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Abstract The Neogene (ca. Ottnangian to Lower Bade-

nian) Wagrain basin formed within a halfgraben, close to

the north-eastern edge of the exhuming and uplifting

Neogene Tauern metamorphic core complex, along the

ENE-trending, ca. orogen-parallel sinistral-transtensional

Salzach-Enns and Mandling fault systems of the Eastern

Alps. Based on a pronounced colour change from thin basal

reddish, hematite-rich conglomerates to grey-brownish

clastics, the basin infill records a climate change from a

subtropical to a humid temperate climate. The change is

used as a proxy for the dating of the basin as a similar

regional climate shift has been reported, e.g., from other

fault-bounded basins in the Eastern Alps and from the base

Styrian basin predating there Ottnangian coal-bearing

deposits. The lithofacies evolution of the Wagrain basin fill

shows initial rapid subsidence and infilling by fluvial,

massive, coarse-grained conglomerates and subsequent

mica-rich immature sandstones deposited in a prodelta

environment of a lake. The conglomerates were mainly

shed from a polymetamorphic, medium-grade metamor-

phic basement similar to the Austroalpine Altkristallin

basement complex, which is not exposed in the present

surroundings of the basin. Provenance studies particularly

suggest the Schladming/Bösenstein and Wölz Micaschist

complexes as possible sources. The sandstones are extre-

mely rich in mica, similar to ones found in many late-stage

orogenic sandstones of other orogens, and garnet.

Provenance analysis contrasts recent models for the Neo-

gene evolution of the Eastern Alps, which assume a phyl-

litic source for similar conglomerates exposed further north

and northeast. Fault and striae of the Wagrain basin fill

allow deduce two post-depositional palaeostress tensor

orientations: WNW-ESE extension and ca. E-W contrac-

tion. This data is consistent with palaeostress development

along the Salzach-Enns fault, which also confines the

Tauern metamorphic core complex, and shows an evolu-

tion from sinistral transtensional to sinistral transpressional

to post-depositional dextral transpression.

Keywords Orogenic collapse � Provenance analysis �
Halfgraben � Transtension � Ar–Ar dating � Sandstone
composition

1 Introduction

Many models have been developed to explain the forma-

tion of intramontane, often small-scaled terrestrial sedi-

mentary basins during late orogenic stages within mountain

belts (Seguret et al. 1989). A general feature is the linkage

with major regional, often orogeny-parallel strike-slip

faults (e.g., Sylvester 1988; Ratschbacher et al. 1989, 1991;

Allen and Allen 1990; Einsele 1992; Leeder 1999; Cun-

ningham and Mann 2007). These basins form during sur-

face uplift and also due to (?) updoming and exhumation of

previously deeply buried metamorphic core complexes in

central zones of the orogen. The basin fill monitors,

therefore, the increasing relief and its erosion.

In this respect, the Neogene fault pattern of the Eastern

Alps is of special interest because of its interpretation as a

set of conjugate strike-slip faults (Buchroithner 1984),

which led to the extrusion/escape of an intra-orogenic
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block from the Eastern Alps towards the Carpathians

(Fig. 1; Neubauer 1988; Ratschbacher et al. 1989, 1991;

Neubauer and Genser 1990; Peresson and Decker 1997a, b;

Frisch et al. 1998). These fault systems include the sinistral

Salzach-Enns and Mur-Mürz fault systems in the northern

part and the dextral Periadriatic fault system in the south

(Fig. 1). Many small Neogene basins have been explained

as pull-apart and transcurrent basins owing to basin

geometry and relationships to major fault zones related to

the sinistral Salzach-Enns and Mur-Mürz fault systems

(Nievoll 1985; Royden 1985; Tollmann 1985; Neubauer

1988; Ratschbacher et al. 1991; Zeilinger et al. 1999; Eder

and Neubauer 2000; Neubauer et al. 2000; Sachsenhofer

et al. 2000; Strauss et al., 2001; Neubauer and Unzog

2003). Among these, the large Vienna basin is interpreted

to represent a large pull-apart basin (Royden 1985; Wes-

sely 1988; Fodor 1995). In contrast, the contemporaneously

formed Styrian and the easterly adjacent Pannonian basins

are explained to result from E–W extension (e.g. Royden

1988; Bergerat 1989; Ratschbacher et al. 1989, 1991;

Neubauer and Genser 1990; Friebe 1991; Sachsenhofer

et al. 1997; Fodor et al. 1999) and represents, therefore, a

collapse basin on top of the collapsing Alpine orogenic

wedge. The Waldheimat basin (Fig. 1) is interpreted to

have formed by ca. N–S transtension during east-directed

lateral extrusion (Neubauer and Unzog 2003).

During recent years, a lot of original, new data on and

models the Oligocene to Neogene near-surface and geo-

morphologic evolution of the Eastern Alps have been

presented (e.g., Frisch et al. 1998, 2000a; Kuhlemann et al.

2001a, b; Robl et al. 2008a, b). They found a significant

difference between the eastern part of the Eastern Alps

with sedimentation of the coarse clastics of the Augenstein

Formation with a supposed Oligocene/Early Neogene age

and the western part, where, except for the Inntal basin

(Fig. 1; Ortner and Stingl 2001), no Oligocene to Neogene

sedimentary basins were found. The overall partition line

was at ca. the meridian of the northeastern edge of the

Tauern window (Frisch et al. 2001). They assumed that the

present surface of western sectors of the Eastern Alps was

Fig. 1 Neogene fault pattern in the Eastern Alps (modified after

Neubauer et al. 2000). Note the ca. eastward motion of the Neogene

extruding wedge. The extrusion wedge is confined by the dextral

Periadriatic fault and the sinistral Salzach-Enns- (earlier) and Mur-

Mürz (later) wrench corridors. Note also the exhumed Tauern

metamorphic core complex (Tauern window in the figure)
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still deeply buried in Oligocene and Early Miocene times,

and that rocks were exhumed there no earlier than Early/

Middle Miocene (Frisch et al. 1998, 2000a). The Wagrain

basin is of special interest because its location close to the

Tauern metamorphic core complex, which was exhumed

and uplifted during the same time as the basin formed

(Sachsenhofer 1988; Neubauer et al. 1999; Liu et al. 2001;

Frisch et al. 2000b). The Salzach-Enns fault, confining both

the Tauern window and the Wagrain basin, is considered to

represent the master fault governing the basin subsidence

(e.g. Wang and Neubauer 1998).

Here, we present an integrated study covering structure,

sedimentology, provenance and fault orientations to con-

strain the evolution of the small, but well-exposed, fault-

bounded Wagrain basin (Petrascheck 1924, 1937; Trauth

1925; Weber and Weiss 1983; Exner 1996). It formed

along the dextral ENE-trending Mandling fault and close to

the northern, sinistral confining Salzach-Enns fault, which

also guided the exposure of the Tauern metamorphic core

complex. No modern study is available, which shows the

relationship of basin formation, sedimentological and

structural evolution and the linkage of basin formation with

exhumation of the Tauern metamorphic core complex

(Scharf et al. 2013 and references therein).

The Paratethys time-scale calibration and chronos-

tratigraphy used in this paper is that of Piller et al. (2007).

2 Geological setting

The Wagrain basin is an intramontane Neogene basin

located adjacent to low-grade metamorphic Lower

Palaeozoic basement rocks (Wagrain Phyllite; Schönlaub,

1979) of the Lower Austroalpine nappe complex of the

Radstadt Mountains close to the north-eastern edge of the

Tauern metamorphic core complex (Fig. 2). This basin is

one of a few isolated Neogene basins considered to be

located along the Salzach-Enns fault (e.g., Winkler 1928;

Tollmann 1985; Ratschbacher et al. 1991; Peresson and

Decker 1997a, b; Keil and Neubauer 2009; Figs. 1, 2). The

Salzach-Enns fault is a sinistral transtensive fault, along

which the southern block was exhumed (Genser and

Neubauer 1989; Ratschbacher et al. 1991; Wang and

Neubauer 1998; Frost et al. 2011).

The tectonic position of the Wagrain basin is more

complicated than previously considered and is described

here in N–S cross-section. As it is already obvious from

detailed mapping by Exner (1996), the easternmost portion

of the basin is exposed to the north of the Mandling wedge

(Hirschberg 1965). The Mandling wedge is a fault-bounded

block composed mainly of Middle and Upper Triassic

dolomitic cover rocks originating from the Northern Cal-

careous Alps (Upper Austroalpine nappe complex). The

Mandling wedge widens to the east and is exposed between

the Mandling fault/North Enns Valley fault (Keil and

Neubauer 2011) in the north and the Salzach-Enns fault in

the south (Fig. 2). At Wagrain, small lenses of a reddish

slate and metasandstone likely of Permian age may repre-

sent the western most outlier of the Mandling wedge

(Fig. 3 for location). The Wagrain basin is therefore not

strictly located along the Salzach-Enns fault itself, but to

the north of the merging Mandling and Salzach-Enns faults

(Figs. 2, 3). The Wagrain basin fill overlies Lower

Palaeozoic phyllites of the Grauwacken zone (Exner 1996

and references therein), which represents the basement of

the Upper Austroalpine nappe complex.

Previous authors noted the special clast composition of

the Wagrain basin fill with the dominance of gneisses

similar to amphibolite-grade Middle Austroalpine base-

ment rocks (‘‘Altkristallin’’), which are not exposed in the

present surroundings of the basin (Exner 1996). This is

seemingly in contrast to the Augenstein Formation of other

places, which is rich in vein quartz and for which a phyl-

litic source is assumed (Frisch et al. 2001). No Penninic

clasts have been found in the Wagrain basin. Sachsenhofer

(1988) noted the high value of vitrinite reflectance due to

high coalification suggesting an original thickness of ca.

1000 m of the Wagrain basin fill. The vitrinite reflectance

of Neogene coals along the Enns valley increases from east

to west along the Enns valley and was estimated to have

reached a temperature of ca. 120 �C in the westernmost

Wagrain basin and 50–80 �C in the east. The high heat

flow was considered to result from waning stages of the

late Alpine metamorphism in the Penninic Tauern window

(Sachsenhofer 1988). Based on previously reported plant

fossils, Steininger et al. (1988) proposed a Karpatian to

Early Badenian age of the Wagrain basin. Dunkl et al.

(2005) provided a fission track age of detrital apatite grains

and found a central age of 50.0 ± 2.6 Ma excluding

heating above the annealing temperature of apatite (ca.

80 �C). Márton et al. (2000) noted a ca. 15 degrees coun-

ter-clockwise rotation since the formation of the Wagrain

basin. Coal exploration took place during the Second

World War, and a N–S gallery penetrating the whole basin

fill and the Salzach-Enns fault was built S of Steinbach

(Heissel 1951; Weber and Weiss 1983).

In contrast to other regions along the strike, in the area N

of the Wagrain basin, the Grauwacken zone dips to the S

respectively SSW. This suggests an antiformal geometry of

the Grauwacken zone (Fig. 4, section A–A0). In the Grau-

wacken zone and in the overlying Permian to Lower Tri-

assic base of the Northern Calcareous Alps, fine-grained

phyllitic lithologies dominate, and sericite reaches a grain

size of ca. 0.1 mm. The metamorphic overprint there lies

within greenschist facies conditions. Frank and Schlager

(2006) reported Ar–Ar ages of very fine-grained sericite
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(ca. 30 lm) from the base of Northern Calcareous Alps to

vary between 102 and 110 Ma, Schmidlechner et al. (2006)

reported Ar–Ar ages of 99–102 Ma from the Grauwacken

zone in the north of the Wagrain basin. To the south of the

Salzach-Enns fault, the N-dipping Lower Palaeozoic

Wagrain Quartzphyllite unit (Schönlaub 1975, 1979) is

exposed, which merges to the east with the Ennstal Phyl-

lite. These are underlain by retrogressed medium-grade

metamorphic units, the Koppen lamella (Exner 1996),

which is mainly composed of paragneiss and retrogressed

amphibolite. To the east this unit merges with the Sch-

ladming complex, which comprises orthogneiss, paragneiss

and amphibolite and is overlain, further east, by the Wölz

Micaschist complex (Mandl et al. 2014). Cretaceous K–Ar

and Rb–Sr white mica ages were reported from the Sch-

ladming and Wölz Micaschist complex (Hejl 1984; Hejl

et al. 1987; Abart and Martinelli 1988; Mandl et al. 2014

and references therein). The Koppen lamella is underlain

by the Lower Austroalpine Radstadt nappe complex. The

Radstadt nappe complex comprises thick low-grade meta-

morphic Permian Alpine Verrucano-type quartz-phyllites,

Lower Triassic quartzites and Middle to Upper Triassic

carbonates (dolomites and banded marbles). Liu et al.

(2001 and own unpublished data) dated the age of the low-

grade metamorphic overprint of the Radstadt nappe com-

plex and found an age of 78–80 Ma for the growth of

sericite.

3 Basin geometry

The Wagrain basin fill was deposited onto the low-grade

metamorphic, phyllitic basement of the Grauwacken zone,

which dips to the south in the region. During 2004, a small

exposure was found, where basal red conglomerates overly

the Grauwacken zone phyllite on the western edge of the

Fig. 2 Simplified geological map of the northeastern edge of the Tauern metamorphic core complex. For location, see Fig. 1. The Mandling

wedge is considered to represent a dextral strike-slip duplex of the Northern Calcareous Alps. A–A0 locates section shown in Fig. 4
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entrance of the Steinbach valley (Fig. 5b). A similar

observation was made by Exner (1996), who found indi-

cations for an angular unconformity near Schwaighof (for

location, see Fig. 3a).

The basin itself trends ENE and is exposed over ca.

15 km from Holleregg N of Wagrain over Flachau to the

north-facing slope east of Radstadt (Fig. 2). The width of

the preserved basin fill is ca. 0.5–1.5 km. In western sec-

tors, the exposure is unusually good as several deeply

incised gorges cross the uplifted basin fill. The basin-fill

dips gently to the SSE (Fig. 3b) and a fault contact to the

Mandling wedge must be assumed. A dark fault gouge is

exposed in a few localities at the boundary. Little remnants

of similar Cenozoic sedimentary rocks are exposed ca.

900 m east of Radstadt as shear lenses within the Mandling

fault (Trauth 1918, 1927). These were originally described

as Eocene rocks and Tollmann (1985), Steininger et al.

(1988) and Sachsenhofer (1988) assigned them to an

extension of the Miocene Wagrain basin fill. At the

northeastern extension of the same fault, the Stoderalm

Neogene rocks are exposed (Fig. 2) suggesting that the

Wagrain basin fill, Radstadt Neogene and Stoderalm

Neogene potentially represents the infill of the same, now

dismembered basin.

The overall thickness of the Wagrain at present exposed

basin fill is estimated to be ca. 250–300 m in a N–S section

(Figs. 5, 6). To the east, Quaternary glacial cover and

Holocene valley fill veil much of the Wagrain basin. The

overall, south-dipping structure, the discordant fault con-

tact to the steeply N-dipping Mandling and Salzach-Enns

Fig. 3 a Geological map of the Wagrain basin. b Bedding planes of the Wagrain basin fill in the Schmidt projection, lower hemisphere.

c Transport direction

Fig. 4 Geological N–S section across the Wagrain basin. For location, see Fig. 2
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faults indicate a halfgraben structure (Fig. 3). This is sup-

ported by the antiformal structure of the Grauwacken zone

in the north of the Wagrain basin, which can be interpreted

as a rollover structure. The overall geometry suggests,

therefore, a N–S transtensional, dextral offset along the

ENE-trending Mandling fault.

4 Basin fill

The basin fill is well exposed to the north of the present-

day traces of the Mandling and Salzach-Enns fault systems.

Here, we introduce a number of informal mappable

lithostratigraphic units, which represent distinct lithofacies

and which have conformable contacts to each other. These

are shown as units in the map of the Wagrain basin fill

(Fig. 3). Considering all available information, the fol-

lowing lithofacies types can be distinguished, which follow

in a vertical, respectively lateral ca. ENE-trending sec-

tion. These include (Figs. 5, 6):

1. Breccia lithofacies: A breccia lithofacies (Fig. 5a)

occurs only in the Holleregg area N of Wagrain

(Fig. 3a) and in a few metre-scaled lenses further to the

east (Fig. 5d). The grey clast-supported breccia is

massive or thick-bedded, comprises angular grain-

supported clasts with average size of 1–3 and at most

ca. 10 cm within a shaly-sandy matrix. Clasts include

mainly calcareous phyllites, some vein quartz and

small micaschist pebbles. The thickness of the breccia

is uncertain due to poor exposure but is estimated to

reach at least 40 metres. The breccia represents a

proximal alluvial facies and contrasts the conglomer-

atic facies exposed further to the east.

2. Red conglomerate lithofacies (Fig. 5c): The basal red

lithostratigraphic unit comprises reddish hematite-rich

Fig. 5 Examples of lithofacies. a Basal Breccia unit with subangular,

imbricated low-grade metamorphic clasts. b Basal contact of red

conglomerates overlying black phyllites of the Grauwacken zone.

c Hematite-bearing red conglomerate. d Thin breccia with large

angular micaschist boulders. e Conglomerate/sandstone unit. Scour

infill within the sandstone. f Coarse-grained grey-brown conglomerate

with a large variety of metamorphic clasts
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conglomerates and red mica-rich sandstones. The mas-

sive conglomerates comprise well-rounded reddish boul-

ders and pebbles with a diameter reaching a maximum of

ca. 30 cm. The clasts are coated by red hematite. The

matrix comprises reddish sandstones and siltstones,

which also occur as several centimetres thick lenses in

the valley south of Steinbach (Fig. 3). These observations

suggest a primary origin of the red conglomerate

lithofacies. The red conglomerate lithofacies is ca. 3–8

metres thick and can be traced over approximately half

the length of the basin (Fig. 3a). Hematite has been

mined in the Steinbach area (Weber and Weiss 1983).

3. The overlying grey-brownish conglomerate lithofacies

comprises a coarse-grained clast-supported conglomer-

ate with variable clast sizes, ranging from a few

centimetres to several decimetres (Fig. 5f). Clast size

seems to increase upwards, and reaches a maximum of

50 cm in topmost layers, which form steep slopes. The

clasts are well rounded or rounded according to the

classification given in Füchtbauer (1988). The con-

glomerate is polymict and comprises mostly metamor-

phic basement rocks (see below). Locally, up to 30 cm

thick mica-rich sandstone lenses are intercalated within

conglomerate beds. The thickness of grey-brown con-

glomerates reaches ca. 80 m. Between Steinbach and

Steinbachgraben, a ca. 20 m thick alternation of con-

glomerates and coarse-grained sandstones has been

found between red and grey-brownish conglomerates.

The individual beds are several centimetres to decime-

tres thick and also display some sedimentary structures

including scour and fill structures (Fig. 5e).

4. Alternating conglomerate/sandstone lithofacies: Above

the grey-brown conglomerates, an alternation of mica-

rich well bedded sandstones and several metres thick

conglomerates follow. Conglomerates comprise clasts

with an average diameter of 1–4 cm, include only a

few coarser clasts, and are dominated by vein quartz.

The sandstones are mica-rich, relatively well sorted

and show scour-and-fill structures. The thickness of

this Conglomerate/sandstone unit reaches ca. 60 m and

seemingly four cycles of sandstone/conglomerate

alternations can be found.

5. Grey-brown sandstone lithofacies: Due to the disappear-

ance of conglomerates, the alternating conglomerate/

sandstone lithofacies grades into grey-brown pure mica-

rich sandstones, which are well bedded. In the west, the

whole sandstone succession is estimated to reach ca.

30 m in thickness, which increases towards the east.

6. Coaly sandstone lithofacies: Grey-brown sandstones

grade into 6–8 m thick dark greyish to locally black,

coaly sandstones, which are well exposed close to the

middle station of the Wagrainer Höhe cable car. These

sandstone beds are internally massive and ca.

10–60 cm thick.

7. Brownish siltstone lithofacies: Ca. eight metres thick

siltstones were only found in one section in a gorge to

the NE of Flachau, where these siltstones are interca-

lated within grey-brownish sandstones.

In summary, the overall distribution of clast/grain size

shows that grain sizes decrease eastwards, and the only silt-

and sandstones are found in the east. Furthermore, the

Fig. 6 Ca. ENE–WSW

oriented lithofacies section of

the Wagrain basin displaying

vertical and lateral variations of

lithofacies types. Horizontal and

vertical proportions are not to

scale
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overall angularity of clasts decreases from west to east.

Both types of observations indicate an overall eastward

transport direction.

In several outcrops, a limited number of indicators for

palaeo-transport directions have been found mainly in

sandstone bodies (Fig. 3c). These are mainly oriented to

the ESE respectively to WNW and S, showing a possible

source in the WNW. This is in agreement with clast size

and roundness, which show an eastward transport direction.

5 Provenance analysis of conglomerates

Conglomerates from several localities have been evaluated

in respect to their clast composition (Table 1; Fig. 7). The

composition varies from place to place. The breccia

lithofacies mainly comprises calcareous phyllite and vein

quartz, beside a low proportion of small micaschist and

gneiss pebbles. Vein quartz, pegmatite gneiss and orthog-

neiss pebbles and boulders dominate the red conglomerate

lithofacies.

The grey-brown conglomerate lithofacies is dominated

by vein quartz, pegmatite and aplite gneiss and mica-

poor, light-coloured orthogneiss and augengneiss. Among

these, the orthogneiss and foliated pegmatite gneiss are

particularly abundant components (Fig. 7). Quartzitic

micaschist, greyish and light-coloured laminated/foliated

mylonitic quartzites, garnet-rich paragneiss, and plagio-

clase amphibolite are other medium-grade metamorphic

components. The orthogneiss clasts are similar to such

exposed, e.g., in the Gneiss-Amphibolite Association of

the Schladminger Tauern and Bösenstein massifs (Figs. 1,

2 for locations). Serpentinite (Fig. 6d), greenschist, black

lydite, and dark phyllite pebble assemblages originate

from low-grade metamorphic successions. Beside

serpentinite, these clast assemblages are similar to those

exposed in the nearby respectively underlying Grau-

wacken zone located to the north of the Wagrain basin.

Serpentinite is common in the Hochgrößen unit, which is

part of the Speik complex (Faryad et al. 2002). Subor-

dinate clasts are red sandstone of the Werfen Formation

type (Lower Triassic) and rare greyish dolomite from

Middle to Upper Triassic formations of the Northern

Calcareous Alps. The compositional maturity increases

up-section indicated by increasing proportions of vein

quartz and quartzitic schists (Fig. 7).

6 Sandstone petrography

Sandstone samples from various lithofacies types have

been investigated. Sandstones from the basal red con-

glomerate lithofacies and of the overlying grey-brownish

lithofacies show a number of significant differences.

Sandstones of the red conglomerate lithofacies are mud-

supported, comprise more than 80 percent matrix and

include angular clasts in a reddish limonitic/hematitic

matrix (Fig. 8a, b). Clasts comprise mono- and polycrys-

talline quartz, a few quartz grains with resorption similar to

volcanic phenocrysts, abundant phyllitic clasts and subor-

dinate white mica and very rare ghost crystals after biotite.

The latter are entirely transformed crystals with no bire-

fringence and include very fine-grained needles of Ti

minerals indicating an originally biotite composition

(Füchtbauer 1988; see also Rieser et al. 2005). Large

K-feldspar crystals and microcrystalline volcanic matrix

(Fig. 8b) occur occasionally. Isometric opaque minerals

(likely magnetite) are other rare constituents. Feldspar,

mostly K-feldspar, occurs only in a few grains. Quartz with

resorption features, K-feldspar, ghost biotite grains and

Table 1 Composition of conglomerates from the Wagrain basin (values in percent)

Basal

Breccia

Red

Conglomerate

Base coarse

Conglomerate

High coarse

Conglomerate

Conglomerate/sandstone

Intraformational sandstone – 7 – – 7

Quartz sandstone 8 – – –

Dolomite – 2 – 4 –

Dark-grey phyllite 29 12 7 2 7

Bright calcareous phyllite 59 – 2 – –

Dark quartzite – – 4 – –

Vein quartz 4 20 26 36 38

Micaschist – 20 13 12 3

Quartzitic schist – 22 30 26 30

Orthogneiss – 12 17 19 15

Pegmatite gneiss – 5 1 1 –
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microcrystalline chards argue for a significant volcanic

contribution of acidic composition in the red sandstones.

Representative samples of grey-brownish sandstones

have been also evaluated according to the Dickinson-Gazzi

method (Dickinson and Suczek 1979; Dickinson 1985). Ca.

400 points respectively 300 framework points of con-

stituents (clasts larger than 0.063 mm) have been counted

per sample. Results are shown in Table 2. The grey-

brownish sandstones comprise subangular and rounded

components, have a low proportion of shaley matrix

(4.8–22.3 %) and are grain-supported. Clasts include

mono-crystalline quartz, phyllitic metamorphic compo-

nents, a high proportion of white mica reaching a maxi-

mum of ca. 32 percent among framework constituents,

biotite (0.8–18.3 %), chlorite (0.8–6.5 %), a high propor-

tion of translucent heavy minerals reaching in part 10

percent and more, and some opaque minerals. Translucent

heavy minerals are dominated by garnet (80–90 % of all

Fig. 7 Provenance analysis of

conglomerates

Fig. 8 Representative

photomicrographs of sandstones

from various formations within

the Wagrain basin. a, b Samples

from the basal reddish

sandstones. Arrows in a,
b indicate microcrystalline

volcanic clasts. c, d Grey-

brownish sandstone lithofacies

rich in micas and translucent

heavy minerals. b biotite,

c chlorite, g garnet, r rutile, wm

white mica
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translucent heavy minerals; Fig. 8c, d). Further translucent

heavy mineral grains comprise clinozoisite, sphene, rutile

and very rarely amphibole.

Consequently, differences between red and grey-

brownish sandstone include: (1) roundness of clasts, where

red sandstones contain angular clasts and subangular to

round clasts are found in the grey-brownish sandstone; (2)

the fabric with dominating mud-supported red sandstones

and grain-supported grey-brownish sandstones, and (3) the

preservation of high amounts of biotite as well as of garnet

in grey-brownish sandstones.

The red sandstone is matrix-dominated and represents,

therefore, a quartzwacke composition. The matrix of the

grey-brownish sandstones is fine-grained clastic material

(mainly siltstone) and the proportion is variable, classifying

the samples as lithic/quartz arenite to lithic/quartz wackes

according to the classification of Dott (1964).

Sandstone composition has also been evaluated by the

Dickinson-Gazzi method. The proportion of white mica is

extremely high, reaching values of ca. 30 percent among

framework constituents. Monocrystalline and polycrys-

talline quartz grains dominate. The amount of lithic

metamorphic clasts is high and feldspar is largely absent.

These compositions classify these samples as cratonic

interior and orogenic sources (only two discrimination

diagrams are shown: Fig. 9a, b) according to diagrams

proposed by Dickinson and Suczek (1979), Valloni and

Zuffa (1984) and Dickinson (1985). Unusual is the high

overall content of mica grains. We include white mica,

biotite and chlorite in total mica contents. A variation

Table 2 Composition of sandstones from the Wagrain basin

Sample RS 12 RS 25 RS 26 RS 27 RS 28 RS 29 RS 30 RS 31 RS 32 RS 33 RS 34 RS 35

Qm 31.7 38.0 23.8 46.5 49.5 29.8 22.8 51.4 46.3 44.5 41.0 20.3

Qp 3.8 22.3 1.3 4.0 8.5 3.0 1.0 2 6.8 6.5 4.0 6.8

K 5.3 2.0 5.0 7.8 3.8 2 1.8 9.1 3.0 1.3 3.5 1.0

P 2.0 2.3 0.8 3.3 4.8 1.3 4 3.1 1.3 4.3 4.3 2.5

lithsed – 2.0 – – 0.5 – – – – 0.5 – –

lithmeta 0.8 5.0 23.8 3.8 5 5.3 9 1.7 3.8 5.3 2.0 24.0

lithvolc 0.3 – – – – – – – – – – –

Mus 16 15.3 14.8 8.0 7.5 24 24.5 13.7 13.5 16.5 16.5 17.8

Bio 6.2 2.0 12.8 2.0 5.8 5.3 18.3 1.7 6.8 7.3 4.0 11.3

Chl 2.0 1.8 0.8 0.3 1.8 6.5 3.5 3.7 2 3.0 2.8 1.8

Opaque 2.2 0.8 0.8 – – 1.0 1.3 0.6 0.8 – 2.3 0.5

HMtransl 5.2 4.0 0.5 17.0 3.3 1.8 2.3 2.9 8.3 9.0 10.5 0.5

Cbm – – – – – – – – – – – –

Matrix 24.5 4.8 16.0 7.5 9.8 20.3 11.8 10.0 7.8 2.0 9.3 13.8

Sample no. RS 36 RS 37 RS 38 RS 39 RS 40 RS 42 RS 43 RS 44 RS 45 RS 46 RS 59

Qm 33.8 31 41.8 41 29.5 43.2 44.9 43.5 39.8 29.8 34.3

Qp 5.8 1.8 7.0 3.5 0.8 3.7 9.1 2.3 3.0 3.8 5.3

K 1.5 0.8 2.8 3.3 0.8 4.67 2.6 4.3 1.0 2.8 2.3

P 2.8 1.3 7.3 4.3 1.8 2.6 1.1 2.5 2.0 2.5 2.0

lithsed – – – – – – – – – – –

lithmeta 16 2.8 5.3 3.3 3.8 5.7 6.0 3.0 3.4 0.8 10.3

lithvolc – – – – – – 1.4 – – – 0.3

Mus 15.3 32.3 14.5 20.5 24.5 18.3 15.1 14.8 9.8 27.3 17.5

Bio 5.8 6.8 3.3 4.8 1.5 2.9 0.9 4.3 0.8 8.5 1.3

Chl 2.8 2.3 4.0 1.3 1.5 2.6 4.9 3.5 7.8 3.0 1.3

Opaque 0.5 2.5 0.5 0.5 1.8 1.7 0.6 – 0.5 0.8 0.8

HMtransl 1.3 2.0 7.0 4.3 0.8 4.3 3.7 6.8 22.0 4.3 9.5

Cbm – – – – – – – – – – 0.3

Matrix 14.8 16.8 6.8 13.5 22.3 10.6 9.7 15.3 10.3 16.8 15.3

Qm monocrystalline quartz, Qp polycrystalline quartz, K K-feldspar, P plagioclase, lithsed lithic sedimentary, lithmet lithic metamorphic, lithvolc
lithic volcanic, Mus white mica, Bio biotite, Chl chlorite, HMtransl translucent heavy minerals, Cbm monocrystalline carbonate
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diagram of total mica, feldspar and monocrystalline quartz

shows that mica comprises a high, but variable proportion

of total white mica (Fig. 9c) compared to monocrystalline

quartz. Mader and Neubauer (2004) attributed a molasse

origin for sandstones with such high mica contents

exceeding several percent among framework grains. Based

on the relatively high monocrystalline quartz content, the

classification to cratonic interior sources of ca. half of

samples (Fig. 9b) is in part likely misleading because of the

dilution of feldspar and lithic components by high mica and

garnet contents, all indicating dominant medium-grade

micaschist and subordinate gneissic sources. This gets

obvious in diagram monocrystalline quartz vs. feldspar vs.

mica (white mica, biotite, chlorite), which shows a wide

range of monocrystalline quartz/mica ratios, in part with

dominating white mica (Fig. 9c).

Variations between red and grey-brownish sandstones can

be explained by a combination of tectonic, environmental

and climatic factors. A difference arises in distinct weath-

ering conditions in the source region because of nearly

complete transformation of biotite into white mica. The

variable roundness of e.g. monocrystalline quartz reflects

varying duration and length of transport. This is in contrast to

conglomerates, which are well rounded in both lithofacies

types. Consequently, red sandstones were (more likely)

deposited as mass flow within a wadi-type alluvial fan in

contrast to fluvial-deltaic grey-brown sandstones. Finally,

the high content of phyllitic clasts indicates a nearby source,

e.g., within the underlying Grauwacken zone.

7 40Ar/39Ar dating of detrital white mica

A mica-rich grey-brownish sandstone from a high lithos-

tratigraphic level immediately beneath the coaly sand-

stones from a location (coordinates: N47�2005000,

E13�2000300) at the artificial lake at the middle station of the

Wagrain cable car has been chosen for single-grain
40Ar/39Ar analysis (sample RS-12). A grain size of

200–350 lm has been selected. The analytical technique is

described in ‘‘Appendix 1’’ and follows that described in

Rieser et al. (2006). A total of 24 single grains was mea-

sured. Analytical results of samples are reported in Table 3

and a summary of all single-grain ages is graphically dis-

played in Fig. 10 following the approach proposed by

Sircombe (2004). Single-grain 40Ar/39Ar dating of detrital

white mica yields an age peak between 85.9 ± 3.6 and

109.2 ± 4.9 with a majority around 100 Ma. One grain is

younger (77.5 ± 3.3 Ma) and a few grains are slightly

older (119.0 ± 5.9 Ma; 148.2 ± 11.1 Ma) and one grain is

dated at 382.2 ± 7.5 Ma. The dominating Cretaceous-age

population indicates a nearly exclusive origin of the dated

detrital white mica from higher greenschist facies to

medium-grade metamorphic rocks largely overprinted by

eo-Alpine metamorphism. The recent experimental esti-

mate of the Ar retention temperature is at 425 ± 25 �C for

slow cooling rates (Harrison et al. 2009). Because of the

grain size, pure phyllites with its typical grain size of white

mica of ca. 100 lm can be excluded as a possible source.

8 Basin structure

The surface map data shows that the basin fill discon-

formably overlies the low-grade metamorphic rocks of the

Grauwacken zone phyllites (Figs. 3a, 4). The structure of

the basin is simple, and shows nearly uniform, gentle to

intermediate ESE dip of the whole basin fill, which is cut,

in the south, by the steeply N-dipping combined Mandling/

Salzach-Enns faults. Internal faults are minor, and dis-

placement is limited to offsets of several decimetres to

metres. This fact is unexpected because the basin is

Fig. 9 a, b Sandstone discrimination diagrams proposed by Dickin-

son and Suzcek (1979). a Qtot-F-Ltot diagram: Qtot total quartz

(monocrystalline and polycrystalline quartz), F feldspar, Ltot total

lithics. b Qm-P-K diagram: Qm monocrystalline quartz, P plagioclase,

K K-feldspar. c Variation of monocrystalline framework constituents:

monocrystalline quartz (Qm)—feldspar (F)—total mica (Mtot white

mica ? biotite ? chlorite)
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confined by the Mandling and Salzach-Enns faults, a major

fault system with a displacement of 40 to a maximum of

60 km sinistral strike-slip offset, which has been estimated

for the Salzach-Enns fault (Genser and Neubauer 1989;

Ratschbacher et al. 1991; Frisch et al. 1998). In parts, the

Salzach-Enns fault exposes several metres to ten metres

thick black fault gouge (Heissel 1951; Mostler 1964; Exner

1996; Wang and Neubauer 1998).

To complete the study of Wang and Neubauer (1998),

slickenside and striation data were collected at nine stations

within the Wagrain basin fill between Wagrain and

Altenmarkt (Fig. 11). Only a few faults per outcrop were

found not allowing a systematic palaeostress evaluation,

for which minimum four sets of faults are needed to deduce

a palaeostress tensor. In two outcrops in metamorphic pre-

Cenozoic basement rocks, superimposed sets of slicken-

sides and striations indicate a polyphase reactivation of

these faults (Wang and Neubauer 1998). Therefore, only

representative examples are shown (Fig. 11).

1. Palaeostress tensor group A: The palaeostress tensor

group A comprises E to ESE dipping normal faults,

which in total yield WNW–ESE extension.

Fig. 10 Distribution of laser-probe single-grain 40Ar/39Ar ages of

detrital white mica in a probability diagram after Sircombe (2004)

Table 3 40Ar/39Ar analytical data of single-grain total fusion analysis

Grain

no.

36Ar/39Ar

meas.

±36Ar/39Ar

1-sigma abs.

37Ar/39Ar

irrad, corr.

±37Ar/39Ar

1-sigma abs.

40Ar/39Ar

measured

±40Ar/39Ar

1-sigma abs.

%40Ar* Age

[Ma]

±

[Ma]

Sample RS-12, detrital white mica grains, 200–350 lm, J value: 0.00585 ± 0.00003

1 0.000024 0.003833 0.00011 0.13233 14.631 0.072 100.0 148.2 11.1

2 0.000011 0.001995 0.00033 0.08178 11.653 0.060 100.0 119.0 5.9

3 0.000004 0.000559 0.00024 0.03675 9.141 0.027 100.0 94.0 1.7

4 0.000003 0.000789 0.00032 0.04856 9.294 0.127 100.0 95.6 2.7

5 0.018053 0.002834 0.09978 0.14761 15.442 0.210 65.5 103.7 8.5

6 0.000005 0.000677 0.00027 0.03562 8.824 0.113 100.0 90.9 2.4

7 0.000010 0.001731 0.00053 0.05657 9.768 0.115 100.0 100.3 5.3

8 0.018532 0.002008 0.00000 0.00000 45.776 0.705 88.0 382.2 7.5

9 0.000001 0.001458 0.00054 0.07122 10.961 0.068 100.0 112.2 4.4

10 0.000009 0.001476 0.00048 0.06263 8.987 0.066 100.0 92.5 4.5

11 0.003553 0.001352 0.00139 0.18355 10.079 0.037 89.6 92.9 4.1

12 0.003912 0.001084 0.00112 0.14575 8.657 0.034 86.6 77.5 3.3

13 0.005172 0.001167 0.00082 0.15898 10.351 0.068 85.2 90.9 3.5

14 0.000034 0.001647 0.00140 0.28550 10.672 0.066 99.9 109.2 4.9

15 0.000008 0.001649 0.08454 0.24996 9.172 0.069 100.0 94.3 5.0

16 0.000006 0.001217 0.35622 0.15981 9.272 0.042 100.0 95.4 3.7

17 0.000013 0.002400 1.45512 0.30995 9.762 0.070 100.0 100.2 7.1

18 0.000972 0.001077 0.13623 0.21011 9.921 0.049 97.1 99.0 3.3

19 0.000831 0.002357 0.30725 0.43427 10.006 0.086 97.5 100.3 7.0

20 0.010429 0.004410 1.16234 0.79129 13.470 0.178 77.1 106.5 13.1

21 0.001593 0.001721 0.15565 0.23995 10.220 0.041 95.4 100.2 5.1

22 0.001837 0.001250 0.18512 0.23296 9.777 0.055 94.4 95.0 3.8

23 0.003214 0.001192 0.33767 0.23608 9.276 0.058 89.8 85.9 3.6

24 0.005600 0.001476 0.86929 0.33914 11.577 0.102 85.7 101.9 4.5

48 F. Neubauer



2. Palaeostress tensor group B comprises ca. E- to ESE-

trending sinistral strike-slip faults. These can be

explained by E–W compression.

Palaeostress tensor orientations deduced from faults

within the surrounding metamorphic basement and within

the Wagrain basin fill allow us to distinguish pre-basin and

post-depositional palaeostress tensors (Wang and Neubauer

1998). This data is consistent with palaeostress develop-

ment along the Tauern metamorphic core complex and

shows an evolution from initial sinistral transpression over

dextral transtension to post-depositional sinistral trans-

pression and finally to dextral transpression.

9 Discussion

9.1 Formation mechanism of the Wagrain basin

The data presented above show that the Wagrain basin

formed along the merging points of the two major regional,

nearly orogen-parallel Salzach-Enns and Mandling faults.

Together with the overall antiformal structure of the

Grauwacken zone, this indicates that the Wagrain basin is

now exposed in a halfgraben along the sinistral transten-

sional Salzach-Enns/Mandling fault system (Figs. 2, 3a).

Several lines of evidence argue for this interpretation. In

contrast to other regions, the underlying Grauwacken zone

dips to the south and forms an overall antiform to the north

of the Wagrain basin (Fig. 4, section A–A0). These rela-

tionships can be interpreted as a rollover structure due to

N–S extension or transtension similar as proposed by Wang

and Neubauer (1998) for the exhumation of Tauern meta-

morphic core complex. The overall sediment transport

direction was axial along the basin towards the east, and N-

and S-transport observed in outcrops could indicate a

braided river system. This argues for a topographic gradi-

ent along the basin and the presence of a growing fault

system, which is represented by the combined Salzach-

Enns/Mandling fault system. Interestingly, the Wagrain

basin represents the westernmost and structurally lowest

elevation of scarcely preserved Miocene sedimentary units

along the northern wall of the Mandling fault up to the

Stoderzinken/Stoderalm area. The breccias, exposed in the

west, are likely part of one or several mass flows from a

local source (Grauwacken zone lithologies) exposed in the

northwest.

9.2 Depositional age of the Wagrain basin

The exact age of the Wagrain basin fill is uncertain. The

floral elements reported from the Wagrain basin do not

really allow a clear biostratigraphic assignment of the basin

fill (Steininger et al. 1988). Based on preserved flora, which

originates from the coaly sandstone lithofacies, the

uppermost preserved unit of the basin fill, Steininger et al.

(1988) assumed a Karpatian age. The basin infill records a

pronounced climate change from subtropical to a more

humid temperate climate due to colour change from thin

basal reddish, hematite-rich conglomerates to grey-

brownish clastics. This change is used as a further argu-

ment for approximate dating as a similar, regional climate

shift has been reported, e.g., from the Hieflau basin along

the Salzach-Enns fault (Wagreich et al. 1997) and Styrian

basin (see compilation of Ebner and Sachsenhofer 1995;

Gross et al. 2007), and the age of the climatic shift is

Ottnangian or pre-Ottnangian as Ottnangian coal bearing

deposits are known in the Styrian basin (Gross et al. 2007).

Similar reddish, but poorly dated deposits are also known

from the area west of the Saualpe (Thiedig 1970; Kuhle-

mann et al. 2008), here also occurring at the base of the

grey-brownish conglomerate or from the Tamsweg basin

(Exner 1994; Zeilinger et al. 1999). Consequently, the

colour transition could record the climate shift from a

subtropical climate with terra rossa-type weathering to a

more humid temperate climate, which predominated during

Fig. 11 Two examples of

palaeostress patterns deduced

from faults within the Wagrain

basin
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the Karpatian. A potentially Ottnangian-Karpatian age is,

therefore, suggested for the red clastics of the Wagrain

basin, in accordance with similar red soils in the Styrian,

Hieflau and Tamsweg basins (Wagreich et al. 1997; Gross

et al. 2007).

9.3 Source of the basin fill

The breccia at the western basin margin is derived from

local sources and originates from the Grauwacken zone.

The red sandstones reveal the influence of acidic volcan-

ism. Such Early Miocene volcanism is widespread in the

Pannonian and Transylvanian regions (e.g. Pécskay et al.

1995a, b) during Early and Middle Miocene (Karpatian to

Badenian), and provides a further age constraint. Similar

tuffaceous reddish clastic rocks are known in the Styrian

basin, too (Gross et al. 2007).

Based on composition of grey-brownish conglomerates,

sandstones and 40Ar/39Ar age distribution of white mica

clasts, and the available detrital apatite fission track age of

50.0 ± 2.6 Ma (Dunkl et al. 2005) the peculiar composi-

tion allows deduce the provenance of the basin fill. The

specific composition of clasts argues for the denudation of

a medium-grade, gneissic terrain, although the clast com-

position represents the mature, transport-resistant compo-

nents. The nearest medium-grade unit is the so-called

Koppen Lamella exposed to the south of the Wagrain basin

(Fig. 2; Exner 1991, 1996). We exclude the Koppen

Lamella as a possible source for the following reasons: Its

present exposure is very limited, too small in volume, and

it comprises mainly amphibolite and ultramylonitic gneis-

ses, which were not found in the Wagrain basin fill. Fur-

thermore, it is simply not voluminous enough to explain

the vast amount of material exposed in the Wagrain basin.

Furthermore, Wagrain Phyllite from the footwall unit is

missing, too. Such gneissic terrains, which are rich in

pegmatite gneiss, can only be found in the Schladming and

Bösenstein basement complexes, the Bösenstein complex

is exposed ca. 40 respectively 80 km to the east of the

present Wagrain basin (Figs. 2, 12). Furthermore, sand-

stones are extremely rich in garnet and coarse-grained

white mica excluding phyllite as a source. The average
40Ar/39Ar age is ca. 100 Ma. This indicates an exclusive

origin of dated detrital mica from rocks fully overprinted

by eo-Alpine metamorphism. Such an overprint occurred in

the Wölz Micaschist complex (Abart and Martinelli 1988;

Schuster and Frank 1999; Schuster et al. 2001). Conse-

quently, the Wölz Micaschist complex of Niedere Tauern

(Fig. 2) is likely the main source, implying at least a ca.

40 km sinistral offset along the Salzach-Enns fault. We

suppose, therefore, a provenance in the Bösenstein and

eastern Wölz basement complexes, which would fit exist-

ing data, including: (1) The Bösenstein area exposes both

deformed pegmatite gneisses in the Wölz Micaschist

complex and various sorts of orthogneiss and augengneiss.

(2) In contrast to the Schladming area with its apatite fis-

sion track ages of ca. 20–15 Ma (Frisch et al. 1998; Rei-

necker 2000), the Bösenstein area already cooled during

the Eocene through ca. 100 �C-isotherm, as apatite fission

track ages indicate (Hejl 1997, 1998). (3) The high white

mica and garnet contents could have their origin in the

spatially widespread Wölz Micaschist complex with its

abundant garnet micaschists.

Furthermore, no typical rocks of the Lower Austroalpine

nappe complex have been found, as e.g. greenish Alpine

Verrucano-type quartz-phyllites and greenish quartzites of

the Lantschfeld Formation. The lack of such clasts argues

that this unit was not exposed at the surface during the time

of Wagrain basin formation. This is in accordance with

apatite fission track ages of ca. 20 Ma from the overlying

Schladming unit (Hejl 1997, 1998; Reinecker, 2000),

which indicates that Lower Austroalpine units must have

been buried beneath the Schladming unit during the

depositional time of the Wagrain basin.

The selected grain size for 40Ar/39Ar dating excludes

phyllites of the Grauwacken zone as the main source for

conglomerates and grey-brownish sandstones. Interest-

ingly, there is only limited record of such sinistral strike-

slip faults in the Wagrain basin.

A further remark is given to the composition of sand-

stones in general. The sandstones of the Wagrain basin are

extremely mica-rich and belong to those with the highest

proportions of mica within the framework constituents ever

measured. Such mica-rich sandstones seem to be typical for

late-stage orogenic, molasse-type sandstones as indicated

by petrographic data from Variscan molasse (Mader and

Neubauer 2004), and in rivers draining vast areas of plu-

tonometamorphic basement, e.g. Amazonas in South

America (Potter 1994). Mica-rich sands are often found in

recent rivers in the axial, metamorphic zone of Alps

(Garzanti et al. 2010). The same is true for high proportions

of garnet, which is explained by exhumation of deeply

subducted continental crust (Garzanti et al. 2010). In our

case, the derivation is simply by denudation of a peculiar,

widespread garnet-micaschist, which forms the main

lithology within the Wölz Micaschist complex.

9.4 Structural evolution of the Wagrain basin

The data presented above suggests that the Wagrain basin

formed along the merging points of two major regional,

nearly orogen-parallel Salzach-Enns and Mandling faults.

Together with the overall antiformal structure of the

Grauwacken zone, this could indicate that the Wagrain

basin formed in a halfgraben along the sinistral transten-

sional Salzach-Enns/Mandling fault system (Fig. 4).
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Several lines of evidence argue for this interpretation. In

contrast to other regions, the underlying Grauwacken zone

dips to the south and forms an overall antiform to the north

of the Wagrain basin (Fig. 4, section A–A0). The remnant

of the Wagrain basin fill is exposed at the southern ter-

mination of a rollover-type antiform. These structural

relationships can be interpreted as a rollover structure due

to approximately N–S extension or transtension. Other

basins along the Salzach-Enns fault are transcurrent or

pull-apart basins although structural details are not well

known (Peresson and Decker 1997b; Wagreich et al. 1997;

Keil and Neubauer 2011). A similar coeval Lower Miocene

extensional or transtensional half-graben type basin is the

Waldheimat basin further to the east (Neubauer and Unzog

2003).

In the Wagrain basin, the sediment transport direction is

axial from the west respectively from the northwest, which

argues for a topographic gradient and the presence of a

growing fault system, which could be represented by the

Salzach-Enns/Mandling fault system. Interestingly, the

Wagrain basin represents the westernmost and structurally

lowest elevation of scarcely preserved Lower Miocene

sedimentary units along the northern wall of the Mandling

fault. In combination with previous detailed results of

palaeostress analysis along the Salzach-Enns fault of Wang

and Neubauer (1998), the new results allow us to

Fig. 12 Model of potential

provenance in the eastern

Niedere Tauern and Bösenstein

areas for the Wagrain basin fill.

Average K–Ar and Ar–Ar white

mica ages are from Hejl (1984),

Hejl et al. (1987), Abart and

Martinelli (1988) and references

in Pfingstl et al. (2015). Apatite

fission track ages are compiled

from Hejl (1997, 1998) and

Reinecker (2000)

Formation of an intra-orogenic transtensional basin: the Neogene Wagrain basin in the… 51



distinguish pre-basin and post-depositional palaeostress

tensors. This data is consistent with palaeostress develop-

ment within and along the Tauern metamorphic core

complex (Kurz et al. 1994; Wang and Neubauer 1998;

Bertrand et al. 2015) and shows an evolution from initial

sinistral transpression over dextral transtension to post-

depositional sinistral transpression and finally to dextral

transpression.

The transtensional nature of the Wagrain basin contrasts

with some other intramontane basins of the Eastern Alps

which are generally interpreted to represent pull-apart- and

transcurrent basins along major strike-slip faults, e.g. the

Mur-Mürz fault system (Nievoll 1985; Neubauer 1988;

Ratschbacher et al. 1991; Zeilinger et al. 1999; Eder and

Neubauer 2000). The Wagrain basin belongs to a group of

basins, which formed along the northern margin (the

northern margin is lateral) of the extrusional wedge (Wa-

greich et al. 1997). Not all of these basins are obviously

controlled by strike-slip faults alone but normal faults play

a major role, which indicate transtension nearly perpen-

dicular to the motion direction of the extrusional wedge

(Neubauer et al. 2000; Sachsenhofer et al. 2000; Strauss

et al. 2001; Neubauer and Unzog 2003; Wagreich and

Strauss 2005). In this sense, the Wagrain basin is thus an

example of a transtensional basin related to the Mandling

fault. Later on, the basin was inverted by E–W contraction.

Many further details of the overall Neogene relief

development were demonstrated by Frisch et al. (1998) and

Dunkl & Frisch (2002). In accordance with the interpre-

tation given above, the Wagrain basin could be interpreted

as part of the Dachstein peneplanation surface (Augenstein

landscape) covering the whole eastern part of Northern

Calcareous Alps and Central Alps (Frisch et al. 1998,

2001). However, the data show that there is no need for

transport of clastic material across the Niedere Tauern area,

and that the eastern Niedere Tauern block is one of the

main sources of Lower Miocene basins and the data sug-

gests that this area acted as a source. Furthermore, the

distribution of Lower Miocene sedimentary rocks along the

Mandling fault indicate that initial stages of orogen-parallel

drainage may have already been established during the

Early Miocene (Keil and Neubauer 2009), earlier as Frisch

et al. (2000a, b) suggested.

Interestingly, only ESE–WNW extension and E–W

compression has been found within the Wagrain basin,

similar as already noted, based on only two exposures, by

Wang and Neubauer (1998). The succession of these

deformation events corresponds essentially to final defor-

mation events found to the north within the Northern

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

1997a, b). Márton et al. (2000) found evidence for both

major clockwise and anticlockwise rotations of Neogene

basins in these sectors close to the northern margin of the

extruding wedge, but significant counter-clockwise rotation

of the Wagrain basin. These, in part structurally unresolved

rotations might have been responsible for differences in

detail in the structural evolution. However, the overall

tectonic evolution seems to be similar all over the region.

9.5 Mandling wedge and other W-directed

structures in Eastern Alps

The Mandling wedge exposed to the south of the Mandling

fault can be explained as a dextral strike-slip duplex

duplicating the Northern Calcareous Alps wedging into its

Grauwacken zone basement (Figs. 2, 12). Using the offset

of the base of Middle Triassic carbonates of the southern

margin of the Northern Calcareous Alps in the northeast

and western termination of carbonates of the Mandling

wedge, the dextral offset along the Mandling fault is a

minimum of 20 km. The age of dextral displacement along

the present-day ENE-trending fault postdates the Wagrain

basin fill.

Similar dextral E to ENE-trending faults have been

found in other regions of the Eastern Alps. These include

the ESE-trending Kaumberg fault separating the eastern-

most Northern Calcareous Alps from the Rhenodanubian

flysch (Neubauer et al. 2006). Abundant hitherto unex-

plained sinistral N-trending strike-slip faults (e.g. in central

sectors of the Eastern Alps; Neubauer 1988) along the

central axis of the Eastern Alps predate ENE-trending

sinistral extrusional related Neogene faults and can be

explained with the same kinematic framework. These

sinistral N–S trending faults are interpreted to represent the

conjugate faults to the ENE-trending dextral faults consti-

tuting together conjugate Mohr shears ca. WSW-ENE

strike-slip shortening, similar as proposed by outcrop-scale

palaeostress analysis (Peresson and Decker 1997a, b).
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Appendix 1

40Ar/39Ar analytical techniques largely follow descriptions

given in Handler et al. (2004) with modifications used for

single-grain dating in Rieser et al. (2006). Preparation of the

samples before and after irradiation, 40Ar/39Ar analyses, and

age calculations were carried out at the ARGONAUT Lab-

oratory of the Institute for Geology and Palaeontology at the

University Salzburg. Mineral concentrates are packed in

aluminium-foil and placed in quartz vials. For calculation of

the J-values, flux-monitors are placed between each 4–5
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unknown samples, which yield a distance of ca. 5 mm

between adjacent flux-monitors. The sealed quartz vials are

irradiated in theMTAKFKI reactor (Debrecen,Hungary) for

16 h. Correction factors for interfering isotopes were cal-

culated from 10 analyses of two Ca-glass samples and 22

analyses of two pure K-glass samples, and are:
36Ar/37Ar(Ca) = 0.00026025, 39Ar/37Ar(Ca) = 0.00065014,

and 40Ar/39Ar(K) = 0.015466. Variation in the flux of neu-

trons was monitored with the DRA1 sanidine standard for

which a 40Ar/39Ar plateau age of 25.03 ± 0.05 Ma has been

reported (Wijbrans et al. 1995).After irradiation theminerals

are taken from the quartz vials and the aluminium-foil

packets, and handpicked into 1 mm diameter holes of the

one-way Al-sample holders.
40Ar/39Ar analyses are carried out using a UHV Ar-

extraction line equipped with a combined MERCHAN-

TEKTM UV/IR laser system, and a VG-ISOTECHTM

NG3600 mass spectrometer.

Heating analyses, until fusion of single white mica grains

are performed using a defocused (*1.5 mmdiameter) 25 W

CO2-IR laser operating in Tem00 mode at wavelengths

between 10.57 and 10.63 lm. The laser is controlled from a

PC, and the position of the laser on the sample is monitored

on the computer screen via a video camera in the optical axis

of the laser beam through a double-vacuum window on the

sample chamber. Gas clean-up is performed using one hot

and one cold Zr-Al SAES getter. Gas admittance and

pumping of the mass spectrometer and the Ar-extraction line

are computer controlled using pneumatic valves. The

NG3600 is an 18 cm radius 60� extended geometry instru-

ment, equipped with a bright Nier-type source operated at

4.5 kV. Measurements are performed on an axial electron

multiplier in static mode, peak-jumping and stability of the

magnet is controlled by a Hall-probe. For each increment the

intensities of 36Ar, 37Ar, 38Ar, 39Ar, and 40Ar are measured,

the baseline readings on mass 35.5 are automatically sub-

tracted. Intensities of the peaks are back-extrapolated over

16 measured intensities to the time of gas admittance either

by a straight line or a curved fit, depending on intensity and

type of pattern of the evolving gas. Intensities are corrected

for system blanks, background, post-irradiation decay of
37Ar, and interfering isotopes. Isotopic ratios, ages and errors

for individual measurements are calculated following sug-

gestions by McDougall and Harrison (1999) using decay

factors reported by Steiger and Jäger (1977).
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Österreichische Akademie der Wissenschaften mathematisch-

naturwissenschaftliche Klasse, 1991, 109–112.

Exner, C. (1994). Geologie des Schwarzenberges bei Tamsweg

(Lungau, Salzburg). Jahrbuch der Geologischen Bundesanstalt,

137, 227–243.

Exner, C. (1996). Leitgesteine und Tektonik in Phylliten bei Wagrain

und Radstadt (Land Salzburg). Jahrbuch der Geologischen

Bundesanstalt, 139, 155–190.

Faryad, S. W., Melcher, F., Hoinkes, G., Puhl, J., Meisel, T., & Frank,

W. (2002). Relics of eclogite facies metamorphism in the

Austroalpine basement, Hochgrössen (Speik complex), Austria.
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Robl, J., Stüwe, K., Hergarten, S., & Evans, L. (2008b). Extension

during continental convergence in the Eastern Alps: The

influence of orogen-scale strike-slip faults. Geology, 36,

963–966.

Royden, L. H. (1985). The Vienna Basin: A thin-skinned pull-apart

basin. Special Publication Society of Economic Paleontologists

and Mineralogists, 37, 319–338.

Royden, L. (1988). Late Cenozoic tectonics of the Pannonian basin

system. American Association of Petroleum Geologists Memoir,

45, 1–25.

Sachsenhofer, R. F. (1988). Zur Inkohlung des Ennstaltertiärs.
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