Tectonics’

RESEARCH ARTICLE
10.1029/2024TC008371

Special Collection:
Alpine mountain belts in
4-dimensions

Key Points:

o Exhumation of the western Tauern
Window occurred in two phases—first
viscous folding and second displace-
ment along the Sub-Tauern ramp

e Viscous folding started to cease
slightly earlier than 17 + 0.6 Ma, when
a geothermal gradient of 50°C/km
prevailed

o The Subpenninic core was not affected
by W-E extension, while the hanging-
wall nappes experienced thinning of
25%—-48%

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

J. Rudmann,
Julia.Rudmann @liag-institut.de;
julia.rudmann@gmx.de

Citation:

Rudmann, J., Tanner, D. C., Stipp, M.,
Pomella, H., & Brandes, C. (2025). 2-D
kinematic restoration of the western
Tauern Window, eastern Alps using
thermochronological and P-T constraints.
Tectonics, 44, €2024TC008371. https://
doi.org/10.1029/2024TC008371

Received 11 APR 2024
Accepted 13 JUN 2025

Author Contributions:

Funding acquisition: D. C. Tanner,

M. Stipp, C. Brandes

Investigation: J. Rudmann
Methodology: J. Rudmann, D. C. Tanner,
M. Stipp, H. Pomella, C. Brandes
Supervision: D. C. Tanner, M. Stipp,

H. Pomella

Visualization: J. Rudmann, H. Pomella
Writing — original draft: J. Rudmann,
H. Pomella, C. Brandes

© 2025. The Author(s).

This is an open access article under the
terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

'.) Check for updates

A n . l ADVANCING
nu EARTH AND

-~ SPACE SCIENCES

'

2-D Kinematic Restoration of the Western Tauern Window,
Eastern Alps Using Thermochronological and P-T
Constraints

J. Rudmann'? ©, D. C. Tanner! ©, M. Stipp> ©, H. Pomella® ©, and C. Brandes®

'LIAG Institute for Applied Geophysics, Hannover, Germany, *Martin Luther University Halle-Wittenberg, Halle/Saale,
Germany, 3University of Innsbruck, Innsbruck, Austria, “Leibniz University Hannover, Hannover, Germany

Abstract The Penninic and Subpenninic nappe stack of the Tauern Window (TW) in the European Alps
was formed by collision between Europe (Subpenninic) and the Adria margin (Austroalpine), and finally
exhumed by the northward push of the Southalpine Dolomites indenter in the Miocene. In this study, we
kinematically restore a cross-section along the trace of the Brenner Base Tunnel, concentrating mainly on the
Subpenninic nappes (Venediger duplex; VD). We integrate zircon fission-track data (ZFT) as a temporal
constraint for the termination of viscous deformation and test different geothermal gradients (GG). P-T-t data
are used to define (a) the depth of the brittle-viscous transition (ca. 300°C) and (b) pre-indenter depth. We
displace the VD down along the Sub-Tauern ramp below the 300°C isotherm. At that time, a GG of ca. 50°C/km
prevailed. ZFT data reveal that viscous conditions allowing folding of the VD started to cease slightly earlier
than 17 £+ 0.6 Ma. Unfolding of the VD, while conserving surface area, yield that the model is extended by ca.
70 km (thus equaling indenter shortening), which means that in the westernmost TW, the VD was not
significantly affected by W-E extension. Reconstruction of the hanging-wall nappes (Austroalpine and Penninic
nappes) above the restored VD reveals that the total pre-indenter thickness of their northern limbs was 25%-48%
greater than today. We interpret this as tectonic thinning, which was mainly caused by the Brenner normal fault.

1. Introduction

The Tauern Window (TW) and its adjacent areas within the European Eastern Alps (Figure l1a) underwent a
polyphase tectonic history. In addition to the Variscan deformation of the basement units, the area experienced
two distinct Alpine orogenic phases: (a) The Cretaceous Eoalpine event, which was caused by a westward-
directed movement of Austroalpine nappes (Adria-derived), and (b) the Cenozoic Neoalpine orogeny, charac-
terized by nearly northward convergence (e.g., Foitzheim et al., 1994; Handy et al., 2010; Neubauer, 1994;
Schmid et al., 2004). The latter started with the subduction of the Penninic Ocean in southerly direction un-
derneath the Adriatic plate (e.g., Frisch, 1979; Froitzheim et al., 1994; Handy et al., 2010; Schmid et al., 2004,
2013). Convergence resulted in the closure of the Penninic Ocean and the subduction and accretion of the
southern margin of Europe (Subpenninic). Subsequently, in the Late Eocene and Early Oligocene, duplexing of
the lower plate (Subpenninic) and nappe-stacking within the orogenic wedge was initiated (Schmid et al., 2013).
At that time, the W-E-striking Periadriatic fault system, one of the major fault systems in the European Alps, was
activated as a dextral fault system, separating the Western, Central and Eastern Alps from the Southern Alps.
Intrusions were emplaced along the Periadriatic fault system (e.g., Berger et al., 2024; Rosenberg, 2004; von
Blanckenburg & Davies, 1995), which were subsequently synkinematically sheared and rotated (e.g., Pomella
et al., 2011; Stipp et al., 2004).

The final deformation phase (according to Schmid et al., 2013) was initiated by the northward push of the Do-
lomites indenter (eastern Southern Alps). In the Late Oligocene, the previously straight, W-E-striking Periadriatic
fault system was first bent (represented by the Meran Mauls fault; Pomella et al., 2011, 2012) and, subsequently,
sinistrally offset along the Giudicarie fault system in the Late Oligocene/Early Miocene (e.g., Neubauer
etal., 2000; Pomella et al., 2011, 2012; Ratschbacher, Frisch, et al., 1991; Scharf et al., 2013). This offset accounts
ca. 75 km at present, including the offset along the Giudicarie fault system and the Meran Mauls fault (e.g., Favaro
etal., 2017 and references therein; Verwater et al., 2021). This corresponds to a ca. 70 km northward motion of the
Dolomites indenter (Figure 1a). In front of the Dolomites indenter, the Miocene shortening led to (a) upright
folding of the Subpenninic core of the western TW (e.g., Lammerer & Weger, 1998; Lammerer et al., 2008;
Rosenberg et al., 2018 and references therein, Schmid et al., 2013 and references therein) and to (b) orogen-
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parallel extension. The latter is expressed by normal faults, bounding the TW to the east (Katschberg normal fault,
KNF; e.g., Genser & Neubauer, 1989) and west (Brenner normal fault, BNF; e.g., Behrmann, 1988; Selver-
stone, 1988), and by lateral extrusion toward the east, along major strike-slip faults, such as the Inntal fault, the
Salzach Ennstal Mariazell-Puchberg fault (SEMP), the Molltal fault and the Pustertal Gailtal fault (Figures 1a and
1b; e.g., Frisch et al., 2000; Linzer et al., 2002; Ratschbacher, Frisch, et al., 1991; Ratschbacher, Merle,
et al., 1991; Rosenberg et al., 2018). All these processes, in combination with erosion, are assumed to have acted
contemporaneously (e.g., Favaro et al., 2017; Ratschbacher, Frisch, et al., 1991; Ratschbacher, Merle, et al., 1991;
Ricchi et al., 2020; Scharf et al., 2013; Schmid et al., 2013 and references therein) and led to vertical exhumation
of the western TW by 23-25 km (Fiigenschuh et al., 1997; von Blanckenburg et al., 1989).

As this summary above shows, much research has already been done on the TW. Nevertheless, the precise
deformation processes (i.e., the amount and timing of viscous folding compared to the amount of slip along the
Sub-Tauern ramp) that occurred within the Tauern region remain insufficiently understood. Our study aims to
understand the tectonic processes involved in the formation and exhumation of the western TW, and therefore to
quantify the deformation undergone by the nappe systems of the western TW during the indenter stage as much as
possible, and present one possible pre-indenter structure (which is not known as yet). For this purpose, we restore
a cross-section along the trace of the Brenner Base Tunnel to the point in time before indentation began. We
choose the cross-section along the Brenner Base Tunnel, because it runs approximately parallel to the tectonic
transport direction (e.g., Eizenhofer et al., 2023; Favaro et al., 2017; Fiigenschuh et al., 1997; Laubscher, 1971;
Linzer et al., 2002; Mancktelow et al., 2001; McPhee & Handy, 2024; Pennacchioni & Mancktelow, 2013; Scharf
etal., 2013; Schmid & Kissling, 2000; Schmid et al., 1996, 2013; Verwater et al., 2021; Villani et al., 2024) and a
huge amount of geological and structural data were gained in the course of the tunnel construction (Brandner
et al., 2008b; Tochterle et al., 2007). However, penetrative deformation arising from contemporaneous N-S-
shortening and orogen-parallel extension, coupled with the limited data regarding the extent of lateral move-
ment and the lack of stratigraphic markers within the core of the western TW, renders conventional cross-section
balancing impossible. We therefore constrain our model with fission-track data (compilation of Bertrand
et al., 2017; Most, 2003) and with information from temperature-time- and temperature-depth paths (Fiigenschuh
etal., 1997; von Blanckenburg et al., 1989). To restore the nappes of the western TW to the pre-indenter stage, we
use unfolding and movement along the Sub-Tauern ramp (Ortner et al., 2006; Reiter et al., 2018; TRANSALP
Working Group et al., 2002).

2. Tectonic Setting
2.1. Structural Overview
2.1.1. Subpenninic Nappe System

The core of the Subpenninic nappe system (and of the western TW) consists of the Venediger nappe system (e.g.,
Frisch, 1977; Lammerer & Weger, 1998; Lammerer et al., 2008; Schmid et al., 2013). The duplex structure of
which was first deciphered by Lammerer and Weger (1998). Three main gneiss cores can be distinguished in map
view (Figure 1b; Frisch, 1977): From north to south, the Ahorn gneiss core (AGC) is the structurally lowest
duplex horse, which is overthrusted by the Tuxer gneiss core (TGC). The upper- and southernmost horse of the
duplex is the Zillertaler gneiss core (ZGC). According to the TRANSALP seismic section interpretation of
Lammerer et al. (2008), a fourth horse is suspected below the AGC, which we term the Sub-Tauern gneiss core
(STGC) in this work (Figure 1c; see also Brandner, 2013; Eizenhofer et al., 2023; Ortner et al., 2006; Reiter

Figure 1. (a) Tectonic map of the Eastern Alps (modified after Rosenberg et al., 2015; Schmid et al., 2004). (b) Tectonic map of the western Tauern Window (for maps that
we used, see “Data Availability Statement” section). The transparent boxes show the range of apatite fission-track ages (AFT) and zircon fission-track ages (ZFT) of the
nappe on which they are plotted (compilation of Bertrand et al., 2017). For the spatial distribution of the aforementioned ages, we refer to Bertrand et al. (2017) as well.
Black dots are ZFT sample locations (estimated from the compiled map of Bertrand et al., 2017) labeled with rounded-off ages in Ma (Most, 2003; see also Supporting
Information S1 for further data information). (c) Cross-section along the Brenner Base Tunnel (modified after Brandner et al., 2008b; Reiter et al., 2018; Rosenberg &
Garcia, 2011; Schmid et al., 2013; Tochterle et al., 2007). Assumed thrust faults (dashed lines) were taken from Reiter et al. (2018). Nappe system and Alpine unit
abbreviations: PNS, Penninic nappe system; SA, Southalpine. Nappe abbreviations: AN, Antholtz nappe; AGC, Ahorn gneiss core; IQPN, Innbrucker Quartzphyllite
nappe; OSN, Otztal Stubai nappe; PN, Patscherkofel nappe; MMN, Meran Mauls nappe; SHWN, Subpenninic hanging-wall nappes; SN, Schneeberg nappe; StN,
Steinach nappe; STGC, Sub-Tauern gneiss core; TGC, Tuxer gneiss core; TaN, Taufer nappe; TeN, Texel nappe; ZGC, Zillertaler gneiss core. Fault and shear zone
abbreviations: AHSZ; Ahrntal shear zone; ASZ, Ahorn shear zone; BNF, Brenner normal fault; DAV, Defereggen Antholz Vals fault; GFS, Giudicarie fault system; GSZ,
Greiner shear zone; IF, Inntal fault; JF, Jaufen fault; KNF, Katschberg normal fault; MF, Molltal fault; MMF, Meran Mauls fault; PGF, Pustertal Gailtal fault; PF, Passeier
fault; SEMP, Salzach Ennstal Mariazell Puchberg fault; SMF, Sterzing Mauls fault; TSZ, Tuxer shear zones; ZSZ, Zillertaler shear zone; ZWD, Zwischenbergen

Wollatratten Drau fault.
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etal., 2018; TRANSALP Working Group et al., 2002). Each gneiss core of the Venediger duplex (VD) contains a
km-size upright fold and it is assumed that the whole nappe-stack is detached along the Sub-Tauern ramp
(Figure 1c; Eizenhofer et al., 2023; Lammerer et al., 2008; Ortner et al., 2006; Reiter et al., 2018). The gneiss
cores are mainly composed of meta-plutonites, yielding ages of 335-292 Ma, which intruded into Variscan-
deformed basement rocks (Vesel4 et al., 2011 and references therein), named “Altes Dach” (Frasl, 1958) and
Greiner schists (Lammerer, 1986) in the literature.

During the Carboniferous-Permian period, horst and graben structures developed in the Alpine area as a result of
Late to Post-Variscan extensional tectonics (e.g., von Raumer, 1998). According to Vesel4 et al. (2008), Vesela
and Lammerer (2008), and Vesela et al. (2022), the AGC, TGC, and ZGC represent former horst blocks, which
were separated once by the Riffler-Schonach basin (between AGC and TCG) and the Pfitsch-Morchner basin
(between TGC and ZGC). Sediments and some volcanites filled these basins, probably until the Mid-Mesozoic
(Vesela et al., 2008, 2011, 2022). Beginning in the Early Jurassic, the entire Tauern region became increasingly
marine, which led to sedimentary deposition directly on top of the horsts (“Hochstegenzone”; Frisch, 1974).

Today, these Jurassic units build, as an autochthonous nappe, the uppermost part of the VD and are internally in
part isoclinally folded (e.g., Frisch, 1974; Schmid et al., 2013), while the former basins are strongly deformed and
squeezed between the gneiss cores (e.g., Veseld & Lammerer, 2008; Vesel4 et al., 2008).

The VD was overthrusted by Subpenninic, Permo-Mesozoic nappes, which can partly be ascribed to the Upper
“Hochstegenzone” based on similarities, which is why their amount of displacement are suspected to be just a few
kilometres (e.g., Frisch, 1974). The separation and classification of these nappes, which mainly depends on the
age of the “Kaserer-Series”, have been a matter of debate since decades (Brandner et al., 2008a; Frisch, 1974,
1980; Lammerer, 1986; Lammerer et al., 2008; Rockenschaub et al., 2003; Thiele, 1980; Tochterle, 2011;
Tochterle et al., 2011; Veseld & Lammerer, 2008; Vesela et al., 2022). In this work, we name them “Subpenninic
hanging-wall nappes of the VD" and ascribe them to the VD s. lat. These nappes include the “Wolfendorn nappe”
(Frisch, 1974), “Kaserer nappe” (Vesela et al., 2022) and “Flatschspitz nappe” (Brandner et al., 2008a; Toch-
terle, 2011). In the last decades, the “Modereck nappe system” (Schmid et al., 2013) was ascribed to these
hanging-wall nappes as well, in particular in the central TW (Gro8 et al., 2020, 2021, 2022), as the structurally
uppermost nappe is mainly composed of (Permo-)Triassic units (e.g., Rockenschaub et al., 2003; Schmid
et al., 2013 and references therein). However, in the course of the Brenner Base Tunnel construction, no evidence
was found for a tectonic contact with the overlaying Glockner nappe system in the western TW (Brandner
et al., 2008a, 2008b; Tochterle, 2011; Tochterle et al., 2007, 2011). For this reason, we use the term “Triassic
succession at the base of the Glocker nappe system,” as already proposed by Frisch (1974).

2.1.2. Penninic Nappe System

The next higher structural layer above the Subpenninic nappe system is the Penninic nappe system (Figure 1),
which comprises deformed and metamorphosed oceanic sequences related to the Penninic Ocean. The base of the
Lower Penninic nappe system (Glockner nappe, after Staub, 1924) form (Permo-)Triassic units that were
deposited on the European shelf and are overlaid by alternating calcareous-rich, calcareous-poor and calcareous-
less schists (“Biindnerschiefer” in Glockner facies; Frasl & Frank, 1966) as well as ophiolites (e.g., Hock &
Koller, 1989; Koller & Prestal, 2003; Rockenschaub et al., 2003 and references therein; Schmid et al., 2013). The
Upper Penninic nappe system (“Matrei Nordrahmen zone”’; Rockenschaub et al., 2003 and references therein), in
addition, is characterized by the appearance of Lower Austroalpine lenses. This zone constitutes the tectonic
frame of the TW to the overlaying Austroalpine nappe system and is therefore regarded as a tectonic mélange
zone (e.g., Brandner et al., 2008b; Koller & Prestal, 2003; Rockenschaub et al., 2003 and references therein;
Tochterle et al., 2007).

In cross-section view, the Penninic nappe system traces the underlying antiform produced by the Subpenninic
nappe system (Figure 1c; see also Brandner, 2013; Brandner et al., 2008b; Tochterle et al., 2007). The northern
limb dips with ca. 20-30° toward the north. Its southern limb dips almost vertically and in the westernmost TW, it
is even overturned. Its thickness, however, strongly decreases from north to south. In the cross-section of Reiter
et al. (2018), the northern limb of the Penninic nappe system has a thickness of roughly 7 km, which completely
thins out at 12 km depth, south of the ZGC (Figures 1c and 2).
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Figure 2. (a) Simplified cross-section through the western Tauern Window along the trace of the Brenner Base Tunnel, based
on published cross-sections (see “Data Availability Statement” section). Black dots are projected sample locations of zircon
fission-track (ZFT) data (Figure 1b). Black numbers are ZFT ages (Most, 2003; see also Supporting Information S1 for
further data information). Present-day isotherms were taken from Eizenhofer et al. (2023). For further description, see text.
(b) Pre-indenter depth of the top of the Venediger duplex is indicated by the purple zone (derived from Fiigenschuh

et al., 1997; von Blanckenburg et al., 1989). 70 km shortening is derived by the offset of the Periadriatic fault system along
the Giudicarie fault system. The dashed line represents the position where the Pustertal Gailtal fault, the eastern segment of
the Periadriatic fault system, outcrops at the surface. Abbreviations: AGC, Ahorn gneiss core; FAP, Fold axial plane; IQPN,
Innsbrucker Quartzphyllite nappe; PGF, Pusteral Gailtal fault; PN, Patscherkofel nappe; PNS, Penninic nappe system; SA,
Southalpine; STGC, Subtauern gneiss core; TaN, Taufer nappe; TGC, Tuxer gneiss core; ZGC, Zillertaler gneiss core.

2.1.3. Austroalpine Nappe System

The Austroalpine nappe system overlays and thus, in map view, frames the TW as the structurally uppermost layer
(Figure 1). It is a complex nappe system that was assembled during the Cretaceous Eoalpine event (e.g., Foitzheim
etal., 1994). Following Schmid et al. (2004), the Austroalpine nappe system can be subdivided into the Lower and
Upper Austroalpine nappe system. Units of the Lower Austroalpine nappe system are derived from a highly distal
or external area of the former northern passive continental margin of the Adriatic plate, whereas the Upper
Austroalpine nappe system units have an intracontinental origin (Schmid et al., 2004 and references therein). In
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the following, we focus only on the Upper Austroalpine basement nappes, based on the definition of Schmid
et al. (2004, 2013) and references therein, as the Lower Austroalpine nappe system is present only as slivers.

Following the classification of Schmid et al. (2013), from structural lowest to highest, the basement nappes that
are attributed to the Austroalpine nappe systems are as follows (see also Figure 1b):

o Silvretta Seckau nappe system: Innsbrucker Quartzphyllite nappe.

¢ Koralpe Wolz nappe system: Schneeberg nappe, Taufers nappe, Texel nappe.

o Otztal Bundschuh nappe system: Otztal Stubai nappe, Patscherkofel nappe.

¢ Drauzug Gurktal nappe system: Antholtz nappe, Meran Mauls nappe, Steinach nappe.

2.1.4. Eastern Southern Alps (Dolomites Indenter)

To the south, the Austroalpine nappe system is juxtaposed against the Southalpine units along the Periadriatic
fault system, one of the major fault systems in the Alps. The Giudicarie fault system (the central NNE-SSW
striking part of the Periadriatic fault system) divides the Southalpine into eastern (Dolomites indenter; Rosen-
berg et al., 2007) and western (Insubric or western Alpine indenter; Rosenberg et al., 2007) parts from the Late
Oligocene on (Pomella et al., 2011, 2012; Verwater et al., 2021). The Dolomites indenter consists of Variscan
deformed and metamorphosed Neoproterozoic to Cambrian basement and its post-Variscan volcanic and sedi-
mentary cover. The basement was intruded by Permian granite and granodiorite, now exposed predominantly
along the western and northern boundary of the Dolomites indenter.

2.1.5. Relevant Faults and Shear-Zones

The western TW is traversed by several SW-NE-striking, steeply dipping, large-scale shear zones (Figures 1a and
1b), which were active between ca. 33—7 Ma (Schneider et al., 2013 and references therein). Based on Schneider
et al. (2013), the most important ones are, from north to south, the Ahorn shear zone, the Tuxer shear zones, the
Greiner shear zone and the Ahrntal shear zone (Figures 1a and 1b). All of them are mylonitic shear zones, partly
overprinted by brittle deformation (e.g., Behrmann & Frisch, 1990; Berryman et al., 2017; Pennacchioni &
Mancktelow, 2013) and show predominant sinistral-transpressive kinematics (e.g., Behrmann & Frisch, 1990;
Reicherter et al., 1993; Rosenberg & Schneider, 2008; Schneider et al., 2013). In addition, minor dextral kine-
matic indicators could be observed in the Greiner shear zone and the Ahrntal shear zone (e.g., Barnes et al., 2004;
Schneider, 2015). The Ahorn shear zone runs along the northern border of the AGC, the Tuxer shear zones
dissects the TGC and the Greiner shear zone runs through the Pfitsch-Morchner basin (Schneider et al., 2013;
Figure 1b). The ZGC is cross-cut by shear zones, too, as observed by Pennacchioni and Mancktelow (2007). We
summarize these as the Zillertaler shear zones (Figure 1b). The Ahrntal shear zone runs along the southern border
of the Penninic nappe system and Austroalpine nappe system, then passes the Penninic nappe system on its
eastern course until it finally turns into the boundary of the Subpenninic nappe system and Penninic nappe system
(Schneider et al., 2013; Figure 1b). It has been proposed that the continuations of these shear zones merge into the
sinistral-transpressive SEMP to the east (Figure 1a; e.g., Lammerer et al., 2008; Linzer et al., 2002; Rosenberg &
Schneider, 2008).

The BNF delimitates the western TW to the west (e.g., Axen et al., 1995; Behrmann, 1988; Fiigenschuh
etal., 1997, 2012; Rosenberg & Garcia, 2011, 2012; Selverstone, 1988). It is a large-scale, low-angle normal fault
that dips toward the west and has both viscous and brittle components. The viscous segment can be traced between
Steinach and Sterzing. This mylonitic shear zone is several km thick and is overprinted by brittle normal faults,
which dip steeper to the west than the mylonitic shear zone. In the segment between Steinach and Innsbruck
(Silltal fault after Schmidegg, 1954, or Wipptal fault after Reiter et al., 2003), only brittle deformation has been
observed.

The Defereggen Antholz Vals fault separates nappes of the Koralpe W61z nappe system and Drauzug Gurktal nappe
system (Figures 1a and 1b; Schmid et al., 2013). It is a Cretaceous, mylonitic, former top-to-SE, down-faulting
shear zone, which has been steepened, in the research area even overturned, and reactivated as a sinistral strike-
slip fault during indentation of the eastern Southern Alps (Borsi et al., 1973; Mancktelow et al., 2001). In the
southwestern corner of the TW, the Defereggen Antholz Vals fault comes very close to the tip of the Dolomites
indenter (Figures 1a and 1b) creating a tectonically very complex area (Bistacchi et al., 2010; Klotz et al., 2019;
Massironi et al., 2011).
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The Periadriatic fault system is defined as the northern boundary of the Southalpine (e.g., Schmid et al., 1989).
Specifically, the Dolomites indenter is bounded to the west and northwest by the sinistral Giudicarie fault system
(including the NNE-SSW-striking southern and northern Giudicarie fault and the SW-NE-striking, top-to-SE-
thrusting Meran Mauls fault) and to the north by the dextral, WNW-ESE-striking Pustertal Gailtal fault
(Figure 1b; e.g., Pomella et al., 2011, 2012; Schmid et al., 2004). A detailed description of the evolution of the
Periadriatic fault system is given in the second paragraph of the following section “Tectonic history.”

2.2. Tectonic History

The TW has been the focus of research over the last decades (see Rosenberg et al., 2018; Schmid et al., 2013 for
reviews), whereby different theories about its formation, including various deformation phases were postulated.
We follow the division of the deformation phases of Schmid et al. (2013; D1-D5), being fully aware that
alternatively-inferred deformation phases exist (see compilation in Rosenberg & Schneider, 2008). We distin-
guish between pre-indenter (D1-D4; subduction and closure of the Penninic Ocean, nappe-stacking and VD
formation) and indenter phase (D5; upright folding of the western TW, W-E extension, which includes orogen-
perpendicular normal faults and lateral extrusion toward the east). In the following, we concentrate on the latter
deformation phase.

In our tectonic model, we assume an originally straight Periadriatic fault system, based on the works of for
example, Laubscher (1971), Pomella et al. (2012), Ratschbacher, Merle, et al. (1991), Ratschbacher, Frisch,
et al. (1991), Schmid and Kissling (2000), Schonborn (1992), and Stipp et al. (2004). The synkinematically
intruded plutonites (Periadriatic intrusions; e.g., Pomella et al., 2011; Rosenberg, 2004; Stipp et al., 2004) date
this phase to at least the Middle Oligocene. According to the three-phase deformation model of Pomella
et al. (2012), the onset of indentation likely occurred during the Late Oligocene or Earliest Miocene, resulting in
the bending of the formerly straight, E-W-striking Periadriatic fault system. As a consequence, the northeastern
part of the Adamello pluton (Periadriatic intrusion) was dragged in a northeastern direction. Today, this phase is
manifested by the viscous part of the Meran Mauls fault and the occurrence of a thin but continuous tonalitic
lamella (Periadriatic intrusion) along this fault (Pomella et al., 2011). In Late Oligocene/Early Miocene (Pomella
et al., 2011, 2012), no later than 21 Ma (e.g., Scharf et al., 2013; Schmid et al., 2013, and references therein), a
progressive northward push of the Dolomites indenter caused the Giudicarie fault system to cross-cut the
previously-bent Periadriatic fault system (i.e., the Meran Mauls fault). The offset reached 75 km until present-day
(Favaro et al., 2017 and references therein; Verwater et al., 2021), which corresponds to ca. 70 km northward
displacement (Figure 1a).

The strong N-S-shortening of ca. 70 km, resolved north of the tip of the Dolomites indenter (corresponding to the
offset of the Periadriatic fault system along the Giudicarie fault system; Figure la), caused coeval doming,
formation of orogen-perpendicular normal faults and lateral extrusion toward the east (e.g., Favaro et al., 2017;
Ratschbacher, Frisch, et al., 1991; Ratschbacher, Merle, et al., 1991; Ricchi et al., 2020; Scharf et al., 2013,
Schmid et al., 2013 and references therein), whereby the western TW was vertically exhumed by 23-25 km (von
Blanckenburg et al., 1989; Fiigenschuh et al., 1997, respectively). According to the retro-deformation of the
TRANSALP cross-section by Lammerer et al. (2008), exhumation of the AGC, TGC, and ZGC together was
caused by viscous folding and displacement along a blind thrust at the base of the AGC between 30 and 20 Ma,
which caused a 13 km-high duplex structure. When folding locked, displacement was localized along the Sub-
Tauern ramp, which generated the STGC by up-ramping. After Lammerer et al. (2008), the latter phase took
place between 20 and 10 Ma and resulted in 17 km northward slip along the Sub-Tauern ramp and 8 km vertical
exhumation. Thermochronological data of Fiigenschuh et al. (1997) reveal that exhumation was fastest between
ca. 20 and 18 Ma (4 mm/a), it decreased to 2.6 mm/a until ca. 15 Ma, slowed down to 1 mm/a until 10 Ma, and
then it reduced to <0.2 mm/a until present-day. Bertrand et al. (2017) calculated exhumation rates of >5 mm/a
between ca. 20-10 Ma and <5 mm/a from 8 Ma onwards.

Wolff et al. (2020) used low-temperature thermochronology to model the onset of deformation (19 £+ 2 Ma) on the
BNF in the Brenner Pass area. According to their model, the activity of the BNF terminated at ca. 9 Ma and
erosion dominated. This is in line with Fiigenschuh et al. (1997), who postulate the onset of the BNF at ca. 20 Ma
and the decrease of the exhumation rate to 0.2 mm/a between 10 Ma and present-day, as mentioned above.
However, Fiigenschuh et al. (1997, 2012) assume that the viscous part of the BNF acted together with the northern
and southern margin of the TW (Tauern northern boundary and Sterzing Mauls fault, respectively) as a down-
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faulting envelope during the early phase of indentation (see also Tochterle et al., 2011). Thus, the Silltal fault, the
northern brittle segment of the BNF, developed in a later stage, as VD, Penninic nappe system and Innsbrucker
Quartzphyllite nappe exhumed together along this fault (from ca. 13 Ma on). In contrast, Rosenberg et al. (2018)
and references therein propose that the transition from the viscous BNF to the brittle Silltal fault could represent
the Miocene brittle-ductile transition of the BNF, which was exhumed and tilted northwards along strike during
updoming of the TW. In addition to the discussion about the trend of the fault, the amount of horizontal extension
on the BNF is a matter of debate. The published values range from 50 to >70 km (Fiigenschuh et al., 1997), 33—
63 km (Axen et al., 1995), 44 km (Fiigenschuh et al., 2012) and 35 £ 10 km (Wolff et al., 2020) to 2-14 km
(Rosenberg & Garcia, 2011, 2012).

Lateral extrusion toward the east occurred along major strike-slip faults such as the Inntal fault, the SEMP, the
Molltal fault and the Pustertal Gailtal fault (peak of activity between 19 and 10 Ma; e.g., Ricchi et al., 2020),
whereby the amount of displacement increases in an eastern direction (e.g., Linzer et al., 2002; Ratschbacher,
Frisch, et al., 1991; Ratschbacher, Merle, et al., 1991; Rosenberg et al., 2007; Scharf et al., 2013). The total
amount of lateral escape ranges between ca. 170 km (Frisch et al., 1998) or 120 km (Linzer et al., 2002) to around
75 km (Favaro et al., 2017; Rosenberg et al., 2007; see also discussion in Rosenberg et al., 2018). However, in the
western TW, it is assumed that the amount of lateral displacement approaches zero, and lateral motion was
accommodated by folding (e.g., Rosenberg & Schneider, 2008; Tochterle et al., 2011).

3. Database and Methods

For our kinematic restoration, we compiled and simplified a geological cross-section of the western TW along the
trace of the Brenner Base Tunnel (based on several cross-sections through the western TW, see “Data Availability
Statement” section). We used the cross-section along this trace for two reasons: (a) It is oriented approximately
perpendicular to the fold axes of the upright folds of the TW and therefore parallel to the tectonic transport di-
rection during the Miocene (e.g., Eizenhofer et al., 2023; Favaro et al., 2017; Fiigenschuh et al., 1997;
Laubscher, 1971; Linzer et al., 2002; Mancktelow et al., 2001; McPhee & Handy, 2024; Pennacchioni &
Mancktelow, 2013; Scharf et al., 2013; Schmid & Kissling, 2000; Schmid et al., 1996, 2013; Verwater
et al., 2021; Villani et al., 2024). (b) A huge amount of geological and structural data was gained in the course of
the construction of the Brenner Base Tunnel (Brandner et al., 2008b; Tochterle et al., 2007). Tochterle
et al. (2007) present a cross-section in which the aforementioned data are included, which is therefore well-
constrained, at least for the upper ca. 2 km. The cross-section of Reiter et al. (2018) covers the deep structure
as well (up to 35 km depth; Figure 1c), although not as well-constrained as the upper ca. 2 km and therefore in
parts speculative. Their cross-section is based on Brandner et al. (2008b), Brandner (2013), and Ortner
et al. (2006), and on reflectors visible in the TRANSALP seismic section (TRANSALP Working Group
et al., 2002; Figures la and 1b), in particular for information about the Sub-Tauern ramp (we refer to their
publication for more details). For our retrodeformation, we simplified the cross-section of Tochterle et al. (2007)
and Reiter et al. (2018) (Figure 2a). It comprises the VD, including its Subpenninic hanging-wall nappes (green
units), the Penninic nappe system (blue unit), the Innsbrucker Quartzphyllite nappe (yellow unit), the Koralpe
Wolz nappe system (light brown unit), and the Southalpine (red-brown unit) (Figure 2). Structural analysis of the
VD reveals surface areas of the gneiss cores of ca. 135 km? (STGC), 105 km? (AGC), 115 km? (TGC) and 90 km?
(ZGC), respectively (Figure 2a). The interlimb angles of the gneiss cores decrease in southern direction (STGC:
105°, AGC: 85°, TGC: 65°, ZGC: 30°; Figure 2a). Fold axial planes of the AGC, the TGC and the ZGC are
slightly south-vergent (ca. 10-15°), with respect to the Sub-Tauern ramp (Figure 2a). In the model, we consider
fold axial planes to be geometrical constructs (pins) and not mechanical boundaries.

The Sub-Tauern ramp dips ca. 20° to the south, and steepens toward and emerges in the Inn Valley. Further
descriptive values (e.g., thicknesses of the hanging-wall nappes and inclinations of fold limbs) are given in
Section 2.1.2.

2-D kinematic restoration of the VD was carried out with the software MOVE™ version 2019.1 (petroleum
experts).

Over the last decades, retro-deformation techniques have been used to quantify the amount of horizontal
shortening of fold-and-thrust belts (e.g., Dahlstrom, 1969; De Paor, 1988; Jourdon et al., 2014; McPhee
et al., 2018; Schonborn, 1999) and sedimentary basins (e.g., Brandes et al., 2013; Coward, 1996). These tech-
niques require that all rigid-body deformation and strain that evolve in a rock volume are controlled by geometric
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Figure 3. (a) Temperature-time path of Fiigenschuh et al. (1997). The purple arrows show the temperature conditions (550°C)
of the top of the Venediger duplex (VD) at 21 Ma (latest onset of the activity of the Giudicarie fault system; Schmid

et al., 2013 and references therein). Changing cooling rates during exhumation are indicated along the curve. Temperature-
depth path of (b) von Blanckenburg et al. (1989), and (c) Fiigenschuh et al. (1997). Purple arrows point to the pre-indenter
depth at which the top of the VD was located at temperature conditions of 550°C, which is (b) 23 km, and (c) 25 km b.s.1.
Orange arrows point to the depth in which 300°C prevailed, which is 3 km (a) and 6 km (c).

laws. Valid restorations require that (a) the analyzed structures display reasonable natural geometries, (b) the
geometry after retro-deformation must be reasonable, (c) mass must be conserved and (d) the kinematic devel-
opment from the undeformed to the deformed state must be physically possible (Marshak & Wilkerson, 2004;
Wilkerson & Dicken, 2001). However, standard cross-section balancing of a cross-section through the western
TW is not possible, because (a) standard assumptions, such as plane-strain conditions (Woodward et al., 1989)
cannot be made and, (b) in contrast to structural restoration of deformed sedimentary basin-fills or thin-skinned
foreland fold-and-thrust belts (e.g., Balling et al., 2021; Brandes et al., 2016; Tanner et al., 2003), no stratigraphic
markers exist for the VD, and the Subpenninic hanging-wall nappes were already displaced at pre-indenter stage.
We therefore used other constraints:

Zircon fission-track (ZFT) ages (11 = 1.4-17 + 0.6 Ma; Most, 2003) were used as an approximation of a con-
servative time constraint for the termination of viscous folding of the VD, that is at the point of time of the ZFT
ages folding is definitely inactive. The VD has a felsic composition with a high quartz content, which means that
viscous folding must have taken place at temperatures above ca. 270-310°C (brittle to viscous transition of quartz,
assuming a slow natural strain rate; cf. van Daalen et al., 1999; Stockhert et al., 1999; Stipp et al., 2002b); we take
300°C as a mean value. After Brandon et al. (1998) and Reiners and Brandon (2006), the partial annealing zone of
ZFT strongly depends on the cooling rate, whereby higher cooling rates shift the zone to higher temperatures. The
temperature-time path of Fiigenschuh et al. (1997) shows a cooling rate of ca. 10°C/Ma between the latest onset of
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indentation (21 Ma) and the oldest ZFT cooling age in our model (17 & 0.6 Ma) (Figure 3a). This is equivalent to a
partial annealing zone of 205-265°C (with a mean closure temperature of 235°C; Brandon et al., 1998; Reiners &
Brandon, 2006). Between 17 and 9 Ma, the cooling rate increased to 50°C/Ma (Fiigenschuh et al., 1997;
Figure 3a), which corresponds to a ZFT partial annealing zone of 220-280°C (mean closure temperature of
250°C; Brandon et al., 1998; Reiners & Brandon, 2006), and is thus closer to the brittle-viscous transition.

ZFT data of the VD are sparse in the direct vicinity of our cross-section and those that do exist are most likely
geothermally affected by the BNF (Wolff et al., 2020). In addition, former sampling campaigns focused on the
TRANSALP transect, where geophysical data are available, and the orthogneisses are also exposed over a larger
area than in the Brenner area (e.g., Eizenhofer et al., 2021, 2023). For our kinematic restoration, we therefore
projected ZFT data from ca. 25 km further east (Figure 1b) horizontally with 248°N azimuth (mean strike of the
fold axes of the VD) onto our cross-section plane (Figure 2). ZFT ages range between 11 £+ 1.4 Ma in the north
(AGC) to 17 £ 0.6 Ma in the south (ZGC) (all ages given with 1c errors; Most, 2003; Figures 1b and 2; see also
Table S1 in Supporting Information S1).

In the first part of our restoration, we displaced the entire VD down along the Sub-Tauern ramp, until the oldest ZFT
cooling age (17 + 0.6 Ma) was placed below (a) the ZFT annealing zone and (b) the 300°C isotherm. These depths
strongly depend on the geothermal gradient and the starting elevation a.s.l. We assume a constant topographic
elevation of 2 km a.s.l. during the Miocene, because new findings suggest that the topographic elevation of the
Eastern Alps during that time span did not change significantly (Ballian et al., 2024). In addition, we tested different
geothermal gradients (30°C/km (present-day), 50 and 70°C/km) and compared our models with previous studies
(Eizenhofer et al., 2023; Fiigenschuh et al., 1997; von Blanckenburg et al., 1989; Wolff et al., 2020). In the
following, we present the most realistic models (30 and 50°C/km; see also Figure S1 in Supporting Information S1
for an unrealistic model of 70°C/km). The present-day isotherms were taken from Eizenhofer et al. (2023;
Figure 2).

To define the maximum depth (pre-indenter depth) at which the top of the VD was located at 21 Ma (at the latest
onset of activity of the Giudicarie fault system; Schmid et al., 2013 and references therein), we used temperature-
time- and temperature-depth paths of Fiigenschuh et al. (1997) and von Blanckenburg et al. (1989). According to
these studies, the top of the VD reached temperature conditions of 550°C at 21 Ma (Figure 3a). This temperature
corresponds to 23 km depth (von Blanckenburg et al., 1989; Figure 3b), and 25 km depth (Fiigenschuh
et al., 1997; Figure 3c), respectively, starting at sea level. Assuming a constant elevation of 2 km a.s.l during the
Miocene, this maximum depth shifts 2 km upwards, resulting in ca. 21-23 km b.s.1.

For the retro-deformation in the viscous regime, we use unfolding algorithms. We choose to preserve the surface
area, because we do not know how much material was transported out of the cross-section plane by orogen-
parallel normal faulting and lateral extrusion toward the east, or whether material left the cross-section plane
at all. Area balancing is therefore the minimum criteria for our restoration, because any material that was
transported out of the cross-section plane would increase the cross-sectional area backwards in time. We unfolded
each gneiss core individually, because we assume that they were originally (pre-indenter) symmetrical duplex
horses, each having the same interlimb angle, and that their fold axial planes were oriented perpendicular to the
Sub-Tauern ramp (based on Boyer & Elliott, 1982). We tested two scenarios: (a) Only unfolding and (b) unfolding
during continuous slip along the Sub-Tauern ramp.

Finally, we reconstructed the northern limbs of the hanging-wall nappes (Penninic nappe system and Innsbrucker
Quartzphyllite nappe; Figure 2) on top of the finished restoration of the VD. We can precisely constrain the position
of the present-day outcrop surface of the Innsbrucker Quartzphyllite nappe. This probably approximates the top of
this unit, because remnants of the overlaying Otztal Bundschuh nappe system (Patscherkofel nappe, Figure 1b) can
be found at some peaks (e.g., Patscherkofel). This surface must have reached thermal conditions between the lower
limit of the partial annealing zone of apatite fission-tracks (AFT), and the upper limit of the partial annealing zone of
ZFT, as only the first system was reset in the Miocene (see compilation in Bertrand et al., 2017 and Figure 1b). The
temperatures reached during the Neoalpine orogenesis were not high enough to reset ZFT of the Innsbrucker
Quartzphyllite (ZFT ages of 70 to 41 Ma in our map section, Figure 1). In contrast, ZFT data of the Austroalpine
nappes south of the VD were reset (e.g., Klotz et al., 2019; Luth & Willingshofer, 2008), meaning that they must
have been positioned below the partial annealing zone of ZFT before the onset of indentation.
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Figure 4. Displacements of the Venediger duplex (VD) along the Sub-Tauern ramp, so that zircon fission-track (ZFT) ages
are below the depth of the partial annealing zone (oldest ZFT cooling age: 17 + 0.6 Ma), using a geothermal gradient of
(a) 30°C/km and (b) 50°C/km. In each sub-figure, the position of the 300°C isotherm is the marker for the brittle to viscous
transition for felsic rock. Pre-indenter depth of the top of the VD is indicated by the purple zone (derived from Fiigenschuh
et al., 1997; von Blanckenburg et al., 1989). Abbreviations: AGC, Ahorn gneiss core; PGF, Pusteral Gailtal fault; STGC,
Subtauern gneiss core; TGC, Tuxer gneiss core; ZGC, Zillertaler gneiss core.

At pre-indenter stage, the cooling rate was ca. 1°C/Ma (Fiigenschuh et al., 1997; Figure 3a), which means that the
partial annealing zone of AFT ranges approximately between 70-130°C, with a mean closure temperature of
100°C, and of ZFT between 180-240°C with a mean closure temperature of 210°C (Brandon et al., 1998; Reiners
& Brandon, 2006). The position of the partial annealing zones at depth depends on the geothermal gradient that
prevailed at that time. We follow the graphs of Fiigenschuh et al. (1997) (22°C/km; Figure 3c) and von
Blanckenburg et al. (1989) (24°C/km; Figure 3b), and used a mean value of 23°C/km as pre-indenter geothermal
gradient for our model.

We chose the boundary between the Innsbrucker Quartzphyllite nappe and the Penninic nappe system by
conserving the present-day nappe thickness ratio, because we have no information on how the thicknesses of the
two nappes might have changed individually. Therefore, we analyzed the total thickness of the Innsbrucker
Quartzphyllite nappe and the Penninic nappe system together. The reconstruction of the remaining nappes of the
Upper Austroalpine nappe system, located to the south of the western TW, is based on the tectonic model of
Pomella et al. (2016), which is west and southwest of the BNF.

4. Results

We carried out the structural restoration of the VD in two steps: (a) down-dip transport of the VD along the Sub-
Tauern ramp and (b) unfolding of the individual horses of the VD. Key temporal and spatial constraints for the
restoration process are ZFT data and tectonometamorphic data sets, thus different geothermal gradients had to be
tested in order to derive a most realistic deformation history from the latest onset of indentation (21 Ma) to the
present-day.
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Figure 5. Displacement of the Venediger duplex (VD) below the 300°C isotherm of Fiigenschuh et al. (1997), the depth of
which corresponds to a geothermal gradient of 50°C/km. The position of the upper dashed orange 300°C isotherm is derived
from the model of von Blanckenburg et al. (1989). Abbreviations: AGC, Ahorn gneiss core; PGF, Pusteral Gailtal fault;
STGC, Subtauern gneiss core; TGC, Tuxer gneiss core; ZGC, Zillertaler gneiss core.

Assuming a topography with an average elevation of 2 km a.s.1., the depth at which the partial annealing zone of
ZFT occurs, ranges from 4.8 to 6.8 km b.s.l. with a geothermal gradient of 30°C/km (Figure 4a), or from 2.1 to
3.3 km b.s.l. with a geothermal gradient of 50°C/km (Figure 4b). In the first case, we displace the VD by 30.5 km
down along the Sub-Tauern ramp, so that the oldest ZFT cooling age that we use for our modeling (17 £ 0.6 Ma)
is positioned below the partial annealing zone (Figure 4a). This corresponds to a horizontal displacement of 29 km
and a vertical displacement of 10.3 km. In the case of the 50°C/km geothermal gradient, we need to displace the
VD by only 20 km slip along the Sub-Tauern ramp, which corresponds to 19 km horizontal and 7 km vertical
displacement (Figure 4b).

The modeled depth of the 300°C isotherm is at ca. 8 km b.s.1. (30°C/km) and ca. 4 km b.s.1. (50°C/km) including
2 km of topographic elevation (Figure 4). Comparing these depths with the temperature-depth paths of von
Blanckenburg et al. (1989) and Fiigenschuh et al. (1997), we find that our 50°C/km geothermal gradient model fits
well with the data of Fiigenschuh et al. (1997), whose model reveal 300°C in 6 km depth (Figure 3c), which
corresponds to 4 km depth including 2 km topographic elevation. In contrast, the depth in which 300°C was
present, derived from the model of von Blanckenburg et al. (1989), suggests 1 km b.s.1., which would correspond
to a geothermal gradient of 100°C/km, which is unrealistic high (see also Figure S1 in Supporting Informa-
tion S1). We therefore continue our retro-deformation process with the 50°C/km geothermal gradient model and
displace the VD by another 1 km slip (equal to a further 0.95 km horizontal and 0.3 km vertical displacement) so
that the entire duplex is situated below the deepest 300°C isotherm (Fiigenschuh et al., 1997; Figure 5).

From this position, we then begin to unfold the felsic VD, because the environment was warm enough for viscous
deformation. We unfold each gneiss core separately, so that each horse finishes with the same interlimb angle,
forming a symmetrical duplex system. We consider two scenarios of how to unfold the duplex, the top of which
come to rest at 21-23 km depth b.s.1., corresponding to 17 km of vertical extension:

Only unfolding (scenario 1): This scenario is based on the assumption that no displacement occurs along the Sub-
Tauern ramp during upright folding (Figure 6a). Here, we had to unfold the gneiss cores by 70% (STGC), 75%
(AGC), 80% (TGC), and 85% (ZGC), ending up with an initial interlimb angle of 160° for each gneiss core.

Unfolding with coeval slip along the Sub-Tauern ramp (scenario 2): The VD is further displaced by maximum
16 km slip with coeval unfolding of 60% (STGC), 65% (AGC), 70% (TGC) and 75% (ZGC). Each gneiss core
ends up with an initial interlimb angle of ca. 150° (Figure 6b).

When preserving the surface area of the VD by unfolding (STGC: 135 km?, AGC: 105 km?, TGC: 115 km?, and
ZGC: 90 km?), both models extend southwards by roughly 70 km.

At the time of pre-indentation, the isotherms must have been horizontal (Eizenhofer et al., 2023). AFT and ZFT
data (Figure 1b) indicate that the present day's outcropping surface of the Innsbrucker Quartzphyllite nappe must
have been positioned between the partial annealing zones of AFT and ZFT at that time. This surface could also not
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Figure 6. Restoration of the top Venediger duplex (VD) to 21-23 km depth (purple zone, derived from Fiigenschuh

et al., 1997; von Blanckenburg et al., 1989). (a) Scenario 1, only unfolding and (b) Scenario 2, unfolding during coeval slip.
In both models, the trailing edge of the VD extends approximately 70 km to the south, while conserving the surface area. For
further description, see text. Abbreviations: AGC, Ahorn gneiss core; PGF, Pusteral Gailtal fault; STGC, Subtauern gneiss
core; TGC, Tuxer gneiss core; ZGC, Zillertaler gneiss core.

have been in a south-dipping ramp position but in an approximate horizontal position as well; otherwise, there
would be Miocene ZFT ages to the south. Therefore, the present day's outcropping surface of the Innsbrucker
Quartzphyllite must have been situated approximately horizontally between the partial annealing zones of AFT
and ZFT (130-180°C), which is at ca. 4.75 km b.s.1., if a geothermal gradient of 23°C/km prevailed, assuming a
constant elevation of 2 km a.s.l. and a cooling rate of 1°C/Ma (Brandon et al., 1998; Reiners & Brandon, 2006).
We assume that the aforementioned surface represents the top of the Innsburcker Quartzphyllite, because rem-
nants of the overlaying Otztal Bundschuh nappe system (Patscherkofel nappe, Figure 1b) can be found at some
peaks (e.g., Patscherkofel). To reach constant thicknesses of the Penninic nappe system and Upper Austroalpine
nappe system in the north after restoration, the more likely scenario is scenario 2, because in our model the
northern forward limb of the entire VD lies approximately horizontally as well (Figures 6b and 7). However, we
cannot rule out a scenario of increasing thicknesses of the hanging-wall nappes in southern direction, because they
represent the continental margin, yet we have no information about that.

If we place the top of the Innsbrucker Quartzphyllite nappe halfway between the deepest limit of the AFT partial
annealing zone and the upper limit of the ZFT partial annealing zone, we find that the total thickness of the
northern hanging-wall limbs together is 38% more after restoration (ca. 16.25 km) compared to the total present-
day thickness of both nappes (ca. 10 km; Figures 2 and 7), using a geothermal gradient of maximum 23°C/km. If
we position the top of the Innsbrucker Quartzphyllite nappe at the deepest limit of AFT partial annealing zone
(3.7 km b.s.1.), the pre-indenter thickness would have even been 17.3 km. Even taking the deepest limit of the
partial annealing zone of ZFT for the thickness calculation (which theoretically could also be possible), this
isotherm would lie at a depth of 8.4 km. This would be in total 13.4 km pre-indenter thickness of the IQP and the
PNS together, which is still 3.4 km more than today. These calculations are based on the pre-indenter depth of von

RUDMANN ET AL.

13 of 22

95UBD17 SUOWILLIOD SA eSO 8(ed!dde ay) Ag pousenof ae sailie YO ‘8sn JO 3N 0 ARlIqITaUIIUO AS]IA UO (SUONIPUOY-PUE-SWSIALI0D' A8 |1 AReIq 1 BUI|UO//SANL) SUORIPUOD PUe Swid 1 341 88S *[6Z02/0T/9T] Uo Areiqiaunuo A8|im ‘Biequenim-a1eH AsBAIN JeyinT une N Ag T.E8000 17202/620T 0T/I0p/wod" &) Afeiq1jpuljuo'sandnfe//sdny woJj papeojumod ‘. ‘SZ02 ‘YeT6VY6T



A7 |
MI Tectonics 10.1029/2024TC008371
ADVANCING EARTH
AND SPACE SCIENCES
NNW SSE
— p— — — — — — — —_— —_— —_— —_— —_— —_— —_— —_— — 2kmas.l.
0 OBNS N
Tc =100°C
-
Tc=210°C &
10 SSNS (IQPN) ; PEmS 4
N
Ub‘rau a
'€
§ n Ra/hp PNS 5
£ 201
5
Q
3
304
404
0 10 20 30 40 50 60 70 80 9 100 110

length in km

Figure 7. Reconstructed Penninic nappe system and Upper Austroalpine nappe system above the restored Venediger duplex
of scenario 2 (Figure 6b). The northern limb of the Penninic nappe system and the Innsbrucker Quartzphyllite nappe could be
quantitatively constrained by apatite fission-track (AFT) and zircon fission-track (ZFT) data sets (compilation of Bertrand
et al., 2017), as only the former system was reset in the Miocene; partial annealing zone of AFT drawn in green and partial
annealing zone of ZFT drawn in blue. The boundary between the Innsbrucker Quartzphyllite nappe and the Penninic nappe
system was chosen by conserving the present-day nappe thickness ratio. The remaining nappes (light colors) were
reconstructed qualitativley based on the situation to the west and southwest of the Brenner normal fault (Pomella et al., 2016).
Abbreviations: AGC, Ahorn gneiss core; DGNS, Drauzug Gurktal nappe system; IQPN, Innsbrucker Quartzphyllite nappe;
KWNS, Koralpe Wolz nappe system; OBNS, Otztal Bundschuh nappe system; PGF, Pusteral Gailtal fault; SSNS, Silvretta
Seckau nappe system; STGC, Subtauern gneiss core; TGC, Tuxer gneiss core; ZGC, Zillertaler gneiss core. Note: We have
named only the Austroalpine nappe systems in this figure, not the nappes that belong to these systems. For nappe
differentiation, we refer to Section 2.1.3 and Figures 1b and lc.

Blanckenburg et al. (1989) (21 km). If we also take Fiigenschuh et al. (1997) into account (23 km pre-indenter
depth), the thicknesses stated above are increased by another 2 km, which would mean 19.3 km (deepest limit of
AFT partial annealing zone) and 15.4 km (deepest limit of ZFT annealing zone) pre-indenter thickness,
respectively. Hence, our modeling suggest the total pre-indenter thickness of the northern hanging-wall limbs
(Innsbrucker Quartzphyllite and Penninic nappe system) was between 13.4 and 19.3 km, which is between ca.
25% and 48% more than today.

5. Discussion
5.1. Uncertainties of the Model

The accuracy of our restoration process depends on the constraints that we chose beforehand. Each constraint
introduces a certain error into the model, which propagates throughout each step of the restoration. The un-
certainties associated with the chosen constraints can be categorized as follows: (a) Errors from input data, (b)
Errors related to keeping parameters constant over time, and (c) Errors arising from fundamental assumptions. We
outline these errors in the following before discussing our results:

e Errors from input data:

We used FT data of Most (2003) and from the compilation of Bertrand et al. (2017). Each cooling age has a
certain error, which is on average £0.71 Ma o1 for the samples taken for the restoration of the VD (Most, 2003;
Supporting Information S1). The ZFT samples used for the modeling are located some 25 km east of the profile
(see Figure 1b) and are projected onto the cross-section plane along the strike of the fold axes of the gneiss cores.
In contrast to the samples used by Fiigenschuh et al. (1997) and Wolff et al. (2020), they are therefore not located
in the immediate area that is influenced by the BNF. Our thermal model is thus more orientated toward the work
of Eizenhofer et al. (2023), focusing on the TRANSALP corridor. An additional cooling effect of the BNF was
therefore not taken into account. Fast tectonic unroofing by the BNF would shift the position of the ZFT
annealing zone and the brittle to viscous transition upwards. In addition, the western TW plunges in a westerly
direction due to the dragging along the BNF. We projected the ZFT data horizontally into the cross-section plane
in order to keep their relative position to the surface unchanged, resulting in a position slightly above the VD
(max. 3 km above the AGC). This generates an estimated temporal shift of ca. 1-2 Ma.

The temperature-time- and temperature-depth paths of von Blanckenburg et al. (1989) and Fiigenschuh
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et al. (1997) are based on data that contain errors (Figure 3). The error of each data point is indicated by a
parallelogram (von Blanckenburg et al., 1989) or error bars (Fligenschuh et al., 1997). To get more information
about their error calculation and the data on which their models are based, we refer to their publications.
The deep structure of the cross-section (Reiter et al., 2018) is not well constraint and in part speculative.

o Errors related to keeping parameters constant over time:
We kept the shape of the present-day isotherms, the dip of the Sub-Tauern ramp, and the elevation constant.
Varying shapes of the isotherms would change the amount of displacement required along the Sup-Tauern
ramp, because these are dependent on the location in depth of the ZFT annealing zone.
A variation of the inclination of the Sub-Tauern ramp would influence the depth and horizontal shortening
values during the restoration significantly.
Increasing the elevation (e.g., by erosion) would shift the partial annealing zones of ZFT and AFT, the brittle
to viscous transition and the pre-indenter depth upwards, going backwards in time.

¢ Errors arising from fundamental assumptions:
We assume the brittle-viscous transition at ca. 270-310°C, which is true for quartz using a characteristic
natural strain rate and stress state (cf., Speckbacher et al., 2011; Stipp et al., 2002a). 10%-20% of a weak
mineral phase, e.g., quartz and mica, is sufficient to weaken the rock rheologically by forming an inter-
connected weak layering (e.g., Handy, 1994). If not only dislocation creep but also other deformation
mechanisms of polymineralic rock flow are active (e.g., Evans, 1988; Kilian et al., 2011; Mitra, 1984;
O'Hara, 2007, Stiinitz and Gerald, 1993; White, 2001; Wintsch et al., 1995), the brittle-viscous transition tend
to shift to a lower temperature. However, more precise estimates on that condition cannot be made as the
transition temperature depends on a number of further parameters (e.g., mineral content and proportion, grain
size, grain distribution, fluid content). Therefore, the displacement of the entire VD below the 300° isotherm
(Fiigenschuh et al., 1997) represents a conservative estimate for the viscous to brittle transition, but the actual
temperature is presumably lower and hence closer to the partial annealing zone of ZFT.
The closure temperature of fission-tracks depends on the cooling rate (Bernet & Garver, 2005). The brittle to
viscous transition temperature depends on the strain rate (e.g., Stipp et al., 2002a). Both can change over time,
which can increase or decrease the temperature difference between the two limits. This in turn affects (a) the
temporal shift between the end of viscous folding and ZFT ages and (b) the offset of the VD below these
boundaries.
Analogue models of Rosenberg et al. (2004, 2007) show that the indenter could also have been transported to
the northeast, or at least a clockwise rotation could have occurred during indentation (Bertrand et al., 2017).
This would reduce the north-directed transport to 60 km (see discussion by Rosenberg et al., 2018). Our model
would then end beyond the loose pin. This could mean that (a) the deep structure of our cross-section is not
correct, that (b) the 60 km is not correct, or that (c) reality lies somewhere in between.
We assume a symmetrical duplex as pre-indenter structure. A symmetrical duplex results from up-ramping of
the “even” footwall (e.g., Boyer & Elliott, 1982). However, initial structures, such as a horst-graben system
and maybe other tectonic features, may have been present prior to duplex formation in the orogenic wedge,
which is why the pre-indenter duplex might not have been perfectly symmetrical.

We are aware that the input data brings errors into the model, that the most parameters were most likely not
constant over time and that also some basic assumptions contain errors. However, the more constraints placed on a
model, the more precise it becomes, despite the errors of the individual constraints. Our model gives minimum
and maximum values, rather than exact values, but it provides a well-constrained approximation of the realistic
deformation history of the western TW during the indenter stage. Nevertheless, we would like to clearly note that
our model represents one possible Miocene deformation history and pre-indenter structure.

5.2. Miocene Deformation of the Western TW

At the beginning of indentation in the Early Miocene (e.g., Pomella et al., 2012; Schmid et al., 2013 and references
therein; Verwater et al., 2021 and references therein), the top of the VD was situated at a depth of 21-23 km. These
values result from the calculated temperature-time- and temperature-depth-paths of von Blanckenburg et al. (1989)
and Fiigenschuh et al. (1997), respectively, and an assumed topographic elevation of 2 km a.s.1. Our model suggests
that the VD might have been a flat-lying, symmetrical duplex structure at that time (Figures 6 and 7). Subsequently,
the first phase of incremental crustal shortening that occurred north of the approaching Dolomites indenter was
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accommodated by upright folding of the VD. Our restoration yields two scenarios: in scenario 1 (Figure 6a), a
duplex with an initial interlimb angle of ca. 160° of each horse, or gneiss core, respectively, became upright folded.
Thereby, each gneiss core was folded by a different percentage, which increases from structural lowest to highest
(STGC: 70%, AGC: 75%, TGC: 80%, ZGC: 85%). In contrast, in scenario 2 (Figure 6b), the VD compensated the
crustal shortening by upright folding and coeval slip along the Sub-Tauern ramp. Here, the horses of the initial
duplex structure had interlimb angles of 150°. Therefore, the amount of upright folding of the individual gneiss
cores was less than in scenario 1 (STGC: 60%, AGC: 65%, TGC: 70%, TGC: 75%) to obtain the present-day
structure of the VD. In this case, the synchronous offset along the Sub-Tauern ramp must have been minimum
of 16 km until the crest of the TGC (highest-protruding gneiss core) reached the pre-indenter depth (Fiigenschuh
et al., 1997; von Blanckenburg et al., 1989). In both scenarios, the amount of folding of the gneiss cores increases
toward the south, most likely because this was the site of the gneiss cores being in direct contact with the indenter.

Folding lasted as long as the felsic rocks of the VD were located in the viscous regime, that is above approxi-
mately 300°C. We modeled vertical extension of ca. 17 km in both scenarios, which is the distance between the
upper limit of the pre-indenter depth in which the top of the VD was located (21 km b.s.l.; von Blanckenburg
et al., 1989; Figure 6) and the position of the 300°C isotherm (ca. 4 km b.s.l. with a geothermal gradient of
50°C/km; Fiigenschuh et al., 1997), assuming a constant elevation of 2 km a.s.l. This is quite similar to results of
Fiigenschuh et al. (1997) and Lammerer et al. (2008). However, they differ in timing. While Fiigenschuh
et al. (1997) calculated 15 km of exhumation until ca. 13 Ma and thermal conditions of the brittle to viscous
transition at ca. 14 Ma (Figures 3a), Lammerer et al. (2008) postulate 13 km of increasing duplex height between
30 and 20 Ma. To approximate the time of the end of viscous folding, we use ZFT data. A cooling rate of 10°C/Ma
prevailed between the latest onset of indentation (21 Ma) and the oldest ZFT cooling age (17 £ 0.6 Ma;
Fiigenschuh et al., 1997; Figure 3a), this means cooling below 235°C + 30°C (Brandon et al., 1998; Reiners &
Brandon, 2006). The timing of the brittle-viscous transition at approximately 300°C for each gneiss core thus
shifts to a slightly earlier age than that of the respective ZFT data. This timeshift is at least 0.5-3.5 Ma, which
results from the difference between the lower limit of the partial annealing zone of ZFT (265°C; Brandon
et al., 1998; Reiners & Brandon, 2006) and the brittle-viscous transition range (270-310°C; cf. van Daalen
et al., 1999; Stockhert et al., 1999; Stipp et al., 2002b). Between 17 and 9 Ma, the cooling rate increased to
50°C/Ma (Fiigenschuh et al., 1997; Figure 3a), which shifted the partial annealing zone of ZFT to 250 £+ 30°C
(Brandon et al., 1998; Reiners & Brandon, 2006) and thus overlapped with the brittle-viscous transition range.
The aforementioned timeshift is negligible in this case.

In any case, we think that upright folding did not stop abruptly, but might have carried on during the Early and
Middle Miocene. During this time span, the folds became more and more locked at the top of the VD, as they
entered the brittle regime, while viscous deformation continued at the root of the duplex by the progressive
wedging of the Dolomites indenter. This probably caused the south-vergence of the entire western TW and e.g.,
the verticalization and locally even overturning of the westernmost Pustertal Gailtal fault segment of the Peri-
adriatic fault system. In general, the south-vergence and the upright folding is strongest in the westernmost TW,
where the Dolomites indenter indents the most northwards (e.g., Klotz et al., 2019; Rosenberg et al., 2015;
Schmid et al., 2004, 2013). This implies that the Alpine viscous deformation, which created the individual
structures of the Subpenninic domes across the TW, is directly linked to the amount of indentation of the eastern
Southern Alps, and is therefore of Late Oligocene to Miocene age.

If we had used line-length balancing, as done by Schmid et al. (2013) and Rosenberg and Berger (2009), the surface
area would have decreased during restoration, which would mean that material left the plane of cross-section back
in time. This was presumably not the case in the western TW, but the opposite. W-E extension would have to
transport material back into the plane backwards in time, which would mean that the area would have to increase.
However, with our restoration of the VD, we extended the model ca. 70 km to the south by conserving the surface
area as a minimum criterion, thus equaling shortening in front of the indenter (Figures 2, 6 and 7). We therefore
conclude that no important amounts of material left the plane of cross-section by orogen-parallel extension in the
westernmost TW. However, the situation for the northern limbs of the hanging-wall nappes (i.e., the Innsbrucker
Quartzphyllite nappe and the northern part of the Penninic nappe system) is different. Surface samples from the
Innsbrucker Quartzphyllite nappe reveal that they must have reached thermal conditions between the partial
annealing zones of AFT and ZFT (Figure 1b; which is between 130 and 180°C, respectively, assuming a cooling
rate of 1°C/Ma; Brandon et al., 1998; Reiners & Brandon, 2006; see also Figure 3) as only the former system was
reset in the Mid-Miocene (Figure 1b). Assuming a pre-indenter geothermal gradient of 23°C/km (mean value of

RUDMANN ET AL.

16 of 22

85UBD|7 SUOWIWIOD dAIEa.D a|qealdde au3 Aq pausenoh aie sapife YO ‘SN JO S3INJ 104 A%iq1T8UIjUO AB|IAN UO (SUORIPUOD-PUR-SLUIBIALID A3 1M AR1q 1 BU U0/ SdNY) SUORIPUOD PUe SWB | 8L} 835 *[5202/0T/9T] uo ArigiTauliuo A8|IM ‘Biequenim-|eH AISRAIUN BUINT uneN AQ TLEB0001¥202/620T 0T/I0P/L00 A 1M Aseiq pul|uo'sandnBe;/sdny wo.y papeojumoq *. ‘G202 ‘veT6Y6T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Tectonics 10.1029/2024TC008371

von Blanckenburg et al. (1989) and Fiigenschuh et al. (1997); Figures 3a and 3b), we found that the total thickness
of the Innsbrucker Quartzphyllite nappe and the Penninic nappe system together is ca. 38% more after restoration
(ca. 16.25 km; Figure 7) compared to the present-day total thickness of ca. 10 km (Figure 2a). This is, when the top
of the Innsbrucker Quatzphyllite is placed half-way between the deepest limit of the partial annealing zone of
AFT (130°C and 3.7 km b.s.1., respectively) and the upper limit of the partial annealing zone of ZFT (180°C and
5.8 kmb.s.1., respectively), i.e. at 4.75 km. However, it could also have been possible that the top of the Innsbrucker
Quartzphyllite was directly located at the deepest limit of the partial annealing zone of AFT, or directly at the
deepest limit of the partial annealing zone of ZFT. Taking into account the pre-indenter depths of von Blanckenburg
etal. (1989) and Fiigenschuh et al. (1997), this result in a total pre-indenter thickness range of 13.4—19.3 km, which
means a thickness reduction of ca. 25%-48%, with respect to the present-day. We postulate that the extension on the
BNF was most likely responsible for this tectonic thinning. Lateral extrusion played most probably only a minor
role in the westernmost TW, because the offsets of the strike-slip faults and shear zones that were involved in the
lateral extrusion process are assumed to decay to zero displacement in the western TW—at least the shear zones
within the VD (e.g., Rosenberg & Schneider, 2008; Scharf et al., 2013; Tochterle et al., 2011).

According to Schneider et al. (2013), the activity of the steep sinistral shear zones that dissect the western TW
ranges from 33.8 + 1 to 15.77 £ 5.8 Ma (Ahorn shear zone), over 24.27 + 1.8 Ma to 12.47 £ 1.0 Ma (Tuxer shear
zones) to 20.37 £ 2.0 Ma to 7.37 £ 2.7 Ma (Greiner shear zone). The latter's activity was dated by Pollington and
Baxter (2010, 2011) to 28-20 Ma. This implies that they were already active before the Miocene indentation (e.g.,
Favaro et al., 2017; Pomella et al., 2011, 2012; Scharf et al., 2013; Schmid et al., 2013). We therefore assume that
these shear zones did not originate during the Miocene indentation process, but might have been older, steep
structures that had already traversed the flat VD beforehand and were reactivated during Miocene indentation.

When folding of the top of the VD finally terminated, ongoing crustal shortening north of the Dolomites indenter
resulted in ca. 21 km offset of the entire VD along the Sub-Tauern ramp to its present-day position (Figure 5). This
correlates with 20 km horizontal shortening and 7.3 km vertical uplift. This is similar to results of the kinematic
model of Lammerer et al. (2008). They reconstructed 17 km of displacement along the Sub-Tauern ramp and 8 km
uplift, starting after upright folding ca. 20 Ma ago. However, Lammerer et al. (2008) modeled a scenario, in which
the deepest gneiss core (STGC) was formed after upright folding by progressive ramp propagation toward the
north. In our restoration, we did not restore the STGC by down-ramping before unfolding, as not enough in-
formation about the deep structure of our model exists. We kept it as simple as possible (i.e., following Occam's
Razor), but cannot rule out the more complex ramp model of Lammerer et al. (2008). Nevertheless, our results
appear to be quite consistent with those of Lammerer et al. (2008).

Between 15 and 12 Ma, the main phase of back-thrusting along WSW-ENE-striking faults in the Dolomites
indenter began (e.g., Valsugana fault system; see e.g., compilation in Eizenhofer et al., 2023; Sieberer et al., 2023;
Verwater et al., 2021). We hypothesize that there might be a causal relationship, whereby crustal shortening
initially manifested through upright folding subsequently transitioned into both northward displacement of the VD
along the Sub-Tauern ramp and back-thrusting in the eastern Southern Alps (see also McPhee & Handy, 2024).

In summary, our model evinces that the crustal shortening north of the indenter front was compensated by the VD
in two different ways: in the first phase, by upright folding and, in the second phase, by northward displacement of
the entire duplex along the Sub-Tauern ramp. In scenario 1, horizontal shortening amounts to ca. 50 km by upright
folding and ca. 20 km by displacement along the Sub-Tauern ramp. Scenario 2 provides ca. 35 km of horizontal
shortening by upright folding and ca. 35 km by displacement. Both scenarios reveal 17 km of vertical extension
and 7.3 km (scenario 1) or 9.3 km (scenario 2) of vertical uplift by displacement along the Sub-Tauern ramp. The
latter values correlate with the model of Eizenhofer et al. (2023), who postulate ca. 10 km of exhumation of the
western TW, as the result of displacement along the Sub-Tauern ramp.

6. Summary and Conclusions

Based on our kinematic restoration, the deformation history of the western TW during indentation can be
summarized as follows:

¢ Crustal shortening north of the Dolomites indenter front was accommodated in the first phase by upright
folding of the VD and in the second phase by northward displacement of the entire VD along the Sub-Tauern
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ramp. Two scenarios could be realistic during the folding phase: Only upright folding (scenario 1) or upright
folding with coeval displacement along the Sub-Tauern ramp (scenario 2).

¢ In the first phase, folding leads to ca. 50 km (scenario 1) or ca. 35 km (scenario 2) of horizontal shortening.
Displacement of the entire VD along the Sub-Tauern ramp resulted in ca. 20 km (scenario 1) or ca. 35 km
(scenario 2) horizontal transport. In both scenarios, the VD was extended vertically by 17 km, while
displacement along the Sub-Tauern ramp produced 7.3 km (scenario 1) or 9.3 km (scenario 2) vertical uplift.

» Folding started to cease slightly earlier than 17 £ 0.6 Ma at the top of the ZGC. At that time, a geothermal
gradient of 50°C/km prevailed. Folding locked at the top of the gneiss cores of the VD as they entered further
into the brittle regime. Viscous deformation continued at the root of the VD through progressive wedging of
the Dolomites indenter. This leads to a slightly south-vergence of the entire western TW.

o During upright folding, no significant amount of material of the VD was transported laterally out of the cross-
section plane. In contrast, the Innsbrucker Quartzphyllite nappe and the northern part of the Penninic nappe
system on top of the VD experienced significant tectonic thinning, which corresponds to a 25%—48% reduction
of the total nappe-stack thickness. We think that the BNF most likely caused this tectonic thinning and lateral
extrusion was barely involved.

o The southward extension of our model after retro-deformation, that is, the entire horizontal transport of the
VD, amounts to ca. 70 km, which fits well to the amount of sinistral strike-slip movement along the Giudicarie
fault system (ca. 75 km), indicating N to NNW-directed indentation.

Data Availability Statement

The simplified tectonic map of the research area is based on AA.VV. (1930a, 1930b, 1960a, 1960b), Amt fiir
Geologie und Baustoffpriifung (2007), Autonome Provinz Bozen-Siidtirol (2014), Geosphere Austria (2017),
Kreuss (2013, 2018), Moser (2011, 2012), Moser and Pavlik (2014), Rockenschaub and Nowotny (2009),
Rockenschaub et al. (2011), Schmid et al. (2013), and Tochterle et al. (2007). For the cross-section, we used
information of Brandner et al. (2008b), Reiter et al. (2018), Rosenberg & Garcia (2011), Schmid et al. (2013), and
Tochterle et al. (2007). Thermochronological data were taken from Most (2003) and the compilation of Bertrand
et al. (2017). The present-day isotherms were taken from Eizenhofer et al. (2023). We used temperature-time and
temperature-depth paths of Fiigenschuh et al. (1997) and von Blanckenburg et al. (1989). Digital elevation models
(25 m resolution) used for the topographic profile are available through European Environmental European
Environment Agency (2016).
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