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Abstract Orogen-parallel extension and orogen-perpendicular shortening accommodated by folding
acted at the same time to exhume the Tauern Window. In order to investigate the relative contribution of
upright folding and erosion and of extensional denudation for exhumation, we provide compilations in map
view of previous and new zircon and apatite fission track ages. These age maps show that isoage contour
lines are subparallel to the axial planes of large-scale, upright folds. On age versus distance diagrams, along a
profile perpendicular to the dome axis, all thermochronometers show bell-shaped curves with younger ages
in the hinge area of the dome and age differences between different chronometers decreasing from the
limbs to the hinge area. All these observations suggest that folding synchronous with erosion was largely
responsible for exhumation of the Tauern Window. The younger ages and the higher fold amplitudes of the
western subdome compared to the eastern one are corroborated by the results of inversion of cooling
ages that show higher exhumation rates in the west. These reflect one and the same shortening and folding
event that affected the entire Tauern Dome synchronously, but at higher rates than that in the western
subdome. Only during Pliocene time were exhumation rates slightly higher along the normal faults bordering
the window; hence, extensional unroofing may have dominated exhumation in the Pliocene. The northward
displacement of the Dolomites Indenter was associated to a clockwise rotation, which caused increased
amounts of shortening westward, hence higher uplift and exhumation rates in the western subdome.

1. Introduction

Structural and metamorphic gneiss domes, consisting of large-scale upright folds inside the dome and shear
zones along their boundaries, are commonly observed in the cores of orogenic mountain belts [e.g., Eskola,
1949; Crittenden et al., 1980] and are inferred to have formed during or after the late stages of collision. Their
formation was attributed to different mechanisms, such as diapirism [e.g., Eskola, 1949; Berner et al., 1972],
tectonic denudation and erosion [e.g., Coney and Harms, 1984; Brun and Van Den Driessche, 1994], or folding
and erosion [e.g., Ramsay, 1967; Burg et al., 2004].

Based on the relative orientation of fold axes and of extensional structures, two types of dome have been dis-
tinguished: type “a”domes,whose long axis is parallel to the direction of extension andperpendicular to short-
ening, and type “b” domes, whose long axis is perpendicular to extension [Jolivet et al., 2004]. The majority of
“a” domes have axial planes subparallel to the main extensional direction and perpendicular to the low-angle
detachment faults bordering the dome [e.g., Yin, 1989]. Natural examples of “a-type” domes are the Cenozoic
domes in the Alps, i.e., the Tauern [e.g., Behrmann, 1988; Selverstone, 1988] and Lepontine domes [e.g., Steck,
2008], and some of the Aegean core complexes [Jolivet et al., 2004], whereas typical examples of “b-type”
domes are the metamorphic core complexes of the North American Cordillera [Davis and Coney, 1979].

Whereas extension is unanimously recognized as the main cause of formation and exhumation of b-type
domes, the relative roles of shortening and extension in the formation of a-type domes [e.g., Mancktelow
and Pavlis, 1994] are more difficult to understand. These domes form in different geodynamic settings, going
from extensional domains, where the continental crust was severely thinned, as in the Aegean Sea [Jolivet
et al., 2004], to collisional settings with thickened crust, as in the Eastern and Central Alps. In the Eastern
Alps, the Tauern Window forms an a-type dome that was exhumed during collision. Its internal geometry
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is characterized by compressional structures, such as upright folds of >10 km amplitude, and by extensional
structures, such as normal faults bordering the eastern and western margins of the dome. As a consequence,
the mechanisms inferred to drive exhumation of the Tauern Window span between one end-member model
emphasizing the role of folding and erosion [Cornelius, 1940; Laubscher, 1988; Lammerer, 1988; Rosenberg
et al., 2004, 2007; Glodny et al., 2008; Rosenberg and Garcia, 2011, 2012] and another end-member emphasiz-
ing the role of orogen-parallel extensional denudation [Behrmann, 1988; Frisch et al., 1998, 2000; Selverstone,
1988; Kuhlemann et al., 2001; Linzer et al., 2002; Scharf et al., 2013a]. Although most authors agree that both
processes were responsible for the exhumation [Behrmann, 1988; Lammerer, 1988; Selverstone, 1988;
Fügenschuh et al., 1997, Neubauer et al., 1999; Kuhlemann et al., 2001; Linzer et al., 2002; Rosenberg et al.,
2004, 2007; Glodny et al., 2008; Rosenberg and Garcia, 2011, 2012; Scharf et al., 2013a; Schmid et al., 2013], a
major question concerns the quantitative assessment of the amount and timing of each of the two mechan-
isms to the bulk exhumation of the Tauern Window.

The distribution of temperature, hence of cooling ages, within domes varies as a function of their specific
exhumation mechanism [e.g., Burg et al., 2004]. For the sake of clarity, two end-member models of exhuma-
tion are shown in Figure 1. The first model, in which exhumation only takes place by the activity of large-scale
extensional faults, shows that cooling ages are progressively younger from the footwall toward the fault
plane [Wernicke, 1985; Foster et al., 2001; Burg et al., 2004; Yin, 2004; Brichau et al., 2006; Foster et al., 2010].
The second model (Figure 1b), in which exhumation results from folding and synchronous erosion, shows
that uplift rates are faster and exhumation is larger along the hinge of the dome, resulting in a symmetrical
distribution of cooling ages, younging toward the trace of the axial plane (Figure 1b) [Burg et al., 2004].
Therefore, thermochronological data may help to estimate the distinct contribution of the two processes
described above in a gneiss dome like the Tauern Window, where both processes synchronously contributed
to its exhumation. We emphasize that Figure 1 illustrates the two end-member models, not their combined
effect on the distribution of cooling ages.

In this paper, we focus on fission track data in the Tauern Window and its surroundings. Higher-temperature
thermochronometers, as Rb/Sr on biotite and phengite from this Tauern Window area, generally yield

Figure 1. Expected age distribution of thermochronometers in map view and cross section in the case of (a) exhumation of
a dome related to extensional denudation along a normal fault and (b) doming and exhumation controlled by stationary
folding and erosion. Dotted lines indicate expected isoage contour lines. Arrows indicate younging direction of cooling
ages. Modified after Burg et al. [2004].
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formational rather than cooling ages [Schneider et al., 2013]. In addition, the largest number of age data in the
Tauern Window and surrounding areas consists of fission track ages. Therefore, the completion of such a
database in the central and eastern parts of the Tauern Window will allow us to construct for the first time
a reliable pattern of isoage lines from the eastern to western ends of the dome. Assessing whether the age
distribution and the cooling history derived from zircon and apatite fission track ages can be related to the
first-order structures observed in the Tauern Dome, namely, the large-scale upright folds and the two major
extensional faults, will help to interpret the relative contribution of N-S shortening and E-W extension to the
exhumation of the Tauern Window.

2. Geological Setting

The Tauern Window (Figure 2), located in Austria and northern Italy, is 160 km long and 30 km wide, strikes
subparallel to the Eastern Alpine orogen, and exposes a stack of nappes derived from the distal European
continental margin and the Alpine Tethyan oceans [Schmid et al., 2013]. The structurally lowest nappes are
derived from the European margin, and they form the core of the window (Figure 2).

They consist mainly of orthogneisses (“Zentralgneiss”) derived from Variscan granitoids, micaschists, and
metavolcanic sediments of the post-Variscan cover. These nappes form the so-called Venediger Duplex
[Lammerer and Weger, 1998]. An additional nappe derived from the European distal margin lies above this
duplex structure. It is the Modereck nappe (Figure 3) that is composed of micaschists, marbles, and quartzites
as well as gneisses and amphibolites slivers. Above these units lies the Glockner nappe system [Schmid et al.,
2013], derived from the Valais Ocean and mainly composed of calcshists and metapelites intercalated with
prasinites, amphibolites, and phyllites. The uppermost nappes of the Tauern Window belong to the
Matreier Zone (Figure 3). They are mainly composed of a mélange of ophiolitic mafic rocks and their pelagic
cover derived from the Piemont-Liguria Ocean and Permian to Jurassic sediments derived from the Adriatic

Figure 2. Tectonic map of the Eastern Alps [modified after Handy et al., 2010].
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margin [Schmid et al., 2013]. Surrounding the Tauern Window and structurally overlying all the units
described above are the Austroalpine nappes (Figure 2), derived from the Adriatic Plate and largely consisting
of a metamorphic basement of Variscan age that cooled below 300°C in the Cretaceous (Figure 4). A detailed
review of the nappes and lithologies of the Tauern Window is given in Schmid et al. [2013].

Upright folding and orogen-parallel extension of the nappe stack described above gave rise to the large-scale
dome that forms the Tauern Window (Figure 2). From a structural point of view, the dome can be subdivided
into two elongate subdomes. The western one consists of WSW striking, tight upright folds of more than
10 km amplitude (cross-section A, Figure 4), and the eastern one consists of ESE striking folds of lower
amplitude and larger wavelength (cross-section B, Figure 4) [Schmid et al., 2013].

Compilation of metamorphic ages in the Alps [Oberhänsli et al., 2004; Handy and Oberhänsli, 2004], mainly
based on Rb/Sr on biotite, and zircon fission track ages [Borsi et al., 1973, 1978; Dunkl et al., 2003; Frank
et al., 1987; Fügenschuh et al., 1997; Hoinkes et al., 1999; Inger and Cliff, 1994; Most, 2003; Müller et al., 2001;
Reddy et al., 1993; Schuster et al., 2004; Stöckhert, 1984; Thöni, 1999] shows that the European units in the
Tauern Window were exhumed through the 250–300°C isotherms, hence through the brittle-ductile transi-
tion of basement rocks, mainly during the Miocene, whereas most of the Austroalpine units had already
cooled below 300°C in the Cretaceous (Figure 4) [e.g., Oberhänsli et al., 2004; Handy and Oberhänsli, 2004].
The area located south of the western Tauern Window and north of the Defereggen-Antholz-Vals (DAV) Fault
(Figure 2) is an exception, in that Rb/Sr on biotite ages of these Austroalpine units display Oligocene/Miocene
ages [Borsi et al., 1973, 1978]. Therefore, the latter area was included in the so-called Tauern thermal dome
[Frisch et al., 2000]. The continuity of cooling ages between this area and the western Tauern Window
(Figure 4) is consistent with the continuity of structures observed across this boundary [Nollau, 1969],
showing tight E-W striking, upright folds in the Austroalpine units that are subparallel to the upright folds
of the western Tauern subdome [Schneider, 2014].

Figure 3. Simplified tectonic map of the Tauern Window and cross sections through (a) the western subdome and (b) the
eastern subdome [modified after Schmid et al., 2013].
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Both the western and eastern margins of the window coincide with N-S striking normal faults, the west
dipping Brenner Fault [Behrmann, 1988; Selverstone, 1988] in the west, and the east dipping Katschberg
Fault in the east (Figure 3) [Genser and Neubauer, 1989; Scharf et al., 2013a]. Based on overprinting relation-
ships between small-scale folds and mylonitic foliations in the footwall of the Brenner, most studies
concluded that the normal faults were coeval with the upright folds of the subdomes [Selverstone, 1988;
Glodny et al., 2008; Rosenberg and Garcia, 2011, 2012; Fügenschuh et al., 2012; Scharf et al., 2013a; Schmid
et al., 2013]. However, the amount of extensional displacement accommodated by the normal faults, and
in particular by the Brenner Fault, remains a matter of debate [Rosenberg and Garcia, 2011, 2012;
Fügenschuh et al., 2012]. Estimates vary from a maximum value of>40 km [Fügenschuh et al., 2012] to as little
as 4–14 km [Rosenberg and Garcia, 2011]. The first interpretation relies on the inferred vertical offset of 17 km
along the Brenner Fault. Assuming that this offset resulted from extension and assuming that the present-day
mylonites have the same orientation of the shear plane during extension, the latter offset results in>40 km of
extensional displacement [Fügenschuh et al., 2012]. The second interpretation considers that the >10 km
amplitude of the eroded upright folds accounts for >10 km of the vertical offset across the Brenner Fault
[Rosenberg and Garcia, 2011, 2012]. Hence, only 7 km of vertical offset needs to be accommodated by exten-
sion along the Brenner Fault.

Estimates of extension along the Katschberg Fault vary between 17.3 km [Genser and Neubauer, 1989] and
23–29 km [Scharf et al., 2013a]. The first estimate was based on the inferred difference of 300°C in the meta-
morphic T between the footwall and hanging wall. This gap was interpreted to result from a vertical offset of
10 km, by assuming a geothermal gradient of 30°C/km. Resolving this vertical offset on a fault plane dipping
30° to the east resulted in 17.3 km of horizontal displacement [Genser and Neubauer, 1989]. The second inter-
pretation relies on the vertical offset of 13.5 km measured on a cross section striking perpendicular to the
Katschberg Fault. Resolving this vertical offset on a fault plane inferred to dip 25–30° yields a horizontal
displacement of 23–29 km [Scharf et al., 2013a].

Large parts of the northern and southern margins of the Tauern Window are defined by strike-slip faults. In
the north, the almost 400 km long, E to ENE striking, sinistral SEMP (Salzach-Ennstal-Mariazell-Puchberg) Fault
(Figure 2) [Decker and Peresson, 1996] accommodated a lateral offset of 60–70 km [Linzer et al., 1995]. Based
on the age of deformed and dated conglomerates within pull-apart basins along the SEMP [Steininger et al.,
1989], its activity is inferred to be Miocene [17Ma; Peresson and Decker, 1997]. At its western termination, the

Figure 4. Age of temperature-dominated metamorphism in the Eastern Alps [modified after Handy et al., 2010].
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SEMP Fault bends into the interior of the Tauern Window (Figure 3), where sinistral displacement is trans-
ferred into N-S shortening [Rosenberg and Schneider, 2008]. In the south, the sinistral transpressive DAV
(Defereggen-Antholz-Vals) Fault (Figures 2 and 3) [Kleinschrodt, 1987] coincides with the southern limit of
Cenozoic Alpine metamorphism [Hoinkes et al., 1999], hence the southern limit of the Tauern thermal dome
(Figure 4). Both the SEMP and the DAV belong to a set of large-scale, sinistral faults inferred to be coeval and
conjugate to dextral faults located south and east of the Tauern Window (Figure 2). The combined activity of
all these faults resulted in the east directed lateral extrusion of the orogenic wedge in front of the Dolomites
Indenter [Ratschbacher et al., 1991].

The Cenozoic metamorphic history of the Tauern Window started with Eo-Oligocene subduction of the
oceanic-derived units and the distal European margin [Schmid et al., 2013] below the (Austroalpine)
Adriatic Plate. This phase was followed by a Barrow-type metamorphism [e.g., Bousquet et al., 2008], whose
peak is inferred to have been attained between 30 and 28Ma [Reddy et al., 1993; Selverstone et al., 1992;
Christensen et al., 1994; Inger and Cliff, 1994; Thöni, 1999] or 34 and 30Ma [Schneider et al., 2015]. Cooling
and exhumation followed the peak of metamorphism from early Oligocene to late Miocene [e.g., Hoinkes
et al., 1999; Handy and Oberhänsli, 2004]. In contrast, the Austroalpine units were not affected by any of these
two metamorphic events, being part of the brittle lid of the orogen throughout the Cenozoic time.

The isograds of Barrovianmetamorphism are subparallel to and symmetrically distributed about the fold axial
plane of the dome (Figure 5), with metamorphic T increasing toward the core of each subdome (Figure 5).
Therefore, either the isograds are coeval to the dome formation or they are older and were folded during
upright folding. However, since they crosscut the nappe contacts (Figure 5), they postdate nappe formation
that occurred during Paleocene and Eocene times [Selverstone, 1985; Genser et al., 1996; Bousquet et al., 2008;
Schmid et al., 2013; Scharf et al., 2013b]. Doming by upright folding is inferred to have been active since 28Ma,
as indicated by dating of syncrenulation allanite porphyroblasts [Cliff et al., 2015]. A similar age range was
suggested for the initiation of the Brenner normal fault [Selverstone, 1988; Christensen et al., 1994; Axen
et al., 1995].

Physical, analogue models that investigated deformation of an analogue lithosphere due to indentation of a
rigid body with the shape of the Dolomites Indenter showed the formation of orogen-parallel, upright folds
and thrusts in front of the indenter tip and its surroundings [Ratschbacher et al., 1991; Rosenberg et al., 2004;
2007]. Models testing different convergence directions showed that NNE directed convergence induced a
deformation pattern very similar to that presently observed in front of the Dolomites Indenter [Rosenberg
et al., 2007]. Based on these results, it was suggested that Dolomites’ indentation caused a series of faults

Figure 5. Simplified tectonic map of the Tauern Window showing isograds of Barrovian metamorphism. Isograds in the
central and western areas are based on oxygen thermometry on quartz-muscovite [Hoernes and Friedrichsen, 1974];
isograds in the Grossglockner (Gg) and eastern areas are based on Raman microspectrometry of carbonaceous material
[Scharf et al., 2013a, 2013b]. The 300°C isograd south of the Tauern Window is drawn along the boundary between
Oligocene/Miocene and Cretaceous Rb/Sr biotite ages [Borsi et al., 1973, 1978]. This boundary coincides with the DAV Fault
in the west and with the limit between Cenozoic and Mesozoic zircon fission track ages further east [Dunkl et al., 2003;
Wölfler et al., 2008; Steenken et al., 2002;Most, 2003; Fügenschuh et al., 1997]. The purple line is the trace of the axial plane of
the Tauern Dome.
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and folds whose erosion could explain the formation and exhumation of the TauernWindow [Rosenberg et al.,
2004]. In contrast, based on 2-D palinspastic reconstructions [Frisch et al., 1998, 2000], the dominating process
shaping and exhuming the Tauern Dome during Cenozoic times was suggested to be orogen-parallel exten-
sion. In spite of the large-scale compressive, collisional setting, these models emphasized the role of lateral
extrusion associated to orogen-parallel extension, hence extensional denudation as a major mechanism
for exhumation [Genser and Neubauer, 1989; Axen et al., 1995; Wang and Neubauer, 1998; Neubauer et al.,
1999; Fügenschuh et al., 1997; Kuhlemann et al., 2001; Linzer et al., 2002]. In this context, extension of the upper
crust would be accommodated, within the Tauern Window, by normal faulting along the Brenner and
Katschberg Faults [Selverstone, 1988; Behrmann, 1988; Genser and Neubauer, 1989; Axen et al., 1995; Frisch
et al., 1998;Wang and Neubauer, 1998; Neubauer et al., 1999, 2000; Kuhlemann et al., 2001; Linzer et al., 2002].

Alternative models [Genser and Neubauer, 1989; Neubauer et al., 1999] also proposed that exhumation of the
Tauern Window was driven by major extension along the Brenner and Katschberg Faults but considered
these structures as part of a sinistral transtensive system, defined by the SEMP Fault in the north and the
DAV Fault in the south (Figure 2). Exhumation of the Tauern Window was thereby interpreted as a pull-apart
structure, formed during ESE-WNW stretching [Genser and Neubauer, 1989].

3. Analytical Procedures

Mineral separation followed standard procedures as described by Donelik et al. [2005]. Apatites and zircons
were then mounted in epoxy and Teflon, respectively, and polished. Revelation of spontaneous tracks was
done in 6.5% nitric acid for 40 s at 20°C for the apatites and in a NaOH-KOH eutectic melt for 3–8 h at
235°C for the zircons. Irradiation of both zircons and apatites was carried out at the Forschungsreaktor
München II research reactor in Garching, Germany. The neutron flux was monitored using CN1 (for zircon)
and CN5 (for apatite) dosimeter glasses. Induced tracks in the external detector muscovite were etched in
40% hydrogen fluoride for 45min at 20°C. All samples were analyzed using the external detector method
as described by Gleadow [1981], and measurements were carried out using a Zeiss Axio Imager A1m micro-
scope equipped with an AutoScan™ stage. Ages were calculated using the zeta calibration approach [Hurford
and Green, 1983] with a zeta factor of ζCN-1 = 189.0 ± 11.1 (zircon, CN1 glass) and ζCN-5 = 338.9 ± 33.3 (apatite,
CN5 glass) and the software Trackkey® [Dunkl, 2002], with errors quoted at 2σ.

Fission track ages represent the time when crystals cooled below the partial annealing zone (PAZ), defined by
a temperature range in which early-formed tracks can partially anneal. The healing capacity of fission tracks
depends, among others, on the time, the chemical composition of the crystal, and the total accumulated
radiation damage [Gleadow and Duddy, 1982; Kasuya and Naeser, 1988]. Therefore, the temperature of the
PAZ range between 60°C and 120°C for apatite [Green et al., 1989] and between 180°C and 300°C for the zir-
con [Hurford and Green, 1983]. The annealing kinetics of fission tracks in zircon depends in particular on the
presence of radiation damage in the crystal [Kasuya and Naeser, 1988]. In high-retention zircon crystals, with
no or little radiation damage, fission tracks are annealed at temperatures of ~280–300°C [Garver et al., 2005],
whereas in low-retention zircon crystals, with higher radiation damage, fission tracks are annealed at tem-
peratures of ~180–200°C [Garver et al., 2005]. Therefore, the mean closure temperature of zircon fission tracks
is currently estimated at 240 ± 60°C [Yamada et al., 1995]. The annealing kinetics of fission tracks in apatite
depend in particular on the ratio between chlorine and fluorine contents [Gleadow and Duddy, 1982; Green
et al., 1985, 1986; O’Sullivan and Parrish, 1995], which is estimated by measuring the length of etch pits par-
allel to the crystallographic c axis, the Dpar [Donelick, 1993]. If Dpar is <1.75μm, apatite crystals most likely
are richer in fluorine, whereas if Dpar> 1.75μm, apatites are considered to be richer in chlorine [Donelik
et al., 2005]. Fission tracks in chlorapatite are more resistant to annealing than in fluorapatite [Green et al.,
1989; Crowley et al., 1991; Donelick et al., 1999]. Cl apatite crystals anneal at ~130± 10°C [O’Sullivan and
Parrish, 1995] whereas F-rich apatites anneal at 110 ± 20°C [Green et al., 1986].

4. Results
4.1. New Zircon and Apatite Fission Track Ages

As shown by previous compilations of fission track ages from the Tauern Window [Luth and Willingshofer,
2008; Rosenberg and Berger, 2009], some areas were poorly covered, making it difficult to interpret the age
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distribution over the whole region. Twenty-two new apatite and 25 new zircon fission track ages were pro-
duced for this study (Figure 6, Table I).

Zircon fission track ages range between 5.8 ± 0.8Ma in the southwestern part of the Tauern Window (sample
AB.08.47, Figure 6) and 35± 4.2Ma in the hanging wall of the Katschberg Fault (sample AB.09.19, Figure 6).
Ages obtained for the western subdome vary between 13.1 ± 1.6 and 18.4 ± 2.2Ma, an age range similar to
that of previous studies (between 11 and 22Ma) [Most, 2003]. In the core of the Tauern Window, i.e., in the
Granatspitz area (Figure 6), zircon fission track ages vary between 10.8 ± 1.4 and 11.8 ± 1.4Ma. These ages
are younger than those found in the eastern and western subdomes (Figure 6).

In the eastern subdome, zircon ages vary between 10.4 ± 2.1 and 19.2 ± 2.3Ma (Figure 6). Within the Hochalm
dome, fission track ages are distributed within a narrower time interval, namely, between 10.4 ± 2.1 and
13.2 ± 1.5Ma. These ages are significantly younger than those previously published for the same area
(between 18 and 16Ma; Figure 7) [Dunkl et al., 2003]. Even where samples were collected very close to those
ofDunkl et al. [2003] (Figure 7), an age difference of 5Ma exists. This disparity is not due to different elevations
of the samples (Table I), nor to the vicinity to the Katschberg Fault (Figure 7). As shown by radial plots
(Figure 7), the distributions of zircon ages in the Hochalm dome show that both sets of data [Dunkl et al.,
2003; this study] are characterized by a wide distribution of single-grain ages that largely overlap and range
between 5.9 and 28.4Ma in the case of this study and between 8.4 and 31Ma in Dunkl et al. [2003]. Because
three of our samples are based on a small number (five to six) of zircon grains (Figure 7), we do not include
them in the map interpolation (Figure 8), only relying on those of Dunkl et al. [2003] for the easternmost ter-
mination of the Tauern Window.

Mean Dpar values of the tracks in apatites range from 1.2 to 1.72μm (Table I), indicating fluorapatite compo-
sition. Therefore, the annealing kinetics of the apatite crystals are considered similar and their closure tem-
perature can be inferred to correspond to 110 ± 20°C [Green et al., 1986]. Apatite ages vary between
17.2 ± 2.4Ma in the Austroalpine units, along the Meran-Mauls Fault, and 3 ± 0.4Ma in the footwall of the
Katschberg Fault (Figure 6). This may indicate that the Katschberg Fault was still active in the Pliocene.
However, given the age gap between the latter sample and the neighboring ones (Figure 6), a local age reset
due to late, thermal fluid circulation, whose temperature was sufficiently high to anneal apatite fission tracks,
may be more likely. Zircon fission track ages from the same sample also provide younger ages (10.4 ± 2.1Ma)
than the neighboring samples (16.7 ± 1 and 17.1 ± 1.3Ma), suggesting that fluids may have partially reset the
fission tracks in the zircon crystals too. In the Granatspitz area, ages are slightly younger when compared to
the western subdome (Figure 6). Taken together, the data are consistent with ages previously obtained in

Figure 6. Tectonic map of the Tauern Window showing locations and age of new fission track samples. The rectangle
shows the location of Figure 7.
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neighboring areas of the TauernWindow and allow one to explore along-strike variations in fission track ages
along the entire Tauern Window.

4.2. Isoage Maps

Our new data and all available zircon and apatite fission track ages from the Tauern Window and surrounding
Austroalpine areas [Grundmann and Morteani, 1985; Staufenberg, 1987; Coyle, 1994; Fügenschuh et al., 1997;
Mancktelow et al., 2001; Viola et al., 2001; Steenken et al., 2002; Dunkl et al., 2003; Most, 2003; Foeken et al.,
2007; Pomella, 2010; Wölfler et al., 2008, 2012, 2015; Di Fiore, 2013] are compiled and interpolated using a
natural neighbor algorithm tool of Esri ArcMap 10™ geographic information system (GIS) software
(Figures 8b and 9b). Extended cells for the interpolation are of 500m, and analytical errors are not taken into
account. Age classes of the interpolatedmaps are identical for all data sets, and they are based on the analysis
of the distribution histograms of zircon and apatite fission track ages.

The Tauern thermal dome coincides quite well with zircon ages younger than 22–24Ma (Figure 8). However,
the area bounded by the Jaufen and Meran-Mauls Faults also displays ages ranging between 14 and 19Ma

Figure 7. Radial plots showing the wide single-grain range of zircon fission track ages in the Hochalm Dome. Red
pentagons are from Dunkl et al. [2003] and yellow circles from this study. A: central zircon fission track age; N: number
of crystals counted; χ: χ2 statistical hypothesis test; left ordinate axis: σ error; right ordinate axis: timescale (Ma); abscissa
axis: relative error.
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(Figure 8). Therefore, from a thermal point of view, this area represents the southwestern continuation of the
Tauern Window. Zircon ages become younger toward the core of the western subdome (Figures 8 and 10),
and the area covered by the youngest ages (<14Ma) strikes ESE, subparallel to the isograds (Figure 5) and to
the axial plane of the dome. In the eastern subdome, zircon ages are more evenly distributed (Figure 8) and
isograds are more distant to each other (Figure 5).

A large age gap coincides with the Brenner Fault, separating Miocene zircon ages in the footwall from
Cretaceous ages in the hanging wall (Figure 8) [Fügenschuh et al., 1997]. A similar age jump is observed across
the Jaufen Fault (Figure 8). In the area located between the Jaufen and Meran-Mauls Faults, ages cluster
between 12.9 ± 1.3Ma [Pomella, 2010] and 19.3 ± 1Ma [Viola et al., 2001], whereas north of the Jaufen Fault
they are older than 29± 5.2Ma [Viola et al., 2001]. Within large parts of the eastern subdome, zircon ages
show only small variations (Figure 8), most ages varying between 20 and 15Ma, and only along its margin,
in the immediate footwall of the Katschberg normal fault, do ages become younger (Figure 8).

Figure 8. Distribution of compiled and new zircon fission track ages. (a) Sample ages in Ma. (b) Interpolation of ages using
the natural neighbor algorithm provided by Esri ArcMap 10

™

GIS software. Dashed, purple lines: trace of axial plane of
Tauern Dome. BF: Brenner Fault; DAV: Defereggen-Antholz-Vals Fault; J.F.: Jaufen Fault; MM F. Meran-Mauls Fault; KF:
Katschberg Fault; P.F.: Periadriatic Fault; SEMP: Salzach-Ennstal-Mariazell-Puchberg Fault; Gg: Grossglockner; Gs:
Granatspitz; Ho: Hochalm Dome; So: Sonnblick Dome.
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Figure 9. Distribution of compiled and new apatite fission track ages. (a) Dashed lines: spatial extent from which age data were projected to construct the cross
sections of Figures 10a and 10b. Black lines: traces of cross sections of Figures 10a and 10b. (b) Interpolation of ages using the natural neighbor algorithm
provided by Esri ArcMap 10

™

GIS software. Legend as in Figure 8.
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As expected, apatite ages are systematically younger than zircon ages. In the west, the youngest
ages (≤11Ma) cover an elongate area that strikes ENE from the Meran-Mauls and Jaufen Faults to the
Granatspitz area (Gs in Figure 9) in the central Tauern Window. This area coincides with the trace of the axial
plane of the dome and is subparallel to the isograds (Figure 5). In the east, this area is less clearly defined but
strikes WNW (Figure 9), also following the direction of the axial plane and of the isograds (Figure 5). As in the
case of the zircons, apatite ages show a marked discontinuity across the Brenner Fault (from ~10Ma in
the footwall to more than 28Ma in the hanging wall; Figure 9), whereas ages from the area between
the Jaufen and Meran-Mauls Faults are similar to the ones of the western Tauern subdome [see also
Pomella, 2010].

In contrast to zircon ages, apatites do not show a clear age jump across the DAV Fault (Figure 9) but range
between 9 and 15Ma both in the south and north of this structure (Figure 9), indicating that the DAV did
not play an active role in the exhumation of the Tauern thermal dome (Figure 4) during the Late Miocene.
Where present, apatite ages do not reveal an age jump across the northern boundary of the Tauern Window
(Figure 9), suggesting that, from the Middle Miocene onward, both the Tauern Window and Austroalpine
units further north were being exhumed at the same time [Fügenschuh et al., 1997].

Sampling altitude may influence fission track ages, especially in areas affected by low exhumation rates,
hence modifying the pattern of isoage lines on the local scale. In order to visualize the effect of sampling alti-
tude, we extrapolated fission track ages to an arbitrarily chosen elevation of 1000m based on the calculated
slopes of age-altitude relationships (Figures S1 and S2 of supporting information). Such extrapolations show

Figure 10. (a) Zircon and apatite fission track age distributions along a profile parallel to the main axial plane of the Tauern
Dome. (b) Zircon and apatite fission track, Rb/Sr, K/Ar biotite, and U/Pb age distributions along a NNW-SSE profile
through the western subdome (see Figures 8a and 9a for location). Ages were projected perpendicular to the profile
from a distance of up to 5 km from each part of the profile trace. Cross sections are based on Schmid et al. [2013]. Rb/Sr
and K/Ar biotite ages are from Most [2003], and U-Pb apatite ages are from Schneider et al. [2015].
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that the main E-W elongate and concentric age pattern is slightly enhanced and that some of the N-S striking
age contours largely disappear, especially for the apatite ages (Figures S1 and S2 of supporting information).

4.3. Profiles

In order to highlight the relationship between the major tectonic structures and possible age discontinuities
and trends, zircon and apatite ages are plotted along two profiles, striking parallel (Figure 10a) and perpen-
dicular (Figure 10b) to the main axial plane of the Tauern Dome. Rb/Sr ages, K/Ar biotite ages [Most, 2003],
and U/Pb apatite ages [Schneider et al., 2015] are also plotted along the profiles and perpendicular
(Figure 12b) to the main axial plane of the upright fold. Due to the insufficient density of samples in the east-
ern subdome, especially zircon, we do not show a perpendicular section across the latter area.

Along the axial plane parallel section (Figure 10a), both zircon and apatite ages tend to become younger from
east to west. However, within each subdome, ages increase toward the extensional fault bounding the dome
but rapidly decrease in their immediate vicinity. The latter younging trend is only observed within a distance
of ~20 km for the Brenner Fault and ~15 km for the Katschberg Fault (Figure 10a). The age versus distance
diagram of the fold-perpendicular profile (Figure 10b) displays a bell shape for both the zircon and apatite
ages, with younger ages located in the hinge of the dome (Figure 10b), resembling that of Figure 1b.
These bell-shaped distributions recall those of cooling ages observed in other large-scale domes consisting
of eroded anticlines [e.g., Batt et al., 2001; Willett and Brandon, 2002].

The closure temperature for U-Pb on apatite is ≥450°C [Chamberlain and Bowring, 2000], and the closure
temperature for the Rb/Sr and K/Ar systems is 300 ± 50°C [Purdy and Jäger, 1976]. These ages document
the older exhumation history of the dome. Rb/Sr and K/Ar biotite [Most, 2003] and U-Pb apatite ages
[Schneider et al., 2015] also show a bell-shaped curve on the age versus distance diagram of Figure 10b.
However, these bell shapes are less constrained than for the other method because of the small amount of
data. The areas of maximum curvature of the U-Pb on apatite and Rb/Sr and K/Ar biotite curves are slightly
shifted toward the south when compared to those of zircon and apatite fission track curves (Figure 10b).
We suggest that this results from the formation of an antiformal stack of basement nappes that were progres-
sively displaced northward. Therefore, the hinge of the bell for lower-T closure systems showing the younger
cooling history is also displaced toward the north compared to the higher-T systems (Figure 10b).

4.4. Cooling Rates

Based on paired samples providing both zircon and apatite ages, we determined cooling rates, for the tem-
perature interval between the two closure temperatures. Precise values for closure temperatures are difficult
to constrain because they depend on several parameters such as chemical composition, total accumulated
radiation damages, and cooling rates [Gleadow and Duddy, 1982; Kasuya and Naeser, 1988]. In spite of these
limitations and in order to visualize the spatial distribution of cooling rates, we used closure temperatures of
240 ± 60°C for zircon and 110± 20°C for F-rich apatites as currently estimated [Yamada et al., 1995; Green et al.,
1986]. In the eastern subdome, only four samples were suitable; hence, a general pattern of cooling rates for
this area cannot be assessed and we only show cooling rates of the western subdome and its surrounding
Austroalpine units (Figure 11). Uncertainties on cooling rates are strongly affected by age errors. For the older
samples surrounding the Tauern Dome, these errors result in uncertainties of ~10%, but for the younger sam-
ples, they attain 50%. In spite of these difficulties, Figure 11 shows a symmetric distribution of cooling rates,
increasing toward the fold axial plane. The difference between cooling outside and inside the dome is larger
than 1 order of magnitude.

4.5. Exhumation Rates

In order to calculate exhumation rates for the Tauern Window and surrounding areas, we inverted the ther-
mochronometric data sets compiled above with the method described in Herman and Brandon [2015], which
is a modified version of the method recently proposed by Fox et al. [2014, 2015]. This method exploits the
information contained in both age elevation profiles and multithermochronometric system strategies (see
Fox et al. [2014] for a detailed description of the inverse approach used here). The results of the inversion
described above are illustrated by a series of time steps of 2Ma, from 20Ma to the present (Figure 12).

These data show that exhumation rates are heterogeneously distributed throughout the study area and
through time. During a first phase of exhumation, between 20 and 10Ma, the maximum rates were always
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located in the western subdome (always ≥0.5mma�1, and locally attaining 0.9mma�1) while exhumation of
the eastern subdome remained relatively slow (≤0.4mma�1). It is only from 8Ma onward that exhumation
rates became similar and slow (≤0.5mma�1) throughout the Tauern Window (Figure 12). Finally, during
the last 4Ma, exhumation rates along the eastern and western margins of the dome became slightly faster
than in its core. South of the TauernWindow, an area of nearly triangular shape is characterized by slow exhu-
mation rates (≤0.25mma�1) throughout the investigated time interval (Figure 12). This area was inferred to
represent a microindenter during collision [Scharf et al., 2013a].

5. Discussion

Progressive younging of ages toward the normal faults (Figure 10a) only takes place within an area of ~20 km
distance from the Brenner Fault and 15 km from the Katschberg Fault, i.e., younging is only observed within
the mylonitic belts of these normal fault systems (Figure 10a). Therefore, these age trends point to the
younger activity of the faults, rather than to exhumation of the entire footwall due to normal faulting along
the Brenner and Katschberg Faults. Large-scale, progressive younging would be expected if extensional
denudation associated to exhumation paths parallel to the extensional direction (Figure 1a) had dominated
unroofing of the Tauern Window.

In the western subdome, the elongate and concentric isoage contours of zircon (Figure 8b) and apatite
(Figure 9b) are subparallel to both the axial plane of the Tauern Dome and the isograds of Barrovian meta-
morphism (Figure 5), suggesting that exhumation and cooling were mainly driven by folding and associated
erosion. Late deformation of the isograds by upright folding or contemporaneous upright folding and bend-
ing of the isotherms would result in such a pattern.

The youngest ages along the dome-perpendicular cross section (Figure 10b) are located within the core of
the western subdome (Figures 8, 9, and 10b), close to the northern limb of the dome (Figure 10b), probably
reflecting an asymmetric construction by antiformal stacking of the nappes during northward thrusting
[Lammerer et al., 2008]. The minimum of the bell-shaped curve of the U-Pb on apatite data (Figure 10b)

Figure 11. Cooling rates (in °CMa�1) based on samples providing both zircon and apatite ages. Dotted red lines show the
limits of the Tauern thermal dome. In the south, it is based on the boundary between Cenozoic reset-unreset biotite
Rb/Sr ages [Borsi et al., 1973, 1978]; in the north, it is based on the limit between Cenozoic and Mesozoic zircon fission track
ages [Most, 2003; Fügenschuh et al., 1997].
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[Schneider et al., 2015] is aligned with the minima of the curves of fission track ages, suggesting that cooling
of all three thermochronological systems resulted from one and the same process. The age difference
between apatite and zircon fission tracks in the hinge of the dome is smaller than in the limbs (Figure 10b),
suggesting faster cooling in the core, as expected for exhumation during folding and erosion. Because the
hinge of the antiform was exhumed from greater depths and at higher rates, it passed later than the limbs
through the isotherms corresponding to zircon and apatite closure temperatures. This explains the younger
ages of the hinge region (Figure 10b), as also illustrated by 2-D thermal models of shortening accommodated
by folding and erosion [Batt and Braun; 1997; Bertrand, 2013]. Alternatively to folding and erosion, such age
patterns may result from re-equilibration of the isotherms following their up-warping due to rapid uplift. In
the first case, the bell-shaped curves of Figure 10 would form during doming of the Tauern Window, in the

Figure 12. Exhumation rates calculated for intervals of 2Ma over the past 20Ma. Reduced variance corresponding to each
exhumation interval is shown in Figure 3 of the supporting information. The models are obtained by inversion of apatite
fission track ages [this study; Dunkl et al., 2003; Fügenschuh et al., 1997; Mancktelow et al., 2001; Most, 2003; Pomella, 2010;
Steenken et al., 2002; Stöckhert et al., 1999; Viola et al., 2001; Wölfler et al., 2008], zircon fission track ages [Grundmann and
Morteani, 1985; Staufenberg, 1987; Coyle, 1994; Hejl, 1997; Mancktelow et al., 2001; Most, 2003; Viola et al., 2001; Steenken
et al., 2002; Foeken et al., 2007;Wölfer et al., 2008, 2012; Pomella, 2010; Di Fiore, 2013], and K/Ar ages [Luth and Willingshofer,
2008]. Black line represents the boundary of the Tauern Window. Red lines represent the main Cenozoic faults.
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latter case after doming. Considering the characteristic time of thermal equilibration of a structure having the
size of the Tauern Dome, approximately 10Ma is necessary. If this was the case, a large-scale shortening
event, responsible for the up-warping of the isotherms in the area of the present-day Tauern Window, should
have taken place before 40–35Ma, i.e., 10Ma before the ages of U-Pb on apatite (Figure 10b) [Schneider et al.,
2015]. This time interval is that of oceanic subduction in the Eastern Alps [Schmid et al., 2013], which is not
compatible with thickening and up-warping of isotherms in the continental, European plate.

According to the zircon and apatite ages (Figures 8 and 9) and the inferred exhumation rates (Figure 12), the
area between the Jaufen Fault and the Dolomites Indenter was exhumed at similar rates and coevally with
the Tauern Window. Structural investigations [Schneider, 2014] described the continuity of upright folds from
the Tauern Window into this area, suggesting that all around the indenter corner exhumation was mainly
controlled by folding and erosion accommodating shortening.

Exhumation rates calculated by inversion of thermochronometric data were mostly lower than 0.5mmyr�1

(Figure 12). If these rates are assumed to represent a maximum average over the past 15Ma, they indicate
7.5 km of exhumation. Yet, in the western subdome, >20 km of exhumation was inferred based on geobaro-
metric data [Fügenschuh et al., 1997] and cross-section interpretations [Schmid et al., 2013; Rosenberg et al.,
2015]. Since the onset of exhumation along the Brenner and Katschberg Faults is well constrained as Early
Miocene (see Schmid et al. [2013] for discussion) and the total exhumation is on the order of 20 km
[Fügenschuh et al., 1997; Schmid et al., 2013], pre-Miocene exhumation rates must have been higher than
in the Miocene. This conclusion is in good agreement with the higher exhumation rates constrained for late
Oligocene to Early Miocene time [Von Blanckenburg et al., 1989; Glodny et al., 2008; Nagel et al., 2013; Scharf
et al., 2013b], which attained a maximum of 4mmyr�1 between 23 and 21Ma [Von Blanckenburg et al., 1989].

Based on the slightly older ages of the eastern subdome (Figure 10a), it was suggested that its unroofing
initiated earlier than in the western subdome [Dunkl et al., 2003; Luth and Willingshofer, 2008; Favaro et al.,
2016; Scharf et al., 2016]. However, as shown by thermal models of folding designed to simulate the western
subdome of the TauernWindow [Bertrand, 2013], material points exhumed in the hinge of the antiform, which
stem from deeper crustal levels compared to those in the limbs, were uplifted at higher rates. The same is true
formaterial points located in the hinge of an antiform of high amplitude (e.g., western subdome) compared to
those located in the hinge of a fold of lower amplitude (e.g., eastern subdome) that underwent smaller
amounts of shortening during the same time interval. Therefore, older ages in the eastern subdome may
not represent its earlier exhumation [Luth and Willingshofer, 2008; Scharf et al., 2013a, 2013b], but rather its
slower exhumation compared to the western subdome, during one and the same, coeval folding event.
Our interpretation relies on lateral changes of exhumation rates rather than on horizontal temperature varia-
tions that would otherwise attain as much as 300°C, as proposed by Luth andWillingshofer [2008]. Inversion of
thermochronometric data confirms that between 20 and 10Ma exhumation rates were significantly higher in
the western subdome (Figure 12).

Coeval exhumation of the western and eastern subdomes, but at different rates, may be linked to the north-
ward movement of the Dolomites Indenter [Cornelius, 1940], which is delimited by the straight, ESE striking
Periadriatic Fault (Figures 2 and 13). An earlier interruption of exhumation in the eastern subdome is difficult
to reconcile with the continuous and straight boundary of the Dolomites Indenter, which is inferred to cause
shortening and folding in front of its margin. Moreover, a westward increase of shortening, leading to a west-
ward increase of vertical thickening, hence uplift rates, is documented by the following structures: (1) the
amplitude of upright folds in the western subdome is higher by ~10 km compared to the eastern subdome
(Figures 3 and 13); (2) the width of the Austroalpine units involved in folding and shortening south of the
Tauern Window decreases progressively westward (Figures 2 and 13) and this change of width is associated
with a westward tightening of upright folds [Wagner et al., 2006], hence, to increased shortening; (3) the
Oligocene Periadriatic Fault was straight and E-W striking before being sinistrally offset by the Giudicarie
Fault (Figure 2) during Oligo-Miocene times, which accommodated the northward movement of the
Dolomites Indenter [e.g., Laubscher, 1971; Schmid et al., 1996; Schmid and Kissling, 2000; Pomella, 2010].
The change from its E-W strike to the present-day ESE strike (Figure 2) reflects a clockwise rotation of the
Dolomites Indenter (Figure 13), leading to progressively larger displacements toward the indenter corner.

Taken together, the distribution of exhumation rates reflects a two-stage process. A first Early to Middle
Miocene stage, mainly driven by folding and erosion, coincided with the amplification of upright folds and
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high exhumation rates in the western subdome (Figure 12). Normal faulting along the Brenner and
Katschberg Faults decoupled the folding footwalls from their largely unfolded hanging walls. The young ages
in the vicinity of the Brenner Fault (Figures 8, 9, and 10a), the late, modest increase of exhumation rates in the
footwalls of the Katschberg and Brenner Faults (Figure 12), and the absence of brittle structures pointing to
N-S shortening [Bertrand et al., 2015] suggest the existence of a second, minor stage of exhumation of
Pliocene age that was mainly driven by extensional unroofing along the Brenner and Katschberg Faults.

6. Conclusions

Compilations of previous and new zircon and apatite fission track ages provide a complete picture of the
distribution of cooling ages over the Tauern Window and surrounding areas. In particular, the new zircon
ages in the central Tauern Window allowed us to trace for the first time isoage contour maps, linking the
western and eastern subdomes.

The spatial coincidence between the antiformal structure and the bell shape of fission track ages on
age/distance diagrams and the absence of large-scale younging of ages in the footwall, toward the major
normal faults at the dome margins, suggest that upright folding and erosion were the major processes
controlling exhumation of the Tauern Dome in the time span given by zircon and apatite fission track ages,
i.e., during most of the Miocene. The young zircon and apatite ages found in the mylonitic zones of the
Katschberg and Brenner Faults and the modest increased exhumation rates in the vicinity of these faults dur-
ing Pliocene times (Figure 12) attest to a young activity of the latter structures that was possibly dominated
by extensional unroofing during this latest phase of exhumation.

The concentric isoage contour lines, subparallel and almost symmetrically distributed about the hinge of the
western subdome, correspond to the age distributions expected from upright antiformal folding. The entire
Miocene exhumation history of the Tauern Window is marked by faster exhumation of the western subdome
compared to the eastern subdome. Only after 6Ma did the exhumation rates become similar, and slow, in
both subdomes. Exhumation of the lower-amplitude, flat-lying hinge area of the eastern dome occurred at
the same time but at lower rates. The spatial, more homogeneous distribution of cooling ages and of exhu-
mation rates in the eastern subdome compared to the western subdome is consistent with the plateau-type
fold geometry of the former and the high amplitude of the latter.

In spite of older ages of samples from the eastern subdome, exhumation rates show that exhumation did not
start nor terminate earlier in the eastern compared to western Tauern Window. Inversion of thermochrono-
metric ages shows that the lower exhumation rates in the eastern subdome adequately explain the age
difference. Lower exhumation rates are inferred to result from lower uplift rates during folding, because
the wavelength of the eastern subdome is larger and its amplitude is lower compared to the western
subdome. This interpretation is consistent with the idea of a single shortening and folding event in the

Figure 13. Simplified sketch of Tauern Window and surrounding areas illustrating a clockwise rotation of the Dolomites
Indenter, causing a westward increase of shortening and uplift rates in the Tauern Window. A westward reduction of the
width of the Austroalpine south of the Tauern Window (gray area) from 33 to 6 km and a westward increase of fold
amplitude (10 to 20 km) document this along-strike structural change.
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Tauern Window, accommodating one and the same indentation process. Larger displacements of the inden-
ter in the west resulted in higher amounts of shortening, hence higher uplift and exhumation rates and
younger cooling ages in the western subdome. These relationships suggest a clockwise rotation of the
Dolomites Indenter and a control of upright folding on Miocene exhumation in the Tauern Window.
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