
Journal of Structural Geology 150 (2021) 104416

Available online 10 July 2021
0191-8141/© 2021 Elsevier Ltd. All rights reserved.
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A B S T R A C T   

We report the results of a numerical modelling study based on folds in the western Northern Calcareous Alps 
(NCA) fold-and-thrust belt. We study boundary conditions of folding based on the mechanical properties of the 
rocks involved. One key control on the model is stratigraphy that can be simplified to three layers: (1) an 
incompetent base along the décollement of the thrust sheet, and (2) an up to 3 km thick competent layer, which 
is overlain by (3) an incompetent top layer. The incompetent base layer needs to be very weak to facilitate 
folding and is a salt-bearing evaporitic unit. Another key is erosion prior to folding. It needs to remove half of the 
competent layer to allow the creation of folds with limb lengths comparable to field observations. The results of 
the numeric model contribute to the understanding of the structural development in the western NCA. Folding 
within the upper thrust sheet was only possible above a salt-bearing décollement and after a decrease in litho-
static pressure related to Upper Cretaceous and/or Paleogene erosion.   

1. Introduction 

Fold-and-thrust belts are one of the principal sources of hydrocar-
bons (Goffey et al., 2010; Lacombe et al., 2007; Nemcok et al., 2005), 
and increasingly, of hydrothermal energy. The understanding of the 
internal geometry is therefore a prerequisite to uncover hidden struc-
tures. Foreland fold-and-thrust belts frequently show a basal evaporitic 
décollement horizon, e.g., Appalachian Plateau, Pyrenees, Carpathians, 
Zagros Mountains (Davis and Engelder, 1985). Fold geometries within 
such salt-floored fold-and-thrust belts vary from the classical models (as 
proposed by, e.g., Suppe, 1983). The deformation style depends on the 
thickness and the mechanical properties of the involved layers (e.g., 
Davis and Engelder, 1985). A common attribute in salt-floored fol-
d-and-thrust belts is the development of buckle folds above the 
décollement (e.g., Fernandez and Kaus, 2014; Humair et al., 2020; 
Mitra, 2002; Nilfouroushan et al., 2013; Poblet et al., 1998; Verges, 
2012; Yamato et al., 2011). Buckle folds develop due to competence 
contrast between the basal incompetent décollement (often salt) and the 
competent units above. The shape of buckle folds is entirely controlled 
by the physical and mechanical properties of the layers (Barani, 2012; 
Currie et al., 1962; Davis and Engelder, 1985). It is assumed that buckled 

folds maintain the initial arc length during ongoing shortening and only 
the amplitude increases (e.g., Price and Cosgrove, 1990; Schmalholz and 
Podladchikov, 2001). That means that the initial arc length is constant 
during ongoing shortening which in turn is the prerequisite for the 
comparison between folds at a different stage of shortening and between 
analytical and field data. 

The Northern Calcareous Alps (NCA) of the eastern European Alps 
are a thin-skinned fold-and-thrust belt. Numerous studies (Eisbacher and 
Brandner, 1996; Heiβel, 1978; Kilian and Ortner, 2019; Linzer et al., 
1995; Tollmann, 1976b) showed that the Permian salt-bearing succes-
sion (Haselgebirge) is the basal décollement for the Karwendel thrust 
sheet of the western NCA. Also other thrust sheets of the NCA were 
separated from their former basement along this décollement (Eisbacher 
and Brandner, 1996; Granado et al., 2018; Linzer et al., 1995), and the 
role of salt tectonic processes in the eastern NCA was highlighted 
recently (Fernández et al., 2020; Granado et al., 2018; Strauss et al., 
2021). 

The focus of this study are the km-scale folds above one of the main 
thrusts (Karwendel thrust) in the Karwendel Mountains (Fig. 1). Our 
structural investigations of macroscale structures lead to the assumption 
that km-scale folds above the thrust are buckle folds, developed due to 
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Fig. 1. Tectonic map of the western part of the Northern Calcareous Alps (modified from Ortner, 2016). WM = Wetterstein Mountains; MM = Mieming Mountains; KM = Karwendel Mountains. Inset (a): Position of the 
main map in the Northern Calcareous Alps. Inset (b): Conceptual section across the Northern Calcareous Alps, adapted from Kilian and Ortner (2019), and based on Bachmann and Müller (1981) for deep structure and 
well Vorderriss 1, and Freudenberger and Schwerd (1996). 
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the rheologic contrast between the décollement and the sedimentary 
succession above. 

This study aims to answer the following questions using a mechan-
ical numeric model:  

(1) Is it mechanically possible to buckle the sedimentary succession 
of the western NCA during shortening? 

(2) Does erosion and later re-sedimentation influence the develop-
ment of buckle folds? 

General analytical solutions for these questions have been presented 
by, e.g., Goff et al. (1996) and Schmalholz et al. (2002), however, our 
focus is to apply simple numerical modelling on the specific structural 
evolution of the western NCA. 

1.1. Geologic setting 

The NCA belong to the Eastern Alps and the term itself is a regional 
term, not implicating a tectonic unit. In a plate tectonic context, the NCA 
belong to the Alcapian plate (Handy et al., 2010), meaning a part of 
Adria, which includes continental and oceanic parts of a microplate 
between the European, Iberian and the African plate. From the Creta-
ceous on to the Early Cenozoic Alcapia was separated from Adria. 
Alcapia derives from Alcapa (Alps-Carpathians-Pannonian basin) 
including the Austroalpine units of the Eastern and Western Carpathians 
and remnants of the north-western margin of the Meliata-Maliac Ocean 
(Schmid et al., 2004). The NCA represent the most external units of the 
Austroalpine (e.g., Schmid et al., 2004; Tollmann, 1976b), and consti-
tute a thin-skinned fold-and-thrust belt. The sedimentary succession of 
the study area spans the Permian to the Cretaceous. 

1.2. Stratigraphic development (Fig. 2) 

The Permian to Triassic sediments of the NCA were deposited on the 
passive continental margin of Pangea, facing the Meliata branch of the 
Neotethys ocean (e.g., Haas et al., 1995; Lein, 1987; Schmid et al., 2004; 
Stampfli et al., 1998). In the study area, the oldest sediments are 
Permian sediments (Haselgebirge) represented by grey shales, cellular 
dolomites and reddish to greenish quartz-rich sandstones which can be 
found in surface outcrops. In the subsurface, large amounts of anhydrite 
and gypsum are known and salt has been mined (Schmidegg, 1951; 
Spötl, 1989). Lower Triassic quartz sandstones (Alpiner Buntsandstein) 
which are intercalated by marls and clays (Tollmann, 1976a) follow the 
Permian succession. The Lower Triassic sandstones are in contact to the 
Anisian limestone and evaporites (Reichenhall Fm.), represented by 
cellular dolomites, stromatolithic dolomites and limestones. The cellular 
dolomites are the residue of sulphate evaporites in the subsurface. 

Anisian to Ladinian limestones (Alpine Muschelkalk Group; 
Bechstädt and Mostler, 1976; Nittel, 2006; Rüffer and Zamperelli, 1997) 
follow above the last cellular dolomites. This massive to well-bedded 
succession of limestones interfingers in its uppermost part with the cli-
noforms of the Ladinian platform (Fig. 3a; Wetterstein limestone). 

This Ladinan Wetterstein limestone is the first major carbonate 
platform in the NCA and reaches a thickness between 1700 m (Sarn-
thein, 1965) and 2200 m (Kilian and Ortner, 2019) in the Karwendel 
Mountains. Generally, the Triassic sedimentary succession has a 
layer-cake geometry on the kilometer-scale (except the clinoforms of the 
Ladinian platform), and this is spectacularly exposed in the almost 1 km 
high north-face of the Laliders cliffs (Fig. 3a; Kilian and Ortner, 2019). 
Thickness variations within the Alpine Muschelkalk Group and the 
Wetterstein limestone are probably a consequence of Triassic salt tec-
tonics in the area. A succession of Carnian shales, limestone, dolomites 
and cellular dolomites (Northalpine Raibl Beds; Jerz, 1966) follows on 
top of the Wetterstein limestone. 

In the Norian another major carbonate platform developed, the 
Norian Hauptdolomit, a well bedded, partly stromatolithic dolomite 

(Fruth and Scherreiks, 1982; Müller-Jungbluth, 1971). Toward the top, 
this Norian platform drowns. Ultimately, drowning led to the formation 
of basins filled with marly limestone (Kössen Fm.) interfingering with 
platform carbonates (Oberrhät limestone; Golebiowski, 1991) during 
the Rhaetian. 

The Jurassic sedimentation is controlled by rifting and the opening of 
the Alpine Tethys (Handy et al., 2010; Schmid et al., 2004). Alcapia, 
including the future NCA, was separated from Europe (e.g., Handy et al., 
2010; Le Breton et al., 2021). The new continental margins drowned, 
ending shallow marine deposition, and pelagic sediments settled 
throughout the Jurassic and Early Cretaceous. Rift-related normal 
faulting caused major thickness differences in the syn-rift succession 
(Allgäu Fm.; e.g., Eberli, 1988; Jacobshagen, 1965; Nagel et al., 1976). 
Postrift deposition starts at the turn to the Upper Jurassic and includes 
variegated cherts (Ruhpolding Radiolarite; Diersche, 1980) and marly, 
well bedded, micritic limestones (Ammergau Fm.; Tollmann, 1976a). 
Lower Cretaceous to Oligocene sediments were deposited during Alpine 
shortening and are therefore synorogenic. Lower Cretaceous sediments 
(Berriasian to Albian) consist of marls occasionally intercalated with 
sandstones (Schrambach Fm.; Nagel et al., 1976). 

The synorogenic Gosau Group of Late Cretaceous to Paleogene age, 
which is distributed over the whole width of the NCA unconformably 
overlies deformed older rocks (Faupl et al., 1987; Wagreich and Faupl, 
1994) and documents Cretaceous erosion close to the present-day 
erosion surface. In the Karwendel mountains, the Gosau Group is not 
preserved. Clastic deposits in neptunian dykes occurring in the study 
area may be remnants of the Gosau Group (Krois and Stingl, 1994), or of 
Late Oligocene Molasse type foreland sediments (Inneralpine Molasse; 
Schmidegg, 1951). The sedimentary succession described here is the 
base for the numeric model and is determining the material character-
istics of the layers of the model. 

1.3. Deformation during alpine orogeny 

Alpine orogeny is related to the closure of two oceans, the Neotethys 
and the Alpine Tethys (Handy et al., 2010): 

(1) Cretaceous orogeny occurred after obduction of Meliata ophio-
lites onto the southeastern Alcapian margin, with the Austro-
alpine, Alcapian-derived units being in lower plate position 
(Schmid et al., 2004; Stüwe and Schuster, 2010). The NCA had 
the position of a foreland fold-and-thrust belt.  

(2) Late Cretaceous shortening was related to subduction of the 
Alpine Tethys (Piemont-Liguria- and Valais ocean; Handy et al., 
2010) with the Austroalpine units in an upper plate position. The 
NCA were carried piggy-back on top of a tectonically deeper 
detachment until collision occurred in the Late Eocene (Paleo-
gene orogeny) (Schmid et al., 2004; Stüwe and Schuster, 2010). 
Within the internal Austroalpine basement units, Cretaceous and 
Paleogene orogeny is clearly separated by Upper Cretaceous 
extension (Froitzheim et al., 1994), but in the external thrust 
sheets (as the NCA are), Cretaceous to Cenozoic shortening is 
continuous, as documented by growth strata in different over-
lapping synorogenic successions (Ortner, 2001, 2003a, b; Ortner 
and Gaupp, 2007; Ortner et al., 2016). 

The thrust sheets of the western NCA can be distinguished by their 
time of emplacement (Kilian and Ortner, 2019; Ortner, 2003a) using the 
youngest sediments below a thrust and transgression sediments on top of 
a thrust sheet. Nappe stacking in the western NCA started in the Lower 
Cretaceous, when the Karwendel thrust sheet moved onto the Tannheim 
thrust sheet between the Hauterivian and Albian on the Karwendel 
thrust (Fig. 1b). Thrusting propagated progressively into more external 
parts of the thrust belt, incorporating the Cenoman-Randschuppe in the 
Turonian, and the Rhenodanubian Flysch nappes in the Maastrichtian or 
Paleocene (Gaupp, 1982; Mattern and Wang, 2008; Ortner, 2003a). 

S. Kilian et al.                                                                                                                                                                                                                                   



Journal of Structural Geology 150 (2021) 104416

4

Fig. 2. Stratigraphic succession of the NCA in the study area and its translation to mechanically homogeneous layers of the numeric model. lst. = limestone.  
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Early Cretaceous nappe stacking and transport was NW- to 
NNW-directed, while subsequent Late Cretaceous to Paleogene short-
ening was N- to NNE-directed (Eisbacher and Brandner, 1996; Ortner, 
2003a). Late Paleogene to Neogene shortening was NE-directed (Ortner, 
2003b; Peresson and Decker, 1997). 

After Early Cretaceous thrust sheet emplacement, the thrusts of the 
NCA started to be folded as the active detachment shifted into the 
footwall. This process is related to antiformal stacking in the tectonically 
deeper units (Fig. 1b). Locally, thrusts breaking across these folds 
evolved. Shortening can be as young as Miocene (Kilian and Ortner, 
2019). 

As a consequence of nappe stacking in the NCA and thickening of the 

orogenic wedge, regional erosion prior to deposition of synorogenic 
sediments affected the NCA (Gaupp, 1982; Ortner and Gaupp, 2007; 
Wagreich and Faupl, 1994). The Cenomanian to Campanian Brander-
fleck Fm. and the Turonian to Eocene Gosau Group of the western NCA 
are found in growth synclines that document the folding process (Ortner, 
2001; Ortner and Gaupp, 2007; Ortner et al., 2016), during which also 
the thrusts were folded. Folding of Molasse sediments related to the 
wedge-top of the Alpine foreland basin of Late Eocene to Oligocene age 
points to ongoing shortening into the Miocene (Ortner et al., 2006; 
Ortner and Stingl, 2001). 

Fig. 3. Field photographs illustrating key aspects of local geology. (a) Panoramic view of the eastern 5 ½ km of the 900 m high Laliders cliffs from the north. The 
overcast weather prevents dark shadows in the north-facing cliffs. The cliffs provide a very oblique view of the Wetterstein clinoforms that interfinger with the 
uppermost part of the Alpine Muschelkalk Group to the southeast. Generally, the Triassic formations show a layer-cake stratal pattern. See Fig. 4 for location. (b) Key 
outcrop of the Karwendel thrust in the Karwendel mountains at Halftergraben, modified from Kilian and Ortner (2019) (see there for a detailed description). Ab-
breviations: R = Reichenhall Formation, Mk = Alpine Muschelkalk Group, Wk = Wetterstein limestone, A = Allgäu Formation, AR = Ammergau Formation and 
Ruhpolding Radiolarite, S = Schrambach Formation. Meter-scale buckle folds in Triassic sediments (Reichenhall Fm.) above the Karwendel thrust developed due to 
the competence contrast between carbonate beds and cellular dolomites. The Karwendel thrust is parallel to bedding in the immediate footwall and hanging wall, 
which is close to horizontal on hectometre scale. The thrust cuts the sedimentary succession of the hanging wall (Reichenhall Fm) at a very low angle, truncating 
single beds (red arrow). See Figs. 4 and 5a for location. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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1.4. Local tectonic setting 

We studied the Karwendel thrust and the overlying Karwendel thrust 
sheet in the Karwendel Mountains (Fig. 1) of the western NCA. The 
Karwendel thrust was one of the first thrusts of the NCA recognized at 
the beginning of the 20th century (Ampferer, 1902). It emplaces 
Permian to Triassic rocks on top of Cretaceous rocks (Fig. 3b). The thrust 
follows the Permian evaporites (remnants of salt bearing Haselgebirge), 
but is mostly found at the base of the Triassic succession of the hanging 
wall (Reichenhall Fm.; Fig. 3b). Only in the southernmost part of Kar-
wendel Mountains larger volumes of the Permian succession (Haselge-
birge) are preserved (Figs. 1 and 4). 

In the Karwendel Mountains, Cretaceous nappe stacking was NW- 
directed. Mesoscale observations showed that shortening directions 
changed from NW (Lower Cretaceous) to N to NE in the Paleogene 
(Kilian and Ortner, 2019). The Karwendel thrust is parallel to bedding in 
the immediate footwall and hanging wall on local (Fig. 3b; Kilian and 
Ortner, 2019) and regional scale (Fig. 1b). However, the hanging wall 
succession above the thrust is folded on the kilometer-scale (folds 
labelled (1) in Figs. 4 and 5). The W- to WNW-trending fold axes of these 

km-scale folds suggest a Paleogene age (e.g., Eisbacher and Brandner, 
1996). Folds above the thrust plane are therefore younger than the 
Karwendel thrust, which is of Cretaceous age. This suggests that at least 
parts of the hanging wall were decoupled from the footwall during 
ongoing deformation after the emplacement of thrust sheets (Kilian and 
Ortner, 2019). The shape of the folds with round hinges and the accu-
mulation of weaker material in the core of the folds (Fig. 5b) suggest that 
the folds are buckle folds caused by rheological differences between the 
décollement (Permo-Triassic evaporites) and the competent sedimen-
tary succession above (Anisian to Norian carbonates). Some of the folds 
in the area refold the Karwendel thrust (folds labelled (2) in Figs. 4 and 
5). These folds need another, tectonically deeper décollement and might 
be related to Late Cretaceous or Paleogene duplexing below the Kar-
wendel thrust sheet (Fig. 1b). 

The Karwendel thrust sheet was affected by erosion down to the 
Ladinian platform prior to transgression of the Cretaceous (Krois and 
Stingl, 1994; Ortner, 2003a). Alternatively, these deposits are part of a 
Paleogene sedimentary cover (Inneralpine Molasse; Frisch et al., 2001; 
Schmidegg, 1951). Therefore, folding took place after a decrease in 
overburden in the late Early Cretaceous. Late Cretaceous syntectonic 

Fig. 4. Tectonic map of the Karwendel mountains north of Innsbruck. See Fig. 1 for location. The Raibl marker is emphasized by the vertical hatch and illustrates the 
km-scale folds. Faults are grouped into several successive generations based on the structural analysis of Kilian and Ortner (2019). Fold names according to Tollmann 
(1976b). Abbreviations: B = Bäralpl thrust, E = Eng thrust, K = Karwendel thrust, Gj a = Gamsjoch anticline, ZM s = Zirler Mähder syncline, a. = anticline. 
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Fig. 5. Two N–S cross sections of the Karwendel mountains. See Fig. 4 for location. Open to tight folds are restricted to the hanging wall of the Karwendel thrust. All 
folds are interpreted to have formed during Paleogene N-NNE shortening. The thrust is gently folded and locally offset by transtensive normal faults. Abbreviations: 
fa = fold axis, mll = measured limb length, ZM s = Zirler-Mähder syncline. (a) Cross section 1. Tight folds are only found close to the southern end of the section. The 
very tight appearance of the Gamsjoch anticline results from the projection of a section 3.5 km to the east into this section, where the anticline has an opening angle 
of 90◦. The projected fold demonstrates the continuity of structures prior to the normal offset. (b) Cross section 2 depicts a fold train of four anticlines and intervening 
synclines. The upper Permian to Anisian units of the décollement fill the anticline cores. These folds are the main target of this study. Interfingering of Ladinian 
platform and basin according to the observations of Donofrio et al. (1980), slice of Upper Triassic to Cretaceous associated with transtensive fault following Ampferer 
(1914) and Tollmann (1976b). (c) Balanced version of (b) south of the transtensive fault. The axial plane of the Larchetkar anticline was used as a local pin. 
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sediments (Gosau Group) record Late Cretaceous-Paleogene folding 
(Auer and Eisbacher, 2003; Ortner, 2001, 2003a; Ortner and Gaupp, 
2007; Ortner et al., 2016). 

1.5. Buckle folding 

Buckle folds develop due to rheological differences in layered rock 
and scale from millimetres to kilometres (e.g., Abbassi and Mancktelow, 
1992; Biot, 1961; Ramsay and Huber, 1987; Sherwin and Chapple, 
1968). Buckle folds of isolated competent layers in a weaker matrix are 
quite common (e.g., Hudleston and Holst, 1984; Schmalholz and Man-
cktelow, 2016; Sherwin and Chapple, 1968). Large-scale, i.e., meters to 
few kilometres-size buckle folds are usually referred to as detachment 
folds (Jamison, 1987), which develop due to shortening and/or shearing 
of multilayers above a basal décollement (Butler et al., 2020; Rowan and 
Kligfield, 1992). 

The end-member of the buckle fold theory for multilayers with a low 
proportion of incompetent to competent layer thickness and a high 
viscosity contrast between competent and incompetent layers is com-
parable to the geometry of fault-bend folding (Johnson and Fletcher, 
1994; Ramsay and Huber, 1987; Schmalholz and Mancktelow, 2016 and 
references therein). In regional studies on the geometry and kinematics 
of fold-and-thrust belts, a continuous transition from thrusting with 
fault-bend folding to buckle folding on top of a décollement has been 
observed (e.g., Ortner et al., 2015; Pfiffner, 1993). 

There exists a wide range of numerical simulations on buckle folds 
(e.g., Frehner, 2011; Lan and Hudleston, 1991; Llorens et al., 2013; 
Schmalholz and Schmid, 2012). Most models describe the fold shape 
analytically in different settings (single layer, or multilayer) with 
different material rheologies (elastic, visco-elastic, viscous) (e.g., Biot, 
1961; Biot and Taylor, 1957; Ghassemi et al., 2010; Huang et al., 2010; 
Ramberg, 1963; Schmalholz and Schmid, 2012). Already Biot (1961) 
found that the wavelength (or arc length) of buckle folds depends on the 
competence contrast of the buckling layer (competent layer) and the 
surrounding matrix (incompetent layer). Generally, small-scale folds 
can ignore the effect of gravity whereas the development of large-scale 
folds is gravity dependent. In nature, both matrix and gravity resist 
folding. Schmalholz et al. (2002) plotted the ratio between competent 
layer and surrounding matrix thickness against the ratio between fold 
wavelength to total thickness and was able to distinguish between 
gravity-controlled, matrix-controlled and detachment folding. 

2. Numerical modelling 

Our numerical modelling did not aim to reproduce nature. Instead 
we tried to test a few parameters that we regarded to be important, using 
a series of models in which these parameters were varied. These pa-
rameters are: Thickness of a competent layer above a weak décollement, 
thickness of a weak overburden, rheology of the different layer and here 
especially ratios of stiffness for competent/incompetent rock. 

2.1. Model set up: from field to model 

The numeric model is based on the sedimentary record of the 
hanging wall and the material characteristics of the layers. Generalizing 
the sedimentary succession, we distinguish three rheologically different 
layers. Describing the rheology of the layers, we differentiate between 
incompetent and competent rock (Fig. 2). 

2.1.1. Layer 1 
The décollement of the Karwendel thrust sheet are Permian to 

Triassic sediments (Haselgebirge, Alpiner Buntsandstein, Reichenhall 
Fm) and therefore the original thickness is not preserved. In the Halltal 
area (indicated by the salt mine in Figs. 1 and 5a) the strongly deformed 
Permian succession is exposed at the Karwendel thrust. Cross sections of 
the Halltal area show a present-day thicknesses of at least 200–700 m 

(Schmidegg, 1951), but the original stratigraphic thickness is difficult to 
assess due to tectonic deformation (Leitner and Spötl, 2017; Schau-
berger, 1986; Tollmann, 1976a). Salt itself flows over geologic time 
scales (Jackson and Hudec, 2017), causing thickness and distribution 
variations of salt bodies and within the overlying Triassic sediments (e. 
g., Granado et al., 2018). 

In the southern part of the Karwendel Mountains, remnants of the 
Lower Triassic rocks (Alpiner Buntsandstein) are found at the 
décollement. In the most parts of the western NCA, however, Triassic 
cellular dolomites and dolomites of the Reichenhall Fm (Miller, 1965; 
Nagel et al., 1976). are the basal unit on top of the décollement (see 
Fig. 3b). In the study area the Permo-Triassic succession is truncated at 
the base by the Karwendel thrust (marked with a red arrow in Fig. 3b). 
The remaining thickness on top of the thrust is 300 m. However, it may 
have been significantly thicker prior to thrust transport. Area-balancing 
the Permo-Triassic evaporitic succession on top of the Karwendel thrust 
of Fig. 5b allows to calculate a thickness of 580 m between Bettelwurf 
anticline and Zirler-Mähder syncline prior to folding, and 530 m below 
Larchetkar anticline and Überschall syncline (Fig. 5c). These values are 
minimum values dependent on cross section construction. During 
modelling, we tested the influence of boundary effects. In pilot models 
600 m of thickness sufficed to minimise boundary effects from the 
bottom line, when using a mesh width of 200 m (see chapter 2.4, and 
Fig. 6). Therefore, we ultimately decided to use 600 m of thickness for 
the incompetent layer 1 as the real thickness remains unknown. 

2.1.2. Layer 2 
The Anisian to Ladinian limestone, the Ladinian carbonate platform, 

the Carnian shales and the Norian dolomites, follow above the Permo- 
Triassic succession. The Anisian to Ladinian limestone (Alpine 
Muschelkalk Group) is up to 500 m thick (Frisch, 1975; Miller, 1965). 
The thickness of the Ladinian carbonate platform (Wetterstein lime-
stone) is variable, as the platform interfingers with basinal sediments in 
variable directions (e.g., Sarnthein, 1967). Up to 2200 m are present in 
the study area (Kilian and Ortner, 2019). Sarnthein (1965) measured a 
thickness of 1730 m for the Ladinian carbonate platform in the Kar-
wendel Mountains north of Innsbruck. Based on 3D-modelling, Ortner 
(2015) deduced a thickness of 1400 m (measured) for the Ladinian 
carbonate platform in the Zugspitze massif of the Wetterstein Mountains 
(Fig. 1), however the contact to the Carnian succession at the top is 
eroded. An average thickness of 1500 m represents the Ladinian car-
bonate platform in the model. 

The Carnian succession, with approximately 400 m, appears between 
the Ladinian carbonate platform and the Norian dolomite. We omitted 
the Carnian rocks as an incompetent layer in the model because we 
assumed that the thick competent units (limestone and dolomite) 
determine the rheology. We did this for following reasons: Measured 
stratigraphic sections in the area (e.g., Brandner and Poleschinski, 1986; 
Jerz, 1966) show that a large part of the Carnian succession consists of 
limestones and dolomites (more than 55%), and shales and cellular 
dolomites comprise less than 20% and 25%, respectively. The succession 
is not observed to act as a décollement anywhere in this internal part of 
the NCA. This is in contrast to the externmost NCA where the Ladinian 
platform is replaced by shales and these combined Ladinian-Carnian 
shales are one of the principal décollements (Fig. 1b) (Auer and Eis-
bacher, 2003; Eisbacher et al., 1990; Linzer et al., 1995). We performed 
sensitivity tests during modelling to understand the influence of such a 
layer. To test the possible influence of an incompetent unit intercalated 
in the thick competent layer 2, we performed model runs with a model 
setup similar to the models of Fig. 7a. We inserted an incompetent layer 
in the lower third of the competent unit having the same material pa-
rameters as the basal incompetent unit. Upon shortening, two anticlines 
developed, having limb lengths even larger than the limb lengths in 
model of Fig. 7a. 

For the Norian dolomite (Hauptdolomit) Miller (1963) described 
1000 m of thickness in the Mieming Mountain chain. Donofrio et al. 
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(2003) observed 2700 m in the Karwendel Mountains close to Seefeld 
(Tirol). Behrmann and Tanner (2006) specified 700–2500 m. The 
thickness of the Norian dolomite varies in the NCA, for the model we 

used a thickness of 1000 m defined by Miller (1963) for the Mieming 
Mountains because in the Karwendel the upper part of the Norian 
dolomite mostly eroded and the real thickness is speculative. In total the 

Fig. 6. Undeformed three-layer model. The element size is 200 × 200 m, all elements together build the mesh. All length units in the model are given in meters. 
Orange triangles show the boundary conditions, the tip of the triangle indicates the fixed direction (see magnified detail to the right). The bottom line is fixed in z- 
direction, the right side is fixed in x-and z-direction. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 7. Results of erosion modelling. The material model is linear elasticity. Coloration represents the relative deviatoric stress distribution. Erosion removes pro-
gressively more element rows starting at the top in (a). Material parameters: Layer 1 (bottom): E-Module 2 000 000 kN/m2, Poisson ratio 0.25; Layer 2 (middle): E- 
Module 80 000 000 kN/m2, Poisson ratio 0.2; Layer 3 (top): E-Module 10 000 000 kN/m2; Poisson ratio 0.25. The grey background indicates models with irregular 
fold geometries (for explanation see chapter 3.3.1). 
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competent layer 2 has a thickness of 3000 m. 

2.1.3. Layer 3 
Layer 3 represents the sedimentary cover on top of the competent 

layer 2. The Upper Triassic to Lower Cretaceous succession, which is 
preserved in the northern part of cross section 1 (Karwendel syncline of 
Figs. 4 and 5a) is represented by layer 3a. Because erosion exhumed the 
Ladinian platform carbonates to the surface during nappe stacking and 
the Gosau Group (layer 3 b) was sedimented on top of layer 2 we 
modelled two scenarios: 

In scenario (1) the sedimentary succession of the upper thrust sheet 
continues with shallow marine to pelagic sediments of the Upper 
Triassic to the Cretaceous (Kössen Fm, Oberrhät limestone, Allgäu Fm, 
Ruhpolding radiolarite, Ammergau Fm. and Schrambach Fm; Fig. 2). 
This is represented by the Layer 3a, which assumes continuous sedi-
mentation throughout the Late Triassic into the Early Cretaceous. Layer 
3a is incompetent, as the only competent unit, the Oberrhät limestone is 
thin, and it is absent in much of the area (Nagel et al., 1976; Palotai 
et al., 2017). We used a thickness of 800 m for layer 3a based on Palotai 
et al. (2017) and Nagel et al. (1976). 

In scenario (2) we modelled the synorogenic Gosau Group, which 
was deposited unconformably on top of the NCA orogenic wedge after 
initial nappe stacking and related major erosion (e.g., Ortner, 2003a; 
Wagreich and Faupl, 1994). The Gosau group is represented by layer 3 b 
in the model. For modelling scenario 2 we removed layer 3a, and parts of 
layer 2. The Gosau Group Material characteristics of layer 3 b are 
comparable to layer 3a. The thickness is highly variable, and depen-
dence on faulting (Wagreich and Decker, 2001) or folding has locally 
been demonstrated (Ortner, 2001; Ortner et al., 2016). In spite of the 
present-day patchy distribution (Fig. 1), the Gosau Group is regarded to 
represent erosional remnants of an originally continuous sedimentary 
cover (Wagreich and Faupl, 1994). 

Even though no synorogenic Gosau sediments were observed in the 
immediate study area, we modelled them because in the Karwendel 
Mountains neptunian dykes of potential Late Cretaceous age were 
observed (Fig. 1a; Krois and Stingl, 1994). Alternatively, these dykes are 
of Paleogene age (Schmidegg, 1951). For the model, we used different 
thicknesses for layer 3 b from 200 m to 1800 m, based on the thickness of 
the sedimentary successions of the Gosau Group at Brandenberg to the 
east (Sanders, 1998; Sanders and Höfling, 2000) and Muttekopf to the 
west (Ortner, 2001; Ortner et al., 2016). 

2.2. Model realisation 

The numeric simulations were realised with the finite element soft-
ware Abaqus. Abaqus is a program designed for problems of solid me-
chanics and dynamics using a continuum approach. It allows interactive 
designing of models, running the models and analysing the results. 
Abaqus works dimensionless meaning the user has to define a coherent 
unit system, which is important when defining material parameters. 
Finite element methods (FE-Methods) are numeric solutions for prob-
lems with infinite degrees of freedom. By discretisation, the degrees of 
freedom become finite. A determined number of elements represents the 
complex model. Abaqus has been used previously successfully in studies 
on rock deformation (e.g., Eckert et al., 2014; Guest et al., 2007; Huang 
et al., 2010; Jeng et al., 2002; Liu et al., 2016). 

The rheology of rocks is described as an elastic material model. The 
material model describes the deformation behaviour of the material in 
dependence of the acting stresses. The rheology is thereby defined by 
material parameters. The material parameters for linear elastic models 
are expressed by the Young’s modulus (E-module) and the Poisson ratio. 
In geologic literature, the materials are often generalised as competent 
and less competent or incompetent rocks (e.g., Ramsay and Huber, 
1987). In the numeric model the competence is expressed by a higher 
E-module (stiffer) and smaller poisons ratio for competent rocks and a 
lower E-module (less stiff) and a slightly higher poisons ratio for 

incompetent rocks. However, no sensitively analyses on the effect of the 
poisson’s ratio was performed in this study. As in this study the focus 
was on fold nucleation, the driving factors were differences (ratios) in 
stiffness between the single layers in combination with the thickness of 
those layers. A quantitative evaluation of stresses is therefore not 
possible. The linear elastic material model was used for the following 
reasons:  

(1) The focus was on modelling folding (deformation) and not on 
faulting (failure). A material model that includes a failure crite-
rion could be used for modelling faulting but stops the calculation 
before folding can develop. The folding influences the limb length 
formation and is a result of ratios of stiffness and thickness of the 
single layers. Do to the used elastic model, it is not possible to 
evaluate the stresses, especially those close to the surface as those 
stresses are strongly influenced by local failure mechanism.  

(2) During nucleation of buckle folds in the early stage of shortening, 
when limb length is determined, most probably elastic defor-
mation prevails (Jeng et al., 2002; Price and Cosgrove, 1990). 
Viscous deformation plays an important role in the later stages of 
deformation. 

(3) Structural data showed that the large km-scale folds of the Kar-
wendel Mountains formed during Paleogene shortening, and not 
during Lower Cretaceous stacking of nappes (compare Kilian and 
Ortner, 2019). As a consequence of erosion following nappe 
stacking, we suggest a free surface at the time of the development 
of folds. At shallow levels, rocks deform elastically (Jeng and 
Huang, 2008).  

(4) The numeric model focused on the development of folds in 
dependence of rheological contrasts. Time was not considered, as 
is done in the case of viscous rheology. For the simulations a 
virtual time was modelled. Therefore, no statement on time scales 
can be derived from the model. Providing this virtual calculation 
time, ratios of viscosities of a linear viscous model coincide with 
the ratios of stiffnesses (Youngs moduli) of a linear elastic model. 
As outlined above the studied folds are buckle folds, contempo-
raneous flexural slip is possible but neglected in the model. 

The model is a 2D plane strain model. Plane strain assumes no 
change in geometry with depth. This holds for problems where the 
variation with depth is not meaningful. Simplicity and a quick change of 
possible settings stood in the foreground. 

2.3. Material parameters 

The model consists of three layers whereas each layer has different 
material characteristics but is in itself homogeneous. The Young’s 
modulus and the Poisson ratio determine the rock parameters in elastic 
material models. The Young’s modulus (E-module) is given in kilo 
Pascals (kPa), the Poisson ratio is dimensionless. Rock parameters derive 
from geotechnical tests of homogenous rock samples and are always just 
an approximation of natural properties of rocks. 

In contrast to previous models (e.g., Huang et al., 2010; Jeng et al., 
2002; Llorens et al., 2013; Mancktelow, 1999), we abstained from pre-
defining perturbations in the model to produce folds as has been done in 
other studies (e.g., Jeng et al., 2002; Schmalholz and Schmid, 2012). 

Homogeneous layers, as used in the model, do not reflect a natural 
rock state, single perturbations neither. Scattering rock parameters 
within the layer would be a possibility to come closer to a natural state of 
rocks (e.g., Moulas and Schmalholz, 2020). In such a case, each layer has 
a defined range of values, and then each element of the layer gets a 
random value out of the defined range. 

In pilot models, we tested the influence of the defined layer param-
eters (Young’s modulus and Poisson ratio for linear elastic models) on 
the possibility of folding. According to these pilot tests, competence 
contrast and the material parameters of the basal layer 1 control the 
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ability of folding. Material parameters were chosen according to pilot 
models and published data (e.g., Czech and Huber, 1990; von Soos and 
Engel, 2008; see Table 1). However, not the values itself are relevant for 
this study, rather the ratios in stiffnesses and the ratios of layer thick-
nesses are relevant for folding. In addition, measurements of strength 
and stiffness in the laboratory are only possible on rock samples. These 
values do not apply for rock masses as they are observed in field. 

The basal layer 1 represents the Permo-Triassic evaporites (Hasel-
gebirge, Alpiner Buntsandstein, Reichenhall Fm.). Published material 
parameters for the Young’s modulus have values ranging from 
4.500.000 to 28.600.000 kN/m2 for the Permian evaporites (Haselge-
birge; Czech and Huber, 1990). Li (2013) modelled the E-module for salt 
in triaxial numeric experiments and calculated a value of 10 GPa 
(1.000.000 kPa, at temperatures of about 50 ◦C). 

Our chosen value is 2.000.000 kPa because we do not know how 
much salt was in the system and we assume a mixture of salt and marls is 
the detachment horizon (see chapter 1.2). This value turned out to work 
best in the pilot models. If the E-Module is too high, the competence 
contrast between layer 1 and 2 is too low for buckling. If the E-Module is 
too low, only the base layer deforms until the large gradient in stresses 
between the layers stop calculation before layer 2 is folded. 

2.4. Discretisation 

Discretisation is the process that divides the whole model in sub-
domains, in this case in elements. All elements are plane strain elements 
with four nodes. Plane strain elements simulate strain in x- and z-di-
rection, therefore only vertical and horizontal strain can be applied. 
Elements connect through nodes to build a mesh (Fig. 6). The size of 
each element is 200 × 200 m. In pilot models, the influence of element 
size was tested: bigger elements reduced calculation time but also the 
accuracy of the results, small elements increased the calculation time 
but also the resolution of deformation. The used size is a compromise 
between calculation time and resolution. Fold limb lengths were not 
influenced by the larger mesh. 

2.5. Boundary conditions 

The boundary conditions define the freedom to move for the ele-
ments in the model. All elements can move in x- and z-direction, except 
fixed nodes of the elements. As the elements are four node-elements, any 
node can be fixed in x- and/or z-direction. The decision about the fixed 
nodes bases on an assumed behaviour of a thrust sheet. Along the bottom 
line, the model is fixed in vertical (z) direction but free to move in 
horizontal (x) direction. There is no friction across the bottom line, 
supposing that the thrust sheet glides along the décollement horizon. 
The model top surface is free, as folding happens after the emplacement 
of the hanging wall thrust sheet. The right side of the model is fixed in x- 
and z-direction, because structural studies in the Karwendel Mountains 
showed that buckling of the hanging wall stops when the hanging wall 
and footwall are folded together (Kilian and Ortner, 2019). The model is 
thrusted in x-direction from the left side. 

2.6. Initial stress distribution 

Before the model is shortened in x-direction, it is important to define 
the initial stress distribution to reach an equilibrium at the beginning. 
We applied the geostatic stress caused by gravity, which is divided into a 
vertical (z) and a horizontal (x) component. The initial stress distribu-
tion depends on the height of the model and the material parameters of 
the layers. The model starts with an initial stress state free of 
deformation. 

2.6.1. Calculation of the vertical stress at rest 
The vertical stress is equal to geostatic stress or lithostatic pressure 

and defined by the model height (z) and the specific weight of the rock 
volume (γ). 

Specific weight:γ = ρ* g  

Density: ρ= 2850∗
kg
m3  

Gravity: g= 10*
m
s2  

γ = 2850
kg
m3* 10

m
s2 = 28500

kg⋅m
m3⋅s2 = 28500  N/m3

; γ = 28, 5  kN/m3

Eq. (1) 

There is no vertical stress at the top because the surface is free (σtop =

0). The vertical stress (or geostatic stress increases with the depth and is 
here exemplarily calculated for a model with 4000 m height:  

σbottom = model height (z) *(–γ); (The algebraic sign is minus because the force 
acts in the negative z-direction ↓)                                                              

σbottom = 4000 m * (– 28.5 kN/m3) = − 114 000 kPa                       Eq. (2)  

2.6.2. Calculation of the horizontal stress at rest 
The horizontal stress is dependent on the vertical stress and the co-

efficient of the earth pressure at rest (K0). The defined horizontal stress 
reflects the stress of the material caused by lithostatic pressure.  

Horizontal stress: σh = K0 * σz   
σz = σtop + σbottom  
σz top = 0  
σz bottom = z* γ   

Coefficient of earth pressure at rest (K0): 

K0 =
ϑ

(1 − ϑ)

The Poisson ratio ϑ derives from the geotechnical tests and is for the 
incompetent material 0.3, for competent material 0.2 (von Soos and 
Engel, 2008). We calculated the horizontal stress here exemplary with a 

Table 1 
Selected values from literature review and values used for the simulation. The used values are composed values from published data and pilot-tests.  

Values from literature Values used for the model 

Rock E-module (kPa) 
Czech and Huber 
(1990) 

Poisson ratio (von Soos and Engel, 
2008) 

Layer Layer thickness 
(m) 

E-module 
(kPa) 

Poisson 
ratio 

Lower upper Cretaceous rocks 
(Schrambach Fm.) 

31 000 000 clay shales: 
0.3 

Layer 3 (TOP) 800 10 000 000 0.25 

Norian dolomite (Hauptdolomit) 37 000 000 - 51 100 
000 

dense limestone: 
0.2 

Layer 2 
(MIDDLE) 

3000 80 000 000 0.2 

Permian evaporites (Haselgebirge) 4 500 000 - 28 600 
000  

Layer 1 
(BOTTOM) 

600 2 000 000 0.25  
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mean value of ϑ = 0.25.  
Poisson ratio: ϑ = 0.25   

K0 = 0.33  

The horizontal stress is calculated in each row of cells in the mesh 
using the model height of the row. It is calculated here exemplarily for a 
depth of 2000 m in a model 4000 m high. For other model thicknesses, 
due to erosion or resedimentation, the stress has to be recalculated 
accordingly.  

σh = K0 * σz                                                                                         

σh = 0.33*
(

4000
2

* 28, 5
)

= 18 810kN
/

m2 Eq. (3)  

2.7. Thrust amount 

The model was pushed in horizontal direction from the left side. The 
minimum thrust distance in the Karwendel Mountains is about 38 km 
(Kilian and Ortner, 2019), excluding folding and late out-of-sequence 
thrusting. Because folding postdated the emplacement of thrust sheets, 
and the focus of modelling was folding and not thrusting, we shortened 
the model without a specific limit. However, the reached shortenings for 
the different models were in a close range mostly due to the automatic 
incrementation (applied shortening for each calculation sub step), a 
maximum shortening of approx. 7 km was reached in the models (Figs. 7 

and 8). 

2.8. Erosion and sedimentation 

As described above, erosion and later sedimentation (Gosau or 
Inneralpine Molasse sediments) was contemporaneous with folding. We 
considered erosion and sedimentation in the numeric model using model 
series in which each model had different thicknesses of the competent 
layer and different thicknesses of overburden. Each individual model 
was set-up before deformation, and no erosion or resedimention was 
applied progressively during shortening. 

The model series started with the maximum thickness of all three 
layers. Successive erosion was modelled by removing element rows from 
layer 3a and layer 2 until the latter was almost half as thick (1600 m) as 
compared to its initial thickness (3000 m). Removing one row of ele-
ments led to 200 m of erosion. The re-sedimentation starts on top of the 
eroded competent unit. New element rows (layer 3 b) were added in 
each calculation on top of the eroded units. Given by the element size it 
starts with 200 m and reaches up to 1800 m syntectonic sediments. For 
each geometrical setting a new model with own initial stress state was 
used. 

3. Results 

Modelling erosion and sedimentation showed that fold geometries 
change between the single models (Figs. 7 and 8). Fig. 7 documents the 

Fig. 8. Results from modelling folding with increasing overburden. The material model is linear elasticity. Coloration represents the relative deviatoric stress 
distribution. The intermediate competent unit and the basal incompetent unit have constant thickness in the models, while the top incompetent unit (“Gosau 
overburden”) increases in thickness. Material parameters: Layer 1 (bottom): E-Module 2 000 000 kN/m2, Poisson ratio 0.25; Layer 2 (middle): E-Module 80 000 000 
kN/m2, Poisson ratio 0.2; Layer 3: E-Module 10 000 000kN/m2; Poisson ratio 0.25. 
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influence of erosion on the development of folds. With increasing 
erosion, the number of folds increases while the limb lengths of the folds 
decrease. Two anticlines develop without erosion, or eroding only 0.2 
km (Fig. 7a and b, respectively). Between 0.4 km and 1.2 km of erosion 
(Fig. 7c–i) three anticlines develop. The model of Fig. 7i (1.6 km of 
erosion) is an exception and most probably due to numerical issues, as it 
has the least shortening and only two anticlines are visible in this fold 
train. The other models all show similar shortening length, the small 
deviation in length are due to incrementation steps (length of defor-
mation applied in each substep). In the models of Fig. 7j–l four anticlines 
are developed. Thus, as result of this modelling approach it can be 
shown that qualitatively the number of anticlines, which is connected to 
the limb length of folds, increases with the decreasing thickness of the 
competent layer. 

The model series depicted in Fig. 8a–i tests the influence of a growing 
overburden on folding. The thickness of layers 1 and 2 in the last erosion 
model (Fig. 7l) were used in the re-sedimentation models, and an 
increasing thickness of layer 3 b between 0.2 km and 1.8 km. Over-
burden and horizontal stresses are recalculated for each setting. From 
the start, the model series of Fig. 8a–i has a very regular fold pattern 
with three or four anticlines. 

3.1. Analysing folds – numeric results and field ex ample 

A simple way to describe buckle folds is the determination of limb 
lengths (e.g., Biot, 1961; Ramberg, 1960; Ramsay and Huber, 1987). 
Buckle folds develop an initial arc length at the beginning of buckling 
which remains constant during ongoing shortening. The limb length of a 
fold represents half of the arc length. During the model runs, we 
observed that the number of folds is stable, and the limb lengths in the 
models depend on the number of folds. 

Fold limb lengths were measured along a path drawn in the middle of 
the competent layer (Fig. 9). All limb lengths were measured and plotted 
(Fig. 10 and Fig. 11). Some folds end against the model margin, there-
fore some limbs are significantly shorter than the majority of limbs (see 
Figs. 7 and 8). These outliers were not included in the calculation of 
mean values and standard deviations. In some models we observed two 
hierarchies of folds (a to e and i to k of Fig. 7), and two anticlines and a 
syncline arch upward in a larger anticlinorium (“irregular fold geome-
tries”). We still calculated a mean value from the smaller limb lengths, 
having in mind that the results might be biased. 

3.1.1. Measured limb length from numeric results 
The measured limb lengths from the erosion model (Fig. 7) are 

summarised in Fig. 10. Layer 1 is of constant thickness whereas layer 2 
and 3a are stepwise eroded. The limb length varies around the value of 
4–5.5 km. Limb lengths decrease in the models with decreasing thick-
ness of layer 3a, but increases in the models where the thickness of the 
competent layer decreases to a maximum of 5,5 km. When the thickness 
of the model is about 2.6 km (Layer 2 eroded down to 2 km instead of 3 
km at the beginning), the limb length gets shorter and varies around 
3.3–3.7 km. The standard deviations are larger when the fold geometry 
is irregular. There is no simple relationship between the thickness of the 

model or the competent layer and limb length. 
The results of limb length measurements for the models of re- 

sedimentation are shown in Fig. 11. The competent layer 2 has a con-
stant thickness of 1,6 km while the thickness of the incompetent layer 3 
b increases. The limb length does not vary systematically, and the mean 
values from the individual experiments scatter between 3.7 and 4.1 km. 
It is very likely that this is a result of combination of stiffness ratio and 
layer thickness. 

3.1.2. Limb lengths from field data and numeric model (Fig. 12) 
To compare the model results with field examples, limb lengths from 

the cross sections of the Karwendel Mountains were measured along the 
median line of the competent layer from the base of the Anisian lime-
stones to the erosive top of the Norian platform (Fig. 5). We plotted the 
limb lengths both against the thickness of the competent layer 2 
(Fig. 12a) and against total model thickness (Fig. 12b). To be able to plot 
total thickness from field data we used the pre-deformational thickness 
of the incompetent layer 1 from area balancing (Fig. 5c), and for the 
Bettelwurf anticline of Fig. 5a the observed 300 m thickness (see chapter 
2.1.1). Because no synorogenic sediments occur in the study area, only 
results from the erosion model were used for comparison. 

All measured limb lengths of Fig. 12 are shorter than their model 
counterparts with comparable total or competent layer thickness. 
Neither the modelled nor the measured limb lengths have a simple, i.e., 
linear relationship to competent layer thickness or total model thick-
ness. Numeric results from the model vary between 3.2 and 5.5 km. The 
limb lengths measured in the cross sections range between 2.7 and 4.7 
km. 

4. Discussion 

The numeric model aimed to test if buckle folding is a possible 
deformation process for the Karwendel thrust sheet in the western NCA. 
As in many previously studied cases (e.g., Humair et al., 2020; Ruh et al., 
2012; Simpson, 2009; Yamato et al., 2011), the numeric model showed 
that buckle folding is only possible if there is a very weak layer at the 
base (décollement) and the rheology contrast between the competent 
layer and the incompetent base layer is high. Therefore, both field evi-
dence (Fig. 5) and the numeric model described are not in conflict with 
an interpretation of the km-scale folds above the Karwendel thrust as 
buckle folds, developed above the very weak décollement horizon of the 
salt bearing Permian to Triassic evaporites (Haselgebirge and Reich-
enhall Fm.). 

4.1. Erosion and sedimentation 

Further, we aimed to test the influence of erosion and sedimentation 
on the development of buckle folds. The numeric model is insensitive to 
dynamic changes during erosion or sedimentation. A decreasing thick-
ness of the competent layer in successive models causes increasing limb 
lengths, until a threshold is reached. Beyond this threshold limb lengths 
jump to a smaller value, and then increase again (Fig. 7e – l, Fig. 10). An 
incompetent overburden on top of a thin competent layer had minor 

Fig. 9. Measured line, arc length and limb length of the folds.  
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effects on the developing limb lengths, whatever the thickness of the 
overburden was (Fig. 11), however, in experiments with overburden on 
a thick competent layer, limb length decreases with decreasing over-
burden (Fig. (Fig. 7a – e, Fig. 10). This effect decreases with decreasing 
thickness of the overburden (Fig. 7c – e, Fig. 10). 

This is in line with analytical models (e.g., Biot, 1961; Ramberg, 
1960; Ramsay and Huber, 1987; Schmalholz et al., 2002) that showed 
that limb lengths of buckle folds are dependent on the thickness of the 
competent layer. However, the complex behaviour of the model tested 
here demonstrates that more parameters influence the fold nucleation 
process, as rheology contrast, and thickness ratio of décollement versus 
competent layer. 

The erosion experiments demonstrated that limb lengths comparable 

to the fold limbs observed in the field only form after a part of the 
competent layer 2 is eroded. The comparison with limb lengths 
measured in the cross sections of Fig. 5 showed that there is, for some 
data, a severe misfit as compared to the numeric results (Fig. 12). This 
misfit probably relates to some assumptions during modelling, that are 
discussed below. Here we evaluate the measured data and qualitatively 
discuss their relationship to the modelled values:  

(1) The thickness of the incompetent layer 1 is known (see chapter 
2.1.1). Considering more thickness in layer 1 would shift the data 
points of Fig. 12b to the right, but not in Fig. 12a, therefore it is 
rather the thickness of the competent layer that was under-
estimated. This thickness is not known everywhere. It is definitely 

Fig. 10. Calculated limb lengths from the numeric model of erosion, mean values (orange and yellow) and standard deviation. The mean values of irregular fold 
geometries are coloured in orange. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 11. Calculated limb lengths from the numeric model of re-sedimentation, mean values (orange and yellow) and their standard deviation. Irregular fold ge-
ometries are coloured in orange. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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not a solution for data points 1 and 2 of Fig. 12, that have a 
competent layer thickness larger than modelled folds with com-
parable limb length.  

(2) When measuring competent layer thickness in the cross sections, 
we implicitly assume that no erosion after folding has occurred. 
This assumption is incorrect, as significant Quaternary erosion 
affected the Alps (e.g., Hinderer, 2001; van Husen, 2000). While 
the southern limb of the Bettelwurf anticline (Fig. 5b) has a limb 
length close to the modelled values (3 of Fig. 12), the southern 
limb of the Larchetkar anticline (Fig. 5b) has a much larger misfit 
(4 of Fig. 12). It must be kept in mind that competent layer 
thickness is controlled by cross section construction below the 
Larchetkar anticline, as it cannot be directly measured, the cross 
section could easily be changed to fit the modelled data. If we 
speculate, that the measured, present-day competent layer 
thickness is correct, which is supported by the layer-cake geom-
etry of the restored section of Fig. 5c, an additional thickness of 
400–600 m present at the time of fold nuclation would increase 
competent layer thickness and bring the data point close to the 
modelled values (Fig. 12). This additional thickness would have 
been eroded since onset of folding.  

(3) The modelling assumes constant erosion across the model. The 
most conspicuous data are the limb lengths of the Solstein anti-
cline (2 of Fig. 12), where competent layer thickness is well 
controlled (Fig. 5b). Competent layer thickness is larger than in 

modelled folds having comparable competent layer thickness. 
Removal of 400–600 m thickness in the competent layer would 
suffice to bring the data close to the modelled values, however, 
competent layer thickness was measured in the northern limb of 
the Solstein anticline. Therefore, removal of a northward tapering 
wedge of rock prior to nucleation of the Solstein anticline (cf 
Fig. 5c) could possibly solve the problem. The same may be true 
for the southern limb of the Bettelwurf anticline (Figs. 5a and 1 of 
Fig. 12), however less erosion (100–300 m) would be necessary in 
this case. 

The comparison of measured and modelled competent layer thick-
nesses leads to the conclusion, that layer thickness should be measured 
directly in the fold, that is compared to the modelling results, and that 
post-folding erosion needs to be taken into account. 

The competent layer thicknesses prior to folding in accordance with 
modelled fold limb lengths are shown in Fig. 5c and have been drawn in 
the position of the fold axial planes. Thickness measured close to the 
cores of synclines are well in accordance with modelled limb length 
whereas thickness is under- or overestimated in the anticlines. All data 
together define an erosion surface dipping to the south with respect to 
bedding, however, if the surface is regarded to be horizontal during 
formation, bedding would have been slightly tilted to the north. 

Whatever the age of the synorogenic sediments in the Karwendel 
mountains is, Late Cretaceous or Late Paleogene (Fig. 4; see chapters 1.2 

Fig. 12. Comparison of modelled limb lengths versus limb lengths measured in the cross sections of Fig. 5. Modelled and measured limb lengths plotted against (a) 
thickness of the competent layer, and (b) plotted against total model thickness. Measured total thickness is the thickness of the competent layer 2 plus the thickness of 
the incompetent layer 1 derived from area-balancing (see chapter 2.1.1 and Fig. 5c). The diagrams of (a) and (b) show competent above total thickness of Fig. 7e - l, 
except for models a - d. (1) = southern limb of Bettelwurf anticline of Fig. 5a and (2) and = southern and northern limb of Solstein anticline of Fig. 5b and (3) =
southern limb of Bettelwurf anticline and (4) = southern limb of Larchetkar anticline of Fig. 5b. 
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and 1.3), they were deposited on top of an unconformity formed prior to 
folding. This unconformity cuts deeper into the sedimentary succession 
toward the south (Fig. 5c), and this can be extended to the north to the 
Karwendel syncline, where Lower Cretaceous sediments are preserved in 
the Karwendel thrust sheet (Figs. 4 and 5a). Eroding more than 2 km 
rocks on top of a contracting orogenic wedge (nappe stacking started in 
the Lower Cretaceous) will probably cause thickening in that area, to 
preserve taper of the wedge. It is well possible that antiformal stacking 
within the Tannheim thrust sheet and related out-of-sequence thrusting 
(Fig. 1b) are a consequence of this erosion. 

The effects of erosion and sedimentation in fold- and-thrust belts 
detached above a weak basal layer were also discussed in other numeric 
experiments (e.g., Collignon et al., 2014; Heydarzadeh et al., 2020; 
Najafi et al., 2020; Simpson, 2006; Yamato et al., 2011). For example, 
Collignon et al. (2014) showed that erosion and sedimentation do have a 
minor effect on fold wavelengths (arc lengths) but enhance the ampli-
fication of anticlines by loading synclines with syntectonic deposits. 
However, regional erosion or deposition prior to the start of fold growth 
determines some boundary conditions of folding and thus the devel-
oping fold geometries, as demonstrated in this study. 

Erosion after fold nucleation might have favoured the amplification 
of already existing anticlines in the Karwendel mountains. However, no 
new folds formed significantly later, as (1) there was no unfolded unit 
left, (2) the axis orientation of km-scale folds cannot be changed during 
subsequent deformation. Newly formed Neogene folds should have NW- 
trending axes, and such folds were only observed on the small scale close 
to out-of-sequence thrusts (Kilian and Ortner, 2019). 

4.2. Kinematic evolution 

Kilian and Ortner (2019) concluded that the Karwendel thrust sheet 
arrived of today’s Karwendel mountains on top of a salt pillow, that 
allowed transport without folding. The redistribution of the salt along 
the décollement allowed folding on top of the décollement to start. 
Structural data suggested that folding significantly post-dated initial 
stacking of thrust sheets in the late Early Cretaceous. The numeric re-
sults allow a further interpretation. Limb lengths as observed in the field 
only develop after a decrease in lithostatic pressure related to Upper 
Cretaceous and/or Paleogene erosion. As shortening continued after 
initial emplacement of thrust sheets folding probably initiated in the late 

Fig. 13. Simplified kinematic development of the structures observed. (a) Stacking of thrust sheets in the late Lower Cretaceous along the detachment horizon 
(Permian to Triassic evaporites). (b) Folding of the thrust as a consequence of antiformal stacking in the lower, Tannheim thrust sheet, migration of evaporites into 
the fold core and amplification of the anticline within the upper, Karwendel thrust sheet during Paleogene shortening. Folding of the thrust locks the detachment 
(pin). (c) Buckling within the Karwendel thrust sheet in the hinterland of the fold locking the detachment. (d) Further Oligo-Miocene shortening causes out-of- 
sequence thrusting that breaks the lock and cuts across the fold locking the detachment. The out-of-sequence thrust uses a structurally deeper décollement in 
Rhätian marls. Further explanations in main text. 
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Upper Cretaceous to Paleogene (as fold axes indicate, see Fig. 5). 
The results of the numeric model gave a contribution to the devel-

opment of structures in the hanging wall of the Karwendel thrust. We 
observed two kinds of folds in the Karwendel Mountains: (1) Folds above 
the thrust plane and (2) folds folding hanging wall and footwall 
together. All folds nucleated during Paleogene N- to NNE-directed 
transport (see Fig. 5). The numeric model dealt only with the folds 
above the Karwendel thrust, which developed as buckle folds above the 
very weak décollement horizon of the salt bearing Permian to Triassic 
evaporites (Haselgebirge and Reichenhall Fm.). Folds refolding hanging 
wall and footwall are not related to the weak décollement at the base of 
the Karwendel thrust sheets, but to a structurally deeper one within or at 
the base of the Tannheim thrust sheet (cf. Fig. 1b). 

In Fig. 13 we sketched a possible development of the structures 
observed in the field (cross sections Fig. 5a) based on the structural in-
vestigations of Kilian and Ortner (2019) and the numeric results pre-
sented here. 

Based on fold axis orientations, the buckle folds within the Kar-
wendel thrust sheet and the fold deforming hanging wall and footwall 
together developed contemporaneously and have parallel fold axis 
trends (Fig. 5). However, kinematically it is required that the Karwendel 
thrust is folded first, and the anticline on top of the thrust is amplified by 
migration of evaporites into its core (Fig. 13b). Folding of the thrust is 
most probably related to thickening of the underlying Tannheim thrust 
sheet by antiformal stacking of slices (see Fig. 1b). The fold in the Kar-
wendel thrust locks it, and subsequent shortening causes buckling of 
within the Karwendel thrust sheet, as it is “buttressed” against the 
locked zone (Fig. 13c). Shortening continues into the Oligocene to 
Miocene (Kilian and Ortner, 2019), and the structurally deeper 
out-of-sequence Eng and Bäralpl thrusts (Figs. 4 and 5) develop, that 
follow a décollement within the Rhätian Kössen marls in the uppermost 
part of the Tannheim thrust sheet (Fig. 13d). Therefore, the décollement 
along the Permotriassic evaporites along the Karwendel thrust was no 
longer weak. Salt expulsion might have strengthened the thrust itself, 
and forced the décollement into the footwall. 

A problem in the kinematic evolution is the long-time span between 
Lower Creteaceous stacking of thrust sheets (Fig. 13a), and folding 
interpreted to have Paleogene age (Fig. 13b and c). This interpretation is 
based on the comparison of fold axis trends with transport directions as 
reported in previous studies (e.g., Eisbacher and Brandner, 1996; Kilian 
and Ortner, 2019; Ortner, 2003b), and to plate convergence vectors (e. 
g., Dewey et al., 1989; Handy et al., 2010; Le Breton et al., 2021). If the 
Karwendel folds had Paleogene age, shortening between the Early 
Cretaceous and Paleogene would have left no trace in this part of the 
NCA, in spite of well-documented shortening elsewhere (Ortner, 2001; 
Ortner et al., 2016). In the Late Cretaceous, the NCA thrust belt was 
transported across tectonically deeper Penninic units and should have 
experienced shortening. If, however, the Karwendel folds have a Late 
Cretaceous age, fold axis orientation must be controlled by, e.g., dif-
ferential transport as suggested for oblique folds in the Pyrenees (Muñoz 
et al., 2013; Pueyo et al., 2002), or strain partitioning across strike slip 
faults (Allen et al., 2001; Jones and Tanner, 1995), which has been 
suggested in the Mieming mountains west of the study area (MM of 
Fig. 1; Ortner and Bitterlich, 2016). In such a case, the unconformity 
reconstructed here would be the regional unconformity found at the 
base of the Upper Cretaceous synorogenic deposits of the NCA. 

4.3. Modelling 

The results obtained in this study show that simple numerical models 
allow a qualitative interpretation of folding processes in geological units 
in dependence of differences in rheology and layer thickness. However, 
this approach does not allow an evaluation of stresses. Working with a 
multi-layer approach could bring new insights into the deformation 
behaviour and would be closer to the “real” stratigraphic succession in 
the study area. Other numeric models, e.g., from the Zagros Mountains 

(Yamato et al., 2011), showed that multiple weak layers intensify the 
fold growth in comparison to thrusting. To be able to evaluate stresses 
and consequently also faulting more complex rheology has to be used. 

5. Conclusion 

Although a numeric model is a strong simplification of reality, the 
model gave a new perspective on interpreting structures in the Kar-
wendel Mountains. Km-scale folds in the hanging wall of the Karwendel 
thrust can be interpreted as buckle folds, developed after the emplace-
ment of the Karwendel thrust sheet and after partial erosion of the latter. 

Our modelling demonstrated some key requirements of buckle 
folding: (1) The existence of a very incompetent décollement, which lies 
in the salt-bearing evaporitic Haselgebirge-Reichenhall horizon at the 
base of the Karwendel thrust sheet, and (2) major erosion prior to 
folding, as the full, up to 5 km thick sedimentary succession cannot be 
folded with limb lengths comparable to those observed in the field. Only 
the reduction of the competent carbonate platforms to roughly half of 
their original thickness facilitates folding with limb lengths around 3–4 
km as observed in cross sections. This erosion does not only control fold 
limb lengths, but also the overall kinematic evolution in the area. 

This study also emphasises the need for geometric-rheological 
models for the construction of cross sections in salt-detached fold-and- 
thrust belts. Material characteristics strongly influence the geometry of 
structures, still many cross sections are entirely drawn by using geo-
metric models. 
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Nördlichen Kalkalpen zwischen Lech und Isar. Jb. Geol. Bundesanst. 118, 75–117. 

Frisch, W., Kuhlemann, J., Dunkl, I., Szekely, B., 2001. The Dachstein Paleosurface - a 
mosaic stone in the geomorphological evolution of the Alps. Int. J. Earth Sci. 90, 
500–518. 

Froitzheim, N., Schmid, S., Conti, P., 1994. Repeated change from crustal shortening to 
orogen parallel extension in the Austroalpine units of Graubünden. Eclogae Geol. 
Helv. 87, 559–612. 

Fruth, I., Scherreiks, R., 1982. Hauptdolomit (norian), stratigraphy, paleogeography and 
diagenesis. Sediment. Geol. 32, 195–231. 

Gaupp, R., 1982. Sedimentationsgeschichte der kalkalpinen Mittelkreide (Allgäu, Tirol, 
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Muñoz, J.-A., Beamud, E., Fernández, O., Arbués, P., Dinarès-Turell, J., Poblet, J., 2013. 
The Ainsa Fold and thrust oblique zone of the central Pyrenees: kinematics of a 
curved contractional system from paleomagnetic and structural data. Tectonics 32, 
1142–1175. 

Nagel, K.H., Schütz, K.I., Schütz, S., Wilmers, W., Zeil, W., 1976. Die geodynamische 
Entwicklung der Thiersee- und Karwendelmulde (Nördliche Kalkalpen). Geol. 
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Österr. Geol. Ges. 94, 63–77. 

Ortner, H., 2003b. Local and far field stress – analysis of brittle deformation in the 
western part of the Northern Calcareous Alps, Austria. Geol. - Palaontol. Mittl. 
Innsbr. 26, 109–131. 

Ortner, H., 2015. Fernerkundung mit Hilfe von Orthofotos und Geländemodellen in der 
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