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Abstract New structural and thermochronological (zircon and apatite fission track) data from the
eastern most Alps highlight distinct deformation phases affecting the Austroalpine unit along a major
sinistral strike‐slip fault system, the Mur‐Mürz fault (MMF). The data link deformation to vertical motions
prior to, during, and after the main phase of lateral extrusion of the orogen. Zircon fission track ages
document rapid (ca. 15 °C/Myr) and diachronous (eastward younging) cooling and rock exhumation during
the latest Cretaceous to Paleocene. Subsequent regional Eocene to early Miocene cooling below the closure
temperature of the apatite fission track system occurred at slow rates (ca. 2 °C/Myr), suggesting that the
region was not subject to major surface uplift and erosion during that period. Fault kinematic analysis along
the MMF document pre‐extrusion NNW‐SSE contraction, middle Miocene syn‐extrusion NE‐SW to
NNE‐SSW directed shortening, and Late Miocene E‐W contraction. All phases are characterized by
strike‐slip fault regimes. Formation of the complex MMF zone triggered the exhumation of small,
fault‐bound crustal blocks within the fault zone as documented bymiddleMiocene apatite fission track ages.
Overall, ages are similar on both sides of the fault suggesting that lateral extrusion along the MMF was
not associated with significant differential vertical motions. Local Pliocene rock cooling and exhumation
was probably related to the buttressing effect of the underthrust Bohemian basement spur. Whereas
large‐scale, post‐extrusion surface uplift of the extruding crustal wedges, such as the “Styrian block,” must
have been related to long‐wavelength deformation processes affecting the easternmost Alps.

1. Introduction

The Alpine orogenic belt in central Europe shows remarkable along‐strike differences in the distribution of
the major tectonic units, its architecture and its tectonic evolution (e.g., Handy et al., 2010; Rosenberg et al.,
2015; Schmid et al., 2004). What makes the eastern part of the Alps unique is that it has been strongly
influenced by processes operating at a high angle to the overall north‐south orientated plate convergence
in this region, which started in the Oligocene. These processes include subduction roll‐back along the
Carpathian arc and associated opening of the Pannonian back‐arc basin (e.g., Horváth et al., 2006; and
references therein). Both were key for facilitating Miocene orogen‐parallel material transport in the
Eastern Alps, often referred to as “lateral extrusion” (e.g., Ratschbacher et al., 1991; Ratschbacher et al.,
1991). This process describes the combined effect of gravitational collapse of thickened crust (the region
of the Tauern window) and lateral escape, driven by the indentation of the Adriatic plate (Frisch et al.,
2000; Ratschbacher, Frisch, et al., 1991; Ratschbacher, Merle, et al., 1991; Wölfler et al., 2011). Major,
crustal‐scale sinistral and dextral strike‐slip faults together with normal sense detachment faults were the
main agents accommodating orogen‐parallel extension and extrusion in the Eastern Alps (Figure 1). Fault
formation resulted in fragmentation of the brittle crust into fault‐bound blocks that moved in an easterly
direction, away from the rising and exhuming Tauern window in the west (Bartosch et al., 2017;
Ratschbacher, Frisch, et al., 1991). Ratschbacher, Frisch, et al. (1991) emphasized a change of the deforma-
tion regime from compressive/transpressive at the Tauern window to transtensive/extensive when
approaching the Pannonian basin. As such extrusion of the easternmost fault block, “wedge 1” sensu
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Ratschbacher, Frisch, et al. (1991) or the “Styrian block” sensu Wagner et al. (2011) is thought to have
occurred under strike‐slip conditions, with negligeble vertical components of displacement.

In this study, we test this hypothesis through the analysis of new field and low‐temperature thermochronol-
ogy data (zircon and apatite fission track data) that were collected along the northern boundary of the
Styrian block, the Mur‐Mürz fault (MMF). In particular, we characterize deformation along the MMF prior
to, during, and after theMiocene extrusion of the Styrian block and assess its significance for the cooling and
exhumation history of the study area. Through this approach we quantify and discuss vertical motions asso-
ciated with the lateral extrusion of fault‐bound blocks and evaluate the role of the MMF during the surface
uplift of the eastern part of the Eastern Alps.

2. Geological Framework

The tectonic units that compose the Eastern Alps include (from bottom to the top) continental crust derived
from the distal European passive margin (the Helvetic and Sub‐Penninic units), deep water sediments and
ophiolites from the Alpine Tethys ocean (Penninic units), and a nappe stack consisting of continental base-
ment and cover sequences originating from the Adriatic plate (Austroalpine unit). Slices from the Neotethys
ocean (Meliata unit) appear within the latter unit (Neubauer et al., 2000; Schmid et al., 2004; and
references therein).

The Austroalpine units were stacked during complex tectonic processes related to the closure of the
Neothetys ocean in Late Jurassic and Cretaceous times (Froitzheim et al., 2008). Medium to high‐grade peak
metamorphic conditions were reached at ca. 100–90 Ma (e.g., Hoinkes et al., 1999; Thöni, 2006) followed by

Figure 1. (a) Digital elevationmodel of the Alps and surrounding regions. The dashed box outlines the area of the tectonic map in (b). (b) Simplified tectonic map of
the Eastern Alps and its surroundings illustrating the main Paleogene and Neogene structural features. The map is modified after Willingshofer and Cloetingh
(2003) and Froitzheim et al. (2008). The red box outlines the area presented in Figures 2 and 5. Styrian block (SB), Mur‐Mürz fault (MMF), Periadriatic fault
(PaF), Pöls‐Lavanttal fault (PLF), Salzach‐Ennstal‐Mariazell‐Puchberg fault (SEMP), Mur‐Mürz fault (MMF), Brenner normal fault (BF), Katschberg normal fault
(KF), Mölltal fault (MF), Raaba fault (RF), Tauern window (TW), Lower Engadine window (LEW), Niedere Tauern (NT), Niedere Tauern fault (NTF), Rechnitz
window (RW), Tamsweg basin (TB), Fohnsdorf basin (FB), Styrian basin (StB), and Vienna basin (VB).
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Late Cretaceous (starting at ca. 80Ma) cooling during extension and erosion of the orogenic wedge within an
overall N‐S convergent and E‐W extending regime (Neubauer et al., 1995; Willingshofer et al., 1999).

The Cretaceous orogeny was followed by subduction of the Alpine Tethys ocean and subsequent collision of
the European and Adriatic plates (e.g., Handy et al., 2010; Neubauer et al., 2000) during the Late Eocene to
Oligocene, as indicated by the onset of sedimentation in the Alpine foreland basin (Kuhlemann & Kempf,
2002). This collision led to crustal thickening and Oligocene Barrovian metamorphism of the underthrust
European margin (Favaro et al., 2015; Schmid et al., 2013). Tectonic units of the lower plate and the ocean
are now exposed along the northern margin of the Eastern Alps and within tectonic windows in the core
of the orogen; that is, the Lower Engadine, Tauern, andRechnitz windows (Figure 1). These windows formed
during orogen parallel extrusion, which was linked to the indentation of the Adriatic plate, starting no later
than ca. 28 Ma, and subsequent eastward lateral extrusion of the Eastern Alps, commencing at ca. 23 Ma
(Favaro et al., 2015; Ratschbacher, Frisch, et al., 1991). This process was facilitated by back‐arc extension that
began at 19 Ma at the latest (Horváth et al., 2006), or as early as 25–28 Ma (Matenco & Radivojević, 2012).

Major strike‐slip faults associated with extruding crustal blocks, east of the Tauern window, include the
sinistral Salzach‐Ennstal‐Mariazell‐Puchberg fault (SEMP), the sinistral Mur‐Mürz fault (MMF), the dextral
Periadriatic fault (PaF), and the dextral Pöls‐Lavanttal fault (PLF) as shown in Figure 1b. The escaping
blocks are regarded as semirigid where deformation mainly concentrated along the bounding faults that
accommodated dominantly horizontal (eastward) motion (Linzer et al., 2002). The major crustal blocks
are referred to as the “Gurktal block,” the “Saualpe block,” and the “Styrian block.”

The Styrian block is the easternmost extruding wedge and is confined to the north by the NE‐SW striking
MMF, a sinistral en‐echelon strike‐slip fault system, and to the west by the NNW‐SSE striking PLF with a
dextral offset (Figures 1b and 2). The eastern boundary is less well defined or considered as open (Wagner
et al., 2011) but might coincide with the Raaba fault, which accommodated sinistral strike‐slip deformation
with a normal slip component. The amount of sinistral displacement along the ~250 km long MMF is
debated and estimates vary between ~33 (Linzer et al., 2002) and 20 km (Wölfler et al., 2008). Dextral offset
along the conjugate PLF amounts to ~15–20 km (Kurz et al., 2011; Linzer et al., 2002).

Several Miocene pull‐apart basins developed along the MMF. The Fohnsdorf basin was the largest and
formed at the intersection with the PLF and is connected to the Seckau basin further to the east
(Figure 2). Both basins initially formed separately between overstepping en‐echelon strike‐slip fault seg-
ments during E‐W directed extension (Strauss et al., 2001). The Leoben and Mürtztal basins formed to the
east of the Fohnsdorf and Seckau basins, which is now the area of St. Marein and Mürzzuschlag
(Sachsenhofer et al., 2010; Schuster et al., 2016). The eastern extent of the MMF marks the transition to
the Vienna basin, a polyphase basin that formed between 16 and 9 Ma (e.g., Decker, 1996; Fodor, 1995;
Lee & Wagreich, 2017). Formation of the Vienna basin coincided with the main phase (18–15 Ma) of subsi-
dence and sedimentation in the pull‐apart basins and the Lavantal basin, which evolved along the PLF (e.g.,
Kurz et al., 2011; Pischinger et al., 2008; Sachsenhofer et al., 2000).

Lateral extrusion continued into the Late Miocene but stagnated when incipient E‐W shortening occurred
(Peresson & Decker, 1997a). This shortening direction has been reported for the Northern Calcareous
Alps (Fodor, 1995; Peresson & Decker, 1997a; Peresson & Decker, 1997b), the area close to the
Periadriatic fault (Fodor et al., 1998) and in the study area along the northern continuation of the Anger‐
Piregg fault (Schuster et al., 2016). Furthermore, E‐W shortening triggered inversion of the pull‐apart basins
(e.g., Decker, 1996; Pischinger et al., 2008; Reischenbacher & Sachsenhofer, 2013; Sachsenhofer et al., 2000;
Wagner et al., 2010).

Also, the interior of the Styrian block was affected by faulting and extension. While the extensional Styrian
basin formed in the center of the block (Ebner & Sachsenhofer, 1995), the northern (Gleinalpe and
Fischbacher Alpen) and western (Koralpe) areas of the block experienced surface uplift of several hundreds
of meters. These areas contain partly preserved paleosurfaces that dip toward the basin (Schuster et al., 2016;
Wagner et al., 2011). Farther to the east, extension caused the exhumation of Penninic rocks within the
Rechnitz window (Cao et al., 2013; Dunkl & Demény, 1997). This phase of vertical motions coincided with
early Miocene activity of the MMF and PLF. A second phase of surface uplift of at least 400 m began in the
Pleistocene and continued until recent times (Legrain et al., 2014; Wagner et al., 2011) and coincided with
the inversion of the Styrian basin (Ebner & Sachsenhofer, 1995).
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3. Kinematics Along the Mur‐Mürz Fault
3.1. Approach and Methodology Used for Stress Regime Analysis

Kinematic and fault slip analysis was targeted along the north‐eastern segment of the MMF, including the
transition from the MMF to the Vienna basin (Figure 2). The studied segment of the fault and its surround-
ings are characterized by a topographic high, the Semmering pass, while the main extent of the fault is
marked by an incised ENE‐WSW striking valley. Most of the data stem from the flanks of the valley and
are complemented by data from dominantly NNW‐SSE striking side valleys. A total of 131 outcrops were stu-
died and used to reconstruct the sequence of brittle deformation phases along the MMF.

Collected structural data are fault planes and their associated kinematic indicators (Angelier, 1994; Petit,
1987), including Riedel shears, tension gashes, and striations such as slickensides, steps, and stylolites.
The measurements are accompanied by the description of qualitative observations, such as time relations
between the different sets of brittle deformation structures, for example, cross‐cutting fault planes and
Riedel shears, or reactivated fault planes emphasized by overprinting relations of striations. Other qualita-
tive observations include the rock type, fracture dimensions, associated crystallization of calcite, and a con-
fidence level for the sense of shear.

Figure 2. Tectonic map of the eastern part of the Eastern Alps featuring the MMF, the northern segment of the PLF, and other regional structures (compiled and
modified from Flügel and Neubauer, 1984; Froitzheim et al., 2008; Neubauer et al., 1995; Schuster et al., 2001; Willingshofer and Neubauer, 2002). The thick black
lines are the Late Cretaceous‐Paleogene structures, which are dominantly thrust faults, and the red lines trace the Miocene strike‐slip and normal faults. The
black box illustrates the outline of the geological map used in Figure 4. Mürztal basin (MB),Waldheimat basin (WB), Trofaiach fault (TF), Eiwegg fault (EF), Anger‐
Piregg fault (A‐PF), Scheiblingkirchen window (SW), and Wiesmath window (WW).
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To analyze the kinematic data, the Win‐Tensor software (Delvaux & Sperner, 2003) was used. The program
assumes that slip on a plane occurs in the direction of the maximum shear stress and results in the calcula-
tion of the reduced tectonic stress tensor, including the principal stresses, which are in decreasing order σ1,
σ2, and σ3, respectively. The pertinent stress regime for each data set is characterized by the stress regime
index (R′), which provides a numerically continuous progression from 0 to 3, where 0 represents radial
extension and 3 radial compression (Delvaux et al., 1997). R′ is based on the stress ratio (R), defined as
(σ2 − σ3)/(σ1 − σ3) (e.g., Angelier, 1989) such that R′ equals R for extensional stress regimes, equals 2 − R
for strike‐slip regimes, and equals 2 + R for compressional regimes, respectively (Delvaux et al., 1997).
Most outcrops contained sufficient data to perform a multiphase stress tensor analysis to derive a series of
deformation phases, taking into account the observed time relations between the different structures. The
approach used to separate the data sets into multiple phases is done in a similar fashion as described in
Kipata et al. (2013). This statistical approach for the analysis of fault slip data was used because of the lack
of unique traceable markers on either side of the fault, which would allow for direct reconstruction of the
slip vector from kinematic field data. In fact, the MMF cuts at a small angle through the Cretaceous nappe
stack and thus stays over long distances within the same thrust sheet, which renders the correlation of tra-
cers across the fault impossible. However, we are confident that the results are geologically meaningful as a
good correlation can be demonstrated with geological observations from the sedimentary basins along the
fault (see section 4).

3.2. Field Kinematics Along the Mur‐Mürz Fault

The kinematic analysis along the MMF has resulted in the differentiation of four main deformation phases,
based on time relations observed in 21 outcrops. The description of the stress regimes corresponding to the
four deformation phases are listed in Table 1 and are graphically presented in Figure 3. Furthermore, the
results of the fault slip analysis are listed per outcrop in van Gelder et al. (2020).
3.2.1. D1: NNW‐SSE Shortening Within a Strike‐Slip Dominated Regime
The oldest phase of deformation (D1) is characterized by N‐S striking sinistral strike‐slip faults accompanied
by conjugate WNW‐ESE striking dextral strike‐slip faults (Figure 3a). Fault planes are steeply dipping and
contain dominantly shallow plunging striations (see the rose diagrams in the inset in Figure 3a) attesting
of strike‐slip faulting. Steep planes, which deviate from the mean N‐S strike, for example, a NNE‐SSW strike,
have a strong oblique‐normal slip component (e.g., stereoplot of outcrop 92 in Figure 3a). Furthermore, nor-
mal faulting also occurs within the D1 phase along NW‐SE striking fault planes with SW and NE plunging
striations, for example, outcrops 48 and 52 (Figure 3a).

Overall a total of 32 locations with a sum of 249 fault planes are ascribed to the D1 phase reflecting a
strike‐slip event with a mean R′ of 1.23 (map inset in Figure 3a). The strike‐slip regime is characterized by
a NNW‐SSE direction of contraction (σ1 = 149/22) and NE‐SW extension (σ3 = 240/00). The individual sta-
tions primarily reflect these strike‐slip regimes except for the locations with dominant normal faulting which
results in an extensional stress regime (Figure 3a). However, both regimes are characterized by the same
principal direction of extension. These D1 stress regimes are concentrated in two clusters along the MMF:
A first cluster is located at and around the Semmering pass, and a second cluster is located to the SW of
Mürzzuschlag (Figure 3a).

Table 1
Results of the Stress Tensor Analysis Providing the Mean Stress Orientation for Each Deformation Phase

Phase N

σ1 σ2 σ3

R R′dip d.d. dip d.d. dip d.d.

D1 249 22 149 68 330 00 240 0.65 SF
D2 172 31 050 56 260 14 148 0.60 NS
D3 659 02 191 87 042 01 281 0.45 SF
D4 279 29 270 61 089 01 180 0.68 SF

Note. Number of measurements included (N), principle finite stress axes (σ1, σ2, and σ3), dip direction (d.d.), stress ratio
(R), tectonic stress regime (R′) with the categories normal faulting (NF), transtensive faulting (NS), strike‐slip faulting
(SF), transpressive faulting (TS), and thrust faulting (TF). The data are graphically presented in Figure 3.
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3.2.2. D2: Transtension With NE‐SW Shortening and NW‐SE Extension Direction
The second deformation event (D2) with mainly obliquely slipping strike‐slip faults is less strongly devel-
oped compared to D1. Only 20 data sets could be ascribed to this event with a total of 172 fault planes and
their associated kinematic indicators (Figure 3b). The stress tensor that is obtained when combining the data
sets yields NE‐SW directed contraction (σ1 = 049/22) and NW‐SE directed extension (σ3 = 148/14) with a
mean R′ of 1.4 (map inset in Figure 3b). The combined data produces a stress regime, which indicates that
D2 is transtensive.

Figure 3. Summary of fault slip analysis of D1 (a), D2 (b), D3 (c), and D4 (d) deformation phases. All figures display the horizontal stress axes per outcrop on the
tectonic map (red and blue arrows) together with a selection of stereoplots of key outcrop locations showing the measured fault planes, the fault kinematics, the
associated stress regime, and the orientation of the σ1 (Shmax, red circles), σ2 (red triangles), and σ3 (Shmin, red squares). The length of the red and blue
arrows is proportional to themagnitude of the horizontal deviatoric stress with respect to the isotropic stress (Delvaux et al., 1997). The insets in themaps feature the
stress tensor specifications for the pertinent deformation phase based on the compilation of fault planes and associated kinematics. The number of data sets and the
amount of fault planes included (No. data) are listed below the stress tensor, along with the mean values for the σ1 (Shmax) and σ3 (Shmin) and the obtained
stress regime index (R′) and associated deviation. The orientation of the σ1 (Shmax, red circle), σ2 (red triangle), and σ3 (Shmin, red square) is also displayed on the
stereoplot. The presented series of rose diagrams show (i) dip of the fault planes, (ii) strike of the fault planes, (iii) plunge of the striations, and (iv) trend of striations.
See Figure 2 for legend of tectonic units. The corresponding results of the calculations is listed in van Gelder et al. (2020). Semmering pass (SP).
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The D2 extensional structures include NW and SE dipping oblique‐normal faults with dip angles between
50° and 70° (see, e.g., outcrop 17, Figure 3b). Furthermore, strike‐slip faulting occurred along N‐S striking
dextral faults (peak in the rose diagram in map inset in Figure 3b), as well as sinistral WNW‐ESE striking
faults. The scatter in the rose diagram representing the orientation of fault striae shows that the strike‐slip
and normal faults have a strong oblique component of slip.
3.2.3. D3: Strike‐Slip Faulting During NNE‐SSW Shortening
A total of 48 locations representing 659 fault planes and their kinematic indicators are part of a third defor-
mation phase (D3), comprising the most profound deformation event along the MMF (Figure 3c). D3 struc-
tures reflect a strike‐slip deformation regime (see map inset in Figure 3c) with NNE‐SSW directed
contraction (σ1 = 191/02) and WNW‐ESE directed extension (σ3 = 281/01) and an average R′ of 1.55.

The structures associated with D3 are dominantly NW‐SE striking dextral faults and conjugate ENE‐WSW
striking sinistral faults, for example, see the stereoplots of outcrop 62 or 84 in Figure 3c. The dominance
of these fault plane orientations is clearly reflected in the rose diagrams (map inset in Figure 3c). The fore-
most sub‐horizontal transport direction reflected in the rose diagram of the striations is in accordance with
strike‐slip kinematics. Furthermore, the azimuth of the striations has a slightly larger scatter as the strike of
the faults, suggesting that some faults are also associated with oblique slip displacements.

The D3 phase is observed along the entire studied section of theMMF. Themap in Figure 3c shows that most
outcrops are associated with a D3 strike‐slip regime. However, in some outcrops the deformation event is
locally expressed by a contractional or extensional regimes, for example, outcrops 32 and 42 (Figure 3c).
Moreover, the direction of extension or contraction corresponds to the above described σ3 and
σ1, respectively.
3.2.4. D4: E‐W Directed Shortening and Reactivation of D3 Faults
The last phase of deformation (D4) is distinguished in 31 locations along the studied section of the MMF and
includes 279 measurements of fault planes and associated kinematic indicators (Figure 3d). D4 is expressed
by a stress tensor with E‐W directed contraction (σ1 = 270/29) and N‐S directed extension (σ3 = 180/01)
encompassing an overall strike‐slip stress regime with amean stress ratio of 0.68. Faults that were active dur-
ing this phase are often reactivated fault planes. Most D4 kinematics are observed near the eastern extend of
theMMF (Figure 3d). Characteristic faults for this phase include north and south dipping normal faults (e.g.,
stereoplot of outcrop 53 in Figure 3d), NE‐SW striking dextral faults, and NW‐SE striking sinistral faults
(e.g., outcrop 4, Figure 3d). The strike of the strike‐slip faults is similar to D3 faults, but the sense of displace-
ment along the faults is opposite, suggesting reactivation of the structures. The same applies for the other D4
structures, for example, inverted normal faults. From the rose diagrams, as seen in the map inset in Figure 3
d, it emerges that steep faults are dominant, whereas the strike of the structures shows a more scattered dis-
tribution compared to previous deformation phases. This is in line with our observation that many pre-
viously formed structures were reactivated during the D4 event.

4. Interpretation of the Structural Data

The structural data presented in section 3 are interpreted within the frame of eastward lateral extrusion of
the eastern Eastern Alps. Our interpretation is based on a comparison with deformation histories deduced
from extrusion related sedimentary basins, which enables to embed our results in a stratigraphically con-
trolled time frame (Figure 4).

NNW‐SSE shortening within an overall transpressional stress regime is characteristic for D1. This shorten-
ing direction is in our view not compatible with the activation of the overall 060 striking MMF as a sinistral
strike‐slip structure unless the fault would have had a NNE‐SSW strike at that time, which is not known.
Faults along theMMF that could have been activated during this phase are minor N‐S striking sinistral faults
near Kraubath (Figures 2 and 4). Although similar early Miocene shortening directions were inferred along
the conjugate Pöls‐Lavanttal strike‐slip fault (Pischinger et al., 2008), we propose that our D1 kinematics are
early Miocene or older but are not directly linked to lateral extrusion of the Styrian block for the reason given
above. However, our D1 shortening direction is consistent with those related to the pre‐extrusion piggy‐back
basin phase of the Vienna basin during the early Miocene (Ottnangian and early Karpatian) and out‐of‐
sequence thrusting within the Northern Calcareous Alps (see Figure 4, Beidinger & Decker, 2014; Decker
et al., 2005; Fodor, 1995; Hölzel et al., 2010).
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Fault slip analysis suggests that the shortening direction changed from NNW‐SSE (D1) to NE‐SW (D2) to
NNE‐SSW (D3). Although field relations allow to discriminate among D2 and D3 related structures, the
exact timing of the two events remains uncertain. The compatibility between shortening direction and fault
orientation suggests that D2 and D3 are related to significant sinistral movement of the MMF and associated
conjugate dextral faults including the Pöls‐Lavanttal fault or the Palten fault (Figure 2). The roughly NE‐SW

Figure 4. Comparison of the presented deformation phases along the MMF to published deformation histories determined in extrusion related sedimentary basins
of the Eastern Alps and other performed fault slip analyses in the eastern Eastern Alps. (1) Peresson and Decker (1997a), (2) Decker et al. (1993), (3) Beidinger
and Decker (2011), (4) Hölzel et al. (2010), Fodor (1995), (6) Decker (1996), (7) Ebner and Sachsenhofer (1995), (8) Hohenegger et al. (2009), (9) Ratschbacher,
Frisch, et al. (1991), (10) Reischenbacher and Sachsenhofer (2013), (11) Kurz et al. (2011), (12) Pischinger et al. (2008), (13) Zeilinger et al. (1999), (14) Reinecker and
Lenhardt (1999), (15) Strauss et al. (2001), and (16) Sachsenhofer et al. (2010).
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contraction associated with D2 and D3 kinematics also triggered reactivation of earlier formed structures,
such as the E‐W striking normal fault along the northern rim of the Waldheimat and the Leoben basins,
which is interpreted to have occurred during the middle Miocene (Gruber & Sachsenhofer, 2001;
Neubauer & Unzog, 2003; Sachsenhofer et al., 2010; Strauss et al., 2001).

The D2 and D3 phases also lead to the formation of pull‐apart basins, including the Lavanttal, Seckau, or
Vienna basins (Figures 2 and 4; Gruber & Sachsenhofer, 2001; Fodor, 1995; Reischenbacher &
Sachsenhofer, 2013; Strauss et al., 2001) and coincided with the formation of the Styrian basin (Ebner &
Sachsenhofer, 1995). As such these phases are interpreted to be related to the middle Miocene main phase
of lateral extrusion in this part of the Eastern Alps (Frisch et al., 2000; Ratschbacher, Frisch, et al., 1991;
Wölfler et al., 2011). For all basins, rapid subsidence was associated with either a strike‐slip or an extensional
regime, where both stress regimes are characterized by a similar D2 ~NE‐SW directed σ1 (Figure 4).
Subsequent D3 records deformation related to an NNE‐SSW directed σ1 and strike‐slip deformation condi-
tions, in agreement with lateral material transport during extrusion. Furthermore, structures in the eastern
part of the Northern Calcareous Alps (Peresson & Decker, 1997b) document similar shortening directions
and deformation regimes during this time span (Figure 4).

According to kinematic and stratigraphic data from basins along the MMF, the strike‐slip kinematics, repre-
sentative for our D1, D2, and D3 kinematics, cease during the Pannonian when inversion and uplift of the
basins occurred as a result of E‐W contraction (see Figure 4; e.g., Pischinger et al., 2008; Strauss et al.,
2001; Zeilinger et al., 1999). The presented D4 kinematics along the MMF is characterized by reactivation
of older structures in response to E‐W contraction and associated N‐S extension, together defining a
strike‐slip regime (Figure 3d). We therefore correlate the D4 stress regime with inversion of the basins dur-
ing the Late Miocene to possibly early Pliocene. This phase has reactivated segments of the sinistral MMF
with a dextral sense of shear and N‐S striking normal faults as reverse faults.

5. Zircon and Apatite Fission Track Analysis

The field kinematic analysis presented above suggests that deformation prior to, during, and after the activ-
ity of the MMF pertains to predominantly lateral material transport under brittle conditions. We test this
idea through zircon fission track (ZFT) and apatite fission track (AFT) thermochronology across the
MMF, which allows for interpreting cooling ages in terms of vertical motions.

5.1. Sampling Strategy and Analytical Procedures

Samples were taken along three sampling lines crossing the MMF at a high angle (Figure 5 and Table 2).
Preferentially sampled lithologies were (ortho‐)gneisses and mica‐schists from upper greenschist to amphi-
bolite facies metamorphic rocks of the Upper and Lower Austroalpine nappes. The three sampling lines,
with a total of 29 sampling sites (Figure 5 and Table 2), are located near the cities of Kraubath (KR‐sampling
line), Sankt Marein (SM‐sampling line), and west of the Semmering pass (S‐sampling line) and roughly
represent a western, middle, and eastern transect across the MMF, respectively.

Using a standard mineral separation procedure (e.g., Merten, 2011), performed at the VU University
Amsterdam (The Netherlands), apatites and zircons were extracted from 3 to 4 kg of collected rock per sam-
ple. After mineral separation zircons and apatites were prepared for irradiation which includes mounting,
grinding, polishing, and etching of the crystals. The mounts were covered with an external detector (an
annealed white mica) which records induced fission during irradiation (e.g., Gleadow, 1981).
Furthermore, during irradiation at the FRM II nuclear reactor in Garching (Germany), the neutron flux
was monitored with a CN1 dosimeter glass for the zircon mounts and a CN5 dosimeter glass for the
apatite mounts.

After irradiation, the density of spontaneous fission tracks in the apatite and zircon grains, and induced fis-
sion tracks on the external detectors were measured. Using the Trackkey software, version 4.2 by Dunkl
(2002), the single‐grain ages for the apatites and zircons were determined as a function of the spontaneous
versus induced fission track densities. To calculate the ages, we used the zeta‐calibration method by Hurford
and Green (1983) with a zeta‐factor of 128 ± 3 acm−2 for the CN1 glass (zircons) and 352 ± 10 acm−2 for the
CN5 glass (apatites). Additionally, the chi‐square (χ2) test was used to analyze the homogeneity of the single‐
grain ages per sample returning the probability, P(χ2), that the single‐grain ages are derived from the same

10.1029/2019TC005754Tectonics

VAN GELDER ET AL. 9 of 26



population, using n degrees of freedom (where n is the number of crystals minus 1). To consider the age
population as homogeneous the probability P(χ2) needs to be greater than 5%; hence, the sample passes
the chi‐square test (Barbarand et al., 2003; Bernet, 2009).

Figure 5. Overview of the areal distribution of new and published ZFT and AFT. Oblique ruling: Latest Cretaceous shear zone after Krenn et al. (2008). Green line:
Anger‐Piregg fault (A‐Pf). For other symbols and legend of tectonic units as well as relevant abbreviations see Figure 2.

Table 2
Lithological, Tectonic, and Spatial Information for the ZFT and AFT Sample Locations

Sample Lithology Tectonic unit nappe system/nappe Coordinates latitude Coordinates longitude Elevation (m)

Kr‐01 Augengneiss Silvretta‐Seckau/Seckau & Pirbachkogel 47.213133 15.056967 1,616
Kr‐02 Biotite‐Paragneiss Silvretta‐Seckau/Seckau & Pirbachkogel 47.294967 14.997050 668
Kr‐04 Biotite‐Paragneiss Silvretta‐Seckau/Seckau & Pirbachkogel 47.270183 14.997050 1,050
Kr‐07 Orthogneiss Silvretta‐Seckau/Seckau & Pirbachkogel 47.337833 14.915833 1,475
Kr‐08 Paragneiss Silvretta‐Seckau/Seckau & Pirbachkogel 47.309417 14.926850 692
S‐02 Albitblastengneiss Semmering‐Wechsel/Wechsel 47.562750 15.873917 1,181
S‐07 Grobgneiss Koralpe‐Wölz/Stuhleck‐Kirchberg 47.481383 15.722950 826
S‐09 Grobgneiss Koralpe‐Wölz/Stuhleck‐Kirchberg 47.592583 15.723133 844
S‐10 Grobgneiss Koralpe‐Wölz/Stuhleck‐Kirchberg 47.559383 15.745850 1,543
S‐11 Grobgneiss Koralpe‐Wölz/Stuhleck‐Kirchberg 47.578133 15.738217 1,138
S‐14 Biotite‐Gneiss Silvretta‐Seckau/Troiseck‐Floning 47.646033 15.689800 986
S‐15 Chlorite‐Micaschist Semmering‐Wechsel/Mürz‐Tachenberg 47.620617 15.677067 786
Gl‐06 Grobgneiss Koralpe‐Wölz/Stuhleck‐Kirchberg 47.609750 16.005400 562
Sm‐01 Grobgneiss Koralpe‐Wölz/Stuhleck‐Kirchberg 47.496283 15.367600 662
Sm‐02 Augengneiss Silvretta‐Seckau/Troiseck‐Floning 47.523983 15.368117 917
Sm‐04 Gneiss Silvretta‐Seckau/Seckau & Pirbachkogel 47.445633 15.454433 698

Note. The term “Grobgneiss” refers to a Permian granitic augengneiss, whereas “Albitblastengneiss” represents a paragneiss with albite porphyroblasts.
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In addition to analyzing the apatite fission track (AFT) densities used for the age calculation, we measured
the length of as many confined tracks as possible. We also measured the diameter of the track opening par-
allel to the crystallographic c‐axis (Dpar) as a proxy for the fission track annealing kinetics (Donelick et al.,
1999). The track densities, track lengths, and Dpar were used for modeling the thermal histories using the
inverse model of HeFTy software (Ketcham, 2005; Ketcham et al., 2007).

5.2. Zircon Fission Track Results

A total of 12 samples contained adequate zircons for age determination and returned ZFT ages range
between 73.1 ± 2.9 and 53 ± 2.5 Ma. All the measured samples passed the chi‐square test (Table 3 and
Figure 6). Five of the 12 ZFT ages belong to the KR‐sampling line and the remaining seven ZFT ages to
the S‐sampling line and location Gl‐06 (Figures 5 and 8).

Older ZFT ages are documented for samples located along the western transect (KR‐sampling line), ranging
between 73.1 ± 2.9 (sample KR‐04) and 67.5 ± 3.1 Ma (sample KR‐08). Somewhat younger ages are found
along the eastern transect and range between 69.0 ± 3.8 Ma in the Fischbach mountains (sample S‐07)
and 53.0 ± 2.5 Ma at the Wechsel window (sample S‐02).

In contrast to the along‐strike trend, the age distributions across the fault do not show any trend, ZFT ages
being similar within errors on either side of the MMF. In summary, a first order analysis suggests an age dif-
ference along the strike of the MMF with overall younger ZFT ages in the east (Figure 5), independent of
their structural position (Figure 8).

5.3. Apatite Fission Track Results

A total of 12 samples (Table 4) contained sufficient apatite grains for AFT analysis: five samples belong to the
KR‐sampling line, three samples to the SM‐sampling line, and four samples to the S‐sampling line and the
Gl‐06 sampling location. The samples that passed the chi‐square test (Table 4) have AFT central ages ranging
between 50 ± 3.2 and 4.9 ± 0.7 Ma, and their radial plots are shown in Figure 7. When comparing the AFT
ages along‐strike of the MMF, we notice progressively younger ages to the east (Figures 5 and 8). Samples
located along the KR‐sampling line near the western extend of the MMF, yield AFT central ages between
50.0 ± 3.2 (sample KR‐08) and 41.8 ± 1.9 Ma (sample KR‐01). AFT ages along the two sampling lines farther
to the east vary between 32.6 ± 4.0 (sample SM‐02) and 14.1 ± 0.9 Ma (sample SM‐01) as well as 24.9 ± 1.5
(sample Gl‐06) and 4.9 ± 0.7 Ma (sample S‐11).

Overall, no clear differences in the AFT age distribution across the MMF seems to emerge, yet statistically
more AFT ages are younger to the south of it (Figures 5 and 8). The data suggest that local variations of
AFT ages are large and probably reflect cooling prior to, as well as during the development of the

Table 3
Zircon Fission Track Analytical Data

Sample
code NGr.

Ns ρs Ni ρi Nd ρd Age P(χ2) Disp.

(×106 cm−2) (×106 cm−2) (×106 cm−2) (Ma ± 1σ) (%) (%)

Kr‐01 15 1,414 48.135 656 22.331 15,508 0.50 68.7 ± 3.7 98.28 0.00
Kr‐02 15 1,252 37.912 589 17.836 15,508 0.50 67.8 ± 3.8 99.99 0.00
Kr‐04 15 3,572 42.379 1557 18.472 15,508 0.50 73.1 ± 2.9 55.55 0.01
Kr‐07 11 869 55.196 397 25.216 15,508 0.50 69.8 ± 4.6 97.73 0.00
Kr‐08 14 2,010 53.824 949 25.412 15,508 0.50 67.5 ± 3.1 99.61 0.00
S‐02 15 1,654 24.613 996 14.821 15,508 0.50 53.0 ± 2.5 99.96 0.00
S‐07 13 1,336 55.007 617 25.403 15,508 0.50 69.0 ± 3.8 99.77 0.00
S‐09 12 968 75.815 464 36.341 15,508 0.50 66.5 ± 4.1 100 0.00
S‐10 15 1,984 64.382 1170 37.967 15,508 0.50 54.1 ± 2.4 99.03 0.00
S‐11 15 2608 108.667 1552 64.667 15,508 0.50 53.6 ± 2.2 99.8 0.00
S‐15 13 1,015 49.638 474 23.181 15,508 0.50 68.3 ± 4.2 95.7 0.00
Gl‐06 15 2,211 67.343 1101 33.534 8,973 0.43 55.6 ± 2.5 96.3 0.00

Note. The presented ZFT cooling ages are central ages with 1σ standard error (Galbraith & Laslett, 1993). The data are discussed in the text (see also Figures 8 and
10 and Table 2). NGr. = number of dated zircon crystals; ρd = dosimeter track density; Nd = number of tracks counted on the dosimeter; ρd (ρi) = spontaneous
(induced) track densities; Ns (Ni) = number of spontaneous (induced) tracks counted; P (χ2) = probability obtaining chi‐square (χ2) for n − 1 degrees of
freedom (n is number of crystals); Disp. = dispersion in single‐grain ages.
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complex Mur‐Mürz fault system and associated tectonics within the Styrian block. Nevertheless, a first order
analysis advocates an age difference between the western and eastern area of the MMF, with significant
older ages in the west (Figures 5 and 8).

Figure 6. Radial plots showing the distribution of the measured ZFT cooling ages per sample. The dashed line in the radial plot indicates the obtained ZFT
central age corresponding to the denoted age in the plot with the 1σ standard error. The sample locations are shown in Figure 5 and listed in Table 2 with
the analytical data presented in Table 3. Number of grains (n).
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Figure 7. Radial plots showing the distribution of the measured AFT central ages per sample, along with the histograms indicating the distribution of track length
measurements. The dashed line in the radial plot corresponds to the listed central AFT age with the 1σ standard error. The light gray dashed line in the radial
plot of KR‐04 reflects the second age group. The sample locations are shown in Figure 5 and listed in Table 2 and accompanying analytical data are presented in
Table 4. Number of grains (n), mean track length (MTL), and number of measured lengths (NL).
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Two samples (KR‐04 and KR‐07) did not pass the chi‐square test. Sample KR‐07 still yields an AFT central
age (48.1 ± 4.9Ma) within the age range as described above for the KR‐sampling line, whereas sample KR‐04
has a central age of 12.4 ± 0.9 Ma, which is significantly younger than the other central ages in the KR‐
sampling line. Although the number of grains counted in sample KR‐04 is limited (n = 15), two age groups
of ~54 and ~11.5 Ma emerge in the radial plot (Figure 7). The two age groups correspond to the mean age
trend along the western and the eastern part of the MMF, namely, Paleocene‐Eocene ages (KR‐sampling
line) and Miocene ages (S‐sampling line), respectively. We note that the samples that failed the chi‐square
test have not been used for further analysis or interpretations.

In two samples (KR‐01 and KR‐02) it was possible to measure about 100 confined track lengths, while in the
other eight samples the number of measured FT lengths was insufficient for a statistical meaningful analysis
(Figure 7 and Table 4). The measured FT lengths in both samples vary between 18 and 9 μm, whereby the

Figure 8. Age distribution of AFT and ZFT ages graphically displayed along cross sections A and B. The locations of the cross sections as well as the legend are
shown in Figure 2. Below the cross sections the thermochronological modeling results are presented based on the ZFT and AFT cooling ages and apatite track
lengthmeasurements. The light gray shaded area in the temperature‐time graphs shows the 2σ standard deviation, the dark gray area the 1σ standard deviation, and
the thick black line follows the temperature‐time path of the most probable cooling trajectory. The apatite partial annealing zone (APAZ) is indicated by a shaded
domain in each graph.
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distribution is evenly spread in sample KR‐01 and most of the FT lengths scatter around 14 μm in sample
KR‐02. The mean confined track lengths (MTL) are 14.6 ± 1.7 μm for sample KR‐01 and 14.0 ± 1.2 μm for
sample KR‐02.

6. Thermal History Modeling

The measured AFT ages and FT lengths of samples KR‐01 and KR‐02 are used as input for the inverse ther-
mal history models. The annealing equations by Ketcham (2005) were used to constrain the apatite partial
annealing zone (APAZ) and to model the measured AFT track length distributions (see the shaded areas
in the T‐t graphs in Figure 8). Besides using the AFT data as input for the inverse modeling, we also used
the ZFT central age per sample; 68.7 ± 3.7 Ma for sample KR‐01 and 68.8 ± 3.8 Ma for sample KR‐02
(Figure 6 and Table 3). The ZFT central ages are associated with a closure temperature and a zircon partial
retention zone (ZPRZ) between 250 and 200 °C (e.g., Tagami & Shimada, 1996). Thus, for the ZFT systems
we used the lower bound of the ZPRZ as input for the models.

The two thermochronological models of KR‐01 and KR‐02 are presented in Figure 8 and show two distinct
cooling phases. In sample KR‐02 an elevated cooling rate is observed between ~70 and 50Ma. Thereafter, the
sample cooled slowly from near surface conditions to its present location. KR‐01 also records rapid cooling
from 75 to ca. 60 Ma, followed by a prolonged period of slow cooling until 20 Ma during which annealing of
the fission tracks took place. Fast cooling resumed at ca. 20 Ma and lasted until ca. 15 Ma.

Despite the insufficient number of FT length measurements on the other samples we still performed ther-
mal history modeling to obtain a rough indication for regional cooling events by comparison with the two
valid models. Sample KR‐08 with 37 measured track lengths has a MTL of 13.2 ± 1.6 μm and is in line
with the thermal history model of sample KR‐02, while S‐10 with 20 measured track length and a
MTL of 14.3 ± 1.4 μm (Figure 7 and Table 4) is in line with the thermal history model of sample
KR‐01 (Figure 8).

After the initial phase of latest Cretaceous to earliest Paleocene fast cooling a period of slow cooling is
observed in the thermochronological models. The models suggest cooling rates of approximately
1.5 °C/Myr up to 2.0 °C/Myr for the phase of slow cooling. This phase started in the Paleocene and continued
until the early Miocene. The second phase of rapid cooling is only well constrained by one sample and lasted
from the early to the middle Miocene and portrays rock cooling from approximately 80 °C to surface tem-
perature (~20 °C) at rates of ca. 14 °C/Myr during a period of ca. 5 Myr. The temperature decrease is

Table 4
Apatite Fission Track Analytical Data

Sample
code NGr.

Ns ρs Ni ρi Nd ρd Age P(χ2) Disp. MTL NL Dpar

(×106 cm−2) (×106 cm−2) (×106 cm−2) (Ma ± 1σ) (%) (%) (μm ± SDL)

Kr‐01 20 977 0.72 5216 3.84 25835 1.25 41.8 ± 1.9 99.58 0.00 13.62 ± 1.72 101 2.08
Kr‐02 11 1034 0.98 4709 4.46 25835 1.25 49.0 ± 2.2 99.25 0.00 14.04 ± 1.24 98 2.51
Kr‐04 15 237 0.19 4277 3.40 25835 1.25 12.4 ± 0.9 0.75 0.00 14.53 ± 1.67 13 2.66
Kr‐07 15 324 0.40 1580 1.95 25835 1.25 48.1 ± 4.9 0.01 0.29 13.05 ± 1.71 20 2.22
Kr‐08 15 378 0.51 1619 2.20 25835 1.25 50.0 ± 3.2 100.00 0.00 13.23 ± 1.57 37 1.99
S‐10 15 575 0.48 6160 5.19 25835 1.25 20.9 ± 1.1 100.00 0.00 14.34 ± 1.36 20 2.01
S‐11 5 56 0.14 2545 6.19 25835 1.25 4.9 ± 0.7 88.50 0.00 — — —

S‐14 15 234 0.27 3819 4.36 25835 1.25 13.7 ± 1.0 99.89 0.00 14.37 ± 0.85 6 2.55
Gl‐06 15 430 0.56 3117 40.79 20850 1.01 24.9 ± 1.5 99.95 0.00 13.46 ± 0.92 17 1.78
Sm‐01 14 303 0.47 3870 5.96 20850 1.01 14.1 ± 0.9 99.99 0.00 — — —

Sm‐02 10 84 0.26 465 1.45 20850 1.01 32.6 ± 4.0 100.00 0.00 13.99 ± 1.33 2 1.754
Sm‐04 18 103 0.07 1294 0.90 20850 1.01 14.4 ± 1.5 100.00 0.00 14.38 ± 1.89 6 1.831

Note. The presented AFT cooling ages are central ages with 1σ standard error (Galbraith & Laslett, 1993). The data are discussed in the text (see also Figures 8 and
10 and Table 2). NGr. = number of dated apatite crystals; ρd = dosimeter track density; Nd = number of tracks counted on the dosimeter; ρd (ρi) = spontaneous
(induced) track densities; Ns (Ni) = number of spontaneous (induced) tracks counted; P(χ2) = probability obtaining chi‐square (χ2) for n − 1 degrees of
freedom (n is number of crystals); Disp. = dispersion in single‐grain ages; MTL = C‐axis projected mean track length with ± the standard deviation (SDL);
NL = number of measured confined tracks; Dpar = average etch pit diameter.
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equivalent to removing ~2–3 km of overlying crust assuming a geothermal gradient of approximately 20–30
°C/km for Miocene to recent times (Sachsenhofer, 2001).

7. Cooling Pattern Variations in the Eastern Alps
The presented ZFT and AFT cooling ages and thermal history modeling results highlight the complex cool-
ing history of the eastern part of the Austroalpine units that followed the early Late Cretaceous regional
metamorphism (e.g., Hoinkes et al., 1999; Neubauer et al., 1995; Schuster et al., 2001). Based on literature
data, cooling to below the ZFT closure temperature (~220 °C) already occurred during the Campanian to
middle Paleocene (e.g., Thöni, 1999; and references therein) and below the AFT closure temperature during
the Eocene (e.g., Hejl, 1997). Exceptions to this overall cooling pattern are the surroundings of the Rechnitz
window (Cao et al., 2013; Dunkl & Demény, 1997) and the Pohorje mountains (Fodor et al., 2008), where
greenschist facies conditions lasted in the Austrolapine and underlying Penninic units until Miocene time.
Subsequently these areas were exhumed rapidly during the early and middle Miocene (Cao et al., 2013;
Dunkl & Demény, 1997). Furthermore, based on AFT cooling ages a strong contrast in cooling history is
revealed between the younger Niedere Tauern (23–14 Ma;Hejl, 1997 ; Wölfler et al., 2016) and the older
Gurktal block (35–29 Ma, Hejl, 1997), separated by the Niedere Tauern fault (NTF, Figure 1). Young cooling
of the Niedere Tauern block is also confirmed by apatite (U‐Th)/He ages clustering around 6 Ma (Wölfler
et al., 2016).

Our ZFT cooling ages suggest a similar diachronous cooling of the Austroalpine units as described above,
such that cooling below the ZFT closure temperature in the western parts of the study area (Seckauer
Tauern and Gleinalpe area) already occurred during the Maastrichtian and in the eastern part (surrounding
the Wechsel and Rechnitz windows) during the latest Paleocene to early Eocene (Figure 5). The boundary
between these two areas is indicated by the green line in Figure 5 and traces the Anger‐Piregg fault and
the thrust fault in its northern continuation. For the area to the west of this line the ZFT cooling ages range
between 73 and 61 Ma, while in the area to the east ZFT ages are mostly 15–10 Myr younger, scattering
between 69 and 53 Ma (Figure 10a).

The age variations of the presented and previously published AFT cooling ages are consistent with the along‐
strike trend of ZFT cooling ages and reveal no age trend across the MMF (Figure 8). The along‐strike variation
of AFT cooling ages along the MMF is evident with younger AFT cooling ages in the east (24–5 Ma) compared
to the west (60–12 Ma) (Figures 5 and 8). Equally young AFT ages (15–6 Ma) were reported from the Wechsel
window by Dunkl (1992). The AFT ages display similar and younger cooling ages compared to the Niedere
Tauern region. To emphasize these and other significant variations in AFT cooling ages across the Eastern
Alps, a contour map with ages is presented in Figure 9. The data in the map were interpolated in ArcGIS using
a nearest neighbor analysis following the procedure as described in Luth andWillingshofer (2008). Overall, the
AFT age distribution for the Eastern Alps emphasizes the complex cooling evolution with distinct differences
on a regional and local scale. Themajority of the data portray pre‐Oligocene cooling of Austroalpine basement.
This includes the Gurktal block, the Koralpe and Seckauer Tauern regions, the western part of the MMF (this
study), and the area around Sopron to the southeast of the Vienna basin (Figure 9). Thermal history modeling
of samples from these regions consistently suggests that rapid cooling to near surface conditions occurred prior
to ca. 35 Ma (Hejl, 1997; Wölfler et al., 2016, cooling trend 1 in Figure 10a of this study). This age distribution
and cooling path characteristics is in line with Eocene (44–36 Ma) detrital AFT ages from sedimentary basins
along the MMF (Dunkl et al., 2005) and the distribution of ZFT ages shown in Rosenberg et al. (2018) but con-
trasts with regions of rapid early to middle Miocene cooling. The latter entails the Niedere Tauern (Hejl, 1997;
Wölfler et al., 2016), the Pohorje mountains (Fodor et al., 2008), the Rechnitz window (Dunkl & Demény,
1997), and the Semmering area on either side of the MMF (this study). We note that in the Pohorje mountains
and the Rechnitz window also the ZFT ages are early Miocene, describing together with the AFT ages a single,
continuous cooling event since the early Miocene (cooling trend 3 in Figure 10a). AFT ages from the
Semmering region, however, are distinctly younger (by ca. 30 Myr) than their ZFT counterparts, suggesting
that these rocks experienced two distinct cooling phases (cooling trend 2 in Figure 10a) during the latest
Cretaceous to Paleocene and the early tomiddleMiocene. The above implies three distinct cooling trends char-
acterizing the Eastern Alps east of the Tauern window. The significance of these trends will be discussed below
in light of the regional and local deformation and tectonics.
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8. Discussion

In this section the latest Cretaceous to recent evolution of the Eastern Alps is discussed, integrating struc-
tural and thermochronological data. Three time intervals, summarized in Figure 10, are highlighted: (1)
pre‐extrusion tectonics and vertical motions during the Paleocene to earliest Miocene, (2) syn‐extrusion tec-
tonics during the Miocene, and (3) post‐extrusion inversion and young exhumation since late Miocene time.

8.1. Pre‐Extrusion Tectonics and Vertical Motions (>17 Ma)

An in‐depth discussion of the structural and topographic evolution of the Eastern Alps for the time span
after the Cretaceous orogeny and the onset of lateral extrusion is beyond the scope of this contribution,
we nevertheless wish to highlight a few events relevant for the interpretation of the new data.

Our zircon fission track data document post ~80 Ma cooling to below ~220 °C and are in agreement with the
general idea of rapid cooling of Austroalpine units after their metamorphic peak in the early Late Cretaceous
(Neubauer et al., 1995; Rosenberg et al., 2018; Thöni, 1999; and references therein). Cooling was coeval with
orogen‐parallel extension and erosion (Froitzheim et al., 2008; Willingshofer et al., 1999). Extension was
accommodated by penetrative E‐directed deformation in deeper structural levels and along major normal
faults that developed at high angle to the earlier formed thrust structures. The latter include the normal
faults at the western (Neubauer et al., 1995) and eastern (Krenn et al., 2008) margin of the Paleozoic of
Graz (Figures 2 and 5).

Cooling of Autroalpine units in our study area continued during the Paleocene to early Miocene at low rates,
in the order of 1.5–2 °C/Myr (Figures 8 and 10a). Assuming a geothermal gradient of 25 °C/km, our ZFT data
suggest that the presently exposed Austroalpine rocks have already been at upper crustal level (~8 km depth)
since the Paleocene. Furthermore, as most of our AFT ages record pre‐extrusion cooling of rocks, we argue
that regional cooling and exhumation of rocks to depths of about 4 km occurred prior to ca. 20 Ma. With the
exception of the Gurktal block, which records rapid cooling during the latest Eocene‐early Oligocene (Hejl,
1997), the slow cooling of Austroalpine units is in agreement with low erosion rates (Kuhlemann et al.,
2006), and the formation of peneplains, that is, the Dachstein paleosurface, which is subsequently overlain

Figure 9. Distribution of AFT cooling ages across the Eastern Alps. The map is based on our new data and published data. (1) Balogh and Dunkl (2005), (2)
Bertrand et al. (2015), (3) Coyle (1994), (4) Di Fiore (2013), (5) Dunkl et al. (2005), (6) Dunkl and Demény (1997), (7) Foeken et al. (2007), (8) Fügenschuh et al.
(1997), (9) Grundmann and Morteani (1985), (10) Hejl (1997), (11) Most (2003), (12) Pomella et al. (2011), (13) Reinecker (2000), (14) Sachsenhofer et al. (1998),
(15) Staufenberg (1987), (16) Steenken et al. (2002), (17) Stöckhert et al. (1999), (18) Viola et al. (2001), (19) Wölfler et al. (2008), (20) Wölfler et al. (2012), (21)
Wölfler et al. (2015), (22) Wölfler et al. (2016), and (23) Zattin et al. (2007). Interpolation of the data was done following the procedure described in Luth and
Willingshofer (2008). Anger‐Piregg fault (A‐PF), Periadriatic fault (PaF), Pöls‐Lavanttal fault (PLF), Salzach‐Ennstall‐Mariazell‐Puchberg fault (SEMP), Mur‐Mürz
fault (MMF), Brenner normal fault (BF), Katschberg normal fault (KF), Northern Calcareous Alps (NCA), Seckau Tauern (ST), Gleinalpe area (Gl), Wechsel
window (WW), Sopron area (Sa), and Rechnitz window (RW).
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by the Augenstein Formation (Frisch et al., 2001). The above mentioned data and observations suggest that
no mountainous landscape evolved east of the Tauern window until the Late Miocene (Frisch et al., 1998)
and that rapid Oligocene to Miocene rock exhumation and topography formation is largely confined to

Figure 10. Overview of the temperature‐time (a) and the tectonic evolution of the study area (b–d). The three consecutive time steps illustrate the active faults
(black lines), early stage activation of faults (gray lines), deactivated faults (dashed lines), and drainage patterns (blue arrows) according to Kuhlemann et al.
(2001) as well as intramontane basins (dark gray shaded areas). Vertical motions (undifferentiated) are indicated by either a plus or minus symbol (the larger the
symbol, the higher the relative uplift and subsidence, respectively, non‐scaled). The illustrations are based on graphics presented in Favaro et al. (2015), Wölfler
et al. (2011), and Frisch et al. (1998). (a) Summary of zircon and AFT cooling ages form the study region displayed on top of potential cooling paths predicted
for the Austroalpine unit, also shown in Figure 8 (cooling trends 1 and 2), and expected for the Penninic unit exposed in the Rechnitz window (cooling trend 3). Note
that ZFT ages are plotted at the lower temperature end of the partial retention zone to obtain conservative minimum estimates for cooling rates. Color coding for the
age symbols is the same as in Figure 5. (b–d) Cartoons summarizing key features related to the (a) pre‐, (b) syn‐, and (c) post‐tectonic evolution of the Eastern
Alps. Tauern window (TW), Niedere Tauern (NT), Rechnitz window (RW), Northern Calcareous Alps (NCA), Katschberg normal fault (KF), Brenner normal fault
(BF), Inntal fault (InnF), Niedere Tauern fault (NTF), Defereggen‐Antholz‐Vals fault (DAV), Mur‐Mürz fault (MMF), Mölltal fault (MF), Periadriatic fault
(PaF), Pöls‐Lavanttal fault (PLF), Salzach‐Ennstal‐Mariazell‐Puchberg fault (SEMP), Gurktal block (GB), Fohnsdorf basin (FB), Lavanttal basin (LB), Vienna basin
(VB), and Klagenfurt basin (KB).

10.1029/2019TC005754Tectonics

VAN GELDER ET AL. 18 of 26



the area of the future Tauern window and its surroundings (Figure 10b) (e.g., Bartosch et al., 2017; Frisch
et al., 1998; Kuhlemann, 2007; Luth & Willingshofer, 2008; Rosenberg et al., 2018; Scharf et al., 2016).

This evolution of Austroalpine units east of the Tauern window is compatible with our fault slip data, which
show that D1 occurred under strike‐slip deformation conditions, calling for oblique convergence between
Europe and the evolving mountain belt. We argue that the NNW‐SSE shortening direction of D1 was not
favorable for activating theMMF as sinsitral strike‐slip fault. Therefore, we propose that D1 predates the seg-
mentation of the Alpine nappe stack and thus the formation of the Styrian block. D1 kinematics are consis-
tent with shortening directions deduced from the Northern Calcareous Alps (Peresson & Decker, 1997a) and
thin‐skinned thrusting at the transition of the Eastern Alps and Western Carpathians (Granado et al., 2016).
NNW‐SSE contraction was associated with ENE‐WSW extension, leading to rapid exhumation of the
Penninic units exposed in the Rechnitz window since 23 Ma (Cao et al., 2013; Dunkl & Demény, 1997).
This suggests that the easternmost Alps are affected by extension prior to the main phase of lateral extrusion.

The disparities between the eastern Eastern Alps (slow cooling, low erosion rates) and the western Eastern
Alps (rapid cooling, high erosion rate) insinuate that the east was not affected by significant Cenozoic crustal
thickening. Possible reasons for that are sought in the lateral variations of the amount of shortening (twice as
much in the west than in the east) in combination with the inherited shape of the subducted European plate
(Rosenberg et al., 2018).

8.2. Syn‐Extrusion Tectonics at the Eastern Margin of the Eastern Alps (17–10 Ma)

The presented D2 to D3 deformation phases along the MMF are interpreted to coincide with lateral extru-
sion and in particular with the eastward escape of the Styrian block, along the MMF and the conjugate
PLF (Figures 1 and 10c) during the middle Miocene, facilitated by the opening of the Pannonian basin
(Horváth et al., 2006).

Our D2 was probably coeval with the opening of sedimentary basins (e.g., Mürztal basin, Leoben basin, and
Seckau basin) at strike‐slip step overs with dominantly N‐S striking normal faults. D3marks the deformation
phase that is compatible with the activation of the (E)NE‐(W)SW trending sinistral MMF and conjugate
NNW‐SSE trending dextral faults (Figure 10c). Although the MMF marks a prominent feature in the land-
scape as a consequence of the along‐strike formation of pull‐apart basins and the incision of the Mur and
Mürz rivers, it does not form a continuous fault but is characterized by a multitude of fault segments. For
example, the faults between Leoben and Mürzzuschlag (Figure 2) clearly illustrate the complex interference
of sinistral and dextral strike‐slip faults in combination with basin formation. As such, fault formation along
the MMF was associated with the development of multiple fault segments with variable offsets confining
small crustal fragments, similar to the PLF (Brosch & Pischinger, 2014; Pischinger et al., 2008). We argue
that the complex evolution of the fault then leads to the wide spread of the presented AFT cooling ages
(50 to 4.9 Ma, Figure 5) as a consequence of differential exhumation of individual fault‐bounded blocks.

Overall, differential vertical motions across the MMFmust have been small as no systematic and significant
differences in cooling ages are detectable by our ZFT and AFT cooling ages (Figures 8 and 9). This is in agree-
ment with our field results, which underline the predominance of strike‐slip faulting, suggesting that the
MMF did not play a significant role for the surface uplift of the Styrian block. In particular, we find that
syn‐extrusion cooling ages pertain to basement blocks that are in between fault segments (e.g., samples
Sm‐04 or Sm‐01, Figure 5). Such aerially confined uplifting regions can be explained by the development
of local transpression in between Riedel shears as demonstrated by analogue modeling studies (Dooley &
Schreurs, 2012; Leever et al., 2011). Our findings from the MMF are in line with results deduced from
paleo‐landscape studies, which show that Austroalpine units north and south of the sinistral SEMP share
a common uplift history, implying that south side up vertical motions across the central segment of the
SEMP were minor (Dertnig et al., 2017).

The Styrian block is classically viewed as a rigid block escaping to the east (e.g., Linzer et al., 2002).
However, the segmented nature of the MMF and the distribution of AFT cooling ages do not support
uniform behavior of that block. Furthermore, as illustrated in Figure 10c, the Styrian block was affected
by vertical and horizontal motions, during the latest early and middle Miocene, where horizontal displa-
cement vectors dominate along the bounding strike‐slip faults and vertical motions mainly affect the
interior of the block. These include (i) rapid subsidence of the extensional Styrian basin associated
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with rift related volcanism (Sachsenhofer et al., 1997), (ii) rapid cooling and exhumation of the Pohorje
and Koralpe mountains (Fodor et al., 2008; Legrain et al., 2014), (iii) gradual uplift and erosion of the
Koralpe range (Pischinger et al., 2008; Wagner et al., 2010), and (iv) rapid exhumation of the Penninic
unit in the Rechnitz window along a low‐angle detachment fault (Cao et al., 2013; Dunkl & Demény,
1997). These data suggest that the entire block displays a noncoherent behavior and cannot be consid-
ered as a rigid escaping crustal block. This view is in line with lithosphere‐scale analogue experiments,
which predict complex fault zone development of major sinistral faults bounding extruding blocks
where the displacement of particles is sub‐parallel to the fault strike, promoting almost pure strike‐slip
faulting with minor topography development along the fault (Van Gelder et al., 2017). Additionally,
numerical landscape evolution models that take structures such as the MMF and the PLF into account
predict that fault activity facilitates the development of relief but decreases the net elevation gain in the
area of the active faults (Bartosch et al., 2017; Robl, Stüwe, et al., 2008). At the same time, the forma-
tion of the MMF also impacted on the evolution of the drainage system, which changed from north
draining, into the Molasse basin during the pre‐extrusion period to fault parallel during the extrusion
period (Frisch et al., 1998; Kuhlemann et al., 2006; Robl, Hergarten, et al., 2008).

8.3. Post‐Extrusion Inversion and Young Uplift

The main phase of lateral extrusion in the Eastern Alps was followed by widespread surface uplift of the
Alpine mountain belt, its northern foreland, and the western margin of the Pannonian basin during the
Late Miocene to Quaternary (e.g., Beidinger & Decker, 2014; Ebner & Sachsenhofer, 1995; Kurz et al.,
2011; Neubauer & Unzog, 2003; Sachsenhofer et al., 2000; Zeilinger et al., 1999). The amount of uplift was
inferred to be in the order of several hundreds of meters in the Vienna and Styrian basins (Peresson &
Decker, 1997a; Sachsenhofer et al., 1997), with estimates not exceeding 500 m in the foreland basin
(Genser et al., 2007). Inversion of the intramontane basins like the Lavanttal or the Fohnsdorf basin is
accommodated by reactivation of their main boundary faults (Figure 10d, Kurz et al., 2011).

Large‐scale uplift and erosion of the Alpine realm is also reflected in increased sediment discharge since 6
Ma (Kuhlemann et al., 2001) as well as increased incision rates indicating a regional young uplift of the
MMF and surroundings including the Northern Calcareous Alps. Detailed analysis of geomorphic markers
including planation surfaces, river terraces, and cave levels suggests that the Styrian block was uplifted en
block by about 600 m during the past 5 Myr (Legrain et al., 2015; Wagner et al., 2010).

Within the frame of overall uplift and enhanced erosion, differential vertical motions on a smaller scale
impacted on the course of the drainage systems. For example, prior to 5 Ma the Mur River drained into
the Vienna basin (Figure 10d; Kuhlemann et al., 2006; Dunkl et al., 2005) or into the Styrian basin via the
Feistritz valley (Schuster et al., 2016). However, after 5Ma the river changed course and the current drainage
(toward Graz) was established leading to an increase in sediment discharge from the Eastern Alps into the
Styrian basin (Kuhlemann et al., 2002). In this context, we link our youngest phase of deformation (D4),
which documents E‐W shortening, to the Late Miocene to Pliocene inversion, which occurs within a frame
of overall N‐S convergence (Handy et al., 2010). This inversion could also explain the very young AFT ages
recorded along the eastern extend of the MMF; that is, sample S‐11 (Figure 5) and the Wechsel window
(Dunkl, 1992).

Tectonic driving mechanism for the inversion and young uplift are still poorly understood. Proposed
mechanisms include (1) the locking of subduction at the Carpathian deformation front (Peresson &
Decker, 1997a) leading to the stagnation of back‐arc extension, (2) delamination of the lithospheric mantle
(Genser et al., 2007) and/or slab‐breakoff (Legrain et al., 2015), (3) flank uplift in the order of several hun-
dred meters that was predominantly related to lateral heat transport during the post‐rift evolution of the
Pannonian basin (Balázs et al., 2017), or (4) an increase in orogenic wedge‐foreland coupling
(Willingshofer & Sokoutis, 2009), which leads to major uplift of the orogenic wedge at distance of ~70–100
km from the orogenic front. We note that the current distance between the Alpine thrust front and the study
region is in the order of 60 km. Additionally, the latter mechanism has also been proposed for the Late
Miocene exhumation phase south of the Klagenfurt basin (Heberer et al., 2016).

Mechanisms one and three are strongly tied to the dynamic and rheological evolution of the Pannonian
basin and rely on the effectiveness of strain transfer from the Carpathian front across the weak
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Pannonian lithosphere or the magnitude of heat transfer from the center of the basin, which was inferred to
be in the order of a few hundred meters based on numerical simulations (Balázs et al., 2017).

Numerical modeling studies predict that surface uplift in response to deep‐seated process such as slab
detachment (mechanism two) occurs over areas of ~100–300 km and with amplitudes of a few kilometers
for shallow to intermediate depth (50–200 km) breakoff (Duretz et al., 2011). In the Eastern Alps, east of
the Tauern window, Qorbani et al. (2015) interpret shear wave splitting data in terms of a discontinuous slab
that detached form the subducting European plate at a depth of ~70 km. As such delamination of the litho-
spheric mantle is probably a viable mechanism to explain the post Miocene uplift of the foreland basin
(Genser et al., 2007) and at least contributed to the large‐scale uplift of the Eastern Alps, on a similar scale
to the Western Alps (Baran et al., 2014).

Although the above listed mechanisms can account for regional uplift, they lack detail to adequately account
for localized uplift of the Semmering area. Ratschbacher, Frisch, et al. (1991) interpreted this region in terms
of a restraining bend (the “Semmering pull‐up”) and established a causative relation to the Bohemian mas-
sif. Along these lines we therefore suggest that underthusting of the Bohemian basement spur located
beneath the Eastern Alps‐Pannonian basin transition (Reinecker & Lenhardt, 1999) could be essential for
the localized uplift of the overlying region, which ultimately lead to a change in the course of the Mur river
and triggered increased incision rates (Figure 10d). At present, the tip of the Bohemian spur is located below
the Semmering pass (Figure 10d), and its outline is portrayed by P‐wave velocity data (Grad et al., 2009) and
seismic activity (Baroň et al., 2019; Reinecker & Lenhardt, 1999) suggesting that the Bohemian spur is still
acting as a buttress. Geometrically the Bohemian spur would be a rigid bulge on the downgoing plate,
mechanically similar, yet shallower in the lithosphere, to what was described by Bendick and Ehlers
(2014) for the deformation of curved plates at orogenic syntaxes. For such settings, localized uplift of the
overriding plate with a characteristic “bulls‐eye” shaped cooling and exhumation pattern is predicted.
This mechanismmight be able to explain the localized cooling and uplift of the Austroalpine orogenic wedge
in the Semmering region and the Northern Calcareous Alps starting at ca. 5 Ma as well as the change in
dewatering direction of the paleo‐Mur and the birth of theMürz river. However, more low‐temperature ther-
mochronology data would be needed to map out the uplifting region in more detail. This buttressing effect of
the Bohemian spur, which probably started to affect the evolution of the eastern Eastern Alps already in the
middle Miocene, is thought to be the main reason for the changing strike of thrust sheets from dominant
E‐W to NE‐SW (Ratschbacher, Frisch, et al., 1991). It also might explain the differential uplift of the area
north of the MMF where paleosurfaces are at higher elevation by ~400 m (Schuster et al., 2016) compared
to the Semmering area south of it. In addition, we suggest that the stagnation of back‐arc extension in the
Pannonian basin, which hampers lateral extrusion, together with counter clockwise rotation of Adria could
provide the sufficient changes in boundary conditions to obtain E‐W directed shortening and large‐scale
uplift of the easternmost part of the Alps.

9. Conclusion

We have presented new ZFT and AFT cooling ages from the Eastern Alps east of the Tauern window
together with a fault slip analysis along a major Miocene strike‐slip fault, namely, the Mur‐Mürz fault
(MMF). The integrated thermochronological data and field kinematics provide new insights in the tectonic
evolution of the eastern Eastern Alps summarized in three consecutive time steps.

1. Following on Late Cretaceous to Paleocene cooling of Austroalpine nappes below the closure tempera-
ture of the ZFT system, slow (ca. 1.5–2.0 °C/Myr) Eocene to early Miocene cooling suggests that exhuma-
tion of the Austroalpine rocks at the eastern termination of the Alps occurred at low rates. This is in
agreement with large‐scale peneplanation and low erosion rates east of the Tauern window and a stress
regime that favors strike‐slip deformation in the area of the future MMF (D1) with an overall NNW‐SSE
shortening direction. Our new AFT data suggest that within our study area the majority of the presently
exposed rocks of the Austroalpine unit east of the Tauern window were at shallow crustal level (<~4 km)
at the onset of lateral extrusion.

2. Lateral extrusion during the middle Miocene is accompanied by rapid exhumation of the Tauern
window, the Niedere Tauern area, the Rechnitz window, and Pohorje mountains but did not lead
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to significant differential vertical motions across the MMF as shown by overall similar apatite
fission track ages on either side of the fault. This is in agreement with our field kinematics (D2
and D3) that demonstrates dominant strike‐slip deformation during the extrusion of the Styrian
block. The inferred shortening direction is compatible with the sinistral activation of the MMF
and is linked to the main phase of lateral extrusion. The MMF represents a strongly segmented fault,
along which exhumation of fault blocks occurred on a local scale, contributing to the large scatter of
AFT cooling ages.

3. (D4) is characterized along the MMF by a strike‐slip deformation regime with E‐W contraction and has
caused the reactivation of sinistral as dextral and normal as thrust faults. This phase of deformation is
probably trelated to the inversion of basins along the MMF and the western Pannonian basin. The
AFT cooling ages suggest that local enhanced exhumation of rocks is embedded within a phase of
orogen‐scale uplift. We speculate that this is due to the combined effect of the underthrust Bohemian
spur and locking of the Carpathian subduction system and the related stagnation of Pannonian back‐
arc extension at large.
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