
Abstract

The Miocene Enns Valley basin initiated along the ENE-trending Salzach-Enns-Mariazell-Puchberg fault and this fault separates the 

exhumed Hohe and Niedere Tauern blocks from the Miocene basin fill. Deposits of the Miocene Enns Valley basin occur in a number 

of dispersed exposures along the northern valley margin and are nearly exclusively derived from the southern Ennstal Quartzphyllite, 

Wölz Micaschist and Schladming/Bösenstein complexes. We also recognized a very specific, unique contributor, the Hochgrößen 

serpentinite massif. The Enns Valley basin fill is confined and disrupted along its northern margin by the North Enns Valley fault, a 

hitherto unidentified fault, which separates the Miocene Enns Valley basin from the Northern Calcareous Alps. The North Enns Val-

ley fault postdates the deposition of the Miocene Enns Valley basin fill and likely extends to the WSW into the Mandling fault and, 

to the ENE, into the Pyhrn fault. If this interpretation is correct, then a ca. 20 km dextral offset and ca. 1–1.2 km northern block up 

displacement occurred along this fault, mostly during the Late Miocene/Early Pliocene inversion during E–W shortening as postula-

ted by previous models. Dextral displacement along the North Enns Valley fault could also explain the Weyer Arc, a specific feature 

within the eastern Northern Calcareous Alps. This arc could be explained by accommodating a dextral displacement at the eastern 

termination of the North Enns Valley fault by counterclockwise rotation.

Das miozäne Ennstalbecken entwickelte sich entlang der ENE verlaufenden Salzach-Enns-Mariazell-Puchberg Störung. Diese 

Störungszone trennt die exhumierten Blöcke der Hohen und Niederen Tauern von miozäner Beckenfüllung. Eine Anzahl voneinan-

der getrennter Aufschlüsse entlang des nördlichen Talrandes sind dem Miozän des Ennstales zuzuordnen. Gespeist sind diese 

beinahe exklusiv von den südlich gelegenen Ennstal Quartzphyllit-, Wölz Micaschist- und Schladming/Bösenstein Komplexen. Ein 

spezifischer Eintrag an Material stammt aus dem Höchgrößen Serpentinit Massiv. Eine bislang unidentifizierte Störung, die Nord-

Ennstal Störung begrenzt das Ennstal-Miozän im nördlichen Randbereich und trennt dieses von den Nördlichen Kalkalpen. Die Nord-

Ennstal Störung ist jünger als das miozäne Ennstalbecken und erstreckt sich WSW hin zur Mandlingstörung und ENE zur Pyhrn-

störung. Wenn diese Interpretation korrekt ist, dann erfolgten entlang dieser Störung ein dextraler Versatz um ca. 20 km und ein 

vertikaler Versatz des nördlichen Blocks um ca. 1–1.2 km. Dies geschah im Zuge der Inversion im Spät-Miozän/Früh-Pliozän wäh-

rend einer E–W Verkürzung, wie es frühere Modelle bereits postulierten. Die dextrale Versetzung entlang der Nord-Ennstal Störung 

könnte auch die Weyerer Bögen erklären, die ein spezifisches Charakteristikum innerhalb der Nördlichen Kalkalpen darstellen. Die 

bogenförmige Struktur ließe sich daraus erklären, dass sie einen Teil des dextralen Versatzes am Ostende der Nord-Ennstal Stö-

rung durch Rotation gegen den Uhrzeigersinn ausgleicht.
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1. Introduction

The Oligocene to Neogene fault pattern of the Eastern Alps 

has been interpreted to result from lateral extrusion due to in-

dentation of the rigid Southalpine indenter (e. g. Ratschbacher 

et al., 1989, 1991; Robl and Stüwe, 2005a, b). Most faults are 

oriented roughly E–W. Among these, the sinistral Salzach-

Enns-Mariazell-Puchberg (SEMP) and Mur-Mürz faults stretch 

along the northern margins of the eastward extruding block, 

the Periadriatic fault along its southern edge (Neubauer, 1988; 

Ratschbacher et al., 1989, 1991 and references therein; Fig. 

1A). The sinistral faults are often associated with Early Mio-

cene sedimentary basins interpreted as pull-apart and trans-

current basins (Strauss et al., 2001). The orogen-parallel drai-

nage developed preferentially along these basins (Neubauer, 

1988; Ratschbacher et al., 1989, 1991; Frisch et al., 2000a, 

b; Robl et al., 2008a, b).______________________________

In spite of the importance, most of these Miocene basins 

are poorly studied with respect to their structure, provenance 

of sediments and lithofacies. This is particularly true for the 

poorly exposed and dispersed remnants of Miocene sedimen-

tary successions along the Enns Valley between Gröbming 

and Wörschach (Sachsenhofer, 1988 and references therein; 

Figs. 1, 2). This contribution presents facies, provenance and 

structure of these basins and some intriguing features never 

considered before, which challenge previous models. Beside 

the well known segment of the SEMP fault at the southern 

edge of the Enns Valley, the various remnants of these Mio-

cene succession are confined to the north against the main 

body of the Northern Calcareous Alps (NCA) by another major 

fault, which we term North Enns Valley (NEV) fault and which 

is an extension of the Mandling fault in the west. It seems that
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the SEMP and NEV faults were often confounded in the past 

(Neubauer, 1988; Ratschbacher et al., 1991; Peresson and 

Decker, 1997a, b; Wölfler et al., 2011). The vertical throw is 

more than one kilometer. Furthermore, we demonstrate that a 

medium-grade metamorphic basement is the principal source 

of detritus deposited within these Miocene basins. Although 

adjacent to the Northern Calcareous Alps, hardly any detritus 

from the NCA was found within these Miocene basin remnants. 

The dearth of limestone clasts suggests the main uplift stage 

of the NCA post-dates the deposition of the Miocene basin

remnants (e.g., Sachsenhofer, 1998). This demonstrates that 

the North Enns Valley fault was not active during deposition 

of the Miocene sediments, and has significant implications for 

the sequence of fault activation.

To fill a gap in the knowledge of the Miocene Enns Valley 

basin the current paper focuses on two topics:

1)

________________________

___________

Figure 1: A – Simplified tectonic map of the Eastern Alps showing N–S shortening and lateral extrusion (modified from Keil and Neubauer, 2009). 

B – Digital elevation model as close-up to Figure 1A representing a geological overview and the locations of the principal strike-slip faults. Labelled out-

crops indicate the sites where fault and striae data was collected (1 – Road to Stoderzinken, 2 – quarry Gröbming Winkl, 3 Untergrimming, 4 – Wörschach; 

details to these sites are given in Table 2)._________________________________________________________________________________________

The small isolated remnants of Miocene clastic rocks be-

tween Weyern (Gröbming) and Wörschach, where detailed 

lithographic and stratigraphic classifications were not avai-

lable (Fig. 2).
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2)

As a result of the collision of the European and Adriatic plates, 

the morphogenetic evolution of the Eastern Alps started in the 

Oligocene (from ca. 30 Ma onwards) when conglomeratic fans 

were deposited in the Molasse zone, derived from the uprising 

Alps (Frisch et al., 2000a, b; Genser et al., 2007; Robl et al., 

2008a, b). The Oligocene and Miocene Molasse deposits re-

sulted from a growing relief along the central axis of the Eas-

tern Alps. Ca. N–S directed plate convergence caused thrus-

ting and crustal thickening during continental collision (Ratsch-

bacher et al., 1989, 1991; Neubauer and Genser, 1990; Neu-

bauer, 1994; Peresson and Decker, 1997a, b; TRANSALP 

Working Group, 2002). An important feature of eastern sectors 

of the Northern Calcareous Alps and central sectors of the 

Eastern Alps is the Salzach-Enns-Mariazell-Puchberg (SEMP) 

fault striking WSW–ESE over 400 km from the northern Tau-

ern window in the west to the Vienna Basin in the east (e.g. 

Ratschbacher et al., 1991; Nemes et al., 1995; Linzer et. al., 

1997, 2002). The SEMP-fault represents the northern margin

2. Geological overview

of the principal eastward extruding block. According to Frisch 

et al. (2000), the escaping block east of the Tauern window 

has largely transtensional border faults with pull-apart basins 

along its margins.

Lateral extrusion of the Eastern Alps started in the Late Oli-

gocene and accumulated in Early and Middle Miocene times 

(e.g., Decker et al., 1994; Frisch et al., 2000a). In the northern 

sectors of the Eastern Alps, numerous mostly orogen-parallel 

sinistral strike-slip fault-systems were the consequence of in-

dentation and lateral tectonic extrusion (Ratschbacher et al., 

1989, 1991; Peresson and Decker, 1997a, b; Frisch et al., 1998, 

2000; Wang and Neubauer, 1998; Sachsenhofer, 2001; Wag-

reich and Strauss, 2005) (Fig. 1A). Intense Neogene strike-

slip tectonics was responsible not only for the eastward extru-

sion of the Austroalpine upper crust but also for the develop-

ment of west-east trending fault-controlled valleys (e.g. Paleo-

Enns and Paleo-Mur-Mürz) (Dunkl et al., 2005) and fault-con-

trolled basins (e.g. Wagrain, Stoderalm, Hieflau). Investiga-

tions in the westernmost Wagrain sedimentary basin between 

Altenmarkt and Wagrain demonstrate that the development of 

the basin is concurrent with the formation of the Salzach-Enns 

and Mandling faults in Early Miocene times (Wang and Neu-

bauer, 1998; Neubauer, 2007). The Salzach-Enns strike-slip 

fault as a segment of the SEMP fault trends ENE (Wang and 

Neubauer, 1998; Ratschbacher et al., 1991) and is supposed 

to run along the Enns Valley in the study area. The Enns River 

separates the crystalline basement, particularly the Ennstal 

Phyllite unit of the Niedere Tauern in the south from the Gray-

___________________________________

The fault zone separating the Northern Calcareous Alps 

with predominant Dachstein Limestone, Wetterstein Dolo-

mite and Gosau Group Conglomerate from this Miocene 

clastic succession exposed along the northern slope of 

the Enns Valley. The goal of the paleostress analysis is to 

achieve results on kinematics and the dynamics of super-

imposed tectonic processes also affecting the North Enns 

Valley basin fill.___________________________________

Figure 2: Geological overview map of the study area (modified after Reitner et al., 2006)._____________________________________________
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Figure 3: Geological maps of distinct sectors of 

the Enns Valley comprising the major exposures of 

Miocene sedimentary units and dip angles of bedding 

planes. A – Gröbming Winkl/Weyern area. B – Ober-

lengdorf–St. Martin area. C  – Wörschach area; out-

crops labelled in Roman numerals indicate sites of 

lithostratigraphy. D – Principal dips of bedding planes.

wacke zone and the Northern Cal-

careous Alps with the Dachstein pla-

teau in the north (Fig. 1B). In addi-

tion, the ENE-trending dextral Mand-

ling fault transects the Graywacke 

zone in the west, and the Mandling 

Wedge (Hirschberg, 1965), a unit 

derived from the Northern Calcare-

ous Alps, is exposed between the 

Mandling and SEMP faults.

Sandstone and conglomerates – 

known as the Augenstein Formation 

– were deposited on a peneplana-

tion surface, which was uplifted later 

and forms the present-day plateau 

of the eastern Northern Calcareous 

Alps (Frisch et al., 2001). The clas-

tic material originated from low-grade 

metamorphic areas (Hejl, 1997); the 

absence of higher-grade metamor-

phic, crystalline material of the Au-

genstein Formation leads to the as-

sumption that Paleozoic successions 

covered the Austroalpine crystalline 

basement (Frisch et al., 2001). Rem-

nants of the above named Miocene 

basins along the axis of the longitudi-

nal Enns Valley testify the existence 

of a pre-Pleistocene depression.

Previous concepts on age-dating 

of the Miocene Enns Valley basin 

fill included the comparison with the 

Augenstein Formation.

a) Supposed Oligocene to Miocene 

clastic rocks, the so-called Augen-

stein Formation, have been found 

on the Dachstein plateau (Frisch et 

al., 2001 and references therein). 

Although no fossils are known, the 

age of the Augenstein Formation is 

discussed by the overall geologic 

situation as Early Oligocene to ear-

liest Miocene (Frisch et al., 2001). 

The Augenstein Formation consists 

of sandstones and conglomerates 

rich in polycrystalline vein-derived 

quartz, typical lithologies for the low-

grade metamorphic Variscan Paleo-

zoic succession. The authors exclude 

the Middle Austro-Alpine crystalline 

basement as a possible source ter-

rain for the basal Augenstein sedi-

ments, as no gneiss, amphibolite and 

coarse-grained marbles have been 

found. The late Early Miocene period

_______

___

___________
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(~ 20 Ma) is the uppermost limit for the age of the Augenstein 

Formation, when fault-bounded depressions formed south of 

the NCA, thus cutting off the sediment supply from the south.

b) Following Tollmann and Kristin-Tollmann (1963) the depo-

sition of the Augenstein Formation was contemporaneous with 

the Enns Valley Miocene. Their approach is based upon plant 

fossils, although their stratigraphic significance is uncertain (e. 

g. Steininger et al., 1989). More recent data of Miocene Valley 

remnants at Hieflau compared to the Miocene of the Stoder-

alm and the Augenstein Formation (Wagreich et al., 1997) ex-

clude an Oligocene age and assume a Lower Miocene age 

(Ottnangian/Karpatian).

c) Another approach to date the Enns Valley Miocene is based 

upon coal rank (Sachsenhofer, 1988, 2001). The comparison of 

coal rank between the uplifted Miocene of Stoderalm and the 

lower located Miocene near Wörschach leads to the conclu-

sion that coalification had terminated before the main uplift 

stage of the NCA. The coalification process, at least in the 

coal basin near Stoderalm (~ 1700 m a.s.l.), ended in Aquita-

nian times (~ 20 Ma).

In the following, we describe major tectono-stratigraphic units 

bordering the Upper Enns Valley from south to north (Fig. 1B). 

The Schladming and Bösenstein crystalline basement com-

plexes and the Wölz Micaschist complex (parts of Niedere 

Tauern) are exposed on the southern side of the Enns Valley. 

The former consist of a polymetamorphic, Variscan and Alpi-

dic basement with medium- to low-grade para- and orthome-

tamorphic rocks (Mandl and Matura, 1987; Hejl, 1997, 1998). 

The most frequently occurring rocks in the Schladming and 

Bösenstein basement complex are para- and orthogneiss, mig-

matite-gneiss, quartz-phyllite, sericite-quartzite, greenschist, 

and amphibolite. A peculiar unit is the Hochgrößen massif, a 

serpentinite body, belonging to the Speik complex, a base-

ment ophiolite (Faryad and Hoinkes, 2001). It represents the 

only serpentinite body in the catchment of the present-day 

Enns Valley. The Wölz Micaschist complex mainly comprises

_______________________________

________________________________

3. Stratigraphic units

garnet micaschists and some marbles, the latter sometimes 

associated with Variscan pegmatites (Neubauer, 1988 and re-

ferences therein). The westernmost part, exposed below the 

Schladming massif, belongs to the Lower Austroalpine units 

with the Permian to Triassic Alpine Verrucano-type Quartz-

phyllite Group and the Lower Triassic Lantschfeld Quartzite 

at its stratigraphic base (Mandl and Matura, 1987).

North of the Enns Valley, the Graywacke zone comprises 

phyllites rich in quartz veins, greenschists, gray metasand-

stones, and rare calcite and dolomite marbles. South of Lie-

zen (Fig. 2), the Graywacke zone turns ESE, and, in this part, 

also comprises Carboniferous phyllites, marbles, and conglo-

merates, as well as some Lower Paleozoic calcite marbles.

In the west, the Graywacke zone is unconformably overlain 

by the Permian to Upper Jurassic succession of the Dachstein 

block, which is part of the Northern Calcareous Alps (NCA), 

(Fig. 1B). The succession includes Permian to Lower Triassic 

siliciclastic formations (Alpine Verrucano and Werfen Forma-

tions). A thick Middle to Upper Triassic dolomite and limestone 

sequence including the Upper Triassic Dachstein Limestone, 

forms impressive steep slopes. Jurassic formations are rare. 

The Triassic sediments accompany the Enns Valley to the east, 

there also comprising overlying Jurassic and even Lower Cre-

taceous sedimentary units, which are unconformably covered 

by clastic Gosau Group sediments of Late Cretaceous and 

rarely Paleogene age.

Basic materials are the topographic maps ÖK 25V, sheet 127 

Schladming, sheet 128, Gröbming, sheet 98, Liezen; Geologi-

sche Karte Steiermark, 1:200 000, Geologische Karte Ober-

österreich, 1:200 000 and digital elevation models (DEM). Field-

work focused on the remnants of the Miocene Enns Valley 

basin, and comprised geomorphologic and sedimentologic 

investigations in regard to correlation with structural data. A 

provenance analysis of conglomerates and sandstones has 

been carried out in detail. Slickenside and striation data was 

collected along adjacent NCA limestone and dolomite outcrops.

_________

__

________________________________

4. Materials and methods

Figure 4: Photographs of principal lithofacies units of Miocene sedimentary units: A – Conglomerate with coaly siltstone at the base. B – Typical 

clasts in the Enns Valley Miocene._____________________________________________________________________________________________
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and SSW (Fig. 3D), so the structure is simple and can be in-

terpreted to result from folding. Upright lithostratigraphic sec-

tions can be observed in the three investigated areas.

The Miocene Enns Valley basin fragments extend over a 

horizontal distance of about 1.5 km and reach up to 1165 m 

a.s.l. Short previous descriptions can be found in Petrascheck 

(1926, 1929) and Cornelius (1945). The accessibility is limi-

ted, outcrop conditions are poor and the fragments are highly 

affected by erosion. Conglomerates dominate the exposures. 

The few measured bedding planes show two dip directions, 

NNW and SSW with steep dip angles. Together, they indicate 

a moderately west-dipping fold.

The relief covered by the Miocene Enns Valley basin fill (most-

ly sandstones and conglomerates) displays a rather flat topo-

graphy and altitudes decline from W to E (882 m – 810 m – 

687 m a.s.l.). Conglomerates dominate the succession. Their 

bedding planes dip at an angle < 60° to the SSW. The ca. 0.5 

m thick coal seams described by Petrascheck (1926, 1929) 

have not been found. The easternmost point near the rivulet

______

________________________

_________________________

5.1.1 Gröbming–Winkl–Weyern area (Fig. 3A)

5.1.2 Oberlengdorf–St. Martin am Grim-

ming area (Fig. 3B)

Figure 6: Result of the provenance analysis of Miocene conglo-

merates from the Enns Valley basin fill. GWZ – Graywacke zone; NCA 

– Northern Calcareous Alps.__________________________________

Paleostress orientation patterns of faults and slickensides were 

evaluated by using the TectonicsFP computer programme (Ort-

ner et al., 2002) based on numerical dynamic analysis (NDA) 

techniques, plot Lambda 1, 2, 3 (Angelier, 1979, 1989, 1994) 

and the P-T-axes method. The raw data in part contains fault-

slip sets with incompatible slip-sense; the TectonicsFP com-

puter programme was used to sort the data and to calculate 

paleostress tensors (Ortner et al., 2002). For separation to 

paleostress tensors, only results from outcrops are reported 

where the number of measurements counts four or more. For 

details of field work and paleostress analysis, see Tables 1, 2 

in the Appendix.

The longitudinal valley of the Enns River comprises long-

known occurrences of lithified Miocene clastic rocks, mostly 

conglomerate and sandstone (e.g. Winkler-Hermaden, 1951; 

Tollmann and Kristin-Tollmann, 1963; Weber and Weiss, 1983; 

Sachsenhofer, 1988, 2001), partly at altitudes of 1650 – 1750 

meters, partly in the area and elevation of the northern sec-

tors of the valley-floor. These occurrences include, from west 

to east, the Miocene of Wagrain and near Radstadt, the Mio-

cene of the Stoderalm, and various Miocene remnants between 

Gröbming –St. Martin and Wörschach and the Miocene of Hief-

lau (for locations see Fig. 1B). We combine all these remnants 

to the Miocene Enns Valley basin.

A simplified geological map depicts the distribution of the 

Miocene Enns Valley basin and basement surroundings as 

well as geomorphologic features like recent alluvial fans, peat 

and marshy grounds and Pleistocene deposits (e.g. Mitterberg) 

(Fig. 2). Along three sections of the Miocene Enns Valley basin 

comprehensive investigations have been undertaken. Disad-

vantages are the limited and vegetated exposures, which com-

plicate lithofacies and structural studies. Figure 3 gives de-

tailed overviews of the investigated realms. In general, the 

bedding planes show two principal dip directions, e.g. NNW

_____________________________________

______________________

5. Miocene Enns Valley Basin

5.1 Lithofacies sections of the Enns Val-

ley Miocene

Figure 5: Lithostratigraphic sections of Miocene sedimentary units (sites I and II are shown in Fig. 3C, III in Fig. 3B)._______________________

The Miocene Enns Valley basin (Austria) and the North Enns Valley fault
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Figure 7: Photomicrographs of clasts in sandstones of the Miocene Enns Valley basin. a – Sandstone, very rich in lithic sedimentary components 

(Ls). b – Sutured grain boundaries (see arrows) due to pressure solution. c – Inclusion-poor garnet (Gt) and marble clasts. d – Serpentinite clast com-

posed of antigorite and fine-grained opaque mineral grains. e – Marble clast with deformed and partly annealed dolomite showing subgrains. f – Pheno-

crystic quartz likely of volcanic origin, with embayment due to partial resorption. Long edge of a, c, d, e corresponds to 4 mm, b, and f to 1 mm; a, b, 

e, f: crossed polarizers, c, d: parallel polarizers.___________________________________________________________________________________

Salza comprises Pleistocene conglomerates.

The Miocene fragments of the Wörschach area are relatively 

_____________

5.1.3 Wörschach area (Fig. 3C)

well exposed. Short previous descriptions can be found in 

Stur (1853), Häusler (1943), Winkler-Hermaden (1928) and 

Petrascheck (1926, 1929). The flora originally described by 

Stur (1853) is unspecific and does not allow a detailed age
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assignment. Winkler-Hermaden (1951) describes a ca. ENE-

trending anticline with a gently NNW-dipping northern limb 

and a subvertical southern limb. At the westernmost part of 

Wörschach along a new forest road a series of outcrops are 

accessible, the most impressive one (point I in Figure 3C) is 

hidden in a trench. Here, we were able to measure various 

sections (Fig. 5). The sections are dominated by grain-sup-

ported conglomerates with well rounded clasts in a sandy ma-

trix. The average grain size of conglomerates varies between 

1 and 4 cm, the maximum grain size is ca. 9 – 10 cm. Coarse-

ning upward cycles can be observed (see and compare also 

Wagreich et al., 1997). Thin coal and sandstone lenses are 

intercalated within conglomerates. Ca. 60 cm thick coaly silt-

stone layers are also intercalated within conglomerates (Fig. 

4A). Measured sandstone layers are 1.5 – 2 m thick and com-

prise a carbonatic matrix. The bedding planes dip moderately 

towards NW and NNW.

Three lithostratigraphic sections of Miocene sedimentary units 

form the basis for provenance analyses (Fig. 5; locations in 

Figures 3B, C). The Miocene Enns Valley basin fill consists 

of fine- to middle-grained conglomerates and variable sand-

stones, some of which are rich in mica.

Typical components are vein-derived quartz pebbles, lydite, 

orthogneiss, variable quartzites, amphibolite, serpentinite, 

marly/carbonatic phyllite, purple-red sandstone and siltstone 

of Werfen Formation (Lower Triassic) and subordinate marble 

and carbonates (Fig. 4B). The pebbles are well rounded and 

mostly have diameters of up to two centimeters, but pebbles 

of 8–10 cm diameter also occur. The most striking facts are 

the dark coaly layers in outcrop I (Fig. 3C) and similar dark 

coal lenses in outcrop II farther north. Detailed results of the 

provenance analysis are given in Figure 6 and Table 1. Quartz 

pebbles are the predominating components in the Miocene se-

diments (30%), typical for Variscan Paleozoic terrains. Alpine 

Verrucano (variable quartzites, green sericite schist/phyllite; 

20%), lydites and clasts derived from the Graywacke zone 

(20%) we correlate with lithologies of post-Variscan sequences 

of the NCA base. 14% of clasts originate from the Schlad-

ming/Bösenstein massif, the low proportion of pebbles from 

the Wölz Micaschist complex is compensated by a high pro-

portion in sandstones. Only three percent of clasts originate 

from the base of the NCA.

The Miocene Enns Valley basin comprises 12% variably co-

lored sandstones (Fig. 6). To establish the source region we 

examined sandstones from different levels of the Miocene 

succession of Wörschach, from sections shown in Figure 4. 

The main aim was to distinguish various sources including 

the Schladming-Bösenstein gneiss unit, the Wölz Micaschist

_______________________________

_______________________________

__________________

____________________________

5.2 Lithology of the Miocene Enns Val-

ley basin fill

5.2.1 Conglomerate

5.2.2 Sandstones

unit, the rare Speik complex exposed at Hochgrößen repre-

senting the only exposure of ophiolite in the catchment of the 

Enns Valley, Ennstal Quartzphyllite, the Graywacke zone, and 

the Northern Calcareous Alps.

Some significant types of grains and of sandstone fabrics 

are shown in Figure 7. Some samples contain grains with a 

coating of opaque minerals. The grain sizes vary between 0.06 

and 2 mm. The main constituents of the framework fraction 

>0.06 mm include mainly monocrystalline quartz, subordinate 

polycrystalline quartz, alkali feldspar, plagioclase, white mica, 

biotite, chlorite, various carbonates, a wide variety of lithic 

clasts, then heavy minerals like abundant garnet, rare sphene, 

rutile, apatite, zircon, tourmaline and opaque minerals (see 

also Wagreich et al., 1997). In all samples, the contents of li-

thic sedimentary and meta-sedimentary grains are high, rea-

_________________________

Figure 8: A – View along the northern margin of the Enns Valley 

toward the W, approximate trace of the North Enns Valley fault is shown. 

B – A series of faults bordering the Miocene Enns Valley basin at Gröb-

ming Winkl–Weyern; view towards west. C – Quarry at Gröbming/Winkl, 

upper side Dachstein Limestone, bottom Wetterstein Dolomite.______

The Miocene Enns Valley basin (Austria) and the North Enns Valley fault
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Figure 9: Simplified structural profiles showing the location of the Enns Valley Miocene near the lower Enns Valley and the North Enns Valley 

fault. GWZ – Graywacke zone.________________________________________________________________________________________________

ching up to ca. 40 percent of the framework constituents (Fig. 

7a). In many sandstone samples, clasts and matrix are de-

formed. Pressure solution at quartz-quartz grain contacts is 

common, and some quartz grains developed a serrated grain 

boundary (Fig. 7b). This feature was unexpected.

The specific features of some minerals provide detailed evi-

dence for a specific source. Broken garnet grains occur in a 

size of up to 1.5 mm (Fig. 7c); some are free of any inclusions 

whereas others include abundant quartz inclusions. In one 

case, a chloritoid grain was observed. Garnet is a common 

mineral in the Wölz Micaschist unit. White mica and biotite 

occur in relatively large grains of up to 0.5 mm typical for mi-

caschist. Biotite grains are mostly brownish, and many include 

ilmenite exsolutions. In other cases, biotite grains are nearly 

entirely transformed into chlorite with crystallographically ori-

ented sagenite (rutile) exsolutions. Polycrystalline quartz grains 

occur in two basic types. Small, often strongly elongated quartz 

grains with serrated grain boundaries are typical for low-grade 

metamorphic quartz mylonites. Other polycrystalline quartz 

grains are very fine-grained and are nearly not recrystallized. 

Slate, metasiltstone and phyllite clasts are very common and 

many of them are slightly graphitic or dark-colored due to a 

mixture of finest opaque mineral grains. Some phyllite clasts 

show a well preserved crenulation cleavage. Clasts of quartz 

micaschists are retrogressed as biotite is partly altered to chlo-

rite. In two samples, serpentinite clasts were found comprising 

antigorite and ore minerals (Fig. 7d). A low proportion of well 

rounded carbonate clasts, calcite and dolomite marble, occurs 

in a few samples (Fig. 7e). Roundness often contrasts other 

clasts (Fig. 7d). Carbonate grains occur as monocrystalline 

untwinned calcite and dolomite clasts, as well as recrystalli-

__________

zed sparitic calcite marble, and rarely as slightly recrystallized 

micritic limestone. A few metavolcanic and unmetamorphic

acidic volcanic clasts were observed. Such minerals include 

often broken, but still recognizable euhedral monocrystalline 

quartz with embayments similar to volcanic phenocrysts, which 

indicate acidic volcanics (Fig. 7f). Metavolcanic clasts are 

greenschists with chlorite, plagioclase and leucoxene/sphene 

as main minerals.

The matrix of sandstones comprises low proportions of epi-

matrix of phyllosilicates derived from slate squeezed between 

rigid quartz clasts, and some sandstone samples are partly 

cemented by calcite. The matrix and cement proportion is low 

(less than 10 percent). In summary, sandstones are, there-

fore, generally relatively poorly sorted lithic arenites.

We also examined a few siltstone samples, which often con-

tain a low proportion of fine clasts of the sand fraction. These 

samples are particularly rich in mica, and the proportion of 

mostly brownish biotite is high.

In the westernmost sectors of the ca. ENE-trending Upper 

Enns Valley, the Mandling fault merges with the SEMP fault 

(Wang and Neubauer, 1998; see also Reitner et al., 2006), and

the Miocene Wagrain basin is exposed to the north of both 

faults (Fig. 1A, B). In the north, the Mandling fault confines 

the Mandling Wedge (Fig. 1B). The Mandling Wedge compri-

ses rare lenses of Lower Triassic Werfen Quartzite cut at the 

base by faults, mainly Middle Triassic Gutenstein Dolomite 

and Upper Triassic Dachstein Limestone (Hirschberg, 1965; 

Matura, 1987). Neubauer (2007) assumes a ca. 20 km dextral 

offset as the Mandling Wedge could represent a strike-slip du-

___________________________________

_______

________________________

6. North Enns Valley fault
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plex of the Northern Calcareous Alps displaced from the eas-

tern Dachstein plateau. This also implies a vertical throw of 

ca. 1 to 1.2 km. New geological maps of the scale 1:200 000 

(Braunstingl et al., 2005; Braunstingl and Hejl, 2009; Reitner 

et al., 2006) already show that the Mandling fault could extend 

to the east, where it forms, as we defined above, the North 

Enns Valley fault (Fig. 8A). Several sections (Fig. 9) show 

these relationships. In some cases, like on the southern slope 

of the Stoderzinken (Fig. 8B), the NEV fault juxtaposes the 

Miocene Enns Valley basin fill to steep walls of the southern-

most NCA. The southernmost sectors of NCA are transected 

by many steep faults confining shear lenses with relatively 

well preserved Middle and Upper Triassic carbonates (Fig. 8C).

Three profiles across the Miocene Enns and its boundary

7. Structure of the Miocene Enns Valley 

Basin

units (Fig. 9, locations in Fig. 1B) present a unique situation. 

The previously described anticline of the Wörschach area has 

not been found due to the relatively poor exposure. However, 

the NNW dip indicates a post-depositional northwestern tilting 

of strata towards the NEV fault.

The Ennstal Valley basin follows a succession of limestone 

and dolomite from N to S, and is generally bordered by a steep 

to subvertical normal fault in the north (Fig. 9). This major fault 

suggests, therefore, Neogene activity, apart from the SEMP, 

postdating deposition of the Enns Valley basin fill as nearly no 

NCA clasts occur within the basin fill.

Detailed fault-slip data and paleostress assessment from the 

SEMP fault were mainly published from the segment north of 

the Tauern window (Wang and Neubauer, 1998; Frost et al., 

2011), Schladming area (Keil and Neubauer, 2011) and from

________________________

____________________

7.1 Paleostress in the basement

Figure 10: Examples of fault sets and striae data and their 

computed paleostress directions from Miocene rocks and adjacent 

basement units. Plots are Schmidt lower-hemisphere nets._______

The Miocene Enns Valley basin (Austria) and the North Enns Valley fault
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Figure 11: Distribution of seismic events in the extended study area (M = magnitude, MF = Mandling fault; from Rieder, pers. comm., 2005 and 

Meurers, pers. comm., 2010)._________________________________________________________________________________________________

easternmost sectors of the Northern Calcareous Alps (Nemes 

et al., 1995). Further details are available for the Northern 

Calcareous Alps (Linzer et al., 1997; Peresson and Decker, 

1997a, b; Wagreich et al., 1997). From the study area north 

of the Enns Valley, no data was published so far. Here, we 

present data collected from the Miocene sediments as well as 

from adjacent NCA units. A list of stations together with geogra-

phic coordinates and lithologic descriptions is given in Table 2.

To build up a paleostress stratigraphy we follow the analysis 

of Peresson (1992), Peresson and Decker (1997a, b) and Lin-

zer et al. (1997) from the adjacent Northern Calcareous Alps 

and that of Wang and Neubauer (1998) from the SEMP fault 

adjacent in the west. The results of paleostress analysis are

displayed in Figure 10.

Fault plane analyses enable the establishment of a relative 

chronology of four deformational phases. Hereby, we largely 

followed the subdivisions and age assignments set up by 

Peresson and Decker (1997a, b) as insufficient evidence for 

timing was found in the working area itself._______________

7.2 Recent seismicity

The far-field stress field by indentation of the Adria/Southal-

pine indenter is considered to control already described local 

paleostress orientations of the Austroalpine and Penninic units 

of the Eastern Alps along western (e.g. Wang and Neubauer, 

1998; Frost et al., 2011) and easternmost sectors of the Salz-

ach-Enns-Puchberg-Mariazell fault (Nemes et al., 1995). Fur-

ther details are available for the Northern Calcareous Alps (Lin-

zer et al., 1997; Peresson and Decker, 1997a, b), and only li-

mited data is available for active tectonic structures (see be-

low). Previous assessments on seismicity were conducted by

Reinecker and Lenhardt (1999) and Keil and Neubauer (2011). 

However, none of these studies put possible relationships of 

seismicity to the Mandling and NEV faults.

Present-day seismic activity is low along the SEMP south of 

the valley (Reinecker, 2000) and high further north of it (see 

below) (Fig. 11). A whole row of recent earthquakes reaching 

magnitudes of >4 occur in line with the Mandling fault and its 

extension in the North Enns Valley fault (Fig. 11). In the study 

area, seismic activities have been recorded though at low mag-

nitudes. Within the polygon grid Ennstal (47.30 – 13.20; 47.30 – 

14.20; 47.60 – 14.20; 47.60 – 13.20) 137 seismic events have 

been recorded since 1897 (Rieder, pers. comm. 2005; Meurers, 

pers. comm. 2010); local magnitudes are between 0.7 and 4.1 

(Fig. 11); hypocenters are located at a depth between 6 and 

8 km (Lenhardt et al., 2007). Interestingly, many major events 

are located at or close to the Mandling and NEV faults. Con-

_______________

Group A defines an N–S compressional regime (early Mid-

dle Miocene), dextral NNW-trending strike-slip- and thrust 

faults dominate. In one case, we found NW–SE strike-slip 

compression.

Group B comprises NE−SW strike-slip compression (Mid-

dle Miocene), NE-trending strike-slip faults dominate.

Group C comprises NW to N trending sinistral strike-slip 

faults and steep NE-trending dextral strike-slip faults. Toge-

ther these faults indicate ca. E−W compression (Late Mio-

cene/Early Pliocene according to Peresson and Decker, 

1997a, b).

____

_______________________________________

Group D defines NNE−SSW (NE−SW) extension (Late to 

post-Miocene) by variably oriented normal faults.________
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sequently, these seismic events indicate recent activity along 

the North Enns Valley fault.

It appears that the Miocene Enns Valley basin is still being 

under-investigated, as is demonstrated by our recent findings 

on field geology and structures. In the following, we discuss 

aspects of the evolution of the Miocene sedimentary units of 

Enns Valley basin fill. We first discuss basin-forming mecha-

nisms of the SEMP fault and basin destruction by the activity 

of the North Enns Valley fault. Then, we discuss the signifi-

cance of the faults, particularly of the North Enns Valley fault. 

Finally, we integrate all data in an overall new model of the 

Upper Enns Valley, which may serve as a model for similar 

orogen-parallel fault-controlled valleys in the Eastern Alps and

___________________________

8. Discussion and conclusion

Figure 12: Tectonic models for the evolution of the Miocene Enns Valley basin in three steps (A 

– C) in a sectional view. A – Early Miocene activation of the SEMP, creation of a pronounced topogra-

phy. B – Basin inversion by ca. N-S to NNW-SSE shortening (present-day coordinates). C – Formation 

of the North Enns Valley fault by E-W compression.________________________________________

trigger future, more detailed studies 

on other faults.

The clasts in conglomerates and 

sandstones of the Miocene Enns Val-

ley basin allow detailed insights into 

possible sources. First, nearly no un-

metamorphic carbonates (limestone, 

dolomite) are preserved but exclu-

sively marbles. This fact excludes 

the Middle Triassic to Cretaceous 

carbonates of the Northern Calcare-

ous Alps as a significant source of 

the Miocene Enns Valley basin suc-

cession and argues for an exclusive 

source in the south of the present-

day Enns Valley. Large white mica 

and brownish, Ti-rich biotite flakes, 

and garnet in sandstones indicate 

the Wölz Micaschist unit as a major 

contributor. Large monocrystalline 

calcite and dolomite grains could 

derive from marble layers included 

in the Wölz Micaschist unit and or 

from the Graywacke zone. The ser-

pentinite clasts have a unique source, 

likely the Hochgrößen serpentinite 

body, the only serpentinite body in 

the catchment of the Enns Valley. 

Phyllite and the rare greenschist is 

representative for both the Ennstal 

Quartzphyllite and the Noric unit of 

the Graywacke zone. Calcitic mar-

bles, slate and metasiltstones could 

derive from the Noric unit of the Gray-

wacke zone. Graphitic admixtures are 

particularly abundant in the Veitsch 

nappe, which is a substantial part 

of the Graywacke zone. All these

_________________

8.1 Provenance

sources are exposed to the south of the present-day location 

of the Miocene Enns Valley basin.

Finally, the acidic volcanic clasts including quartz pheno-

crysts and acidic microcrystalline matrix point to a stage of 

acidic tuffs often found in the Styrian basin but also in the Wa-

grain basin along the SEMP fault (own unpublished observa-

tion). The components of the conglomerate are in part diffe-

rent from the Augenstein Formation as reported by Frisch et 

al. (2001) as they comprise orthogneiss, amphibolite, serpen-

tinite, and marbles, although the vein quartz-dominated inven-

tory of the Augenstein Formation is more mature indicating a 

longer transport and a higher compositional maturity than the 

composition of the Miocene Enns Valley basin conglomerates. 

A similar trend with immature conglomerates at the base and 

quartz conglomerates in upper portions of the section has been 

______________________
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found in the Wagrain basin fill (own unpublished observations).

Our new observations indicate a fluvial-lacustrine depositio-

nal environment, which is dominated by conglomerates and 

remnants of shallow lakes, where mica-rich siltstones were 

accumulated. Similar fillings of nearby intramontane basins 

have been described in Strauss et al. (2001) and Wagreich 

and Strauss (2005). The conglomerates lack in detritus from 

the NCA, their coarsening upward cycle suggests a succes-

sion of progradation of alluvial fans and fan-deltas. According 

to Wagreich et al. (1997) the clastic sediments with coal len-

ses indicate a raise of the groundwater level related to an 

Early Miocene transgression.

The exact age of the Miocene Enns Valley fill is uncertain. 

The Augenstein Formation was interpreted to have been de-

posited in Late Oligocene to Early Miocene times (Frisch et al., 

2001) and needed a source to the south of the SEMP fault. 

Beside discussed arguments, we note that red paleosoils at 

the stratigraphic base are known in one Augenstein section 

(Stoderzinken: Kuhlemann et al., 2008) and at the base of the 

Miocene Ennstal basin fill (Hieflau: Wagreich et al., 1997; Wa-

grain: Neubauer, 2007). These paleosoils are typical for a sub-

tropical climate and could be used tentatively as a correlative 

stratigraphic horizon suggesting a similar age for both the Au-

genstein Formation and the Miocene Enns Valley basin fill. We 

interpret, consequently, both formations as largely contempor-

aneous. We explain the more immature composition of the 

Ennstal basin fill as result of a more local source, which deve-

loped finally to mature quartz conglomerates (Wagrain basin).

The activation of the SEMP led to a reorientation of the ra-

dial drainage pattern to orogen-parallel drainage and stopped 

the material supply from the Austroalpine basement in Early/ 

Middle Miocene times. Uprising Alps and the activation of a 

new fault system – the North Enns Valley fault – separated 

the Miocene Enns Valley basin from the Augenstein Forma-

tion. Uplift likely occurred in pulses, interrupted by periods of 

tectonic dormancy. The Miocene Enns Valley basin north of 

the Enns River formed a coherent relief with southern realms. 

Sediment transport from the S/SE was stopped at the new 

fault system, which confines the Miocene deposits.

8.2 Basin forming mechanism

__________________________

_________

From a geomorphologic point of view, Pleistocene glaciation 

and deglaciation created deep incising rivers and trenches and 

disrupted the surface (Keil and Neubauer, 2009), thus forming 

the present-day isolated Miocene basin remnants.

In the following, we propose tectonic models for the Neogene 

evolution of the Enns Valley. The formation of the Miocene 

Enns Valley basin was likely associated with the activation of 

the SEMP fault, the formation of a relief within sinistral trans-

tensional conditions (Fig. 12A). The Enns Valley basin fills 

show deformation and folds with ca. W respectively WSW-

trending fold axes. These folds imply ca. N-S to SSE-NNW 

shortening and this is consistent with paleostress tensor A,

which must therefore be post-depositional to the Enns Valley 

basin fill (Fig. 12B). This event may also be responsible for 

the termination of sedimentation, which was likely associated 

with a decrease in relief. Similar folds due to N-S shortening 

were also reported in other Miocene basins in the Eastern 

Alps, e.g. Leoben, Waldheimat and Fohnsdorf (Petrascheck, 

1926, 1929; Neubauer et al., 2000; Sachsenhofer et al., 2000; 

Strauss et al., 2001; Neubauer and Unzog, 2003). The orien-

tation of slickensides and striae of the Miocene Enns Valley 

remnants and adjacent units record four different stress sta-

ges. Later, at ca. the Late Miocene/Pliocene boundary, the 

NEV fault was activated and dextral compressional slip oc-

curred along this fault. If this interpretation is correct, then a 

ca. 20 km dextral offset and ca. 1 – 1.2 km north block up 

displacement occurred along this fault mostly during the Late 

Miocene/Early Pliocene inversion as postulated by previous 

large-scale models of Peresson and Decker (1997a, b) (Fig. 

12C). Faults and slickensides of paleostress tensor group C 

support this interpretation.

Dextral displacement along the NEV and its extension into 

the Pyhrn fault could also explain the Weyer Arc, a specific 

feature within eastern Northern Calcareous Alps where the 

general E-W-strike bends into a N-S direction. The formation 

of the arcuate structure was initiated along a NE- trending 

dextral strike-slip fault, and is transected by the Weyer fault 

(Linzer et al., 2002).The western region of the Weyer Arc is 

dominated by N-trending normal faults (Decker et al., 1994). 

The arcuate structure could be explained by partly accommo-

dating dextral displacement at the eastern termination of the 

NEV fault by counter-clockwise rotation (Fig. 13).

In general, the deformation of the Miocene Enns Valley rem-

nants and the adjacent units of the northern Eastern Alps are 

characterized by northward thrusting, folding and strike-slip 

faults due to overall N–S shortening and its overprint by E–W 

shortening. This underlines the assumption that the North Enns 

Valley fault is an extension of the Mandling fault, and that it 

represents a younger system than the SEMP fault.

The manuscript benefited substantially from the detailed and 

constructive reviews by Michael Wagreich, Kurt Stüwe and 

_________

____________________________

__________

_________

8.3 Structural evolution
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APPENDIX

Table 1

A list of stations is given in Table 2. In many outcrops, super-

imposed sets of slickensides and striations indicate a poly-

phase reactivation of these faults. However, some uncertain-

ties of relative chronology remain. The determination of the 

succession of faulting and of displacement followed criteria 

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

leostress 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).

Two numerical methods for calculating paleostress tensors 

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

Spang 1974) 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 striae, 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). The quality of the calculation is 

checked in the normalized Mohr circle plot for three dimen-

sional stresses. The age of each measured rock together with 

the principal orientation for each phase of deformation is given 

in Table 2.

Table 1: Details of provenance analysis of conglomerates of the 

Miocene Enns Valley basin fill in percentage.____________________

Table 2: Structural analyses - description of sites; diagrams refer 

to Figure 10.______________________________________________
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