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Abstract

Inversion of the Austroalpine Triassic salt-bearing passive margin, represented by the Northern Calcareous Alps (Eastern Alps),

started in the Late Jurassic. Subsequent deformation during the Cretaceous and Cenozoic mostly preserved the Late Jurassic

deformation fabric in the central Northern Calcareous Alps, making it an outstanding location to understand the early history of

inversion of salt-bearing margins. Thrusting and folding in the central NCA during the Late Jurassic were strongly conditioned

by the distribution of Triassic salt structures, the thickness of supra-salt stratigraphy, the lateral propagation of deformation,

and the possible influence of sub-salt basement faults. Syn-orogenic sediments make it possible to reliably reconstruct the

timing of structural inversion. The description of Late Jurassic structures presented here indicates that initial inversion of

the Northern Calcareous Alps led to the development of coherent deformation systems that accumulated limited amounts of

shortening, totaling few tens of kilometers. This differs from previous interpretations of Late Jurassic deformation of the area,

that involve major amounts of allochthony (many tens of kilometers). As a specific example of coherent structural development,

we present here an 80 km long linked system of thrusts and folds (the Totengebirge–Trattberg contractional system), whose

outstanding continuity has gone previously unrecognized. The anatomy of this system and its temporal evolution are described

in detail and discussed in the framework of the Jurassic to recent evolution of the Eastern Alps.
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Key Points: 18 

 Salt structures controlled the location of initial, Late Jurassic inversion of the salt-bearing 19 

Austroalpine margin. 20 

 The style of deformation was controlled by supra-salt stratigraphic thickness and the 21 

lateral linkage of structures. 22 

 Thrusting and squeezing of salt structures exerted a major control on the distribution of 23 

Late Jurassic depositional environments. 24 

Abstract 25 

Inversion of the Austroalpine Triassic salt-bearing passive margin, represented by the Northern 26 

Calcareous Alps (Eastern Alps), started in the Late Jurassic. Subsequent deformation during the 27 

Cretaceous and Cenozoic mostly preserved the Late Jurassic deformation fabric in the central 28 

Northern Calcareous Alps, making it an outstanding location to understand the early history of 29 

inversion of salt-bearing margins. Thrusting and folding in the central NCA during the Late 30 

Jurassic were strongly conditioned by the distribution of Triassic salt structures, the thickness of 31 

supra-salt stratigraphy, the lateral propagation of deformation, and the possible influence of sub-32 

salt basement faults. Syn-orogenic sediments make it possible to reliably reconstruct the timing 33 

of structural inversion. The description of Late Jurassic structures presented here indicates that 34 

initial inversion of the Northern Calcareous Alps led to the development of coherent deformation 35 

systems that accumulated limited amounts of shortening, totaling few tens of kilometers. This 36 

differs from previous interpretations of Late Jurassic deformation of the area, that involve major 37 

amounts of allochthony (many tens of kilometers). As a specific example of coherent structural 38 

development, we present here an 80 km long linked system of thrusts and folds (the 39 
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Totengebirge–Trattberg contractional system), whose outstanding continuity has gone previously 40 

unrecognized. The anatomy of this system and its temporal evolution are described in detail and 41 

discussed in the framework of the Jurassic to recent evolution of the Eastern Alps. 42 

 43 

Plain Language Summary 44 

The Eastern Alps (Austria) are a mountain chain with a protracted history. Sedimentary rocks 45 

deposited in marine environments in the Northern Calcareous Alps (along the northern Eastern 46 

Alps) recorded the initial phases of mountain-building during the Jurassic, at a time that this area 47 

lay hundreds of meters below sea level. Multiple instances of submarine landslides preserved in 48 

rocks of Late Jurassic age (approximately 150 to 165 million years old) are the first indication of 49 

active faults and relief building in this area. As deformation and uplift progressed, the seafloor 50 

reached depths shallow enough for the development of reefs (that need sunlight to grow). This 51 

early phase of Alpine history was strongly controlled by the presence of salt diapirs 52 

(underground accumulations of rock salt and other evaporitic minerals), which determined what 53 

areas experienced the greatest uplift. Although indirect evidence for this phase of Alpine growth 54 

evolution has been previously put forward by other authors, this is the first time that specific 55 

structures relating to mountain-building are documented, and will require a rewriting of the 56 

history of the Alpine mountain chain. 57 

 58 

1 Introduction 59 

The impact of evaporite sequences (referred here onwards as salt) on the structural development 60 

of contractional systems has generated extensive research in recent years. Studies include 61 
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analyses of the impact of pre-existing salt structures during shortening (e.g., Callot et al., 2012; 62 

Célini et al., 2020; Duffy et al., 2018; 2021; Rowan & Vendeville, 2006; Santolaria et al., 2021), 63 

the influence of salt detachment or sedimentary cover thickness on thrust development (Cotton & 64 

Koyi, 2000; Storti et al., 2007; Santolaria, Harris, et al., 2022), or the dynamics of salt in inverted 65 

rifts or passive margins (e.g., Ferrer et al., 2023; Granado et al., 2021; Santolaria, Granado, 66 

Wilson, et al., 2022). Some of these studies explore the 3D (cross-section and map pattern) 67 

expression of salt influence during contractional deformation, particularly using analog models 68 

(e.g., examples and references within Jackson & Hudec, 2017; or Célini et al., 2020; Cotton & 69 

Koyi, 2000; Duffy et al., 2018, 2020; Santolaria, Harris et al., 2022). In this contribution we 70 

explore the initial inversion of salt structures formed in a passive margin setting in the central 71 

Northern Calcareous Alps of the Eastern Alps (Austria).  72 

The Northern Calcareous Alps (NCA) are a north-directed fold-and-thrust belt developed from 73 

Late Jurassic to recent times, related to the closing of the Meliata and Alpine Tethyan oceans 74 

(Fig. 1). Although the earliest published record of widespread subduction-related metamorphism 75 

in the Eastern Alps is of Late Cretaceous age (e.g., Miladinova et al., 2022), there is abundant 76 

evidence in the sedimentary record in the central NCA, in the form of breccias and mass 77 

transport deposits (MTDs), for significant convergence-related tectonism since the Middle to 78 

Late Jurassic (e.g., Faupl & Wagreich, 2000; Frisch & Gawlick, 2003; Gawlick et al. 1999, 2009; 79 

Gawlick & Missoni, 2015, 2019; Mandl, 2000; Missoni & Gawlick, 2011; Tollmann, 1987). Late 80 

Jurassic tectonics are also associated with rapid and very local shallowing of depositional 81 

environments led to the development of, mostly isolated, reefs (Mandl, 2000; Mandl et al., 2012; 82 

Tollmann, 1987). Late Jurassic deformation in the NCA is interpreted to relate to intra-oceanic 83 
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subduction followed by obduction, documented hundreds of kilometers to the east in the 84 

Dinarides (Plašienka, 2018, Schmid et al., 2008).  85 

It has been previously interpreted that Late Jurassic tectonics in the central NCA are associated 86 

to the gravitational emplacement of kilometer-sized bodies of Triassic limestones (known locally 87 

as Gleitschollen, or down-glided plates) onto deepwater Upper Jurassic sediments in the central 88 

NCA. These Gleitschollen have been interpreted to be olistoliths or MTDs (e.g., Tollmann, 1987; 89 

Braun, 1998; Mandl, 2000; Ortner et al., 2008) or part of an accretionary prism (e.g., Gawlick & 90 

Missoni, 2019) and in general requiring large amounts of displacement. Recently, however, 91 

Fernandez et al. (2024) and Kurz et al. (2023) have proposed a tectonic interpretation (as thrust 92 

sheets or salt allochthons) for some of these units, but description of these Late Jurassic 93 

structures remains patchy. 94 

In this contribution we show that Late Jurassic tectonic structures are indeed widespread in the 95 

central NCA, and that they form structurally coherent shortening systems. We focus on an 80 km 96 

long structure that developed during this time, and whose regional character and age of 97 

development have not been previously fully recognized. Besides its outstanding length, 98 

comparable in size to that of major structures in other fold-and-thrust belts, this structure 99 

presents striking variations in structural style along its length that relate to the influence of pre-100 

contractional salt structures and stratigraphic thickness variations. 101 

This article aims to document this exceptionally well-preserved early Alpine structure and its 102 

associated syn-tectonic sedimentary record. Beyond the unique nature of this salt-related 103 

contractional structure, we document other Late Jurassic structures that conform coherent 104 

contractional systems of similar dimensions. Furthermore, we comprehensively document, for 105 

the first time, Late Jurassic tectonic contractional deformation in the Eastern Alps. 106 
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2 Geological setting 107 

The Northern Calcareous Alps (NCA) are a morphotectonic unit of the Eastern Alps comprising 108 

Permo-Mesozoic stratigraphy. The NCA are almost entirely decoupled from their Austroalpine 109 

(Adria) basement and are imbricated and thrust northwards on the UABT (Upper Austroalpine 110 

Basal Thrust) onto imbricated Penninic ocean and European margin units (Fig. 1). The NCA 111 

stratigraphy developed initially on a Tethys-facing passive margin, up to the Middle Jurassic. 112 

From the late Middle Jurassic, the NCA were involved in Alpine orogenesis, which reached its 113 

peak in the Cretaceous to Cenozoic. Of particular interest in this contribution are the central 114 

segment of the NCA (Fig. 2), an area characterized by widespread Jurassic basins that provide a 115 

tectono-sedimentary record for the earliest stage of Alpine orogenesis (Gawlick et al., 1999, 116 

2009). 117 

2.1 Structure 118 

The central NCA are internally imbricated into 4 main thrust-bounded units. From north to south 119 

(and footwall to hangingwall) these are the Langbathsee, the Höllengebirge, the Totengebirge 120 

and the Dachstein thrust sheets (Figs. 1b, 2) (Fernandez et al., 2024). These thrust sheets 121 

correlate to tectonic units traditionally referred to as the Bajuvaric (Langbathsee), Tirolic 122 

(Höllengebirge–Totengebirge) and Juvavic (Dachstein) thrust systems (e.g., Tollmann, 1976; 123 

Mandl, 2000). Herein, the individual thrust sheet names are used. 124 

Internal imbrication along the Dachstein and Höllengebirge low-angle thrusts during Cretaceous 125 

to Paleocene times has been previously documented and discussed (e.g., Fernandez et al., 2024; 126 

Levi, 2023; Mandl, 2000; Ortner & Kilian, 2022; Strauss et al., 2023). The Paleogene and older 127 

structures in the central NCA are partly offset by younger (Neogene) strike-slip faults and high-128 

angle thrusts (e.g., Königssee, Traunssee, Wolfgangsee, Windischgarsten) (Linzer et al., 1995; 129 
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Peresson & Decker, 1997). Although the Cretaceous to Neogene structures locally accumulate 130 

many kilometers of displacement, they have not significantly distorted the Late Jurassic structure 131 

of the central NCA (Fernandez et al., 2024). 132 

Jurassic structures in the central NCA have been documented to date as isolated features: the 133 

Trattberg (Ortner, 2017), the Sattelberg, Raschberg and Bad Mitterndorf thrusts (Fernandez et 134 

al., 2024), the Wurzeralm allochthon (Kurz et al., 2023) (Fig. 2). However, map-scale blocks of 135 

Triassic rocks that rest on Middle to Upper Jurassic sediments, previously interpreted to have a 136 

non-tectonic origin (as Gleitschollen), are widespread (e.g., the Hoher Göll, Schwarzer Berg, 137 

Sattelberg, Gerhardstein, Altaussee; Fig. 2) (Braun, 1998; Gawlick & Missoni, 2015, 2019; 138 

Mandl, 1982, 2000; Mandl et al., 2012; Plöchinger, 1997; Tollmann, 1987). The re-interpretation 139 

of some of these Gleitschollen as tectonic salt-related structures (Fernandez et al., 2024) 140 

underscores the need for a comprehensive review of Jurassic tectonics in the area. 141 

Likewise, one of the key structures in the central NCA, the Totengebirge thrust (Fig. 2), has been 142 

interpreted to be Cretaceous in age (Linzer et al., 1995) based purely on geodynamic 143 

assumptions. This thrust, however, correlates along strike with the Grünberg syncline and 144 

Ahornkogel-Brunnkogel anticline (Spengler, 1924; Ganss, 1937; Mandl, 2013; Tollmann, 1976; 145 

1985) (Fig. 2), two structures that are associated to a major Late Jurassic depocenter (Gawlick et 146 

al., 2007; Mandl et al., 2012). 147 

2.2 Tectonostratigarphy 148 

The stratigraphy in the NCA, from Permian to Cretaceous, is summarized by Faupl and 149 

Wagreich (1992), Gawlick et al. (2009) and Mandl (2000), and its nomenclature synthesized by 150 

Piller et al. (2004). It is illustrated schematically in Fig. 3 and described below. 151 

 152 
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The oldest strata in the central NCA are a thick succession of Permian to Lower Triassic clastics 153 

(Präbichl Fm and Werfen beds) and evaporites (Haselgebirge). This succession, in particular the 154 

evaporitic member, was many hundreds of meters thick, allowing for the widespread 155 

development of salt-related structures (Leitner & Spötl, 2017; Strauss et al., 2023; Fernandez et 156 

al., 2024). The Lower Triassic is followed by a Middle Triassic succession of relatively thin 157 

(under 200 m, locally absent) Anisian limestones and dolomites (Gutenstein and Steinalm Fms) 158 

above which developed the Ladinian to Carnian Wetterstein Limestone (Lst) platform (up to 159 

1500 m). Carbonate production was greatly reduced during the Carnian pluvial event (Schlager 160 

& Schöllnberger, 1974). Deposits during this period are relatively thin (under 200 m, often 161 

absent) and include clastics, evaporites and shallow water carbonates. During the Late Carnian, 162 

carbonate platform development restarted, leading to the deposition of the thick Carnian to 163 

Norian Dachstein Lst and Hauptdolomit lagoonal and reefal carbonates (up to 1500 m). Platform 164 

development is capped by the development of intra-platform Kössen Fm basins and isolated 165 

carbonate platforms and reefs of Rhaetian age, that were drowned at the end of the Triassic 166 

(Gawlick et al., 1999; Schlager & Schöllnberger, 1974).  167 

Synchronous with Triassic platform growth, subsiding diapiric structures within the NCA 168 

platform domain (cored by Haselgebirge) led to the localized development of deeper (pelagic) 169 

water conditions (Fernandez et al., 2024; Strauss et al., 2021). In these areas deep water 170 

equivalents of the Ladinian-Rhaetian platforms deposited: allodapic slope limestones (Ladinian 171 

Raming Lst and Norian Pötschen Lst) and pelagic marls, limestones, and marly limestones 172 

(Ladinian Reifling Fm and Norian Hallstatt Lst). The Norian Hallstatt and Pötschen Lsts 173 

interfingered with the carbonatic turbidites and marls of the Zlambach beds, whose deposition 174 
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stretched into the Rhaetian. The Triassic basinal successions are significantly thinner than their 175 

platform equivalents, reaching a total maximum thickness of around 500 m. 176 

The Zlambach beds grade upwards into the Lower Jurassic Allgäu Fm (Mandl et al., 2012). 177 

Coevally and lasting into the Middle Jurassic, condensed red limestones (Hierlatz Lst, Adnet Fm 178 

and Klaus Fm, meters to few tens of meters thick) deposited on the drowned Triassic platforms 179 

and represent a marked deepening of the NCA basin. Breccias, syn-faulting sediments, and slope 180 

instability, likely related to the opening of the Alpine Tethys, are documented locally in the 181 

central NCA (Böhm et al., 1995; Garrison & Fischer, 1969; Krainer et al., 1994). 182 

A major change occurs in the late Middle Jurassic, with the onset of radiolaritic deposition 183 

(Gawlick et al., 1999; 2009). Siliceous limestones and marls, cherty limestones, cherts, breccias 184 

and MTDs with a radiolaritic matrix conform the Tauglboden and Strubberg Fms (Gawlick et al., 185 

2007; Mandl, 2013). Gawlick et al. (2009) (in contrast to Piller et al., 2004) grouped the 186 

Tauglboden and Strubberg Fms under the Ruhpolding Radiolarite. This unit grades upwards into 187 

or is unconformably overlain by the Upper Jurassic Oberalm Fm (Gawlick et al., 2007; Mandl et 188 

al. 2012; Mandl, 2013; Ortner et al., 2008). The Oberalm Fm is a succession of pelagic marls and 189 

limestones, calciturbidites, and thick banks of resedimented carbonates (the Barmstein 190 

Limestone) (Garrison, 1967; Gawlick et al., 2005). In the shallower waters of the Upper Jurassic 191 

basin, reefs of the Plassen Lst developed coeval with the Oberalm Fm. The Oberalm Fm in the 192 

study area is capped in its more proximal domain by relatively thick (meters to tens of meters), 193 

relief-forming banks of allodapic carbonates that are referred to here informally as the 194 

Tressenstein Lst (Mandl, 2013; Schäffer, 1982). The entire Middle to Upper Jurassic succession 195 

varies from being absent to up to nearly 1000 meters thick. 196 
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Deposition of the Plassen Lst and Oberalm Fm lasted into the earliest Cretaceous and was 197 

gradually replaced by the deep-water, marl-dominated Berriasian to Hauterivian Schrambach Fm 198 

(Decker et al., 1987; Faupl & Wagreich, 1992; Rasser et al., 2003). This unit is overlain by the 199 

Rossfeld Fm, a succession of turbiditic sandstones, polymictic breccias and shales whose 200 

deposition lasted into the Aptian (Decker et al., 1987; Faupl & Wagreich, 1992; Krische et al., 201 

2014). The Schrambach and Rossfeld Fms and their temporal equivalents record the imbrication 202 

of the Dachstein, Höllengebirge and Langbathsee thrusts. This deformation is partly sealed by 203 

strata of the Upper Cretaceous to Paleogene Gosau Gp, a thick assemblage of continental to 204 

marine sediments that infilled pre-existing topography (Wagreich & Faupl, 1994; Sanders, 205 

1998). The Gosau Gp itself deposited in a complex tectonic setting as the NCA units decoupled 206 

from their underlying basement and thrust forwards, leading to complex subsidence patterns with 207 

ongoing deformation (Ortner, 2001; Ortner et al., 2016; Wagreich & Decker, 2001; Wagreich & 208 

Faupl, 1994).  209 

There is a very limited sedimentary record of final stages of Alpine deformation (Neogene) in 210 

the central NCA. 211 

3 Middle to Late Jurassic deformation in the central NCA 212 

As stated above, Middle to Late Jurassic structures have been previously documented in the 213 

central NCA. We therefore do not aim to describe most of these structures in detail but will focus 214 

on the criteria for determining the ages of the structures, the nature of syn-tectonic 215 

sedimentation, and, most importantly, on understanding the relationships between these 216 

structures.  217 
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3.1 Stratigraphic record of Jurassic deformation 218 

The onset of convergence-related deformation in the central NCA can be documented locally to 219 

coincide with the onset of deposition of the Middle to Upper Jurassic Tauglboden and Strubberg 220 

Fms based on onlapping relationships (Fig. 4b). Below them, the Lower Jurassic mainly infilled 221 

pre-contractional topography at the top of the Triassic platform (Fig. 4a) or is interpreted to have 222 

deposited in an extension-dominated system (Böhm et al., 1995; Krainer et al., 1994). Erosion of 223 

the Triassic platforms underlying the Tauglboden or Strubberg Fms was commonplace and leads 224 

to the frequent omission of significant portions of Jurassic and Triassic stratigraphy (Fig. 4c,d). 225 

Erosion of the Triassic platforms and Lower Jurassic sediments resulted in the frequent 226 

emplacement of deca- to hectometric-sized olistoliths and breccias within the Middle to Upper 227 

Jurassic Strubberg, Tauglboden and Oberalm Fms (Fig. 5). The contact at the base of multiple 228 

olistoliths (placing Triassic rocks on Jurassic rocks) have been previously documented by several 229 

authors (Braun, 1998; Fernandez et al., 2024; Garrison & Fischer, 1969; Gawlick & Missoni, 230 

2015, 2019; Mandl, 1982, 2013). The abundance of olistoliths have led some authors to interpret 231 

all of the Triassic-on-Jurassic contacts to be of sedimentary nature, including those relating to 232 

map-scale blocks of Triassic (interperted to be Gleitschollen). However, many instances of 233 

Triassic blocks overlying Jurassic are in fact due to thrusting, as will be discussed below (see 234 

also discussion in Fernandez et al., 2024). 235 

3.2 The Totengebirge–Trattberg (TT) contractional system 236 

The main focus of this paper is a system of structures that extends from the Totengebirge in the 237 

east, to the Trattberg and Hoher Göll in the west (Fig. 2). The structures in this system, the 238 

Totengebirge–Trattberg (TT) system, run roughly parallel to and south of an E-W trending 239 



manuscript submitted to Tectonics 

 

depocenter of Middle to Upper Jurassic syn-orogenic Tauglboden and Oberalm Fms. This makes 240 

the TT system and ideal set of structures for analyzing syn-tectonic relationships. 241 

The TT system can be subdivided into two segments based on their interruption in outcrop by the 242 

Dachstein thrust sheet (Fig. 2) that was thrust onto the TT system in the Early Cretaceous 243 

(Fernandez et al., 2024; Levi, 2023). The eastern segment of the TT system runs from the 244 

Windischgarsten fault system to the Altaussee area. The western segment runs along the 245 

Trattberg and west, to the Hoher Göll. 246 

3.2.1 Structure of the eastern segment of the TT contractional system 247 

A detailed geological map of the eastern segment of the TT contractional system can be seen in 248 

Figure 6. In this segment, the system changes from being a major E-W trending thrust along its 249 

NE half (from the Windischgarsten fault system to the Offensee) to a system of NE-SW trending 250 

anticlines and synclines along its SW half (from the Offensee to the Dachstein thrust). 251 

The easternmost part of the TT contractional system is represented by the Totengebirge thrust 252 

(Fig. 6). This thrust terminates in the east in the Windischgarsten fault system (of Tertiary age) 253 

and has no known continuation beyond that fault system (Linzer et al., 1995; Peresson & Decker, 254 

1997; Tollman, 1976). The Totengebirge thrust is best exposed in the Kasberg (Fig. 7). Here the 255 

thrust places the Gutenstein Fm on the uppermost Hauptdolomit (equivalent of the Dachstein 256 

Lst) in a flat-on-flat configuration. Transport on the Totengebirge thrust at Kasberg has been 257 

interpreted to be NW-directed based on fault striations (Linzer et al., 1995). In this direction, 258 

shortening on the thrust is over 10 km. However, shortening estimated on a N-S cross-section 259 

yields only 7 km of shortening (Fernandez et al., 2024). Although no direct indications for north-260 

directed thrusting in the form of kinematic indicators have been documented, the footwall ramp 261 

of the Totengebirge thrust strikes roughly E-W to ENE-WSW (Fig. S2), possibly implying that 262 
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thrusting was indeed north-directed. NW-directed oblique thrusting above such a ramp might be 263 

expected to generate greater internal deformation (in the form of tear-faulting) in the hanging 264 

wall than is observed in the field (Fig. 6). 265 

The Reifling Fm in the hanging wall of the Totengebirge thrust at Kasberg is under 200 m thick, 266 

in strong contrast to the nearly 2000 m thick equivalent Wetterstein Lst to the south (Fig. 7a). 267 

The Upper Triassic above the Reifling Fm of the Kasberg is completely absent, due to erosion, 268 

but potentially was also thin and represented by basinal facies as Middle and Upper Triassic 269 

basins often coincide in the central NCA (Fernandez et al., 2024; Mandl, 2000). Below the 270 

Totengebirge thrust, the Hauptdolomit (Dachstein Lst) is the youngest unit, implying a post-271 

Triassic age for thrusting. 272 

The Totengebirge thrust extends westward to the Offensee, where it terminates (Fig. 6, Fig. S3a). 273 

Shy of its termination, east of the Offensee, the Totengebirge thrust brings the Wetterstein to rest 274 

on the Hauptdolomit, in a ramp-on-ramp configuration (Fig. S3a). This ramp-on-ramp 275 

configuration implies the displacement on the thrust has not exceeded the stratigraphic thickness 276 

of the Wetterstein–Hauptdolomit succession (less than 4 km in the Totengebirge unit; Fig. 8a). 277 

Across the Offensee, shortening related to the Totengebirge thrust is relayed into a system of two 278 

vertical isoclinal synclines, the Ariplan and Grünberg synclines (Ganss, 1937; Spengler, 1924). 279 

Both synclines are cored by Upper Jurassic Tauglboden Fm overlying the Lower Jurassic and a 280 

highly thinned Dachstein Lst (under 200 m thick) (Fig. 8a) (Fig. S4a,c). Flanking the Grünberg 281 

syncline on the southeast, the Ahornkogel–Brunnkogel anticline presents a major stratigraphic 282 

expansion in the Dachstein Lst associated to a salt-floored extensional rollover (Fig. 8, Fig. 283 

S4a,b). The extensional rollover is at present strongly overturned, in part due to contractional 284 

deformation. Shortening in the Offensee area is estimated to be slightly over 4 km (Fig. 8b). 285 
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The Grünberg syncline and the Ahornkogel–Brunnkogel anticline can be followed from the 286 

Offensee southwestward (Mandl, 2013) (Fig. 6). The Grünberg syncline broadens progressively 287 

to the SW and is infilled by Upper Jurassic sediments (Tauglboden and Oberalm Fms) (Fig. 9a). 288 

At the Karbach (Figs. 6, 9a), the TT contractional system is formed by a set of isoclinal 289 

anticlines and synclines (Figs. 5c, 9a) (Fig. S4a,b) similar to those in the Offensee. There is no 290 

evidence for units older than the Dachstein Lst being involved in folding. Within the folds, the 291 

Dachstein Lst is observed to be significantly thinner than in the surrounding areas, going from 292 

around 1500 m in the Raucherkar and Singereben down to under 200 m of thickness in the 293 

Karbach (Fig. 9a). Along the Raucherkar, folding in the Dachstein Lst is gentler and the 294 

Dachstein Lst dips steeply to the SW (Fig. S4c), plunging in under a major Upper Jurassic 295 

depocenter that is partly fault-bounded (Fig. 6, Fig. 9a, Fig. S4a,b). Shortening across the TT 296 

system in the Karbach is estimated to be around 4 km (Fig. 9b), although uncertainty in the 297 

interpretation at depth imply this value could be up to 1 km greater or smaller. 298 

The structure south of the TT contractional system and the Raucherkar folds is dominated by 299 

extensional faults that bound the Mt Loser block (Fig. 9a) (Fig. S4a,b). Some faults on the 300 

southern side of the Mt Loser are originally of Triassic age (Fig. 9b) and are associated to 301 

deepening of the depositional water depth in their hanging wall (Fig. S4d). These faults were re-302 

activated during the Jurassic, causing tilting of the Dachstein Lst (Fig. 9a) (Fig. S4e) and 303 

generating accommodation space in the Trisselwand (Fig. 9a). 304 

Southwest of the Karbach–Raucherkar, isoclinal folding of the Dachstein Lst is replaced by 305 

thrusting of the pelagic Upper Triassic Hallstatt Lst onto the lagoonal Dachstein Lst (Fig. 10b). 306 

At this location, the TT contractional system becomes mostly buried by syn-tectonic Upper 307 

Jurassic sediments (Fig. 10a,b). North-directed thrusts transport vertically dipping Oberalm Fm 308 
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(Upper Jurassic) in their hanging wall (Fig. 10a) (Fig. S5). The thrusts are sealed by the 309 

Tressenstein Lst (uppermost Upper Jurassic) that also discordantly overlies the vertical hanging 310 

wall strata (Fig. S5). These thrusts dip to the south and are interpreted to merge into a single 311 

thrust (called here the Raschberg thrust) that is rooted in the Altaussee diapir and carries in its 312 

hanging wall a condensed Triassic basinal succession (Fig. 10b). The Middle to Upper Jurassic 313 

Tauglboden and Oberalm Fms onlap the uplifted basinal units of the Hoher Raschberg (Fig. 314 

10a,b). Thrust-related uplift and folding raised the Hoher Raschberg units from their original 315 

deep-water setting during the Late Triassic and Early Jurassic (Fig. 10c) into the photic zone, 316 

allowing for the development of the Mt Sandling Plassen Lst reef.  317 

The position of the footwall cutoff to the Raschberg thrust is not observed in outcrop or in mine 318 

galleries. However, the contrast in facies between the hanging wall Upper Triassic Hallstatt Lst 319 

and its footwall equivalent, the lagoonal Dachsetin Lst, provides a minimum constraint for 320 

displacement. Kenter and Schlager (2009) documented that the transition between lagoonal 321 

Dachstein Lst and Hallstatt Lst requires in the order of 2 km horizontal distance, which would be 322 

an absolute minimum for offset on the Raschberg thrust. The interpretation in Figure 10 implies 323 

roughly 4 km of total shortening. 324 

3.2.2 Structure of the western segment of the TT contractional system 325 

West of the Hoher Raschberg, the TT contractional system was thrust over by the Dachstein 326 

thrust sheet in Early Cretaceous times (Fernandez et al. 2024; Levi, 2023). The Dachstein thrust 327 

sheet rests in a flat-on-flat situation on the underlying Tressenstein Lst (that seals deformation of 328 

the TT contractional system). The Jodschwefelbad borehole (Fig. 6; Mandl et al., 2012) shows 329 

that syn-TT Upper Jurassic sediments are thin in the footwall of the Dachstein thrust, indicating 330 
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that the Upper Triassic experienced Late Jurassic uplift in the current footwall of the Dachstein 331 

thrust sheet. 332 

The Dachstein thrust sheet and its footwall collapsed along the NW-SE trending Postalm fault 333 

(Figs. 2, 11). The age for this collapse post-dates the Early Cretaceous emplacement of the 334 

Dachstein thrust sheet, and most likely occurred due to the evacuation of Permo-Triassic 335 

evaporites (as proposed for the Gosau basin by Fernandez et al., 2022). The TT contractional 336 

system resurfaces in the footwall of the Postalm fault (to its west). 337 

A detailed geological map of the western segment of the TT contractional system can be seen in 338 

Figure 11. The western segment of the TT contractional system can further sub-divided into two 339 

segments, as the system is partly displaced by the Cretaceous Untersberg–Dachstein thrust (Fig. 340 

11). In the east, along the Trattberg portion, the the TT system is dominated by high angle 341 

reverse faulting (Ortner, 2017) (Fig. 12) (Fig. S6). The structure is dominated by the highly 342 

continuous Trattberg thrust whose growth is recorded by progressive unconformities in the 343 

footwall Oberalm Fm and mass wasting of the Triassic limestones in the hanging wall (Ortner, 344 

2017) (Fig. 12). The thrust of the Trattberg has been reworked, at least partially, as an 345 

extensional fault during the Cretaceous but has mostly retained its reverse throw (Fernandez et 346 

al., 2024; Ortner, 2017) (Fig. 12). Even though the Triassic succession in the area thins to the 347 

south (Fig. 12) (Fernandez et al., 2024), deformation of the TT system concentrated on the 348 

Trattberg thrust, that cuts through a relatively thick portion of the Triassic succession. This 349 

contrasts with the Raschberg and Totengebirge thrusts (Figs. 7, 10) that cut through areas of 350 

relatively thin Triassic stratigraphy. One possible explanation for this difference could be that the 351 

Trattberg thrust is an inversion structure, reactivating a syn-depositional extensional fault. Syn-352 
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depositional Triassic faults in the carbonate platforms are observed south of the Mt Loser (Fig. 353 

9b) and, possibly, south of the Trattberg (Fig. S9). 354 

Along the eastern segment of the Trattberg thrust (presumably extending under the Dachstein 355 

thrust sheet) Jurassic shortening is also taken up by the Einberg thrust (Fig. 11). Towards the 356 

west, the Trattberg thrust is buried by the syn-orogenic Oberalm Fm, which is folded above it 357 

(Ortner, 2017) (Fig. 11). It is possible that Jurassic shortening in this direction is also partly 358 

taken up by the Schwarzerberg thrust (Fig. 11), as indicated by deformation structures within the 359 

Oberalm Fm in its footwall (Plöchinger, 1979). 360 

Uplift related to the Trattberg thrust reappears west of the Salzach river valley. Here, the 361 

Eckersattel thrust (Fernandez et al., 2024), was responsible for uplifting the Dachstein Lst of the 362 

Hoher Göll mountain (Figs. 11, 13) (Fig. S7). Uplift is recorded by the erosive truncation of the 363 

Dachstein Lst in the northern flank of the Hoher Göll and its onlap by beds of the Oberalm Fm 364 

(Fig. S7) (Braun, 1998; Fernandez et al., 2024). At present, the Dachstein Lst of the Hoher Göll 365 

is tilted to the north due to the entire block being also partially backthrust along the Bluntautal 366 

thrust (Fig. 13) and deformation related to the Untersberg–Dachstein thrust. The Bluntautal 367 

backthrust places the entire Triassic stratigraphy of the Hoher Göll onto a north-dipping panel of 368 

Triassic and Middle Jurassic stratigraphy (the Hagengebirge block, Fig. 13). The Hagengebirge 369 

block in the footwall of the Bluntautal thrust is cross-cut by the left-lateral Königssee fault 370 

(Decker et al., 1994), a structure that has its origin as a Triassic-age salt structure (Fernandez et 371 

al., 2024).  372 

To the west, both the backthrust of the Bluntautal and the (blind) Eckersattel thrust come 373 

together along the western margin of the Hoher Göll mountain (Fig. 11) (Fig. S7). Here, the 374 

Triassic of the Hoher Göll is observed to have been emplaced onto the Oberalm and Strubberg 375 
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Fms (Fig. 11) (Fig. S7). Along this western margin of the Hoher Göll, a north-dipping panel of 376 

Triassic is offset by a roughly E-W trending extensional fault (Fig. 13) that likely developed 377 

above a pre-existing diapir prior to or synchronous with Jurassic thrusting. 378 

3.3 Other Jurassic contractional structures in the central NCA 379 

Although this contribution lays particular emphasis on the TT contractional system, this is not 380 

the only Late Jurassic contractional feature documented in the area. South of the TT system, Late 381 

Jurassic structures span the entire study area from west to east (Fig. 2).  382 

Contraction-driven allochthony of salt in the Hallstatt and Wurzeralm diapirs and in the Bad 383 

Mitterndorf area has been documented by Fernandez et al. (2021), Kurz et al. (2023), and 384 

Fernandez et al. (2024). The Hallstatt diapir recorded approximately 4 km of N-S shortening 385 

(Fig. 14), the Bad Mitterndorf structures are estimated to have shortened by around 10 km 386 

(Fernandez et al., 2024), and the Wurzeralm is interpreted to have experienced much more 387 

limited amounts of shortening (in the order of 1-2 km based on the work of Kurz et al., 2023). 388 

Despite the disparity in shortening magnitudes, shortening in the three cases involved the salt-389 

related uplift of condensed Triassic stratigraphy and the build-up of isolated Upper Jurassic 390 

(Plassen Lst) reefs atop the squeezed diapirs, similar to the reef developed above the Altaussee 391 

diapir (Fig. 10). After widespread deepening of the NCA during the Early to Middle Jurassic, 392 

Jurassic shortening of salt structures was required to locally raise the seafloor into the photic 393 

zone and allow for isolated reef development (Kurz et al., 2023; Tollmann, 1987). 394 

In analogous manner, the Upper Jurassic reefs of the Rettenstein (Auer et al., 2009; Neubauer & 395 

Moser, 2022), Ramsau (Mandl & Matura, 1995; Mandl et al., 2014) (Fig. 2) (Figs. S8, S9), and 396 

of the Gerhardstein-Lofer (Mosna, 2010; Pavlik, 2006; Sanders et al., 2007) (Fig. 2) are 397 

interpreted to mark the presence of salt walls also shortened in the Late Jurassic.  398 
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The Hallein diapir, which lies north of the TT contractional system (Figs. 2, 11), also 399 

experienced salt allochthony in the Late Jurassic, with Haselgebirge evaporites at present resting 400 

sandwiched within beds of the Oberalm Fm (Plöchinger, 1977, 1984, 1990; Schauberger, 1972) 401 

(Fig. 15). The direction of Jurassic allochthonous salt emplacement in this case is less well 402 

constrained as in the previous examples as the precise location of the feeding salt stock is 403 

unknown, but was likely N to E directed. Posterior deformation of the allochthonous salt during 404 

the Early Cretaceous was east directed to northeast, as inferred from folding of the Oberalm Fm 405 

and growth geometries in the Schrambach and Rossfeld Fms (Figs. 11, 13). Immediately west of 406 

the Hallein diapir, Jurassic shortening also led to the development of the south-directed 407 

Rabenstein thrusts (Fig. 2) (Fig. S10). 408 

In the westernmost part of the study area a further isolated Jurassic thrust (the Grubhörndl thrust) 409 

is present (Figs. 2, 16). The Grubhörndl thrust, previously interpreted as an olistolith (Ortner et 410 

al., 2008), is interpreted here as a thrust transporting a thin (supra-diapir) Upper Triassic in its 411 

hanging wall. The origin of this unit as an olistolith, as proposed by Ortner et al. (2008), requires 412 

the presence of a major W-facing extensional fault of Late Jurassic age with exposed footwall 413 

(Ortner et al., 2008) which hasn’t been documented to date (despite the presence of extensional 414 

Early and Late Jurassic faults in the area; Krainer et al., 1994; Ortner et al., 2008). Jurassic 415 

breccias constrain the time of emplacement of this thrust sheet (Ortner et al., 2008). This unit 416 

was posteriorly thrust over in the Early Cretaceous by the Gerhardstein units (Fig. 16c) and later 417 

collapsed in extension into its present-day geometry (Fig. 16b). 418 

As opposed to the isolated nature of the structures described above, the Klausbach–Bluntautal–419 

Sattelberg thrusts (Fig. 2), running along the western half of the study area and south of the TT 420 

contractional system, represent a second hard-linked contractional system. At its westernmost 421 
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end, this system is represented by the Klausbach thrust (Fig. 2), which placed the Triassic 422 

platform of the Reiteralm southeastward onto that of the Watzmann (Fig. S10). The Klausbach 423 

thrust transitions eastward into the Bluntautal thrust (Fig. S10). The Bluntautal backthrust can in 424 

turn be correlated eastward to the Sattelberg backthrust (Fernandez et al., 2024) (Figs. 2, 11). 425 

The Sattelberg thrust sheet (Fig. S11) and other, associated, minor imbricates have been 426 

interpreted by some authors to represent olistoliths and breccias re-sedimented during Jurassic 427 

tectonism (Gawlick and Missoni, 2015, 2019). Although the dimensions of the bodies are 428 

compatible with those of large slides (Woodcock, 1979), the overall coherent arrangement (i.e., 429 

along-strike continuity of the structures for over 10 km with stratigraphically upright bedding) 430 

and the consistent indications for south-directed emplacement (Cornelius and Plöchinger, 1952; 431 

Fernandez et al., 2024; Häusler, 1979; Tollmann, 1975) make their interpretation as south-432 

directed thrusts the most reasonable interpretation. Fernandez et al. (2024) provide an estimate of 433 

over 5 km of N-S shortening on these structures. 434 

The Sattelberg backthrust has only been traced to the eastern end of the Tennengebirge (Fig. 2). 435 

There it enters an area dominated by the outcrop of the Lower Triassic Werfen beds and Anisian 436 

carbonates (Fig. 2) deformed by north-directed thrusts and north-vergent folds (Mostler & 437 

Roßner, 1977; Neubauer & Genser, 2018; Roßner, 1972). It is unclear if backthrusting on the 438 

Sattelberg thrust is relayed into these structures or dies out in this direction.  439 

 440 
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4 Discussion 441 

4.1 Early inversion of a salt-bearing rifted margin 442 

Jurassic contractional structures in the central NCA are the result of the initial inversion of the 443 

Triassic Austroalpine rifted margin (Fig. 17). Jurassic structures nucleated along pre-existing 444 

Triassic-age salt structures, whose initial layout can be mapped based on the presence of 445 

thickness and facies changes in the Middle to Upper Triassic succession (Fernandez et al., 2024). 446 

The NCA at Late Triassic times comprised minibasins developed above evacuating Permo-447 

Triassic salt and that accumulated 2-4 km thick platform carbonates (Wetterstein and Dachstein–448 

Hauptdolomit platforms). The minibasins were areas of shallow water separated by embayments 449 

in which coeval condensed pelagic carbonates (<500 m thick) deposited above subsiding salt 450 

walls or diapirs (Fig. 17a). Some salt walls (e.g., Figs. 8, 9) were covered in the Late Triassic by 451 

thin platform carbonate rooves (<200 m in thickness) (Fig. 17a). The Triassic margin subsided 452 

significantly in the Early Jurassic, drowning out platform growth (Schlager & Schöllnberger, 453 

1974) and leaving the seafloor hundreds or over a thousand meters deep (as illustrated in Fig. 454 

17a) (see Kurz et al., 2023 for a discussion on water depth estimates. 455 

Jurassic shortening structures conform a complex system of thrusts, folds, and squeezed salt 456 

walls, that spans the entire central NCA from west to east (Fig. 18). The Jurassic-age structures 457 

occur both as hard-linked systems (the TT and Klausbach–Bluntautal–Sattelberg systems) and as 458 

more isolated features. All Jurassic structures developed along pre-existing salt structures 459 

(diapirs and walls) or areas of thin (<0.5 km) Triassic stratigraphy, except for the Eckersattel and 460 

Trattberg thrusts, which cut across relatively thick (>1 km) Triassic. The initial phase of Jurassic 461 

inversion led to the re-activation (at least partial) of all the existing salt features in the area (Fig. 462 

18b). 463 
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The structures that developed during the initial stage of inversion (Figs. 17b, 18b) can be 464 

grouped into 6 main types: 465 

1) Salt overthrusts (sensu Jackson & Hudec, 2017), where salt walls were shortened and 466 

displaced along with their rooves into thrusts travelling multiple kilometers 467 

(Totengebirge, Raschberg, Eckersattel, Bluntautal, Sattelberg, Bad Mitterndorf, and 468 

Grubhörndl thrusts; Figs. 7, 10, 13, 16; Fig. S11). 469 

2) High-angle thrusts, likely re-activating Triassic-age extensional faults (Trattberg thrust, 470 

Schönau thrust, Kuchlberg fault; Fig. 12; Figs. S10, S11). 471 

3) Systems of synclines and anticlines developed in thin Triassic successions that originally 472 

overlay salt walls (Grünberg and Ariplan synclines, and Bärnkogel and Ahornkogel-473 

Brunnkogel anticlines; Figs. 8, 9).  474 

4) Plug-fed thrusts (sensu Jackson & Hudec, 2017), where salt extruded from diapirs 475 

transporting their rooves passively (Hallstatt, Hallein, Wurzeralm; Figs. 14, 15; Kurz et 476 

al., 2023).  477 

5) Squeezed salt walls for which no salt allochthony is known but uplift was sufficient to 478 

raise the bathymetry into the photic zone as recorded by the growth of Upper Jurassic 479 

reefs (Gerhardstein-Lofer, Rettenstein, Ramsau; Figs. S8, S9). In some instances, 480 

squeezing of the salt wall led to the uplift of the flanking minibasin margin (rim uplift), 481 

such that the reef developed on the minibasin margin as well as above the rising salt 482 

stock/wall (Kurz et al., 2023) (Wurzeralm, Lugberg, Falkenstein; Fig. 17b). 483 

6) Secondary welds (welds of salt walls or diapirs) without the development of significant 484 

bathymetric relief (or at least with a lack of recorded uplift). An example of such a weld 485 
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is the Echerntal weld documented by Fernandez et al. (2021) near Hallstatt and 486 

Königssee weld (discussed by Fernandez et al., 2024). 487 

Many of these structures are associated to the rapid and localized uplift of the seafloor from 488 

bathyal depths into the photic zone which enabled the growth of Upper Jurassic reefs (e.g., 489 

Fernandez et al., 2021; Kurz et al., 2023). The isolated nature of Upper Jurassic reefs across the 490 

entire central NCA (Fig. 18b) indicates that bathymetry remained mostly sub-neritic away from 491 

the growing structures, indicating no widespread uplift or stacking of tectonic units occurred. 492 

The development of isolated structures without the growth of a well-developed orogenic wedge 493 

can be explained by the presence of a well-connected and highly efficient basal detachment in 494 

the Permo-Triassic salt. Analogue models indicate that contractional systems can develop with a 495 

very subdued taper geometry (in cross-section) and fast forelandward propagation of the 496 

deformation in the presence of continuous evaporite detachments (Pla et al., 2019; Santolaria, 497 

Granado, Carrera, et al., 2022; Santolaria, Granado, Wilson, et al., 2022). Notwithstanding the 498 

low taper angle, significant coeval uplift and unroofing occurring in more southerly (?) positions 499 

is required to account for the inflow of detrital ophiolitic material in the Late Jurassic (e.g., 500 

Steiner et al., 2021; Drvoderic et al., 2023). 501 

Sliding of the Triassic Wetterstein–Dachstein minibasins along the evaporitic basal detachment 502 

are interpreted to have led to the vertical-axis rotation of some minibasins (Fig. 18b), a feature 503 

indicative of a thick basal detachment during shortening (Duffy et al., 2021; Santolaria, Granado, 504 

Carrera, et al., 2022). The amounts of vertical-axis rotation required for the map restoration (Fig. 505 

18) are well within the magnitude range documented for younger block rotations by Pueyo et al. 506 

(2007). 507 
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Finally, but importantly, even though Jurassic shortening re-activated all salt structures, it did not 508 

progress to the point of closing or welding them, thus leaving a remaining potential for 509 

subsequent deformation stages (Figs. 16c,d). This incomplete inversion or welding of the central 510 

NCA salt structures could be due to either a limited amount of shortening or to the blocking of 511 

deformation by some mechanism. In this sense, the possible presence of basement faults 512 

offsetting the Permo-Triassic salt could have hindered the propagation of deformation (Granado 513 

et al., 2021). Fernandez et al. (2024) proposed that syn-rift basement faults that offset the Permo-514 

Triassic evaporites were inverted completely during the Late Jurassic. This inversion might, 515 

however, not have always been total, as inferred, for instance, for the Hallstatt diapir (Fig. 14; 516 

Fernandez et al., 2021). 517 

 518 

Remarkably, the Jurassic shortening spared the closure of two broad salt-floored areas, Altaussee 519 

and Hallein, flanking the Untersberg–Hoher Göll and the Dachstein–Kasberg blocks (Fig. 18b). 520 

These were subsequently thrust over in the Early Cretaceous (Fig. 18c). The reason for this could 521 

relate to the interplay of the supra-salt cover with sub-salt basement faults, that could have 522 

hindered greater closure during the Late Jurassic. 523 

4.2 Architecture of the Totengebirge–Trattberg system 524 

A particularly prominent element of the Jurassic inversion system is the TT contractional system. 525 

This system is a hard-linked system of thrusts and folds that spans 80 km from west to east 526 

across the study area. This dimension implies it involved multiple minibasins during 527 

deformation. Deformation along the TT system appears to have propagated from east to west 528 

(Table 1).  529 
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Deformation in the TT system can be dated based on its relationship with the Oberalm Fm and 530 

Tressenstein Lst (both Tithonian to Berriasian) (Gawlick et al., 2005, 2007; Steiger, 1981). In the 531 

Eckersattel and the Trattberg thrusting is coeval with and sealed by the Oberalm Fm (Fig. S7a; 532 

Ortner, 2017), indicating a Tithonian to Berriasan age. Uplift along the Trattberg prior to the 533 

Tithonian is further recorded by erosion of Upper Triassic units under the Tauglboden Fm in the 534 

footwall of the Trattberg thrust (Fig. 12; Ortner, 2017), whose initial deformation likely led to 535 

the development of a gentle anticline with many tens of meters in relief. This uplift, albeit 536 

limited in relief when compared to that generated by the Trattberg thrust, accounts for the 537 

difference in facies of the Strubberg and Tauglboden Fms in the area (Trattberg Rise of Gawlick 538 

& Firsch, 2003) and can therefore be inferred to have an Oxfordian onset. 539 

Further east, the Raschberg thrust involves the Oberalm Fm but is sealed by the base of the 540 

Tressenstein Lst (Fig. 10) locally dated as Tithonian (Gawlick et al., 2007). In this same area, 541 

Jurassic stratigraphy records northward onlap of the syn-orogenic succession onto the Triassic-542 

Middle Jurassic carbonates in the footwall of the Raschberg thrust: the oldest syn-orogenic 543 

sediments are Callovian in the south (under the Sandling) and Oxfordian in the north (under the 544 

Höherstein) (Fig. 10) (Gawlick et al., 2007). This indicates that structures in the area developed 545 

from Oxfordian to Tithonian, ending somewhat earlier than in the western TT system. The 546 

precise age of the Totengebirge thrust, at the eastern end of the system, is unconstrained due to 547 

the absence of preserved Jurassic (or younger) sediments in the area. However, the fact that 548 

sediments of the Tithonian Oberalm Fm are widespread in the area (Fig. 19b; Fenninger & 549 

Holzer, 1970) and yet absent under the Totengebirge thrust (Fig. 7) may be due to its pre-550 

Tithonian emplacement. 551 

 552 
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Segment Map 

length 

(km) 

Shortening 

(km) 

Hanging 

wall 

thickness 

(m) 

Type of 

structure 

Age 

constraints 

Totengebirge 19 7-10 400-5000 plug-fed thrust -- 

Grünbach 12 4-5 150-250 synclines-

anticlines 

? – Tithonian 

Raschberg 7 4 500-1000 plug-fed thrust Oxfordian(?) – 

Tithonian 

sub-Dachstein 

(Einberg thrust) 

14 ? >500m
1
(?) thrust(?) -- 

Trattberg  21 2-3 >2000 inverted normal 

fault 

Tithonian – 

Berriasian  

(antiform from 

Oxfordian) 

 

Eckersattel 12 3 >1000 plug-fed thrust Tithonian – 

Berriasian 
1
 Thickness based on Jodschwefelbad borehole (Mandl et al., 2012) 

 

Table 1. Characteristics of the segments of the Totengebirge–Trattberg (TT) contractional 553 

system. 554 

This timing implies that the TT contractional system grew by lateral propagation rather than by 555 

linkage of smaller structures. It is therefore not surprising that the TT contractional system does 556 

not display the arcuate shape for thrusts discussed by Elliot (1976) nor does it display its 557 

maximum displacement in its center, as could also be expected for linked systems (Kim & 558 

Sanderson, 2005). Maximum displacement on the TT system occurs at its eastern end, along the 559 

Totengebirge, where displacement is in the order of 7-11 km. This represents 8-13% of total 560 

structure length, somewhat higher than the average value of 7-10% displacement-length value 561 

quoted by Kim & Sanderson (2005).  562 

The TT contractional dies out into the Neogene Windischgarsten fault system (Fig. 6) and no 563 

equivalent Jurassic-age structures have been documented to the east. The Windischgarsten fault 564 

system developed along a pre-existing salt-floored Triassic embayment (Fig. 18a) (Eggerth, 565 
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2023). This zone of abundant salt would have represented a “loose-end” for the TT contractional 566 

system during Jurassic shortening (Fig. 18b), potentially explaining the anomalous pattern with 567 

maximum throw at the eastern tip of the contractional system.  568 

Another interesting feature in the TT contractional system is the variability in its structure, that 569 

includes low-angle salt overthrusts, syncline–anticline systems, and inverted extensional faults. 570 

These changes occur despite the structures having very similar orientations. It is possible that the 571 

thickness of the deformed supra-salt Triassic stratigraphy played an important role in defining 572 

the structural style. The syncline–anticline system of the Grünberg segment, for instance, 573 

developed in the only area where supra-salt stratigraphy was under 250 m thick. In areas of 574 

thicker supra-salt stratigraphy, thrusting is the dominant structural style. In the case of the 575 

Trattberg segment, it is further surprising that thrusting developed through a thick supra-salt 576 

cover, as opposed to through the Lammertal area of thin basinal deposits to the south. In this case 577 

this could relate to the fact that the Trattberg thrust developed once the Sattelberg thrust to its 578 

south had already been emplaced and shortened the Lammertal salt wall (see Section 4.3) in 579 

combination with the presence of Triassic-age extensional faults, as discussed above. 580 

4.3 Timing of Jurassic deformation in the central NCA 581 

The onset of deformation in the area, based on the first generalized appearance of re-sedimented 582 

Upper Triassic rocks, is Early Callovian (latest Middle Jurassic) in the southern half of the study 583 

area (Sattelberg, Rettenstein, and Sandlingalm areas) (Auer et al., 2009; Gawlick et al., 2002; 584 

Gawlick et al., 2003; Gawlick & Frisch, 2003) (Fig. 19a). Along the eastern margin of the study 585 

area (Wurzeralm and to the east, Fig. 19a), the earliest breccias are dated to be Mid-Callovian to 586 

Oxfordian (Drvoderic et al., 2023; Ottner, 1990). Deformation progressed northwards, with the 587 

earliest re-sedimented Triassic rocks occurring in the Oxfordian (earliest Late Jurassic) in the 588 
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basins along and north of the TT contractional system (Rettenbach, Osterhorngruppe, 589 

Flankenstein; Fig. 19a) (Gawlick & Frisch, 2003; Kügler et al., 2003). This northward gradient 590 

in the age of breccias is also observed locally, as discussed for the Raschberg thrust above 591 

(Rettenbach–Sandlingalm area). 592 

The development of specific structures follows a similar pattern. The oldest structure in the 593 

central NCA is the salt allochthon of the Hallstatt diapir, where evaporites override Callovian 594 

age radiolarites (Suzuki & Gawlick, 2009). Deformation then spread west to the Sattelberg 595 

thrust, in the Oxfordian (its youngest footwall sediments are Oxfordian; Gawlick et al., 2002), as 596 

well as to the Grubhörndl thrust farther west (this thrust is emplaced on and sealed by Oxfordian 597 

breccias; Ortner et al., 2008). Likewise, salt allochthony at the eastern end of the study area 598 

occurred in the Wurzeralm in the Oxfordian (salt extruded onto radiolarites of that age; Hiebl, 599 

2011; Kurz et al., 2023; Ottner, 1990). Deformation subsequently propagated north, to the 600 

eastern segment of the TT contractional system, active from Oxfordian to Tithonian times, and 601 

finally to the western segment of the TT contractional system. The Trattberg and Eckersattel 602 

thrusts (Tithonian–Berriasian), represent the youngest Jurassic thrusts. Although dating has not 603 

been established in detail, allochthony in the Hallein diapir is potentially of equivalent age, as it 604 

occurred synchronous with deposition of the youngest Oberalm Fm (Fig. 15). 605 

During advanced phases of deformation on individual structures, the growth of isolated Upper 606 

Jurassic reefs marks the shallowing of the seafloor from bathyal depths to within the photic zone. 607 

Just as deformation follows a northward propagation, the age of Upper Jurassic reefs also 608 

becomes younger in that direction. The Rettenstein (Fig. 19a) stands out as the location where 609 

shortening-related uplift first brought the Jurassic seafloor into the photic zone and enabled the 610 

growth of the first Upper Jurassic reef in the area (Late Oxfordian) (Auer et al., 2008, 2009). 611 
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Further north, the reefs of the Plassen, the Krahstein, the Trisselwand, the Rote Wand, 612 

Falkenstein (Fig. 19b), are dated as starting in the Kimmeridgian (Gawlick et al., 2003; Gawlick 613 

et al., 2009; Hiebl, 2011; Kügler et al., 2003; Schlagintweit et al., 2003; Schlagintweit & Ebli, 614 

1999; Steiner et al., 2021). Reef development in the Mt Sandling and the Lofer-Gerhardstein 615 

(Fig. 19b) started in the Tithonian (Gawlick et al., 2007; Sanders et al., 2007). 616 

The inversion of the NCA salt-bearing margin led to a transition from depositional environments 617 

starved in carbonates in the Middle to earliest Late Jurassic (Fig. 19a) to a setting rich in 618 

carbonates during the latest Late Jurassic (Fig. 19b). Two carbonate sources appeared during the 619 

Middle to Late Jurassic to explain this transition. Initially submarine erosion of uplifted Triassic 620 

carbonates along incipient Jurassic structures fed locally sourced breccia bodies (Gawlick et al., 621 

2002, 2007; Gawlick & Missoni, 2015; Mandl, 2013). Breccias related to uplift and erosion 622 

continued to deposit throughout the entire Late Jurassic (Gawlick et al., 2005; Ortner, 2017; 623 

Steiger, 1981). Once inversion had progressed sufficiently, the seafloor above some squeezed 624 

diapirs and salt walls reached neritic depths, allowing for reefs to grow on their tops, or on the 625 

uplifted flanking minibasins. Reefs became an additional source of carbonatic material in the 626 

basin. 627 

In contrast to the other reefs in the area, the Trisselwand reef did not grow on a squeezed diapir 628 

but above a minibasin of Triassic platform carbonates that is in the hanging wall of an 629 

extensional fault (Figs. 9, 19b). Paradoxically, the footwall of the extensional fault accumulated 630 

reef slope deposits (Fig. 9). This counter-intuitive arrangement could have resulted from either: a 631 

rotation of the underlying Triassic minibasins around horizontal axes as they interacted with fault 632 

related steps in the sub-salt; or extensional faulting being the result of post-Jurassic extension 633 

(see Section 4.4). 634 
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 635 

4.4 Post-Jurassic deformation 636 

Analyzing deformation after the Jurassic is beyond the scope of this article. However, the map 637 

restoration presented in Fig. 18 required modelling Cretaceous to Neogene deformation to 638 

understand the Triassic and Jurassic configuration of the central NCA (Fig. S11). Two key stages 639 

of deformation were modelled: a phase of Early Cretaceous thrusting, in which the Untersberg–640 

Dachstein–Warscheneck thrust sheet was transported to the NE (Fernandez et al., 2024) (Fig. 641 

18c); and a phase of Neogene strike-slip that offset the pre-existing structures (Linzer et al., 642 

1995; Peresson & Decker, 1997) (Fig. 18d). 643 

Shortening during the Early Cretaceous was variable along strike. The Dachstein thrust 644 

accumulated approximately 8 km of displacement, whereas its along-strike equivalents (the 645 

Untersberg and Warscheneck thrusts) have been interpreted to have had more limited 646 

displacement (5 and 3 km). Displacement on the Dachstein thrust is constrained as its footwall 647 

cutoff is known to lie SW of the Steeg-1 borehole (Levi, 2023; Mandl et al., 2012). Displacement 648 

on the other two thrust segments are estimates derived by reducing block overlaps in the 649 

palinspastic restoration. 650 

Thrusting during this stage occurred, as in the Jurassic, by decoupling along the basal Permo-651 

Triassic salt, a décollement observed at the base of the Triassic stratigraphy of the 652 

Tennengebirge and Dachstein minibasins (Roßner, 1972). This stage of thrusting significantly 653 

contracted the salt structures remaining after Jurassic shortening. 654 

Coeval with thrusting of the Untersberg–Dachstein–Warscheneck, a set of structurally higher 655 

thrust sheets was emplaced above the southern margin of the NCA. There are no preserved 656 

remnants of these structural units, but their presence is inferred based on Early Cretaceous 657 
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metamorphism (Fernandez et al., 2024; Frank & Schlager, 2006). The location of the leading 658 

edge of these upper thrust sheets, estimated based on the distribution of Early Cretaceous 659 

metamorphism (Frank & Schlager, 2006; Kralik et al., 1987), is indicated in Fig. 18c. 660 

During the Late Cretaceous, thrusting also involved the Austroalpine basement in the trailing 661 

edge of the NCA. This basement forms a wedge (in section view) whose leading edge has also 662 

been represented in Fig. 18c.  663 

From Late Cretaceous through to Neogene times, a system of extensional collapse structures 664 

developed across the area (Fig. 18d). Whereas the Gosau basin is documented to have developed 665 

by extension in the Late Cretaceous (Wagreich & Decker, 2001), the age of collapse in other 666 

areas is Eocene or younger (Lattengebirge; Herm, 1962; Risch, 1993). In many other locations, 667 

timing of collapse is only constrained to be post-Jurassic (e.g., Lofer–Gerhardstein, Lammertal, 668 

Sandling, Obertraun, Ramsau, Wurzeralm) (Fernandez et al., 2022, 2024; Kurz et al., 2023). 669 

Finally, during the Neogene (Fig. 18d), pre-existing salt structures were further re-activated in 670 

thrusting (Wolfgangsee, Windischgarsten) or in strike-slip (Königssee, Postalm, Traunsee). 671 

Throw on the Traunsee fault is estimated to be 3 km at its southwestern end (Decker et al., 1994) 672 

and a similar 3 km at its northeastern end (Egger, 2007) and acted mainly as a relay structure 673 

between the Wolfgangsee and Windischgarsten thrusts. Further to the southwest, a limited 674 

amount of displacement (1-2 km) has been interpreted along the Königssee and Postalm faults. 675 

Evidence for any greater offset along the Königssee fault is lacking, as the criterion previously 676 

used to determine throw (offset of map contacts; Decker et al., 1994) can be explained as an 677 

inherited geometry in the Triassic minibasins (the Königssee fault is an inherited salt structure; 678 

Fernandez et al., 2024).  679 
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Similarly, the Mandlingzug fault (Fig. S9), a branch of the SEMP (Salzach-Ennstal-Mariazell-680 

Puchberg) fault (Fig. 2), re-activates a pre-existing Triassic salt structure in its shallowest 681 

portions. The possible re-activation of salt structures along the SEMP fault itself has not yet been 682 

explored. 683 

Despite the significant magnitudes of vertical-axis rotation documented for this time in the area 684 

(Pueyo et al., 2007; Thöny et al., 2006), there is no evidence in the field or from the map 685 

restoration (Fig. 18, Fig. S11) that any segments of the central NCA experienced any significant 686 

vertical-axis rotation. Frisch & Gawlick (2003) came up with a similar result in an earlier attempt 687 

at a map restoration of the same area. 688 

4.5 Regional tectonic transport directions 689 

The local tectonic transport direction in most of the Jurassic structures documented here is 690 

roughly dip-slip, with directions including NW-, N-, NE, SE, and S-directed transport. At a more 691 

regional scale, and based on the palinspastic reconstruction presented, it is observed that during 692 

the Late Jurassic the study area shortened in both N-S and E-W directions (Fig. 18b). The overall 693 

direction of Jurassic tectonic transport is however not certain. Thrusting along the Trattberg is 694 

NE directed (Ortner, 2017) (Fig. S6), whereas thrusting at the eastern end of the Totengebirge 695 

thrust is NW directed (Linzer et al., 1995). These both could correspond to a regional N-S 696 

directed shortening direction, but further observations are required to support this assumption. 697 

An analogous situation is found in the Early Cretaceous. During this time, the area is also 698 

observed to experience shortening in the N-S and E-W directions (Fig. 18c). NE-directed 699 

thrusting in the study area is the one that best explains the structural configuration of the 700 

Untersberg–Dachstein–Warscheneck system, with the Postalm and Salzsteig acting as lateral 701 

faults (Fig. 2; see also Fernandez et al., 2024). However, this contrasts with NW-directed 702 
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shortening documented in the western NCA (Ortner & Kilian, 2022). N-directed regional 703 

shortening, with divergence occurring in the western and central NCA, potentially due to the role 704 

of the Permo-Triassic detachment, could provide a satisfactory explanation. 705 

Posterior thrusting events, in the Late Cretaceous to Paleogene, are not captured in the 706 

restoration as during this stage the entire central NCA were transported mostly passively 707 

northwards, with very limited internal deformation (Fernandez et al., 2024). Evidence from the 708 

Austroalpine basement south of the study area (Ratschbacher & Neubauer, 1989) and from the 709 

western NCA (Ortner & Kilian, 2022) points to W- or NW-directed transport during this time.  710 

Finally, the NCA experienced Neogene left-lateral transpression (Linzer et al., 1995, 2002; 711 

Peresson & Decker, 1997) that caused the reactivation of pre-existing structures with relatively 712 

minor magnitudes of displacement (Fernandez et al., 2024) (Fig. 17d). 713 

4.6 Salt volume balance 714 

Shortening from Late Jurassic to present-day led to the major and continued re-activation of salt 715 

structures. In the central NCA, salt structures during the Triassic were dominantly subsiding 716 

diapirs and salt walls covered by pelagic carbonates or thin platform carbonate rooves (Figs. 17a, 717 

18a; Fernandez et al., 2024). Tracking the map area of the pelagic carbonates and areas of thin 718 

carbonate platforms (supra-salt-wall or supra-diapir carbonates) therefore provides a proxy to 719 

estimate the magnitude of evaporite volume loss during deformation. The comparison of the map 720 

areas in Figs. 18a and 18d indicates that supra-diapir carbonates in the central NCA at present 721 

cover an area that is around 30% of their extent at Late Triassic times. Assuming a 1:1 722 

relationship between the original (Late Triassic) map area of supra-diapir carbonates with the 723 

map area of salt walls and diapirs (as a first approximation), a loss of 70% of supra-diapir 724 

carbonate outcrop area would imply that around 70% of the original evaporite volume has been 725 
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lost. This value is consistent with the estimate of Fernandez et al. (2021) for the Hallstatt diapir 726 

and of Santolaria, Granado, & Wilson (2022) for analogue models of the neighboring eastern 727 

NCA. 728 

At present, the Permo-Triassic evaporites in the salt diapirs in the central NCA have contents of 729 

halite ranging from 50 to 65% (Leitner & Mayr, 2017). If the 70% of volume loss is assumed to 730 

have mostly removed halite (the most soluble component in the Haselgebirge), then the original 731 

composition can be estimated to have contained 85-90% of halite (most likely including other 732 

highly soluble constituents, such as potash salts). This composition would be comparable to that 733 

in the Zechstein or South Atlantic salt basins (e.g., Fiduk & Rowan, 2012; Jackson & Stewart, 734 

2017; Szatmari et al., 2021). 735 

5 Conclusions 736 

The central NCA is an outstanding example to study the inversion of salt-dominated margins. Its 737 

structural and geomorphologic configuration, with Triassic minibasins preserved in sub-738 

horizontal position and the preserved syn-tectonic strata, make it feasible to reconstruct the 739 

temporal evolution of this province since Triassic times. This contribution presents the first 740 

systematic analysis of the evolution of Late Jurassic to Cretaceous inversion of this salt-741 

dominated margin. 742 

Unsurprisingly, Triassic-age salt structures strongly controlled the location of the earliest 743 

inverted structures during the Late Jurassic. All salt structures that persisted into the Late 744 

Triassic were inverted, even if only partially, during the initial Late Jurassic deformation stage. 745 

Deformation during the Late Jurassic did not, however, succeed in completely squeezing all salt 746 

structures. The possible interaction of the supra-salt cover with sub-salt basement faults could 747 

help explain this pattern. 748 
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The same Triassic salt structures continued to play a key role during the later inversion of the 749 

margin (Early Cretaceous) and during its partial dismemberment under transpression during the 750 

Neogene. 751 

Remarkably, the Totengebirge–Trattberg contractional system, that formed during the early 752 

inversion of the margin, during the Late Jurassic, presents uncommon features. It exhibits 753 

outstanding continuity (it is over 80 km in length) with strong along-strike variability in 754 

structural style (including low-angle, high-angle faulting, or isoclinal folding) and is postulated 755 

to have developed by along-strike propagation rather than by linkage of smaller structures.  756 

The variability in structural style of the Totengebirge–Trattberg contractional system and its 757 

peculiarities in growth and displacement patterns can be traced back to the key role exerted by 758 

salt structures and the supra-diapir stratigraphy. 759 
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Figure 1. (a) Simplified geological map of the Eastern Alps (modified from Schuster et 1166 

al., 2013). See inset for location. Abbreviations: Apenn.: Apennines, Dinar.: Dinarides, 1167 

E.: East, W.: West. (b) Simplified cross-section through the central Northern Calcareous 1168 

Alps (NCA). TF: Traunsee fault, UABT: Basal Thrust of the Upper Austroalpine, TS: 1169 

thrust sheet. (c) Schematic section showing the paleogeographic domains of the Eastern 1170 

Alps. 1171 

 1172 

Figure 2. Simplified structural framework of the central NCA. Structures with Jurassic 1173 

tectonic activity are highlighted with names in white. The map is simplified from 1174 

Krenmayr (2005) and Krenmayr and Schnabel (2006). Structures are drawn, and partly 1175 

simplified, from Tollmann (1976), Braun (1998), Linzer et al. (1995), Ortner and Kilian 1176 

(2022) and Fernandez et al. (2024). Abbrevations for structures: A.-B.: Ahornkogel-1177 

Brunnkogel; Eck.: Eckersattel; Gerh.-Lo.: Gerhardstein-Lofer; Grbh: Grubhörndl; Ha.: 1178 

Hallein; Klausb.: Klausbach; Rab.: Rabenstein; Rschb.: Raschberg; SEMP: Salzach-1179 

Enns-Mariazell-Puchberg fault system; UABT: Basal thrust of the Upper Austroalpine; 1180 

Wssb.: Weissenbach; sync.: syncline; antic.: anticline. Abbreviations for structural units: 1181 

Bg: Berchtesgaden; Dc: Dachstein; Go: Golling; Gr: Grundlsee; Ha: Hallein; HG: Hoher 1182 

Göll; Hn: Hagengebirge; Hö: Höllengebirge; Is: Bad Ischl; Ka: Katrin; Ks: Kasberg; Lg: 1183 

Leoganger Steinberge; Mg: Mandlingzug; Mt: Bad Mitterndorf; Oh: Osterhorngruppe; 1184 

Pw: Pailwand; Ra: Reiteralm; Re: Bad Reichenhall; Rt: Rettenstein; Sb: Sattelberg; Sg: 1185 

Singereben; St: Steinplatte; Sw: Schwarzer Berg; Tn: Tennengebirge; To: Totengebirge; 1186 

Ub: Untersberg; Uk: Unken; Ws: Warscheneck. Zw: Zwieselalm. 1187 



manuscript submitted to Tectonics 

 

 1188 

Figure 3. Synthetic Permo-Mesozoic stratigraphy of the central NCA. Jurassic unit 1189 

names are highlighted in white. A variety of condensed red limestones of Early to Middle 1190 

Jurassic age are grouped informally under “Jurassic red limestones”. The Ruhpolding 1191 

Radiolarite includes the Tauglboden (Tg) and Strubberg (Sb) Fms. The Middle-Upper 1192 

Jurassic and Cretaceous units are syn-orogenic in nature and can exhibit onlap 1193 

relationships on a variety of older units. After Fernandez et al. (2024). 1194 

 1195 

Figure 4: (a) Unconformable contact between red Jurassic limestone (of Lower to 1196 

Middle Jurassic age) on the underlying Triassic Dachstein Fm. Outcrop location: 1197 

x403930 y5283470. (b) The limestone in (a) is folded into gentle E-W trending anticlines 1198 

that are onlapped by Middle to Upper Jurassic Tauglboden Fm beds. (a) and (b) are under 1199 

300 m apart. Outcrop location: x403730 y5283235. (c) (d) Unconformable contact of the 1200 

Upper Jurassic Oberalm Fm on the Triassic Dachstein Lst. Note that beds of both the 1201 

Dachstein Lst and Oberalm Fm are oblique to the contact and both the Lower Jurassic 1202 

and parts of the Dachstein Lst have been eroded. Reworked blocks of Dachstein Lst are 1203 

sometimes contained in the Oberalm Fm (c). Both images are orthophotos generated with 1204 

photogrammetry out of handheld and airborne photographs. Both outcrops are 1205 

approximately 100 m apart across a valley (note opposing orientations) and 2500 m west 1206 

of the outcrop in (a). Outcrop (c) is located at x401400 y5282100 and (d) is located at 1207 

x401355 y5282365. All coordinates are in WGS84 UTM33N and all outcrops are located 1208 

between the sections in Figs. 9 and 10 (see Fig. 6 for location). 1209 

 1210 
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Figure 5: (a) Composite panorama view showing olistoliths of Dachstein Lst within the 1211 

Oberalm Fm on the flank of the Gamskogel mountain (labelled Gamskg. in Fig. 6). An 1212 

approximate scale bar is provided for the main body of olistoliths. Photos taken from 1213 

x404915 y5284585. (b) Detail of breccias of Dachstein Lst with interbedded Oberalm 1214 

Fm. Outcrop location: x405615 y 5285000. (c) Erosional truncation of a tight anticline in 1215 

the Dachstein Lst (Bärnkogel anticline) overlain by an olistolith of Dachstein Lst. The car 1216 

in the photo is roughly 5 m long. (d) (e) Detailed pictures of the contact between the 1217 

Dachstein Lst olistolith and the underlying Tauglboden Fm. Note strong folding and 1218 

development of foliation in the Tauglboden Fm. The car in (c, d) was parked in front of 1219 

the outcrop by a third party and does not obstruct any key structures. Outcrop location: 1220 

x406720 y5284215. All coordinates are in WGS84 UTM33N and all outcrops are within 1221 

2 km of the section in Fig. 9 (see Fig. 6 for location). 1222 

 1223 

Figure 6. Map of the eastern segment of the Totengebirge–Trattberg contractional system 1224 

and surrounding areas. AB antic: Arikogel–Brunnkogel anticline; Alt. diapir: Altaussee 1225 

diapir; Arp sync: Ariplan syncline; Gbg sync: Grünberg syncline; Fludergr.: 1226 

Fludergraben; Rettenb.: Rettenbach; peak names with ending *kg.: *kogel; R.: River; 1227 

sys.: system. This map is based on fieldwork by the authors and previously published 1228 

1:50,000 scale geological mapping (Egger, 1996; Egger & van Husen, 2007; Griesmeier 1229 

& Hornung, 2023; Moser & Moshammer, 2018; Plöchinger, 1982; Schäffer, 1982). 1230 

 1231 
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Figure 7. a) Cross-section of the Totengebirge thrust at the Kasberg. See Fig. 6 for 1232 

location. b) Restoration of the section in (a) to Late Triassic times. c) Restoration of the 1233 

section in (a) to early Late Triassic times. 1234 

 1235 

Figure 8. a) Cross-section of the TT contractional system in the area of the Offensee. 1236 

The TT structure here is dominated by two isoclinal synclines involving the Dachstein 1237 

Lst and Jurassic units: the Ariplan and Grünberg synclines (Grünbg. syn.). In contrast to 1238 

the highly reduced thickness of the Dachstein Lst in the synclines, the eastern flank of the 1239 

Ahornkogel–Brunnkogel anticline (A.-B. ant.) presents a major stratigraphic expansion of 1240 

the Dachstein Lst associated to an extensional roll-over. See Fig. 6 for location and Fig. 1241 

S3 for accompanying field observations. b) Restoration of the section in (a) to Late 1242 

Triassic times. 1243 

 1244 

Figure 9. a) Cross-section of the TT contractional system between the Singereben and 1245 

the Trisselwand. The TT structure is dominated in the Karbach area by a train of isoclinal 1246 

folds, potentially thrusted. Grünbg. syn.: Grünberg syncline; Bärnkg. ant.: Bärnkogel 1247 

anticline; A.-B. ant.: Ahornkogel-Brunnkogel anticline. See Fig. 6 for location and Fig. 1248 

S4 for accompanying field observations. b) Restoration of the section in (a) to Late 1249 

Triassic times. 1250 

 1251 

Figure 10. a) Detailed surface cross-section of the TT contractional system between the 1252 

Singereben and the Hoher Raschberg, near its plunging below the Dachstein thrust sheet. 1253 

The TT contractional system is here mainly conformed by north-directed low angle 1254 
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thrusts, sealed by the uppermost Upper Jurassic Tressenstein Lst. Thrusts were re-1255 

activated in extension in the Late Cretaceous. The topography of the Höherstein and Mt 1256 

Sandling (immediately east of the profile location) have been projected for reference. See 1257 

Fig. 6 for location. b) Cross-section corresponding to (a) interpreted at depth. Note that 1258 

the contrast in facies in the Upper Triassic (basinal vs platform carbonates) requires the 1259 

presence of a lateral transition at depth. c) Cross-section in (b) restored to Late Triassic 1260 

times. 1261 

 1262 

Figure 11. Map of the western segment of the TT contractional system. This map is 1263 

based on fieldwork by the authors and previously published 1:50,000 scale geological 1264 

mapping (Pavlik, 2007; Plöchinger, 1982, 1987). 1265 

 1266 

Figure 12. a) Cross-section of the TT contractional system immediately west of the 1267 

Trattberg. Thrusting of Jurassic age along the Trattberg thrust is partly inverted in 1268 

extension along a set of Cretaceous (?) extensional faults. See Fig. 11 for location. b) 1269 

Restoration of the section in (a) to Late Jurassic times. Uplift on the Trattberg thrust was 1270 

accompanied by erosion of its hanging wall, as evidenced by the local absence of the 1271 

uppermost Triassic (Rhaetian reefal limestone) under the Upper Jurassic Oberalm Fm. c) 1272 

Restoration of the section in (a) to Late Triassic times. 1273 

 1274 

Figure 13. a) Cross-section of the Hoher Göll area with the Eckersattel and Bluntautal 1275 

thrusts. The Eckersattel thrust places the Hoher Göll unit onto the margin of the Hallein 1276 

diapir and the Bluntautal backthrust places it onto the Hagengebirge block. The 1277 
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Bluntautal thrust is disturbed by the Neogene left-lateral motion along the Königssee 1278 

fault. The base of the Hallein diapir is known to lie below sea level based on data from 1279 

exploratory boreholes in the Hallein and Berchtesgaden salt mines (Kellerbauer, 1996; 1280 

Medwenitsch, 1960; Schauberger, 1972) but is otherwise unconstrained. The Untersberg 1281 

thrust relays with the Dachstein thrust in the subsurface across the Hallein diapir 1282 

(structure not shown), and the Ahornalm thrust is a shallow splay of the Untersberg 1283 

thrust. See Fig. 11 for location. 1284 

 1285 

Figure 14. a) Geological map along a transect crossing the Hallstatt diapir. Map based on 1286 

mapping by the authors and Schäffer (1982). See Fig. 2 for location. b) Cross-section of 1287 

the Hallstatt diapir, updated from Fernandez et al. (2021). c) Restoration of the section in 1288 

(b) to Late Jurassic times. This interpretation contrasts with that in Fernandez et al. 1289 

(2021) because of the revised dating and structural analysis of the southern flank of the 1290 

Hallstatt diapir presented by Fernandez et al. (2022). d) Restoration of the section in (b) 1291 

to Late Triassic times.  1292 

 1293 

Figure 15. a) Geological map along a transect crossing the eastern portion of the Hallein 1294 

diapir. Map based on mapping by Plöchinger (1987) and Pavlik (2007). See Fig. 2 for 1295 

location. b) Cross-section of the Hallein diapir along the Wolf-Dietrich Gallery of the 1296 

Hallein salt mine. Four deep boreholes (DB) constrain the interpretation at depth 1297 

(Medwenistch, 1960; Schauberger, 1972). Biostratigraphy along the Wolf-Dietrich 1298 

Gallery is based on the work of Gawlick & Lein (1997). 1299 

 1300 
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Figure 16. a) Geological map along a transect crossing the Grubhörndl thrust. Map based 1301 

on mapping by Ortner et al. (2008) and Pavlik (2006). See Fig. 2 for location. b) Cross-1302 

section of the Grubhörndl thrust. The Grubhörndl thrust is sealed by Jurassic breccias in 1303 

its leading edge and is overthrust by thrust sheets of the Gerhardstein-Lofer system (Early 1304 

Cretaceous in age). The entire area experienced Late Cretaceous (?) extensional collapse. 1305 

The wellbore Saalachtal Th-1 drilled a 1600 m thick Dachstein Lst with 35-40° dips 1306 

(Elster et al., 2016). c) Restoration of the section in (b) to Early Cretaceous times. 1307 

Thrusting in the area is interpreted to be dominantly out of the section plane and therefore 1308 

no balance is expected. Jurassic and Cretaceous age thrusting are further expected to have 1309 

variable transport directions. 1310 

 1311 

Figure 17. a) Schematic structure of the central NCA at Early Jurassic times. The margin 1312 

was configured in minibasins with thick carbonate platform deposits separated by salt 1313 

walls. Some salt walls were rooved by thin platform carbonates whereas others had 1314 

subsided and were the loci of pelagic carbonate deposition. b) Shortening in the Middle 1315 

to Late Jurassic led to the development of shortening structures above the salt walls. The 1316 

Middle to Late Jurassic basin was starved, with the major thickness of sediments relating 1317 

to the presence of Late Jurassic reefs and the erosion and re-deposition of uplifted 1318 

Triassic carbonates. The presence of inherited or inverted basement structures, or 1319 

structures newly formed during the Late Jurassic is uncertain. 1320 

 1321 

Figure 18. Palinspastic reconstruction of the central NCA from Late Triassic to present-1322 

day through key time stages: a) Late Triassic; b) Late Jurassic; c) Late Cretaceous; d) 1323 
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present-day. For the restoration, the structure of the central NCA has been subdivided 1324 

into domains of thick Upper Triassic carbonate platforms (minibasin domains in the Late 1325 

Triassic), areas of thin Upper Triassic deposition in shallow water settings (thin Upper 1326 

Triassic rooves of salt walls), and areas dominated by Upper Triassic pelagic carbonate 1327 

deposition (rooves of subsiding diapirs and salt walls). The map in (b) further shows age 1328 

constraints on deformation indicators, including thrusts, breccias and reef growth. Ages 1329 

for these are abbreviated: C: Callovian; Ox: Oxfordian; K: Kimmeridgian; T: Tithonian; 1330 

B: Berriasian. The map in (e) shows an overlay of the domains used in the restoration 1331 

with the present-day geology (cf. Fig. 2). The map restoration is based on the exercise 1332 

shown in Fig. S11. The restored location of the Mandlingzug block is highly 1333 

unconstrained (cf. Frisch & Gawlick, 2003) and has therefore not been incorporated in 1334 

this figure. Platform domain abbreviations (black lettering): Dc: Dachstein; Gb: 1335 

Grubhörndl; HG: Hoher Göll; Hn: Hagengebirge; Hö: Höllengebirge; Ka: Katrin; Lg: 1336 

Leoganger Steinberge; Mg: Mandlingzug; Oh: Osterhorngruppe; Ra: Reiteralm; Sg: 1337 

Singereben; St: Steinplatte; Sw: Schwarzer Berg; Tn: Tennengebirge; To: Totengebirge; 1338 

Tr: Traunstein; Tt: Trattberg; Ub: Untersberg; Ws: Warscheneck. Pelagic domain 1339 

abbreviations (purple lettering): As: Altaussee; Gh: Gerhardstein; Go: Golling; Gr: 1340 

Grundlsee; Ha: Hallein; Ht: Hallstatt; Is: Bad Ischl; Ks: Kasberg; Lo: Lofer; Mt: Bad 1341 

Mitterndorf; Pw: Pailwand; Re: Bad Reichenhall; Rt: Rettenstein; Sb: Sattelberg; Uk: 1342 

Unken; Zw: Zwieselalm. 1343 

 1344 

Figure 19. Proposed paleogeography of the central NCA at: a) early Late Jurassic; b) late 1345 

Late Jurassic. Names for Jurassic outcrop localities are shown on both maps. The 1346 
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configuration of Triassic minibasins from Fig. 18b is shown in the background. 1347 

Structures interpreted to be active at each stage are shown. Both maps are based on 1348 

observations by the authors and on the map of Fenninger & Holzer (1970). c) 1349 

Chronologic chart of structure activity and sedimentary record of structure growth 1350 

(erosion and reef growth). Structures and features are located in their relative W-E 1351 

location. Chronostratigraphic ages are from Walker and Geissman (2022). 1352 
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