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Abstract The changing shape of indenting crustal blocks during northward motion of the Adriatic
microplate induced migration of Miocene doming and orogen-parallel extension of orogenic crust in the
Tauern Window. New structural and kinematic data indicate that initial shortening of the Penninic nappe pile
in the Tauern Window by upright folding and strike-slip faulting was transitional to coeval north-south
shortening and east-west extension; the latter was accommodated by normal faulting at the eastern and
western margins of the window. Retrodeforming these post-nappe structures in map view yields a map-view
reconstruction of the orogenic crust back to 30Ma, including the onset of pronounced indentation at ~21Ma.
This model supports the notion that indentation involved approximately equal amounts of north-south
shortening and orogen-parallel stretching and extrusion toward the Pannonian Basin, as measured from the
indenter tip to the European foreland in the north and Austroalpine units in the east. Comparison of areal
denudation of the orogenic crust before and after indentation indicates that erosion associated with upright
folding was the primary agent of denudation, whereas extensional unroofing and limited erosion along
normal faults at the eastern and western ends of the Tauern Window accounted for only about a third of the
total denudation.

1. Introduction

Indentation of orogenic lithosphere by an impinging tectonic plate changes the dynamic and kinematic
boundary conditions of the orogenic wedge, triggering rapid exhumation by doming, normal faulting,
and erosion [Johnson, 2002], and in some cases inducing orogen-parallel escape [e.g., Tapponnier et al.,
1986]. In the Alpine chain, the leading edge of the Adriatic Microplate (Southern Alpine crust) is divided
into western and eastern blocks by the Giudicarie Belt. Thus, the response of the thickened European
lithosphere to indentation varies along strike of the Alpine orogen: in the central Alps, i.e., west of the
Giudicarie Belt and the Brenner Normal Fault (Figure 1), indentation triggered backfolding and thrusting
of the European crust [e.g., Argand, 1924; Dal Piaz, 1999] above a wedge of Adriatic lower crust [e.g.,
Schmid et al., 2004; Rosenberg and Kissling, 2013], whereas in the Eastern Alps, it involved doming, exten-
sional exhumation, and eastward lateral escape of Austroalpine units and orogenic crust exposed in the
Tauern Window (Figure 1) [e.g., Ratschbacher et al., 1991b; Selverstone, 2004; Horváth et al., 2006; Scharf
et al., 2013a].

The Tauern Window in the Eastern Alps (Figure 1) is well suited to study patterns of exhumation and denuda-
tion during indentation due to the three-dimensional exposure of deeply subducted and exhumed European
crust in front of the Adriatic indenter. Denudation, i.e., the removal of rock from above exhuming crust
[England and Molnar, 1990], can be broken down into contributions from erosion and tectonic unroofing;
the latter involves normal faults which displace crust laterally in their hanging walls while exhuming orogenic
crust in their footwalls (e.g., the Brenner and Katschberg normal faults in Figure 1 [Behrmann, 1988;
Selverstone, 1988; Genser and Neubauer, 1989; Fügenschuh et al., 1997; Scharf et al., 2013a]). The mechanisms
of exhumation vary along strike of the Tauern Window: the central part shows little or no orogen-parallel
extension and preserves subduction-related fabrics, whereas the eastern and western ends of the window
display kilometer-scale upright folds and extensional shear zones that deform all accretionary structures
and overprint Oligocene Barrovian-type amphibolite-facies metamorphism [Kurz et al., 1998; Scharf et al.,
2013a] of the so-called “Tauernkristallisation” [Sander, 1911]. Interestingly, the distribution of cooling ages
in the Tauern Window indicates that rapid exhumation and subsequent cooling in Miocene time may have
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begun earlier in the eastern than the western part [Luth and Willingshofer, 2008; Scharf et al., 2013a]. If so,
rapid exhumation varied in time as well as in space in front of the Adriatic indenter. The pattern of
exhumation and cooling through time is crucial in the light of an ongoing controversy in the Eastern Alps
of whether denudation involved primarily upright folding and erosion [Rosenberg et al., 2007] or whether
tectonic unroofing in the footwalls of the normal faults [Frisch et al., 1998, 2000; Linzer et al., 2002] were
responsible for the exposure of subducted European crust.

This paper presents new structural and kinematic data from the southeastern part of the Tauern Window,
documenting for the first time that the kinematics of faulting along the leading edge of the indenting blocks
are opposite to that of mylonitic shearing in the adjacent exhuming orogenic crust. This striking difference in
kinematics reflects the contrasting geometries and rheologies of indenting (brittle) and indented (mylonitic)
crust during coeval north-south shortening and east-west orogen-parallel escape. Using structural and ther-
mochronological data for the entire Tauern Window, we provide a map-view reconstruction of post-Eocene
crustal motion in the Eastern Alps indicating that denudation of the TauernWindow during indentation is not
due primarily to extensional unroofing but to upright folding and erosion.

Figure 1. Tectonic map of the Eastern Alps showing units of indenting Adriatic and European plates with intervening oceanic units of Alpine Tethys as modified from
Scharf et al. [2013a]. The box indicates area in Figure 2. Faults and shear zones: BNF, Brenner Normal Fault; DAV, Defereggen Anterselva Valles Fault; GB, Giudicarie Belt
(includesGiudicarie Fault, GF); HF, Hochstuhl Fault; IF, Inntal Fault; JF, Jaufen Fault; KNF, KatschbergNormal Fault; MF, Mölltal Fault; MM,MeranMauls Fault; NF, Niedere
Tauern Southern Fault; PF, Periadriatic Fault; RT, Ragga-Teuchel Fault; SEMP, Salzach-Ennstal-Mariazell-Puchberg Fault; ZWD, Zwischenbergen-Wöllatratten-Drau
Fault. Domes and thrust-belt: A, Ahorn; G, Granatspitz; HA, Hochalm; RO, Romate; SB, Sonnblick; T, Tux; Z, Zillertal. Neogene basins: FO, Fohnsdorf; KL, Klagenfurt; LA,
Lavanttal; ETD, Eastern Tauern Subdome;WTD,Western Tauern Subdome. Periadriatic plutons: Ad, Adamello; Ri, Rieserferner. Insetmap showsmajor units of Alps and
Carpathians, and the major continents and oceans involved in collision (Europe, Adria). The white line delimits the Plio-Pleistocene fill in the Pannonian Basin.
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2. Geological Setting

The Tauern Window exposes accreted basement and cover of the originally downgoing European crust,
including remnants of Alpine Tethys. These accreted and exhumed units are exposed beneath remains
of the upper Adriatic plate which frame the Tauern Window (Austroalpine units in Figure 1). The
Austroalpine units exposed just south of the Tauern Window formed indenting blocks or wedges
(Rieserferner and Drau-Möll blocks or wedges [Scharf et al., 2013a; Favaro et al., 2015]) and are separated
from the Southern Alps by the Periadriatic Fault (Figure 1). The Southern Alps form the leading edge of
the Adriatic Indenter, i.e., that part of the Adriatic Microplate which indented the orogenic crust [Handy
et al., 2010].

During Adria-Europe convergence, the lower plate units in the Tauern Window experienced deformation
and metamorphism associated with accretion and subduction (D1), exhumation (D2 and D3), collision (D4),
and indentation (D5). The use of D followed by a number merely indicates the relative age of structures
(1 oldest to 5 youngest) as constrained by overprinting relations and does not mean that these structures
formed during distinct events at the scale of the orogen; in fact, they probably developed more or less
continuously from Late Cretaceous to Miocene time [Schmid et al., 2013]. The age of D5 structures related
to exhumation varies across and along the Tauern Window, creating a pattern which can be related to
the progressive changes in the shape and kinematics of the indenting blocks.

The ends of the Tauern Window comprise two thermal and structural domes (D5), the Eastern and Western
Tauern domes (ETD and WTD), which expose the deepest structural units. These domes are doubly plunging,
upright antiforms that overprint duplex structures formed during north-directed collisional nappe stacking
(D4). In the ETD, a roof thrust separates kilometer-thick basement slices below (D4, Venediger Nappe System)
from an isoclinally D3-folded thrust (D2) above. This folded thrust is the oldest structure in the area and
emplaced Alpine Tethyan ophiolites (Glockner Nappe System [e.g., Pestal et al., 2009]) onto a distal unit of
the European margin (Modereck Nappe System [Schmid et al., 2013]). The units above the roof thrust have
a composite S2-3 foliation that is locally overprinted by upright folds and shear zones related to indenta-
tion (D5). All pre-indentational structures (pre-D5) are overprinted by the Tauernkristallisation thermal
event [Sander, 1911; Hoinkes et al., 1999] that is marked by concentric isograds [Oberhänsli et al., 2004]
and isotemperature lines [Scharf et al., 2013b] outlining amphibolite-facies conditions in the cores of
the ETD and WTD. When combined with thermochronology discussed below, these overprinting relation-
ships place important constraints on the pattern of exhumation of accreted units during indentation.

3. Structures and Kinematics Related to Indentation in the Eastern Tauern Dome

A NW-SE striking synform (the Mallnitz Synform) divides the ETD into two subdomes, the Sonnblick and
Hochalm subdomes (Figure 2). This synform contains the infolded remains of the D4 roof thrust mentioned
above. The Sonnblick Subdome (Figure 2) (“Sonnblick Walze” of Exner [1948]) thins drastically at its southeast-
ern end, forming an elongate gneiss lamella only 50–70 m thick in map view (Figure 2) (“Sonnblick Lamella”
of Exner [1964]). The Hochalm Subdome is also thinned and truncated along its eastern margin by a top-SE,
crustal-scale normal fault (the Katschberg Normal Fault (KNF) [Genser and Neubauer, 1989]) which, together
with its steep northern and southernmylonitic branches [Scharf et al., 2013a], accommodated E to SE directed
orogen-parallel extension (Figure 1).

Figure 2 shows that structures related to nappe stacking and isoclinal folding (D2–D4 in black) are modified
by postnappe folding and shearing (D5 structures in red). The intensity of D5 overprinting increases from
NW to SE, parallel to the trace of the Mallnitz Synform as marked by its progressive tightening, from tight
(Figure 3, section d) with a subvertical axial plane (Figure 3, sections e–f) to isoclinal with a moderately
SW-dipping axial plane (Figure 3, sections a–c). This tightening is accompanied by the development of
an axial plane schistosity (Figure 2, domain A) that varies from a spaced schistosity (Figure 2, domain A, and
Figure 3, cross sections a–c) to a penetrative mylonitic foliation (Figure 2, domains B and C, and Figure 3,
sections d–f) with a subhorizontal to gently SE-plunging stretching lineation (Figure 2, domains A–C) and
moderately dipping sinistral shear bands (Figure 2, domain C). The counterclockwise curvature of older
D4 foliations and stretching lineations [Exner, 1964, his Plate 3] (Figure 2, domains D and E) into concor-
dance with the D5 shearing plane, as well as small-scale kinematic indicators (Figure 4c), are consistent
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with transpressive sinistral shearing in map view combined with NE-side up exhumation of the Hochalm
Subdome. This mylonite belt bends around the southeastern end of the D5 Hochalm Subdome to
become the ductile part of the Katschberg Normal Fault (KNF; Figure 1) or the Katschberg Shear Zone
System of Scharf et al. [2013a]. The coincidence of tectonic omission of footwall units along the KNF
(26 km) with the axial culmination of the Hochalm Subdome indicates that D5 folding and top-E to -SE
extensional shearing along the KNF were coeval [Scharf et al., 2013a] as observed in the footwall of the
Brenner Normal Fault at the western end of the Tauern Window [e.g., Behrmann, 1988; Selverstone, 1988;
Fügenschuh et al., 1997].

The Sonnblick Subdome folds a composite S4–5 foliation with a pronounced stretching lineation trending
parallel to the antiformal axis. Within the subdome, some moderately inclined shear bands with both NW
and SE-plunging stretching lineations indicate subvertical flattening beneath the Austroalpine units (domain
F in Figure 2). The southern end of the Sonnblick Subdome shows S to SE dipping shear bands indicating
extensional exhumation of all Penninic units both above and below the D4 roof thrust (Figure 2, domain
F, and Figure 4a). The Penninic and Subpenninic units in the footwall of this extensional shear zone are
severely thinned, such that the previously thrusted and folded Matrei Zone, Glockner, and Modereck
Nappe Systems are reduced to only about 500 m of their original ~4 km thickness. A second, later set of
shear bands along the south margin of the Sonnblick Subdome near the Sonnblick Lamella accommodated
sinistral shearing in map view [Kurz et al., 1996] (Figure 4c). Although the shearing directions of these two
sets of shear bands differ (see equal-area plot for domain F in Figure 2), we interpret them to represent a

Figure 2. Map of the southeastern TauernWindow showing indenting units of the upper plate (brown) and indented and exhumed units of the lower plate (all other
colors). Structural domains A-F with equal-area plots showing orientations of the pre-indentational (black) and indentational structures (red). Brittle faults delimiting
the Drau-Möll Block: MF, Mölltal Fault; ZWF, Zwischenberg-Wöllatratten Fault. See legend and text for explanation. The stars are locations of outcrops of brittle
fault surfaces at Obervellach and Kolbnitz (section 4 and Figures 5f and 6).
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progressive evolution from top-S to -SE extensional shearing to tightening of the Sonnblick Subdome
during continuous northward motion of the indenting Drau-Möll Block (see section 5).

Locally, especially in fabric domain A (Figure 2), relics of pre-indentational structures are still preserved,
despite the strong D5 overprint. D4 fold axes and stretching lineations are preserved only in the late
Paleozoic-Mesozoic cover of the Venediger Nappe System and usually plunge to the S and SW. D4 folds
are clearly recognizable because their axial planes strike perpendicular to the D5 structures and because they
face to the NNW, i.e., in the direction of thrusting and nappe stacking (Figure 5a). The main foliation is mylo-
nitic and contains shear bands indicating top-N nappe stacking direction (Figure 5b).

Figure 3. Cross sections of the Mallnitz Synform and adjacent Sonnblick and Hochalm subdomes: (a and b) “Rauris Valley” sections, (c) “Hagener” section,
(d) “Mallnitz” section, (e) “Kaponig” section, and (f) “Kolbnitz” section. The red dashed lines represent traces of the F5 axial planes; the black dashed lines indicatemain
S5 foliation. Older foliations indicated with thin grey lines. Inset shows map of area as in Figure 2. Note in Figure 3f the opposite shear senses of indenting
Austroalpine crust along the Mölltal Fault (dextral) and of indented orogenic crust along the steep southern branch of the Katchberg Normal Fault (sinistral)
described in the text.
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4. Kinematics and Paleostrain Analysis of the Mölltal Fault

TheMölltal Fault bounds the NE side of the Drau-Möll Block (Figure 2, inset). Detailedmapping shows that the
best outcrops of cataclasite along the new Tauern railway line occur within Austroalpine units and not
directly at the contact between Austroalpine and Penninic units, which anyway is mostly buried beneath
Plio-Pleistocene colluvium of the Möll Valley. The lack of coincidence of the Austroalpine-Penninic contact
with the best exposed cataclasite suggests that brittle deformation postdated the juxtaposition of
Austroalpine and Penninic units, which must have occurred already during Late Cretaceous to Paleogene
nappe stacking [e.g., Kurz et al., 2008; Schmid et al., 2013].

Investigation of several fresh exposures along the new Tauern railroad line in the Möll Valley between
Obervellach and Spittal a.d. Drau reveals two generations of fault surfaces (Figure 4f): Surfaces aligned

Figure 4. Key structures related to indentation as depicted in domains A–F in Figure 2: (a) top-down-to-SE ductile-brittle
shear bands near Außerfragant at the southeastern end of Sonnblick Subdome, domain F; (b) isoclinal D5 folds deform
S2–3 in domain A (between Kolm Saigurn and Schareck); (c) augengneiss of the Sonnblick Lamella in map view showing
sinistral shear bands offsetting feldspar clasts in domain C (near Kolbnitz); (d) sinistral shear band offsetting quartz vein in
map view near Obervellach, domain B; (e) sinistral and dextral shear bands in map view at SE end of Sonnblick Subdome
near Obervellach, domain F, indicating flattening; (f) Mölltal Fault with older fault system (indicated in pink) in Lower
Austroalpine gneiss oriented parallel to the outcrop surface and offset by top-SSE faults marked in red. These younger
faults show top-down-SE drag (Mühldorf, location in Figure 1, first author for scale).
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subparallel to the valley that carry subhorizontal striations (type 1) are cut by moderately SE dipping surfaces
(type 2) that rarely have striations.

The sense of motion on type 1 surfaces is usually sinistral as indicated by tension gashes and more rarely,
hematite-bearing slickenfibers exposed along the railway line (criteria of Petit [1987]). However, some dextral
motion indicators are also present. Type 1 surfaces in the Penninic units along the northeastern side of the
Möll Valley, e.g., within the Sonnblick Lamella, display calcite-bearing slickenfibres consistent with dextral
strike-slip motion. Thus, there is no clear picture of the sense of shear on the type 1 surfaces; both sinistral
and dextral motions are recorded in map view. Unfortunately, there are no overprinting relationships to indi-
cate the relative age of these opposite motion senses. However, dextral motion is consistent with the map-
view displacement of Austroalpine nappe contacts by some 26 km [Linzer et al., 2002]. Due to the shallow dip
of these contacts, the actual displacement is much less, as discussed in section 5.3. The sense of motion along
the moderately dipping type 2, only exposed along the railway line, is more consistent; in both measured
outcrops (stars E and F in Figure 6), Riedel shears and dragged schistosity planes indicate that the southeast-
ern block was downthrown with respect to the northwestern block. This is consistent with the sense of
motion on the Katchberg Normal Fault.

Four outcrops with a total of 128 measurements were chosen for a paleostrain analysis with the so-called P-T-
B method (P, pressure; T, tension; and B, intermediate axes): two in Austroalpine units exposed along the
railway line (stars C, E, and G and D, F and H in Figure 6), one in the Sonnblick Lamella along the road
connecting Obervellach and Mallnitz (star A in Figure 6), and one in the Glockner Nappe System in a creek
north of Kolbnitz (star B in Figure 6). In order to perform such an analysis on these fault surfaces, the quality
of slip-sense indicators was classified to weight the data (see Table S2 in the supporting information for
classification of the data).

The P-T-Bmethod is based on the premise that the slip vector and the normal to the fault plane define a plane
that contains the maximum and minimum stress axes, σ1 and σ3. The P, T, and B axes are defined for each
measured plane [Marrett and Allmendinger, 1990] then calculated for all planes and plotted in an equal-area
net, where the average directions of these axes are considered to correspond to the directions of the
principal stress axes, σ1, σ2, and σ3. For small increments of strain (i.e., minor slip motions on the fault planes),
the P-T-B axes coincide exactly with the principal stresses axes. However, measurable displacements are not
strictly incremental, so that the P-T-B axes often reflect the principal finite strain axes (e1, e2, and e3) rather
than the principal axes of the paleostress tensor. For this reason, Table 1 lists the results in terms of the
principle finite strain axes. Only fault surfaces with clearly defined dips and dip azimuths and with striations
with unequivocal shear sense indicators were used for P-T-B analysis with the software WinTensor 3.0.0
[Delvaux and Sperner, 2003]. Type 2 fault surfaces were analyzed separately from type 1 surfaces in accor-
dance with the overprinting relationship between these types in all outcrops. In addition, type 1 surfaces that
indicate dextral motion were analyzed separately from those with sinistral motion in order to obtain a
meaningful result.

Figure 5. Pictures and sketches of collisional structures beneath the roof thrust in the ETD: (a) F5 folds (red axial plane)
deform main foliation (presumably S4) and previously folded quartz veins (yellow F4 axial planes) in late Paleozoic cover
of the Sonnblick thrust sheet in fabric domain A; (b) top-N D4 shear bands in late Paleozoic granitoid at the base of the
Romate thrust sheet.in fabric domain D.
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The P-T-B analysis reveals that type 1 surfaces with dextral motion in the Penninic units accommodated N-S
shortening and E-W extension (Figures 6a–6d), which is consistent with dextral shear parallel to the trace of
the Mölltal Fault as already proposed by several authors [Kurz et al., 1994; Kurz and Neubauer, 1996, and
references therein; Linzer et al., 2002]. However, it is opposite to the sinistral shear indicators in the southern
mylonitic branch of the KNF bordering the Hochalm Subdome, as documented above and in Scharf et al.
[2013a]. Most type 1 faults in the Austroalpine units show E-W shortening and N-S extension, and only a

Table 1. Results of Paleostrain Analysisa

Cluster nt n e1 e2 e3 R’ αw QRt Shmax

a 17 14 13/180 70/049 14/273 1.5 (SS) 15.74 C 1 ± 14.7
b 19 15 10/205 46/104 42/304 1.59 (TS) 18.64 B 27 ± 13.8
c 6 6 08/020 81/184 02/290 1.56 (SS) 27.17 D 020 ± 23.1
d 7 5 09/350 78/130 08/258 1.36 (SS) 28.01 E 168 ± 19.7
e 12 10 28/294 62/105 04/202 1.5 (SS) 16.55 C 112 ± 20.3
f 32 24 12/267 76/118 07/358 1.5 (SS) 15.01 C 87 ± 19.9
g 16 15 69/136 07/028 20/296 0.48 (NF) 11.06 E 23 ± 19.5
h 20 15 84/176 05/036 04/306 0.38 (NF) 20.63 C 36 ± 23

a“Cluster” in the left-hand column refers to a group of measurements at a specific location in the four outcrops (stars in
Figures 1 and 2). nt indicates the total number of measurement; n indicates the number of measurements used; e1, e2,
and e3 indicate the principle finite strain axes; R0 indicates the numerical value of the fault type (0–0.5 = normal fault, 0.5–
1.5 = strike-slip,>1.5 = thrust) with end-member fault category in parenthesis (SS, strike-slip; NF, normal fault; TS, thrust);
QR indicates the quality rank ranging from A (very good) to E (very poor) [Delvaux and Sperner, 2003] depending on the
number of measurements, the average slip deviation angle, the confidence level of the field observation (1, poor to 5,
excellent), and the variation of strike orientations within a cluster of measurements., αw indicates the deviation between
observed and theoretical slip directions. Shmax indicates the average strain ratio, i.e., the shape of the finite strain ellip-
soid. See Figure 6 for a graphical representation of these results.

Figure 6. P-T-B paleostrain analysis of fault planes in cataclasite along the Mölltal Fault that overprint mylonite of the
southern branch of the KNF. (a) Brittle deformation of Sonnblick Lamella near Obervellach; (b) brittle deformation in the
Glockner Nappe System near Kolbnitz; (c, e, and g) cataclasites in Lower Austr0alpine Unit, railroad cut near Mühldorf; and
(d, f, and h) cataclasites in lower Austroalpine Unit, railroad cut near Metnitz.
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few accommodated N-S shortening and E-W extension (Figures 6c and 6d and 6g and h). In contrast, the
moderately dipping type 2 surfaces accommodated NE-SW shortening and NW-SE extension (Figures 6e
and 6f). Again, this matches the pattern of E to SE directed extension along the KNF.

The dextral type 1 surfaces confirm the overall dextral displacement along the Mölltal Fault as inferred from
the map-view offset of Austroalpine units with similar Eo-Alpine histories (e.g., the Koralpe-Wölz Unit [Linzer
et al., 2002; Schuster et al., 2004; Schmid et al., 2013]). This dextral motion records the northwardmotion of the
indenting Drau-Möll Block (Figure 2c), whereas the sinistral motion along the steep, southwestern mylonitic
margin of the Hochalm Subdome (Figure 3f) reflects ductile extension and exhumation of hot Penninic units
in the footwall of the KNF, whose hinge migrated to the southeast, out of the way of the advancing indenter
(Figure 7b). This contrasts with previous interpretations in which dextral shear was believed to have affected
not just the Mölltal Fault but also the Hochalm and Sonnblick Subdomes, as well as the Mallnitz Synform [Kurz
et al., 1994; Kurz and Neubauer, 1996].

The sinistral type 1 surfaces indicate shortening and extension directions that do not fit with N-S directed
indentation in Miocene time, nor indeed with any other recognizable strain pattern in the area. We therefore
suspect that sinistral motion on such surfaces reflects local adjustments along the leading edge of the indent-
ing Drau-Möll Block that are superposed on the overall dextral motion. The type 2 fault surfaces whose
motion sense coincides with the extensional direction of the KNF are interpreted to have formed during a late
stage of lateral orogenic escape, most likely during or after activity along the KNF, as discussed below.

5. Kinematic Model of Indentation and Tauern Exhumation

Wenowreturn to themainquestionposed in the introductionofhow indentationwas related to the shortening
and lateral orogenic escape recorded in the sections above, and in turn, how these bear on tectonic and ero-
sional denudation. To answer this, we reconstructed the kinematics of indentation of the Eastern Alps in map
view back in time (Figure 7), first to the onset of rapid Adriatic indentation of the Eastern Alps at ~21 Ma
(Figure 7b), then to the beginning of exhumation of the Alpine orogenic wedge at about 30Ma (Figure 7a) fol-
lowingbreak-off of the European slabbeneath theAlps [Davies and von Blanckenburg, 1995;Handy et al., 2015].
The reader is referred to the supporting information 1 for detailed descriptions of the age and displacements
along faults that document the onset of indentation and otherwise form the basis for this reconstruction.

Map-view reconstructions of the Tauern area have been attempted before [Frisch et al., 1998; Linzer et al.,
2002], but the model below differs in employing improved estimates of displacement on the Brenner and
Katschberg Normal Faults, as well as on the faults delimiting the triangular Austroalpine subindenters north
of the PF. This has important consequences for determining the origins and amounts of denudation. Of
course, a truly 3-D approach would be desirable given the 3-D response of the orogenic crust to indentation,
but this is obviated by the lack of subhorizontal markers (e.g., the Moho) for tracking changes in crustal thick-
ness and vertical motion back in time.

5.1. Boundary Conditions and Assumptions

Several assumptionsweremade regarding the initial and final configurations of the crust and the conservation
of crustal volume and mass during indentation. The eastern block of the indenting Adriatic Microplate com-
prises the eastern Southern Alps, i.e., the part of the Alps bounded by the Periadriatic Fault to the north and
the Giudicarie Belt to the west (Figure 1). The northern leading edge of this Southern Alpine indenter main-
tained its shape throughout indentation, though the indenter itself experienced at least 50 km of north-south
directed Miocene shortening [Schönborn, 1999]. The Austroalpine crustal units north of the PF (grey shaded
areas in Figure 7) are assumed to a first approximation to have behaved rigidly because by late Paleogene time
their temperature was below 300°C [Handy and Oberhänsli, 2004; Oberhänsli et al., 2004; Schuster et al., 2004]
marking the transition from viscous to brittle behavior in quartz-rich rocks [Handy et al., 1999; Stipp et al.,
2002]. Anynonrigidbehavior of theblocks ismanifested in themodel by gaps andoverlaps between theblocks
(see below). Units in the TauernWindow (Penninic nappes) and its frame (Lower Austroalpine; Figure 1) experi-
enced temperatures greater than 300°C during indentation [Luth and Willingshofer, 2008] and were therefore
ductile (red shaded areas), as reflected by their changing shapes and areas in map view in Figure 7.

The blocks in Figures 7a and 7b are separated by zones of deformation that accommodated most of the rela-
tivemotion of these blocks as well as internal deformation of the blocks themselves. The white areas between
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Figure 7. Map reconstructions of Adriatic indentation of the Eastern Alps in the Tauern Window area: (a) Initial exhumation
during Periadriatic dextral strike-slip transpression and magmatism at 30 Ma. (b) Onset of indentation along the Giudicarie
Belt at 21 Ma, initiation of rapid exhumation (doming and extensional unroofing) of Penninic units in the western Tauern
Window, ongoing exhumation in the eastern Tauern Window due to northward motion of Austroalpine subindenters.
(c) Present configuration as modified from map of Schmid et al. [2013]. Note that structures in the Tauern Window in
Figures 7a and 7b were buried at 30 Ma and 23 Ma, respectively, and are projected to the surface at those times. The color
shades indicate approximate temperature of buried crustal units: Red, 500°C; pink, 300°C; grey, <300°C. Folds and Domes:
HA: Hochalm, SB: Sonnblick, Faults: BNF Brenner Normal Fault, DAV: Defferegen-Antholz-Vals Fault, GB: Giudicarie Belt,
IF: Inntal Fault, JF: Jaufen Fault, KNF: Katschberg Normal Fault, MF: Mölltal Fault, MM: Meran-Mauls Fault, NF: Niedere Tauern
Southern Fault, PF: Periadriatic Fault, RT: Ragga-Teuchel Fault, SEMP: Salzach-Ennstal-Mariazell-Puchberg Fault, ZWD:
Zwischenbergen-Wöllatratten and Drautal Faults. Shear Zones: Ahorn, Greiner, and Ahrntal in Figures 7a and 7b mapped
and dated by Reicherter et al. [1993], Steffen et al. [2001], and Schneider et al. [2013]. Periadriatic intrusive bodies: Ad:
Adamello, Ri: Rieserferner. The arrows show lateral displacements: red: displacement constrained by offset structures, black:
displacements obtained from rigid block motions and compatibility requirements, blue: amount of lateral escape resulting
from displacements and block motions in the reconstructions. One square is 25 km to a side.
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blocks signify gaps which correspond to domains of shortening (i.e., folding and shearing) when going
forward in time. Conversely, overlaps correspond to areas of extension and/or erosional denudation going
forward in time. The size of these gaps and overlaps, as well as the amount of displacement along
intervening faults, is constrained by the age and displacement along these faults, as well as the thermal
history of the area, as summarized in Figure 8 and discussed below. Of course, in kinematic
reconstructions we strive to maintain compatibility by minimizing gaps and overlaps, but in practice,
perfect compatibility is almost never realized due to the assumption that crustal blocks are rigid.

All crustal motions in Figure 7 are with respect to the top (northern) and left (western) sides of the grid which
underlies the map. The only geological structure in Figure 7 that remains fixed with respect to this reference

Figure 8. Age and displacement along main mylonitic (pink) and cataclastic (grey) faults involved in indentation. The bars
and boxed dashes indicate probable and possible durations of fault activity, respectively. The vertical hatched bar marks
the onset of the main phase of sinistral motion and indentation along the Giudicarie Fault (see text). SEMP Fault [Frost et al.,
2009; Ratschbacher et al., 1991a, 1991b; Frank, 1987; Peresson and Decker, 1997a, 1997b; Frisch et al., 1998; Urbanek et al.,
2002; Linzer et al., 2002; Glodny et al., 2008; Schneider et al., 2013], Inntal Fault [Decker et al., 1994; Ortner and Sachsenhofer,
1996; Ortner, 2003; Ortner et al., 2006; Linzer et al., 2002], Niedere Tauern Fault System [Eder and Neubauer, 2000; Wölfler
et al., 2011] and Tamsweg Basin [Zeilinger, 1997, Zeilinger et al., 1999], Katschberg Normal Fault [Liu et al., 2001; Dunkl et al.,
2003; Scharf et al., 2013a, 2016], Hochalm Subdome [Cliff et al., 1985; Bertrand et al., 2013; Scharf et al., 2013a; Favaro et al.,
2015], Sonnblick Subdome [Inger and Cliff, 1994; Cliff et al., 1998, 2015; Reddy et al., 1993; Cliff and Meffan-Main, 2003; Favaro
et al., 2015], Western Tauern Dome [Satir, 1975; Thöni, 1980; von Blanckenburg et al., 1989; Glodny et al., 2008; Luth and
Willingshofer, 2008; Schneider and Hammerschmidt, 2009; Kitzig, 2010; Pollington and Baxter, 2010; Rosenberg and Garcia,
2011; Schneider et al., 2013], Brenner Normal Fault [Fügenschuh et al., 1997, 2012; Frisch et al., 1998; Glodny et al., 2008;
Rosenberg and Garcia, 2011], Mölltal Fault [Linzer et al., 2002; Scharf et al., 2013a], Zwischenbergen-Wöllatratten-Drau Fault
[Scharf et al., 2013a], Ragga-Teuchl Fault [Deutsch, 1984; Hoke, 1990], DAV Fault [Wagner et al., 2006; Kleinschrodt, 1987; Borsi
et al., 1979; Schulz, 1990; Müller et al., 2000, 2001; Mancktelow et al., 2001; Most et al., 2003; Romer and Siegesmund, 2003;
Handy et al., 2005], Jaufen Fault [Müller, 1998, Müller et al., 2001; Viola et al., 2001; Pomella et al., 2012], Meran-Mauls
Fault [Müller, 1998, Müller et al., 2001; Prosser, 1998; Pomella et al., 2011, 2012], Giudicarie Belt [Luciani, 1989; Elias, 1998;
Müller et al., 2001; Viola et al., 2001; Pomella et al., 2011, 2012], and Periadriatic Fault [Zwingmann and Mancktelow, 2004;
Bögel, 1975; Scharbart, 1975; Laubscher, 1988; Läufer et al., 1997; Frisch et al., 1998; Müller, 1998, Müller et al., 2001; Viola,
2000; Mancktelow et al., 2001; Stipp et al., 2004; Handy et al., 2005].
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frame is the Giudicarie Fault. This sinistral fault and its related thrust belt accommodated northward motion
of the eastern Adriatic Indenter from ~21 to 7 Ma [e.g., Pomella et al., 2012; Handy et al., 2015, and references
therein]. The present location of the leading edge of the Adriatic Indenter is marked in blue in Figures 7a–7c.

5.2. Time Slices of Map-View Restoration

Two main geologic considerations underlie our stepwise restoration of the Austroalpine subindenters and
Tauern Window in Figure 7: The first concerns the shape of the Periadriatic Fault prior to indentation, which
in this part of the Alps must have been fairly straight before 30 Ma [Pomella et al., 2011] in order to accom-
modate an estimated 150 km of Paleogene oblique dextral strike-slip between the warm orogenic edifice
and the cold Southern Alpine crust along the leading edge of the Adriatic Microplate [Bögel, 1975;
Laubscher, 1988; Schmid et al., 1989; Handy et al., 2015] (see additional information in the supporting informa-
tion). The age of this motion is constrained by Oligocene syntectonic granitoids (~32 Ma; Figures 1 and 7)
[Rosenberg, 2004, and sources therein] as well as by 30–23 Ma cooling ages in Penninic nappes adjacent to
the Periadriatic Fault in the central Alps [Hurford, 1986], where exhumation related to backfolding and –

thrusting was broadly coeval with dextral motion on the Periadriatic Fault [Schmid et al., 1987, 1989]. Of
the total 150 km of this dextral motion, about 30 km was accommodated by transpression on the partly
rotated Meran-Mauls Fault between 30 and 21 Ma, as shown in Figures 7a and 7b [Ahrendt, 1980; Picotti et al.,
1995; Prosser, 1998, 2000].

The second consideration concerns the amount and age of indentation along the sinistrally transpressive
Giudicarie Belt. Total indentation is taken to be 75 km (Figure 7c) [Laubscher, 1988; Ratschbacher et al.,
1991b; Werling, 1992] based on cumulative offsets of the formerly continuous Periadriatic Fault (~50 km
[Castellarin et al., 2006]) and the dextrally transpressive Meran-Mauls Fault (28 km [Pomella et al., 2012]).
Indentation initiated along the Oligo-Miocene Meran-Mauls Fault (Figure 8) [Müller et al., 2001; Prosser,
1998], which together with the Jaufen Fault (Figure 8), is interpreted to have formed a transpressional jog
in the Periadriatic Fault by 21 Ma (Figure 7b) [Pomella et al., 2011]. This early, minor phase of indentation off-
set and therefore postdated the Periadriatic intrusions preserved along the Meran-Mauls Fault [Pomella et al.,
2011]. The main phase of indentation is attributed to sinistral motion along the Giudicarie Belt (Figure 8)
beginning no later than ~21 Ma (biostratigraphic dating of sediments beneath thrusts [Luciani, 1989;
Luciani and Silvestrini, 1996 cited in Scharf et al., 2013a; Schmid et al., 2013]) and ending no later than 7 Ma
(Messinian unconformity sealing thrusts [Pieri and Groppi, 1981; see Handy et al., 2015]).

Thus, the role of the Periadriatic Fault changed fundamentally in late Oligocene-early Miocene time; before-
hand, the PF was a dextral transpressive fault that extended continuously from the Western Alps to the Mid-
Hungarian Fault System beneath the Pannonian Basin (Figure 1), whereas by 21 Ma, it was segmented, with
the eastern part (east of the Giudicarie Fault) behaving as a stretching fault that accommodated eastward,
orogen-parallel motion of the indented Eastern Alpine orogen, including the exhuming Penninic and
Subpenninic units of the Tauern Window.

5.3. Quantifying Indentation, Orogenic Shortening, and Lateral Escape

A notable result of our reconstruction is that the amounts of indentation and lateral escape are roughly the
same (70–75 km), within error, for the 30 Ma spanning Figures 7a–7c. We quantified horizontal shortening
and extension by comparing the lengths of lines connecting Austroalpine and Southern Alpine units across
(north-south) and Austroalpine units along (east-west) the Tauern Window in the three maps in Figure 7.

Initial north-south shortening (28 km) accommodated chiefly by the Meran-Mauls Fault. resulted in about
22 km of eastward lateral escape by 21 Ma (Figures 7a and 7b). Continued indentation of some 47 km during
main activity of the sinistrally transpressive Giudicarie Belt between 21 Ma and the present induced about
43–54 km of lateral escape (Figures 7b and 7c). Most of the 71 km of lateral escape of the orogenic edifice
(an average of the 65 and 77 km values given in Figure 7a) was accommodated by strike-slip faulting along
the sinistral SEMP and the dextral Periadriatic faults; included in that amount are the 23 km of E-W extension
taken up along the Katschberg Normal Fault [Scharf et al., 2013a] together with its northern and southern
mylonitic branches skirting the Eastern Tauern Dome. The Brenner Normal Fault is kinematically linked to
the Western Tauern Dome in its footwall and along strike to the sinistral SEMP Fault. Together, the BNF
and WTD acted as a bridge structure that transferred north-south motion on the Giudicarie Belt to east-west
escape [Scharf et al., 2013a] (Figures 1 and 7b).
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The style of deformation in the indented crust reflects its temperature and rheology during indentation; in
the relatively cold (<300°C) Austroalpine units just north of the Periadriatic Fault, indentation lead to the for-
mation of two triangular subindenters that deformed by a complex system of brittle, oblique-slip faults [Linzer
et al., 2002; Scharf et al., 2013a; Schuster et al., 2015], whereas in the warm Tauern Window (300–600°C), a sys-
tem of upright folds and shear zones accommodated both vertical and horizontal motions [Scharf et al.,
2013a; Schmid et al., 2013; Schneider et al., 2013]. Shortening in the TauernWindow itself is not homogeneous,
with more north-south shortening in the west (WTD, 25–30 km) than in the east (ETD, 11 km). We note that
our estimate of north-south shortening for the WDT in Figure 7 is somewhat less than the 32 km estimate by
Schmid et al. [2013] and far less than the 49 km of Rosenberg and Berger [2009]. This is partly due to the
different location of cross sections and fold profiles used in their estimates, and partly to their use of
line-balancing which yields an upper limit of horizontal shortening for the kilometer-scale, upright and
tight-to-isoclinal folds in the Tauern Window; folding involved significant rotation and stretching of originally
subhorizontal layering and nappe contacts subparallel to the subvertical axial planes.

Taken at face value, the approximate parity of north-south shortening and east-west extension suggests that
there may have been little change in crustal thickness during indentation. However, this remains speculative
in the absence of markers at depth in the Tauern Window area, e.g., the Moho, to indicate changes in crustal
thickness through time.

5.4. Assessing the Relative Roles of Folding, Erosion, and Extensional Unroofing

Comparing the map-view areas of the Penninic and Subpenninic units in the reconstruction (blue areas in
Figure 9) allows us to separate the denudational contributions in the Tauern Window of erosion, folding,
and orogen-parallel extension since 30 Ma, and especially since the onset of pronounced indentation of
the Eastern Alps at ~21 Ma. The blue area in Figure 9a (~3125 km2) represents the area denuded without
the contribution of post 23–21 Ma orogen-parallel extensional exhumation. This denudational area is there-
fore attributed to upright post-nappe folding and thickening which began sometime after the onset of

Figure 9. (a and c) Map reconstruction of Adriatic indentation of the Eastern Alps with blue areas showing denuded
Penninic crust in the Tauern Window at 30 Ma and today, corresponding to maps in Figures 7a (top) and 7c (bottom).
The blue line in Figure 9a indicates present front of the indenting Southern Alpine crust. Abbreviations as in Figures 1 and 7.
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Adria-Europe collision and nappe formation at ~35 Ma but before the 30–25 Ma Tauernkristallisation (age
references cited above).

The component of denudation that includes extensional unroofing is estimated by subtracting the blue area
described above (~3125 km2) and shown in Figure 9a from the blue area in the map for today in Figure 9c
(~4375 km2, ~5000 km2 comprising the Lower Austroalpine units). This latter area includes denuded units
affected by extensional shearing and continued upright folding for the period of 23–11 Ma in the footwalls
of the oppositely dipping Brenner and Katschberg normal faults (Figure 9c). Thus, about two thirds of the
denuded area in Figure 9c is attributable to erosion during north-south shortening and folding of the crust;
only about a third of this areal denudation is due to tectonic unroofing in the footwalls of the Brenner and
Katschberg normal faults.

Converting denuded area into denuded crustal volume requires assumptions about the thickness of the crus-
tal lid above the Tauern area. Geobarometry yields peak pressures of 10–1.1 GPa [Selverstone, 1988; Franz
et al., 1991; Kurz et al., 1998a, and references therein] and 0.75–0.8 GPa [Dachs, 1990; Reddy, 1990] for post-
nappe Tauernkristallisation metamorphism, respectively, in the Western and Eastern Tauern domes. This
metamorphism ranges in age from 30 to 25 Ma [Oberhänsli et al., 2004, and references therein; Pollington
and Baxter, 2010; Favaro et al., 2015] and preceded the onset of rapid exhumation in the Tauern Window
at about 23 Ma in the east [Scharf et al., 2013a] and 20 Ma in the west [Fügenschuh et al., 1997]. Thus, the peak
pressures pertain to the thickened Tauern crust in Figure 9a prior to upright folding and extensional unroof-
ing. For an average crustal density of 2.8 g/cm3, the peak pressures place an upper bound of 38 km on the
thickness of the denuded lid above the western part of the Tauern Window, corresponding to a volume of
~120.000 km3 denuded since 30 Ma. An upper bound of about 28 km thickness and 87,000 km3 for the
denuded crust is obtained in a like manner for the eastern part of the Tauern Window, where post-nappe
upright folds have lower amplitudes (cross sections in Schmid et al. [2013]). Minimum bounds on the
thickness and volume of denuded crust (16 km, 70,000 km3) are obtained by applying an orogenic geotherm
of ~25 °C/km to the average 350–400°C temperature of upper greenschist-facies metamorphism [Droop,
1985] that prevailed in most of the Tauern Window (except the aforementioned domes) during
the Tauernkristallisation.

The denuded crust from the Tauern area comprised Austroalpine crust as well as part of the Penninic and
Subpenninic nappe pile according to detrital deposits with Tauern components in Oligo-Miocene clastics
of the Inntal Basin (the so-called “Inntal Tertiary” [Frisch et al., 2001]) and the northern Alpine Molasse
Basin. After ~20 Ma, deposition shifted progressively to the Pannonian Basin [Horváth et al., 2006] as drainage
was channeled eastward by Miocene strike-slip faults accommodating crustal block rotation and eastward
extrusion [Frisch et al., 1998].

Our estimated denudational volume in the range of 70,000–120,000 km3 for the Tauern source area overlaps
with the 80,000 km3 value estimated by Kuhlemann et al. [2001] from an analysis of Miocene sediment bodies
in the northern Alpine Molasse Basin. Kuhlemann et al. [2001] generally lower volume reflects his use of the
smallest denudational thickness (16 km) distributed over a larger area (5000 km2) as derived from the recon-
struction of Frisch et al. [1998], plus the fact that a significant amount of the sediment was also channeled into
the Pannonian Basin. In contrast to our reconstruction in Figure 7, the Frisch et al. [1998] model assumes that
the Austroalpine units on the eastern and western sides of the Tauern Window were contiguous before the
onset of Miocene indentation, resulting in a much smaller proportion of fold-induced denudation (only
15,000 km3 of the aforementioned total of 80,000 km3 [Kuhlemann et al., 2001]).

6. Conclusions

The structure evolution of fault-bounded blocks of Austroalpine crust along the front of the Adriatic Indenter
had a major effect on the pattern of shortening and lateral escape of the orogenic crust in the Tauern
Window. In the eastern part of the window, minor indentation beginning in late Oligo-Miocene time involved
post-nappe upright folding that propagated away from the indenter front as indicated by the northeastward
younging of mica cooling ages in the Venediger Nappe System [Favaro et al., 2015]. The main phase of inden-
tation starting no later than ~21 Ma lead to fragmentation of the Austroalpine subindenter, which was
accommodated in the orogenic crust by continued upright folding and extensional exhumation in the
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footwall of the laterally migrating Katschberg Normal Fault. The opposite shear sense of cataclasites along
the indenter front (Mölltal Fault, dextral type 1 surfaces) and of adjacent mylonite along the southwestern
margin of the Eastern Tauern Dome (sinistral ductile southern branch of the Katschberg Normal Fault) reflects
the contrast in rheologies of the cold indenting block and hot, laterally extending and exhuming orogenic
crust. By 17 Ma, the entire orogenic crust had cooled to below 300°C [Dunkl et al., 2003; Bertrand et al.,
2015], resulting in brittle top-SE extension as recorded by fault surfaces in both the Austroalpine and
Penninic units (cataclasite of the KNF and type 2 surfaces of the Mölltal Fault).

Similar patterns of indentation, folding, and orogen-parallel stretching are observed in the western Tauern
Window where, however, north-south shortening was greater and kinematically linked to lateral escape
along the sinistral SEMP Fault via a transpressional bridge structure in the Western Tauern Dome
(Figures 7b and 7c) [Scharf et al., 2013a]. This bridge structure, which after 21 Ma included the Brenner
Normal Fault [Fügenschuh et al., 1997], accommodated some 70 km of E-W extension.

Retrodeforming the post-nappe fold and fault systems of the Tauern Window in map view yields a 2-D recon-
struction of the orogenic crust reaching back to 30 Ma (Figure 7). This model supports the notion that inden-
tation lead to roughly equal amounts of north-south shortening (75 km) and east-west orogen-parallel
stretching (71 km) of the orogenic crust in the Tauern Window. Estimates of the areas of denudation prior
to and after the onset of indentation indicate that erosion associated with upright folding and thickening
was the primary agent of denudation, whereas extensional unroofing accounted for only about a third of
the total denudation and affected only the eastern and western ends of the Tauern Window in the footwalls
of the Katschberg and Brenner normal faults.

Previous models of lateral escape and denudation in the Eastern Alps have tended either to emphasize the
role of post-nappe, upright folding in the Tauern Window with only a small contribution of orogen-parallel
extension [Laubscher, 1988; Lammerer, 1988; Behrmann, 1988; Rosenberg et al., 2007; Rosenberg and Garcia,
2011, 2012] or, on the contrary, to assume orogen-parallel extension and unroofing to the virtual exclusion
of doming [Genser and Neubauer, 1989; Ratschbacher et al., 1991a, 1991b; Frisch et al., 2000; Linzer et al.,
2002]. We follow Fügenschuh et al. [1997] in proposing a mix of coeval doming and orogen-parallel stretching
of the Tauern Window in Miocene time but emphasize that the eastern and western parts of this window
experienced different patterns of shortening and stretching: in the east, doming initiated before stretching
and then migrated from SW to NE away from the indenter front [Favaro et al., 2015], whereas in the west,
strike-slip shearing preceded upright folding and this folding progressed from NW to SE toward the indenter
[Schneider et al., 2013].

These contrasting strain patterns may reflect varied structure of the interface between indenting and
indented crust at depth. Gravimetry reveals a significant mass deficit in the vicinity of the western Tauern
Window [Ebbing et al., 2006], suggesting the existence of an anomalously dense body (~2.9 g/cm3) that
may be interpreted as an indenter within the underlying crust. A recent Moho study based on inverting
the results of four independent geophysical methods (controlled-source seismology, ambient noise and local
earthquake tomographies, and receiver functions) indicates that the Moho beneath the eastern half of the
Tauern Window is poorly defined or even absent [Spada et al., 2013]. Resolution of this problem is contingent
on higher-resolution studies of crustal and mantle structure along the front of the Adriatic Indenter.
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