
Abstract

For the reconstruction of Alpine tectonics, the Permian to Lower Triassic Haselgebirge Formation of the Northern Calcareous Alps 

(NCA) (Austria) plays a key role in: (1) understanding the origin of Haselgebirge bearing nappes, (2) revealing tectonic processes 

not preserved in other units, and (3) in deciphering the mode of emplacement, namely gravity-driven or tectonic. With these aims in 

mind, we studied the sulphatic Haselgebirge exposed to the east of Golling, particularly the gypsum quarry Moosegg and its surroun-

dings located in the central NCA. There, overlying the Lower Cretaceous Rossfeld Formation, the Haselgebirge Formation forms a 

tectonic klippe (Grubach klippe) preserved in a synform, which is cut along its northern edge by the ENE-trending high-angle normal 

Grubach fault juxtaposing Haselgebirge to the Upper Jurassic Oberalm Formation.  According to our new data, the Haselgebirge 

bearing nappe was transported over the Lower Cretaceous Rossfeld Formation, which includes many clasts derived from the Hasel-

gebirge Fm. and its exotic blocks deposited in front of the incoming nappe. The main Haselgebirge body contains foliated, massive 

and brecciated anhydrite and gypsum. A high variety of sulphatic fabrics is preserved within the Moosegg quarry and dominant gyp-

sum/anhydrite bodies are tectonically mixed with subordinate decimetre- to meter-sized tectonic lenses of dark dolomite, dark-grey, 

green and red shales, pelagic limestones and marls, and abundant plutonic and volcanic rocks as well as rare metamorphic rocks. 

At the base of the Haselgebirge Fm., strongly foliated fine-grained anhydrite-carbonate mylonite is preserved together with a WNW-

trending stretching lineation together constituting an L-S fabric. This indicates emplacement of the Haselgebirge evaporite mélange 

under ductile conditions of anhydrite and fine-grained calcite. In other places at the base of the Haselgebirge, anhydrite is trans-

formed into foliated gypsum leaving behind a still well preserved L-S fabric. Foliated and stretched gypsum clasts are quite com-

mon, and some of these breccia lenses and their clasts have again been foliated and stretched, implying several stages of ductile 

deformation. Because of peculiar fabrics, we interpret the formation of gypsum and anhydrite breccia as a result of fluid overpres-

sure, possibly in part related to dehydration reactions of gypsum to anhydrite.

The structural development of the Grubach klippe and of its underlying units reflects a succession of deformation stages ranging 

from Early Cretaceous to Pliocene. They monitor the structural history from initial late Early Cretaceous nappe stacking within the 

NCA through emplacement of the NCA onto footwall units during Eocene collision of the Austroalpine nappe stack with the Europe-

an foreland, an early hitherto undetected stage of orogenic collapse with NW-SE transtension, as well as various stages of lateral 

extrusion of central sectors of Eastern Alps. Consequently, local data in a high level of an orogen can be taken to monitor major 

kinematic stages of an entire orogen.

Für die Rekonstruktion der alpinen Tektonik spielt die permische bis untertriassische Haselgebirge-Formation der Nördlichen Kalk-

alpen (Österreich) eine Schlüsselrolle. Sie führt potentiell primäre oder tektonische Einschlüsse von magmatischen und metamor-

phen Gesteinen, die in keinen anderen ostalpinen Einheiten erhalten sind. Diese zeigen daher Hinweise auf  die Herkunft der Hasel-

gebirge-führenden tektonischen Decken und auf die tektonischen Prozesse der Platznahme, gravitativ oder tektonisch. Die sulpha-

tische Haselgebirge-Mélange östlich von Golling, insbesondere der Moosegg Gips-Steinbruch und seine nähere Umgebung in den 

zentralen Nördlichen Kalkalpen wurden mit besonderem Augenmerk auf diese Problemstellungen untersucht. Dort bildet die Hasel-

gebirge-Formation, welche die unterkretazische Rossfeld-Formation überlagert, eine tektonische Klippe (Grubach Klippe) in einer 

Mulde. An ihrem nördlichen Rand wird sie von der ENE-streichenden, steilen Grubach-Abschiebung abgeschnitten, welche die Ha-

selgebirge- Formation und die oberjurassische Oberalm-Formation nebeneinandersetzt. Nach unseren neuen Daten wurde die Ha-

selgebirge-führende Decke über die Rossfeld-Formation geschoben. Dabei wurden viele unterschiedliche Klasten und exotische 

Blöcke aus den Haselgebirgs-Gesteinen der tiefjuvavischen Decke erodiert und anschließend an der Überschiebungsfront (im Ross-

feld-Flexurbecken) abgelagert. Der größte Teil des Haselgebirge-Körpers enthält geschieferten, massigen und brekziierten Anhydrit 

und Gips.

Im Moosegg-Steinbruch sind verschiedene Typen von sulphatischen Gefügen erhalten. In die dominierenden Gips- und Anhydrit-

körper sind untergeordnet tektonische dm- bis m-große Linsen von dunklem Dolomit, dunkelgrauen, roten und grünen Tonsteinen, 

pelagischen Kalken, Mergeln und verschiedensten plutonischen und vulkanischen Gesteinen sowie seltenen Metamorphiten einge-

lagert. An der Basis der Haselgebirge-Formation sind stark geschieferte, feinkörnige Anhydrit-Karbonat-Mylonite mit einer WNW-
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streichenden Streckungslineation und  einem L-S-Gefüge aufgeschlossen, welches auf eine Platznahme der Haselgebirge-Evaporit-

Mélange unter duktilen Bedingungen von Anhydrit und feinkörnigem Calcit) hinweist. Auch in anderen Bereichen an der Basis der 

Haselgebirge-Formation hinterließ die Umwandlung von Anhydrit in geschieferten Gips durch gut erhaltene L-S-Gefüge. Geschie-

ferte und gestreckte Gipsklasten sind recht häufig und einige der Brekzienlinsen und ihre Klasten wurden ein zweites Mal verschie-

fert und gestreckt, was auf mehrere Stufen duktiler Deformation hinweist. Aufgrund dieser Gefüge interpretieren wir die Bildung der 

Gips-und Anhydrit-Brekzie als ein Resultat von Fluidüberdruck, möglicherweise im Zusammenhang mit einer Dehydratisierungsre-

aktion von Gips zu Anhydrit.

Die strukturelle Entwicklung der Grubach Klippe und ihrer unterlagernden Einheiten spiegelt eine Abfolge von Deformationsereig-

nissen von der Oberkreide bis zum Pliozän wieder. Sie zeigt damit die strukturelle Geschichte von der initialen oberkretazischen 

Deckenstapelung in den Nördlichen Kalkalpen über deren Platznahme auf den liegenden Einheiten während der eozänen Kollision 

der ostalpinen Deckenstapeln mit dem europäischen Vorland an. Außerdem lassen sich sowohl ein frühes, bisher unentdecktes 

Stadium eines orogenen Kollapses mit NW-SE-Transtension als auch verschiedene Stadien lateraler Extrusion in zentralen Berei-

chen der Ostalpen nachweisen. Somit können lokale strukturelle Daten aus einem hohen Level eines Gebirges verwendet werden, 

um wesentliche Stadien der kinematischen Entwicklung des gesamten Gebirges nachzuvollziehen.
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1. Introduction

2. Geological setting

Evaporite mélanges often form detachment respectively de-

collément surfaces of major extensional and contractional al-

lochthons because of their very low shear resistance. Due to 

the deposition of evaporites during an early stage of passive 

continental margin formation, they are commonly overlain by 

thick successions of carbonates and/or siliciclastic rocks from 

the main thermal subsidence stage of a passive margin, and 

these rocks are resistant against penetrative internal deforma-

tion at moderate temperature conditions (<250 – 300°C). The 

most common cases of evaporite mélanges are such (1) at 

passive continental margins, where they are deformed during 

gravity-driven extension, commonly raft tectonics, in an exten-

sional geodynamic setting (Rouby et al., 2002; Butler and Paton, 

2011), and (2) in external foreland fold-thrust belts within a 

convergent geodynamic setting (Hudec and Jackson, 2006). 

In the following, we present new structural data from a key 

area of the central Northern Calcareous Alps (NCA) (Mandl, 

2000). Our new data allows a new tectonic interpretation of 

the central NCA. There, the Haselgebirge is preserved in a 

tectonic nappe. Ductile Early to possibly early Late Cretace-

ous fabrics were formed in a tectonic mélange exposed at the 

structural base of the Haselgebirge nappe. The structural evo-

lution is in line with the surrounding units, and includes thrus-

ting overprinted by extensional and strike-slip tectonic events.

The classic division within the NCA defines the Bajuvaric, Ti-

rolic and Juvavic nappe complexes (Tollmann, 1985 and refe-

rences therein) (Fig. 1). The Permian to Lower Triassic Hasel-

gebirge occurs mainly in Juvavic units of the central and eas-

tern NCA (Schauberger, 1986; Leitner et al., 2011 and referen-

ces therein). The age of formations in the NCA ranges from 

Late Carboniferous (?) or Early Permian to Eocene. During 

the Middle and Late Triassic, the Upper Juvavic nappes com-

prise mostly reefs and deposits next to reefs.

The Tirolic and Bajuvaric nappes comprise lagoonal facies 

types and subordinate reefs. The Lower Juvavic nappe unit re-

presents solely an outer shelf or a deep-sea facies type (Mandl, 

2000). Rocksalt deposits are mostly found in the Lower Juvavic

_____________

unit. Sedimentation of the Lower Juvavic unit occurred in ba-

sins with basinal limestones (Pötschen Limestone) and on 

intrabasinal ridges, with reduced sedimentary thickness (the 

pelagic Hallstatt Limestone). The ridges were suggested to 

relate to salt diapirism in Triassic times (Plöchinger, 1984; 

Mandl, 1982, 2000).

The westernmost part of the expanding Triassic Tethys ocean 

is called Hallstatt-Meliata Ocean, which comprises rare deep 

sea (ophiolitic?) sequences in the eastern parts of the NCA 

(Faupl and Wagreich, 2000; Neubauer et al., 2000 and refe-

rences therein). Most authors interpret the Hallstatt Limestone 

as an outer shelf (Tollmann, 1987; Mandl, 2000). Others pro-

pose a position of the Hallstatt-Meliata relics between the Up-

per Juvavic and Tirolic units (Schweigl and Neubauer, 1997). 

The Hallstatt-Meliata Ocean was being closed during the Late 

Jurassic (Dallmeyer et al., 2008 and references therein). Coe-

vally, the sea floor dropped and reached maximum water depths 

with the formation of radiolarites. Gravitational sliding is repor-

ted from different places (e.g., Plöchinger, 1990; Mandl, 1982), 

and this concept was developed until recent years (Missoni 

and Gawlick, 2011 and references therein). These authors 

argue for a Late Jurassic age of shortening.

During Early Cretaceous, nappe stacking of Austroalpine 

units started due to the subduction of Austroalpine continental 

crust. Thrusting prograded from south to north, respectively 

from ESE to WNW (Ratschbacher, 1986; Linzer et al., 1995; 

Neubauer et al., 2000; Mandl, 2000).

The mechanism and the time of emplacement of the Juvavic 

units are still a matter of controversy. The classic hypothesis 

assumes that both Juvavic nappes took their position during 

the eo-Alpine deformational event (late Early to early Late Cre-

taceous) by means of thrust tectonics (Kober, 1955; Pichler, 

1963; Schweigl and Neubauer, 1997). A further model explains 

the emplacement of all Juvavic units by gravity sliding since 

Late Jurassic times, as Haselgebirge clasts of various size 

have been found in the Upper Jurassic Oberalm and Lower 

Cretaceous Rossfeld formations (Missoni and Gawlick, 2011 

and references therein). This concept was extended to large 

mountain-like blocks also explained by emplacement by simple 

_________________________________
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gravity sliding (Gawlick and Lein, 2000; Missoni and Gawlick, 

2011 and references therein). Frank and Schlager (2006) pro-

pose the emplacement as a consequence of Late Jurassic 

strike-slip movements related to the opening of the Penninic 

Ocean.

In the Eocene, the second paroxysm of Alpine orogeny occur-

red, when continental basement slices (“Middle Penninic”) and 

parts of the North Penninic Ocean (“Rhenodanubian Flysch”) 

were subducted below the NCA at the leading edge of the Aus-

troalpine-Adriatic microcontinent (Faupl and Wagreich, 2000;

Emplacement of an evaporitic mélange nappe in central Northern Calcareous Alps: evidence from the Moosegg klippe (Austria)

Figure 1: a - Overview sketch map of Austroalpine units in central Northern Calcareous Alps (NCA) (modified from Leitner et al., 2011). b - Over-

view of  Austroalpine units in Eastern Alps.______________________________________________________________________________________



In the Eocene, the second paroxysm of Alpine orogeny occur-

red, when continental basement slices (“Middle Penninic”) and 

parts of the North Penninic Ocean (“Rhenodanubian Flysch”) 

were subducted below the NCA at the leading edge of the Aus-

troalpine-Adriatic microcontinent (Faupl and Wagreich, 2000; 

Linzer et al., 2002 and references therein). The present NCA 

were partly detached from their Austroalpine basement (e.g., 

Greywacke zone) and thrusted over the Rhenodanubian Flysch 

Anja SCHORN & Franz NEUBAUER

Figure 2a: Geological map of the central southern part of the Osterhorn Tirolic nappe and overlying units (modified after Geological Map, scale 

1:50,000, sheet Hallein (Plöchinger, 1987) updated by own observations.  F1 – F8 denotes major faults (see text for explanation). KG, location of 

Kertererbach gorge.  A - A´, section of Figure 2b._________________________________________________________________________________
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Figure 2b: Simplified NW-trending section across the study area showing the Moosegg klippe, the Grubach normal fault, the Haselgebirge thrust 

fault, synclines anticlines and the Schwarzer Berg thrust fault._______________________________________________________________________

and Helvetic domain resulting in a wide thin-skinned tectonic 

nappe complex (Linzer et al., 1995; Mandl, 2000; Neubauer et 

al., 2000). The familiar rocksalt deposits, which are all located 

in the interior of the NCA mostly within the Lower Juvavic unit, 

were considered to be only slightly affected by these Cenozoic 

deformation stages, since the detachment of the NCA domain 

occurred beneath the lowermost unit, the Bajuvaric nappe (Fig. 

1). Deformation of Upper Cretaceous to Eocene Gosau basins 

deposited on uppermost nappes (Tirolic and Juvavic nappes) 

suggests significant deformation in Late Eocene to Early Mio-

cene (Linzer et al., 1995, 1997; Peresson and Decker, 1997a, 

b). Numerous data regarding these brittle deformation stages 

of the central and eastern NCA has been presented by Decker 

et al. (1992), Linzer et al. (1997), Peresson and Decker (1997a, 

b) and Schweigl and Neubauer (1997). We here use the suc-

cession of deformational stages established by Peresson and 

Decker (1997a, b) because the timing of their succession is 

constrained by sediments exposed in the eastern NCA.

The study area is located in the central NCA (Fig. 1). There, 

the Bajuvaric units only form a small rim along northern mar-

gins of the NCA. The flat-lying Tirolic units are widespread

_____

3. Regional geology of central Northern 

Calcareous Alps

within the so-called Tirolic Arc (Tirolischer Bogen). The Juva-

vic units are divided into the Lower Juvavic unit with the Ha-

selgebirge Fm. and mainly lenses and blocks of Middle-Upper 

Triassic pelagic limestone of the Hallstatt facies realm (Toll-

mann, 1987). These units are tectonically overlain by the Up-

per Juvavic units of the Untersberg and Dachstein nappes, 

which mainly comprise thick Middle Triassic shallow-water 

Wetterstein Dolomite/Limestone and its Upper Triassic lagoo-

nal and reef limestones of the Dachstein Formation.

An overview on the study area and a section is shown in Fi-

gure 2a. The gypsum mine Grubach at Moosegg (Figs. 3, 4a) 

was first documented in 1613. In the course of our research, 

the Moosegg quarry was mapped in detail in terms of its geo-

logy (Figs. 3, 4a). The levels of the quarry were numbered 

from I to X with increasing altitude.

In principle, the main parts of the quarry are composed of a 

partly karstified cap of gypsum (Fig. 4a and b).  A synform of 

light-coloured massive gypsum with lenses of anhydrite in the 

centre is surrounded by more or less foliated dark gypsum 

breccia. Furthermore, some decimetre- to meter-sized blocks 

of exotic rocks including different types of plutonic rocks, green-

stones and various claystones/mudstones as well as dolomite

________

_____________________

4. Lithology of the Moosegg klippe
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lenses are of great importance. In the following, the principal 

rock types are briefly described.

Light-coloured massive gypsum and anhydrite: As mentio-

ned above the light gypsum occurs in a synform in the centre 

of the Moosegg quarry (Fig. 4a). It is commonly massive and 

only in the upper rim partially foliated. Furthermore, some len-

ses of darker and internally strongly foliated coarse-grained 

anhydrite are interbedded (Fig. 4a).

Gypsum breccia: The gypsum breccia (Fig. 4a and c) con-

stitutes the bulk of the quarry. In the lower and eastern sec-

tors, the breccia is lighter in colour and exhibits only a weak 

foliation. In the upper eastern as well as in the entire western 

area the rock is darker and in part strongly foliated. Particu-

larly, the upper sectors of the quarry are deeply weathered 

and exhibit karst phenomena like karst caveats (Fig. 4b). The 

matrix of the breccia is gypsum. The breccia components vary 

in size between 1 cm and 1 m. Apart from gypsum and anhy-

drite they consist of different types of magmatic and metamor-

phic rocks (Fig. 4d). We found various types of rare ultramafic

________________________

_____________________

rocks (serpentinite, pyroxenite), wide-

spread biotite-bearing diorite, meta-

dolerite and meta-syenite, as well 

as rare metamorphic, banded meta-

psammitic schists and meta-doleritic 

blueschists. These rocks, their geo-
40 39chemical compositions and Ar/ Ar 

mineral ages are described in a com-

panion paper (Schorn et al., submit-

ted, see also Schorn, 2010).

Dark gypsum breccia with two ty-

pes of dark components: The strong-

ly foliated gypsum breccia contains 

two types of dark components (Fig. 

4d). Lenses of the first type are com-

posed of cataclastically deformed, 

broken dark dolomite, which are rich 

in veins of white gypsum and very 

sulphurous in the middle/centre of the

lenses. The second type consists of 

banded/laminated siliceous mud-

stone. Furthermore, some well pre-

served biotite-diorite blocks (Fig. 4d) 

also occur in the breccia.

Gypsum mylonite (base of the Ha-

selgebirge nappe): The dark gypsum 

mylonite (Fig. 8) was completely frac-

tured during thrusting and crops out 

in the eastern parts of levels VII and 

VIII.

Upper Rossfeld Formation: The 

quartz-rich, carbonate-cemented dark 

sandstones of the Upper Rossfeld 

Formation represent several deci-

metre thick layers intercalated with 

thin mudstones. These sandstones

______

________

are exposed on the south-western edge of the Moosegg quar-

ry, underlying the gypsum mylonite (Fig. 3). The sandstones 

are interpreted to represent turbidites (e.g., Faupl and Toll-

mann, 1978). The tectonic contact with the gypsum breccia is 

not directly exposed in the forest but many blocks of gypsum 

mylonite (Fig. 3) are found in a short distance from sandstones 

of the Upper Rossfeld Formation.

In the following, various blocks from the gypsum breccia are 

described beside the above mentioned magmatic and meta-

morphic blocks. All these blocks are fully embedded within a 

gypsum matrix. These lenticular tectonic blocks occur in all 

sizes between several centimetres and tens of metres. The 

foliated dark gypsum breccia (Fig. 4l) represents a zone, which 

is located on the western part of level V and consists of a 

groundmass of dark gypsum with small components of light-

coloured and red gypsum, anhydrite and different types of 

magmatic, mostly green-coloured rocks (e.g. serpentinite). The

_______________________

4.1 Blocks within the gypsum breccia

Figure 3: Geological map of Moosegg quarry. I-X – quarry levels with increasing altitude._____
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Figure 4: Field photographs from the lithologies in the Moosegg quarry. a - Overview of Moosegg quarry: Note the lenses of brown, banded dolo-

mite (BBD), green and dark clayey mudstone (GM), light-brownish claystone (BC), dark anhydrite with fibrous blue Na-amphibole (NA) and red and 

green claystone (RGC) on the left side and light-coloured white gypsum (G) with small lenses of anhydrite (A) on the right side, embedded in dark, fo-

liated gypsum breccia (DGB). b - Karst caveats in the uppermost part of the quarry. c - Strongly foliated gypsum breccia of level VIII. d - Dark gypsum 

breccia with two types of dark components; the small pictures shows a well preserved biotite-diorite block. e - Boundary between grey siliceous marl 

and rauhwacke (cellular limestone; upper side) and red and green claystone and mudstone. f - Carbonatic breccia with red and green claystone and 

mudstone. g - Dark jointed anhydrite. h - Brown banded dolomite of level III. i - Dark anhydrite with fibrous blue amphibole. j - Shear zones of level V. 

k - Hydraulic gypsum breccia of level IV with foliated gypsum clasts and unfoliated matrix. Note also the fit of some clasts in center of the image indi-

cating hydraulic brecciation. l - Foliated dark gypsum breccia of level V, indicating a second stage of foliation postdating brecciation and, therefore, 

two stages of deformation.___________________________________________________________________________________________________

components show in part a differently orientated foliation com-

pared with the matrix, indicating a secondary transposition re-

spectively overprint of the earlier formed foliation. These also 

indicate at least two different stages of deformation. Grey sili-

ceous marl is strongly weathered and only occurs as a lens 

in the red and green claystone of level VI. Rauhwacke is also

strongly weathered and only occurs as a lens in the red and 

green claystone of level VI (Fig. 4e). Ultramafitite is also only 

exposed as a small lens within the red and green claystone of 

level VI. Beside serpentine, few brownish pyroxene grains can 

be observed. Red and green claystone / mudstone and partly 

siliceous claystones form the bulk of a non-mined hill in the
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north-western part of level VI (Fig. 4e). The claystones are of 

variable colour and often laminated. These rocks were often 

considered as siltstones of the Werfen Formation. However, 

the lamination and missing detrital white mica in some areas 

as well as the siliceous contents disprove this correlation. We

do not exclude that the northern part of this hill comprises 

mica-bearing mudstones of the Werfen Formation. The red 

and green claystones and mudstones may represent abyssal 

deposits with a possible origin in the Meliata Ocean. Further 

chlorite-rich greenstones occur on the southern side of the

Figure 5: a - Overview of the southern part of level I with BCM - banded carbonate mylonite, BACM - banded anhydrite-carbonate mylonite and 

ACM – anhydrite-carbonate mylonite. b - Foliation in banded anhydrite-carbonate mylonite.  The foliation S1 intersects bedding with an acute angle. c 

- Stretching lineation in anhydrite-carbonate mylonite. The stretching lineation is underlined by elongated rigid pyrite porphyroclasts with pressure frin-

ges subparallel to the stretching lineation. d - Well foliated banded anhydrite-carbonate mylonite with folds at level I of the Moosegg quarry. e - A pe-

culiar case of the fracture cleavage S2 in well foliated carbonate mylonite. f - Gypsum-filled extensional veins. Note two sets of veins and a similar ori-

entation of fibers in both sets; for explanation, see text.____________________________________________________________________________
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mentioned hill.

The thin-bedded, brownish micaceous greywacke is interca-

lated by shale and is located on the western rim of level III and 

can also be interpreted as an abyssal deposit. Bedded brow-

nish micritric limestones are preliminary assigned to the Wer-

fen Limestone Formation. In the western part of the levels IV 

and VIII, dark brownish to dark grey, laminated, decimetre-

thick layers of dolomite grade into dark shale. Carbonatic brec-

cia (with red and green claystone) only crops out in the wes-

tern part of level III (Fig. 4f) and is presumably a tectonic brec-

cia. It was likely formed during deformation associated with 

emplacement of the Haselgebirge nappe (see below). A tec-

tonic breccia with clay matrix is located on the central part of 

the levels VIII and IX. The dark grey matrix consists of a mix-

ture of clay and gypsum. Most notably on the boundary to light-

coloured massive gypsum and the foliated gypsum breccia the 

rock shows a loamy-clayish ("letten"-like) cover and thin shear 

bands. The components, mainly white, red, light and dark co-

loured gypsum and anhydrite, vary in size from centimetre to 

meter and are partly cleaved.

Dark grey to nearly black jointed anhydrite is very rich in thin 

white gypsum joints (Fig. 4g). It is mainly exposed in the north-

eastern part of level IX, and subordinately and strongly wea-

thered also in level X. The brown, banded dolomite shows a 

dark brown lamination (Fig. 4h) and is located in the western 

part of levels II and III. This rock has never been described 

before as a part of the Haselgebirge nappe and is quite rich 

in extension joints and blue Na-amphibole (riebeckite accor-

ding to unpublished microprobe analyses; Bernroider et al., in 

prep.). Lenses of dark anhydrite with extension veins filled by 

fibrous blue amphibole are located in the western part of level 

III (Fig. 4i). The occurrence of the blue amphibole is likely a 

result of rock/hydrothermal brine interaction.

The light, yellow ochre-coloured, brownish weathered and 

bedded claystone only crops out in the western part of level 

III adjacent to the dark anhydrite with fibrous blue amphibole 

and massy light gypsum.

Green and dark clayey mudstones are strongly weathered 

rocks and only occur in the western parts of levels II, IV, VIII 

and IX, partly together with karst caveats. The occurrence of 

strongly weathered red and green claystone and rauhwacke 

are restricted to the north-eastern part of the levels VII, VIII 

and IX. Chlorite-rich greenstones and greenschists are found 

in levels IV, V and VI, always within partially strongly weathe-

red lenses of the dark gypsum breccia.

Hydraulic breccia (Fig. 4k) with foliated clasts and an unfoli-

ated gypsum matrix mainly occurs in the south-eastern part of 

levels IV and VII. Because of the relationship of foliated gyp-

sum clasts in an unfoliated gypsum matrix we assume a fluid-

assisted brecciation postdating ductile deformation of sulpha-

tes. The origin of the water could be explained by conversion 

of gypsum to anhydrite (temperature between 42 and 125° C; 

Murray, 1964).

A variety of millimetre-banded mylonites including carbonate 

mylonite, banded anhydrite-carbonate-mylonite and anhydrite

__________________________

______________

_____________________________

__________________

______________________________________

mylonite occurs in the south-eastern part of level I (Fig. 5a-f). 

They represent a succession of thinly banded and foliated 

mylonites of variable composition. The carbonate mylonite 

comprises millimetre-sized pyrite grains with pressure fringes 

indicating a well-expressed stretching lineation (Fig. 5c). The 

banded mylonites are nearly vertically or steeply N-dipping, 

and shear criteria indicate a top west movement of the Hasel-

gebirge nappe. The foliation is folded (Fig. 5d). For details on 

these peculiar rocks, see chapter 5.2.

The magmatic and metamorphic rock boudins within the eva-

porite mélange have been studied in detail (Schorn et al., sub-

mitted). We found various types of (1) widespread biotite-bea-

ring diorite (Fig. 4d), meta-syenite, (2) meta-dolerite and rare 

ultramafic rocks (serpentinite, pyroxenite), as well as (3) rare 

metamorphic banded meta-psammitic schists and meta-dole-
40 39ritic blueschists. The Ar/ Ar biotite from three meta-diorite 

and three meta-dolerite samples with variable compo-sition 

and fabrics range from 248 to 270 Ma (e.g., 251.2 ± 1.1 Ma) 

indicating a Permian age of cooling after magma crystalliza-

tion. The chemical composition of biotite-diorite and meta-

syenite indicate an alkaline trend. We interpret the plutonic 

rocks to represent a rift-related magmatic suite. We also stu-

died rare metamorphic rocks, particularly a meta-doleritic blue-
40 39schist of N-MORB origin. The scattered Ar/ Ar white mica 

age of one sample is at 349 ± 15 Ma, similar to white mica of 

a banded meta-psammitic schist (~ 378 Ma), and both ages 

prove the Variscan age of pressure-dominated metamorphism. 

This age is in the range of detrital white mica ages reported 

from the underlying Rossfeld Fm. (Eynatten et al., 1996) indi-

cating a close source-sink relationship.

We updated and reinterpreted map-scale structures of the 

existing geological map scale 1:50,000, sheet Hallein (Plö-

chinger, 1987, 1990). In the following, we first describe the 

main geological units (Fig. 2a):

1.

2.

3.

___________________

__________________

________________________

5. Structures of Moosegg klippe

5.1 Description of the structural map

The northern unit (St. Koloman block) is composed of flatly-

ing Upper Jurassic Oberalm and Lower Cretaceous Schram-

bach formations. To the south, this unit is confined by the Gru-

bach normal fault, which was not interpreted as such until now.

The central sector (Grubach block), is composed of Lower 

Cretaceous Rossfeld, Hochreith and lowermost Upper Cre-

taceous Grabenwald Formations, which are folded. In a 

syncline, these formations are overlain by the Upper Per-

mian to Lower Triassic Haselgebirge Formation, which here 

forms the Moosegg klippe (Fig. 2b). Furthermore, Haupt-

dolomite and the associated Kössen Fm. are exposed in 

the footwall of a NNW-dipping respectively SSE-dipping 

normal fault (the latter is the Grubach normal fault) as well 

as in the anticlinal cores beneath the Rossfeld Formation.

To the south, both the Rossfeld and Haselgebirge forma-

tions are overthrusted by the Schwarzer Berg nappe, a block 

mainly comprising Upper Triassic dolomites (Fig. 2a, b).

_

__
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In the following, we describe the main map-scale structures 

and their relative timing based on the reinterpreted tectonic 

map and section (Fig. 2a, b). In the northwestern block (St. 

Koloman block), NW-trending strike-slip faults dominate (Fig. 

2a). Both dextral (e.g. F1 in Fig. 2a) and sinistral (e.g. F2 in 

Fig. 2a) offsets occur. Among these, fault F1 (in Fig. 2a) dis-

plays a major dextral offset of ca. 1.5 km and this fault F1 al-

so cuts the Grubach normal fault system. Furthermore, a few 

N-S trending sinistral strike-slip faults (e.g. F3 in Fig. 2a) also 

occur. Together, the NW-trending dextral and N-trending sinis-

tral faults can be interpreted as conjugate Mohr fractures im-

plying a ca. NNW–SSE orientation of the maximum principal 

stress axis (consistent with deformation stage D , see below) 4

during faulting. The NW-trending sinistral strike-slip faults (e. 

g. F2) imply ca. E–W compression and an E–W orientation of 

the maximum principal stress axis (consistent with deforma-

tion stage D , see below).7

A horst structure exposing Hauptdolomite beneath the ca. 

ENE-trending Grubach normal fault system occurs along the 

southern edge of the St. Koloman block (Fig. 2a). The nor-

thern fault (e.g. F4 in Fig. 2a) is NNW-dipping and the Lower 

and Middle Jurassic formations are cut out along the fault. 

We call the SSE-dipping normal fault Grubach normal fault 

(e.g. F5 in Fig. 2a) and the fault juxtaposes Upper Triassic 

Hauptdolomite to Lower Cretaceous formations. Under the 

assumption of orthogonal extension to the strike of the normal 

faults, this normal fault system implies ca. NNW-SSE exten-

sion or transtension (deformation stage D , see below).4

The central block (Grubach block) exposes the Haselgebirge 

nappe in two ca. ESE to E-trending synforms, which are se-

parated by antiform structures (Fig. 2a and b). The Haselge-

birge nappe forms a klippe. In the easternmost sectors, the 

Hauptdolomite is exposed beneath the Lower Cretaceous Ross-

feld Formation in two antiformal structures. The fault (F6) be-

tween these two units can be interpreted either as a normal or 

_____________________________

_____

a thrust fault but predates folding in both alternative interpre-

tations.

The Schwarzer Berg block in the south overrides both the 

Haselgebirge and the underlying Rossfeld Formation along a 

further thrust fault (F7 in Fig. 2a). We tentatively assume that 

this thrust fault postdates the Haselgebirge thrust. At the nor-

theastern edge, a NW-trending dextral strike-slip fault (F8 in 

Fig. 2a) cuts the thrust F7, and is therefore younger than the 

Schwarzer Berg thrust (deformation stage D  in the sequence 3b

explained below).

In the south-eastern part of level I (Fig. 5a) ductile structures 

related to thrusting of the Haselgebirge Fm. over Lower to 

lowermost Upper Cretaceous rocks are preserved in folded, 

nearly vertically dipping anhydrite and carbonate mylonites 

(Fig. 5b, d). The anhydrite-carbonate mylonite is 5 – 6 m thick 

and contains, in the lower part of the outcrop, a lot of pyrite, 

which shows a distinct stretching lineation (Fig. 5c). Further-

more, the banded mylonite rock comprises ca. 1 – 3 cm wide 

extension veins filled with in part fibrous gypsum (Fig. 5f). These 

are arranged in two orientations. The main orientation is sub-

vertical and fibres are oriented sub-perpendicular to vein walls. 

The subordinate veins are steeply E-dipping, and fibres have 

a similar orientation as in the main set. The similar orientation 

of fibres in both sets proves a co-genetic origin of both sets of 

gypsum-filled extensional veins.

The banded anhydrite-carbonate mylonite (Fig. 5b and d) is 

exposed with a thickness of about four meters. It consists of 

ca. 75% of 0.5 – 4 cm thick anhydrite layers, which are sepa-

rated by 3 - 4 cm thick layers of dark foliated mudstone (Fig. 

5b). In addition to the pyrite lineation, we found evidence for 

an intersecting δ-lineation and evidence for an axial plane 

foliation.

___________________________________

________________________

________________________

5.2 Description of structures at level I 

of Moosegg quarry

Figure 6: Orientation data of structures exposed in level I. A - Foliation S1 subparallel to bedding S0, axial plane foliation S2, stretching lineation 

L1, delta lineation δ1, fold axis F2. For further explanation, see text. Lambert (Schmidt) projection, lower hemisphere.   B - Foliation S1 and lineation 

L1 of the gypsum mylonite of levels VII and VIII. Lambert (Schmidt) projection, lower hemisphere.__________________________________________
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Figure 7: Examples of shear criteria showing top W motion.  a – Thin section-scale isoclinal intrafolial fold (scan of a thin section). Long edge of 

the photomicrograph corresponds to (~ 40 millimeter). b – Microphotograph showing an isoclinal intrafolial fold.  c - Asymmetric pressure fringes indi-

cating a top west movement. d - Microphotograph showing oblique orientation of subparallel anhydrite grains in respect to elongated subhorizontal 

aggregates of ore grains (sample AS-I-D; S  010/61).1 _____________________________________________________________________________

The banded carbonate mylonite (Fig. 5a) is about 10 meter 

thick, strongly foliated and shows a centimetre-scale, here 

subvertical, banding respectively foliation. The uppermost 50 

cm of the carbonate mylonite are rich in pyrite, and show 

evidence of an axial plane foliation. The banded mylonites 

are folded with subhorizontal fold axes, here described as 

fold axes F , and a cogenetic fracture cleavage (Fig. 5e), 3b

here tentatively assigned to S  (Fig. 6a) of the deformation 3b

stage D  established below.3b

The strongly foliated fine-grained anhydrite and carbonate 

mylonite is preserved with a WNW-trending, subhorizontal 

stretching lineation (Fig. 6a) together constituting an L-S fa-

bric. This indicates emplacement of the Haselgebirge evapo-

rite mélange under ductile conditions.  Based on fluid inclu-

sion studies on anhydrite and K-feldspar, Spötl et al. (1996) 

and Wiesheu (1997) found a maximum temperature of > 240°C 

for rocks in the Moosegg quarry, which make ductile condi-

tions reasonable. Furthermore, E-W trending folds are asso-

ciated with the steeply dipping axial plane foliation and indi-

cate N-S shortening.

Three different types of shear sense criteria of the shear

__________________________

_________________________________

fabric composed of foliation S  and L  have been found in thin 1 1

sections of carbonate and anhydrite mylonites oriented per-

pendicular to the foliation S  and parallel to the stretching li-1

neation L  (Fig. 7). They include: (1) Thin section AS-I-D (S  1 1

010/61), an anhydrite mylonite, shows an oblique orientation 

of elongated, subparallel anhydrite grains (Fig. 7d), which 

have been formed throughout recrystallization of anhydrite. 

The fabric indicates a shear top-to-the-west displacement of 

the overlying rocks. (2) Thin section AS-I-E (S =S  006/79) 0 1

includes an asymmetric isoclinal intrafolial fold with long and 

short fold limbs (Fig. 7a and b). The vergency indicates a top 

W movement of the hangingwall unit. (3) Some of the anhy-

drite and carbonate mylonites show rigid pyrite grains with 

asymmetric pressure fringes. Especially the asymmetric grains 

in thin section AS-I-C indicate a top-west movement (Fig. 7c).

The ductile Haselgebirge thrust fault is also exposed in the 

eastern parts of levels VII and VIII (Figs. 3, 8) The gypsum 

crystals are ca. millimetre-sized, and we tentatively assume 

that the gypsum crystals formed by secondary transformation 

from anhydrite. In the gypsum mylonite and in some remnants 

at the base of the overlying gypsum breccia, the foliation S1
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Figure 8: a, b - Gypsum mylonites of level VII and VIII. a – Gypsum mylonite on left side in con-

tact with dark sheared shale. b - Note steeply plunging stretching lineation._____________________

and lineation L  vary in orientation and dip steeply to the W or 1

WSW or even S, respectively (Fig. 6b). No shear sense could 

be deduced because of secondary recrystallization throughout.

In the other levels of the Moosegg quarry, ductile and brittle 

structures also occur. The direction of movement can be deri-

ved from asymmetric dolomite clasts (Fig. 9a) in foliated gyp-

sum and from well preserved slickensides (Fig. 9b). Beside 

foliation, ductile structures including some large- and small-

scaled shear bands and mainly small folds are also visible.

Most of the gypsum breccias contain foliated and stretched 

gypsum components (Fig. 4c). Compared with the matrix, the 

components of the foliated dark gypsum breccia of level V 

(Fig. 4l) show in part a differently orientated foliation indica-

ting a secondary overprint and therefore several stages of 

deformation.

Several dark shear bands within gypsum in the central parts 

of level IV and V (Fig. 4j) are part of a ductile shear zone and 

show a normal fault with a W-down-movement of the hanging-

wall. These shear bands are composed of dark, strongly foli-

ated and weathered gypsum and clayey fault gouges. Further-

more, red gypsum and red anhydrite with trace amounts of 

langbeinite (Fig. 3) are quite commonly associated with these 

shear bands.

The Moosegg quarry also exhibits cataclastically deformed 

black dolomite boudins within foliated anhydrite and gypsum 

extension joints (Fig. 5f). Hydraulic breccias (Fig. 4k) crop out 

in the south-eastern parts of levels IV and VII. The fluid-assis-

ted brecciation postdates ductile deformation of sulphates.

5.3 Description of other structures of 

Moosegg quarry

__

_______________________________________

The origin of the water could be ex-

plained by conversion of gypsum to 

anhydrite (temperatures between 60 

and 125°C).

The obtained new kinematic data 

is displayed in a structural map to-

gether with the different deformation 

stages (see chapter 5.4. and Fig. 3). 

The foliation data (Fig. 10a) repre-

sents a N-S-trending maximum ac-

companied by open wide folds. Line-

ation data (Fig. 10b) of Moosegg 

shows three different maxima, E–W, 

NW–SE- and SW-trending. The lat-

ter one shows a large scatter and is 

possibly related to folding.

Fold axis data (Fig. 10c) displays 

dominant E–W trending folds with 

subhorizontal fold axes and indica-

tes N-S-compression. Subordinate 

N-S-trending folds also occur. Ex-

tension joint data (Fig. 10d) featu-

res two dominant joint directions. 

The N-S-trending joints constitute

___________________

________

ac-joints and the E-W trending ones bc-joints to the dominant 

E–W-trending folds.

In the following, we set up the succession of deformation 

events. The succession is based on three sources of data: (1) 

the re-evaluation of the map-scale structures of the geological 

map (Fig. 2a) (Plöchinger, 1987), combined with our own ob-

servations, (2) the succession of outcrop-scale deformation 

structures and their kinematics as we found it in the field, and 

(3) the succession of brittle deformation structures of the cen-

tral and eastern NCA published by Peresson and Decker (1997a, 

b). The publications of Peresson and Decker (1997a, b) also 

yield absolute age constraints, which are not available from 

the working area solely due to the absence of post-lowermost 

Cretaceous sedimentary units.

In this chapter, the fault slip data, which constrain the evolu-

tion of the paleostress fields within the Haselgebirge evaporite 

mélange and surrounding geological units, is also presented. 

For details of the methodology of the paleostress technique, 

see the Appendix. For the reconstruction of the succession of 

deformation events within the particular sector of the NCA, 

we collected data at 40 stations all over the investigated area 

(for details, see below).

The paleostress analysis of faults shows ten different defor-

mations stages from late Early Cretaceous to post-Miocene. 

The results, ordered in a succession from oldest to youngest, 

are compiled in Table 1 and are graphically shown in Figures 

11 and 12. The results of deformation stages from the Moos-

egg quarry are shown in Table 2 and Figure 13. The relative 

succession of paleostress tensor groups was deduced from

_________________________________

_________________________

_______________________________

5.4 Chronology of deformation stages
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Table 1: Coordinates, lithology, assumed age and paleostress data of deformation events in the surroundings of the Moosegg quarry. Locations 

can be found in Figures 2a and 11-13. Abbreviations: σ , σ , σ , orientation of maximum, intermediate and minimum principal stress axes; NDA, nume-1 2 3

rical dynamical analysis; R, shape factor of the paleostress tensor.___________________________________________________________________
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Table 1 continue 
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overprinting relationships in the key outcrops of Kertererbach 

gorge and Moosegg quarry.

Starting with deformation stage D , we follow the event chro-3a

nology from Peresson and Decker (1997a, b). In the entire 

area, the NE–SW strike-slip compression of deformation stage 

D  and E–W strike slip compression of deformation stage D  5 7

are predominant. Folds are mainly E–W trending and there-

fore represent the deformation stage D  (N-S-compression). 3b

In the Moosegg quarry, we also detected subordinate N–S 

trending folds (see above).

Deformation stage D , WNW-directed Haselgebirge thrust 1

fault (Fig. 6a and b). Over a period from late Early Cretace-

ous to possibly early Late Cretaceous, the Lower Juvavic Ha-

selgebirge nappe was thrusted over the Lower Cretaceous 

Rossfeld Formation and the Lower Aptian Grabenwald For-

mation. At the base of the Haselgebirge Fm., strongly foliated 

fine-grained anhydrite and carbonate mylonite is preserved 

with WNW-trending, subhorizontal stretching lineation (L-S 

fabric) indicating emplacement of the Haselgebirge evaporite 

mélange within ductile conditions (T > 240 °C). The age of 

this deformation event is younger than early Aptian, and we 

tentatively correlate this event with the main stage of nappe

___________________________

____________________________

stacking within the NCA, predating Gosau Group deposition 

elsewhere within the NCA.

Locally, we found sinistral NW-SE trending strike-slip faults 

showing E-W compression and N-S-extension. This stage is 

not described further in this work, as it is only observed at 

station 22 (Figs. 11, 12) in the Kertererbach gorge (Fig. 2a) 

and may have been reactivated and overprinted by deforma-

tion stage D  (also E–W-compression). The exact age has to 7

be discussed but an age older than Late Eocene is assured 

by overprint relationships to subsequent structures.

The NE–SW-trending dextral strike-slip F1 and 3 faults are 

observed in the map and have been measured mainly at sta-

tion 22 in Kerterbach gorge (Fig. 2a). The paleostress tensor 

group of deformation stage D  shows NE–SW strike-slip com-2

pression including NW–SE extension. There is also the pos-

sibility of overprinting and reactivation by deformation stage 

D  (NE–SW-compression). Deformation stage D  is overprin-5 2

ted by D  and, therefore, has to be of an age older than Late 3a

Eocene.

Deformation stage D , NW-SE-compression. This tensor 3a

group comprises NW–SE trending normal faults, steep N–S 

and E–W-trending reverse faults and N–S-trending sinistral

____________________________

________

Figure 9: a - Boudinage and asymmetric clasts of dolomite in foliated gypsum. b - Well preserved slickensides of level IV. c, d - Grubach normal 

fault in outcrops. c - Grubach normal fault exposed in Kertererbach gorge. d - Road cut along the road from Wegscheid to Grubach.______________
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strike slip faults together constituting NW–SE compression 

(Fig. 13). By correlation with the succession proposed by Pe-

resson and Decker (1997a, b) this deformation stage took 

place between Late Eocene and ?Oligocene.

Deformation stage D , N–S compression and thrusting of the 3b

Schwarzer Berg Unit (Fig. 11a). In outcrops, we found NNE-

trending sinistral strike-slip faults and NNW-trending dextral 

faults together constituting N–S strike-slip compression (Fig. 

11a). This paleostress tensor group was formed from Oligo-

cene(?) to Early-Middle Miocene according to Peresson and 

Decker (1997a, b). We tentatively assign the thrust of the 

Schwarzer Berg unit as part of the Göll-Lammer Masse over 

both the Rossfeld Formation (Osterhorn unit of the Tirolic nappe 

complex) and the Haselgebirge Formation (Lower Juvavic 

nappe) to deformation stage D . In the course of this tectonic 3b

movement, the underlying nappes were folded along E–W 

trending fold axes, which resulted in the present syncline con-

taining the Moosegg-klippe in its core.

Deformation stage D , NW–SE transtension with a sinistral 4

strike-slip component (Fig. 11a). The fourth deformation stage

_____________

___________________

comprises an ENE-trending high-angle normal fault juxtapo-

sing Haselgebirge to Upper Jurassic Oberalm Formation. The 

above mentioned Grubach normal fault shows NW-SE exten-

sion with a sinistral strike-slip component (Fig. 9c, d). It can 

be traced across the whole study area in the Oberalm Forma-

tion from Strubau over Grubach (Fig. 2a) and westward in the 

bedded Dachstein Reef Limestone along the Gitschenwand 

up to Trattberg. The apparent minimum vertical offset amounts 

to approximately 700 m. A second conjugated normal fault 

branch further north juxtaposes the Upper Triassic Kössen 

Formation to the Oberalm Formation and the Oberalm base 

conglomerate (Fig. 2a). The timing of deformation stage D  4

can be discussed, but it is assured that D  is older than de-4

formation stage D  (Middle Miocene).5

Deformation stage D , NE-SW compression (Fig. 11b): This 5

paleostress tensor group could be detected all over the study 

area and was formed, after Peresson and Decker (1997a, b), 

in Middle Miocene. It is characterised by mainly NE–SW tren-

ding, sometimes N–S trending sinistral and dextral strike slip 

faults. Subordinate N–S, NW–SE and E–W trending reverse 

___________________

Table 2: Coordinates, lithology, assumed age and paleostress data of deformation events in the Moosegg quarry. Locations can be found in Fi-

gures 2a and 13. Abbreviations: σ , σ , σ , orientation of maximum, intermediate and minimum principal stress axes; NDA, numerical dynamical ana-1 2 3

lysis; R, shape factor of the paleostress tensor.__________________________________________________________________________________
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faults occur. Even though we found evidence for two deforma-

tion stages, both showing NE–SW compression and resulting 

in a NW–SE trending reverse fault and a NNE–SSW-trending 

strike-slip fault at station 25 in the Kertererbach gorge, we 

combined both events in D . Furthermore, deformation stage 5

D  has probably overprinted and reactivated structures of de-5

formation stage D .2

Deformation stage D , E–W extension (Fig. 11a): This paleo-6

stress tensor group mainly comprises roughly N–S trending, 

E- and W-dipping normal faults and corresponding slicken-

sides and striations. Together, they constitute a paleostress 

tensor showing E-W extension. Peresson and Decker (1997a, 

b) also found this paleostress tensor and assign a Middle Mio-

cene age.

Deformation stage D , E–W compression (Fig. 12a): In se-7

veral outcrops, we observed NE-trending dextral and NW-

trending sinistral strike-slip faults together constituting E–W 

strike-slip compression. N–S trending reverse faults occur 

subordinately. Peresson and Decker (1997a, b) also found 

this paleostress tensor and assign a Late Miocene (Panno-

nian) age. The deformation stage D  (i.e., W–E compressive 7

principal stress) is the most common in the investigated area.

Deformation stage D , N–S extension (Fig. 12b) is represen-8

__________________________________

__________________________________________

ted by conjugated NW–SE, NE–SW- and E–W-trending re-

verse faults, all indicating N–S extension. According to Peres-

son and Decker (1997a, b) the youngest deformation stage 

took place from Late- to post-Miocene.

The structures of the Haselgebirge Fm. exposed in the Moos-

egg klippe bear all the signs of a tectonic mélange, where 

many different rock types form tectonic blocks within a gyp-

sum/anhydrite matrix. Some of these blocks can be found in 

the footwall unit but the dominant rock types including mag-

matic and metamorphic rocks and some sedimentary units 

are exotic. Therefore, we suggest that many of these blocks 

were incorporated during the final emplacement as a tectonic 

nappe (see also Kozur, 1991).

The thrusting of the Haselgebirge Fm. is preserved in two 

different lithologies and locations of the Moosegg quarry. As 

mentioned before in the description of the structural map, the 

fine-grained, nearly vertically dipping foliated and subse-

quently folded anhydrite mylonites and anhydrite carbonate 

mylonites of level I represent a WNW-trending stretching line-

__________________

_________________________

6. Discussion

6.1 Structures and kinematic evolution

ation and together constitute an L-S 

fabric. Mylonites of the ductile Ha-

selgebirge thrust fault are also ex-

posed in the eastern parts of the le-

vels VII and VIII. Foliation and line-

ation preserved in the gypsum my-

lonites, probably formed by secon-

dary transformation from anhydrite, 

and the overlying gypsum breccia 

of levels VII and VIII also dip steeply 

to the W, SW or S.

Ratschbacher (1986), Ratschbacher 

and Neubauer (1989) and Ratschba-

cher et al. (1989) report ductile fa-

brics within low- and medium-grade 

metamorphic units of the Austroal-

pine nappe complex and generally 

found an E–W and subordinately an 

ESE–WNW trending stretching linea-

tion. In general, all the shear criteria 

suggest top-west motion of hang-

ingwall units (Fig. 7). The reported 

structural data of the Moosegg quar-

ry fits well to these previous obser-

vations from metamorphic areas lo-

_____________

Figure 10: Orientation data of major structural elements of Haselgebirge exposed in the Moos-

egg quarry. a – Foliation data, 330 datasets, contours at 1.00, 3.00, 6.00, 9.00, 12.00. b - Lineation 

data, 166 datasets, contours at 1.00, 2.00, 3.00, 4.00, 5.00. c - Fold axes, 34 datasets, contours at 

1.00, 3.00, 6.00, 9.00, 12.0. d - Extension joints of the entire Moosegg quarry, 106 datasets. Lambert 

(Schmidt) projections, lower hemisphere._______________________________________________

Figure 11: Paleostress data of va-

rious deformation stages: a - Deforma-

tion stages D , D  and D . b - Deforma-3b 4 6

tion stage D . Abbrevi-ations: RF – Rev-5

erse Fault, SL – Strike slip fault, pa – pull 

apart, cs – cataclastic shear zone._____
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cated much further south within lower structural units (e.g., 

Graywacke zone) of the Austroalpine nappe complex.

The anhydrite-carbonate mylonites are strongly foliated and 

the gypsum mylonites indicate an emplacement of the Hasel-

gebirge evaporite mélange under ductile conditions formed at 

elevated temperatures consistent with previous temperature

______

estimates (Table 3). In other places 

at the base of the Hasel-gebirge, an-

hydrite is transformed into foliated 

gypsum leaving behind a still well pre-

served L-S fabric, similar to the one 

encountered at level I of the Moos-

egg quarry. Furthermore, some large- 

and small-scaled gypsum shear 

bands, gypsum breccias with folia-

ted gypsum clasts - some of which

were again foliated and stretched - imply several stages of 

ductile deformation. Because of these peculiar fabrics, we in-

terpret the formation of gypsum and anhydrite breccia as a 

result of fluid overpressure, possibly related in part to dehy-

dration reactions of gypsum to anhydrite.

According to fluid inclusion studies and other methods (Table 

_________________

Figure 12: Paleostress data of a - Deformation stage D . and b – Deformation stage D  . Abbreviations: NF – Normal Fault.7 8 ________________

Table 3: Temperature conditions of eo-Alpine metamorphism within the Moosegg area, central 

Northern Calcareous Alps (from Leitner et al., 2011). For full sources, see cited manuscript. CAI, co-

nodont colour alteration index, FI, fluid inclusions; VR, vitrinite reflectance._____________________
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3), the Haselgebirge sulphates experienced a relatively high 

temperature, >240°C (after Spötl et al., 1998b; Wiesheu, 1997). 

Fluid inclusion analyses on anhydrite samples of Berchtesga-

den and Altaussee show similar results (see compilation in 

Leitner et al., 2011). We suggest that these fabrics formed in 

Early Cretaceous times, similar to other fabrics in the Central 
40 39NCA. At Moosegg, Spötl et al. (1998a) found Ar/ Ar K-feld-

spar ages of around 145–154 Ma. We assume that these K-

feldspars grew at static peak temperature conditions.

In the following, we discuss the geological significance of 

structures in a wider context (Fig. 15). Note, that we discuss 

orientations in the present-day coordinates being aware of 

rotations, which affected the Northern Calcareous Alps toge-

ther with Austroalpine basement located further south (e.g., 

Pueyo et al., 2007 and references therein).

The WNW-directed thrust fault D  carried the Lower Juvavic1

_______

_______________

6.2 Dynamic interpretation of deforma-

tion stages

Haselgebirge nappe over the Lower Cretaceous Rossfeld For-

mation and Grabenwald Formation. The age of this deforma-

tion event is younger than Aptian and we tentatively correlate 

this event to the main stage of nappe stacking within the NCA 

as well as with similarly old units in the Austroalpine exposed 

further to the south. There, ductile thrusts with similar kinema-

tics dominate and the geochronological ages for thrust defor-

mation range from ca. 110 to 80 Ma (e.g., Ratschbacher et al., 

1989; Dallmeyer et al., 1998).

In the working area, deformation stage D , NE–SW strike-2

slip compression including NW–SE extension is constrained 

by map-scale brittle faults. We tentatively correlate these struc-

tures with such formed during initial stages of the development 

of Gosau basins on top of the NCA and Austroalpine basement 

nappe stacks (e.g., Neubauer et al., 1995; Wagreich and Decker, 

2001). This implies a Late Cretaceous age of deformation 

event D .2

Deformation stages D  and D , NW–SE-compression and 3a 3b

N–S compression are Late Eocene and Oligocene respecti-

__________________________

Figure 13: Paleostress data of various deformation stages in the Moosegg quarry._________________________________________________
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vely Oligocene(?) to Early/Middle Miocene in age according 

to Peresson and Decker (1997a, b). This is a principal event 

of fault reactivation during emplacement of the NCA nappe 

stack over its footwall located in the north and subsequent 

further shortening. Note the gradual change of the shortening 

direction from NW–SE to N–S, which likely reflects a change 

of motion of the external driving force, the motion of the Adri-

atic microplate. In the working area, we tentatively assign the 

thrust of the Schwarzer Berg unit as part of the Göll-Lammer 

Masse over both the Rossfeld Formation (Osterhorn unit of 

the Tirolic nappe complex) and the Haselgebirge Formation 

(Lower Juvavic nappe) to deformation stage D . During this 3b

tectonic movement, the underlying nappes were folded along 

E–W trending fold axes, which resulted in the present syncline 

comprising the Moosegg-klippe in its core. The NW-trending 

dextral strike-slip fault (F8 in Fig. 2a) cutting the Schwarzer 

Berg thrust fault and juxtaposing the Rossfeld Fm. to Ramsau 

Dolomite is also assigned to this event although it postdates 

thrusting.

In the working area, the prominent Grubach normal fault and 

similar faults further north show NW–SE extension with a si-

nistral strike-slip component (deformation stage D ). This can 4

be correlated with the main stage of lateral extrusion in the 

Eastern Alps (Ratschbacher et al., 1991), and similar sinistral 

transtensional structures can be found elsewhere in the Central 

Eastern Alps (e.g., Wang and Neubauer, 1998; Keil and Neu-

bauer, 2011). Subsequent NE–SW compression (deformation 

stage D ) relates this event with the main stage of east-direc-5

ted lateral extrusion of the central Eastern Alps (Ratschbacher 

et al., 1989, 1991) in Middle Miocene times.

Subsequent ca. E–W extension (deformation stage D ) was 6

found over wide areas both in the NCA and southern adjacent 

areas of the Eastern Alps. E–W extension is also a conse-

quence of east-directed lateral extrusion, and can be related 

to the activity of ESE-directed ductile low-angle normal faults

______________

at the eastern margin of the Tauern 

window and extension within the Sty-

rian and Pannnonian basins (e.g., 

Genser and Neubauer, 1989; Sach-

senhofer et al., 1997). In the NCA, 

Peresson and Decker (1997a, b) as-

sign a Middle Miocene age to this 

event but it may have started earlier, 

during Early Miocene, along the cen-

tral axis of the Eastern Alps. From 

the kinematic point of view, the E–W 

extension is triggered by previous 

NE-SW strike-slip compression and 

represents a continuum. However, 

on an outcrop scale, E–W extension 

can be clearly separated from pre-

vious NE–SW compression.

Peresson and Decker (1997a, b) 

noted the prominent E–W compres-

sion (our deformation stage D ) for7

______

the first time and assigned to it a Late Miocene (Pannonian) 

age. This event reactivated many major ca. ENE-striking pre-

viously sinistral faults as dextral strike-slip faults. This event 

is explained by collision of the Carpathian arc with the East 

European foreland and backwards propagating stresses to-

wards the Alps (Peresson and Decker (1997a, b). From a 

structural point of view, this event can be separated from the 

last event, N–S extension (deformation stage D ), recorded in 8

the working area, which indicates no E–W maximum compres-

sive stresses. A Late-to post-Miocene to Pliocene age is as-

sumed (Peresson and Decker, 1997a, b) and the extensional 

stresses may reflect gravity-driven orogenic collapse towards 

respective forelands after releasing compressional forces.

Together, all this kinematic data shows that this small seg-

ment of the central NCA reflects nearly all major large-scale 

processes that affected the Eastern Alps since late Early Cre-

taceous. Consequently, local structural data from a high struc-

tural level within an orogen can be taken to monitor nearly 

the complete succession of kinematic stages affecting the 

entire orogen.

Our results contribute to a reinterpretation of the emplace-

ment of the Juvavic units (Fig. 14). In former studies the Ju-

vavic nappe was considered to have resulted from gravity 

tectonics and the units were considered to have moved/been 

emplaced by gravity sliding (for example Gawlick and Lein., 

2000; Missoni and Gawlick, 2011 and references therein). The 

ductile structures of the Moosegg quarry definitely disprove 

these models: According to our new data, the Haselgebirge 

bearing nappe was transported over the Lower Cretaceous 

Rossfeld Formation, which includes many clasts derived from 

the Haselgebirge Fm. and its exotic blocks were deposited in 

front of the incoming nappe (Fig. 14). Schorn et al. (submit-

ted) demonstrated similarly aged Variscan white mica (349 ±

___

______________________________________

7. Conclusions

Figure 14: Tectonic model of the Cretaceous evolution of the Haselgebirge nappe.__________
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15 Ma, ~ 378 Ma) from metamorphic clasts of the Grubach 

klippe as von Eynatten et al. (1996) described from detrital 

white mica of the Rossfeld Formation (~ 320 – 360 Ma). The 

mylonitic fabrics at the base of the Haselgebirge klippe of 

Mossegg indicate formation during relatively high temperature 

conditions. Such mylonitic high-temperature shear zones were 

mapped in several other areas from the southern margin (e.g. 

Rettenstein and Werfen Imbricate zone) and close to the nor-

thern margin of the NCA (Berchtesgaden – Dürrnberg). With 

our study, we introduce a new tectonic interpretation of the 

investigated area, including a number of deformation stages, 

which reflects the structural and geological evolution of the 

NCA as a whole.____________________________________
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Appendix

Palaeostress techniques

A list of stations is given in Tables 1 (surroundings of the 

Moosegg quarry) and 2 (Moosegg quarry). In many outcrops, 

superimposed sets of slickensides and striations indicate a 

polyphase reactivation of these faults. However, some uncer-

tainties of relative chronology remain. The determination of 

the succession of faulting and of displacement followed crite-

ria proposed by, e.g. Petit (1987) and Gamond (1983, 1987). 

Paleostress orientation patterns were evaluated from this fault 

and slickenside data using numerical and graphical inversion 

methods proposed by Angelier and Méchler (1977), Angelier 

(1979, 1989), Armijo et al. (1982) and Marret and Almendinger 

(1990). These inversion methods indicate strain rather than 

paleostress patterns with relative magnitudes of principal stress 

axes (Twiss and Unruh 1998). Although the rocks are generally 

anisotropic, we report the R-value of the paleostress tensor 

because present versions of paleostress inversion techniques 

calculate the appropriate R-value only for isotropic material. 

Two numerical methods for calculating paleostress tensors 

were used in this study: NDA (Numerical Dynamic Analysis; 

Spang, 1972) and direct inversion (Angelier, 1979). The NDA 

method calculates the orientation of the principal axes of the 

paleostress tensor from summation of individual tensors for 

every plane. The direct inversion method minimizes the angles 

between the calculated directions of maximum shear stress 

acting along the fault plane and the measured striation, which 

leads to the determination of the reduced stress tensor defined 

by the orientation of the principal stress axes and the stress 

ratio (Ortner et al., 2002). In both cases, the orientation and 

relative values of the principal stresses are derived from the 

eigen values and eigen vectors of the bulk stress tensor. The 

quality of the calculation is checked in the normalized Mohr 

circle plot for three-dimensional stresses. At least four indepen-

dent fault planes are required for the calculation of the NDA 

and inversion method. In cases where less than four indepen-

dent fault planes were available, we used the dihedra method 

of Angelier and Mechler (1977). Although it is known that from 

a purely statistical point of view, a tensor solution based on 

less than four independent, differently oriented, fault planes is 

meaningless because the solution space is not completely de-

termined, we used the solutions in these cases as a reference 

in some areas. The age of each measured rock together with 

the principal orientation for each phase of deformation is given 

in Tables 1 and 2.____________________________________


