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Abstract

Detrital heavy mineral analysis and sediment chemistry of Lower Miocene sediments of the Lower Austrian Northern
Alpine Foreland Basin generally indicate provenance from metapelitic source rocks. The sediments of the Traisen For-
mation (Ottnangian) were primarily derived from Alpine sources such as the Austroalpine crystalline units of the Eastern
Alps and reworked and eroded siliciclastics strata on top of the Northern Calcareous Alps and, in addition, low-grade
metamorphic rocks of the Bohemian Massif. Ottnangian and Karpatian sediments in the subground of the northern Lower
Austrian Molasse basin were mainly fed from the same southern sources, from low-grade metamorphic rocks of the
Bohemian Massif and via resedimentation of Lower Miocene and Palacogene of the Waschberg—Zdanice Unit and the
Vienna Basin. A large-scale input of material from the Rhenodanubian Flysch Zone and of higher-grade metamorphic units
and granites of the Bohemian Massif in the Lower Miocene Molasse basin can be ruled out. A compilation of well sections
and heavy mineral data point to the existence of a partly emerged, N-S oriented ridge during the Egerian.

Keywords Miocene Central Paratethys - Garnet provenance - Heavy minerals - North Alpine Foreland Basin -
Palaeogeography

1 Introduction

The Northern Alpine Foreland Basin (NAFB) is a large,
peripheral sedimentary basin that extends from eastern
France to the north-eastern part of Austria comprising
mainly deposits of Eocene to Miocene times (Harzhauser
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and Rogl 2005; Piller et al. 2007). It was formed due to
gravitational loading by the advancing Alpine orogenic
wedge (Hinsch 2008; Sant et al. 2017). Over the last few
years, a series of studies have been conducted dealing with
different palaeographic, sedimentological and mineralogi-
cal aspects of the NAFB (e.g., Rogl 1998; Steininger and
Wessely 1999; Kuhlemann and Kempf 2002; Harzhauser
and Rogl 2005; Piller et al. 2007; Harzhauser and Piller
2007; Hinsch 2008; Grunert et al. 2010, 2012; Reichen-
bacher et al. 2013; Pipperr and Reichenbacher 2017; Kovac
2017; Sant et al. 2017). There exist only a few detailed
provenance studies with regard to sediments of the eastern
part of the NAFB (Hamilton 1997) and sediments of the
Vienna Basin (e.g., Stern and Wagreich 2013; Kovac et al.
2004).The main focus of this paper is to reconstruct the
sediment provenance and to identify source areas of the
eastern part of the NAFB during the early Miocene by
comparative analyses of heavy minerals, including
assemblage counts and detrital mineral chemistry and
analyses of the bulk-rock geochemistry of the Burdigalian
Traisen Formation in Lower Austria and coeval sediments
in the subground of the basin.
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Single grain mineral studies primarily started off with
the analyses of variations in major-element compositions
of amphiboles (Mange-Rajetzky and Oberhénsli 1982),
clinopyroxens (Cawood 1983), garnets (Morton 1985),
tourmalines (Henry and Guidotti 1985) and chrome spinels
(Pober and Faupl 1988). In recent years, the adoption of
innovative analysis techniques (Mange and Morton 2007,
von Eynatten and Dunkl 2012) for minerals like epidote
(Spiegel et al. 2002), apatite (Morton and Yaxley 2007)
and rutile (Zack et al. 2004; Meinhold et al. 2008; Triebold
et al. 2012) allowed further insight in the provenance his-
tory of sedimentary rocks. A particular focal point of this
work is the evaluation of the chemistry of Miocene garnets
of the NAFB. Garnets derive from a wide variety of dif-
ferent source rocks that cover a large P-T-X range and are
therefore well suited for reconstructing provenance and
fingerprinting sediment transport systems (Morton 1985;
von Eynatten and Dunkl 2012; Stutenbecker et al. 2017). A
larger number of different garnet discrimination diagrams
have been created that allow an interpretation of data in
terms of provenance (Wright 1938; Teraoka et al. 1997,
Griitter et al. 2004; Mange and Morton 2007; Aubrecht
et al. 2009; Suggate and Hall 2013). A detailed review of
garnet discrimination diagrams can be found in Krippner
et al. (2014). Results of this present study are based on a
new garnet discrimination plot (TETGAR) that will be
briefly introduced in Sect. 3.

2 Geological and stratigraphical setting

Orogenic processes in the Alps during the Palaeocene and
Eocene are a result of the collision of the Adriatic/Apulian
and the European plate (Faupl and Wagreich 2000). The
uplift of the Alpine orogen entailed the elimination of large
parts of the Alpine Tethys Ocean (Handy et al. 2010). Due
to crustal loading, uplift and growth of the Alpine moun-
tain chain, a large-scale asymmetric depression of the
European plate occurred, forming the prominent NAFB
and creating the prerequisites for the deposition of massive
sediment infill of up to 1 km in the foreland (Kuhlemann
and Kempf 2002; Schuster and Stiiwe 2010). North of the
evolving orogen, the large but mostly shallow Paratethys
Seaway was formed (Harzhauser and Rogl 2005; Piller
et al. 2007). During Oligocene and Neogene times, relative
sea-level changes caused marine transgressions and
regressions and significant alterations of the palacogeog-
raphy of the Paratethys, leading to phases of faunal
extinction and endemism (Piller et al. 2007). In contrast to
the marine life of the Mediterranean Sea at that time, where
diverse coral reefs could develop, the biota of the Para-
tethys yielded a relatively low diversity (Harzhauser and
Rogl 2005). From ca. 20.5 Ma onwards (base of the

Central Paratethys stage Eggenburgian), an extensive
transgression onto the Bohemian Massif (Horner Basin,
Eggenburg Bay, Bavaria) took place (Hilgen et al. 2012;
see also Fig. 1). Sediments of the Burdigalian (Eggenbur-
gian—Ottnangian of Central Paratethys regional stratigra-
phy) transgressive cycle are mainly shallow marine sands
and offshore muds (Krenmayr 1999).

At the end of the Ottnangian a strong marine regression
occurred in the NAFB (Rogl 1999; Harzhauser and Rogl
2005; Piller et al. 2007; Pipperr and Reichenbacher 2017).
Due to a less pronounced sea-level rise and the uplift of the
southeastern part of the Bohemian Massif during the fol-
lowing transgressive cycle beginning at about 17.3 Ma
(base of Karpatian regional stage), largely non-marine
sedimentation took place in central Lower Austria during
the Karpatian (Wessely 2006; Hilgen et al. 2012). The most
recent definition of the upper Ottnangian lithostratigraphic
units in the Austrian NAFB led to the establishment of the
Traisen and Dietersdorf Formation which are summarized
in the Pixendorf Group, based on outcrops south of the
Danube (Gebhardt et al. 2013).

Burdigalian marine sediments (Ottnangian—Karpatian
sediments (OKS]) of the eastern NAFB are mainly found in
wells from areas north of the Danube up to the border to the
Czech Republic (Aniwandter et al. 1990; Wessely 2006;
see also Fig. 2).

2.1 Traisen Formation

The regression of the Lower Austrian Paratethys in the
early Miocene is associated with the deposition of the
Traisen Formation. The extent and thickness of these
sediments in the Lower Austrian Paratethys varies con-
siderably due to the filling of a palaeorelief (Gebhardt et al.
2013). The term Traisen Formation was introduced and
defined by Gebhardt et al. (2013). It refers to the former
Oncophora beds (Wessely 2006) located in an area around
St. Polten in the west, the Danube in the north and Judenau
in the east (Fig. 2). The term Oncophora derives from the
brackish water bivalve Oncophora (or Rzehakia in modern
literature) which represents a characteristic macrofossil in
these Ottnangian beds (Mandic and Coric 2007). Sand beds
of several metres thickness alternate with clay layers,
which are a few millimeters to centimeters thick. Some-
times coarser material can be observed, such as slump beds
and rip-up clasts which are indicative of the synsedimen-
tary erosion of older material. From a palaeontological
point of view, a scarcity of nannofossils is a typical feature
of the Traisen Formation.
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2.2 Dietersdorf Formation

Coarse sands and conglomerates with rock fragments up to
50 cm are the most frequent lithologies of the Dietersdorf
Formation which extends over an area of approximately
12 x 3 km in the southeastern part of the Traisen Forma-
tion. Subordinate components are more finely grained
sediments, e.g. sands and pelites. Due to its stratigraphic
position, the Dietersdorf Formation is correlated to the late
Ottnangian (Schnabel et al. 2002; Wessely 2006; Gebhardt
et al. 2013). Based on the occurrence of flysch and car-
bonate components, an influence from Alpine units such as
the Northern Calcareous Alps (NCA) and the Rhen-
odanubian Flysch Zone (RFZ) is evident (Schnabel et al.
2002; Gebhardt et al. 2013).

2.3 Iron-rich sands and clays

Iron-rich sands and clays (“Eisenschiissige Sande”; Schn-
abel et al. 2002) in the area west of the Waschberg—Zdé—
nice Unit, north of the River Danube (Fig. 2), are grey to
grey brown, weathered, mica-rich fine to medium sands
and greyish, laminated clays and claystones with limonitic
concretions. The original depositional area of these sedi-
ments was further to the east. They were thrust north-
westward during the uplift of the Waschberg—Zdanice Unit
(Rogl et al. 2009; Gebhardt et al. 2013). Heavy mineral
studies revealed a predominance of garnet (~ 90%) and
minor amounts of zircon, staurolite, rutile, apatite and
epidotes (Novak and Stranik 1998). The typical occurrence
of limonitic concretions in the iron-rich sands and clays
does not correspond to the sedimentological characteristics
of the Traisen Formation (Hamilton 1997; Gebhardt et al.
2013).

2.4 Ottnangian and Karpatian sediments
in the subground of the northeastern NAFB
(OKS)

West of the Waschberg—idénice Unit, Lower Miocene
sediments (so called Oncophora beds in former literature,
Brix and Schultz 1993) in the subsurface show character-
istics of a deeper-water environment with sediment gravity
flows, turbidites, muddy/sandy slumps, incomplete Bouma
sequences and marine faunal assemblages (Aniwandter
et al. 1990; Brix and Schultz 1993; Hamilton 1997; Kuffner
2001; Wessely 2006). OKS comprise alternating strata of
fine sandstones, silts and laminated pelites with graded and
convolute bedding.

In the course of this study, sediment of different wells
(Wildendiirnbach 4, Porrau 2, Altenmarkt im Thale, Laa 1,
Kettlasbrunn 2, Mailberg 2, Moosbierbaum 1, Streithofen
1, Schaubing NO 0O3) in Lower Austria was analyzed.
Lower Miocene sediments (Karpatian, Ottnangian,
Eggenburgian) are found up to depths of about 1940 m in
the well Laa 1. With regard to OKS, Hamilton (1997)
suspected a major sediment input from the approaching
NW-ward thrusting Waschberg—idénice Unit, whose main
axis is oriented parallel to the south-eastern part of the
Carpathian Foredeep (Beidinger and Decker 2014). A
general increase in fish remnants, diatoms, radiolarian and
echinoderms from south to north supports the view of a
marine, deeper-water depositional environment for Lower
Miocene sediments in northeastern Lower Austria, whereas
a more marginal and brackish depositional environment
prevailed during the sedimentation of the Traisen Forma-
tion in the south (Brix and Schultz 1993).
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3 Methods

The preparation of heavy mineral concentrates from sand
and sandstone samples involved crushing of the material (if
needed) to coarse sands. Following immersion in acetic
acid (C,H40,) to dissolve calcite cements, lasting 5 days;
separation of the 0.063—-0.4 mm fraction was carried out by
sieving. The subsequent gravity separation was achieved
by use of the heavy liquid tetrabromoethane (density
2.94 g/cm®). The quality and quantity of the obtained
heavy mineral fractions were analyzed using standardized
polarized light microscopy. In order to guarantee statistical
representativeness, about 200 grains per sample were
counted.

Heavy minerals were embedded in carbon mounts and
then extensively polished with a polishing disc for further
investigation. Elemental analyses of carbon-coated miner-
als of the 0.063-0.4 mm sieve fraction were undertaken
with a Cameca SX 100 electron microprobe analyzer (ac-
celeration voltage of 15 kV) at the Department of Litho-
spheric Research, University of Vienna. Pulverized
samples of the Traisen Formation, the Dietersdorf Forma-
tion, of adjacent lithologies and of OKS were analyzed at
ACME Analytical Laboratories (Bureau Veritas, Vancou-
ver, Ltd./ http://www.acmelab.com) by inductively-cou-
pled plasma mass spectrometry (ICP-MS). Measurements
of the whole rock chemistries were performed on 29
selected samples for eleven major oxides (SiO,; Al,Os;
Fezog; MgO, CaO, NazO, KQO, TlOz, P205, MHO, CI'203)
and 47 minor and trace elements (Ni; Sc; Ba; Be; Co; Cs;
Ga; Hf; Nb; Rb; Sn; Sr; Ta; Th; U; V; W; Zr; Y; La; Ce; Pr;
Nd; Sm; Eu; Gd; Tb; Dy; Ho; Er; Tm; Yb; Lu; Mo; Cu; Pb;
Zn; As; Cd; Sb; Bi; Ag; Au; Hg; Tl; Se; B). Absolute
contents were determined by comparing the analytical
results to those of prepared standards.

In order to overcome some limitations of conventional
garnet discrimination diagrams, a new tetrahedral prove-
nance plot, called TETGAR, has been developed (Knier-
zinger 2015). The TETGAR three-dimensional MATLAB
plot is based on the four garnet end-members almandine
(Alm), grossular (Gro), pyrope (Pyr) and spessartine (Spe)
forming the vertices of a tetrahedron. Cartesian coordinates
were recalculated from normalized end-member values.
The three-dimensional impression of images given here is
ensured by the use of a colorbar (z-axis) that corresponds to
the spessartine content (high values =red; low
values = blue).

Based on database of Suggate and Hall (2013) and
additional EMPA-data (Brown 1969; Shimazki 1977,
Manning 1983; Mann et al. 1991; Shenboa 1993; Paulick
and Franz 2001; Willner et al. 2001; Ballevre et al. 2003;
Makrygina and Suvorova 2011; Malvoisin et al. 2011;

Antao 2013) the chemistry of more than 2600 garnets was
evaluated and used to create various triangulated subfields
that correspond to various subfields, which in turn cor-
respond to different source types representing metamor-
phic facies conditions of metapelitic, metasomatic and
metabasic rocks as well as felsic igneous rocks. The
calculation of the space coordinates of the plotting points
in the tetrahedron is accompanied by a normalization of
data to 100%.

In order to compress the data volume, only garnets in the
range of () one standard deviation (o) of the arithmetic
mean (u) with regard to each end-member (almandine,
pyrope, grossular and spessartine) were taken into account.
Garnets with higher different (e.g., andradite, uvarovite)
end-member components (> 4%) were sorted out. Garnets
from exceptional ores, migmatites, xenoliths, volcanic
rocks, hornfelses, garnets with unclear or ambiguous
attribution as well as redundant measurements were not
quantitatively considered either (Fig. 3). A more detailed
characterization of this plot and comparison with other
garnet plots will be published elsewhere.

The MATLAB function ‘TETGAR’ can be found as
supplementary material.

Additional internal OMV data of following wells have
been incorporated into considerations: Wildendiirnbach 1,
Wildendiinrbach 4, Porrau 1, Porrau 2, Altenmarkt im
Thale 1, Laa 1, Kettlasbrunn 2, Mailberg 1, Mailberg 2,
Moosbierbaum 1, Absdorf 2, Absdorf 4, Streihofen 1,
Staatz 1, Herzogbirbaum 1, Goggendorf 1, GroBharras 1,
Hadres 1, Jettsdorf 1, Murstetten 1, NiederruBbach 1,
Roggendorf 1, Rust 2, Stronegg 1 and Viehdorf 1.

4 Results
4.1 Whole rock chemistry

Typical SiO, contents of measured sandstones in the
Traisen Formation range between ~ 60 to 71%. The
scattergram (Fig. 3; modified from Herron 1988) of log
(SiO,/AL,03) vs. log (Fey0,/K,0) illustrates different
chemical compositions of the analyzed sands and pelites
of the Traisen Formation, of the Dietersdorf Formation, of
Wildendiirnbach 4 (OKS) and adjacent lithological units.
Sediments of the Traisen Formation exhibit very low
carbonate contents. According to this diagram, analyzed
sands of the Traisen Formation can generally be classified
as wackes and litharenites. Coarser sands, scattered
gravels and bigger rip-up clasts are more frequent in
northwestern and central parts of the Traisen Foramtion.
Slightly higher concentrations of Zr were found in the
southeastern and in the northwestern part of the Traisen
Formation.
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OKS predominantly consist of claystones (Fig. 4).
Coarser, quartz-rich components were noticed along the
margin of the Bohemian Massif in the west.

4.2 Heavy minerals and mineral chemistry
Heavy mineral analyses of samples from the Traisen For-

mation revealed high amounts of garnets (~ 65%) and
relatively high amounts of epidotes/zoisites and

amphiboles. Subordinate heavy minerals include tourma-
line, rutile, staurolite, titanite, sillimanite, kyanite, apatite
and zircon. With regard to epidotes/zoisites and amphi-
boles, a moderate depletion from west to east is noticeable.
In the northern Traisen Formation, occasiconal findings of
kyanite, sillimanite and Ca-amphiboles with higher Ti-
contents (up to ~ 2.5%) were noted.

Although the heavy mineral spectra (also dominated by
garnet) are broadly similar, in contrast to the Traisen
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Formation, significant amounts of carbonates (calcite,
rhodochrosite, magnesite, and dolomite) are characteristic
of the Dietersdorf Formation.

The heavy mineral spectra of the analyzed drill cores in
Lower Austria (OKS) are generally dominated by garnet
(up to ~ 85%). A discrepancy between the heavy mineral
spectra of the Traisen Formation and those of the OKS
(Wildendiirnbach 4, Laa 1, Staatz 1) is the rarity of
amphiboles and epidotes/zoisites in OKS. Besides, slightly
higher contents of staurolites, biotites and zircons were
determined in OKS. Compared to other analyzed samples
of OKS, slightly higher amounts of epidotes/zoisites and
amphiboles were found in the Mailberg 2 and the Porrau 2

core. Deeper sections (1269 and 1329 m) of the Mailberg 2
core are characterized by different heavy mineral spectra
(Fig. 5) and high-grade metamorphic garnets.

Analyses of amphiboles of the Moldanubian Zone of the
Bohemian Massif (samples were taken from amphibolites
at Kamegg and Grafenworth, see Fig. 2) show relatively
high TiO, contents (~ 1.5 to 2.5%), differing significantly
from TiO, contents of ~ 0.4%. on average of amphiboles
of the Traisen Formation and of OKS.

Heavy minerals of all analyzed locations (outcrops +
drillings) predominantly appear in angular, sub-angular
and sub-rounded forms. Rounded forms were barely
detectable.

Fig. 5 Heavy mineral spectra
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According to the discrimination approach of Henry and
Guidotti (1985), most tourmalines of the Traisen Forma-
tion, the Dietersdorf Formation and the OKS can be
attributed to Ca-poor metapelites and calc-silicate rocks.
The chemical compositions of tourmalines of the Traisen
Formation and of OKS suggest granitoid rocks also (-
Fig. 6). A significant influence of meta-carbonates, meta-
ultramafics and Li-rich rocks can be ruled out.

4.2.1 Garnet chemistry

The TETGAR plot implies a main attribution of the garnets
of the Traisen Formation to metasedimentary amphibolites.
While most of the measured garnets of the Traisen For-
mation exhibit grossular contents of > 15%, some samples
also show higher amounts of garnets with grossular con-
tents of < 12%. Higher amounts of these low-grossular
almandines were found in the Streithofen core in the
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Fig. 7 Garnet chemistry Traisen Formation (TETGAR top + front view)

eastern part of the Traisen Formation and in sediments of
the Laa Formation (outcrop Thiirnthal) (see Fig. 2).

Garnets of the OKS, the iron-rich sands and clays, the
Dietersdorf Formation and the Ottnangian Luzice Forma-
tion of the Vienna Basin (well Kettlasbrunn 2) are chem-
ically similar to garnets of the Traisen Formation (mostly
high-grossular almandines). Almandine garnets of the OKS
tend to exhibit slightly lower grossular contents than gar-
nets of the more southern Traisen Formation.

Considerable differences between Lower Miocene gar-
nets of the eastern NAFB (see Figs. 7, 8) and high-grade
metamorphic detrital garnets of Cretaceous—Palaeogene
strata (Altlengbach Formation/RFZ, e.g., Egger et al. 2002)
from the RFZ were found (see Fig. 9).

Following table provides an overview of chemical
compositions of garnets of different lightological units in
the NAFB and of adjacent areas:

Some pure grossular garnets were found in the northern
part of the Traisen Formation. Almandines with higher

Spe

1 granites & pegmatites 2
metasedimentary greenschists 3
metasedimentary amphibolites 4
metabasic & metasedimenta
blueschists § metasomatic rocks &
metasedimentary granulites 7
metabasic granulites 8 metabasic
amphibolites 9 metabasic &
metasedimentary eclogites 10
ultramafic rocks 11 miscibility gap
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metasedimentary granulites 7
metabasic granulites 8 metabasic
amphibolites 9 metabasic &
metasedimentary eclogites 10
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Fig. 8 Garnet chemistry OKS (TETGAR top + front view)

Spessartine %
100

1 granites & pegmatites 2
metasedimentary greenschists 3
metasedimentary amphibolites 4
metabasic & metasedimentary
blueschists 5 metasomatic rocks 6

%

metasedimentary granulites 7 80
metabasic granulites 8 metabasic
amphibolites 9 metabasic &
metasedimentary eclogites 10 70
ultramafic rocks 11 miscibility gap
60
50
1"
40
130
20
10
. .
5
Alm Gro

Spessartine %
Spe 100

1 granites & pegmatites 2
[ metasedimentary greenschists 3

metasedimentary amphibolites 4

metabasic & metasedimentary

blueschists 5 metasomatic rocks 6
| metasedimentary granulites 7 80

metabasic granulites 8 metabasic

amphibolites 9 metabasic &

metasedimentary eclogites 10 70

ultramafic rocks 11 miscibility gap

Spe 100

1 granites & pegmatites 2
metasedimentary greenschists 3
metasedimentary amphibolites 4
metabasic & metasedimentary
blueschists 5 metasomatic rocks 6
metasedimentary granulites 7 80
metabasic granulites 8 metabasic

amphibolites 9 metabasic &

metasedimentary eclogites 10 7
ultramafic rocks 11 miscibility gap

Fig. 9 Garnet chemistry Rhenodanubian Flysch (Altlengbach Formation) (TETGAR top + front view)

andradite contents were measured in samples of Moravian
garnet-mica schists (outcrop Theras).

5 Discussion
5.1 Traisen Formation

The mineralogial composition of the Traisen Formation
and the majority of the analyzed garnets of the Traisen
Formation are in good correspondence with low to medium
grade metapelitic source litholgogies of Austroalpine
crystalline units of the Eastern Alps (Fliigel 1975; Schuster
and Frank 1999; Holzel and Wagreich 2004; Wagreich and
Strauss 2005; Wessely 2006; Gaidies et al. 2006; Raic et al.
2012; Bender 2014).Correspondences are also noted with
garnets of Palaeocene sediments of the GieBhiibl Forma-
tion (Gosau Group/NCA, see. Hofer 2013) and of Creta-
ceous to Eocene sediments of the Zwieselalm Formation
(Gosau Group/NCA). Moreover, strong similarities to
garnets of Alpine Cenozoic sediments in the area of Hieflau
(‘Hieflauer Tertidr’/NCA, see Wagreich et al. 1996) and

similar siliciclastic sediments in the area of the Tonionalm
(NCA) were found. The high degree of consistency
between the garnet compositions of the Traisen Formation
and monometamorphic garnet-mica schists of the Glei-
nalpe area is considered a strong argument for a significant
input of Austroalpine crystalline source rocks from the
Eastern Alps into the Burdigalian sediments of the Lower
Austrian part of the NAFB. Monometamorphic garnet-
mica schists in the Gleinalpe area were interpreted as an
eastern continuation of the Radenthein Complex (Raic
et al. 2012). The Radenthein Complex, which represents
the uppermost part of the Koralpe—Wolz nappe system,
witnessed an FEo-alpine (Cretaceous) thermal imprint.
Extensive erosional, sedimentation and resedimentation
processes of these monometamorphic lithologies during the
Palaeogene are conceivable (Stern and Wagreich 2013) and
thus explain similar compositions of garnets from Palaeo-
cene Gosau-Group rocks and younger Neogene strata on
top of the NCA.

Measured garnets of the Moldanubian crystalline base-
ment in the well core Moosbierbaum 1 (paragneiss; depth
45 m) show similarities to the low-grossular almandines in
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Table 1 End-member contents of garnets of the NAFB and of potential source rocks

Formation/lithology Alm Gro Pyr Spe Source

Traisen Formation (NAFB) 67.9 (6 =6.9) 189 (c = 6.4) 8.6 (o =3.6) 44 (c =4.2) This paper

Dietersdorf Formation (NAFB) 69.3 (o = 10.0) 15.3 (o = 10.5) 9.2 (c =5.8) 59 (c =5.6) This paper

Ottnangian and Karpatian sediments in 70.1 (c =6.7) 16.5 (c =7.2) 95 (c=4.7) 37 (c =4.1) This paper
the subground of the northeastern part
of the Lower Austrian NAFB

Iron-rich sands and clays (outcrop 64.5 (6 =9.7) 20.1 (c =5.4) 10.7 (6 = 7.8) 4.1 (c =34 This paper
Stockerau/NAFB)

Laa Formation (outcrop Thuiirnthal/ 74.6 (c =6.4) 13.5 (6 =17.6) 8.9 (c =4.2) 2.8 (o =3.1) This paper
NAFB)

Linz—Melk Formation (outcrop Wolbing/ 55.7 (c = 17.6) 13.3 (6 = 12.2) 26.8 (6 =15.2) 4.1 (c=12.2) This paper
NAFB)

Linz-Melk Formation ? (well Mailberg 2 624 (c =12.1) 10.0 (c = 12.2) 18.2 (o = 14.0) 9.1 (o = 10.3) This paper
[depth 1329 m]/NAFB)

Fels Formation (outcrop Gosing am 64.8 (o =25.5) 13.2 (c = 8.8) 9.7 (o = 10.6) 12.1 (c = 12.5) This paper
Wagram/NAFB)

Siliciclastic sediments Tonionalm (NCA) 68.4 (0 =6.9) 193 (6 =5.2) 89 (c=24) 3.2 (c=3.8) This paper

Cenozoic sediments Hieflau (NCA) 66.1 (o = 4.8) 209 (o =3.1) 8.1 (c=22) 4.6 (c =4.0) This paper

Cretaceous—Eocene sediments of the 66.6 (0 = 6.4) 18.1 (o =17.6) 9.0 (6 =5.3) 6.1 (c =5.3) This paper
Zwieselalm Formation (Gams Basin/
NCA)

Palacocene sediments of the GiefBhiibl 65.0 (6 =4.9) 20.4 (6 = 3.7) 9.1 (c =2.8) 49 (6 =4.7) Hofer (2013)
Formation (Gosau Group/Vienna Basin)

Luzice Formation (well Kettlasbrunn 672 (c=172) 18.9 (6 = 6.8) 9.6 (0 =5.6) 4.0 (c =4.5) This paper
2/Vienna Basin)

Altlengbach Formation (Rhenodanubian 67.0 (c =10.5) 10.7 (o =9.3) 189 (c =11.4) 31(c=34) This paper
Flysch Zone)

Garnet-mica schists Gleinalm (Koralpe— 66.3 (0 =2.2) 21 (c=17.1) 7.7 (6 =6.7) 47 (o =2.5) Raic et al. (2012)
Woélz nappe system/Eastern Alps)

Garnet-mica schists Steinplan area 689 (o0 =6.7) 19.7 (6 =17.9) 9.9 (6 =3.0) 14 (c=22) Bender (2014)
(Koralpe-Wolz nappe system/Eastern
Alps)

Moldanubian mica-schists west of 65.9 (c =4.6) 15.1 (c =4.8) 79 (c =14) 10.5 (6 = 3.1) This paper
Langenlois (Bohemian Massif)

Moldanubian (?) garnet-mica schists 73.7 (o = 6.6) 14.1 (c =4.5) 6.6 (6 =2.2) 54 (c=4.7) This paper
(outcrop Frauendorf an der Schmida/
Bohemian Massif)

Moravian (?) greenschists (outcrop 65.7 (c = 10.5) 73 (c=1.5) 7.3 (6 =2.0) 19.5 (o = 10.8) This paper
Schonberg am Kamp/Bohemian Massif)

Moravian garnet-mica schists ( outcrop 799 (c = 1.8) 10.1 (o = 1.0) 8.1 (c =1.6) 1.6 (6 =2.3) This paper
Pernegg (Pernegg Fomation)/Bohemian
Massif)

Michelstetten Beds (outrcop Ernstbrunn/ 62.7 (o = 12.2) 123 (o =8.1) 225 (c=124) 2.5 (0 =2.0) This paper

WZU)

WZU Waschberg—Zdénice Unit

the Karpatian Laa Formation (Thiirnthal outcrop). It should
be emphasized that the vast majority of almandine garnets
of the Moravian and Moldanubian units show significant
lower grossular contents (< 15%) than typical Alpine
metamorphic almandines (> 15%). Additional typical low-
grossular almandines (see also Table 1) of different
Moldanubian and Moravian rocks are reported by Zaydan
and Scharbert (1983), Bernroider (1989) and Linner

(1996). The reason for this difference is mainly to be found
in high pressure conditions during the Alpine orogeny
causing a stronger incorporation of Ca (Harangi et al. 2001;
Suggate and Hall 2013; Krippner et al. 2014) in Alpine
almandines.

The detection of pure grossular garnets in coarser-
grained samples of the northern Traisen Formation is an
indication for an influence of calc-silicate source rocks. A
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higher number of locally confined calc-silicate rocks are
known from different units of the Moldanubian and
Moravian (i.e., Drosendorf Unit, Pernegg Formation, Bites
Unit) in the Bohemian Massif (Bernroider 1989; Schn-
abel et al. 2002; Wessely 2006). The presence of similar,
already eroded lithologies at the southeastern margin of the
Bohemian Massif in the Miocene is a reasonable assump-
tion (Schnabel et al. 2002; Wessely 2006). At the same
time, a sedimentary input from Moldanubian and Moravian
metapelitic rocks (mica schists; paragneisses) into the
Lower Miocene Paratethys seems certain, as indicated by
coarser sediment material, low-grossular almandines and
Ti-rich amphiboles in the northern Traisen Formation.
Besides, analyses of Fe-rich tourmalines suggest a sec-
ondary influence from higher metamorphic Moldanubian
units. A stronger influence from the Moldanubian in the
northern part of the Traisen Formation is furthermore
supported by the scattered presence of kyanites, silliman-
ites and bigger rip-up-clasts. Significant sedimentary input
of the Gfohl Unit, the Ostrong Unit (both Moldanubian),
igneous intrusive rocks of the Moravian and the Linz—Melk
Formation (Egerian) can be ruled out.

A prominent influence of other higher metamorphic and
more diverse crystalline units at the eastern margin of the
Eastern Alps (e.g., Sieggraben Complex; Sopron Moun-
tains; see Draganits 1998; Schuster et al. 2001; Kromel
et al. 2011; Schuster et al. 2004) and of the zircon and
tourmaline-rich sediments of the Augenstein Formation
(Oligocene—Lower Miocene syntectonic strata on top of the
NCA, see Frisch et al. 2002) can be excluded.

High-grade granulite garnets, typical for the RFZ, are
almost completely absent (with some exceptions in the
vicinity of the Gfohl granulite) in the Traisen Formation. A
significant influence of the RFZ on early Miocene sedi-
mentation in the central Lower Austrian Molasse basin can
therefore be ruled out. However, higher concentrations of
Zr in the southeastern part of the Traisen Formation can
possibly be correlated with a minor influence of material
from the zircon-rich RFZ, whereas higher concentrations of
Zr in the northwestern part of the Traisen Formation
(Traismauer) might be linked to zircon-bearing Moldanu-
bian units (Niedermayr 1967; Schnabel et al. 2002; Nehyba
and Roetzel 2010).

5.2 Dietersdorf Formation

The analyzed garnets of two sandstone samples of the
Dietersdorf Formation indicate a primary attribution to low
metamorphic rocks of the Austroalpine crystalline units of
the Eastern Alps (i.e., Koralpe-W&lz nappe system, Sil-
vretta—Seckau nappe system, Semmering—Wechsel nappe
system). Unlike analyses of garnets of the Altlengbach
Formation and other Flysch Units, no high-grade

metamorphic garnets were found in the analyzed sample
set. A frequent occurrence of flysch components in the
Dietersdorf Formation, however, is mentioned by Schnabel
et al. (2002) and by Gebhardt et al. (2013). This apparent
contradiction is probably due to the high lithological
inhomogeneity of the Dietersdorf Formation that also
exhibits strong deviations in terms of the occurrence of
heavy minerals in general and of certain carbonates such as
rhodochrosite, magnesite and dolomite. In general, a major
influence from the NCA and from Austroalpine crystalline
units of the Eastern Alps seems certain.

5.3 Ottnangian and Karpatian sediments
in the subground of the northeastern part
of the NAFB (OKS)

Analyses of OKS in the drill core samples of Wildendiirn-
bach 4, Laa 1, Mailberg 2, Porrau 2 and Altenmarkt/Thale
revealed quite homogenous heavy mineral spectra that are
dominated by almandine garnets. Different source rocks
with respect to the Traisen Formation are indicated by
slightly higher pyrope contents of the garnets, higher con-
tents of staurolite, slightly higher contents of zircons and
biotites and lower contents of epidotes/zoisites. Another
discrepancy between the heavy mineral spectra of the
Traisen Formation and those of OKS (Wildendiirnbach 4,
Laa 1, Staatz 1) is the rarity of amphiboles in OKS. The
absence of amphiboles might be explained by intrastratal
dissolution effects (Mange and Morton 2007). Comparisons
with the heavy mineral spectra of near-surface samples of
other cores (e.g., Staatz 1), however, indicate a primary lack
of amphiboles in these sediments.

Similarly to the sediments of the Traisen Formation,
chemical analyses of garnets and tourmalines of OKS
suggest primarily metapelitic source rocks.

Considering coarser grain sizes in the area of Mailberg
and Porrau, additional sedimentary input of material from
the Moravian Zone into the early Miocene Paratethys is
certain. Ti-rich Ca-amphiboles (~ 2% TiO,) in Ottnan-
gian/Karpatian sediments of the Mailberg 2 core can be
attributed to amphibolites and paragneisses of the Bohe-
mian Massif (Lieberman and Petrakakis 1991; Zeitlhofer
2009). Based on high amounts of high metamorphic gar-
nets and congruent heavy mineral data, an association of
deeper sections of the Mailberg 2 core (~ 1150 to
1450 m) with older sedimentary units of the Egerian Linz—
Melk Formation (see Roetzel et al. 1983) seems reason-
able. Strong similarities between the garnet chemistry of
sediments of the Luzice Formation (Kettlasbrunn 2/Vienna
Basin) and garnets of OKS and of the Traisen Formation
suggest a similar Alpine provenance.

Ottnangian sediments in the Lower Austrian NAFB
probably reach thicknesses up to more than 800 m
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Fig. 10 Palacogeographic
sketch of the Central Paratethys
in Lower Austria

(Egerian + late Ottnangian)

Egerian

Recent Flysch front

Palaeogeographic feature
1. Egerian ridge

Sedimentation realms
2. Linz-Melk Formation
3. Michelstetten Formation

Fault systems
4. Mailberg fault
5. Steinabrunn fault

late Ottnangian

(Herzogbirbaum core; see Kuffner 2001). Although sedi-
ment thicknesses vary considerably throughout the Lower
Austrian NAFB and with regard to chronostratigraphic
stages of the Miocene, high sediment accumulation rates of
up to more than 1000 cm/ka during the late Ottnangian and
the following Karpatian for the Paratethys in Lower Aus-
tria are assumed. Under the assumption of a relatively short
sedimentation time of 0.5-0.8 Ma for the Traisen Forma-
tion (for Ottnangian timing see Hilgen et al. 2012), large
catchment areas involving different lithologies in the Alps
and high exhumation rates seem likely. Consequently, a
sediment infill that was predominantly controlled by source
rocks situated in the Bohemian Massif is considered
improbable. This is further corroborated by chemical
analyses of detrital minerals (see Sects. 4.2, 4.2.1). Higher
andradite contents in almandines of Moravian garnet-mica
schists in Theras (see also Libowitzky 1989) are not in
accordance with garnets of the OKS either. However, a

Sedimentation realms

1. Traisen Formation +

Dietersdorf Formation

2. Ottnangian and Karpatian sediments in
the subground of the northeastern NAFB
3. Luzice Formation

Main source rocks
A. Sediment input Eastern Alps
B. Sediment input Bohemian Massif

Tectonic events
C. Beginning of the formation of the
Waschberg-Zdanice Unit

stronger sedimentary input in the area of Mailberg and
Porrau from Moldanubian and Moravian metapelitic rocks
(mica schists; paragneisses) compared to the Traisen For-
mation is indicated by lower grossular-almandines similar
to low-pressure metapelitic rocks of the Moldanubian and
the Moravian.

Similar to heavy mineral spectra of Lower Miocene
sediments in the Lower Austrian NAFB, heavy mineral
spectra of coeval sediments in the southern part of the Czech
Republic along the Waschberg—Zdénice Unit are charac-
terized by a dominance of garnets (Golonka and Picha 2006;
Stranik et al. 2007) and low amounts of staurolites und
rutiles. Detailed chemical analyses of these garnets have not
been performed yet. Chemical analyses of almandine gar-
nets of paragneisses in the southern part of the Malé Karpaty
Mountains (westernmost core mountains of in the Western
Carpathians) show very low grossular contents of < 5%
(Dyda 1994). These kinds of garnets cannot be associated
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Fig. 11 Crystalline basement
(subsurface) in Lower Austria
(see also Dirnhofer 1996;
Wessely 2006)
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with garnets of OKS. Analyses of Permian sandstones in the
northern part of the Malé Karpaty Mountains indicated a
greater variability of sources rocks, including low-grade
metapelites, contact-thermal metamorphic calcareous rock
(high andradite contents), granulites and granites/pegmatites
(Vd’aény and Bacik 2015). A major sedimentological
influence of these lithologies on the Lower Austrian NAFB
during the Ottnangian is very unlikley.

6 Palaeogeography and provenance
evolution

Missing Oligocene strata (see e.g., OMV cores
Wildendiirnbach 4, Staatz 1, Herzogbirbaum, Stronegg,
Altenmarkt/Thale; Kapounek et al. 1967; Fuchs et al. 1980;
Kuffner 2001) west of the Waschberg—Zdanice Unit are a

strong indication for non-deposition during the Oligocene
in the area of the Waschberg—idénice Unit, since no major
tectonic processes have altered this area (Fuchs et al.
1980). The possibility of large-scale resedimentation pro-
cesses of carbonate-free Egerian sediments, associated with
the Linz—Melk Formation and originally deposited in the
area of the present Waschberg—Zdanice Unit, must be
excluded because higher amounts of high metamorphic
garnets—typical for sediments of the Linz—Melk Forma-
tion—were only found in very small numbers in Ottnan-
gian and Karpatian sediments in the NAFB.

We therefore infer a SW-NE trending ridge built by
autochthonous Mesozoic rocks (see Wessely 2006) and
some granite intercalations in the area of Wildendiirnbach
(see Brix and Fuchs 1984) that separated the depositional
area of the carbonate-free Linz—Melk Formation in the
west from sedimentation of the carbonate-rich
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Fig. 12 Palacogeographic sections of the NAFB in Lower Austria (Egerian, Eggenburgian, Ottnangian) (dimensions are not to scale)

Michelstetten Formation (Fuchs et al. 1980; Schnabel et al.
2002) in the east. Today, autochthonous Mesozoic rocks
are buried below the Alpine—Carpathian orogen, and only a
minor part of these Jurassic and Cretaceous rocks are
exposed on the surface due to thrusting of the WZU
(Wessely 2006). In the Oligocene, however, larger parts of
the autochthonous Mesozoic and also parts of the ‘Staatz
Granite Massif” were probably still at the surface (Brix and
Fuchs 1984).

Based on these considerations, the existence of a con-
tinuous marine connection between parts of the Central
Paratethys in Lower Austria and parts of the eastern Cen-
tral Paratethys in Slovakia in the Egerian (see e.g., Rogl
1998; Steiner and Steininger 2005; Kovac et al. 2017) is
questioned.

Whether this ridge represented a continuous separation
from north to south or was divided into a series of smaller
islands (see Fig. 10) cannot be inferred from the available
data. The idea of an Egerian ridge (“Hagenberg Schwelle”)
was first formulated by Fuchs et al. (1980) and already
indicated by Papp (1960). It is possible that a marine
connection was completely (re)established in the late

Egerian during the sedimentation of a marine fine-grained
deeper water facies (“Alterer Schlier”; see e.g., Roetzel
et al. 1983; Roetzel and Kurzweil 1986) in the NAFB.

The easternmost Egerian sediments buried under the
RFZ in Lower Austria are known from Mauerbach (Wes-
sely 2006). It is assumed that no Egerian sedimentation
took place in the area of the easternmost reaches (east of
Mauerbach) of the present RFZ in Lower Austria (see also
Fuchs et al. 1980; Wachtel and Wessely 1981; Wessely
2006; Beidinger and Decker 2014).

The reason for a watershed formed by Mesozoic rocks in
the area of the present WZU may lie in palaco-fault activity
in the NAFB. Parts of the southeastern Bohemian Massif
may have subsided along fault systems like the Mailberg
fault and the Steinabrunn fault (see also Pfleiderer et al.
2016). Taking into account internal OMV core data (see
also Fuchs et al. 1980), it appears very likely that the
southwestern parts of the Mailberg fault and of the Stei-
nabrunn fault formed a geographical barrier to the Egerian
Paratethys in the Lower Austrian NAFB. Varying erosion
rates between areas east and west of the present Wasch-
berg—Zdanice Unit might have already prevailed during



Provenance and palaeogeogaphy of the Lower Miocene, North Alpine Foreland Basin 283

Mesozoic times due to different characteristics of the
crystalline basement: while lithologies west of the
Waschberg—Zdénice Unit are mainly comprised of schis-
tose rocks, the crystalline basement in the area of the
northern Waschberg—Zdénice Unit and in areas west of the
Waschberg—Zdanice Unit consists of significant amounts of
granite bedrock (Fig. 11). This might have promoted the
formation of a/an (underwater) palaeo-ridge in the area of
the present Waschberg—Zdanice Unit.

The original depositional area of sediments of the
Waschberg—Zdénice Unit was further in the east (Wessely
2006). During the formation of the Waschberg—Zdanice
Unit, these sediments were thrust onto the autochthonous
Mesozoic and were later partly eroded and resedimented into
the Miocene NAFB (Fig. 12). Micropaleaontological data of
sediments in the NAFB suggests that these resedimentation
processes might be correlated with higher amounts of
reworked Cretaceous and Palacogene material (personal
communication Kallanxhi; Rogl and Nagymarosy 2004).

The deposition of sediments during the late Ottnangian/
early Karpatian probably took place within a relatively
short period of time and was controlled by sediment input
from the east (resedimented sediments of the Waschberg—
Zd4nice Unit, Luzice Formation and Laksary Formation),
from the west (mainly Moravian metasedimentary litholo-
gies) and from the south (Traisen Formation).

According to Beidinger and Decker (2014), the extent of
post-Eggenburgian foreland-propagating thrusting in the
area of St. Polten was limited. Considering this and the fact
that almost no erosion products of the RFZ can be detected
in the Traisen Formation, it is probable that most of the
shortening, folding and uplift of the eastern RFZ took place
after the sedimentation of the Traisen Formation (from
Karpatian onwards).

7 Conclusions

Lower Miocene sediments of the Lower Austrian part of
the NAFB were primarily derived from (1) Austroalpine
crystalline units of the Eastern Alps and associated silici-
clastic sediments on top of the Northern Calcareous Alps
(shed by resedimentation in the course of the uplift of the
NCA), (2) from low-grade Moravian and Moldanubian
metamorphic rocks and (3) from resedimented Palacogene
and Miocene sediments of the Waschberg—Zdénice Unit.
No significant influence of the RFZ, of Moldanubian and
Moriavian granitoid rocks and of lithologies of the Malé
Karpaty Mountains on the Traisen Formation and on OKS
was found. A higher influence of erosional products of
Moravian and Moldanubian lithologies is suspected for
northwestern parts of the Traisen Formation and north-
western realms of OKS in the the Lower Austrian NAFB.

Exhumation and erosional processes of Austroalpine
crystalline units of the Eastern Alps are also of funda-
mental importance for Lower Miocene sediment inputs east
of the present Waschberg—Zdanice Unit. Resedimentation
processes during the Ottnangian and Karpatian towards the
west due to the uplift of the Waschberg—Zdanice Unit are
indicated by higher rates of reworked Cretaceous and
Palaecogene material and high sediment accumulation rates.

With respect to the Egerian palaeogeography, borehole
data suggest a SW-NE trending, partly subaerial ridge of
exposed Mesozoic rocks and intercalated granitoid rocks
that separated the depositional area of the carbonate-free
Linz—Melk Formation west of the present Waschberg—
Zdéanice Unit from sedimentation of the carbonate-rich
Michelstetten Formation east of the present Waschberg—
Zdénice Unit.

Acknowledgements This work was funded by a cooperation project
between OMV Exploration and Production AG and the University of
Vienna. Many thanks to Theo Ntaflos, Franz Kiraly, Sabine Hruby-
Nichtenberger, Wolfgang Hujer, Thomas Kuffner, Reinhard Roetzel,
Ralf Schuster, Manfred Linner, Benjamin Huet, Stepjan Coric, Holger
Gebhardt, Madalina-Elena Kallanxhi, Gerald Stern, Andreas Gerner,
Hagen Bender, Eckhart Hermann, Erik Wolfgring, Lukas Plan, Harald
Bauer, Andreas Beidinger and Kurt Decker. Furthermore, we would
like to thank Werner Piller and Fritz Schlunegger for reviewing the
paper and constructive suggestions for improvement.

References

Aniwandter, A., Bimka, J., & Zych, D. (1990). Facies development of
Miocene formations in the southwestern part of the Carpathian
Foredeep and its oil and gas prospects. In D. Minarikova & H.
Lobitzer (Eds.), Thirty years of geological cooperation between
Austria and Czechoslovakia (pp. 186-197). Prague: Ustredni
ustav geoloicky.

Antao, S. M. (2013). Is near-endmember birefringent grossular non-
cubic? New evidence from synchrotron diffraction. The Cana-
dian Mineralogist, 51, 771-784.

Aubrecht, R., Meres, S., Sykora, M., & Mikus, T. (2009). Provenance
of the detrital garnets and spinels from the Albian sediments of
the Czorsztyn Unit (Pieniny Klippen Belt, Western Carpathians,
Slovakia). Geologica Carpathica, 60, 463-483.

Ballevre, M., Pitra, P., & Bohn, M. (2003). Lawsonite growth in the
epidote blueschists from the Ile de Groix (Armorican Massif,
France): A potential geobarometer. Journal of Metamorphic
Geology, 21, 723-735.

Beidinger, A., & Decker, K. (2014). Quantifying Early Miocene in-
sequence and out-of-sequence thrusting at the Alpine—Car-
pathian junction. Tectonics, 33, 222-252.

Bender, H. (2014). Clash of porphyroblasts. Master thesis, University
of Vienna, Vienna, Austria.

Bernroider, M. (1989). Zur Petrogenese prikambrischer Metasedi-
mente und cadomischer Magmatite im Moravikum. Jahrbuch
der Geologischen Bundesanstalt, 132, 349-373.

Brix, F., & Fuchs, R. (1984). Exursionsfiihrer. Geologische Exkur-
sion. Nordliches Wiener Becken (Neogen). Waschbergzone
(Oberjura), Wien, Osterreichische Geologische Gesellschaft.

Brix, F., & Schultz, O. (1993). Erdol und Erdgas in Osterreich.
Vienna: Berger & Sohne, Ferdinand.



284

W. Knierzinger et al.

Brown, E. H. (1969). Some zoned garnets from the greenschist facies.
The American Mineralogist, 54, 1662-1676.

Cawood, P. A. (1983). Modal composition of detrital clinopyroxene
geochemistry of lithic sandstones from the New England Fold
Belt (east Australia): A Palaeozoic terrane forearc. Geological
Society of America Bulletin, 94, 1199-1214.

Dirnhofer, M. (1996). Zur Geologie und Petrographie des kristallinen
Untergrundes der Molassezone in Niederosterreich. Master
thesis, University of Salzburg, Salzburg, Austria.

Draganits, E. (1998). Seriengliederung im Kristallin des siidlichen
Odenburger Gebirges (Burgenland) und deren Stellung zum
Unterostalpin am Alpenostrand. Jahrbuch der Geologischen
Bundesanstalt, 141, 113-146.

Dyda, M. (1994). Geothermobarometric characteristics of some Tatric
crystalline basement units (Western Carpathians). Mitteilungen
der Osterreichischen Geologischen Geselleschaft, 86, 45-59.

Egger, H., Homayoun, M., & Schnabel, W. (2002). Tectonic and
climatic control of Paleogene sedimentation in the Rhenodanu-
bian Flysch Basin (Eastern Alps, Austria). Sedimentary Geology,
152, 147-162.

Faupl, P., & Wagreich, M. (2000). Late Jurassic to Eocene
paleogeography and geodynamic evolution of the Eastern Alps.
Mitteilungen der Osterreichischen Geologischen Gesellschaft,
92, 79-94.

Fliigel, H. W. (1975). Die Geologie des Grazer Berglands.
Erlduterungen und Karte 1:100000 (Mitteilungen der Abteilung
fiir Geologie, Paldontologie und Bergbau am Landesmuseum
Joanneum). Vienna: Geologische Bundesanstalt.

Frisch, W., Kuhlemann, J., Dunkl, I., Szekely, B., Vennemann, T., &
Rettenbacher, A. (2002). Dachstein-Altfliche, Augenstein-For-
mation und Hohlenentwicklung—die Geschichte der letzten 35
Millionen Jahre in den nordlichen Kalkalpen. Die Hohle
Zeitschrift fiir Karst- und Hohlenkunde, 53, 1-37.

Fuchs, R., Griin, W., Papp, A., Schreiber, O., & Stradner, H. (1980).
Vorkommen von Egerien in Niederdsterreich. Verhandlungen
der Geologischen Bundesanstalt, 1979, 295-311.

Gaidies, F., Abart, R., de Capitani, C., Schuster, R., Connolly, J.
A. D., & Reusser, E. (2006). Characterization of polymetamor-
phism in the Austroalpine Basement east of the Tauern Window
using garnet isopleth thermobarometry. Journal of Metamorphic
Geology, 24, 451-475.

Gebhardt, H., Coric, S., Krenmayr, H. G., Steininger, H., & Schweigl,
J. (2013). Neudefinition von lithostratigrafischen Einheiten des
oberen Ottnangium (Untermiozén) in der alpin-karpatischen
Vortiefe Niederosterreichs: Pixendorf-Gruppe, Traisen-Forma-
tion und Dietersdorf-Formation. Jahrbuch der Geologischen
Bundesanstalt, 153, 15-32.

Golonka, J., & Picha, F. J. (2006). The Carpathians and their
Foreland: Geology and hydrocarbon resources. Tulsa: Ameri-
can Association of Petroleum Geologists.

Grunert, P., Soliman, A., Coric, S., Roetzel, R., Harzhauser, M., &
Piller, W. E. (2012). Facies development along the tide-
influenced shelf of the Burdigalian Seaway: An example from
the Ottnangian stratotype (Early Miocene, middle Burdigalian).
Marine Micropaleontology, 84-85, 14-36.

Grunert, P., Soliman, A., Coric, S., Scholger, R., Harzhauser, M., &
Piller, W. E. (2010). Stratigraphic re-evaluation of the stratotype
for the regional Ottnangian stage (Central Paratethys, middle
Burdigalian). Newsletters on Stratigraphy, 44, 1-16.

Griitter, H. S., Gurney, J. J., Menzies, A. H., & Winter, F. (2004). An
updated classification scheme for mantle-derived garnets, for use
by diamond explorers. Lithos, 77, 841-857.

Hamilton, W. (1997). Die Oncophora-Schichten im Bereich Altpre-
rau-Wildendiirnbach und ihre Entstehung. In T. Hofmann (Ed.),
Exkursionsfiihrer. Das Land um Laa an der Thaya (pp. 96-98).
Vienna: Osterreichische Geologische Gesellschaft.

Handy, M. R., Schmid, S. M., Bousquet, R., Kissling, E., & Bernoulli,
D. (2010). Reconciling plate-tectonic reconstructions of Alpine
Tethys with the geological-geophysical record of spreading and
subduction in the Alps. Earth-Science Reviews, 102, 121-158.

Harangi, S., Downers, H., Kosa, L., Szabo, Cs, Thirlwall, M. F.,
Mason, P. R. D, et al. (2001). Almandine garnet in calc-alkaline
volcanic rocks of the Northern Pannonian Basin (Eastern—
Central Europe): Geochemistry, petrogenesis and geodynamic
implications. Journal of Petrology, 42, 1813-1843.

Harzhauser, M., & Piller, W. E. (2007). Benchmark data of changing
sea—Paleogeography, palaecobiogeography and events in the
Central Paratethys during the Miocene. Palaeogeography,
Palaeoclimatology, Palaeoecology, 253, 8-31.

Harzhauser, M., & Rogl, F. (2005). Das Werden der Paratethys. In E.
Steiner & H. Steininger (Eds.), Meeresstrand am Alpenrand.
Molassemeer und Wiener Becken (pp. 13—17). Vienna: Biblio-
thek der Provinz.

Henry, D. J., & Guidotti, C. V. (1985). Tourmaline as a petrogenetic
indicator mineral: An example from the staurolite-grade
metapelites of NW Maine. American Mineralogist, 70, 1-15.

Herron, M. M. (1988). Geochemical classification of terrigenous
sands and shales from core and log data. Journal of Sedimentary
Petrology, 58, 820-829.

Hilgen, F. J., Lourens, L. J., & Van Dam, J. A. (2012). The Neogene
period. In F. M. Gradstein, J. G. Ogg, M. D. Schmitz, & G.
M. Ogg (Eds.), The geologic time scale (pp. 923-978).
Amsterdam: Elevsier.

Hinsch, R. (2008). New insights into the Oligocene to Miocene
geological evolution of the Molasse Basin of Austria. Oil Gas
European Magazine, 34, 138-143.

Hofer, G. (2013). Geochemistry and provenance of the Upper
Cretaceous to Eocene Gosau Group around and beneath the
Vienna Basin (Austria and Slovakia). PhD dissertation, Univer-
sity of Vienna, Vienna, Austria.

Holzel, M., & Wagreich, M. (2004). Sedimentology of a Miocene
delta complex: The type section of the Ingering Formation
(Fohnsdorf Basin, Austria). Austrian Journal of Earth Sciences,
95(96), 80-86.

Kapounek, J., Kroll, A., Papp, A., & Turnovsky, K. (1967). Der
mesozoische Sedimentanteil des Festlandsockels der Bohmis-
chen Masse. Jahrbuch der Geologischen Bundesanstalt, 110,
73-91.

Knierzinger, W. (2015). Provenance analysis of Lower Miocene
sediments in the Lower Austrian Molasse Basin. Master thesis,
University of Vienna, Vienna, Austria.

Kovac, M., Barath, 1., Harzhauser, M., Hlavathy, I., & Hudackova, N.
(2004). Miocene depositional systems and sequence stratigraphy
of the Vienna Basin. Courier Forschungsinstitut Senckenberg,
246, 187-212.

Kovac, M., Hudackova, N., Haldsova, E., Kovacova, M., Holcova, K.,
Oszczypko-Clowes, M., et al. (2017). The Central Paratethys
palaeoceanography: A water circulation model based on micro-
fossil proxies, climate, and changes of depositional environment.
Acta Geologica Slovaca, 9, 74-114.

Krenmayr, H. G. (1999). The Austrian sector of the North Alpine
Molasse: A classical foreland basin. In G. W. Mandl (Ed.),
Forges ‘99—Dachstein-Hallstatt-Salzkammergut Region (pp.
22-26). Vienna: Geologische Bundesanstalt.

Krippner, A., Meinhold, G., Morton, A., & von Eynatten, H. (2014).
Evaluation of garnet discrimination diagrams using geochemical
data derived from various host rocks. Sedimentary Geology, 306,
36-52.

Kromel, J., PutiSm, M., & Bacik, P. (2011). The Middle Austro-
Alpine Sieggraben structural complex—New data on geother-
mobarometry. Acta Geologica Slovaca, 3(2011), 1-12.



Provenance and palaeogeogaphy of the Lower Miocene, North Alpine Foreland Basin 285

Kuffner, T. (2001). Depositional environment and reservoir proper-
ties of selected Egerian, Eggenburgian and Ottnangian cores
from the Waschberg Zone. Ginserndorf.

Kuhlemann, J., & Kempf, O. (2002). Post-Eocene evolution of the
North Alpine Foreland Basin and its response to Alpine
tectonics. Sedimentary Geology, 152, 45-78.

Libowitzky, E. (1989). Mineralogische Untersuchungen einer mag-
netischen Anomalie im Moravikum der Bohmischen Masse in
Osterreich. PhD dissertation, University of Vienna, Vienna,
Austria, p. 126.

Lieberman, J., & Petrakakis, K. (1991). Tweequ thermobarometry:
Analysis of uncertainties and application to granulites from
western Alaska and Awustria. Canadian Mineralogist, 29,
857-887.

Linner, M. (1996). Metamorphism and partial melting of paragneisses
of the Monotonous Group, SE Moldanubicum (Austria). Miner-
alogy and Petrology, 58, 215-234.

Makrygina, V. A., & Suvorova, L. F. (2011). Spessartine in the
greenschist facies: Crystallization conditions. Geochemistry
International, 49, 209-308.

Malvoisin, B., Chopin, C., Brunet, F., & Galvez, M. E. (2011). Low-
temperature Wollastonite formed by carbonate reduction: A
marker of serpentinite redox conditions. Journal of Petrology,
53, 159-176.

Mandic, O., & Coric, S. (2007). Eine neue Molluskenfauna aus dem
oberen Ottnangium von Rassing (NO)—taxonomische, biostrati-
grafische, paldookologische und paldobiogeografische Auswer-
tung. Jahrbuch der Geologischen Bundesanstalt, 147, 387-397.

Mange, M. A., & Morton, A. C. (2007). Geochemistry of heavy
minerals. In M. A. Mange & D. T. Wright (Eds.), Heavy
minerals in use (pp. 345-393). Amsterdam: Elsevier.

Mange-Rajetzky, M. A., & Oberhinsli, R. (1982). Detrital lawsonite
and blue sodic amphibole in the Molasse of Savoy, France, and
their significance in assessing Alpine evolution. Schweizerische
Mineralogische und Petrologische Mitteilungen, 62, 415—436.

Mann, P., Draper, G., & Lewis, J. F. (1991). Geologic and tectonic
development of the North-America-Caribbean-Plate Boundary
in Hispaniola. Washington D.C.: Geological Society of America.

Manning, D. A. C. (1983). Chemical variations in garnets from aplites
and pegmatites, peninsular Thailand. Mineralogical Magazine,
47, 353-358.

Meinhold, G., Anders, B., Kostopoulus, D., & Reischmann, T. (2008).
Rutile chemistry and thermometry provenance indicator: An
example from Chios Island, Greece. Sedimentary Geology, 203,
98-111.

Morton, A. C. (1985). A new approach to provenance studies:
Electron microprobe analysis of detrital garnets from Middle
Jurassic sandstones of Northern Sea. Sedimentology, 32,
553-566.

Morton, A., & Yaxley, G. (2007). Detrital apatite geochemistry and
its application in provenance studies. In J. Arribas, S. Critelli, &
M. J. Johnsson (Eds.), Sediment provenance and petrogenesis:
Perspectives from petrography and geochemistry (Special Paper
420). Boulder: Geological Society of America.

Nehyba, S., & Roetzel, R. (2010). Fluvial deposits of the St. Marein-
Freischling Formation—insights into initial depositional pro-
cesses on the distal external margin of the Alpine—Carpathian
Foredeep in Lower Austria. Austrian Journal of Earth Sciences,
103(2), 50-80.

Niedermayr, G. (1967). Die akzessorischen Gemengeteile von
Gfohler Gneis, Granitgneis und Granit im niederdsterreichischen
Waldviertel. Annalen des Naturhistorischen Museums Wien, 70,
19-27.

Novak, Z., & Stranik, Z. (1998). Bericht 1997 iiber geologische
Aufnahmen auf Blatt 23 Hadres. Jahrbuch der Geologischen
Bundesanstalt, 141, 250-252.

Papp, A. (1960). Die Fauna der Michelstettener Schichten in der
Waschberg-Zone (Niederosterreich). Mitteilungen der Geologis-
chen Gesellschaft in Wien, 53(208), 248.

Paulick, H., & Franz, G. (2001). Greenschist facies regional and
contact metamorphism of the Thalanga volcanic-hosted massive
sulphide deposit (northern Queensland, Australia). Mineralium
Deposita, 36, 786-793.

Pfleiderer, S., Gotzl, G., Bottig, M., Briistle, A. K., Porpaczy, C.,
Schreilechner, M., et al. (2016). GeoMol—Geologische 3D-
Modellierung des osterreichischen Molassebeckens und Anwen-
dungen in der Hydrogeologie und Geothermie im Grenzgebiet
von Oberosterreich und Bayern. Abhandlungen der Geologis-
chen Bundesanstalt, 70, 3—88.

Piller, W., Harzhauser, M., & Mandic, O. (2007). Miocene Central
Paratethys stratigraphy—Current status and future directions.
Stratigraphy, 4, 151-168.

Pipperr, M., & Reichenbacher, B. (2017). Late Early Miocene
palaecoenvironmental changes in the North Alpine Foreland
Basin. Palaeogeography, Palaeoclimatology, Palaeoecology,
468, 485-502.

Pober, E., & Faupl, P. (1988). The chemistry of detrital chrome
spinels and its implications for the geodynamic evolution of the
Eastern Alps. Geologische Rundschau, 77, 641-670.

Raic, S., Mogessie, A., Krenn, K., & Hoinkes, G. (2012). Petrology of
metamorphic rocks in the Oswaldgraben (Gleinalm Area,
Eastern Alps, Styria). Mitteilungen der Osterreichischen Miner-
alischen Gesellschaft, 158, 67-81.

Reichenbacher, B., Krijgsman, W., Lataster, Y., Pippérr, M., van
Baak, C. G. C, Chang, L., et al. (2013). A new magnetostrati-
graphic framework for the Lower Miocene (Burdigalian/Ottnan-
gian, Karpatian) in the North Alpine Foreland Basin. Swiss
Journal of Geosciences, 106, 309-334.

Roetzel, R., Hochuli, P., & Steininger, F. (1983). Die Faziesentwick-
lung des Oligozédns in der Molassezone zwischen Krems und
Wieselburg (Niederosterreich). Jahrbuch der Geologischen
Bundesanstalt, 126, 129-179.

Roetzel, R., & Kurzweil, H. (1986). Die Schwerminerale in
niederdsterreichischen Quarzsanden und ihre wirtschaftliche
Bedeutung. Archiv fiir Lagerstdittenforschung der Geologischen
Bundesanstalt, 7, 199-216.

Rogl, F. (1998). Palacogeographic considerations for Mediterranean
and Paratethys seaways (Oligocene to Miocene). Annalen des
Naturhistorischen Museums in Wien, 99, 279-310.

Rogl, F. (1999). Mediterranean and Paratethys. Facts and hypotheses
of an Oligocene to Miocene paleogeography (short overview).
Geologica Carpathica, 50, 339-349.

Rogl, F., Kroh, A., Hofmann, T., & Zuschin, M. (2009). Exkursion
Waschbergzone. Berichte der Geologischen Bundesanstalt, 81,
32-49.

Rogl, F., & Nagymarosy, A. (2004). Biostratigraphy and correlation
of the Lower Miocene Michelstetten and Ernstbrunn sections in
the Waschberg Unit, Austria (Upper Egerian to Eggenburgian,
Central Paratethys). Courier Forschungsinstitut Senckenberg,
246, 129-151.

Sant, K., Kirscher, U., Reichenbacher, B., Pippérr, M., Jung, D.,
Doppler, G., et al. (2017). Late Burdigalian sea retreat from the
North Alpine Foreland Basin: New magnetostratigraphic age
constraints. Global and Planetary Change, 152, 38-50.

Schnabel, W., Krenmayr, H. G., Mandl, G. W., Nowotny, A., Roetzel,
R., & Scharbert, S. (2002). Geologische Karte von Niederister-
reich 1:200000, Legende und kurze Erlduterung. Vienna:
Geologische Bundesanstalt.

Schuster, K., Berka, R., Draganits, E., & Schuster, R. (2001).
Lithologien und Metamorphosegeschichte und tektonischer Bau
der kristallinen Einheiten am Alpenostrand. In Geologische



286

W. Knierzinger et al.

Bundesanstalt (Ed.), Arbeitstagung 2001—Neuburg an der Miirz
(pp. 29-56). Vienna: Geologische Bundesanstalt.

Schuster, R., & Frank, W. (1999). Metamorphic evolution of the
Austroalpine units east of the Tauern Window. Mitteilungen
Gesellschaft Geologischen Bergbaustudeten Osterreich, 42,
37-58.

Schuster, R., Koller, F., Hoeck, V., Hoinkes, G., & Bosquet, R.
(2004). Explanatory notes to the map: Metamorphic structure of
the Alps. Metamorphic evolution of the Eastern Alps. Mitteilun-
gen der Osterreichischen Mineralogischen Gesellschaft, 149,
175-199.

Schuster, R., & Stiiwe, K. (2010). Die Geologie der Alpen im
Zeitraffer. Mitteilungen des naturwissenschaftlichen Vereins fiir
Steiermark, 140, 5-21.

Shenboa, D. (1993). Metamorphic and tectonic domains of China.
Journal of Metamorphic Geology, 11, 465-481.

Shimazki, H. (1977). Grossular—spessartine—almandine garnets from
some Japanese scheelite skarns. Canadian Mineralogist, 15,
74-80.

Spiegel, C., Siebel, W., Frisch, W., & Berner, Z. (2002). Sr and Nd
isotope ratios and trace element geochemistry of detrital epidote
as provenance indicators: Implications for the reconstruction of
the exhumation history of the Central Alps. Chemical Geology,
189, 231-250.

Steiner, E., & Steininger, H. (2005). Meeresstrand am Alpenrand.
Molassemeer und Wiener Becken. Vienna: Bibliothek der
Provinz.

Steininger, F. F., & Wessely, G. (1999). From the Tethyan ocean to
the Paratethys sea: Oligocene to Neogene stratigraphy, paleo-
geography and paleobiogeography of the circum-Mediterranean
region and the Oligocene to Neogene Basin evolution in Austria.
Mitteilungen der Osterreichischen Geologischen Gesellschaft,
92, 95-116.

Stern, G., & Wagreich, M. (2013). Provenance of the Upper
Cretaceous to Eocene Gosau Group around and beneath the
Vienna Basin (Austria and Slovakia). Swiss Journal of Geo-
sciences, 106, 505-527.

Stranik, Z., Hruoda, F., Otava, J., Gilikova, H., & gvébenické, L.
(2007). The Upper Olgiocene-Lower Miocene Krosno lithofa-
cies in the Carpathian Flysch Belt (Czech Republic): Sedimen-
tology, provenance and magnetic fabrics. Geologica Carpathica,
58, 321-332.

Stutenbecker, L., Berger, A., & Schlunegger, F. (2017). The potential
of detrital garnet as provenance proxy in the Central Swiss Alps.
Sedimentary Geology, 351, 11-20.

Suggate, S. M., & Hall, R. (2013). Using detrital garnet compositions
to determine provenance: A new compositional database and

procedure. In R. A. Scott, H. R. Smyth, A. C. Morton, & N.
Richardson (Eds.), Sediment provenance studies in hydrocarbon
exploration and production (pp. 373-393). Bath: Geological
Society.

Teraoka, Y., Suzuki, M., Hayashi, T., & Kawakami, K. (1997).
Detrital garnets from Paleozoic and Mesozoic sandstones in the
Onogawa area, East Kyushu, Southwest Japan. Bulletin of the
Faculty of School Education, Hiroshima University, 19, 87-101.

Triebold, S., von Eynatten, H., & Zack, T. (2012). A recipe for the use
of rutile in sedimentary provenance analysis. Sedimentary
Geology, 282, 268-275.

Vd’acny, M., & Bacik, P. (2015). Provenance of the Permian
Maluzina Formation sandstones (Malé Karpaty Mountains,
Western Carpathians): Evidence of garnet and tourmaline
chemistry. Geologica Carpathica, 66, 83-97.

von Eynatten, H., & Dunkl, I. (2012). Assessing the sediment factory:
The role of single grain analysis. Earth Science Reviews, 115,
97-120.

Wachtel, G., & Wessely, G. (1981). Die Tietbohrung Berndorf 1 in
den Ostlichen Kalkalpen und ihr geologischer Rahmen. Mit-
teilung der oOsterreichischen geologischen Gesellschaft, 74(75),
137-165.

Wagreich, M., & Strauss, P. E. (2005). Source area and tectonic
control on alluvial-fan development in the Miocene Fohnsdorf
intramontane basin, Austria. Geological Society Special Publi-
cations, 251, 207-216.

Wagreich, M., Zetter, R., Byrda, G., & Peresson, H. (1996). Das
Tertidar von Hieflau (Steiermark): Untermiozéine Sedimentation
in den oOstlichen Kalkalpen. Zentralblatt fiir Geologie und
Paldontologie, 1(1996), 633-645.

Wessely, G. (2006). Niederosterreich. Geologie der dsterreichischen
Bundeslinder (p. 416). Vienna: Geologische Bundesanstalt.
Willner, A. P., Pawling, S., Massone, H. J., & Herve, F. (2001).

cuticles. The Canadian Mineralogist, 39, 1547-1569.

Wright, W. 1. (1938). The composition and occurrence of garnets.
American Mineralogist, 23, 436—449.

Zack, T., von Eynatten, H., & Kronz, A. (2004). Rutile geochemistry
and its potential use in quantitative provenance studies.
Sedimentary Geology, 171, 37-58.

Zaydan, A., & Scharbert, H. G. (1983). Petrologie und Geochemie
moldanubischer metamorpher Serien im Raume Persenbeug
(stidwestliches Waldviertel). Jahrbuch der Geologischen Bun-
desanstalt, 126, 181-199.

Zeitlhofer, H. (2009). Geologische und petrographische Untersuchun-
gen des Amstettener Berglandes und Strudengaus (SW Moldanu-
bikum). Master thesis, University of Vienna, Vienna, Austria,
Wien.



	Provenance and palaeogeographic evolution of Lower Miocene sediments in the eastern North Alpine Foreland Basin
	Abstract
	Introduction
	Geological and stratigraphical setting
	Traisen Formation
	Dietersdorf Formation
	Iron-rich sands and clays
	Ottnangian and Karpatian sediments in the subground of the northeastern NAFB (OKS)

	Methods
	Results
	Whole rock chemistry
	Heavy minerals and mineral chemistry
	Garnet chemistry


	Discussion
	Traisen Formation
	Dietersdorf Formation
	Ottnangian and Karpatian sediments in the subground of the northeastern part of the NAFB (OKS)

	Palaeogeography and provenance evolution
	Conclusions
	Acknowledgements
	References




