PUBLICATIONS
Tectonics
RESEARCH ARTICLE
10.1002/2014TC003550
Key Points:
• Break-back sequence of thrusting due
to interaction with escape tectonics
• Differential Miocene shortening
causes clockwise vertical axis rotation
• Foreland propagation of thrusting
ends with onset of escape tectonics

Supporting Information:
• Readme
• Figure S1
Correspondence to:
H. Ortner,
hugo.ortner@uibk.ac.at

Citation:
Ortner, H., S. Aichholzer, M. Zerlauth,
R. Pilser, and B. Fügenschuh (2015),
Geometry, amount, and sequence of
thrusting in the Subalpine Molasse of
western Austria and southern Germany,
European Alps, Tectonics, 34, 1–30,
doi:10.1002/2014TC003550.
Received 5 FEB 2014
Accepted 1 DEC 2014
Accepted article online 5 DEC 2014
Published online 12 JAN 2015

Geometry, amount, and sequence of thrusting
in the Subalpine Molasse of western Austria
and southern Germany, European Alps
Hugo Ortner1, Silvia Aichholzer1,2, Michael Zerlauth1,3, Roland Pilser1,4, and Bernhard Fügenschuh1
1

Institute of Geology, University of Innsbruck, Innsbruck, Austria, 2Kreuzbichlstrasse 1, Wattens, Austria, 3AlpS GmbH,
Innsbruck, Austria, 4Landservice SRL, Bolzano, Italy

Abstract In this paper we review the structure of the most external thrust belt of the Alps between the
Rhein valley and Salzburg based on a new tectonic map and the (re)interpretation of seismic sections.
Speciﬁcally we address the correlation between deformation in the Subalpine Molasse and the Alpine
thrust belt in general and focus on the control of sedimentary facies on the structural style. A dramatic
change in architecture from a ramp-ﬂat structure to buckle folding is related to a change from coarse-grained
fans to ﬁne-grained deposits within the Subalpine Molasse. Additionally the interaction of escape tectonics with
postcollisional shortening controls the decrease of late Early Miocene and younger shortening within the
Subalpine Molasse from 50 km near the Rhine valley to almost zero near Salzburg. Transfer of shortening into
the hinterland, which is the zone of lateral escape, ended foreland propagation of the Alpine thrusts and
initiated a general break-back sequence of thrusting. Throughout this time the thrusts remained active. In
such a scenario, tectonic units on top of the Subalpine Molasse are expected to undergo clockwise rotation
around vertical axes. As thrusting in the Subalpine Molasse is closely related to contemporaneous transport and
shortening within the tectonically higher Helvetic thrust sheets, amounts of Miocene differential shortening
and related clockwise vertical axis rotation are minimum amounts. True clockwise vertical axis rotation is
probably larger than the 12° deduced from the Subalpine Molasse thrust belt.

1. Introduction
At ﬁrst sight, the Subalpine Molasse thrust belt (SM) has its maximum width east of the Rhine valley and then
narrows continuously to the east, and disappears southwest of Traunstein (Figure 1a). This narrowing goes
along with a W-E gradient from mainly continental coarse clastic facies to mainly marine ﬁne clastic facies in
Late Oligocene to Middle Miocene sediments (Figure 2). Here we investigate the inﬂuence of this gradient
on the structural evolution of the Austrian and German SM between the Rhein valley in the west and Salzburg in
the east (Figure 1a).
To do this, we present a new tectonic map of the SM based on the geologic maps of the Austrian and
Bavarian geologic surveys, the seminal work of Abele et al. [1955], Ganss and Schmidt-Thomé [1955], Nathan
and Schmidt-Thomé [1954], the maps published by Scholz [1993, 2003], and our own ﬁeld observations
(see Tectonic map of the Subalpine Molasse 1:115.000 (Figure S1) in the supporting information). Cross
sections were drawn, most of them based on the reinterpretation of published seismic information
acquired during hydrocarbon exploration in the area. To enable estimation of shortening from the cross
sections, we interpreted also the poorly resolved parts, which are highlighted by question marks. Where
no seismic information is available, cross sections were constructed based on well information and
extrapolation of surface geology to depth.
Line length balancing [Dahlstrom, 1969; Hossack, 1979] is used to evaluate the amount of thrusting/shortening
in the cross sections. Shortening was measured using the length of a key horizon at or near the base of the
stratigraphically deepest competent sedimentary unit of the foreland sequence, which is usually well resolved
in the seismic sections. Moreover, this horizon has the fewest gaps due to erosion. To construct the restored
sections, line lengths were drawn from a pin line in the undeformed part of the sections. To bridge erosional
gaps we used loose lines tied to the key horizon. These were drawn in the position of the axial planes of folds,
assuming ﬂexural slip folding. This assumption is probably not true in all parts of the sections; however, this
does only affect the shape of the retrodeformed synclines and not the shortening estimates.
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Figure 1. (a) Overview of the south-central part of the Alpine peripheral foreland basin and the adjacent Alpine thrust belt. Boxes indicate positions of respective
ﬁgures. B = Bregenz, O = Oberstdorf, K = Kempten, W = Weilheim, R = Rosenheim, T = Traunstein; RDF = Rhenodanubian Flysch, and NCA = Northern Calcareous
Alps. (inset) Position of investigated area in the Alpine thrust belt. A = Location of study area in the Alpine thrust belt, B = ~Position of regional cross section of
Figure 5. FAT = Frontal Alpine thrust, PA = Periadriatic line. (b) Regional cross section from the Foreland Molasse to the internal part of the Alpine orogenic wedge
[Pomella et al., 2014; Zerlauth et al., 2014]. For location, see B of inset. Cross section based on the interpretation of several industry seismic lines. * Here we follow
Pﬁffner and Hitz [1997]. Abbreviations: TM = tilted Molasse, SM = Subalpine Molasse, RDF = Rhenodanubian Flysch thrust sheets, A = Arosa zone, OMM = Upper
Marine Molasse, USM = Lower Freshwater Molasse, UMM = Lower Marine Molasse, and NCA = Northern Calcareous Alps.

We use map patterns of the tectonic map, cross-section geometry, and shortening estimates to deduce the
distribution and amount of shortening. Constraints on deformation timing are deduced from the sedimentary
evolution of the foreland deposits. Based on this evidence, we reconstruct the tectonic history of the frontal part
of Alpine orogenic wedge from the Oligocene to the Miocene and discuss the interaction of processes in
external and internal parts of the Alpine orogenic wedge [e.g., Beidinger and Decker, 2014; Frisch et al., 1998;
Rosenberg and Berger, 2009; Schmid et al., 1996, 2004].
1.1. Geological Setting
1.1.1. Tectonic Units
During the Cenozoic evolution of the Alpine orogenic wedge, the Penninic Ocean separating the European
and Adriatic plates was closed prior to collision [Frisch, 1979]. In the Paleogene, the Rhenodanubian Flysch
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Figure 2. Stratigraphic framework of the Alpine peripheral foreland basin following Herb [1988] and Sissingh [1997] in the N-S section and Lemcke [1988] and
Kuhlemann and Kempf [2002] in the E-W section. Note the changing horizontal scale. CYB = Cyrena beds, DHB = Deutenhausen beds, NHF = North Helvetic Flysch,
P = Promberg beds, and SM = Subalpine Molasse. Absolute ages from Hilgen et al. [2012].

(RDF), deposited in the Penninic oceanic basin [Hesse, 1982], was accreted to the Alpine wedge and thrust
onto the distal European margin, and the oldest part of the Alpine foreland basin formed [Herb, 1988;
Kempf and Pﬁffner, 2004; Lihou and Allen, 1996]. Collision associated with progressive forelandward migration
of loading and ﬂexure had started [Sinclair and Allen, 1992]. At the Eocene-Oligocene boundary, this
oldest part of the Alpine foreland basin was detached from the European basement together with the
underlying Mesozoic sedimentary succession to form the Helvetic thrust sheets, when the Alpine orogenic
wedge encroached more proximal parts of the European margin [Pﬁffner, 1986; Pﬁffner et al., 2002;
Schmid et al., 1996]. The Austroalpine units of upper plate origin (Northern Calcarous Alps thrust sheets)
were transported piggyback on top of the aforementioned units (Figure 1b).
The Oligocene/Miocene Molasse basin is the present-day northern peripheral foreland basin of the Alpine
orogenic wedge (Figure 1a) [Allen et al., 1991; Bachmann and Müller, 1991; Bachmann et al., 1982; Kuhlemann
and Kempf, 2002; Lemcke, 1984, 1988; Sinclair and Allen, 1992]. A major décollement near the base of the
foreland sequence (Figure 2) separates the Helvetic, Paleocene-Eocene part of the foreland basin ﬁll from
the younger units. The Oligocene-Miocene foreland basin ﬁll is preserved in the SM as well as in the
undeformed, autochthonous Foreland Molasse (Figure 1). Immediately north of the contact between the
SM and the Foreland Molasse, the latter is tilted to the north either due to a triangle zone at depth (Figure 1b)
[e.g., Müller et al., 1988] or by drag below the frontal thrust [e.g., Thomas et al., 2006].
1.1.2. Sedimentary Units
A foreland unconformity separates the sedimentary successions of the European passive margin from the
Alpine foreland basin above (Figure 2) [e.g., Allen et al., 1991; DeCelles, 2012]. Two regressive megacycles
can be distinguished in the sedimentary ﬁll of the Alpine foreland [e.g., Kuhlemann and Kempf, 2002]. These
form the base of the traditional stratigraphic subdivision which is also used in this paper (Figure 2). The
ﬁrst megacycle includes the Lower Marine Molasse (UMM; Paleocene to Early Oligocene) and the continental
Lower Freshwater Molasse (USM; Late Oligocene to Early Miocene). The second megacycle includes the
Upper Marine Molasse (OMM; late Early Miocene) and Upper Freshwater Molasse (OSM; Middle to Late
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Miocene). Both megacycles coarsen upward and record shallowing. They are separated by a poorly
understood basinwide transgressional event [e.g., Genser et al., 2007]. East of present-day Weilheim and
Munich (Figures 1 and 2), the USM interﬁngers with brackish (Cyrena beds, CYB) and marine deposits
(Promberg beds). East of present-day Rosenheim (Figure 1), deep marine conditions prevailed until the
Early Miocene.
The UMM was deposited after initiation of the ﬂexural foreland basin. At this time, subsidence was faster than
vertical aggradation, resulting in a transgressive sedimentary sequence. The oldest foreland sedimentary
rocks are shallow water limestones and neritic sandstones [e.g., Allen et al., 1991; Rasser and Piller, 2001]. The
overlying pelagic marls (Globigerina marls, Figure 2) indicate that deposition could not keep up with rising
sea level. The ﬁrst appearance of siliciclastic material (North Helvetic Flysch, NHF; Deutenhausen beds, DHB;
Figure 2) shows erosion due to the gradually evolving topography of the Alpine chain. The initially
retrograding sedimentary system began to prograde as the clastic input into the foreland basin increased.
Limestones, pelagic marls, and siliciclastic ﬂysch record early foreland subsidence [Sinclair, 1997a]. Toward
the foreland, these same units are systematically younger, as foreland ﬂexure migrated north during
thrusting of the Alpine wedge [Sinclair, 1997b]. Progressive shallowing of the foreland basin is observed
during deposition of the Tonmergel beds (Figure 2), which are pelagic in their lower part but litoral in their
uppermost part [e.g, Maurer et al., 2002]. The clayey marls of the Tonmergel beds serve as the principal
detachment at the base of the SM. The Baustein beds (Figure 2), mainly shallow marine sandstones, form the
transition to the overlying coarse clastic continental deposits.
The USM is by far the thickest unit in the foreland basin ﬁll and is more than 3 km thick. The depocenters
of the USM are localized in the centers of large alluvial fans that stretched from the active Alpine thrust front
into the foreland basin (Figure 1) [e.g., Brügel et al., 2003; Frisch et al., 1999; Scholz, 2000]. In the centers of
the alluvial fans, thick-bedded conglomerates, sandstones and marls dominate, whereas toward the outer
parts of the fans the conglomerates and much of the sandstones are lost. The principal sediment transport
direction was from west to east during deposition of the USM. The USM therefore interﬁngers with brackish
(CYB) deposits west of Weilheim (Figure 1). East of Weilheim, the USM is completely replaced by the CYB,
and shallow marine marls and sandstones of the UMM (Promberg beds) are intercalated (Figure 2). East of
Traunstein (Figure 1), marine facies is continuous up to the base of the OSM (Figure 2).
The base of the OMM is marked by a regional erosional unconformity. Where the large alluvial fans of the
USM reached the foreland basin, coarse clastic deposition of the OMM jumped basinward. Another erosional
unconformity separates the OMM from the OSM. The time equivalent deposits in the eastern part of the
foreland basin are also unconformity bounded. These sedimentary rocks record the progressive shallowing of
the depositional environment from deep to shallow marine [de Ruig and Hubbard, 2006].
In the Middle and Late Miocene, the sedimentary system of the USM was essentially reestablished, with large
alluvial fans bringing coarse clastics from the Alpine chain into the foreland basin; however, the whole
foreland basin fell dry. The transition from the underﬁlled basin of the OMM to the ﬁlled or overﬁlled basin of
the OSM can be understood as another foreland megasequence [Kuhlemann and Kempf, 2002]; however,
subsidence was much smaller than in the older UMM-USM megasequence [Zweigel et al., 1998]. The eastern
Molasse basin remained in an underﬁlled state until deposition of the OSM, presumably because not enough
sediment was available to ﬁll the basin. The subsidence curves for the eastern foreland basin [Genser et al., 2007]
are generally similar to its western counterpart [Zweigel et al., 1998].

2. Data
2.1. Area 1: The Subalpine Molasse of Vorarlberg (Austria) and Allgäu (Germany) Between Bregenz
and Kempten
This part of the SM is controlled by the depocenters of the Adelegg and Pfänder alluvial fans of the USM and
OSM (Figure 3) [Scholz, 2000]. The presence of thick conglomerate successions causes relatively high relief
compared to other areas underlain by the SM with altitudes reaching 1800 m.
2.1.1. Outcrop Structures
Three hinterland-dipping slices are stacked in the area (Figure 3). The southernmost slice, i.e., the Steineberg
syncline (Figure 3), exposes UMM at both its limbs while the core is made up of USM. The Horn slice is the
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Figure 3. Tectonic map of the Subalpine Molasse of Vorarlberg and Allgäu between Bregenz and Kempten (area 1). See Figure 1 for location. Compiled from the
maps of Ebel et al. [1983], Herrmann [1984], Herrmann and Schwerd [1982], Jerz et al. [1974], Oberhauser [1982a, 1982b, 2007], Richter [1975a, 1975b], Scholz
[1993], Vollmayr and Ziegler [1976], Vollmayr et al. [1956], and Zacher [1964]. OSM lithozones from Unger [1989]. Traces of all seismic sections schematic except seismic
section 4 from Lettau [1995]. Solid white circles denote exploration wells, solid black circles villages. OSM = Upper Freshwater Molasse, OMM = Upper Marine Molasse,
USM = Lower Freshwater Molasse, UMM = Lower Marine Molasse, RDF = Rhenodanubian Flysch, and NCA = Northern Calcareous Alps.

next hinterland-dipping slice to the north. It contains a complete sedimentary succession of the USM
truncated by the upramping Steineberg syncline in the west. While near the Rhine valley the Horn slice
directly overthrusts the Foreland Molasse, a further hinterland-dipping slice, the Salmas slice, distinguishes
farther east (Figure 3). The Horn and Salmas slice are no longer separated by a thrust east of Immenstadt
where they merge to form the Rottenbuch thrust sheet (Figure 3). In map view, the Hauchenberg syncline
and the Gerholz anticline, both located within the Foreland Molasse, are truncated by the frontal thrust of
the Salmas slice (Figure 3).
Bedding of the OMM and OSM in the northern limb of the Gerholz anticline converges toward the anticline
(Figure 4, cross section c). These growth strata date progressive tilting and therefore the growth of the
Gerholz anticline to the Eggenburgian to Pannonian (21–9 Ma), with the fastest growth in the Badenian
(16–13 Ma), using the ages given in the biostratigraphic study of Eberhard [1986]. Tilting outlasts the
youngest sediments. As the Salmas thrust truncates the Gerholz anticline, it must be younger.
Fold axes in the Helvetic thrust sheets form an arc changing its orientation from SW trending near the
Rhein valley into an ESE strike (Figure 3). Where the frontal thrust of the combined Helvetic/RDF
anticlinorium diverges from the fold trend, the RDF crops out in the northern limb of the anticlinorium.
In proﬁle view (Figures 1b and 5) it becomes clear that the contact between the more internal Helvetic and
RDF units runs roughly parallel to bedding of the SM and follows the base of the Steineberg syncline.
The RDF is omitted in some parts of the southern SM contact.
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Figure 4. Cross sections of growth strata in the tilted Molasse. (section c) Northern limb of Gerholz anticline, adapted from
Eberhard [1986]. MN = European land mammal zones, stages given according to the correlation chart of Berger et al. [2005],
absolute ages according to Hilgen et al. [2012]. * Age of the OMM following Frieling et al. [2009]. See Figure 3 for location.
(section d) Northern limb of the Durach anticline in the Auerberg fan. Age according to Unger [1989]. See Figure 7 for
location. (section g) Tilted Molasse north of the Bernau syncline. See Figure 17 for location. Abbreviations: OSM = Upper
Freshwater Molasse, OMM = Upper Marine Molasse, USM = Lower Freshwater Molasse, CYB = Cyrena beds, and
UMM = Lower Marine Molasse. Geology of Endorf 2 well from Ganss [1977c].

This contact is offset sinistrally by some 3 km and vertically by 1.5 km by the Iller fault, bringing the base of
the USM in the Steineberg syncline to the surface on its eastern side (Figure 3). The Iller fault only offsets the
Steineberg “slice,” yet the Horn and the Salmas slices merge to become the Rottenbuch thrust sheet just
along its northern continuation along the Iller valley. With respect to the Helvetic thrust sheets, the Iller fault
separates two distinct arcs.
2.1.2. Seismic Data and Interpretation
The deep structure of the SM is constrained by seismic and well information. The Sulzberg 1 well penetrated
the SM near the frontal thrust, crossed the autochthonous sediments of the European plate before ending
in the crystalline basement (Figure 5) [Herrmann, 1985]. The seismic lines have irregular geometry and could
not be directly used for cross-section balancing. Therefore, a cross section perpendicular to general strike
from the autochthonous Molasse to the southern boundary of the SM was constructed (section a of Figure 5),
based on seismic section 1 of Figure 5. By incorporating the information from the Sulzberg 1 well together
with interpreted seismic lines crossing this well [Müller et al., 1988; Vollmayr and Jäger, 1995], the seismic
data could be vertically scaled to ﬁt the deepest reﬂections of the foreland sequence. According to
Vollmayr and Jäger [1995], increase of seismic velocity with depth is very small in the western SM due to deep
burial of the SM and subsequent exhumation. Formation tops within the foreland sequence in the Sulzberg 1
and Opfenbach 1 wells are in good agreement with the interpreted seismic sections, only the depth of
horizons below the foreland sequence, which are not involved in shortening, is underestimated (Figure 5).
The velocity contrast between Upper Jurassic limestones that appear transparent in the seismic line and
overlying Paleogene marls of the UMM causes an upper group of reﬂections (top of the Malm; reﬂector B,
Figure 5) [Dohr, 1983; Vollmayr and Jäger, 1995] that mark the base of the foreland sequence. The deepest
group of reﬂections is related to Triassic to Middle Jurassic rocks (“Keuper”; reﬂector A, Figure 5) [Dohr, 1983].
The combined A and B reﬂectors are well suited to identify the top of the European basement reliably.
Before reaching the autochthonous foreland sequence, the Sulzberg 1 well penetrated two hinterland-dipping
horses within a triangle zone, each of them yielding a thickness of 900 m (Figure 5, seismic section 1)
[Herrmann, 1985]. The Salmas slice was drilled from the surface to 2500 m depth. A continuous decrease in
dip angle was observed, from which a listric basal thrust can be inferred.
The tilted parts of the Foreland Molasse and the Hauchenberg slice are part of a hinterland-facing fold
developed at the upper tip of a blind passive backthrust (Figure 5, cross section b). However, west of the
Sulzberg 1 well site, the Hauchenberg slice is completely overthrust by the Salmas slice, which in turn
disappears farther west below the Horn slice. The frontal thrust of the SM has therefore more offset in the
west, and the south facing Gerholz anticline (Figure 5, cross section b) is truncated by the thrust at the
base of the northernmost slice. In cross section, the Horn thrust truncates the Salmas slice at depth, and
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Figure 5. Cross sections of the Vorarlberg-Allgäu Subalpine Molasse. For location, see Figure 3. Sections a and b are based on the interpretation of seismic section 1.
Apatite (U–Th-SM)/He ages in cross section a from von Hagke et al. [2014]. (A) and (B) mark the reﬂector groups A and B at the top of the European plate [Dohr, 1983].
Vertical axis of seismic section 1 in two-way travel time; the seismogram was stretched vertically to ﬁt the deepest reﬂections of the foreland sequence (reﬂector A)
to the base foreland in the Sulzberg 1 well. Abbreviations: OSM = Upper Freshwater Molasse, OMM = Upper Marine Molasse, USM = Lower Freshwater Molasse,
UMM = Lower Marine Molasse. HB = Hauchenberg slice, SA = Salmas slice, HO = Horn slice, ST = Steineberg “syncline.” and RDF = Rhenodanubian Flysch. Geology of
Opfenbach 1 well from Lemcke [1988] and Sulzberg 1 well from Herrmann [1985].

bedding in the Horn slice is parallel to its basal thrust. The more southerly located seismic sections 3 and 4
depict the Horn slice below the Helvetic and RDF thrust sheets (Figure 6). Within the Horn slice, moderately
south dipping reﬂections are continuous from the SM to the south (1 of Figure 6).
The base of the Helvetic thrust sheets is seen in the seismic lines as an almost continuous reﬂector (2 of Figure 6)
or an upward increase of reﬂectivity that can be traced from the V-Au 1 well southward [Colins et al., 1990;
Winkler and Cassell, 1989] and toward the north until the southern vertical limb of the Steineberg syncline
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Figure 6. Geologic interpretation of seismic sections 2 and 3 on artiﬁcial line drawings (black lines in background). Only
surface geology is shown in detail. Seismic section 2 images the contact between the Subalpine Molasse and the
Helvetic thrust sheets, seismic section 3 shows the downcutting of the basal Helvetic thrust into the Subalpine Molasse.
See further explanations in text. Vertical scale is two-way-travel time; seismograms were stretched using the same factor as
in seismic section 1 of Figure 5. Signiﬁcantly higher velocities in the carbonates and sandstones of the Helvetic and RDF
thrust sheets [Winkler and Cassell, 1989] lead to an underestimation of depth as compared to the projected V-Au 1 well.
Abbreviations: USM = Lower Freshwater Molasse, UMM = Lower Marine Molasse, RDF = Rhenodanubian Flysch.

(3 in Figure 6). The Helvetic and RDF thrust sheets thus form a duplex below the southernmost slice of the SM.
In the regional cross section from the tilted Molasse to the Prätigau Flysch of eastern Switzerland, the base
of the Helvetic thrust sheets is seen to descend gradually to the south (Figure 1b). The southern end of the
cross section shows the eastern end of the Aar massif with the NHF in the parautochthonos Molasse
[compare Pomella et al., 2014; Zerlauth et al., 2014].
2.1.3. Restored Cross Section
Shortening was deduced from line length balancing of a horizon 430 m above the base of the USM,
which can be deduced in all units (Figure 5, dashed line). The minimum total shortening within the units
of the SM is 32 km (64%), if the unexposed units below the Helvetic thrust sheets (NHF; Figure 3) are not
regarded [see Huber and Schwerd, 1995]. Twelve km shortening is related to stacking of horses in the
triangle zone. Since shortening above the triangle zone and below the Horn slice is only 2.6 km (Figure 5,
stippled line), the surface-breaking passive backthrust has to take up up to 9.4 km shortening in order to avoid
major hinterland-directed movement on the passive backthrust of the triangle zone. The minimum offset of
the Steineberg thrust has been found to be 20 km (Figure 5, bottom); the ramp of the Steineberg thrust from
the base of the UMM to the top of the USM is not imaged by the seismic data (Figure 6). However, the continuity
of reﬂections from the USM of the Horn unit to the south (Figure 6) precludes a downcutting of the thrust to
the UMM of the autochthonous Molasse sequence north of the RDF-Helvetic boundary at surface. In analogy
to eastern Switzerland with the NHF on the northern ﬂank of the Aar Massif [e.g., Pﬁffner, 1993] we can
argue as follows: below the NHF, the foreland sequence begins in the Lutetian [Allen et al., 1991]. In
the Steineberg syncline, the base of the foreland sequence is considerably younger, dated as earliest
Oligocene [Resch, 1976]. As the base of the foreland sequence is younger in the north (Figure 2), this places
the Steineberg syncline originally north of the NHF and as far south as the present-day position of the
Northern Calcareous Alps. With the offset along the Steineberg thrust in the range between 30 and 45 km
(see regional cross section, Figure 1b), total shortening within the SM is on the order of 40–55 km [compare
Pomella et al., 2014].
2.1.4. Sequence of Thrusting
Using the information from growth strata (section 2.1.1), the Gerholz anticline together with the triangle zone
in its core started to grow in the Eggenburgian (21 Ma). Growth outlasted the youngest, Pannonian (9 Ma)
sediments preserved. The Salmas thrust truncated the Gerholz anticline prior to the end of fold growth
and got tilted to a subvertical position (Figure 5). Since the Horn thrust in Figure 5, cross section a,
experienced less steepening compared to the Salmas thrust, the Horn thrust must be younger. This leads to
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Figure 7. Tectonic map of the Subalpine Molasse of eastern Allgäu between Kempten and Weilheim (area 2). See Figure 1 for location. Compiled from the
maps of Doben and Frank [1983], Ebel et al. [1983], Gillitzer [1914, 1955], Haunschild [1979], Häussler [1979], Höﬂe et al. [1969], Jerz [1993], Jerz et al. [1974],
Kuhnert et al. [1975], Kuhnert et al. [1974], Müller [1970], Schmidt-Thomé [1950, 1980], Schwerd and Häussler [1983], Zacher [1964], Zeil [1954], and the map
sheets Peißenberg, Marktoberdorf, Seeg, and Unterthingau published by Scholz [2003]. OSM lithozones from [Unger, 1989]. Traces of all seismic sections are
schematic except seismic section 4 from Lettau [1995]. Solid white circles denote exploration wells, solid black circles villages. Abbreviations: OSM = Upper
Freshwater Molasse, OMM = Upper Marine Molasse, USM = Lower Freshwater Molasse, UMM = Lower Marine Molasse, RDF = Rhenodanubian Flysch, and
NCA = Northern Calcareous Alps.

the conclusion that the triangle zone is the oldest structure in the SM, and the Salmas and Horn
thrusts formed in a back-stepping thrust sequence. This thrust sequence interpreted from cross-section
geometry was conﬁrmed by apatite (U-Th-SM)/He geochronology [von Hagke et al., 2014]. Ages
systematically decrease from 11 Ma in the tilted Molasse above the triangle zone in the north to 5 Ma in
the Steineberg slice in the south (Figure 5), reﬂecting the south shifting thrust activity in the SM (Figure 5).
The Steineberg thrust, however, is also the Helvetic ﬂoor thrust (Figures 5 and 6) and must have been active
prior to the Late Miocene.
2.2. Area 2: The Subalpine Molasse of the Eastern Allgäu (Germany) Between Kempten and Weilheim
East of Kempten, no major alluvial fans are present in the USM and OSM (Figure 7). The western part of the
Allgäu Molasse south of Kempten lies at the eastern limit of the Adelegg fan (Figure 7). Together with a
general decrease in grain size, the thickness of the UMM increases toward the east. Coarse conglomerates are
restricted to the base of the USM, and the main parts of the deposits are sand-mud couplets. South of
Schongau, the upper part of the USM is replaced by the brackish, coal-bearing CYB [Geissler, 1975; Gillitzer,
1955]. Due to the generally more ﬁne-grained nature of the foreland deposits, the outcrop conditions are
poor and existing maps do not give much clue on the structure. The traces of thrusts shown in the map are
mainly deduced from the interpretation of seismic sections.
2.2.1. Outcrop Structures
The southernmost unit of the SM is the Murnau syncline, whose axial trace is 80 km long (Figure 7). The
stratigraphic record reaches from the UMM to the middle part of the USM. The fold axis of the Murnau
syncline is east dipping in the west and gently west dipping in the east, with a weak culmination north of

ORTNER ET AL.

©2014. American Geophysical Union. All Rights Reserved.

9

Tectonics

10.1002/2014TC003550

Figure 8. View of the Grünten mountain from the west. For location see Figures 4 and 7. Helvetic (and Ultrahelvetic) thrust
sheets lie below the Murnau syncline of the Subalpine Molasse. Geology is taken from Ebel et al. [1983]. Abbreviations:
Subalpine Molasse: olB = Baustein beds, olT = Tonmergel beds; UMM = Lower Marine Molasse, USM = Lower Freshwater
Molasse; Helvetic thrust sheets: Eocene: el = Globigerina marls, ek = shallow water Nummulitic limestones; Upper Cretaceous:
sl = marls, tk = nodular limestones; Lower Cretaceous: g = sandstones, nk = limestones.

Füssen (Füssen culmination, Figure 7). The western end of the culmination is associated with NNE striking
transfer faults (e.g., the Seeg fault), which terminate against the Lechbruck thrust at the base of the Murnau
syncline and have systematically more offset in the southern limb of the syncline (Figure 7). Across these
transfer faults the Steineberg thrust is replaced by the Echelsbach anticline, and the offset of the Steineberg
thrust is transferred into the Lechbruck and Enisried thrusts (Figure 7).
The Rottenbuch thrust sheet, located in the footwall of the Steineberg and Lechbruck thrusts, comprises an
almost complete, south dipping succession of the USM (Figure 7). Internally segmented by minor folds and
faults, the Rottenbuch thrust sheet is emplaced onto the Durach anticline. The Durach anticline forms the
frontal structure of the SM in Eastern Allgäu (Figure 7). From a rather symmetric appearance near Kempten, it
becomes asymmetric toward the east across the Sulzschneid fault. In the northern limb of the Durach
anticline, growth strata are observed within the OMM and OSM of the Auerberg fan north of Lechbruck
(Figure 4, section d). Growth of the Durach anticline is therefore coeval with the deposition of the OMM and
the OSM and outlasts the youngest deposits in the area that are tilted, i.e., from Eggenburgian to Badenian
(21 to at least 12 Ma) [Unger, 1989].
East of Kempten all thrusts systematically cut across anticlines in their footwall, e.g., the Rottenbuch thrust
and the Peiting transfer fault truncate the Durach anticline. Therefore the thrusts postdate fold growth. The
NE trending sinistral Peiting transfer fault delimits the Durach anticline and Enisried thrust toward the east,
offsets the Rottenbuch thrust (Figure 7) and continues into the Peissenberg thrust, thereby transferring
shortening toward a more external position.
The contact of the SM against tectonically higher units is exposed along the northern ﬂank of the Grünten
mountain. Helvetic thrust sheets are seen to dip below the southern limb of the Murnau syncline and to
further extend northward up to the Steineberg thrust (Figure 8).
2.2.2. Seismic Data and Interpretation
Thanks to several published seismic sections the subsurface structure is quite well constrained. Additionally,
borehole information is available for the Foreland Molasse as well as for the SM south of Weilheim. While
seismic sections 5, 7, and 8 [Schuller et al., 2009] are depth converted, sections 4 and 6 [Berge and Veal, 2005]
are not. In order to ﬁt the deepest reﬂectors with the top basement as drilled in the Elbsee 1 well (Figure 7),
the latter seismic sections had to be vertically stretched [cf., Müller et al., 1988].
In seismic section 4 (Figure 9) that lies within the eastern Adelegg fan (Figure 7), folding of the thrusted units
is minor and only related to the listric geometry of the thrusts. In all other seismic sections east of the Adelegg
fan, concentric folds with rounded hinges, with a half wavelength of 3–4 km are observed. These folds
probably formed by buckling of the more competent USM above the incompetent Tonmergel beds of the
UMM. The buckle folds were dissected by hinterland-dipping thrusts and resemble break-thrust folds [Fischer
et al., 1992; Woodward, 1997].
Structure of the SM is controlled by the Rottenbuch and Lechbruck thrusts, which originate within and dissect
the Helvetic/RDF thrust wedge (Figures 9–13). The Murnau syncline is consistently carried by the Lechbruck
thrust, i.e., the eastern continuation of the Steineberg thrust, and thrusted onto the Rottenbuch sheet
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Figure 9. (top) Seismic section 4 across the Subalpine Molasse of Eastern Allgäu. For location, see Figure 7. Seismogram
adapted from Berge and Veal [2005]. (bottom) Geologic interpretation of seismic section 4. Vertical scale is two-way
travel time; seismogram was stretched to ﬁt the depth of the deepest reﬂectors to the base of the autochthonous
Mesozoic of the Elbsee 1 well [Müller et al., 1988]. Abbreviations: OSM = Upper Freshwater Molasse, OMM = Upper
Marine Molasse, USM = Lower Freshwater Molasse, UMM = Lower Marine Molasse, and RDF = Rhenodanubian Flysch. Lb.
th. = Lechbruck thrust.

(Figures 9 to 11). The Rottenbuch thrust sheet thins from west to east, and the branch point between the
Lechbruck and Rottenbuch thrusts shifts accordingly northward from a position some 12 km south of seismic
section 4, where it has been encountered by the Hindelang 1 well [Müller et al., 1988] to a position at 3 km
depth below the Murnau syncline as seen in seismic section 6 (Figure 11). As the branch points of the SM
thrusts lie at the northern tip of the Helvetic/RDF thrust wedge, the thrust wedge is not dissected, the Murnau
syncline on top of it reaches its maximum depth in cross section. East of the Lech and Peiting transfer faults
(Figure 7), this branch point shifts to the south again; however, the Rottenbuch and Peissenberg thrusts,
the latter a splay in the footwall of the ﬁrst, have now more offset as compared to the Lechbruck thrust. In
seismic sections 7 and 8 (Figures 12 and 13), the Lechbruck thrust forms a breakthrough thrust in the core
of a tight anticline and has an offset on the order of 2 km using the UMM-USM boundary below the
Echelsbach anticline, before it disappears at the Penzberg transfer fault.
Still more externally located and in the footwall of the Rottenbuch thrust, the Durach anticline formed above
a triangle zone with two thrust wedges in its core. It tightens continuously and signiﬁcantly from seismic
section 4 in the west, to seismic section 6 in the east (Figures 9–11). East of the Peiting transfer fault (Figure 7),
the overall style changes with the Peissenberg thrust breaking to the surface. At the same time, the Durach
anticline, together with its triggering triangle zone, disappears. Shortening across the Peissenberg thrust
rapidly decreases eastward. While in seismic section 7 (Figure 12), a gentle anticline is present atop the
Peissenberg thrust with its 2 km offset, the thrust can no longer be traced another 2 km farther to the east. As
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Figure 10. (top) Geologic interpretation of seismic section 5 across the Subalpine Molasse of eastern Allgäu. For location,
see Figure 7. Seismogram adapted from Schuller et al. [2009]. Vertical scale is km above mean sea level. (bottom)
Retrodeformation of the section. Pin line at northern end of section. Abbreviations: OSM = Upper Freshwater
Molasse, OMM = Upper Marine Molasse, USM = Lower Freshwater Molasse, UMM = Lower Marine Molasse, and
RDF = Rhenodanubian Flysch. Rb. th. = Rottenbuch thrust, En. th. = Enisried thrust, and Lb. th. = Lechbruck thrust.

can be seen in seismic section 4 (Figure 9), the northern limb of the Durach anticline is overturned and its
axial plane is cut by a minor thrust that originates from bedding-parallel slip. Internally it is truncated by the
Rottenbuch thrust (Figures 9–11).
2.2.3. Restored Cross Section and Sequence of Thrusting
Out of the ﬁve seismic sections across the east Allgäu SM, seismic section 5 parallel to the Wertach valley was
used for line length balancing. Total shortening as measured at the UMM-USM boundary is 25 km (60%).
The two thrust slices of the triangle zone yield shortening of 6.9 km (34%) at the UMM-USM boundary.
The Rottenbuch thrust truncates the thrusts of the triangle zone and carries an older ramp in its immediate
hanging wall, which is too steep to be active in its present orientation (Figure 10). Therefore, the Rottenbuch
thrust postdates growth of the triangle zone and the related Durach anticline. The crooked geometry of the
Enisried and Lechbruck thrusts in the restored section (Figure 10) demonstrates that they postdate folding.
Being subparallel to the Rottenbuch thrust, the Enisried and Lechbruck thrusts were not tilted by transport in
the hanging wall of the Rottenbuch thrust and should be younger. Therefore, we interpret an overall
break-back sequence of thrusting, even if the relative age of the Enisried and Lechbruck thrusts is not
constrained. Including the thrust ages derived from syntectonic sediments, the deformation sequence starts
with buckle folding. In the Eggenburgian, the frontal thrust propagates northward and the triangle zone and
the Durach anticline on top start to grow. During or at the end of the Badenian, the Rottenbuch thrusts
emplaces the Rottenbuch thrust sheet onto the OSM in the southern limb of the Durach anticline, followed by
thrusting of the more internal Enisried thrust.
2.3. Area 3: The Subalpine Molasse of Upper Bavaria (Germany) Between the Weilheim and Rosenheim
In this part of the SM, the USM interﬁngers with the brackish deposits of the CYB and is entirely replaced by the
CYB east of Bad Tölz (Figure 14). Marine ingressions, i.e., the Promberg beds, exist in the middle part of the CYB
(Figure 2). The UMM thickness increases dramatically to more than 2500 m as documented by the Feilnbach 1
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Figure 11. (top) Seismic section 6 across the Subalpine Molasse of Eastern Allgäu. Seismogram adapted from Berge and
Veal [2005]. (bottom) Geologic interpretation of seismic section 6 across the Subalpine Molasse of eastern Allgäu near
Lechbruck. For location, see Figure 7. Vertical scale is two-way travel time; seismogram was stretched to ﬁt the depth of the
deepest reﬂectors to the base of the autochthonous Mesozoic of the Elbsee 1 well [Müller et al., 1988]. Abbreviations:
OSM = Upper Freshwater Molasse, OMM = Upper Marine Molasse, USM = Lower Freshwater Molasse, UMM = Lower Marine
Molasse, and RDF = Rhenodanubian Flysch. Pb. th. = Peissenberg thrust, Rb. th. = Rottenbuch thrust, En. th. = Enisried
thrust, and Lb. th. = Lechbruck thrust.

well [Paulus and Brockert, 1968]. The main sources of information on the subsurface structure are coal mines in the
CYB and deep wells. The TRANSALP seismic line crosses the eastern part of the area [Lüschen et al., 2004].
2.3.1. Outcrop Structures
Compared to the previous area 2, the wavelength of folds has decreased. Above a structural culmination
(Loisach culmination, Figure 14) in the northeastern continuation of the Loisach fault (Figures 1a and 14) all
synclines are uplifted, their fold axes plunging away from it. The Penzberg-Miesbach syncline as the main
tectonic structure forms the continuation of the overturned syncline at the eastern end of the Rottenbuch
thrust sheet (see seismic section 8 of Figure 13). This syncline is uplifted to the east across the Achmühl fault
and becomes symmetric above the culmination and then overturned prior to burying below the Leitzach
thrust east of Miesbach (Figure 14). Near Bad Tölz, the Hausham syncline initiates as a symmetric syncline in
the southern limb of the Miesbach syncline east of the structural culmination and becomes overturned in the
axial depression south of Miesbach (Figure 14). Overturning of the Hausham and Miesbach synclines is
accompanied by the eastward increase in offset across the Leitzach and Mühlau thrusts that appear east of
the Loisach culmination (Figure 14).
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Figure 12. Geologic interpretation of seismic section 7 across the Subalpine Molasse of Upper Bavaria SW of Weilheim. For
location, see Figure 7. Seismogram is adapted from Schuller et al. [2009]. Vertical scale is km above mean sea level. “Coal”
indicates the mining galleries of the Peissenberg coal mine [Geissler, 1975]. Abbreviations: OSM = Upper Freshwater Molasse,
OMM = Upper Marine Molasse, USM = Lower Freshwater Molasse, UMM = Lower Marine Molasse, and RDF = Rhenodanubian
Flysch. P = Promberg beds, Pb. th. = Peissenberg thrust, Rb. th. = Rottenbuch thrust, and Lb. th. = Lechbruck thrust.

Figure 13. Geologic interpretation of seismic section 8 across the Subalpine Molasse of Upper Bavaria SE of Weilheim.
For location, see Figure 7. Seismogram is adapted from Schuller et al. [2009]. Vertical scale is km above mean sea level.
Abbreviations: OSM = Upper Freshwater Molasse, OMM = Upper Marine Molasse, USM = Lower Freshwater Molasse,
UMM = Lower Marine Molasse, and RDF = Rhenodanubian Flysch. P = Promberg beds, Rb. th. = Rottenbuch thrust, and
Lb. th. = Lechbruck thrust.
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Figure 14. Tectonic map of the Subalpine Molasse of Upper Bavaria between Weilheim and Rosenheim (area 3). See Figure 1 for location. Compiled from the maps of
Bader et al. [1969], Grottenthaler [1978/1979, 1985], Korschelt [1890], Lensch [1961], Paulus [1963, 1981], Pﬂaumann et al. [1968], Schmidt-Thomé [1957], Stephan and
Hesse [1991], Stephan et al. [1966], and Wolff et al. [1968]. OSM lithozones are from Unger [1989]. Solid white circles denote exploration wells, solid black circles
villages. Abbreviations: OSM = Upper Freshwater Molasse, OMM = Upper Marine Molasse, USM = Lower Freshwater Molasse, UMM = Lower Marine Molasse,
RDF = Rhenodanubian Flysch, and NCA = Northern Calcareous Alps. Ell. th. = Ellbach thrust, Lz. th. = Leitzach thrust, Ml. th. = Mühlau thrust, Kb. s. = Kirchbichl
syncline, Mb. s. = Miesbach syncline, and Hh. s. = Hausham syncline.

The frontal structure is the Kirchbichl syncline with an asymmetric, north facing geometry (Figure 14). It is
truncated by the frontal thrust of the SM, suggesting that folding predated thrust faulting. South of the
Taubenberg fan, the frontal thrust splays to form a zone of narrow, overturned slices (Figure 14). The southern
margin of the Foreland Molasse is vertical to overturned due to drag at the frontal SM thrust. Where coarse
clastic alluvial fans of the OSM are present (Schellenberg and Taubenberg fans of Figure 14), the zone of
tilting is broader. The conglomerate layers in these fans show growth strata geometry and converge to the
south, as exempliﬁed by the trace of bedding in the southern Schellenberg fan of Figure 14. As these
conglomerates have a Badenian age [Unger, 1989] and the youngest conglomerates are still tilted, fault drag
at the Kirchbichl thrust documented by these growth strata started in the Badenian and postdates the
youngest sediments (ca. 16 to at least 12 Ma).
2.3.2. Subsurface (Seismic) Data and Interpretation
Seismic and well information show that subhorizontal reﬂections are truncated by the frontal thrust of the SM
and a major triangle zone is missing (Figures 15 and 16). The base of the USM in the synclines of the SM
systematically descends from the south (about 0 m above sea level in the Hausham syncline; see cross section
e, Figure 15) to the north ( 1500 m in the Kirchbichl syncline). As the Kirchbichl thrust dips to the south, a
triangular-shaped space between the base of the synclines and the thrust needs to be ﬁlled.
Difﬁculties that arise when interpreting the TRANSALP seismic section (Figure 16) further illustrate the
geometric problem. The Miesbach 1 well reached Cretaceous limestones of the autochthonous Mesozoic
cover of the European plate at a depth of 4572 m [Müller, 1975/1976]. These limestones can be recognized
in the seismic line by an increase in reﬂectivity below a less reﬂective unit related to the UMM. South of
the Miesbach 1 well, a set of faults offsets these limestones with a cumulative downthrow of 2.5 km
[Lüschen et al., 2006]. South of the fault set the distance between the base of the CYB and the Cretaceous
limestones of the autochthonous Mesozoic cover of the European plate is about 7 km. Even if tectonic
duplication is considered, this space cannot be ﬁlled by the Oligocene UMM. We therefore suggest a thrust
wedge composed of Helvetic and/or UMM thrust slices, in analogy to observations in area 4 near
Salzburg (see section 2.4), where such a situation is well known [e.g., Wagner, 1996]. A similar thrust
wedge has already been proposed by Behrmann and Tanner [2006] and Lammerer et al. [2011]. In the
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Figure 15. Cross sections of the Subalpine Molasse in the Bad Tölz area. For location, see Figure 14. (top) Cross section f
from the Hausham syncline to the Northern Calcareous Alps thrust sheets across the Tegernsee oil wells [Schmidt-Thomé, 1957],
redrawn from Ganss and Schmidt-Thomé [1955]. (bottom) Cross section e from the autochthonous Molasse to the Northern
Calcareous Alps thrust sheets across the Kirchbichl and Reichersbeuren wells and the Marienstein mine. Cross section e (north)
adapted from Paulus [1981], cross section e (south) redrawn and modiﬁed from Ganss and Schmidt-Thomé [1955]. Abbreviations:
OSM = Upper Freshwater Molasse, OMM = Upper Marine Molasse, USM = Lower Freshwater Molasse, UMM = Lower Marine Molasse,
P = Promberg beds, E = Eocene, uC = Upper Cretaceous, lC = Lower Cretacous. RDF = Rhenodanubian Flysch, NCA = Northern
Calcareous Alps, and s. = syncline.

TRANSALP seismic section, a zone of increased reﬂectivity at 2000–4500 m depth below the Miesbach
syncline and the RDF and Helvetic thrust sheets at surface was mapped as a thrust wedge (thrust wedge
2 of Figure 16), and a zone between 6000 and 8500 m depth below the Northern Calcareous Alps that
displays ramp-ﬂat geometry (thrust wedge 1 of Figure 16).
2.3.3. Contact Between the SM and the Helvetic/RDF Thrust Sheets
In map view the trace of the Helvetic frontal thrust is straight, suggesting a subvertical orientation (Figure 14).
This is conﬁrmed by evidence from the Marienstein mine gallery [Ammon, 1894], the 1045 m deep
Bocksleiten 1 well [Schmidt-Thomé, 1949] as well as the 2200 m deep Tegernsee 2 well [Knauer, 1940]
(Figure 14). The Bocksleiten 1 well 200 m south of the contact penetrated Upper Eocene sediments of the
Helvetic thrust sheet, before reaching Upper Eocene marls similar to the marls of the UMM [Ganss and
Schmidt-Thomé, 1955]. A similar situation was encountered in a mine gallery at Marienstein, where a
concordant tectonic boundary between Oligocene marls of the UMM and Upper Eocene marls of the Helvetic
thrust sheet was observed [Stephan and Hesse, 1966], straight below the same contact at the surface.
Moreover, this demonstrates that there is no major age gap between the youngest sediments of the Helvetic
thrust sheets and the oldest sediments of the SM. The Tegernsee 2 well, located 900 m south of the
surface contact, ﬁrst penetrated 180 m of RDF followed by Helvetic sediments down to 2200 m (Figure 15).
Together with further data from wells in the Tegernsee area (cross section f, Figure 15), an antiformally
folded thrust contact between RDF and Helvetic units can be constructed. Below, the overturned forelimb
intensively sliced and stacked Upper Cretacous marls and Upper Eocene limestones and marls have been
found, which probably belong to a structurally deeper Helvetic thrust sheet.
In the TRANSALP cross section, where the Hausham syncline is overturned, the contact between the SM and
the Helvetic and RDF thrust sheets is a moderately south dipping thrust plane [Schwerd and Thomas, 2003;
Thomas et al., 2006]. We suggest that the overturning of the southern limb of the Hausham syncline is related to
movement along the thrust at the base of the Helvetic/RDF thrust sheets. This thrust fault is an out-of-sequence
thrust splaying from the Helvetic/RDF ﬂoor thrust that dissects the thrust wedge and brings the upper
part of it to the surface (compare sections 2.2.2 and 2.3.3). Across these thrusts, offset increases to the
east. Where offset is small, the sedimentary succession at the base of the SM is thicker and more complete,
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Figure 16. Geologic interpretation of the TRANSALP seismic section in the transition zone between autochthonous Foreland Molasse and the Northern Calcareous Alps
thrust sheets. Darching 1 well from Lange [1985], Miesbach 1 well from Müller [1975/1976]. The Fb 1 (= Feilnbach 1) well was taken from Paulus and Brockert [1968] and
projected 8 km toward the west into the TRANSALP section parallel to the plunging fold axis of the Hausham syncline. In the segment between the Miesbach and
Darching wells, some interpretations of Müller [1975/1976] were included. Abbreviations: OSM = Upper Freshwater Molasse, OMM = Upper Marine Molasse, USM = Lower
Freshwater Molasse, UMM = Lower Marine Molasse, P = Promberg beds. RDF = Rhenodanubian Flysch, NCA = Northern Calcareous Alps. Kb. th. = Kirchbichl thrust, and
Ml. th. = Mühlau thrust.

e.g., in the Bad Tölz area [Ganss and Schmidt-Thomé, 1955]. Small offset coincides with the Loisach
structural culmination in the SM (see section 2.3.1). This can be readily explained by a shallow position of
the RDF and Helvetic thrust wedge as proposed in section 2.3.2.
2.3.4. Shortening and Sequence of Thrusting
The TRANSALP section is the only published seismic section in area 3 that gives some information on the
subsurface structure. Since structures in the TRANSALP section are only well constrained in the uppermost
2 km cross section, balancing was restricted to this interval only. From this, 8 km (50%) of shortening have
been determined for the top of the UMM. Four kilometers of shortening are accounted for by the frontal
Kirchbichl thrust, another 1.5 km by the Leitzach thrust, while the Mühlau thrust is of minor importance.
The remaining 2.5 km are accounted for by folding. Compared to the Foreland Molasse, the Hausham
syncline has been uplifted by some 3 km, potentially caused by doubling of the UMM and insertion of a
kilometer-scale thrust wedge. Whatever the internal geometry of this thrust wedge may be, its leading
end has at least to reach the core of the Hausham syncline in order to cause the observed vertical uplift.
Assuming a planar basal thrust, this wedge was at least transported by about 13 km, while some 17 km are
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Figure 17. Tectonic map of the Subalpine Molasse of Upper Bavaria between the Rosenheim and Salzburg (area 4). See Figure 1 for location. Compiled from the
maps of Egger and van Husen [2009], Ganss [1977a, 1977b, 1980], Götzinger [1955], Hinsch [2013], and Heijl et al. [1988]. OSM lithozones are from Unger [1989].
Solid white circles denote exploration wells, solid black circles villages. Abbreviations: OSM = Upper Freshwater Molasse, OMM = Upper Marine Molasse,
UMM = Lower Marine Molasse, RDF = Rhenodanubian Flysch, and NCA = Northern Calcareous Alps.

deduced for the nonplanar thrust plane as given in the TRANSALP seismic section (Figure 16). In fact, internal
stacking within the thrust wedge would considerably increase the amount of achieved shortening.
Thrusts within the UMM that probably originate within the deeper Helvetic thrust wedge (see section 2.3.2)
are sealed by the CYB north of the Miesbach 1 well (Figure 16) [Müller, 1975/1976]. Growth strata in the
footwall and offset of the OSM indicate Badenian and younger activity of the Kirchbichl thrust. The straight
thrust at the base of the Helvetic/RDF thrust sheets was not deformed by offset across the previously
mentioned thrust and should therefore be younger. The thrust sequence is back breaking.
2.4. Area 4: The Subalpine Molasse of Upper Bavaria (Germany) Between Rosenheim and Salzburg
SM outcrop in this region is poor. Continuous outcrops are present along the rivers Prien and Traun, where
resistant gravels are present in the foreland succession. The surface outcrops of the SM end in this
easternmost part with the Bernau syncline (Figure 17). The Oligocene to Miocene brackish CYB interﬁnger
with marine deposits, so that east of lake Chiemsee, Oligocene to Early Miocene (Late Egerian) marls and
Puchkirchen formation of the UMM are in contact with the late Early Miocene deposits of the OMM (Figure 2).
With the exception of meandering, trough-parallel channels ﬁlled with sand and gravel, the whole succession
almost exclusively consists of marls [de Ruig and Hubbard, 2006; Hubbard et al., 2009].
2.4.1. Outcrop Structures
The main part of the area is dominated by the autochthonous Molasse and the tilted Molasse. While in area 3
the tilted part of the Foreland Molasse is a 2 km wide drag zone, in area 4 between Rosenheim and Traunstein,
this zone is 6–9 km wide and exposes the complete stratigraphic succession of the foreland basin. As in all other
parts of the SM, the oldest deposits exposed are marls of the UMM. East of Traunstein, the width and tilt of
the tilted Molasse decreases and the older sedimentary units do not outcrop at the surface any more.
Toward the west, this tilt zone is truncated by the frontal thrust of the SM south of Rosenheim (Figure 14).
The SM is only represented by the overturned Bernau syncline (Figure 17). The core is formed by Chattian CYB
which rises toward the east and west due to varying plunge of the fold axis. Emplacement of the Bernau syncline
onto the tilted southern margin of the authochthonous Molasse did not cause a stratigraphic offset, as the
UMM of the Bernau syncline is emplaced onto the UMM of the tilted Molasse [Ganss, 1977c]. The basal Helvetic
thrust truncates the basal thrust and axial plane of the Bernau syncline: the Übersee 101 and Übersee 103
wells reached the Helvetic zone, while Übersee 102 ended in the CYB in the core of the syncline (Figure 17)
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Figure 18. Geologic interpretation of seismic section 8 across the Subalpine Molasse of Upper Bavaria N of Salzburg.
See Figure 17 for location. Seismogram modiﬁed from Hinsch (personal communication, 2011). Abbreviations:
OMM = Upper Marine Molasse, UMM = Lower Marine Molasse, E = Eocene, and RDF = Rhenodanubian Flysch.

[Paulus, 1977]. The 40° south dipping basal Helvetic décollement was encountered by the two shallow wells
Neubeuern 101 and 102 (Figure 17) east of the Hausham and Miesbach synclines (area 3) [Veit, 1973].
2.4.2. Seismic Structure
The broad foreland-dipping panel of the autochthonous Molasse suggests a triangle zone at depth to avoid
major space problems in cross sections. Veit [1963], when interpreting the available seismic sections,
speculated on the existence of such a triangle zone based on the geometry of the reﬂections observed. The
rapid decrease of dip in the tilted Molasse (Figure 4, cross section g), and smaller thickness of sedimentary
units in the tilted surface outcrops of the OMM as compared to the thickness of the same sedimentary units in
wells north of the tilt zone (Endorf 2, Breitbrunn C2, Chieming C1 of Figure 17) [Ganss, 1977c] points to
growth of the underlying triangle zone during deposition of the OMM from the Eggenburgian to Karpatian
(ca. 21–16 Ma); however, no deposits younger than Karpatian are preserved. The main growth is observed
during the Eggenburgian (22–18 Ma).
The structural style of the SM and the Foreland Molasse will be discussed by means of a seismic section
located north of Salzburg (Figure 18), east of the eastern end of the tilted Molasse. There, a series of
hinterland-dipping horses is detached from the European margin in Cretaceous marls. The backbone of these
slices are Eocene limestones from the base of the foreland succession. The youngest units involved in
stacking are Lower Egerian sediments This stack of slices is eroded and then onlapped by Upper Egerian
deposits. Another more internal thrust unit with complex internal structure (thrust wedge of Figure 18) is
emplaced onto the Upper Egerian deposits and then sealed by the OMM. Post-OMM tectonic transport is
minor and causes minor tilting of the Upper UMM and OMM above the stacked units. The RDF and Helvetic
thrust sheets were most probably carried in piggyback fashion to their present-day position [Hinsch, 2013].
Excluding the upper thrust wedge, line length balancing of the top Eocene horizon gives 8.3 km shortening
prior to the Late Egerian. Pre-Eggenburgian out-of-sequence thrusting at the base of the upper thrust wedge
amounts to at least 2 km. Another 900 m of (minimum) shortening postdating deposition of the OMM is
accounted for by the décollement at the base of the RDF and Helvetic thrust sheets; however, in other
sections nearby, this décollement is sealed by Eggenburgian sediments [Hinsch, 2013]. It is noteworthy that all
post-Oligocene thrusts are hinterland propagating.
The buried thrust belt, as observed in section 9 (Figure 18) is relevant for the interpretation of structures farther
west. The broad tilt zone between Rosenheim and Traunstein can be explained by a later reactivation of the
buried thrust wedge(s). This was conﬁrmed by a recently published seismic line crossing the front of the Alpine
wedge east of Traunstein, showing multiple vertically stacked triangle zones at the tip of thrusts that formed
out of sequence [Hinsch, 2013].
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3. Discussion
3.1. Style of Deformation
The lateral change in composition of the USM has a major impact on deformation style. While the thick alternations of
conglomerates, sand, and marls of the major fans atop a relatively thin marly detachment tend to be stacked as
horses in the west, the sandstone-marl successions farther east,
overlying thick marls, form buckle folds. The wavelength of
these buckle folds decreases to the east, while the USM gets
ﬁner grained and is replaced by the CYB. The folds are detached
above the UMM, which lies above the triangle zone below the
southernmost syncline of the SM. The forelimbs of anticlines are
crosscut by thrusts in a relatively early stage; the geometry is
that of break-thrust folds [Fischer et al., 1992; Woodward, 1997].
In the western cross sections, where the USM is
conglomerate dominated, a triangle zone with
considerable shortening evolved at the northern end of
the SM. The horses in the core of the triangle display
proper ramp-ﬂat geometry (Figure 5, seismic section 1).
Together with the end of the coarse clastic sediments in
the USM east of the Murnau syncline, the triangle zone
disappears as well. This observation is contradicting Berge
and Veal [2005], who suggested that basement faults
(a “speed bump”) would control the presence of the frontal
triangle zone.
3.2. The Evolution of the Alpine Wedge in Time
We will discuss the evolution of the frontal Alpine orogenic
wedge in time based on a series of sketches that summarize
the main steps that can be deduced from the presented data
(Figure 19). The sketches describe the evolution of the
western SM. As the easternmost cross sections presented
here lack major Miocene deformation, the discussion will
also proceed from east to west.

Figure 19. Schematic evolution of the frontal part of the Alpine
orogenic wedge from the Early Oligocene onward. (a) Early Oligocene
submarine emplacement of the RDF and Helvetic nappe stack on
the European margin. (b) Early Oligocene submarine erosion and
subsequent burial of the frontal part of the wedge, deposition of coarse
clastic deposits (“Riesenkonglomerat”). (c) Oligocene to Miocene
reactivation of the erosional unconformity as a passive roof-thrust
during ongoing shortening. (d) Late Oligocene to Miocene burial of
the frontal Alpine orogenic wedge beneath foreland deposits.
Middle Miocene propagation of the tip of the frontal thrust to the
present-day location of the frontal triangle zone. Middle to Late
Miocene growth of the triangle zone and of the fold on top of it, and
depositon of growth strata (modeled after section b of Figure 5).
(e) Late Miocene erosion and surface breaking of a foreland-directed
thrust out of the triangle zone (modeled after seismic section 4 of
Figure 9). (f) Late Miocene tightening of triangle zone and steepening
of the latter thrust. Initiation of new, less steep thrusts in the hinterland,
which create the SM synclines (modeled after seismic section 8 of
Figure 13). Abbreviations: OSM = Upper Freshwater Molasse,
OMM = Upper Marine Molasse, USM = Lower Freshwater Molasse,
UMM = Lower Marine Molasse. RDF = Rhenodanubian Flysch, and
NCA = Northern Calcareous Alps.
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3.2.1. Oligocene
Seismic section 9 of Figure 18 near Salzburg nicely depicts the Oligocene evolution of the SM due to the lack of
later overprint. A thrust belt started to form during the Earliest Oligocene and was eroded and buried by
the upper UMM and OMM that are subhorizontal (compare Figures 19a and 19b). There is no tilting associated
with younger foreland-directed transport of the thrust wedges. Only 5 km west of section 9, the tilted
Molasse already appears in the map view (Figure 17), possibly triggered by foreland propagation of the
buried thrust wedge. To facilitate tilting of the southernmost part of the autochthonous Molasse, the
erosional unconformity on top of the buried thrust wedge should have been reactivated as a backthrust
(compare Figure 19c). From south of Rosenheim, the thrusts of the SM can be continuously traced
westward and the broad tilted Molasse narrows down.
Two thrust wedges are depicted in the TRANSALP seismic section (see section 2.3.2 and Figure 16). Following
the interpretation of seismic section 9 (Figure 18), these thrust wedges are interpreted to have formed as one
coherent wedge in the Oligocene (Figure 19c) with later separation caused by out-of-sequence thrusting
(Figure 19f). It is important to note that the 16 km transport at the base of the upper thrust wedge 2 of
Figure 16 are signiﬁcantly more than total shortening of the surﬁcial part of the SM (8 km). If this upper wedge
was emplaced during deposition of the UMM, the remaining 8 km predate deposition of the CYB, from which
the surﬁcial shortening has been deduced (Figure 16).
Due to the lack of resolution and for reasons of consistency, a thrust wedge was schematically drawn below the
Molasse synclines in seismic sections 4 to 8 (Figures 9–13). Locally seismic data (seismic section 2 of Figure 6 and
section 2.1.2) and surface geology (Figure 8, section 2.2.1 cross section e of Figure 15, and section 2.3.3) provide
sufﬁcient evidence for the existence of a thrust wedge. In the western SM, submarine erosion of the evolving
thrust wedge might be indicated by deposition of the “Riesenkonglomerat” at the stratigraphic base of the SM in
the southern limb of the Steineberg syncline. The “Riesenkonglomerat” is a megabreccia with clasts of up to 2 m
diameter derived from the mélange at the top of the Helvetic thrust sheets [Heim et al., 1928; Resch, 1963].
The present-day map pattern, with Helvetic and RDF units in tectonic contact with the stratigraphic base of the
SM and the fold axes of the Helvetic and RDF units not parallel to the fold axes of the SM (section 2.1.1), can be
explained by major erosion, removing part of the RDF thrust sheets prior to draping UMM deposits over the
thrust wedge (Figure 19b). The erosional unconformity was then reactivated as a passive backthrust in the roof of
a triangle zone during younger foreland-directed transport (Figure 19c). The southernmost slice of the western
SM was therefore adjacent to the Alpine thrust tip during the Early Oligocene.
The amount of Oligocene shortening is hard to quantify except for seismic section 9 (Figure 18), where a
minimum of 8 km can be deduced. In area 4, Hinsch [2013] deduced ca. 30 km of shortening predating
deposition of the OMM. In the west, the Steineberg slice was not yet dislocated, as the sedimentary succession is
undisturbed up to the end of the Oligocene. Based on the restored cross section a (section 2.1.3 and Figure 5),
we assume a position of the Steinberg slice below the present-day Northern Calcareous Alps prior to its
post-Oligocene displacement. During Early Oligocene deposition, the Alpine thrust wedge had reached
the future Steineberg slice, and the “Riesenkonglomerat” was sourced from its tip. By that time the
Helvetic/RDF thrust sheets had traveled about 20 km since their Eocene detachment from the Gotthard
Massif (south of Aar massif in Figure 1b) [e.g., Pﬁffner, 1986], which is remarkably consistent with the
estimate from area 4.
3.2.2. Miocene
3.2.2.1. Growth Strata
Beyond the examples presented already (sections 2.1.1, 2.2.1, 2.3.1, and 2.4.2), growth strata in the OMM and
OSM of the tilted Molasse have been depicted in cross sections of all parts of the SM [Abele et al., 1955;
Eberhard, 1986; Ganss, 1977c; Ganss and Schmidt-Thomé, 1955; Jerz et al., 1974; Kuhnert et al., 1975; Paulus,
1963; Vollmayer, 1955] but have never been interpreted in a tectonic context. They document tilting related
to triangle zone growth (sections 2.2.1, 2.3.1, and Figure 19e), starting in the Eggenburgian (21 Ma) and
outlasting the youngest tilted sediments of Pannonian age (ca. 9 Ma) [Eberhard, 1986; Unger, 1989] west of
Weilheim (Figure 1). In the east, between Rosenheim and Traunstein (area 4), the growth is observed from
the Eggenburgian onward (Figure 4) [Ganss, 1977c]; however, no deposits younger than Karpatian are
preserved. The total absence of growth strata in SM synclines suggests their postdepositional deformation
(Figure 19f ). Major thrusting in the SM would therefore be restricted to the late Early Miocene and younger,
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Figure 20. Summary of shortening across the SM as deduced from the cross sections presented. (a) Offset across the frontal
SM thrusts showing arc geometry. (b) Offset across thrusts carrying the southernmost slice of the SM, which coincides with
the basal Helvetic thrust (compare Figure 3). (c) Total shortening across the SM. White outlined numbers denote section
numbers/names from which shortening was taken, R = Regional cross section, T = TRANSALP seismic section. (inset)
Exaggerated and simpliﬁed geometric model illustrating the consequences of oblique thrusting of a segmented wedge
illustrating the underthrusting of the RDF/Helvetic thrust wedge below the SM.

i.e., after onset of deposition of the OMM. The long-lasting growth of the frontal anticline points to a
stationary thrust front and an end of foreland propagation of thrusting at the tip of the Alpine wedge.
3.2.2.2. Break-Back Thrusting
One of the main characteristics of the SM during the Miocene is the back breaking of thrusts after formation
of the frontal triangle zone. Throughout the SM, Miocene thrusts truncate or override earlier folds in their
footwall. All SM thrusts are either straight (e.g., seismic sections 4 and 5 in Figures 9 and 10) or folded above
the frontal triangle zone (section 2.1.4) with a clear trend of less folding for more internal thrusts (Figure 19f).
This pattern indicates that SM thrusts are postdating formation of the triangle zone. As the frontal
thrust of the SM truncates the triangle zone or an anticline above the triangle zone, and emplaces the
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northernmost slice of the SM on
OSM deposits of Badenian age
locally (see section 2.2.1), it should
be younger than ca. 12 Ma.
Thrusting was active up to the
Pliocene, as documented by von
Hagke et al. [2014]. This was also
observed in eastern Switzerland
[Cederbom et al., 2011; von Hagke
et al., 2012].
3.2.2.3. Transfer Faults and
Shortening Estimates
Several N to NNE striking
subvertical faults have a major
impact on the structural style.
From west to east these are the
Iller fault, the Lech fault, the
Figure 21. Pinch-out lines of (a) Eocene-Oligocene and (b) Miocene foreland
Loisach fault, and the Inntal shear
deposits compiled from Ford et al. [2006] for the western part of the Alps and
zone (Figures 1 and 7). These faults
Lemcke [1988] for the Bavarian part of the foreland. The Miocene Alpine
frontal thrust is oblique to Paleogene foreland ﬂexure through time as shown are hosted in the RDF and Helvetic
by pinch-out lines of Eocene to Oligocene deposits. Abbreviations: B = Basel,
nappe stack, as it was shown by
Z = Zürich, M = Munich, S = Salzburg, and LH-NÖ-H = the Landshut-Neuötting Ortner et al. [2006] and terminate
basement high.
either at the Helvetic/RDF frontal
thrust (Loisach fault) or in the
internal part of the SM (Iller, Lech
faults). At the northern end of the SM, fault systems can be observed which are located along strike of
these three internal faults.
On the regional scale, the transfer faults allow for decreasing Miocene shortening within the SM
from 45 km immediately east of the Rhine valley to almost zero in the Salzburg area (Figure 20c),
indicating oblique convergence. Much of the differential shortening is related to a major westward
increase in offset across the Steineberg thrust (Figures 6 and 20b), while the frontal SM thrusts have
rather uniform shortening (Figure 20a). As a consequence, the present-day Alpine front is oblique to
Oligocene foreland ﬂexure as documented by the pinch-out lines of successively younger Oligocene
units (Figure 21a).
The transfer faults cutting into the SM are closely related to the structure of the southern (Helvetic) triangle
zone. On the eastern side of the faults, the Helvetic triangle below the SM shifts northward, causing a
culmination in the SM above (e.g., Füssen culmination east of Seeg fault, Figure 7; Loisach culmination east
Loisach fault, Figure 14). This is also associated with a rise in topography east of the transfer faults adjacent
to the SM in the RDF, Helvetic, and Northern Calcarous Alps thrust sheets (Figures 1 and 7). The base of
SM synclines is uplifted abruptly across the Iller fault, where the thrust at the base of the Steineberg
syncline rises from 1,5 km (Figure 3) to the surface (Figure 8), and across the Loisach fault, where the
thrust at the base of the Murnau syncline rises above surface from 2 km (Figures 12, 13, and 15).
Shortening is transferred to more external parts of the SM via transfer faults (e.g., Peiting transfer fault,
Figure 7, and section 2.2.1) as the tip of the Helvetic triangle shifts north. As more shortening reach the
more external parts of the SM, synclines of the SM bifurcate, i.e., the Rottenbuch syncline splitting into the
Kirchbichl and Penzberg synclines as the Ellbach thrust appears east of the Penzberg transfer zone
(Figure 14).
Between transfer faults, numerous thrusts of the SM are seen to cut across axial planes of synclines in their
footwall near their eastern end, adjacent to transfer faults (i.e., Steineberg, Enisried, Leitzach thrusts, and
frontal Helvetic/RDF thrust). The synclines change their geometry from open symmetric to tight overturned
(i.e,. Murnau, Hausham, and Miesbach synclines). Therefore, we observe an eastward increase of shortening
between the transfer faults on the local scale (Figure 20c).
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Figure 22. Post-Early Miocene thrust belts of the Alps and related shortening. Fault pattern in the Alps during lateral
extrusion, i.e., the eastward escape of crustal blocks. All arrows are length-scaled execpt the arrow giving the direction
of movement of crustal blocks. The location of selected cross sections of this study is given: 5, 9 = seismic sections 5 and 9,
R = regional cross section, T = TRANSALP seismic section. Abbreviations: J = Jura fold-and-thrust belt, AA = Aar massif,
EW = Engadine window, TW = Tauern Window, BM = Bohemian massif, ISZ = Inntal shear zone, and PA = Periadriatic line.

From a structural point of view, oblique convergence (Figure 19) should initiate transfer faults [e.g., Linzer et al.,
1995; McClay et al., 2004; Norris and Cooper, 1995]. The effects of sinistral transfer faulting on a northward
tapering wedge are illustrated by the inset of Figure 20c. Underthrusting of the Helvetic thrust wedge below
the SM has likely such a geometry. Maximum uplift near the transfer fault and eastward plunge of fold axes in
the SM above the thrust wedge are likely reasons for the local eastward shortening increase, as erosion in
response to uplift removes line length.
3.3. Reliability of Shortening Estimates
The overall increase of shortening to the west is related not only to a real change in shortening but also to the
availability of subsurface information. The lack of subsurface information from below the Northern Calcareous
Alps east of the Hindelang 1 well is likely responsible for a part of the eastward decrease in shortening.
Another reason is that the loss of line length as part of the SM gets uplifted above surface, e.g., east of the
Loisach fault, and probably also east of the eastern end of the Miesbach syncline. Nevertheless, the
absence of post-Eggenburgian shortening in area 4 (Figures 18 and 20) [Hinsch, 2013] makes the general
argument robust.
3.4. Large-Scale Deformation in the Eastern Alps
In Switzerland, thrusts of the SM root below and within the external massifs (e.g., Aar massif, AA of Figure 22)
[Burkhard, 1990]. There thrusting in the SM is linked to deformation in the Jura mountains
(J of Figure 22) and to thick-skinned tectonics and exhumation of the external massifs [e.g., Burkhard,
1990; Pﬁffner et al., 1990], which started around 20 Ma [e.g., Challandes et al., 2008; Herwegh and
Pﬁffner, 2005]. Due to the lack of a “Jura-type” external fold-and-thrust belt in Austria and Germany, all
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Miocene shortening is accounted for by the SM and in the internal part of the Alps by shortening in
the Tauern and Engadine windows (TW and EW of Figure 22). Exhumation of the Tauern window
started at around 20 Ma by a combination of N-S shortening and E-W extension [Fügenschuh et al.,
1997; Lammerer and Weger, 1998; Rosenberg and Garcia, 2011; Scharf et al., 2013]. Timing of
exhumation of the Engadine Window to the surface is poorly constrained. Schmid and Froitzheim
[1993] describe tectonic activity of the SE window margin at the Oligocene-Miocene boundary that
contributed to exhumation, and Pﬁffner and Hitz [1997] hold “postcollisional shortening” related to
stacking of basement slices in the European crust responsible for the last 8 km of exhumation. To
explain shortening in the SM, some thick-skinned shortening north of the Periadriatic line is needed,
and shortening in the Engadine and Tauern windows are the only documented examples.
Exhumation and lateral extrusion of the Tauern Window were accounted for by major faults with the Inntal
shear zone as the northern delimiting structure (Figure 22) [Ratschbacher et al., 1991]. The Inntal shear zone was
imaged by the TRANSALP seismic line and appears as a vertical discontinuity crosscutting the Austroalpine
nappe stack and merging with the basal Alpine thrust at depth [Ortner, 2003; Ortner et al., 2006]. The existence
of the SM north of the Inntal shear zone requires that the fault must have been transported to the north at
least by the amount of SM shortening.
Interaction of SM shortening with processes in the internal part of the Alps could probably explain most
peculiarities of the SM thrust belt: crustal scale duplex formation [Lammerer and Weger, 1998] would consume
much shortening in the internal part of the orogen and reduce shortening transmitted to the external part of
the orogen. The SM thrust belt north of the Tauern Window (Figure 22) formed where Ratschbacher et al.
[1991] deﬁned a domain of combined compressional strike slip and folding and thrusting during lateral
extrusion, documented by transpressive shearing at the Inntal shear zone [Ortner et al., 2006]. In this domain,
shortening was transmitted across the bounding faults of lateral extrusion and caused the observed internal
thickening of the SM. North of a domain east of the Tauern Window (Figure 22) with extensional strike slip
and normal faulting during lateral extrusion, no thrust belt formed. Removal of large volumes of rock out of
the cross section by escape tectonics did probably terminate foreland propagation of the SM as demonstrated
by the eastern, escape-related end of the SM. Eastward decreasing shortening in the SM would imply eastward
increasing shortening in the Tauern Window; however, this is not observed (Figure 22) [Frisch et al., 1998] as
the material moves eastward out of the area of contraction. Constant amounts of shortening in the Southern
Alps (Figure 22) [Nussbaum, 2000; Schönborn, 1999] indicate that these were part of the backstop and not
affected by shortening transfer into the zone of lateral escape.
In the Eggenburgian, when deposition of the OMM had started, the thrusts of the SM had propagated to the
position of the present-day Alpine front. The onset of the second depositional OMM-OSM megacycle was
accompanied by a retreat of deposition in the Alpine foreland to a narrow zone north of the SM thrust
front, while the larger part of the foreland basin was subject to erosion (Figure 21b) [Kuhlemann and Kempf,
2002; Lemcke, 1988]. The USM was slightly tilted to the south prior to subsequent transgression of the
Ottnangian-Karpatian OMM to the north, resulting in a minor angular unconformity [Lemcke, 1988]. The base
OMM and OSM of the Foreland Molasse dip shallowly toward the south, as shown in the cross sections of Abele
et al. [1955]. These observations have been interpreted in terms of ongoing lower plate ﬂexure [Pﬁffner et al.,
2002; Sinclair et al., 1991]; however, foreland subsidence signiﬁcantly decreased with the onset of OMM
deposition [Zweigel et al., 1998]. The foreland basin east of the SM thrust belt was not affected by further ﬂexure,
subsidence stopped [Genser et al., 2007], and the OMM and OSM of the Foreland Molasse lie horizontal in
the cross sections of, e.g., Wagner [1996], Brix and Götzinger [1964], or Beidinger and Decker [2014]. Marine
conditions during deposition of the OMM are therefore independent of lower plate ﬂexure and should be
a result of reduced sediment input into the basin [Kuhlemann and Kempf, 2002; Schlunegger et al., 1997;
Zweigel et al., 1998].
The data presented here indicate a stationary thrust front during deposition of OMM and OSM. Internal
thickening of the Alpine thrust wedge indicated by the break-back thrust sequence observed in SM would
reduce the sediment transport distances into the foreland basin and could therefore be responsible for
the basinward shift of coarse clastic facies observed in the fans into the foreland basin (Figures 2, 3, 7, and 14).
It would also move the upper plate load closer to the foreland and be responsible for lower plate ﬂexure and
related foreland subsidence. However, internal thickening of the orogen would be limited due to escape
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tectonics (see above) and related collapse of the orogenic wedge [Frisch et al., 1998]. Only in the westernmost
part of the Molasse basin in Switzerland, where lateral escape did not inﬂuence the Alpine wedge, thrusts
continued to propagate into the foreland to form the Jura thrust belt at about 10 Ma [e.g., Becker, 2000;
Burkhard, 1990]. There, shortening continues to the present day [Madritsch et al., 2010].
As the amount of Miocene shortening within the SM decreased, and shortening most probably was transferred to
the Tauern Window, all units in between must have experienced clockwise vertical axis rotation. The map
structures of the SM are entirely due to Miocene shortening and closely resemble structures formed by rotational
shortening in analogue experiments [Soto et al., 2006]. Differential shortening of the SM did lead to a 12° clockwise
rotation of the units in the hanging wall. However, we do not know how much contraction within the Helvetic
thrust sheets is contemporaneous to SM thrusting. A considerable amount of late Middle to Late Miocene
contraction may be present in the broad zone of Helvetic thrust sheets of between Rhein valley and Oberstdorf
(Figure 1a) that have no counterpart in the eastern cross sections. Internal deformation of the Northern Calcareous
Alps south of Salzburg is minor, as shown in the cross sections by Heijl et al. [1988] or Braunstingl [2005], and
most deformation were therefore transferred to the Tauern Window. Clockwise vertical axis rotation in the
Northern Calcareous Alps due to differential shortening might be considerably larger and was already
suggested by Ratschbacher et al. [1991]. Several more recent paleomagnetic studies have dated clockwise
rotation as Oligocene or younger [Pueyo et al., 2007; Thöny et al., 2006].

4. Conclusion
Several conclusions may be drawn from the review of structure of the SM in this paper:
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1. The style of deformation is partly controlled by the material involved, e.g., the Subalpine Molasse between
Bregenz and Kempten in the western part of the study area showing ramp-ﬂat structure whereas
folding in the rest of the Subalpine Molasse is dominated by buckle folding. However, other aspects of
structural style, such as the absence of folded thrusts and the predominance of break-back thrust are
controlled by external factors.
2. A triangle zone at the boundary to tectonically higher Helvetic und Rhenodanubian Flysch thrust sheets
solves major space problems. This triangle zone is one of the most persistent structural features in the whole
area. It is related to Oligocene Helvetic thrusting into the foreland. East of the Subalpine Molasse thrust belt,
the Oligocene geometry of this thrust wedge is preserved due to the absence of Miocene thrusting. Farther
west, Miocene transport brought the thrust wedge into its present-day position.
3. Thrusts propagated to the present-day Alpine thrust front in the late Early Miocene (Eggenburgian) and
remained active into the Middle and Late Miocene. The Alpine thrust front was stationary, however, from
the late Middle Miocene (Badenian) onward, more internal thrusts formed in a break-back sequence.
4. The eastern end of the Subalpine Molasse thrust belt is a result of transfer of shortening into the internal
parts of the Alps that were affected by lateral extrusion at that time. The removal of large amounts of
crustal material out of section probably caused the end of foreland propagation of the SM; however, there
was still enough shortening transmitted to the Subalpine Molasse to facilitate internal shortening of
the Subalpine Molasse thrust belt.
5. Deformation transfer from the most external units of the Alpine nappe ediﬁce to the internal Tauern
Window caused clockwise rotation of the units in between.
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