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Abstract  28 

One of the most remarkable features of the central Northern Calcareous Alps (Eastern Alps, Austria) is the 29 

widespread presence of Upper Triassic deep-water carbonates and Permo-Triassic evaporites resting on deep-water 30 

Middle Jurassic sediments and their underlying Upper Triassic shallow-water carbonate platform successions. The 31 

Triassic deep-water carbonates and accompanying evaporites have been classically interpreted to originate either 32 

from a location south of the time-equivalent carbonate platforms, or to have been deposited in deeper water seaways 33 

within the broader platform domain. To date, this dispute has been addressed mostly through the analysis of Triassic 34 

and Jurassic facies distribution in map view, which, however, is subject to some degree of ambiguity and 35 

subjectivity. In this contribution we present, for the first time, balanced and sequentially restored cross-sections 36 

through the central Northern Calcareous Alps to understand the implications of the contrasting paleogeographic 37 

models. We present: (a) an interpretation based on a highly allochthonous origin of the Triassic deep-water units; 38 

and (b) an interpretation based on their relative autochthony. The restored cross-sections highlight those aspects in 39 

each interpretation that need further research. The allochthonous-origin interpretation requires a structural evolution 40 

that fails to account for all available constraints. The relative autochthonous-origin interpretation must rest on a 41 

concept of deep-water carbonate deposition in intraplatform seaways that satisfactorily accounts for the observed 42 

Triassic facies distribution. 43 
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Introduction 65 

Tectono-sedimentary relationships are key indicators to unravel the tectonic evolution of fold-and-thrust belts. The 66 

Northern Calcareous Alps (NCA) of the Eastern Alps of Austria are no exception, and such relationships for 67 

Mesozoic sediments have been widely used to understand their kinematics (e.g., Peresson and Decker 1997; Faupl 68 

and Wagreich 2000; Frisch and Gawlick 2003; Schweigl and Neubauer 1997; Frank and Schlager 2006; Froitzheim 69 

et al. 2008; Ortner et al. 2008; Gawlick and Missoni 2019). Consensus exists that sediments deposited in the NCA 70 

since the Late Jurassic reflect the initiation and progression of the Alpine Orogeny (e.g., Faupl and Wagreich 2000; 71 

Frisch and Gawlick 2003). In spite of this general agreement, there still exist diverging views on the pre-Jurassic 72 

paleogeography of the NCA, and on the precise nature of Late Jurassic to Early Cretaceous tectonism. These 73 

alternative hypotheses have been summarized and discussed, amongst others, by Faupl and Wagreich (2000) and 74 

Frisch and Gawlick (2003). 75 

Most of the conflicting paleogeographic reconstructions of the NCA, and the attempts at understanding the NCA’s 76 

Jurassic to Cretaceous structural evolution, have been driven by map-based analysis of facies distributions of 77 

sediments both pre-dating and synchronous to Late Jurassic to Early Cretaceous tectonism (e.g., Zankl 1967; 78 

Schlager 1967; Tollmann 1981; Haas et al. 1995; Schweigl and Neubauer 1997; Gawlick et al 1999; Mandl 2000; 79 

Frisch and Gawlick 2003). The main controversy hinges on disagreements on the significance of the present-day 80 

distribution and on the inferred original distribution of Upper Triassic facies belts. In particular, the disagreement 81 

centers on the origin of a suite of Triassic deposits that are grouped informally under the term “Hallstatt facies” (and 82 

which will be referred to hereafter as the Hallstatt units). The interpretation on the origin of the Hallstatt units 83 

derives in various collateral implications. The Hallstatt units are assemblages of predominantly Upper Triassic deep-84 

water sediments, up to a few hundreds of meters in thickness. The deep-water Hallstatt units can be encountered 85 

today in diverse structural relationships with their time-equivalent platform carbonates, but most commonly they are 86 

thrust onto the latter. Hallstatt unit occurrences are typically associated with outcrops of Permo-Triassic evaporites 87 

and clastics, and of Middle to Upper Jurassic syn-tectonic deposits coeval with emplacement of the Hallstatt units.  88 

The contrast in the depositional environments of Upper Triassic carbonates has been known for over a century and 89 

already led Hahn (1913a, b) to identify different tectonic units based on facies differences. Following from the 90 

seminal work of Hahn, different interpretations have been put forward since then for the origin of the deep-water 91 

Hallstatt units. Based on the interpreted paleogeographic position of the Hallstatt, hypotheses that seek to explain the 92 

observed structural relationships between the Hallstatt units and adjacent units can be placed in two groups: a) 93 

Hallstatt units accumulated in seaways in between shallow-water carbonate platforms, which implies relative 94 

autochthony of the Hallstatt units (e.g., Schlager 1967; Schweigl and Neubauer 1997); or b) a single Hallstatt facies 95 

belt deposited in a halokinetically active, distal shelf setting immediately south of the platform domain, and 96 

emplaced onto the platform succession by northward transport, implying a significant allochthony of the Hallstatt 97 

units (e.g., Tollmann 1981; Mandl 2000; Gawlick and Missoni 2019).  98 

To date, however, the precise nature of the structural relationships between the Hallstatt units and their adjacent 99 

Triassic and Jurassic units has not been studied systematically. In this contribution we present cross-sections through 100 

three of the main accumulations of Hallstatt units in the central NCA, with the aim of evaluating the structural 101 

validity of the aforementioned hypotheses. The sections we present include two alternative interpretations, 102 

corresponding to concepts of relative autochthony or of allochthony of the Hallstatt units. Based on these sections 103 

we describe the inferred tectonic evolution and discuss the implications on the paleogeography of the Hallstatt units 104 

and on the structure of the NCA in general. 105 

Geological setting and background 106 

The Eastern Alps comprise a stack of units from three tectonic provinces (Schmid et al. 2008) (Fig. 1c): Europe and 107 

its southern passive margin; the Alpine Tethys; and the Austroalpine domain (a segment of the Adria 108 

microcontinent). From Triassic to Middle Jurassic time, the Austroalpine domain was characterized by a passive 109 

margin that faced southeastwards into the Neotethys (or Meliata Tethys) ocean and, from Early to Late Jurassic 110 

times, by a passive margin that faced northwestawrd into the Alpine Tethys (or Penninic) ocean.  111 

The development of the future Eastern Alps started in the Permian, with rifting of the Variscan Orogen and its 112 

foreland leading to the opening of the Meliata Tethys, along the southern to eastern edge of the Austroalpine, during 113 

the early Middle Triassic (Schmid et al. 2008; Schuster et al. 2019). The Alpine Tethys then opened, during the 114 

Early to Late Jurassic, between the Austroalpine and Europe. Partly coeval with opening of the Alpine Tethys, 115 
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subduction of the Meliata Tethys initiated in the Late Jurassic (Schmid et al. 2008; Schuster et al. 2019), which led 116 

to the first contractional phase in the Austroalpine domain. Subsequently, intra-continental collision and subduction 117 

occurred within the Austroalpine domain during the Early Cretaceous (Stüwe and Schuster 2010). 118 

 119 

Fig. 1 a Simplified geological map of the Eastern Alps (adapted from Schuster et al. 2015). b Synthetic geological 120 

cross-section across the central Northern Calcareous Alps. c Paleogeographic reconstruction of the Austroalpine 121 

(AA) Domain in relation to Europe and surrounding oceans at Late Jurassic times (adapted from Schuster et al. 122 

2019). Ibk: Innsbruck, Mn: Munich, Vn: Vienna 123 

Whereas Early Cretaceous intra-continental subduction is well-documented based on records of metamorphism 124 

(Miller and Thöni 1997; Stüwe and Schuster 2010), the precise nature of Late Jurassic tectonism is still debated. In 125 

the absence of evidence for metamorphism of this age, authors have based their interpretations on isolated 126 

observations of tectono-sedimentary relationships. Interpretations range from either transtension and/or 127 

transpression (Frank and Schlager 2006; Ortner et al. 2008; Mandl 2013; Ortner 2017), to subduction with 128 

associated thrusting (Gawlick et al. 1999; Frisch and Gawlick 2003), or to accretionary prism development (Gawlick 129 

and Missoni 2019). 130 

During the main phase of Alpine orogenesis, lasting from Late Cretaceous to Early Miocene times, the Austroalpine 131 

domain was thrust over the Alpine Tethys. Subsequently, both tectonic units together overrode the European margin, 132 

whereby the proximal foreland succession became involved in thrusting (Faupl and Wagreich 2000; Schmid et al. 133 

2008; Schuster et al. 2019). A final phase of deformation involved the exhumation of the axial zone of the Eastern 134 

Alps and the lateral extrusion along the orogen (Ratschbacher et al. 1991; Schuster et al. 2019). 135 

Within the Eastern Alps, the Northern Calcareous Alps (NCA) are an Upper Permian to Cretaceous sedimentary 136 

succession, part of the Austroalpine unit, that has been almost entirely decoupled from its pre-Permian basement. 137 

The NCA Permo-Mesozoic lies at present directly above imbricated Alpine Tethys and European units, and, along 138 

its trailing edge, above its pre-Permian basement (Fig. 1a,b). The NCA are traditionally sub-divided into three major 139 

thrust systems; from lower to higher and from foreland to hinterland these are the Bajuvaric, the Tirolic, and the 140 

Juvavic thrust systems (Hahn 1913a,b; Mandl 2000) (Fig. 1b). The reason for this subdivision relates historically to 141 

the distribution of Triassic facies, but the need for a revision has been highlighted by several authors (cf., Tollmann 142 

1964; Mandl 2000; Frisch and Gawlick 2003; Ortner and Kilian 2022). 143 

Stratigraphy 144 

The Permo-Mesozoic succession of the NCA (see, e.g., Tollmann 1976a; Mandl 2000; Gawlick et al. 2009) (Fig. 2) 145 

was originally underlain by Paleozoic deposits and Variscan units, that presently form most of the antiformal stack 146 

of the axial zone of the Eastern Alps. In the NCA, basal successions of Permian red beds are overlain by and Upper 147 

Permian to Lower Triassic sequence of evaporites and shallow-marine clastics that ranges in thickness from a few 148 

hundreds to more than 1000 m. Above them an Anisian (Middle Triassic) succession up to few 100s of meters in 149 

thickness of shallow- and deep-water limestones is present; this succession is interpreted to represent the end of 150 
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rifting (Leitner and Spötl 2017; Strauss et al. 2021). The Anisian carbonates, in turn, are overlain by thick (in the 151 

order of 1000 m) Ladinian (Middle Triassic) shallow-water carbonate platforms comprising lagoons, reefs, and steep 152 

slopes. The Ladinian platforms locally interfinger and prograded over a much thinner package of basinal shales to 153 

limestones. During the subsequent Carnian (Late Triassic) pluvial episodes (cf., Ogg 2015), the Ladinian platform-154 

and-basin ensembles became buried with a cyclothemic, mixed siliciclastic-carbonatic-evaporitic succession of 155 

highly variable thickness (zero to a few 100s of m) (e.g., Bechstädt and Schweizer 1991).  156 

Next, above the lower to middle Carnian succession, a huge carbonate platform established, that persisted from the 157 

late Carnian to the late Norian (Late Triassic). This platform, termed Hauptdolomit-Dachsteinkalk megabank, 158 

represents the most widespread carbonate rock unit of the NCA (e.g., Fig. 3), and may attain ~2000 m in thickness. 159 

In the central NCA, the platform is represented by the –mostly undolomitized– Dachstein limestone, that comprises 160 

peritidal cyclic successions ('lagoonal Dachstein limestone'), reefal to peri-reefal deposits ('reefal Dachstein 161 

limestone'), and their slope to proximal basin equivalents. During the Rhaetian stage (Late Triassic), a single large 162 

the Hauptdolomit–Dachsteinkalk megabank (cf., Mandl, 2000) became differentiated into shallow basins with 163 

intercalated small carbonate shelves. Locally, in contrast, deposition of the Dachstein limestone and its Rhaetian 164 

slope to basinal equivalent range up to the top of the Triassic. 165 

 166 

Fig. 2 Synthetic chronostratigraphic chart of the Northern Calcareous Alps (adapted from Mandl 2000 and 167 

Fernandez et al. 2022) 168 

In the so-called Hallstatt basins, that corresponded to the Norian and, locally, also to the Ladinian carbonate 169 

platforms, diverse types of (locally dolomitized) deep-water limestones traditionally lumped under the term Hallstatt 170 

facies (Hallstatt units) accumulated. The archetypical Hallstatt facies (referred to here as the Hallstatt limestone) is a 171 

stratigraphically condensed package of wavy-bedded to stylonodular, red-coloured limestones that are rich in fossils, 172 

in particular in ammonites. The Hallstatt limestones interfinger with allodapic carbonates shed from the platforms 173 
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and their slopes. The original location of the Hallstatt basins relative to the time-equivalent Norian carbonate 174 

platforms is debated and the currently existing alternative models will be discussed below. 175 

At the end of Triassic time, the Hauptdolomit-Dachsteinkalk megabank was tectonically segmented and drowned. 176 

From the Early to Middle Jurassic, a differentiated seafloor topography gave rise to deposition of packages of 177 

condensed, red deep-water limestones (rosso ammonitico) on submarine swells whilst thick successions of cherty 178 

deep-water limestones accumulated in the intercalated basins. During the terminal Middle Jurassic, probably mainly 179 

due to increased nutrient availability (Baumgartner, 2013), sedimentation switched from calcareous to siliceous 180 

(radiolarites, siliceous marls); concomitantly, turbiditic deposition related to contractional tectonism started (Frisch 181 

and Gawlick 2003). Continued shortening throughout the Late Jurassic led to local shallowing over structural swells, 182 

followed by establishment of isolated carbonate platform-to-slope systems. 183 

The Triassic-Jurassic are covered, mostly unconformably and in separate basins, by synorogenic deposits of 184 

Cretaceous to Paleogene age. These units deposited synchronous to Cretaceous to Paleogene thrusting: from initial 185 

imbrication of the NCA thrusts (Early Cretaceous) and to decoupling of the NCA from their basement and 186 

northward thrusting over the Alpine Tethys (Late Cretaceous to Paleogene) (Faupl and Wagreich 2000). The 187 

stratigraphic record associated to Paleogene northward thrusting and Miocene lateral extrusion is absent (eroded) 188 

over most of the central NCA (Frisch et al. 1998; Ortner and Stingl 2001; Egger et al. 2017). 189 

 190 

Fig. 3 Geological map of the central Northern Calcareous Alps (adapted from Krenmayr 2005 and Krenmayr and 191 

Schnabel 2006) 192 

The controversy on the origin of the Hallstatt units 193 

The Late Triassic paleogeography of the central NCA has been debated for more than a century. The debate hinges 194 

on the common presence of Norian Hallstatt units in domains otherwise dominated by Norian shallow-water 195 

platform carbonates (lagoonal and reefal Dachstein limestone) (Fig. 4a). The Hallstatt units typically cluster along 196 

specific elongate regions that trend roughly NW-SE and NE-SW (Fig. 4a). These regions (referred to traditionally as 197 

“Hallstatt zones”) are further characterized by abundant Permo-Triassic evaporites (Fig. 4a) and Lower Triassic 198 

clastics. Three of these regions are the subject of this contribution: the Lammertal Zone, the Altaussee Zone, and the 199 

Bad Mitterndorf Zone (‘Lm’, ‘At’, ‘BM’ in Fig. 4a). 200 

It is consistently observed that the Hallstatt units rest on Middle to Upper Jurassic sediments that in turn blanket the 201 

Norian platform units (Mandl et al. 2012; Mandl 2013; Gawlick and Missoni 2015, 2019, Fernandez et al. 2021). 202 

Locally, along with Hallstatt units, kilometer-sized blocks of Triassic platform carbonates also rest structurally on 203 

Jurassic beds and their underlying Triassic platforms (i.e., a duplication of Triassic platforms; Braun 1998; Gawlick 204 

and Missoni 2019; Ortner et al. 2022). Likewise, Permo-Triassic evaporite masses and Lower Triassic clastics, 205 
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without associated Hallstatt units, can rest on Jurassic rocks (Mandl et al. 2012; Fernandez et al. 2021; Kurz et al. 206 

under review). These juxtapositions are generally interpreted to be the result of transport during Jurassic tectonic 207 

activity, although there is no consensus on the exact nature of the transport and the degree of allochthony of the 208 

overlying units. 209 

Apart from cropping out near Permo-Triassic evaporites, the Hallstatt units are locally affected by syn-depositional 210 

fractures and faults (fractures filled with Norian-age lime mud; Schlager 1969). These observations are generally 211 

accepted to indicate that the Hallstatt units formed in a deep-water domain with abundant Permo-Triassic salt with 212 

active salt tectonism (e.g., Mandl 2000, Schorn and Neubauer 2014; Gawlick and Missoni 2019). Kenter and 213 

Schlager (2009) used observations of the transition from the Dachstein platform into Hallstatt units along the 214 

Gosaukamm (‘Gk’ in Fig. 4a) to deduce that Norian basinal facies formed in water depths of 300-500 m. Based on 215 

this, relatively shallow, water depth Kenter and Schlager (2009) concluded that the base of the Hallstatt basin must 216 

have been elevated relative to that of the neighboring Dachstein platform. A possible “pedestal” for the Hallstatt 217 

basins could be provided by domains of inflated salt (cf., Mandl 2000; Fig. 2). The Gosaukamm transition studied 218 

by Kenter and Schlager (2009) is also an important reference point for the Norian depositional model. This is the 219 

only fully preserved Upper Triassic platform-to-basin transition in the central NCA, displaying a transition from 220 

lagoonal via reefal to slope and basinal environment. The slope and basinal facies (marls, deep water carbonates and 221 

turbidites) separate the highly condensed “true” Hallstatt limestones from the platform and reef (as depicted in Fig. 222 

2). 223 

The original geographic location of the evaporite bodies and of the associated Hallstatt units is, however, much less 224 

agreed upon. Two competing scenarios exist: a) the Hallstatt units were originally deposited within “channels” 225 

(seaways) within the Norian (Dachstein) platforms (a fragmented platform) and were thrusted, locally, onto their 226 

neighboring platforms in the Jurassic (concept of relative autochthony) (Zankl 1967; Schlager 1967; Häusler, 1980); 227 

and b) the Hallstatt units originally formed a single facies belt along the south-facing margin of the Norian 228 

(Dachstein) platform (south of the current outcrop limit of the NCA) before being dismembered and emplaced 229 

northwards onto a single Dachstein platform, during the Jurassic (concept of relative allochthony). Within this 230 

second scenario, there are in turn alternative views on how the emplacement of the allochthonous Hallstatt units and 231 

the Permo-Triassic evaporites occurred. One interpretation assumes that uplift of the distal margin led to the 232 

northward gravitational sliding of large fragments (olistoliths) of the allochthonous units into their present-day 233 

positions. This is known as the Gleittektonik model (Tollmann, 1981; who was inspired by the work of Plöchinger 234 

and Draxler 1974). A second interpretation posits that the apparently “chaotic” arrangement of Hallstatt units, 235 

evaporites, and a few large blocks derived from the Triassic platforms resulted from amalgamation within a Jurassic 236 

accretionary prism emplaced over the NCA, of which only fragments are preserved today (Gawlick et al. 1999; 237 

Gawlick and Missoni 2019). Both of these allochthonous interpretations imply that the Hallstatt units (and other 238 

allochthonous units) were transported over tens of kilometers into their current positions above the Triassic 239 

platforms. 240 

The contrasting autochthonous/allochthonous scenarios imply different views on the Upper Triassic 241 

paleogeography. Zankl (1967) illustrated that the relative autochthony scenario implies the presence of several 242 

Hallstatt basinal seaways within the shallow-water platform (Fig. 4c). These seaways would correspond to the 243 

present-day regions of Hallstatt unit outcrops and are characterized by platform-margin deposits along their northern 244 

edges. 245 

In contrast, the scenarios of relative allochthony imply that all Hallstatt units were deposited south of the current 246 

southern outcrop margin of the NCA (Fig. 4d). Platform edge facies (reefal Dachstein limestone) in these scenarios 247 

correspond to bathymetric variations within the platform (Fig. 4d). The main paleogeographic difference between 248 

the Gleittektonik (Tollmann 1981) and the accretionary prism (Gawlick and Missoni 2019) sub-scenarios relates to 249 

the interpretation of platform units that are at present associated with Hallstatt unit outcrops (Fig. 4d). Tollmann 250 

(1981) interpreted the Berchtesgaden-Untersberg-Unken and the Dachstein-Grimming platforms to be greatly 251 

allochthonous (Fig. 4d). Frisch and Gawlick (2003) and Missoni and Gawlick (2019) delimit the allochthony of 252 

platform units to two smaller platform blocks located at present north of the Tennengebirge platform (the Schwarzer 253 

Berg and Hoher Göll, see Fig. 5) also considered allochthonous by Tollmann (1981). 254 
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 255 

Fig. 4 a Geological map of the central Northern Calcareous Alps (as in Fig. 3) showing the present-day distribution 256 

of Middle (Ladinian) to Upper (Norian) Triassic shallow-water platform carbonates, their time-equivalent Hallstatt 257 

units, and Permo-Triassic evaporites. Upper Triassic (Norian) reefs have been mapped from published 1:50000 scale 258 

geological maps (Plöchinger 1982, 1987; Schäffer 1982; Mandl and Matura 1995; Pavlik 2007, 2009, 2013a, 2013b, 259 

2014; Moser 2014), and correspond to either reef or near-reef facies within the otherwise lagoonal Upper Triassic 260 

(Norian) platform. Basinal units crop out in elongated clusters marked by the dashed lines and named informally as: 261 

At: Altaussee; Bg: Berchtesgaden; BM: Bad Mitterndorf; BR: Bad Reichenhall; Gk: Gosaukamm; Ka: Kasberg; Lm: 262 

Lammertal; Mg: NCA southern margin; Uk: Unken; Wi: Windischgarsten. Blocks of platform domain bounding the 263 

basinal domains are labelled as: Da: Dachstein; Gr: Grimming; Hö: Höllengebirge; Oh: Osterhorngruppe; Tn: 264 

Tennengebirge; Tt: Totes Gebirge; Si: Singereben; Ub: Untersberg; Wk: Warscheneck. b Overlay of the map in (a) 265 

with the main structures active during the lateral extrusion of the Eastern Alps (taken from Linzer et al. 1995, 2002 266 

and partly from Tollmann 1976b). Note the dominant NE-SW and NW-SE trends, and the coincidence of some of 267 

the key fault corridors with the zones of basinal carbonate outcrops. c Highlighted distribution of Upper Triassic 268 

(Norian) reefs and representation of the Hallstatt basins according to Zankl (1967). The map-sketch of Zankl (1967) 269 

has been adapted to fit the actual geography of the NCA such that the location of his Hallstatt basins and Norian 270 

reefs is comparable to those on the geological map from (a). d Highlighted distribution of Upper Triassic (Norian) 271 

reefs and representation of the “true” Hallstatt (Eo-Hallstatt) and Mio-Hallstatt channels according to Tollmann 272 

(1981). The map-sketch of Tollmann (1981) has been adapted to fit the actual geography of the NCA such that the 273 

location of his Norian reefs is comparable to those on the geological map from (a). Arrows indicate approximate 274 

transport of allochthonous units and connect equivalent features in their Triassic and present-day location 275 

Regional cross-sections 276 

Background considerations 277 

Despite decades of debate on the origin of the Hallstatt units in the central NCA, and efforts to illustrate the 278 

competing alternative models (e.g., Zankl 1967, Tollmann 1981, Frisch and Gawlick 2003), there has been no 279 

attempt to date to systematically investigate the structural architecture of the area. In an attempt to shed new light on 280 

this debate, we present cross-sections along three transects in the central NCA.  281 

The cross-sections are traced in a roughly N-S direction. This implies that there is potentially out-of-plane motion 282 

across the section planes, as shortening has varied from NW-directed to NE-directed (Linzer et al. 1995; Peresson 283 

and Decker 1997). Furthermore, the most recent stage of Miocene lateral extrusion of the Eastern Alps led to offset 284 

along NE-SW and NW-SE directed fault corridors (Ratschbacher et al. 1991; Linzer et al. 1995, 2002; Peresson and 285 

Decker 1997; Frisch and Gawlick 2003) (Fig. 4b). Notwithstanding, the net effect in the central NCA is one of 286 

roughly N-S shortening, as can be inferred from the roughly E-W trend of the NCA at regional scale, the 287 
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approximate E-W trend of the structures along the leading edge of the central NCA (Fig. 3), and the south-directed 288 

dip of the base of the Alpine foreland basin (Brix and Schulz 1993). Furthermore, Miocene strike-slip offsets within 289 

the NCA are less than ten kilometers on individual fault systems (Linzer et al. 2002; Levi et al. 2022). This is a 290 

length scale smaller than the tens of kilometers of width of the Triassic platform and basin units shown in Fig. 4a. 291 

Therefore, when restored, Miocene strike-slip offset does not significantly alter the present-day relative arrangement 292 

of the different Triassic platform and basin units (e.g., Frisch and Gawlick 2003). 293 

Linzer et al. (1995), who have published the only balanced structural cross-section through the central NCA, opted 294 

for a NW-SE directed cross-section direction based on the inference that most of the early shortening in the NCA 295 

was NW-directed. However, the location and orientation picked by these authors for their cross-section avoided the 296 

“problem” of the Hallstatt units. In contrast, the North-South orientation chosen in this contribution allows us to 297 

display the critical contacts between Hallstatt units and their underlying Triassic carbonate platforms. This implies 298 

that, if the directions of transport documented by previous authors are correct, balance cannot be expected for the 299 

cross-sections presented here.  300 

The three cross-section traces presented here (Fig. 3) intend to illustrate: the Lammertal Zone and its relationship to 301 

its adjacent Osterhorngruppe and Tennegebirge platform blocks (Fig. 4a); the Altausee Zone and its relationship to 302 

its adjacent Singereben and Dachstein platform blocks (Fig. 4a); and the Bad Mitterndorf Zone and its relationship 303 

to its adjacent Totes Gebirge and Grimming platform blocks (Fig. 4a). 304 

The three cross-sections are interpreted for two alternative scenarios: one scenario is compatible with the 305 

Gleittektonik allochthony model of Tollmann (1981) and the accretionary prism model of Gawlick and Missoni 306 

(2019); the second scenario seeks to represent a concept of relative autochthony of the Hallstatt units. 307 

In the allochthony scenario, Triassic units (both shallow-water and deep-water carbonates) resting on Jurassic rocks 308 

are interpreted to have been transported from south of the NCA southern margin (Figs. 5b, 6b, 7b). Furthermore, the 309 

allochthonous Triassic units are interpreted to be of variable thickness due to deposition in a patchy arrangement, 310 

above thick Permo-Triassic evaporites south of the Upper Triassic platform, tens of kilometers south of their present 311 

location (Mandl 2000) (Fig. 4d). In contrast, the platform units underlying Jurassic rocks are interpreted to be of 312 

roughly constant thickness and to be continuous across the entire study area (even where overlain by other units). No 313 

significant Permo-Triassic evaporites are expected to exist or to have existed beneath the Triassic platforms. The 314 

difference in the interpreted emplacement mechanisms of the Gleittektonik (gravitational sliding) and the 315 

accretionary prism (thrust emplacement) sub-scenarios have no consequence on the relationship between the 316 

allochthonous units and the underlying platforms. 317 

The autochthony scenario assumes that Hallstatt units are thinner than their time-equivalent Triassic platform units 318 

and were deposited above Permo-Triassic salt bodies. The salt bodies that floor the Hallstatt units were subsiding 319 

structures located between domains of shallow-water platform deposition. These salt bodies are at present 320 

significantly laterally shortened. It is also interpreted that the Triassic platforms developed atop Permo-Triassic salt 321 

that has been mostly evacuated through halokinesis. This scenario requires less total shortening than the allochthony 322 

model but in contrast interprets some structures to record S-directed thrusting (i.e., backthrusts) (Figs. 5c, 6c, 7c). 323 

Both scenarios concur that the NCA are detached from their pre-Permian basement (other than along their trailing 324 

edge) and that they are at present thrust over thrust sheets derived from the Penninic ocean and the European 325 

continental passive margin. This has been shown by numerous wells drilled in the NCA, including the Vordersee 326 

and Grünau wells within the study area (Hamilton 1989; Egger et al. 2009) (Figs. 3, 5, 7). The basal thrust of the 327 

NCA is interpreted to be of low angle, based on the fact that the Mesozoic stratigraphy is relatively constant in 328 

thickness and lies at a steady elevation from foreland to hinterland (Figs. 5-7; Fernandez et al. 2022) and a tabular 329 

seismic velocity structure documented by deep refraction profile Alp01 for the central NCA (Brückl et al. 2007). 330 

The basal NCA thrust was interpreted to dip with ~1° by Linzer et al. (1995) and similar values are used in our 331 

interpretation. 332 

Linzer et al. (1995, 2002) interpreted that the Miocene strike-slip fault-systems detached along the Alpine thrusts, an 333 

inference that is independent of the structural scenario. The key Miocene fault systems cross-cut by the cross-334 

sections are the KLT (Königssee-Lammertal-Traunsee) and the Windischgarsten fault systems (Decker 1994; Linzer 335 

et al 1995, 2002; Levi et al. 2022) (Figs. 4b, 5-7). The SEMP (Salzach-Enns-Mariazell-Puchberg) fault system (Fig. 336 

4b), which is interpreted to accommodate many tens of kilometers of offset (Linzer et al. 2002), defines the southern 337 

limit of Sections 2 and 3. The Wolfgangsee system (Fig. 4b), in turn, is the northern limit of Section 1. Along both 338 
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the Wolfgangsee and Windischgarsten fault systems, sub-NCA Penninic and distal European margin units are 339 

locally exposed (Plöchinger 1964; Linzer et al. 1995, 2002; Peresson and Decker 1997). These fault systems are 340 

therefore interpreted to be rooted in the lowermost Alpine thrusts (Figs. 5, 7).  341 

Section 1: Osterhorngruppe-Lammertal-Tennengebirge 342 

The westernmost section crosses the Lammertal Zone (Fig. 4a), a NW-SE trending belt of outcrops of Permo-343 

Triassic evaporites and clastics, Anisian carbonates, Hallstatt units, and a large block (Schwarzer Berg) of Triassic 344 

platform (Fig. 5). The northern margin of the Lammertal Zone is riddled with E-W trending post-Cretaceous faults 345 

that mask its relationship with the Osterhorngruppe platform block to the North (Fig. 5). To the South instead, the 346 

units of the Lammertal Zone rest, across tectonic contacts, on Middle Jurassic siliceous marls (Fig. 5) that, in turn, 347 

veneer the Triassic platform of the Tennengebirge (Fig. 5). The structurally lowermost (southernmost) of the 348 

tectonic contacts is many kilometers in length and can be traced along the entire length of the northern margin of the 349 

Tennegebirge block, and farther west across the Salzach valley (Fig. 3). 350 

These contacts have been interpreted in the framework of the allochthony scenario as, either, surfaces of 351 

gravitational sliding (Ortner et al. 2022) or as the base of an accretionary prism (Gawlick and Missoni 2019) (as 352 

illustrated in Fig. 5b). In this scenario, all the elements of the Lammertal Zone were emplaced from farther south, 353 

and structurally overlie the Triassic of the Tennengebirge and the Osterhorngruppe (Fig. 5b). 354 

In a scenario of autochthony (Fig. 5c), in contrast, the Lammertal Zone is backthrust onto the Tennengebirge and the 355 

platform block of the Schwarzer Berg represents the southern prolongation of the Osterhorngruppe Triassic 356 

platform. 357 

Another main difference between both models relates to lateral variations in thickness of the Middle to Upper 358 

Triassic interval. This interval varies from nearly 5 km in thickness at the Vordersee well, to less than 3.5 km in 359 

thickness on the southern edge of the Tennengebirge (Fig. 5b,c). These units are generally accepted to post-date 360 

rifting (Leitner and Spötl 2017; Strauss et al. 2021). Therefore, thickness changes have been made gradual in the 361 

allochthony scenario (Fig. 5b) but have been allowed to relate to thickness variations in the underlying Permo-362 

Triassic evaporites in the autochthony scenario (Fig. 5c). 363 

A third significant difference relates to the structure of the southern end of the cross-sections (south of the 364 

Tennengebirge), for which two tentative alternative interpretations are presented. This is an area in which outcrop 365 

conditions are relatively poor, but geological mapping reveals the repeated presence of Anisian carbonates and 366 

Permo-Triassic clastics and evaporites. This is conventionally interpreted to be a zone of pervasive thrust 367 

imbrication (e.g. Mandl 1998) and represented as such in the allochthony scenario (Fig. 5b). In the autochthony 368 

scenario, an alternative structure consisting of tilted salt-floored mini-basins with intervening welded diapirs is 369 

proposed (Fig. 5c). 370 

Finally, the northern end of the section varies between both scenarios, to reflect possible alternatives. The cross-371 

section intentionally ends south of the Wolfgangsee fault system (Fig. 4b) that exposes units underlying the basal 372 

NCA thrust at the surface (Plöchinger 1964; Linzer et al. 1995, 2002; Peresson and Decker 1997). This fault system 373 

was interpreted to consist of steeply dipping faults (Linzer et al. 1995, 2002; Peresson and Decker 1997). We have 374 

assumed sub-vertical dip for the Wolfgangsee faults in the allochthony scenario (beyond the northern end of Fig. 375 

5b), and propose an alternative interpretation for the Wolfgangsee fault system as out-of-sequence thrusts, with 376 

lower dips, in the allochthony scenario (Fig. 5c). 377 



12 

 

 378 

Fig. 5 a Simplified geological map along cross-section 1. Adapted from Plöchinger (1987), Egger and van Husen 379 

(2003), and Krenmayr (2013). b Interpretation of cross-section 1 according to a scenario of allochthony of the 380 

Lammertal Zone units. c Interpretation of cross-section 1 according to a scenario of relative autochthony of the 381 

Lammertal Zone units 382 

Section 2: Höllengebirge-Altaussee-Dachstein 383 

The central section (Fig. 6) crosses the Altaussee Zone (Fig. 4a), an area in which Triassic Hallstatt units crop out 384 

extensively, surrounded and overlain mainly by Middle to Upper Jurassic rocks. This section also cuts across the 385 

Dachstein thrust sheet, a unit that was emplaced onto the Altaussee Zone from Early Cretaceous times onwards 386 

(Mandl 2000; Fernandez et al. 2022), with continued activity up to Miocene times (Decker et al. 1994; Levi et al. 387 

2022).  388 

In the allochthony scenario (Fig. 6b), the Altaussee Zone rests, entirely decoupled from its original root, on the 389 

southern prolongation of the Höllengebirge-Singereben unit, as shown by Mandl et al. (2012). The Höllengebirge-390 

Singereben unit extends south, under the Dachstein thrusts sheet, and rests on the pre-Permian Austroalpine 391 

basement that crops out along the southern edge of the NCA. 392 

In the autochthony scenario (Fig. 6c), the Altaussee Zone is floored by Permo-Triassic evaporites and is folded and 393 

thrusted a few kilometers northward onto the Höllengebirge-Singereben unit. In this scenario it is interpreted that the 394 

Dachstein thrust sheet lies directly on the pre-Permian Austroalpine basement of the southern end of the section.  395 

As with Section 1, two alternative interpretations are presented for the structure of the Lower Triassic and Anisian at 396 

the southern end of the section (beneath the Dachstein unit). In the allochthony model (Fig. 6b), the imbricate model 397 

of Mandl (1998) has been preferred. Furthermore, the imbricates are interpreted to be part of the Höllengebirge-398 

Singereben unit (Mandl 1998). In the autochthony model (Fig. 6c), an alternative of squeezed and partly thrusted 399 

diapirs, with intervening minibasins with thick Permo-Triassic clastics, has been used. 400 
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Likewise, thickness changes observed, or inferred in the Triassic platforms have been dealt with as in Section 1. In 401 

the allochthony scenario they have been resolved with gradual variations in thickness, conditioning the geometry of 402 

the basal thrust of the NCA under the Höllengebirge (Fig. 6b). In the autochthony scenario, in contrast, the Triassic 403 

platforms have been allowed to vary in thickness more freely, resulting in a thinner Triassic stratigraphy beneath the 404 

Singereben, thinning into the Altaussee and variable thickness in the Dachstein thrust sheet (Fig. 6c). 405 

This section shows two noteworthy features, highlighted with insets in Fig. 6b,c. One is the presence of Hallstatt 406 

limestone directly overlying the Triassic platform succession in the leading edge of the Dachstein thrust sheet. The 407 

Hallstatt limestone here is found in the hanging wall of an extensional fault immediately north of the Hoher Sarstein. 408 

Mandl (2003) interpreted this fragment of Hallstatt limestone to be allochthonous, whereas Fernandez et al. (2022) 409 

suggest that it was deposited locally atop the Norian platform carbonates. The Hallstatt limestone is in turn overlain 410 

by Middle to Upper Jurassic sediments (Schlagintweit and Gawlick 2006). 411 

The second feature are exposures of Upper Jurassic reefal limestones and Upper Cretaceous clastics along the 412 

trailing edge of the Dachstein thrust sheet, in the area of Ramsau (Mandl 1998, Mandl et al 2014). These sediments 413 

lie directly on Lower Triassic clastics, and form slivers separated by faults from the Dachstein unit to the North and 414 

the Mandlingzug to the South. The Mandlingzug itself is a structural block along the SEMP fault system with a 415 

stratigraphy that differs from the neighboring Dachstein unit and has been interpreted to derive from west of the 416 

study area (e.g., Frisch and Gawlick 2003) 417 

 418 

Fig. 6 a Simplified geological map along cross-section 2. Adapted from Schäffer (1982), Mandl and Matura (1995), 419 

and Egger (1996). b Interpretation of cross-section 2 according to a scenario of allochthony of the Altaussee zone 420 

units. c Interpretation of cross-section 2 according to a scenario of relative autochthony of the Altaussee zone units 421 

Section 3: Kasberg-Totesgebirge-Bad Mitterndorf 422 

The western section (Fig. 7) crosses the Bad Mitterndorf Zone (Fig. 4a), an area in which Triassic Hallstatt units 423 

crop out in a patchy arrangement in association with Upper Jurassic sediments (Fig. 3). The interpretation on this 424 

cross-section is supported by two deep boreholes: the Grünau-1 and the Bad Mitterndorf TH-1 wells (Hamilton 425 

1989; Schmid et al. 2003). The Grünau-1 well indicates a thickening of the Carnian and confirms the absence of 426 

Ladinian platform carbonates in the subsurface of the Kasberg area (Fig. 7b,c). This well also penetrated the basal 427 

NCA thrust, the underlying allochthonous European margin and Penninic units and their basal thrust, and the 428 
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autochthonous foreland above the European basement. The Bad Mitterndorf TH-1 well in turn drilled a thick Middle 429 

to Upper Triassic succession that forms part of the Grimming unit (Fig. 7b, c) but failed to reach the basal NCA 430 

thrust.  431 

As with the previous cross-sections, the nature of emplacement of the Hallstatt units varies depending on the 432 

assumed model. In the allochthony scenario, the Bad Mitterndorf and Tauplitzalm units rest allochthonously on 433 

Norian carbonates of the Totesgebirge-Grimming unit (Fig. 7b). Although Tollmann (1960) and Schmid (2003) 434 

interpreted the Tauplitzalm units to be part of the Totesgebirge-Grimming unit, an allochthonous origin is proposed 435 

here based on the absence of the Ladinian, the persistent outcrop of Carnian, and a thin Upper Triassic stratigraphy 436 

(Tollmann 1960; Schöllnberger 1973; Moser 2014). 437 

In the autochthony scenario, the Tauplitzalm constitutes the southern prolongation of the Totesgebirge (similar to 438 

the relationship between the Schwarzer Berg and the Osterhorngruppe in Section 1). The Tauplitzalm unit is thrust 439 

northwards onto the Totesgebirge, and the rocks of the Bad Mitterndorf Zone are backthrust onto the Grimming unit 440 

(Fig. 7c). 441 

In both scenarios, the basal surface of the Bad Mitterndorf Zone is sealed by Upper Jurassic sediments. In contrast, 442 

the thrust transporting the Tauplitzalm unit northwards post-dates the Upper Jurassic, and may correlate in age with 443 

the Dachstein thrust of Section 2, although with smaller displacement.  444 

 445 

Fig. 7 a Simplified geological map along cross-section 3. Adapted from Egger and Van Husen (2007), Moser 446 

(2014), and Kreuss (2020). b Interpretation of cross-section 3 according to a scenario of allochthony of the Bad 447 

Mitterndorf zone units and absent salt in the Kasberg thrust. c Interpretation of cross-section 3 according to a 448 

scenario of relative autochthony of the Bad Mitterndorf zone units and a salt-fed thrust model for the Kasberg thrust. 449 

North of the Bad Mitterndorf Zone and the Tauplitzalm, the Triassic reaches nearly 4 km in thickness in the 450 

Totesgebirge unit (Fig. 7b, c). Although Linzer et al. (1995) interpreted this stratigraphy to be tectonically 451 

duplicated, they did so by interpreting unexplained thickness variations within the Triassic. Evidence for such a 452 

tectonic duplication (e.g., in the form of large-displacement low-angle thrusting) is absent within the Totesgebirge 453 
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(Schäffer 1982; Egger and van Husen 2007; Moser and Pavlik 2013; Moser 2014). Nonetheless, the entire 454 

Totesgebirge unit is part of the hangingwall of the Kasberg thrust (named Totesgebirge thrust by Tollmann 1976b) 455 

(Fig. 7b, c). This thrust places Middle Triassic (Anisian and Ladinian) rocks on Upper Triassic (Norian) carbonates 456 

with a flat-on-flat geometry and northwest-directed transport direction (Fig. 7b, c) (Linzer et al. 1995). The obliquity 457 

of emplacement relative to the section trace is solved in the allochthony scenario with the interpretation of a highly 458 

oblique ramp at depth (Fig. 7b). In the autochthony scenario, the Kasberg thrust is interpreted to be a salt-fed thrust 459 

(Fig. 7c). Permo-Triassic salt and clastics crop out at multiple locations immediately west of the cross-section (Fig. 460 

7a; Egger and van Husen 2007; Moser 2014) making this a reasonable possibility. 461 

Finally, two possible alternative interpretations are presented for the Grünau tectonic window (Fig.7b, c), wherein 462 

sub-NCA units (European margin and Penninic units) are exposed along the Windischgarsten fault system (Linzer et 463 

al. 1995). One possible interpretation contemplates a strike-slip system rooted in the basal Alpine thrust (Fig. 7b). 464 

The other interpretation assumes the presence of an out-of-sequence thrust cutting up-section from the basal Alpine 465 

thrust (Fig. 7c), akin to the structural sketch of Hamilton (1989). 466 

Structural evolution of the central NCA 467 

The three presented cross-sections (Figs. 5-7) show that the available outcrop and borehole data can be fit with two 468 

strongly contrasting structural interpretations. As discussed above, cross-section balancing is of limited applicability 469 

to reduce uncertainty in this setting due to significant amounts of out-of-plane motion. As an alternative to 470 

balancing, we have used sequential restoration of the interpreted cross-sections to understand the implications that 471 

each interpretation would have on our understanding of the tectonic evolution of the NCA. 472 

Restoration methodology 473 

The objective of sequential restoration is to understand the geometric and tectonic relationships among the main 474 

structural units of the NCA through time. The restorations have intentionally left out elements north of the 475 

Wolfgangsee and Windischgarsten systems (in Figs. 8 and 10) and south of the SEMP system (in Figs. 9 and 10) to 476 

reduce complexity related to these Miocene strike-slip systems. The restorations performed simplify tectonic 477 

shortening to it being north-directed (parallel to the direction of cross-sections) and focus on understanding the 478 

evolving relationships between structural units. Only qualitative magnitudes of tectonic shortening can be extracted 479 

from these restorations. 480 

The relationships between syn-tectonic sediments and the structures depicted on the cross-sections in Figs. 5-7, 481 

along with work from previous authors (Tollmann 1981; Mandl 2000; Linzer et al. 1995, 2002; Krische and Gawlick 482 

2015; Ortner 2017; Gawlick and Missoni 2015, 2019), have been used to reconstruct the structural evolution. The 483 

restored geometries shown in Figs. 8-10 have been obtained by inverse modelling, that is by removing deformation 484 

progressively, from present to past. The restorations have been performed by unfolding of fault blocks using a 485 

flexural flow algorithm (Griffiths et al. 2002), and the fault block restoration method discussed in Lingrey and 486 

Vidal-Royo (2015). The restoration has resulted in gaps and overlaps between fault blocks that are well under 5% of 487 

section length. These are considered irrelevant and have been removed from the presented results. In contrast, 488 

significant gaps or overlaps (in excess of 10% of section length) are highlighted on the sections. These are area-489 

balance problems that are large enough that they potentially indicate a problem with the interpretation and need to 490 

be addressed in a full three-dimensional analysis which is beyond the scope of this paper. Segments between fault 491 

blocks that have been eroded since Jurassic times are not considered balance errors, and they have been interpolated 492 

or extrapolated during reconstruction. 493 

Three restored steps have been generated for each cross-section (Figs. 8-10). One is at Late Cretaceous to Paleogene 494 

times, by which time deformation internal to the NCA, other than Neogene strike-slip tectonics, had already taken 495 

place (Faupl and Wagreich 2000; Stüwe and Schuster 2010; Schuster et al. 2019) and the NCA had been decoupled 496 

from their Austroalpine basement and thrust over the Penninic units (Figs. 8b, f, 9b, f, 10b, f). The second 497 

restoration step is one at the end of the Late Jurassic, by which time the Hallstatt units had already been emplaced on 498 

the Triassic platforms (Figs. 8c, g, 9c, g, 10c, g). The final restoration step is the end of the Late Triassic, a time at 499 

which the original relationship between the Upper Triassic platforms and their time equivalent Hallstatt units in 500 

depositional state can be illustrated (Figs. 8d, h, 9d, h, 10d, h). This last step relates to the paleogeographies shown 501 

in Fig. 4c, d. For this restored state, the top of the Triassic platforms is interpreted to have been near sea level, 502 

whereas the Hallstatt units deposited up to depths of around 500 m. 503 
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Lower and Upper Cretaceous sediments crop out at present only in isolated patches scattered along the NCA (Fig. 504 

3). The range of elevation of remaining outcrops (ranging roughly from 1500 to 500 m above sea level; Schäffer 505 

1982) however, hints at a potentially originally thick (1000 m or more) and broad cover of Cretaceous sediments 506 

that potentially filled in much of the orogenic topography of the NCA. On the restored cross-sections, a top of 507 

Cretaceous sediments is suggested (with a gently foreland-directed dip <1°) based on this assumption (Figs. 8b, f, 508 

9b, f, 10b, f). 509 

The geometry of the base of the NCA in the three different restoration stages is significantly unconstrained. 510 

However, the following guidelines have been used in the restoration process. For the Late Cretaceous-Paleogene 511 

step a basal NCA thrust geometry similar to the present one has been assumed. Deformation interpreted to relate to 512 

sub-NCA structures has been removed. For the Late Jurassic and Late Triassic steps, the base of the NCA rested on 513 

the Austroalpine basement. The geometry of the basement is uncertain and has been inferred to be parallel to the 514 

base of the NCA Permo-Triassic succession in the allochthony scenario. In the autochthony scenario, a flat top of 515 

basement has been interpreted where possible, with a variable thickness of Permo-Triassic salt above it. In both 516 

scenarios, the possible presence of pre-Ladinian rift faults offsetting the basement is indicated where thickness 517 

changes are rapid (e.g., from the Lanbathseen to Höllengebirge units in Fig. 9d, h). In the autochthony scenario, 518 

possible basement faults are also contemplated below inferred salt structures in the autochthony scenario (e.g., 519 

below the Lammertal Zone in Fig. 8h), assuming that, they might have controlled the nucleation of salt structures 520 

due to differences in the original thickness of Permo-Triassic salt across them. Some basement features are 521 

interpreted to have been inverted during Jurassic shortening.  522 

 523 

Fig. 8 Restorations of Section 1 for both alternative scenarios. See text for details. a Section 1 in its present-day 524 

geometry, interpreted based on the allochthony scenario. b Restoration of Section 1 (allochthony scenario) to a time 525 

equivalent to the end of the Cretaceous or in the Paleogene. c Restoration of Section 1 (allochthony scenario) to a 526 

time equivalent to the end of the Jurassic. d Restoration of Section 1 (allochthony scenario) to a time equivalent to 527 

the end of the Triassic. e Section 1 in its present-day geometry, interpreted based on the autochthony scenario. f 528 

Restoration of Section 1 (autochthony scenario) to a time equivalent to the end of the Cretaceous or in the 529 

Paleogene. g Restoration of Section 1 (autochthony scenario) to a time equivalent to the end of the Jurassic. h 530 

Restoration of Section 1 (autochthony scenario) to a time equivalent to the end of the Triassic 531 

 532 

Fig. 9 Restorations of Section 2 for both alternative models. See text for details. a Section 2 in its present-day 533 

geometry, interpreted based on the allochthony scenario. b Restoration of Section 2 (allochthony scenario) to a time 534 
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equivalent to the end of the Cretaceous or in the Paleogene. c Restoration of Section 2 (allochthony scenario) to a 535 

time equivalent to the end of the Jurassic. d Restoration of Section 2 (allochthony scenario) to a time equivalent to 536 

the end of the Triassic. e Section 2 in its present-day geometry, interpreted based on the autochthony scenario. f 537 

Restoration of Section 2 (autochthony scenario) to a time equivalent to the end of the Cretaceous or in the 538 

Paleogene. g Restoration of Section 2 (autochthony scenario) to a time equivalent to the end of the Jurassic. h 539 

Restoration of Section 2 (autochthony scenario) to a time equivalent to the end of the Triassic 540 

 541 

Fig. 10 Restorations of Section 3 for both alternative models. See text for details. a Section 3 in its present-day 542 

geometry, interpreted based on the allochthony scenario. b Restoration of Section 3 (allochthony scenario) to a time 543 

equivalent to the end of the Cretaceous or in the Paleogene. c Restoration of Section 3 (allochthony scenario) to a 544 

time equivalent to the end of the Jurassic. d Restoration of Section 3 (allochthony scenario) to a time equivalent to 545 

the end of the Triassic. e Section 3 in its present-day geometry, interpreted based on the autochthony scenario. f 546 

Restoration of Section 3 (autochthony scenario) to a time equivalent to the end of the Cretaceous or in the 547 

Paleogene. g Restoration of Section 3 (autochthony scenario) to a time equivalent to the end of the Jurassic. h 548 

Restoration of Section 3 (autochthony scenario) to a time equivalent to the end of the Triassic 549 

 550 

Results of the restoration 551 

It is not our objective here to discuss the restorations in Figs. 8-10 in detail. We concentrate instead on the higher-552 

order features or critical elements that can be considered independent of the restoration strategy, and that are 553 

relevant for the discussion on the origin of the Hallstatt units. 554 

Triassic-Jurassic evolution of the central NCA: Allochthony scenario 555 

In all sections, the allochthony scenario restores at Late Triassic times (Figs. 8d, 9d, 10d) to a configuration where 556 

the platform domains lie to the North (left on the sections). The Hallstatt units of the Lammertal, Altausee and Bad 557 

Mitterndorf Zones, and the allochthonous platform elements (Schwarzer Berg in Fig. 8d, Tauplitzalm unit in Fig. 558 

10d) lie to the South, above thick Permo-Triassic evaporites. Extensional faults that offset the pre-Permian 559 

Austroalpine basement have been inferred to account for: a) an increase in Ladinian thickness in the 560 

Osterhorngruppe (Fig. 8d); b) a major thickening of the Ladinian to Norian carbonate platforms from the 561 

Langbathseen into the Höllengebirge (Fig. 9d); and c) thickening of the Ladinian from the Kasberg into the 562 

Totesgebirge (Fig. 10d). This interpretation is inconsistent with the post-rift nature of the Ladinian to Norian (Mandl 563 

2000; Leitner and Spötl 2017; Strauss et al. 2021), but an alternative solution, consistent with the allochthony 564 

scenario, has not been found. Furthermore, and counterintuitively, in the case of Section 3, the Ladinian basin of the 565 

Kasberg developed above a basement high and its equivalent Totesgebirge platform developed above down-thrown 566 

basement (Fig. 10d). 567 

On the three sections, emplacement of the allochthonous Hallstatt and Triassic platform units takes place in the 568 

Jurassic (Figs. 8c, 9c, 10c). The allochthonous units are represented as isolated, rootless units, as could be expected 569 

for gravitationally emplaced olistolith masses. This geometry could be interpreted differently if one were to assume 570 

the allochthonous units to be part of an accretionary prism or a fold-and-thrust system. The overall relationship with 571 

the underlying Triassic and the overlying Jurassic would, however, be the same. 572 

Other than the allochthonous Hallstatt and platform units, the only other unit experiencing major displacement is the 573 

Totesgebirge-Kaseberg unit as it is thrusted over the Kasberg footwall (Fig. 10c, d). A Late Jurassic age of the 574 
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Kasberg thrust is based on its westward continuation as the Totesgebirge thrust to the southern limb of the 575 

Rettenbach valley (Tollmann 1976b). In the Rettenbach valley (transected on Section 2, Fig. 6), Middle to Upper 576 

Jurassic sediments onlap the growing Totesgebirge structure (Missoni and Gawlick 2011; Mandl 2013). 577 

On all three sections, activity on faults displacing the pre-Permian basement is also inferred to occur during the Late 578 

Jurassic. On Section 1, significant uplift is inferred for the basement below the Tennegebirge unit to account for the 579 

lack of Upper Jurassic deposits. This basement uplift feeds the thrusting and uplift of the Trattberg Rise (Fig. 8c). 580 

The Trattberg Rise in turn acts as a backstop to the northward advance of the Schwarzer Berg-Sattleberg 581 

allochthonous units. On Section 2, basement faulting is inferred under the Rettenbach to account for the onlap of 582 

Upper Jurassic sediments onto the Upper Triassic of the Singereben unit (Mandl 2013) and under the Dachstein unit 583 

to account for the lack of widespread Upper Jurassic deposition in this area (Fig. 9c). On Section 3, basement uplift 584 

is inferred to have uplifted the Totesgebirge unit (Fig. 10c). 585 

The restoration to the Late Jurassic of the sections for the allochthony scenario reveals a series of inconsistencies: 586 

1) The reconstructed position of the allochthonous units of the Sattleberg and Schwarzer Berg on Section 1 587 

indicates a very elevated position relative to the adjoining basins (Fig. 8c). Surprisingly, the Upper Jurassic 588 

basin of the Osterhorngruppe records no sediment supply from the allochthonous units of the Lammertal 589 

Zone, even though their emplacement, pre-dates the full development of the Trattberg Rise uplift and the 590 

Tauglboden basin (Gawlick et al. 2009). Likewise, Lower Cretaceous sediments in the area do not record 591 

sediments of a local provenance (Braun 1998), contrasting with the topographic prevalence of the 592 

Sattleberg-Schwarzer Berg units suggested by this scenario; 593 

2) The Ramsau and Hoher Sarstein Jurassic, on Section 2 (Fig. 9c), cannot be accounted for satisfactorily in 594 

this model. The Ramsau Jurassic rests directly above Lower Triassic and Anisian rocks of the trailing edge 595 

of the Höllengebirge-Singereben unit, and is therefore restored to an anomalously deep position, despite it 596 

exhibiting reefal facies (Mandl et al. 2014). The Hoher Sarstein Jurassic, in turn, appears isolated from 597 

other Jurassic occurrences in spite of it containing reefal debris (Schlagintweit and Gawlick 2006); and 598 

3) Although area balance is not the objective of the restoration, it is worth mentioning that Sections 2 and 3 599 

present problems with respect to balance (Figs. 9c, d, 10d). On Section 3 this is possibly related to out-of-600 

plane motion on the Kasberg thrust. On Section 2 the area balance problem is larger and stems from 601 

interpreting that the pre-Permian basement below the Dachstein unit is part of the Höllengebirge unit (and 602 

not of the Dachstein unit, as proposed in the autochthony scenario). 603 

Triassic-Jurassic evolution of the central NCA: Autochthony scenario 604 

The restoration to Late Triassic time of the autochthony scenario of the three sections (Figs. 8h, 9h, 10h) results in a 605 

paleogeography that strongly contrasts with that of the allochthony scenario. The structural units observed on the 606 

three sections (Figs. 5, 6, 7) are interpreted to have been in the same order of N-S relative arrangement at the end of 607 

the Triassic. The Hallstatt units of the Lammertal, Altaussee and Bad Mitterndorf Zones are interpreted to overlie 608 

salt diapirs that provided a substrate for these deep water domains (Figs. 8h, 9h, 10h). 609 

As with the case of the allochthony scenario, extensional faults have been interpreted in the basement (Figs. 8h, 9h, 610 

10h). However, unlike the allochthony scenario, changes in the thickness of the Middle to Late Triassic are 611 

interpreted to result from halokinetics. In this model, Triassic carbonate platforms developed as basins that subsided 612 

into the Permo-Triassic evaporites and were bounded by broad salt diapirs. Subsidence of these diapirs during 613 

growth (possibly led by extension, cf., Vendeville and Jackson 1992) generated the deep-water domains of the 614 

Hallstatt basin seaways. A similar model of Triassic carbonate basins floored by diapirs was proposed by Strauss et 615 

al. (2021) for the eastern NCA. Locally, however, the diapirs are also capped by relatively Middle to Upper Triassic 616 

carbonate platform successions (the Schwarzer Berg unit on Fig. 8h, the Kasberg and Tauplitzalm units on Fig. 10h). 617 

Partial collapse of the northern margin of the Dachstein platform above a thick Permo-Triassic evaporite body can 618 

account for the presence of Hallstatt limestone directly overlying the Norian platform carbonates on the Hoher 619 

Sarstein (Fig. 9h) and slump folding of the platform carbonates (Fernandez et al. 2022). 620 

The autochthony scenario results in a significantly reduced amount of shortening expected on the sections, but still 621 

implies shortening in the order of up to a few tens of kilometers (Figs. 8g,h, 9g,h, 10g,h). The Permo-Triassic 622 

evaporite is interpreted to have facilitated the decoupling of the NCA from its basement and helped localize 623 

deformation during the Late Jurassic. It is here interpreted that contractional deformation concentrated in the 624 

platform-to-basin transitions as well as in the necking points of the carbonate platforms (e.g., the boundaries 625 
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between Osterhorngruppe and Schwarzer Berg, Fig. 8g, between the Totesgebirge and Tauplitzalm, Fig. 10g). The 626 

original thickness of the Permo-Triassic evaporites implied by the autochthony scenario, calculated by dividing the 627 

cross-sectional area of evaporites in the Triassic by the restored section length (Figs. 8h, 9h, 10h), is in the range of 628 

700 to 1000 meters (in line with the estimates of Leitner and Spötl 2017). 629 

Aside of a possible influence of the basement, squeezed salt diapirs are the main generators of uplift during Jurassic 630 

shortening. As a result, shallow-water Upper Jurassic reefs grew preferentially atop the squeezed diapirs of the 631 

Altaussee Zone, of the Ramsau, and of the Bad Mitterndorf Zone, a feature described by Tollmann (1981) and also 632 

observed by Kurz et al. (under review). The reef that crowned the Altaussee Zone would account for the Upper 633 

Jurassic perireefal facies of the Hoher Sarstein (Fig. 9g). Triassic diapirism (Fig. 9h) and shortening-related uplift 634 

can also provide an explanation for the omission of Middle Triassic platform carbonates below the Upper Jurassic 635 

reefs of the southern margin of the Dachstein unit. Furthermore, the more moderate uplift of the Schwarzer Berg in 636 

the autochthony scenario better accounts for the absence of sediments sourced from the Lammertal Zone in the 637 

Jurassic basin of the Osterhorngruppe (Gawlick et al. 2009) and in the Lower Cretaceous (Braun 1998). 638 

Finally, the autochthony model implies that the Altaussee Zone thrust of Jurassic age (Fig. 9g) is the along-strike 639 

equivalent to the Totesgebirge thrust (of Tollmann 1976b) and the Kasberg thrust (Fig. 10g), whose Jurassic age has 640 

been discussed above. 641 

Post-Jurassic tectonism: Both scenarios 642 

The post-Jurassic structural evolution along the three cross-sections is similar in both the autochthony and 643 

allochthony scenarios. One of the main post-Jurassic tectonic events in the region is the emplacement of the 644 

Dachstein thrust sheet (Fig. 6). This thrust sheet overrides the Upper Jurassic sediments immediately west of Section 645 

2 (Fernandez et al. 2022) and its leading edge is partly overlain by Lower Cretaceous sediments (Schäffer 1982). 646 

Lower Cretaceous breccias contain abundant clasts of Upper Jurassic age as well as clasts derived from the Hallstatt 647 

units (Krische and Gawlick 2015), indicating uplift and wasting in the Altaussee Zone. The absence of clasts derived 648 

from the Norian platform of Dachstein thrust sheet (Krische and Gawlick 2015) potentially implies that this thrust 649 

sheet had a more subdued relief than the neighboring Altaussee Zone during the Early Cretaceous, and mirrors the 650 

limited reworking of pre-thrusting units during Cretaceous thrusting in the western NCA. Thrusting on the 651 

Dachstein thrust continues into the Paleogene, tilting and overriding Upper Cretaceous sediments (Levi et al. 2022). 652 

Besides within-NCA deformation, during the Cretaceous the NCA were thrusted northwards and were mostly 653 

decoupled from their pre-Permian basement along the Permo-Triassic evaporites and clastics. Ongoing shortening 654 

led to the NCA being thrust over the Penninic units (Figs. 8b, f, 9b, f, 10b, f). At least partly coeval with these 655 

events are the development of the Upper Cretaceous fault-bounded depocenters (Wagreich and Decker 2001; 656 

Fernandez et al. 2022), extensional faulting between the Osterhorngruppe and the Schwarzer Berg (Fig. 8b, f), and 657 

extension within the thrusted Dachstein unit (Fig. 9b, f) (Fernandez et al. 2022). Although some Cretaceous faulting 658 

is associated with transcurrence (Wagreich and Decker 2001), a possible link to salt-cored deformation (cf., 659 

Fernandez et al. 2022) has been incorporated in the autochthony scenario (Figs. 8f, 9f, 10f).  660 

A subsequent and final phase of deformation is that relating to strike-slip motion between the different Triassic 661 

platform blocks of the NCA (Ratschbacher et al. 1991; Linzer et al. 1995; Peresson and Decker 1997). This event is 662 

represented on the cross-sections with the transport of the Mandlingzug onto the southern margin of the Dachstein 663 

(Fig. 9a, e) displacement on the KLT fault system (Figs. 8a, e, 9a, e). It is not the objective of this contribution to 664 

detail the deformation along this fault and associated splays, which has been covered in detail by other authors (e.g., 665 

Decker et al. 1994; Levi et al. 2022). In the restorations, displacement on this fault system has not been modelled, a 666 

simplification that does not affect the essence of the relationships between the different units during the key Jurassic 667 

and Triassic phases. 668 

Discussion 669 

Allochthony versus Relative autochthony: The role of salt tectonics in the NCA 670 

The debate on the the allochthony or relative autochthony of the Hallstatt units in the central NCA extended over 671 

most of the 20th century. It was mostly brought to a close by the contribution of Tollmann (1981) in which he 672 

proposed a model for the gravitationally-driven emplacement of the Hallstatt units (Gleittektonik). This model was 673 

further elaborated by other authors and consolidated to its current understanding (Mandl 2000). Likewise, an 674 
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alternative mode of emplacement of the Hallstatt units, as part of a now dismembered accretionary prism, has been 675 

proposed (Gawlick et al. 1999; Missoni and Gawlick 2011; Gawlick and Missoni 2019). 676 

Since the 1980s, with the consolidation around the hypothesis of an allochthonous derivation of the Hallstatt units, 677 

the possibility of an alternative interpretation has fallen into disregard. Recent research in the eastern and central 678 

NCA has, however, revealed the potential relevance of salt tectonics in the development of Triassic platforms in the 679 

NCA (Granado et al. 2019; Fernandez et al. 2021; Strauss et al. 2021; Kurz et al. under review). In the central NCA, 680 

the extensive presence of salt diapirs (Schauberger 1955; 1986) makes the question of the role of salt (as intra-681 

platform diapirs or as allochthonous masses) all the more poignant. Modern concepts in salt tectonics, developed 682 

mostly since the late 1980s (Jackson and Hudec 2017) render a re-evaluation of the NCA under the perspective of 683 

halokinesis reasonable. Beyond the results from the section restoration presented above, we explore here the 684 

possible value of a new model for the NCA in which salt tectonics plays a prominent role. 685 

For a start, salt tectonics can help explain the origin of stratal wedges observed at diverse locations within the 686 

Norian carbonate platforms of the central NCA (Fig. 11). At least two of these (Figs. 11a, c) are located in the 687 

immediate vicinity of known salt diapirs. These wedges can be interpreted as the result of thickening of the Norian 688 

carbonates away from growing diapiric structures, and into adjoining salt-bounded basins. Similar geometries are 689 

well known from other salt provinces (e.g., Kwanza basin, Fig. 12). At map scale, Tollmann (1960), Schöllnberger 690 

(1973), and Schmid et al (2003) also document thinning of the Norian platform carbonates from the Totesgebirge 691 

unit into the Tauplitzalm unit (Fig. 7c). Fernandez et al. (2022) documented the onlap (and thinning) of Norian 692 

platform carbonates onto underlying Ladinian platform carbonates in the hanging wall of the Dachstein thrust sheet. 693 

On a more local scale, Fernandez et al (2021; 2022) described growth geometries within Norian platform carbonates 694 

that support the idea of deposition above Permo-Triassic salt (as proposed by Schauberger 1955). Thickness changes 695 

in the NCA are not limited to Norian carbonates. Cornelius and Plöchinger (1953) and Häusler (1980) also 696 

document a major change in the thickness of the Anisian carbonates in the vicinity to Section 1, with thickness 697 

varying laterally over less than one kilometer from ~150 m to more than 600 m. A fault-related origin of these 698 

growth geometries would be at odds with the Anisian end of rifting, whereas they can be accounted for by post-rift 699 

halokinesis. 700 

 701 

Fig. 11 Examples of growth wedges in Upper Triassic (Norian) lagoonal carbonates. See Fig. 3 for location. a,b 702 

Growth wedge in lagoonal Norian carbonates against a now collapsed diapir (location of Permo-Triassic outcrops). 703 

Modified from Kurz et al. (under review) c,d Growth wedge in lagoonal Upper Triassic (Norian) carbonates south of 704 

the Hallstatt diapir (Schorn and Neubauer 2014; Fernandez et al. 2021). The area marked by the dashed line 705 

indicates the segment of the wall that runs roughly N-S and on which geometries are not significantly distorted by 706 

perspective. e,f Growth wedge of lagoonal Upper Triassic (Norian) carbonates against the Königssee-Lammertal-707 

Traunsee (KLT) fault. Wedging is only seen on the southern block of this fault and has not been documented to its 708 

north. Photo courtesy of Christian Schneider. 709 

In addition, a thick basal evaporite unit can explain the structures of Jurassic-age observed in the central NCA. Most 710 

relevantly, the backthrusts of the Lammertal and Bad Mitterndorf Zone units onto the Tennengebirge and Grimming 711 

units (Figs. 5 and 7) are similar to the structure of the Gamstein unit farther east in the NCA (interpreted and 712 

modelled by Santolaria et al. 2022). Similar structures can also be observed above the thick Aptian salt of the 713 

southern Atlantic (Fig. 12a-c). The geometry of mini-basins E1, E2 and F in Fig. 12b is analogous to the structure on 714 
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Sections 1 and 3. On Section 1, mini-basin E1 is analogous to the Osterhorngruppe unit, mini-basin E2 is analogous 715 

to the Schwarzer Berg, and mini-basin F is analogous to the Tennengebirge unit (Fig. 5c). On Section 3, mini-basin 716 

E1 is analogous to the Totesgebirge unit, mini-basin E2 is analogous to the Tauplitzalm, and mini-basin F is 717 

analogous to the Grimming unit (Fig. 7c). On Section 3, the structure of mini-basin D above mini-basin C (Fig. 12b) 718 

is analogous to the structure of the Kasberg thrust (Fig. 7c).  719 

 720 

Fig. 12 a Reflection seismic profile migrated in depth, from the offshore Kwanza basin (Angola) (courtesy of 721 

Sonangol). Mini-basins above the salt have developed initially in passive down-building and subsequently have 722 

glided downslope, leading to shortening above the salt layer. b Interpretation of the seismic profile and identification 723 

of individual mini-basins. Sediments are separated into those deposited within the mini-basins during down-724 

building, and sediments deposited during basinward gliding of the mini-basins due to tilting of the passive margin. c 725 

Reconstruction of the restored position of the mini-basins in (b) prior to down-slope gliding (gliding to the left). d 726 

Analogue sandbox model illustrating the negative relief above a diapir growing in extension. This model of growth 727 

could account for the presence of subsiding basins above salt structures within the Triassic shallow water carbonate 728 

platform. After Vendeville and Jackson (1992) 729 

The salt-tectonics model presented here can also help to explain the observation of Kenter and Schlager (2009) who 730 

discuss the need of a “pedestal” beneath the Hallstatt units of the NCA. A “salt pedestal” has been invoked in Figs. 731 

8h, 9h, and 10h, similar to the model proposed by Häusler (1980) and Strauss et al. (2021). Negative relief above a 732 

growing diapir is known to occur for diapirs growing under extension (reactive diapir growth; Fig. 12d; Vendeville 733 

and Jackson 1992) and could account for the deposition of the Hallstatt units in seaways within the NCA platform 734 

domain (similar to the paleogeographic model in Fig. 4c). The tectonic extension necessary for negative bathymetry 735 

diapirs could have been driven by downslope sliding of the NCA on the Triassic passive margin (similar to that 736 

observed in the southern Atlantic Cretaceous margin, Fig. 12b, c, and also proposed by Strauss et al. 2021 and 737 

Santolaria et al. 2022 for the eastern NCA). It is worth mentioning, that in contrast to the controversy surrounding 738 

the origin of the Hallstatt units, the accumulation of deep-water carbonate successions (Seefeld Fm) within the 739 

Norian platform domain of the Hauptdolomit in the western NCA has always been accepted (e.g., Brandner and 740 

Poleschinski 1986; Donofrio et al. 2003). The Hauptdolomit intraplatform basins may have been similarly related to 741 

a combination of extension and reactive diapir growth. 742 

Over the central and eastern NCA, the widespread presence of Norian reefs along the northern fringe of the Hallstatt 743 

seaways (Zankl 1967, Tollmann 1981; Figs. 4c, d), but their absence along their southern fringes, may simply reflect 744 

the typical difference between the windward (reefs) and leeward (carbonate sand bodies, platform shoulders) 745 

margins (cf. Hine et al. 1981). The presence of Ladinian and Norian platform detritus in the deep-water units of the 746 

purported Hallstatt seaways (Pistotnik 1972; Galwick 1998; Hornung et al. 2007; Mette et al. 2019) proves the syn-747 

depositional vicinity of these domains. Pistotnik (1974) placed the deposition of the Hallstatt carbonates within these 748 

same seaways, as they are observed to transit laterally into the platform slope facies. Notwithstanding, these 749 

observations may, in principle, also be explained within a “single platform – single Hallstatt facies belt” framework 750 

in combination with allochthonous emplacement. 751 
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As pointed out by several authors (e.g., Pistotnik 1974; Frisch and Gawlick 2003), however, and as contained in the 752 

cross-sections presented (Figs. 5-7), complete transitions from the Hallstatt units into the Norian platform 753 

successions are mostly strongly tectonized. A “smoking gun” observation in favor of these transitions into an intra-754 

NCA seaway has not yet been made. The transition documented by Kenter and Schlager (2009) is traditionally 755 

assumed to represent the transition into the southern, distal deep-water Hallstatt domain of the Tollmann (1981) 756 

model, i.e., into the open Neotethys ocean. The lack of documented complete platform-to-basin transitions 757 

notwithstanding, the structural model presented here in favor of a relative autochthonous origin of the Hallstatt units 758 

represents a viable framework to identify areas for future investigation. Likewise, the tectonic evolution of the 759 

relative autochthony scenario (Figs. 8e-h, 9e-h, 10e-h) contains less internal inconsistencies than that of the 760 

allochthony scenario (Figs. 8a-d, 9a-d, 10a-d). We hold that the relative autochthony scenario poses no major 761 

difficulties that may detract from the validity of cross-sections, and clarifies the known distribution of Mesozoic 762 

depocenters and facies. In contrast, the allochthony model requires assumptions that are not fully consistent with the 763 

present understanding of the structural history of the central NCA (e.g., the need for extensional faulting into the 764 

Late Triassic) and fails to fully account for the evolution of the small, but critical outcrops of the Hoher Sarstein and 765 

Ramsau (Section 2; Fig. 9b-c). 766 

Post-Triassic shortening and strike-slip 767 

The possibility of a relative autochthonous origin of the Hallstatt units, as described above, brings back the debate, 768 

already raised by Zankl (1967), on the internal shortening of the NCA. Zankl (1967), comparing his work with that 769 

of Spengler (1956), stated that shortening with a scenario of relative autochthony of the Hallstatt units would yield 770 

~50% the shortening of a scenario of allochthony. Our restorations, assuming that out-of-plane motion similarly 771 

affects both scenarios, indicate that shortening is 20-50% smaller in relative the autochthony scenario (Figs. 8-10). 772 

Another aspect of post-Triassic deformation not specifically addressed in the restorations is the role of Neogene 773 

strike-slip tectonics. As discussed above, the most relevant effect of strike-slip observable on the cross-sections is 774 

the juxtaposition of the Mandlingzug against the southern end of the Dachstein unit (Fig. 9). The absence of a well-775 

developed Norian succession (Figs. 6, 9) has led previous authors to propose that the Mandlingzug is allochthonous 776 

(e.g., Frisch and Gawlick 2003). However, a similar stratigraphic arrangement (a condensed Norian) has been 777 

documented by Santolaria et al (2022) for the Hochschwab unit in the eastern NCA. These authors have explained 778 

this feature as the result of drowning of the distal platform unit due to salt-driven down-slop sliding. This 779 

mechanism has not been explored here, but could provide a reasonable explanation. 780 

The other major strike-slip structure that cross-cuts the area is the KLT fault system (Decker et al. 1994; Levi et al. 781 

2022). As shown in Fig. 11e, growth strata in the Norian platform succession adjacent to this fault suggests a 782 

Triassic origin for this structure, at least in its Königssee segment. The frequent exposure of Permo-Triassic 783 

evaporites and Lower Triassic rocks along the trace of the fault system farther to the east (Decker et al. 1994; Levi et 784 

al. 2022) might indicate that the structure developed initially as a salt-cored structure. If this observation is correct, it 785 

could imply that the KLT and other Neogene strike-slip fault corridors developed along pre-existing Triassic salt 786 

structures (likely squeezed during the Jurassic and Cretaceous). Such a scenario might require a re-evaluation of the 787 

amount of Neogene displacement, to remove the potential effect of inherited offset related to earlier phases of 788 

activity.  789 

Metamorphism 790 

A final constraint on the tectonic evolution of the NCA that has not been fully explored are data on metamorphism. 791 

In the central NCA, metamorphic crystallization ages are consistently Cretaceous (Kralik et al. 1987; Frank and 792 

Schlager 2006). Metamorphic grade generally increases towards the southern edge of the NCA, and downwards to 793 

the Austroalpine basement, with anchimetamorphic to epimetamorphic grade reached in Permo-Triassic rocks south 794 

of the Tennengebirge. It can be inferred from this, that during the Cretaceous the trailing edge of the NCA was 795 

tectonically buried below units that have since been eroded. Some of these units might have comprised NCA-style 796 

stratigraphy, which would imply a wider southward extent of the Triassic NCA platform-and-basin domain. This 797 

would further imply that the Norian platform-basin transition of the Gosaukamm (Kenter and Schlager 2009) may 798 

have, in fact, been facing an intraplatform seaways. 799 

Record of anchi- to epimetamorphism also appears, patchily, in locations farther north, in the Lammertal Zone and 800 

in the Bad Reichenhall area (Kralik et al. 1987; Frank and Schlager 2006) (Fig. 13). These areas are not expected to 801 

have been buried significantly in the Cretaceous (see Fig. 8b, c for the Lammertal Zone). Kralik et al. (1987) argue 802 

in favor of a shallow origin for the anchi- to epimetamorphic signal, as would be suggested by apatite fission-track 803 
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data that supports temperatures below 100°C since the Early Cretaceous (Heijl and Grundmann 1989). Alternative 804 

interpretations have not been found, and the question remains open for both the allochthony and autochthony 805 

scenarios. 806 

Implications for the structure of the central NCA 807 

Thrust system subdivision 808 

The cross-sections and restorations presented herein raise issues with respect to the traditional subdivision of the 809 

NCA. Section 2 (Fig. 6) is the most complete one and cuts across the three thrust systems historically defined in the 810 

NCA: the Bajuvaric, Tirolic and Juvavic systems. On Section 2 (Fig. 6b, c): a) the Bajuvaric system corresponds to 811 

the Langbathseen unit; b) the Tirolic system encompasses the Höllengebirge and Singereben units along with their 812 

southern prolongation all the way to under the Dachstein thrust sheet; and c) the Juvavic system is represented by 813 

the Dachstein thrust sheet and the Altaussee Zone (only valid for Fig. 6b). The boundary between the Bajuvaric and 814 

Tirolic systems is the Höllengebirge thrust (Fig. 13) and between the Tirolic and Juvavic systems is the Dachstein 815 

thrust (Fig. 13). The restoration of Section 2 (Fig. 9d, h), highlights the contrast in stratigraphic thickness from the 816 

Bajuvaric to the Tirolic system (from the Lanbathseen to the Höllengebirge unit). However, hardly any difference is 817 

observed between the Tirolic and Juvavic systems (between the Singereben and Dachstein units) (Fig. 9d, h). The 818 

Dachstein thrust can therefore proposed here to be an internal thrust of the Tirolic system (ultra-Tirolic of Frisch and 819 

Gawlick 2003). Furthermore, it is proposed that the Dachstein thrust extends eastward, between the Totesgebirge 820 

and the Grimming-Warscheneck block (along the Tauplitzalm, Fig. 7) to the Windischgarsten Zone (Fig. 13). The 821 

direction of emplacement of the Dachstein thrust sheet has not been determined, but a northeast-directed transport 822 

would be consistent with kinematic criteria recorded by Decker et al. (1994) and with the role of the 823 

Osterhorngruppe-Gamsfeld and Totesgebirge-Warscheneck boundaries (Rigaus and Salzsteigstörung of Decker et 824 

al. 1994) as lateral ramps (Fig. 13). 825 

Jurassic structural framework 826 

Jurassic structures comprise two main belts. A northern belt is formed by the north- to northeast-trending 827 

Totesgebirge thrust and Trattberg Rise (a trend partly overthrust by the Dachstein thrust sheet) (Fig. 13). The 828 

Totesgebirge-Trattberg structure, which involves the entire Triassic succession of the Osterhorngruppe and 829 

Totesgebirge units, correlates with the thrust at the base of the Altaussee Zone in the autochthony scenario. The 830 

southern belt of Jurassic structures corresponds to the northward-dipping basal contact of the Lammertal and Bad 831 

Mitterndorf Zones, juxtaposing Hallstatt units on Triassic platform carbonates. These contacts are laterally 832 

continuous and named here the Sattelberg and Mitterndorf thrusts (Fig. 13). In the allochthony scenario, these are 833 

north-directed thrusts, whereas in the autochthony scenario, they are south-directed backthrusts. This southern belt 834 

also includes the Jurassic contacts of the Hallstatt diapir and the Wurzeralm contact (Fig. 13). Both contacts have 835 

been interpreted as the result of contractional salt tectonics (Fernandez et al. 2021; Kurz et al. under review). 836 

Open questions 837 

Other than the aspects that need to be further explored to test the alternative scenarios for the stratigraphic and 838 

structural development of the NCA, there are number of more general questions that arise from the work presented 839 

herein, namely: 840 

1) What is the direction of tectonic shortening within the central NCA during the Jurassic shortening phase? 841 

What is the relationship (if any) between the northern and southern trends of Jurassic structures? What was 842 

the role of the Austroalpine basement during this phase? 843 

2) What was the direction of Early Cretaceous thrusting? 844 

3) Tollmann (1964) already concluded that the definition of thrust sheets based exclusively on criteria related 845 

to facies is only partly applicable in the eastern NCA. If the scenario of relative autochthony of the Hallstatt 846 

units were proven to be valid, facies-based structural subdivision of the central NCA would require a major 847 

revision. Is it possible that the historical, facies-based approach could be unduly influencing the 848 

interpretation of the structure and evolution of the NCA in broader terms? 849 
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 850 

Fig. 13. Simplified map of the central NCA showing the main structures in the region. The Höllengebirge thrust (of 851 

Cretaceous age) separates the Tirolic thrust system from the Bajuvaric thrust system. The Dachstein thrust (of 852 

Cretaceous age) was previously used to separate the Juvavic from the Tirolic units, but is here considered part of the 853 

Tirolic thrusts. Its western prolongation into the Berchtesgaden area is uncertain. The Trattberg Rise and 854 

Totesgebirge thrust (of Jurassic age) have been partly overridden by the Dachstein thrust sheet. The Sattlberg, 855 

Mitterndorf, Hallstatt and Wurzeralm structures are Jurassic contacts juxtaposing Hallstatt deep water carbonates on 856 

Triassic platform units. Sites of Cretaceous anchi- or epimetamorphism from Kralik et al. 1987. At: Altaussee; Bg: 857 

Berchtesgaden; BM: Bad Mitterndorf; BR: Bad Reichenhall; Da: Dachstein; Ga: Gamsfeld; Go: Gosau; Gr: 858 

Grimming; HG: Hoher Göll; Hö: Höllengebirge; Ka: Kasberg; Lm: Lammertal; Mg: NCA southern margin; Mz: 859 

Mandlingzug; Oh: Osterhorngruppe; SB: Schwarzer Berg; Si: Singereben; Tn: Tennengebirge; Tt: Totes Gebirge; 860 

Ub: Untersberg; Uk: Unken; Wi: Windischgarsten Wk: Warscheneck 861 

 862 

Conclusion: One geology, two interpretations 863 

The cross-sections and restorations shown in this contribution aim to re-cast the debate on the origin of the Hallstatt 864 

units with from a modern structural geological perspective. Two alternative, and strongly contrasting scenarios are 865 

presented by means of cross-sections constrained by data from wellbores and outcrops. A scenario of allochthony of 866 

the Hallstatt units is based on the assumption that the Triassic facies belts along the NCA passive margin graded 867 

laterally from a single shallow-water platform in the North (Hauptdolomit-Dachsteinkalk megabank) into a single 868 

deep-water Hallstatt basin in the South. During the Middle to Late Jurassic, the basinal Hallstatt units were subject 869 

to northward long-distance transport, either by gravitational sliding or incorporated in an accretionary prism. A 870 

scenario of relative autochthony of the Hallstatt units is based on the assumption of Triassic salt tectonism in the 871 

central NCA, with the Hallstatt units deposited in subsiding, salt-floored seaways between partially isolated Triassic 872 

carbonate platforms. 873 

The restoration of these alternative scenarios highlights inconsistencies of structural evolution implied by the 874 

scenario of allochthony, and points out the key aspects that need to be addressed to better support scenario of 875 

relative autochthony based on salt tectonics. 876 

Irrespective of the validity of each scenario, the sections and restorations presented here raise major questions about 877 

the traditional structural subdivision of the central NCA, and provides a modern structural framework within which 878 

to conduct future research. 879 
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