle extensional shear zone, the Katschberg
Normal Fault (KNF, Genser & Neubauer, 1989) and
two kinematically connected strike-slip shear zones in
the north and south (Figs 1–4 & S3).
Structural studies reveal the KSZS to be a mylonitic belt of up to 5 km width that affects the entire
eastern part of the dome, including parts of its deepest unit (Scharf et al., 2013). This raises the possibility that the metamorphic zonation and related Tp
distribution were modified by mylonitic deformation

during extensional exhumation of the Subpenninicand Penninic units along the KSZS. Furthermore,
the preservation of high-pressure assemblages in parts
of the Glockner Nappe System of the central part of
the Tauern Window (Dachs & Proyer, 2001; Kurz
et al., 2008) suggests that the Tp pattern may be a
composite of the overlapping high-pressure and hightemperature metamorphic events.
To test these ideas, Raman microspectroscopy of
carbonaceous material (RSCM) from metapelites was
applied to obtain the distribution of Tp in two crucial
areas: (i) the transition from the ETD across various
segments of the KSZS to the Austroalpine units in
the hangingwall of the KSZS (Figs 1–4 & S3); and (ii)
the central part of the Tauern Window affected by
high-pressure metamorphism (inset in Figs 1–4 & S3).
Combining RSCM with thorough structural and petrological analyses proved to be successful in distinguishing Eocene high-pressure metamorphism from
the later Barrovian-type thermal overprint. The Tp
values obtained from RSCM – a large number (200)
© 2013 John Wiley & Sons Ltd
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Fig. 2a. Tectonic maps of the boxed areas in Fig. 1 for the eastern Tauern Window: (a) main tectonic units including post-nappe
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of samples over a small area (50 9 30 km2) – agree
with Tp estimated from the distribution of peak-metamorphic mineral assemblages. The combination of
RSCM with a structural and petrological study of the
investigated area (Scharf et al., 2013) allows the Tp
estimates to be set in a geodynamic context.
© 2013 John Wiley & Sons Ltd

PR O V E N A N C E O F T H E S A M P L E S
Lithologies

The metasedimentary rocks used in this study (Fig. 3)
experienced varied P–T conditions at different times
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during their metamorphic evolution. Fourteen of the
samples are from the Austroalpine units, and most of
these are from the Katschberg Quartzphyllite of presumed Silurian age (Sch€
onlaub et al., 1976), and
from retrogressed pre-Variscan micaschists containing
quartz and white mica (Table S1). This group of
rocks experienced metamorphism and nappe stacking
during the Late Cretaceous Eo-Alpine orogeny
(Schuster et al., 2006; Pestal et al., 2009), which
affected the northern margin of the Adriatic microplate before the Cenozoic subduction of Alpine
Tethys (Handy et al., 2010). One sample (sample 98
in Fig. 3 and Table S1) in the southeastern part of
the area comes from an Austroalpine unit that experienced Late Cretaceous eclogite facies metamorphism (Th€
oni, 2006), but the sample itself contains
only an amphibolite facies mineral assemblage (Table
S1). Eo-Alpine orogenesis is not the subject of this
study, but the samples were included because they
yield information about Tp in the hangingwall of the
KSZS.
Most samples are calc-schists and black shales of
the so-called ‘B€
undnerschiefer’ of the Glockner

Katschberg shearing

Fig. 2b. Tectonic maps of the boxed areas
in Fig. 1 for the eastern Tauern Window:
(b) Map of fabric domains 1–3 described in
text. Orientations of the main mylonitic
foliation and stretching lineation taken
from Scharf et al. (2013). Dotted part of
fabric domain 3 is where peak temperatures
are clearly associated with the Barroviantype metamorphism (Tauernkristallisation).
Question marks in ‘domain 2’ indicating
where the age of the peak temperature is
not known (Paleogene subduction and
exhumation or Oligocene
‘Tauernkristallisation’?).

Nappe System (116 samples) and the Matreier Zone
(33 samples) that derived from Alpine Tethys
(Figs 1–3). The term ‘B€
undnerschiefer’ is used as a
field term for schist containing white mica, chlorite,
quartz and calcite that is sometimes associated with
lenses of prasinite (greenschist facies epidote-chloritealbite-bearing metabasic rock), as well as rare pods
of serpentinite. This association is interpreted to be
diagnostic of oceanic lithosphere or of lithosphere
formed at the ocean–continent transition of Alpine
Tethys (e.g. Lemoine et al., 1987). Alpine Tethys was
actually a composite of two oceans: the PiemontLiguria Ocean that opened in Early–Middle Jurassic
times (Matrei Zone) and the Valais Ocean that
opened in Late Jurassic to Early Cretaceous times
(Glockner Nappe System). Calc-schist of the Matrei
Zone typically contains pelagic metasedimentary
rocks (e.g. radiolarite) and blocks of Austroalpine
rock derived from the formerly adjacent Adriatic
margin, whereas the ‘B€
undnerschiefer’ of the Glockner Nappe System lacks these elements and generally
contains fewer ultramafic bodies (see reviews in Pestal
et al., 2009; Schmid et al., 2013).
© 2013 John Wiley & Sons Ltd
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Fig. 3. Tectonic map of the eastern part of the Tauern Window and of the Grossglockner area (inset). Numbers refer to samples
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In the central part of the Tauern Window, i.e. near
the highest Austrian mountain, the Grossglockner
(3798 m), the Glockner Nappe System can be subdivided into two parts (Frasl & Frank, 1966) separated
by a major thrust (black arrow in Fig. 1, taken from
Pestal & Hejl, 2005): a southern part that preserves
© 2013 John Wiley & Sons Ltd

eclogite- and blueschist facies mineral assemblages
(e.g. Dachs & Proyer, 2001; Kurz et al., 2008) of
Eocene age (e.g. Kurz et al., 2008), and a northern
part with greenschist facies assemblages and no evidence of high-pressure metamorphism (e.g. Hejl,
1984; Slapansky & Frank, 1987; Liu et al., 2001;
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Pestal et al., 2009; Pestal & Hellerschmidt-Alber,
2011), the so-called Glockner- and Fuscher Facies
respectively (Pestal et al., 2009). Four samples come
from the Glockner Facies (inset in Figs 3 & 4 & S3
and Table S1), which experienced peak-metamorphic
conditions of 570 °C/1.7 GPa (Dachs & Proyer,

2001; Kurz et al., 2008). Calc-schist in this unit contains lawsonite and/or albite + epidote + phengite + chlorite as pseudomorphs after lawsonite
(Gleissner et al., 2007).
A third group of 36 samples was collected in Subpenninic units comprising basement and cover
© 2013 John Wiley & Sons Ltd
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derived from the former European continental margin. Nine of these samples come from the postVariscan cover of three tectonic basement slices
(G€
oss-, Hochalm- and Sonnblick-Romate-Storz nappes; Figs 2a & 3) that make up a duplex structure in
the core of the ETD (Venediger Duplex of Schmid
et al., 2013). These units all experienced upper
greenschist to amphibolite facies, Barrovian-type
metamorphism (‘Tauernkristallisation’ of Sander,
1911) at peak conditions of 630 °C and 0.8 GPa
(G€
oss Nappe; Droop, 1985) at c. 30–28 Ma (Rb/Sr
white mica ages; Inger & Cliff, 1994; Th€
oni, 1999;
Kurz et al., 2008). The basement is variegated, with
pre-Variscan metasedimentary rocks and Late Palaeozoic granitoid intrusive rocks overlain by a Late
Palaeozoic to Mesozoic cover, which experienced
only Cenozoic Alpine metamorphism (Pestal et al.,
2009). These cover rocks are mostly carbonates (Silbereck Serie of Exner, 1939), meta-pelites containing
white mica and quartz, and meta-arkoses. One sample of white mica-garnet schist was taken from the
cover of the G€
oss Nappe, the structurally lowest
basement unit of the Venediger Duplex (Fig. 3, light
blue domain between G€
oss- and Hochalm basement
units; sample 196 in Fig. 3 and Table S1). The protolith age of this cover (quartz-rich rocks intercalated
with biotite-bearing metasedimentary rocks and
meta-volcanites; the so-called Draxel Complex of
Exner, 1971, 1980) is controversial with ages proposed
ranging from Latest Devonian (Kebede et al., 2003;
Lerchbauer, 2008), Early Carboniferous (Pestal et al.,
2009) and Late Carboniferous-Permian (Schmid et al.,
2013). These rocks are clearly Late Palaeozoic in age
(‘Jungpal€
aozoikum’ of Schuster et al., 2006) and a
post-Variscan age of sedimentation is likely based on
well-documented evidence for coeval sedimentation
and magmatic activity in the Late Carboniferous to
Permian time in other parts of the Tauern Window
(Vesel
a et al., 2008, 2011). Thus, the metamorphism
of the rocks of the Draxel Complex is interpreted to
be of Alpine age (Schmid et al., 2013).
The remaining 27 of the 36 Subpenninic samples
were collected from the structurally highest Subpenninic unit, the Modereck Nappe System (e.g. Kurz
et al., 2008; Schmid et al., 2013), which is in-folded
with a part of the Glockner Nappe System to form
the so-called Seidlwinkl Fold, exposed in the Grossglockner area above the roof thrust of the Venediger Duplex (Figs 2a & 3). The units of the
Modereck Nappe System originate from the most
distal part of the European margin (Kurz et al.,
2008; Schmid et al., 2013). Their cover rocks contain mostly siliciclastic metapelite with albite, biotite
and chlorite, although some horizons contain evaporite and black shale. The age of these rocks ranges
from Late Permian to Late Cretaceous (e.g. Pestal
et al., 2009; Schmid et al., 2013), which constrains
the metamorphic overprint of these rocks to be
Alpine in age.
© 2013 John Wiley & Sons Ltd

Fabric domains in the sampling area

The eastern part of the Tauern Window is divided
into three fabric domains based on the orientation
and relative age of structures, as well as on the mineral parageneses associated with the main foliation
(Fig. 2a,b; Scharf et al., 2013):
Domain 1: A greenschist facies domain between the
Salzach-Ennstal-Mariazell-Puchberg (SEMP) Fault
(Ratschbacher et al., 1991) in the north and the
northern branch of the KSZS in the south (Scharf
et al., 2013) is characterized by a WNW-ESE striking
main foliation (blue symbols in Fig. 2b). This foliation is deformed by and therefore predates the SEMP
and KSZS fault structures. This older fabric deforms
the base of the Lower Austroalpine nappes, which are
only affected by sub-greenschist facies Alpine metamorphism (e.g. Becker, 1993; Oberh€ansli et al., 2004
and references therein; Schuster et al., 2004).
Domain 2: This is a blueschist-to eclogite facies
domain in which the main foliation carries a subhorizontal north–south trending stretching lineation associated with top-north sense of shear (black stretching
lineations in Fig. 2b). This foliation is deformed by,
and therefore older than, large post-nappe folds making up the ETD (e.g. Sonnblick- and Hochalm domes
in Fig. 2a; D5 of Schmid et al., 2013). The boundary
between domains 1 and 2 is a thrust (see above and
Fig. 1, Pestal & Hejl, 2005) that emplaced the part of
the Glockner Nappe System containing high-pressure
mineral assemblages onto the northern part of the
Glockner Nappe System that lacks evidence of subduction metamorphism.
Domain 3: This is a greenschist- to amphibolite
facies domain in the vicinity of the ETD and the
KSZS (Scharf et al., 2013). Rocks in this domain have
two main foliations: an older schistosity (green symbols in Fig. 2b) that is overgrown by prograde hightemperature mineral assemblages of the so-called
‘Tauernkristallisation’, deformed by the aforementioned domes, and a younger mylonitic foliation (red
symbols in Fig. 2b) affecting the perimeter of the
ETD under retrograde upper greenschist facies conditions and associated with the KSZS. This shear zone
system accommodated east- to southeast-directed orogen-parallel motion, including top-southeast exhumation of the Subpenninic- and Penninic units in the
footwall of the aforementioned KNF. The northern
and southern branches of the KSZS are steeply dipping strike-slip shear zones that are interpreted as
stretching faults, with decreasing amounts of displacement towards their western ends (Scharf et al., 2013).
Sampling strategy

Most samples were collected within domain 3, which
includes the Subpenninic-, Penninic- and Austroalpine nappes in the hangingwall of the KSZS. The
coverage of domains 1 and 2 was more limited, but
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still sufficient to allow an interpretation of the geodynamic significance of pre-collisional thermal events.
Samples were taken as far north as the SEMP Fault
along the northern limit of the Tauern Window. One
sample (sample 190 in Fig. 3 and Table S1) was collected north of this fault in an Upper Austroalpine
unit.
RAMAN MICROSPECTROSCOPY ON
CARBONACEOUS MATERIAL
The method

Carbonaceous material (CM) transforms from poorly
ordered, highly contaminated matter (e.g. H, N, O, S
of the original organic compounds) to well-ordered
graphite with increasing temperature. The ordering of
carbon atoms, known as graphitization (Teichm€
uller,
1987), is highly temperature-dependent and does not
re-equilibrate or restructure with decreasing temperature during retrograde metamorphism. Therefore,
graphitization is an irreversible process and the
degree of carbon ordering in a natural rock can be
used as an indicator of peak-metamorphic temperature (e.g. Quinn & Glass, 1958; French, 1964; Landis,
1971; Grew, 1974; Itaya, 1981; Buseck & Bo-Jun,
1985).
The Raman spectra of CM in a sample primarily
reflect the degree of ordering of carbon atoms
attained at Tp (e.g. Pasteris & Wopenka, 1991; Wopenka & Pasteris, 1993). Several temperature calibrations based on the degree of ordering are currently
available (Beyssac et al., 2002b; Rahl et al., 2005;
Aoya et al., 2010). For a reliable interpretation of
the RSCM results, some basic considerations need to
be taken into account to make the results of the
RSCM method more robust and reliable:
(1) Ideally one single and distinct thermal peak is
assumed to yield a characteristic distribution of
Tp values. To unravel Tp distributions associated
with multiple metamorphic events, a suite of
samples needs to be collected over a sufficiently
large area (in our study some 50 9 30 km2) to
ensure that only one event predominated within
a given part of the total area covered. In our
study, earlier high-pressure metamorphism in the
Glockner Nappe System was overprinted by a
later Barrovian-type metamorphic event, a setting
that is similar to that analysed with RSCM in
the Central Alps (Wiederkehr et al., 2011).
(2) Beyssac et al. (2002a, 2003a) showed that pressure
effects on ordering of CM can be neglected. However, other factors that need to be taken into
account when interpreting CM spectra include the
duration of the thermal event (Itaya, 1981; Okuyama-Kusunose & Itaya, 1987; Aoya et al., 2010),
differential stress (Bustin et al., 1986; Suchy et al.,
1997; Ferreiro M€
ahlmann et al., 2002; Nover
et al., 2005), host rock composition (Grew, 1974;

Wopenka & Pasteris, 1993; Wada et al., 1994),
occurrence of catalytic minerals (Bonijoly et al.,
1982; Okuyama-Kusunose & Itaya, 1987 and references therein), type of organic precursor (Kribek et al., 1994; Large et al., 1994; Bustin et al.,
1995) and the composition and activity of fluids
(Large et al., 1994; Guedes et al., 2005). These
factors are discussed below when dealing with
observed multi-temperature signal in the same
sample, but most previous studies indicate that
these effects are minor compared with that of
temperature (e.g. Beyssac et al., 2002b; Rahl
et al., 2005; Aoya et al., 2010; Lahfid et al., 2010;
Wiederkehr et al., 2011).
The RSCM method offers several advantages
when compared with other analytical methods in
metamorphic rocks, which are also based on CM
(X-ray diffraction, high-resolution transmission electron microscopy (HRTEM), isotope geochemistry
and vitrinite reflectance measurement): first, sample
preparation is straightforward and requires only a
standard polished (for microprobe) thin section,
which can be used for different types of investigations. Raman spectra can be acquired quickly
(within few minutes per analysis) and several spots
can be analysed in a single sample, allowing heterogeneities to be identified. Second, the method is in
situ and does not destroy the sample. Third, the
amount of CM required for an analysis is very
small; 20–30 grains of 10 lm diameter are the minimum amount and size of material needed. Fourth, the
range of Tp can be estimated over a very large range
of metamorphic conditions, from sub-greenschist to
upper amphibolite facies. The RSCM calibrations
are all based on temperatures obtained by other
analytical methods (e.g. Fe-Mg exchange reactions);
hence, the absolute error of the RSCM method
(50 °C; Beyssac et al., 2002b) can be attributed
mostly to the absolute error of these methods.
However, the error of relative temperature estimates
is significantly smaller (~10–15 °C, Beyssac et al.,
2004) than the error of absolute peak-temperature
estimates. Note that the distribution of Tp values
within a study is equally important for enabling
certain interpretations as are the absolute values of
Tp; the distribution pattern in map view can be
diagnostic for deciphering the tectonometamorphic
history.
Measurement procedure

This study employed the method of Wiederkehr et al.
(2011) at a laser wavelength of 532 nm, which is
shifted slightly to the 514.5 nm laser line used in the
calibration experiments of Beyssac et al. (2002b), but
nevertheless yields a difference in the estimate of Tp
of only 5 °C or less (Aoya et al., 2010). This is much
less than the errors cited above in estimating the
absolute and relative values of Tp.
© 2013 John Wiley & Sons Ltd
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Care was taken to measure CM located beneath a
transparent mineral (quartz, albite or white mica) at
the sample surface (Pasteris, 1989; Beyssac et al.,
2002b, 2003b). The effect of analysing through two different transparent minerals was checked (white mica
and albite in sample 2; Fig. 3 and Table S1). In doing
so, it was found that the Tp values were identical within
error (confidence interval, [CI] of 95%; see caption to
Table S1 for further explanation).Where possible, the
polarized laser beam was oriented perpendicular to the
local mean stacking axis of the CM. Any spectra with
bands from the glue (used for thin section preparation,
Araldit AV 2020; refraction index of 1.553) overlying
the graphite spectra were not used at all.
In almost every sample, 20 single spots of CM
were measured (column #spec. R1 of Table S1). Each
measurement was conducted 10 times, with a pulse
duration of 12 s per measurement. Thus, the full
acquisition time was 120 s per aggregate of CM in a
sample. Aberrant estimates of Tp (i.e. estimate that
deviated by >50 °C from the average) were ignored
in making the overall estimate, as long as their number did not exceed six of the 20 estimates from spot
analyses. Usually, however, no more than three estimates were aberrant. The exact number of aberrant
spots in a given sample equals to the discrepancy of
the number of recorded Raman spectra (#spec. R1)
and the number of Raman spectra used for peaktemperature calculation (#spec. R1*) in Table S1.
Samples with <10 single spot analyses are listed in
Table S1, but were not used for drawing the peaktemperature contours in Figs 4 and S3. The position,
height and width of the CM peaks (FWHM, full
width at half maximum) of the single Raman spectra
were determined with the program PEAKFIT 4.12
(Seasolve Software Inc.). This program identifies the
peaks with a combined Gaussian and Lorentzian
function (Voigt function) including a linear background correction. Error is estimated for a CI of
95%.
Peak-temperature calibrations

Table 1 lists the four empirical temperature calibrations of the Raman spectra for CMs used in this
study. They are applicable for a temperature range of
100–700 °C and use the intensity ratios, R1 and R2,
Table 1. Raman peak-temperature calibrations from literature
and specifications as used in this study.

Calibration T(°C)=
a
b
c
d

445R2 + 641
737.3 + 320.9R1 1067R2
80.638R12
221R22 637.1R2 + 672.3
91.4R22 556.3R2 + 676.3

Peaktemperature
range (°C)

Laser
wavelength
(nm)

Reference

350–650
100–700

514.5
532

Beyssac et al. (2002b)
Rahl et al. (2005)

340–655
340–655

514.5
532

Aoya et al. (2010)
Aoya et al. (2010)

© 2013 John Wiley & Sons Ltd

of the first-order Raman peaks D1-D3 and G. Further details of the calibrations are given in Appendix
S1. These ratios are defined as R1 = D1/G (height of
the peaks) and R2 = D1/(G + D1 + D2 + D3) (area
beneath the peaks) and are a measure of the degree
of ordering of CM as a function of maximum temperature (Pasteris & Wopenka, 1991; Wopenka &
Pasteris, 1993; Yui et al., 1996). Second-order bands
of the Raman spectra were not used in this study
because their relationship with the degree of carbon
ordering is less clear (e.g. Nemanich & Solin, 1979;
Beyssac et al., 2002b).
Although the calibrations of Beyssac et al. (2002b)
and Aoya et al. (2010, calibration d in Table 1) yield
similar values and are in best agreement with the
petrology (see Discussion section). The Beyssac et al.
(2002b) calibration is used instead of the calibration of
Aoya et al. (2010, calibration d in Table 1) because its
formula is simpler than the others and therefore yields
a consistently lower CI (see Table S1), even at Tp
above 575 °C where the error tends to be greater.
Comparisons and discussion relevant to the Raman
calibrations used in this study are given in Appendix
S1 (Figs S1–S3 & Table S1).
RESULTS
Contouring peak temperatures

The map view contours of Tp (Fig. 4) based on the
calibration of Beyssac et al. (2002b) were hand drawn
to interpolate between bracketing points of the Tp,
and to follow the main foliation in the fabric domains
described above. Hand drawing allows fitting contours with the main foliation and avoids edge effects
where sample density is small and/or where points of
anomalous Tp occur, i.e. Tp values that obviously do
not fit the overall pattern (see below). Contours of Tp
obtained from other calibrations (Table 1) are shown
in Fig. S3 for comparison. Note that contours of Tp
are not isotherms. An isotherm is a line of equal temperature at a given instant in time, whereas contours
of Tp contain no information about the time when Tp
was reached. A pattern of Tp contours, referred to
as peak-temperature contours (identical with the
‘isotemperature contours’ of Wiederkehr et al., 2011)
can only be interpreted as representing a palaeotemperature field if the area considered was affected
by a single thermal event. Even in such a simple case,
peak-temperature contours are expected to decrease
in age away from the heat source as the temperature
field expanded until the area considered reached its
thermal peak. Of course, the interpretation in terms
of age becomes even more difficult in areas, such as
ours, affected by two or more thermal events with
comparable Tp conditions. Hence, the peak-temperature contours in Fig. 4 merely represent Tp attained
in the three fabric domains described above and
depicted in Fig. 2b. Uncoloured strips separate the
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Fig. 5. Cross-sections (a–h) of peak temperature along traces shown in Fig. 4. Calibration of Beyssac et al. (2002b) with individual
CI (95%) bars. Colours along the horizontal axes indicate the tectonic units in Figs 1, 2a, 3, 4 & S3. Red dotted lines indicate
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up to 5 km from the plane.

temperature patterns within these domains. Peaktemperature contours were not drawn for domain
2 (inset to Fig. 4) because the four samples do not warrant contouring, and have almost the same Tp values.
In the following, the pattern of peak-temperature
estimates in each of the three fabric domains will be
discussed.

Domain 1

In the southernmost and structurally lowest part of
the Glockner Nappe System north of the KSZS, Tp
decreases systemically from south (471  4 to
489  5 °C) to north (348  3 °C), without a discernable discontinuity across the contact between
© 2013 John Wiley & Sons Ltd
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Glockner Nappe System and Matrei Zone (Fig. 4;
and cross-section A-A′ Fig. 5a). Trend and spacing
of the contours are rather speculative given the paucity of data in this domain; three points define the
400 °C contour, which runs parallel to the trace of
the main foliation (Fig. 2b). Accordingly, the other
contours are drawn parallel to the main foliation. Tp
values of <350 °C are not found, due to the evident
lack of CM in carbonate rocks (‘Klammkalke’) in
this area. However, the Tp values in this domain
probably correspond to lowermost greenschist facies
conditions, as previously mapped (Hoinkes et al.,
1999; Oberh€
ansli et al., 2004; Pestal et al., 2009) and
estimated with the RSCM method for one sample
(Frost et al., 2011). Frost et al. (2011) obtained a
slightly higher Tp of ~400 °C in Penninic units at the
northeastern margin of the Tauern Window, immediately south of the SEMP Fault. A similar trend of
NNE-ward-decreasing Tp is observed further to the
east in the Matrei Zone, i.e. north of the northern
branch of the KSZS (Fig. 5b). This corresponds to a
peak-temperature field gradient of 8 °C km 1 perpendicular to the main foliation. One sample (sample
190; Table S1; Fig. 3) within the Grauwackenzone
north of the SEMP Fault indicates a higher Tp
(389  3 °C). This higher temperature is attributed
to Late Cretaceous greenschist facies (Schramm,
1980) metamorphism (40Ar/39Ar white mica ages of c.
115–90 Ma; Urbanek et al., 2002).
Domain 2

Tp values of ~500 °C are obtained for the four
samples collected within this fabric domain and
characterized by blueschist to eclogite facies mineral
assemblages (inset to Figs 2a & 4). Similar Tp values in both the Glockner- and the Modereck nappe
systems (green and blue tectonic units in Figs 1–6
& S3) suggest that both units experienced a common thermal history during either Middle to Late
Eocene subduction/exhumation, or Oligocene Barrovian-type ‘Tauernkristallisation’. In the absence of
age data from several independent geochronological
systems, the Tp values in this domain cannot be
attributed to one or the other of these two metamorphic events.

This is based on our observation that the dome
deforms the main foliation, which itself is overgrown
by amphibolite facies peak-metamorphic mineral
assemblages of the ‘Tauernkristallisation’ (Scharf
et al., 2013). The eastern perimeter of the Hochalm
Dome was highly sheared by the KSZS during Miocene time and, hence, the peak-temperature contours
are drawn parallel to the main foliation of the KSZS
in this part of the Hochalm Dome. Within the ETD,
the locally variable trend of the contours (Fig. 4)
reflects the heterogeneous orientation of the main
foliation.
Going from the core of the ETD towards the
KSZS, the horizontal gradient in Tp varies from
~30 °C km 1 in the centre (cross-sections B and H,
Fig. 5b,h) to as much as 70 °C km 1 in the immediate footwall of the KNF (cross-sections E and F,
Fig. 5e,f) where the post-metamorphic tectonic omission of Penninic and Subpenninic units in the footwall of the KNF is greatest (Scharf et al., 2013). The
gradient also increases towards the steep strike-slip
branches of the KSZS (cross-section B, Fig. 5b).
A subtle but significant feature in Figs 4 and 5h is
a narrow minimum with Tp values of 475–500 °C
located between two stripes characterized by higher
Tp (500–525 °C), located along the southern branch
of the KSZS. The southern stripe exhibiting relatively
higher Tp (500–525 °C) coincides with the southeastern end of the Sonnblick Gneiss Lamellae (SBL in
Fig. 2a, wedge tapering out southeastward of the
Sonnblick Dome, SB), whereas the northern stripe
marks the edge of the Hochalm Dome (HA in
Fig. 2a). The stripe characterized by lower Tp (475–
500 °C) coincides with the southeastern prolongation
of the Mallnitz Synform. Hence, this relative minimum is interpreted as a manifestation of isoclinal
folding and Katschberg strike-slip shearing that postdated both nappe stacking and ‘Tauernkristallisation’
in the entire ETD (Scharf et al., 2013).
Note that the peak-temperature gradient across the
Sonnblick-Romate-Storz Nappe in the northeastern
part of the ETD (Fig. 5c,d) appears to be very low
to non-existent, and indeed is hard to define considering the given scatter in estimates. This reflects the
shallow northeastward dip of this nappe, which indicates that samples in these sections originated in
nearly identical structural levels.

Domain 3

The concentric pattern of peak-temperature contours
in this domain mimics the shape of the isograds
around the ETD (Fig. 2a). The area with highest Tp
(612 °C, sample 196 in Table S1; Fig. 3) in the G€
oss
Nappe in the core of the ETD coincides with the centre of the concentric foliation pattern (Fig. 2b). However, the contours are poorly constrained due to the
lack of CM in the orthogneisses that make up large
parts of the dome. The contours are drawn so as to
follow the main foliation around the Hochalm Dome.
© 2013 John Wiley & Sons Ltd

DISCUSSION
Samples with anomalous peak-temperature values

Five samples (marked red in Table S1) yield anomalous Tp that do not fit the overall pattern. Four of
these (samples 18, 105, 129 & 173) have values that
are significantly lower, and one (sample 53) has significantly higher temperatures than nearby values
despite the fact that all five samples come from the
same lithology as their neighbours. There are two
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possible explanations for this: either graphitization of
organic matter in these samples depends on additional factors besides temperature (pressure, strain,
etc. as discussed above) or, as is probably the case in
sample 53, the sedimentary protoliths may have contained organic detritus eroded from areas that underwent pre-Alpine metamorphism at higher Tp (e.g.
Dissel et al., 1978; Itaya, 1981) than those reached
during the Alpine events discussed here.
Another four specimens (samples 37, 48, 60 & 176)
yield clear indications of dual-temperature signals for
all calibrations (temperatures listed in Table S1 with
an orange background), as will be discussed later. All
these samples originate from similar lithologies within
the KSZS and the same transparent minerals overlying the measured CM were used.
Close examination reveals local irregularities in the
pattern of Tp in domain 3: in the Upper Muhr Valley
(Figs 2 & 4), Tp values scatter widely in the Modereck- and Glockner nappe systems along the steep
northern branch of the KSZS.
Comparison with peak temperatures from other
petrological data

The calibrations of Beyssac et al. (2002b) and Aoya
et al. (2010) yield Tp values that are closest to the
temperatures obtained from peak-metamorphic mineral assemblages in the eastern Tauern Window (calibrations a and d in Table 1). This is best
demonstrated in two areas:
In a first area along the southwestern margin of
the ETD (i.e. parallel to the southern sinistral branch
of the KSZS, Fig. 2a), the coexistence of garnet, biotite and chloritoid, as well as the location within the
staurolite + biotite isograd (Droop, 1981, 1985), constrains Tp during the ‘Tauernkristallisation’ to 500–
550 °C (Fig. 2a). This brackets the peak-temperature
estimates obtained from the two aforementioned calibrations (a and d in Table 1) to 500 and 510 °C
respectively. The other calibration methods (b and c
in Table 1; Rahl et al., 2005; Aoya et al., 2010) yield
475 and 485 °C respectively. In a second area in the
core of the Hochalm Dome, felsic gneiss contains
garnet, green amphibole and biotite in the absence of
evidence for partial melting. The temperature in this
area therefore never exceeded 650 °C, the minimum
temperature for the onset of melting of water-saturated granitic rock (e.g. Holtz et al., 2001). This is
corroborated
by
temperature
estimates
of
630  40 °C from phase equilibria (Droop, 1985).
All RSCM calibrations yield Tp slightly below this
value for the same locality (612, 640, 632 °C for calibrations a, c and d in Table 1), with the exception of
the Rahl et al. (2005) calibration, which yields
680 °C (Appendix S1; Table S1). In general, all of
the calibrations except that of Rahl et al. (2005) provide similar estimates of Tp for the range of ~350–
620 °C. However, the difference in the peak-tempera-

ture estimates is certainly much less than the uncertainty of  50 °C (Appendix S1; Fig. S2) and
demonstrates the excellent consistency of the empirical calibrations so far.
Multiple temperature signals in the same sample

Four samples (samples 37, 48, 60 & 176; Table S1)
yield more than one temperature signal as determined
from separate clusters of Raman spectra. All of these
anomalous samples come from the KSZS in domain
3; in two of them (48, 60), the lower of the two peaktemperature estimates agrees with the estimates from
the surrounding samples in the area. However, this is
not the case for the other two samples (37, 176).
Thus, shearing may well have had an effect on the
ordering of CM (Bustin et al., 1986; Suchy et al.,
1997; Ferreiro M€ahlmann et al., 2002; Nover et al.,
2005), but the inconsistency of the Tp values in relation to the surrounding estimates leaves much room
for speculation on whether this ordering increased or
decreased during shearing. Alternatively, the multiple
temperature signal is a kinetic effect that led to the
partial equilibration of CM ordering with the regional metamorphism (‘Tauernkristallisation’) and a
later, short-lived heating or fluid pulse (or both)
when Katschberg shearing juxtaposed warm
(≥525 °C) rock from the hot core of the ETD with
the margins of the ETD. This is consistent with the
observation of post-kinematic (cross-) white mica
that overgrows the main mylonitic foliation of the
KSZS (Scharf, 2013). A third possibility is that the
separate Raman spectra within one sample result
from mixing of detrital sediments with different thermal provinces (Dissel et al., 1978). This only explains
samples 48 and 60 with a second temperature signal
higher than the ambient Tp of neighbouring samples.
In light of this unresolved problem, none of the four
samples with more than one temperature signal was
used in drawing the peak-temperature contours.
Age of peak temperatures

The Tp values determined with RSCM can only be
interpreted in a geodynamic context if the age of
metamorphic events in the three fabric domains and
in the adjacent Austroalpine units that border the
Tauern Window is known. The main foliation sampled in fabric domain 1 is deformed by both the
SEMP Fault and by the northern branch of the
KSZS (Fig. 2b). These faults are interpreted to have
initiated in Latest Oligocene to Early Miocene time,
certainly no later than c. 21 Ma, which marks the
onset of Adriatic indentation and rapid exhumation
in the Tauern Window (Scharf et al., 2013; Schmid
et al., 2013; their D5). The 40Ar/39Ar white mica ages
of Liu et al. (2001) for this fabric domain in the
South Penninic Matrei Zone range in age from c.
36.8 to 28 Ma (excluding one sample with an age of
© 2013 John Wiley & Sons Ltd
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c. 21.8 Ma) and are interpreted to date cooling
beneath the closure temperature range of 410–350 °C
(Liu et al., 2001 after von Blanckenburg et al., 1989;
Dahl, 1996). Regional geological considerations constrain the onset of accretion in the Matrei Zone, originally located at the southern limit of Alpine Tethys,
to have begun no later than 94–84 Ma (e.g. Cenomanian-Santonian flysch ages as discussed in Handy
et al., 2010, and many references therein). Thus, the
available information indicates that the main deformation and peak of metamorphism in fabric domain
1 occurred during Late Cretaceous to Late Palaeogene time.
High-pressure metamorphism in fabric domain 2 is
constrained to have occurred within the c. 45–38 Ma
time interval based on 40Ar/39Ar phengite ages that
are interpreted as syn-eclogite facies formational ages
(Ratschbacher et al., 2004; Kurz et al., 2008). Younger ages were obtained with the Rb/Sr on white mica
system (c. 31.5  0.7 Ma; Glodny et al., 2005, 2008)
and the Lu/Hf on garnet chronometry c.
32.75  0.5 Ma (Nagel et al., 2013) for this same
event. However, in the overall regional context, such
Early Oligocene ages are unlikely for the baric peak
for two reasons: First, these young ages are inconsistent with the Eocene age of high-pressure metamorphism in along-strike equivalents of the Subpenninic
nappes and the Glockner Nappe System in the Engadine Window and the Lepontine Dome (c. 42–40 Ma
for the Glockner Nappe System equivalent in the
Engadine Window, Wiederkehr et al., 2009; c. 42–
35 Ma for the Adula Nappe in the Lepontine Dome,
Berger & Bousquet, 2008; Herwartz et al., 2011). Second, such young ages for high-pressure metamorphism are incompatible with the contemporaneous
emplacement of the nearby Periadriatic plutons,
which intruded at moderate depths during continent–
continent collision and after the early stages of continental subduction (e.g. Rosenberg, 2004). In any
case, the main schistosity in domain 2 is overgrown
by upper greenschist to amphibolite facies mineral
assemblages of the Oligocene ‘Tauernkristallisation’
(see Provenance of the sample section) and is
deformed by large Miocene post-nappe folds (e.g.
Sonnblick Dome, Fig. 2a). The high-pressure part of
the Glockner Nappe System attained peak conditions
of 1.7 GPa and 570 °C (Dachs & Proyer, 2001). The
high pressure is documented by pseudomorphs after
lawsonite (e.g. Grossglockner area west of the Sonnblick Dome, Fig. 2a, Gleissner et al., 2007). The Tp
is roughly compatible with the 500–535 °C range
obtained from RSCM, although only four RSCM
samples were used for this estimate in the general
sample area of Dachs & Proyer (2001).
The two main foliations in fabric domain 3 (see
Fig. 2b) are related to different tectonic events
(Scharf et al., 2013): (i) the older foliation formed
under amphibolite facies conditions and was associated with stacking of the Subpenninic nappes in the
© 2013 John Wiley & Sons Ltd

Venediger Duplex. It is syn- to post-thrusting and
exhumation of the overlying high-pressure units in
fabric domain 2 (Schmid et al., 2013; their D4), but
pre-dates the ‘Tauernkristallisation’ and subsequent
doming (Schmid et al., 2013; their D5). This older
foliation formed at c. 35–30 Ma, as discussed extensively in Schmid et al. (2013), their D4); and (ii) the
younger greenschist facies mylonitic foliation of the
KSZS that overprints the perimeter of the ETD is
constrained to have formed at c. 23–16 Ma, as discussed in Scharf (2013) and Schmid et al. (2013);
their D5). This second event coincided with the formation of the Hochalm- and Sonnblick domes
(Fig. 2a).
The peak temperatures in a geodynamic context

Figure 6 is a first attempt to integrate the different
Tp values obtained within the three fabric domains
(Fig. 6a–c) in a tectonic context (Fig. 6d–g). Figure 6d–g shows the evolution in a north–south transect of the Tauern Window and builds on previous
work (Kurz et al., 2008; Scharf et al., 2013; Schmid
et al., 2013). Each fabric domain is marked by a different thermal regime that corresponds to a distinct
stage of convergence between Adria and Europe.
The maximum recorded temperature of ~480 °C in
domain 1 is consistent with the greenschist facies
metamorphism observed in this domain and is interpreted to have resulted from the accretion of oceanic
crust of Alpine Tethys in the footwall of the Austroalpine nappes (samples 191 & 192 in Fig. 3; Table
S1). The units in domain 1 thus represent the leading
edge of the advancing Adriatic microplate in Palaeogene time (Fig. 5a,d). Similar peak conditions have
been documented from the basal units of exhumed
accretionary wedges in other localities (e.g. Taiwan,
Suppe, 1984). The lack of any discernable jump in Tp
across the thrust contact between the Glockner Nappe System and the Matrei Zone (Fig. 5a) indicates
that the thermal peak in domain 1 was attained only
after these two units, which derive from different
parts of Alpine Tethys, were tectonically juxtaposed,
i.e. after c. 65 Ma, but before c. 42 Ma (Fig. 6d,e).
The metamorphism in domain 1 is probably Late
Eocene or older according to available 40Ar/39Ar
white mica ages of Liu et al. (2001). These ages indicate cooling of the Penninic nappes at the northeastern margin of the Tauern Window to below 410–
350 °C in Late Oligocene time (Liu et al., 2001), with
ages progressively older (Eocene) towards the Lower
Austroalpine nappes in the hangingwall of the KSZS.
Thus, metamorphism in the Penninic nappes certainly
pre-dates the Oligocene ‘Tauernkristallisation’.
The post-peak thermal evolution of domain 1 is
poorly constrained, but thermochronometric age
studies so far indicate that the Matrei Zone as well
as parts of the Glockner Nappe System that were
unaffected by high-pressure metamorphism experi-
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enced the Late Oligocene ‘Tauernkristallisation’
(labelled TK in Fig. 6). Two 40Ar/39Ar white mica
cooling ages of Liu et al. (2001) (their samples YL10,
YL12) show that these units cooled to below 410–
350 °C some c. 28 Ma ago. Thus, temperatures during the ‘Tauernkristallisation’ must have exceeded
410–350 °C, but not the previous peak of 480 °C
(Fig. 6a). There is currently no sensible explanation
of the single Miocene 40Ar/39Ar white mica age in
the part of the Matrei Zone in the hangingwall of the
northern corner of the KSZS (c. 21.7 Ma, Liu et al.,
2001; their sample YL40). This area coincides with a
local ‘island’ of higher Tp (475–500 °C intervals in
Figs 4 & 5d) that is interpreted as a thermal relict of
domain 1.
Samples from domain 2 in the Glockner Nappe
System yield Tp of 500–535 °C. None of them preserve high-pressure mineral assemblages, although
eclogite facies minerals occur in a surrounding imbricate zone that comprises slices of both oceanic
(Glockner Nappe System) and European continental
margin (Modereck Nappe System, Pestal et al., 2009;
sample 200, Table S1). These Tp prevailed during
both the eclogite facies event (570 °C; Dachs & Proyer, 2001) and the overprinting ‘Tauernkristallisation’
(no cooling ages obtained in this area, but Dachs,
1990; determined 525 °C in the eclogite zone, Fig. 1).
Unfortunately, it is not known which of these two
events was recorded by the CM Raman spectra in
this domain (Fig. 6b).
Our data support the notion that all rocks of fabric domain 3 (Fig. 2b) are affected by Oligocene
amphibolite- to greenschist facies Barrovian-type
metamorphism (‘Tauernkristallisation’), which is
attributed to thickening of the European crust
(Venediger Duplex formation, Fig. 6f). Tp values
range from 440 °C in the Glockner Nappe System to
612 °C in the cover rocks of the G€
oss Nappe. The
perimeter of the ETD has very steep field gradients
in Tp, especially in the footwall of the KNF where
the maximum gradient (up to 70 °C km 1) coincides
with the site of maximum tectonic thinning of the
Subpenninic- and Penninic units (Scharf et al., 2013).
The original (pre-Katschberg) peak gradient was only
~13 °C km 1 as obtained by dividing the difference
in Tp between the bottom (612 °C) and top (440 °C)
of the nappe pile by the estimated 13.5 km of throw
along the KNF (Scharf et al., 2013).
CONCLUSIONS

The RSCM method, combined with structural and
petrological field data, yields a picture of the peaktemperature patterns associated with different stages
of orogenesis in the eastern Tauern Window. This
area has many features in common with the Lepontine Dome of the Central Alps, which exposes similar
tectonic units with a similar thermal evolution (e.g.
Wiederkehr et al., 2011). The peak-temperature pat© 2013 John Wiley & Sons Ltd

terns differ in three distinct structural and fabric
domains of the Tauern Window: (i) Penninic units
derived from the Alpine Tethys (Matrei Zone and
Glockner Nappes System) attained a maximum peak
temperature (Tp) of ~480 °C under upper greenschist
facies conditions during and after Late Cretaceous to
Palaeogene nappe stacking in an accretionary wedge
at the leading edge of the advancing Adriatic microplate; (ii) imbricated and folded oceanic and distal
continental European units experienced Tp of
~500–535 °C. These temperatures were attained either
during Palaeogene burial and exhumation along a
narrow subduction/exhumation channel in the central
eastern part of the Tauern Window, or during Barrovian-type thermal overprinting at the margins of the
Eastern Tauern Subdome; and (iii) a duplex of basement slices derived from the European margin experienced Tp immediately after D4 nappe stacking, i.e. in
the Early Oligocene. However, these same peak-temperature contours of this pattern acquired their current concentric form during Miocene post-nappe
doming and extensional shearing along the KSZS.
The Tp values in the largest dome (Hochalm Dome)
range from 612 °C in its core to 440 °C at its rim.
The steepest gradient in Tp (up to 70 °C km 1)
occurs perpendicular to the eastern margin of this
dome, where mylonitic shearing of the KNF significantly thinned the Subpenninic- and Penninic nappe
pile, including an older Tp distribution.
The large number (200) of samples analysed in this
study provides an excellent basis for comparing Tp
derived from RSCM with those from peak-metamorphic mineral assemblages. It was found that the
Raman spectra calibrations of Beyssac et al. (2002b)
and Aoya et al. (2010) (calibration d in Table 1) are
in closest agreement with the petrology, especially at
higher (>500 °C) Tp. Interestingly, all calibrations
yield very similar patterns of Tp values within each
fabric domain and, even more strikingly, the differences in these temperature estimates are less than the
50 °C absolute error of the calibrations (Beyssac
et al., 2002b). This is testimony to the robustness of
the RSCM method, even when applied to areas with
a polyphase metamorphic history.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in
the online version of this article at the publisher’s
web site:
Appendix S1: Raman spectra of carbonaceous
material.
Figure S1: Typical first-order Raman spectra of
CM showing increasing ordering with increasing peak
temperature from bottom to top.
Figure S2: Peak-temperature comparison plots with
calibration a on the vertical axis v. calibrations b, c
and d on the horizontal axis.
Figure S3: Peak-temperature contours in fabric
domains 1 and 3 (Fig. 2b) are based on the calibrations of (a) Rahl et al. (2005); (b) Aoya et al. (2010,
calibration c in Table 1); and (c) Aoya et al. (2010,
calibration d in Table 1).
Table S1: RSCM samples analysed in this study, as
discussed in the Lithologies section and shown in Fig. 3.
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