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Abstract

The early exhumation history of the Tauern Window in the European Eastern
Alps and its surface expression is poorly dated and quantified, partly because
thermochronological and provenance information are sparse from the Upper
Austrian Northern Alpine Foreland Basin. For the first time, we combine a
single-grain double-dating approach (Apatite Fission Track and U-Pb dating)
with trace-element geochemistry analysis on the same apatites to reconstruct
the provenance and exhumation history of the late Oligocene/early Miocene
Eastern Alps. The results from 22 samples from the Chattian to Burdigalian sedi-
mentary infill of the Upper Austrian Northern Alpine Foreland Basin were inte-
grated with a 3D seismic-reflection data set and published stratigraphic reports.
Our highly discriminative data set indicates an increasing proportion of apatites
(from 6% to 23%) with Sr/Y values <0.1 up-section and an increasing amount
of apatites (from 24% to 38%) containing >1,000 ppm light rare-earth elements
from Chattian to Burdigalian time. The number of U-Pb ages with acceptable
uncertainties increases from 40% to 59% up-section, with mostly late Variscan/
Permian ages, while an increasing number of grains (10%-27%) have Eocene
or younger apatite fission track cooling ages. The changes in the apatite trace-
element geochemistry and U-Pb data mirror increased sediment input from an
>upper amphibolite-facies metamorphic source of late Variscan/Permian age
- probably the Otztal-Bundschuh nappe system - accompanied by increasing
exhumation rates indicated by decreasing apatite fission track lag times. We at-
tribute these changes to the surface response to upright folding and doming in
the Penninic units of the future Tauern Window starting at 29-27 Ma. This early
period of exhumation (0.3-0.6 mm/a) is triggered by early Adriatic indentation
along the Giudicarie Fault System.
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1 | INTRODUCTION

The exhumation of the Tauern Window in the European
Eastern Alps has long been interpreted to have started
in late Oligocene/early Miocene times (Blanckenburg
et al., 1989; Frisch et al., 1998; Ratschbacher et al., 1991).
However, other studies postulate Oligocene exhumation
from ca. 28 Ma onwards based on bedrock cooling ages
from the exposed Tauern Window (Favaro et al., 2015;
Reddy et al., 1993; Schneider et al., 2015). The erosional
products of this early exhumation period have not yet
been recognized, particularly because thermochrono-
logical and provenance constraints from the most proxi-
mal sedimentary records in the eastern Northern Alpine
Foreland Basin (NAFB) in Upper Austria (Figures 1 and
2) are sparse (Briigel et al., 2003; Kuhlemann et al., 2006;
Sharman et al., 2018). In this study, we examine prove-
nance and erosional history information from apatites by
combining a single-grain double-dating approach (fission
track [AFT] and U-Pb dating) with analysis of the apatite
trace-element geochemistry (ATE) on the same grain. This
multi-proxy dataset on the same mineral phase allows us
to constrain the evolution of individual grains from the
protolith conditions under which the apatite grew (ATE;
O'Sullivan et al., 2020), to the timing of the last medium-
temperature event (U-Pb dating; closure temperature:
375-550°C; Chamberlain and Bowring, 2001) and the ex-
humation of the grain into shallow (ca. 3-4 km) crustal
levels (AFT; closure temperature: 120 + 20°C; Reiners &
Brandon, 2006).

The Upper Austrian NAFB (Figure 1) offers an ex-
cellent opportunity to constrain the Eastern Alpine evo-
lution because extensive complementary datasets are
available, including a large scale (>6,400 km? >5 km
depth) 3D seismic-reflection dataset and comprehensive
stratigraphic reports (Grunert et al., 2013, 2015; Hiilscher
et al., 2019) (Figure 2). We focus on the Chattian to
Burdigalian infill of the basin (Figure 2; 27.5-18.3 Ma;
Hiilscher et al., 2019) and have sampled drill cores pro-
vided by RAG Austria AG (Vienna) who also provided the
3D seismic dataset. The linkage of apatite geochemistry
and thermochronology, seismic interpretation and bio-
and chemostratigraphic information in the sedimentary
sink enables us to constrain the provenance of the sed-
iments in the Upper Austrian NAFB (Figures 1 and 2).
Furthermore, we date and quantify the early exhumation

Highlights

» Provenance and low-T thermochronology ap-
proach applied together on detrital apatites.

 Apatites analyzed for U-Pb ages, AFT ages, and
trace-element geochemistry.

+ Oligocene Tauern Window exhumation for the
first time dated and quantified from the detrital
record.

+ Slow (0.3-0.6 mm/a), early (29-27 Ma) Tauern
exhumation accelerates after 21 Ma.

of the Tauern Window from 29 to 27 Ma onwards, which
has caused exhumation (0.3-0.6 mm/a) and denudation
of the overlying Upper Austroalpine units, triggered by
Adriatic indentation along the Giudicarie Fault System
(Cliff et al., 1985; Favaro et al., 2015; Reddy et al., 1993).

2 | APATITE AS A PROVENANCE
AND THERMOCHRONOLOGY TOOL

Apatite (Cas(PO,);(OH, F, Cl)) is a common mineral in
igneous, metamorphic and sedimentary rocks. Based
on the highly diverse apatite-trace element abundances
(REE, Sr, Mn, Y, Th, U) that is controlled by the proto-
lith geochemistry and the metamorphic/magmatic condi-
tions the mineral grew in (Belousova et al., 2001, 2002;
Henrichs et al., 2018), O'Sullivan et al. (2020) built the first
widely applicable source-rock discrimination diagram.
Discrimination is based on three trends identified from a
compiled literature data set. (1) The light rare-earth ele-
ments (LREE [La to Nd]) content is low in low-grade met-
amorphic rocks, increases with the metamorphic grade
and is accompanied by a corresponding decrease in the
Sr/Y ratio. (2) The Sr and Y contents of magmatic apatite
negatively correlate and positively correlate with the SiO,
content of the source melt, respectively; the exception is
apatite from alkali-rich melts, which is instead recognized
by its extremely high LREE-contents. (3) Dissolution and
reprecipitation of apatite under low-grade metamorphic
conditions will result in a LREE-depleted apatite with
a high Sr/Y ratio. O'Sullivan et al. (2020) separated the
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Abbreviations:

A = Adamello, BP = Bergell Pluton, BNF = Bren-
ner Normal Fault, DAV Defereggen-
Antholz-Vals Fault, EB = Err-Bernina nappes,
GFS = Guidicaria Fault System, H = Hochgrat
Fan, HN = Honegg-Napf Fan, KNF = Katschberg
Normal Fault, LFM = Lower Freshwater Molasse,
MKH Munderfinger-Kobernhauser-Hausruck
Fans, MM Meran-Mauls Fault, OSC
Otztal-Stubai Complex, RH = Rigi-Hohréne Fan,
S Silvretta nappe, SEMP
Salzach—Ennstal-Mariazell-Puchberg Fault, SH
= Speer-Kornberg-Hornli Fan

FIGURE 1

Simplified geological (a) after Schmid et al. (2004) and geographical (b) maps of the Central and Eastern European Alps.

Note in (b) the sample locations of publications detailed in the text and the position of the 3D seismic cube. Symbols of the sample localities
partly represent two samples that were taken very close to each other. Dashed areas in (b) are regions of upper greenschist-facies and higher
grade metamorphism from Bousquet et al. (2012). Extent of the AFM in (b) after Frisch et al. (2001); sediment-transport direction in the

NAFB after Fiichtbauer (1964)

literature data set into six classes of source rocks (alkali-
rich igneous rocks [ALK]; mafic I-type granitoids and
mafic igneous rocks [IM]; low- and medium-grade meta-
morphic [<upper amphibolite-facies] and metasomatic
[LM]; partial-melts/leucosomes/high-grade metamorphic
[HM]; S-type granitoids and high aluminum saturation
index [>1.1] ‘felsic’ I-types [S]; ultramafic rocks includ-
ing carbonatites, lherzolites and pyroxenites [UM]) using
Principle Component Analysis and applied a machine-
learning classifier method to define decision-boundaries
on a log>LREE ppm) versus log(Sr/Y) diagram. The
correct classification of this separation based on the

training dataset is on average ca. 85% per class (O'Sullivan
et al., 2020).

Dating of detrital apatite via the U-Pb system has increased
significantly in the last decade with the development of high
throughput LA-Q-ICP-MS analyses and correction proce-
dures for age reference materials with variable common Pb
(Chew et al., 2014). The apatite U-Pb thermochronometer re-
cords medium-temperature metamorphic/magmatic events
(375-550°C; Chamberlain & Bowring, 2001). However, apa-
tites with low U concentrations («1 ppm) and/or high com-
mon Pb contents (Pb.) are typically not datable (Henrichs
et al., 2018; O'Sullivan et al., 2018).
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FIGURE 2

Simplified geological map of the Upper Austrian NAFB showing the locations of the sampled drill cores and of the three

wells with published stratigraphic information (Hiilscher et al., 2019). The pink outline shows the extent of the 3D-seismic cube provided by

the RAG. The inset shows a root mean square amplitude map of the seismic-reflection surface of the Base Hall Unconformity outlining the

axial channel, the extensive overbank deposits on the northern basin margin and the slope fans on the southern tectonically active margin.

Note that the channel meanders migrated through the basin over time (Figure 3). See Table S2 for coordinates of the samples

In ancient sedimentary systems, the lag-time approach
can be applied to reconstruct the exhumation of the oro-
genic hinterland. To calculate lag times, the absolute dep-
ositional age of the sample is subtracted from the AFT
age (Garver et al., 1999). Lag times integrate the time
over which the grain was exhumed from depth, eroded,
transported and deposited into the sink. Changes in hin-
terland exhumation rates are recorded by decreasing
(increasing exhumation rate), increasing (decreasing ex-
humation rate) or constant (constant exhumation rate) lag
times, as long as post-depositional annealing in the sedi-
mentary sink can be ruled out as a source of dispersion
(Bernet, 2019). Syn-depositional volcanic activities can
also complicate cooling age distributions as they deliver
young, fast-cooled grains (Carter, 2019). Furthermore, in-
terpreting detrital thermochronological datasets in terms
of hinterland exhumation can be hampered by prove-
nance changes (Malusa & Fitzgerald, 2019). By combining
ATE and U-Pb analysis with AFT analysis, we avoid these
potential biases as we can constrain the provenance and
the exhumation history of the apatites independently and
thus exclude syn-depositional volcanic apatite grains.

3 | GEOLOGICAL SETTING

3.1 | The Upper Austrian Northern
Alpine Foreland Basin

The NAFB is the Cenozoic pro-wedge foreland basin of the
central European Alpine orogen. It extends ca. 1,000 km

from Switzerland to Austria (Figure 1) (west-east) and
up to 120 km in a north-south direction (Kuhlemann &
Kempf, 2002). In contrast with the fluvial conditions in the
German and Swiss NAFB during the Lower Freshwater
Molasse (28-20 Ma), the Austrian part of the basin
(Figure 1) remained deep marine (water-depth >1,000 m;
Rogl et al., 1979). During the deposition of the Zupfing
Formation (29.6-26.9 Ma; Hiilscher et al., 2019), a 3-6 km
wide, gravity-flow dominated channel system developed
flowing parallel to the Alpine front from west to east for
>100 km (Figures 2 and 3; De Ruig & Hubbard, 2006).
This channel controlled sedimentation in the basin during
the deposition of the Puchkirchen Group (Lower [LPF]
and Upper Puchkirchen Formation [UPF]; 26.9-19.6 Ma)
and the basal Hall Formation (19.6-19.0 Ma; Hiilscher
et al., 2019). In the channel, sandstones, conglomerates
and silty marls were deposited by turbidity currents, de-
bris flows and hemipelagic suspension settling (Bernhardt
et al., 2012; De Ruig & Hubbard, 2006; Hubbard
et al., 2009). To the north, the channel is bounded by wide
(<15 km) overbanks (Figure 2) where dominantly silty-
marls and fewer turbiditic sandstones occur (Hubbard
et al., 2009; Masalimova et al., 2015). The southern basin
margin was tectonically active and submarine fans pro-
graded from the south northwards into the basin (Covault
et al., 2009; Hinsch, 2008). The channel and the north-
ern overbanks received sediment from the Central and
Eastern Alps, whereas the southern slope was mainly built
up by detritus sourced from the Eastern Alps (Sharman
et al., 2018). Two basin-wide unconformities have been
described in the Upper Austrian NAFB (Figure 3): the
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Northern Slope Unconformity (NSU, established between
28.1 and 26.9 Ma) and the Base Hall Unconformity (BHU,
established ca. 19.6 Ma) which marks the beginning of
the Upper Marine Molasse (De Ruig & Hubbard, 2006;
Hiilscher et al., 2019; Masalimova et al., 2015).

A sea-level highstand at ca. 19 Ma caused the termi-
nation of channel sedimentation in the Hall Formation
(HFM; Grunert et al., 2013) and the sediment-routing sys-
tem changed to northward sediment transport (Hiilscher
et al., 2019). This marine incursion in the NAFB (Upper
Marine Molasse) resulted in a cut-off of the sediment
supply from the Central Alps to the Upper Austrian
NAFB (Kuhlemann & Kempf, 2002). Thereafter, clino-
forms started to prograde from the south into the basin
and filled it up to water depths of <200 m until 18.3 Ma
(Figure 3; Grunert et al., 2013). The HFM is overlain by
the Innviertel Group of Ottnangian age which represents
the terminal stage of marine Molasse sedimentation
(Grunert et al., 2012).

IAS|EAGE

3.2 | The Alpine orogenic hinterland

The present-day Alps are the product of a continent-
continent collision between the European plate in the
north and the Adriatic microplate in the south. Southward
subduction of the Penninic Ocean underneath the
Adriatic upper plate initiated in the Late Cretaceous and
led to the northward drift of Adria, ultimately resulting
in collision around 35 Ma (Handy et al., 2010). This led
to a widespread high-pressure metamorphic overprint in
the subducted rocks of the lower plate in Paleogene times
(Figure 1) and the nappe stacking of three mega-units
(from bottom to top; Schmid et al., 2004):

1. The Helvetic nappes (crystalline basement of the
European distal margin and its overlying sedimen-
tary cover).

2. The Penninic nappes (magmatic and sedimentary
rocks of the former Alpine Tethys ocean which experi-
enced subsequent Alpine greenschist- to eclogite-facies
metamorphism) and

3. The Austroalpine nappes (Variscan greenschist to
eclogitic-facies metamorphic and magmatic basement
rocks and their post-Variscan sedimentary cover) as
part of the upper Adriatic plate (Schmid et al., 2004).
The Austroalpine units can be further subdivided into
Upper (Drauzug-Gurktal, Otztal-Bundschuh, Koralpe-
Wolz and Silvretta-Seckau Nappe Systems) and
Lower Austroalpine nappes (e.g. Err-Bernina Nappe,
Radstadt Tauern units). The Koralpe-Wolz Nappe
System experienced an Eoalpine (120-60 Ma) amphi-
bolite to eclogite-facies metamorphic overprint when

it was subducted underneath the Drauzug-Gurktal and
Otztal-Bundschuh nappe systems (Schmid et al., 2004).

Sedimentary and metagranitic Lower Austroalpine
nappes covered the Central Alps until the early Miocene
(Spiegel et al., 2001). Only from ca. 21 Ma onwards,
Penninic units were exposed and their material reached
the alluvial fans in the Swiss NAFB (Spiegel et al., 2001).
From there, sediments were transported by an east-directed
river network (Fiichtbauer, 1964) to a delta system east of
Munich (Zweigel, 1998) which fed the Puchkirchen chan-
nel system (Sharman et al., 2018).

A large part of the Eastern Alps was drained in
Oligocene and Miocene times via the paleo-Inn river sys-
tem through the Inn valley (Figure 1) to the Chiemgau,
Wachtberg and Munderfinger-Kobernhauser-Hausruck
(MKH) fans (Briigel et al., 2003). The first Penninic pebbles
from the then opened Tauern Window appear in these de-
posits at ca. 13 Ma (Brtigel et al., 2003). AFT analysis of the
paleo-Inn deposits revealed a shortening of lag times from
Rupelian to early Aquitanian deposits and short lag times
thereafter (Dunkl et al., 2009; Kuhlemann et al., 2006).
The drainage network of the paleo-Inn system must have
reached the magmatic sources along the Periadriatic Line,
as evident by Eocene and Oligocene U-Pb zircon and
K-Ar pebble ages in the Upper Austrian NAFB sediments
(Briigel et al., 2000; Sharman et al., 2018). In Miocene
times, the Err-Bernina nappes were probably drained by
the paleo-Inn (Skeries & Troll, 1991).

From 35 to 30 Ma onwards, the <2 km thick Augenstein
Formation (AFM) accumulated on top of today's Northern
Calcareous Alps, east of the Inntal fault (Figure 1; Frisch
et al., 2001). It was sourced from the Austroalpine base-
ment (Figure 1) and its Mesozoic cover in the south (Frisch
et al., 2001; Ortner & Stingl, 2001). Rivers that transported
this material must have crossed the AFM from south to
north, ultimately entering the Upper Austrian NAFB and
depositing their material on the southern slope (Frisch
et al., 1998; Sharman et al., 2018). At ca. 21 Ma, the initia-
tion of uplift of the Northern Calcareous Alps resulted in
the erosion and redeposition of the AFM into the Upper
Austrian NAFB (Frisch et al., 2001).

4 | SAMPLES AND METHODS

Samples (0.7-2.2 kg) were taken from 17 drill cores and
were augmented by one outcrop sample (Figure 2, Table 1).
The depositional age of the samples ranges between 27.5
and 18.3 Ma (Figure 3, Table 1). We sampled turbiditic,
fine-to-coarse sand overbank deposits on the northern
and southern slopes of the Upper Austrian NAFB. Each
drill core was correlated within the 3D seismic reflection
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cube (seismic reflectors were mapped as timelines; verti-
cal resolution of each reflector is ca. 33 m; Figure S1) onto
at least one of the three wells with bio- and chemostrati-
graphic information in the area to constrain the deposi-
tional ages (Figure 2, Table 1; Hiilscher et al., 2019). In
general, we excluded intra-channel deposits because
the erosional channel prevents stratigraphic correlation
(Hubbard et al., 2009). However, to fill the temporal gap
between samples I1 and S2,3 (ca. 3 Myr, Figure 3) we col-
lected one channel-fill sample (E1), due to the lack of
contemporaneous overbank samples. Four samples (H1,
71, Al, F1) from channel deposits were included which
previously were analysed by Hejl and Grundmann (1989).
For these five channel samples, we chose a seismic reflec-
tor of similar depth on the overbank side at the channel-
overbank boundary. This results in larger uncertainties
on the depositional ages of these samples (Table 1). To
increase the statistical significance, stratigraphically close
samples were grouped together (Table 1, Figure 3).

41 | Sample preparation and fission
track methodology

Samples were crushed and the apatites were separated
following the protocol of Kohn et al. (2019). Six samples
were then sieved to further increase the proportion of apa-
tite (Table 1). Apatite concentrates were prepared for ir-
radiation by mounting the samples with epoxy resin on
a glass plate, which was followed by grinding, polishing
and etching of the mounts (following Carlson et al., 1999;
5.5 M HNO; for 20 s at 21°C). We used the external de-
tector method following Gleadow (1981) for AFT dating
with the zeta-calibration method (Hurford & Green, 1983)
and CN5 as dosimeter glass for neutron flux monitoring
during sample irradiation. The samples from Hejl and
Grundmann (1989) were originally dated with the popu-
lation method (Naeser, 1979) and etched with 5% HNO,
for 45 s at 21°C. To date the individual grains, the grain
mounts were covered with the dosimeter glass and reirra-
diated. After irradiation, the mica external detectors were
etched with 40% HF for 45 min at 21°C. The density of
spontaneous and induced tracks of the individual grains
was measured at the University of Potsdam with a Leica
DMR microscope and at the Freie Universitdt Berlin with
a Zeiss Axioplan 2 microscope (Table 1).

Single-grain AFT ages were calculated with
MacTrackX. After evaluating the results from the ATE
and U-Pb analysis (see below), all grains with an Alpine
magmatic origin (plot in the IM-field; U-Pb ages between
21 and 60 Ma) were excluded from the fission track pop-
ulation to avoid obscuring the orogenic cooling his-
tory by magmatic detritus with cooling ages close to the

depositional ages (Bernet, 2019). Grain-age populations
were calculated using the automatic mixture modelling
software RadialPlotter (Vermeesch, 2009) but only for
the northern slope samples due to the small number of
AFT-dated grains from the southern slope samples. In a
second step, grains were grouped by their U-Pb ages into
two subgroups: one subgroup with Variscan and Permian
U-Pb ages (400-250 Ma, hereafter termed the Variscan
subgroup) and a second subgroup with U-Pb ages <250
and >400 Ma and all grains where U-Pb dating failed
(hereafter termed the non-Variscan subgroup). For both
subgroups, individual grain-age populations were calcu-
lated. Lag times (Garver et al., 1999) were calculated by
subtracting the depositional ages of the grouped samples
from the AFT ages (Tables 1 and 2). Based on the calcu-
lated lag times, exhumation rates were calculated. We
assumed 120 + 20°C as the AFT closure temperature
(Reiners & Brandon, 2006) based on the measured Dpar
values (Figure S2) and an assumed geothermal gradi-
ent of 30°C/km (Fiigenschuh et al., 2000) for the Upper
Austroalpine nappes. All uncertainties associated with the
AFT data are at the 1o level.

4.2 | Single grain LA-ICP-MS analyses
Analysis of the ATE and U-Pb isotopic compositions
were carried out during the same analytical session at
Trinity College Dublin, Ireland, using a Teledyne Photon
Machines Analyte Excite 193 nm ArF Excimer laser-
ablation system coupled to a Thermo Scientific iCAP-Q
ICP-MS. The individual apatite grains were ablated with
the laser using a 30 um spot size, a 13 Hz repetition rate
and a fluence of ca. 3.5 J/cm? He carrier gas flow (650 ml/
min) was split evenly between the larger outer and smaller
inner sample chamber where grains were ablated. N,
(ca. 6 ml/min) and Ar nebulizer gas (700 ml/min) were
introduced to the sample gas via an in-house smooth-
ing device to enhance signal sensitivity and reduce oxide
formation. We used the ca. 473 Ma Madagascar apatite
standard (Thomson et al., 2012) as the primary reference
material for the U-Pb geochronology. The U-Pb standards
Durango apatite (31.44 + 0.18 Ma; McDowell et al., 2005);
this study Tera-Wasserburg (TW) lower-intercept age of
31.2+1.2Ma,n =69, MSWD = 1.8) and McClure Mountain
apatite (*’Pb/*>U TIMS age of 523.51 + 1.47 Ma; Schoene
and Bowring (2006); this study TW lower-intercept age of
527.0 + 4.0 Ma, n = 139, MSWD = 3.9) were employed
as secondary age standards. NIST612 was used as the pri-
mary reference material for the trace element analysis.
Raw data reduction was performed with VisualAge_
UcomPbine (Chew et al.,, 2014) within the freeware
IOLITE package (Paton et al., 2011). To correct for Pb,
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in the apatite primary standard, a *’Pb-based correction
method was applied that used an initial **’Pb/?**Pb ratio
from the Stacey and Kramers (1975) terrestrial Pb isotope
evolution model. For the unknowns, the iterative 2°’Pb-
based correction introduced by Chew et al. (2011) was
used. Due to the 2°’Pb-correction, a discordance-based ex-
clusion of U-Pb ages is not applicable. Therefore, we set an
arbitrarily chosen limit of acceptance for uncertainties on
U-Pb ages with 2o uncertainties <25% for ages >100 Ma
and <50% for ages <100 Ma. All uncertainties associated
with the U-Pb data are quoted at the 2o level. The results of
the ATE were plotted and characterized with the discrim-
ination diagram introduced by O'Sullivan et al. (2020) in
the ‘R’ environment.

To test whether the LREE and Sr/Y single-grain dis-
tributions of different samples result from random sam-
pling of the same parent population or are significantly
different, we performed a Kolmogorov-Smirnov (K-S) test
(Hodges, 1958). This non-parametric test is based on the
maximum difference (D) of the cumulative distribution
function of the two samples. Based on D, it computes a
likelihood (p) whether the compared samples are taken
from the same population (HO-hyphothesis) or not. We re-
ject the HO-hyphothesis in cases where p is <5%.

5 | RESULTS
5.1 | Apatite trace element geochemistry
and U-Pb analysis

Thousand and twenty-two apatite grains were analysed for
their trace-element geochemistry and U-Pb ages (Table 1,
Figures 4-6). In the oldest sample D1 (depositional age:
27.5 + 0.5 Ma), 34 apatites were analysed (Figure S3).
The LREE content in these grains ranges between 100
and 10,000 ppm and the Sr/Y values vary between 0.1 and
10. Plotted on the discrimination diagram of O’'Sullivan
et al. (2020), the apatites indicate both IM and LM sources.

The northern slope sample groups LPF1 and LPF2
(Figures 3 and 4a,b, Table 1) are statistically indistinguish-
able (Table S1). Both contains apatites with LREE values
mostly below 1,000 ppm (76% LPF1, 80% LPF2) and Sr/Y
ratios above 0.1 (94% LPF 1, 89% LPF2). Within the biplot
classification of O'Sullivan et al. (2020), grains plot in the
LM-field (60%-64%), IM-field (18%-12%) and in the HM-
field (17%-21%). Uncertainties related to misclassified
apatites based on the success rate of the discrimination
(O'Sullivan et al., 2020) are shown in Figure 6.

The sample groups LPF3 I1, E1 and HFM (Figures 3
and 4, Table 1) show an increase in the absolute number
of apatites with a LREE content >1,000 ppm (39% LPF3,
47% 11, 35% E1, 38% HFM) and Sr/Y values below 0.1 (20%
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LPF3, 24% 11, 21% E1, 23% HFM). The samples differ sig-
nificantly from the samples LPF1 and LPF2 (p < 5% for
Sr/Y of all samples and p < 5% for LREE content of all
samples except for E1 and LPF2 where p = 9%, Table S1).
Most apatites are still characterized as LM apatites (36%-
49%) but the abundance of HM apatites increases (25%-
38%, Figure 6). IM-type (12%-25%) and S-type grains are a
minority in the samples (5%-12%, Figure 4).

The sample group BHU (S2, S3, Figures 3 and 4f,
Table 1) contains 58 apatites. Twenty-one grains have
LREE values below 1,000 ppm (36%) and 20 grains (34%)
show Sr/Y values below 0.1. The K-S test results suggest
that this sample group is unlikely to be drawn out of the
same distribution as the remaining samples (p < 5%,
Table S1). Most grains plot in the discrimination diagram
in the HM- (53%) and IM-field (24%). Twelve per cent of
the apatites have an LM affinity and 10% have S-type char-
acteristics (Figure 6).

The oldest sample on the southern slope U1 (Figure 3,
Figure S3, Table 1) contains 19 grains. It yields Sr/Y values
between 0.03 and 27 and an LREE content between 60 and
4,347 ppm. The apatites plot in the LM- (9), IM- (5) and
HM-field (5) in the discrimination diagram (Figure S2).

Sample N1 contains 44 apatites (Figures 3 and 4h,
Table 1). The Sr/Y values are mostly above 0.1 (91%) and
the LREE contents are below 1,000 ppm (59%). The K-S
test results of the grain geochemistry distribution indi-
cate that this sample was drawn from a similar distribu-
tion as the northern slope samples LPF 3,11, E1 and HFM
(p > 5%, Table S1). Apatites are equally abundant in the
HM and LM fields (34%), 10 grains (23%) plot in the IM-
field and two in the S- and UM-field (5%).

The youngest southern slope sample G1 (Figures 3
and 4i, Table 1) contains apatites with Sr/Y values mostly
(97%) above 0.1 and LREE contents below 1,000 ppm
(75%). Thirty-three grain (59%) plots in the LM-field and
14 (25%) in the IM-field. The HM-field (14%) and the UM-
field (2%) represent only a minority of the apatites.

Due to a low U and/or a high Pb, content, only 465
(45%) of the analysed apatites provide U-Pb ages with ac-
ceptable ages uncertainties (Figure 5, Table 1). Grouped
by their source-rock classification (Figure 5), it is appar-
ent that the majority (76%) of the low-grade metamorphic
apatites failed the U-Pb age uncertainty threshold. These
grains were not datable due to their low U content (range:
0-130 ppm, median: 7 ppm). U-Pb dating of IM-type apa-
tites had a success rate of 36% which is influenced by the
low U content (range: 0-180 ppm, median: 24 ppm) and
a high Pb, content. Cenozoic apatites are particularly sen-
sitive to these problems due to the limited time for radio-
genic Pb ingrowth and are hence more likely to fail the
U-Pb age uncertainty criterion. The U-Pb age distribution
of the LM and IM type apatites may thus be potentially
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FIGURE 4 Apatite discrimination diagram Log (LREE ppm) versus. Log (Sr/Y) plots after O'Sullivan et al. (2020). Key: IM =mafic
I-type granitoids and mafic igneous rocks; LM = low- and medium-grade metamorphic (<upper amphibolite-facies) and metasomatic rocks;
HM = partial-melts/leucosomes/high-grade metamorphic rocks; S = S-type granitoids and high aluminium saturation index (>1.1) ‘felsic’ I-
type rocks; UM = ultramafic rocks including carbonatites, lherzolites and pyroxenites. The results of the ATE analysis from the Puchkirchen
Trough of the different sample groups are shown (a—j). Black lines in the plots are 2D density contours to visualize the density distribution
of each sample. Note the increasing numbers of HM- and S-type apatites in samples from the northern slope (a-g). The younger samples
from the southern slope (h and i) contains more grains that plot in the LM field then the older samples. Data points are colour coded by their
U-PD age (see colour bar on the right). Grey points = non-accepted U-Pb age. N = number of grouped samples, n = number of grains in the

group sample. 20 uncertainties are smaller than the marker size

(but unavoidably) biased by these age uncertainty cut-
offs (Chew et al., 2020). In the samples from the northern
slope and the HFM, the share of U-Pb ages with accept-
able age uncertainties increases from 40% (LPF 1) to 57%
(HFM; Figure S4) up-section.

The U-Pb age distribution of apatites with an S-type
or HM affinity (85%, 78% accepted ages, respectively)
are dominated by grains with Variscan and Permian
ages. Apatites that plot in the IM field reveal a number
of Alpine ages (20-60 Ma) in addition to the dominant
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FIGURE 5 Histogram of the apatite U-Pb ages from all samples grouped by their classification are based on the discrimination diagram
by O'Sullivan et al. (2020). Note that apatites classified as UM are not shown (17 grains, two successfully dated). Bins of the histogram are 10

Myrs wide; thick black lines are kernel density estimates. Note that the

S and HM apatites show a unimodal distribution with a strong late

Variscan/Permian peak. The IM and LM apatites both indicate a complex mixture of different age groups with Variscan, Permian, Mesozoic,

Eoalpine and Alpine ages. n = n/n is the number of apatites with acceptable U-Pb ages out of the total number of analysed grains

Variscan and Permian ages (Figure 5). U-Pb ages from the
low-grade metamorphic apatites (LM) show a number of
ages from the Mesozoic (200-130 Ma) and Eoalpine pe-
riod (130-60 Ma) in addition to a Variscan/Permian age
peak (Figure 5).

5.2 | Apatite fission track analysis

Five hundred and seventy-three apatites from 21 sam-
ples were dated via the AFT method. All samples and
all grouped samples fail the y*-test, with the excep-
tion of samples T1 and C1 (P()(Z) = 0.57, 0.15, respec-
tively; Table 1; Figure S2). The data do not indicate a
trend towards younger central ages in the samples
from greater depth (Figures S2 and S5). 500-900 m of
Upper Austrian NAFB sediments were removed by
Late Miocene erosion (Gusterhuber et al., 2012). The

basin has a paleo-geothermal gradient of 25°C/km
(Gusterhuber et al., 2014). Sample depths vary between
804 and 2,220 m (Table S2). Taken together, the Xz-test
results, the central ages and low geothermal gradient in-
dicate that post-depositional annealing in the basin by
burial of the material does not represent a significant
source of dispersion in the results, although published
AFT length data (12.8-14.6 um) reveal a mild thermal
overprint close to the Alpine front (Briigel et al., 2003;
Gusterhuber et al., 2012). Therefore, we interpret our
AFT results to reflect orogenic cooling ages.

After the exclusion of grains which have a Periadriatic
magmatic source, the AFT results are dominated by
Eocene (31%) and Cretaceous ages (31%; Figure 7).
Nineteen per cent of the AFT ages are of Oligocene
age and 10% of Paleocene age. Miocene (4%) grains and
grains older than Cretaceous (7%) represent small age
groups.
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FIGURE 6
slope samples based on the discrimination diagram of O'Sullivan
et al. (2020) plotted against the depositional age of the samples
or sample groups. Note the constantly increasing input of HM-
and S-field apatites from LPF1 up-section and the corresponding
decrease of LM-field apatites (for absolute numbers please see
Table 1). Uncertainty bars on the proportion of the different
classified apatites represent the proportion of the possibly false
classified grains based on the success rate of the discrimination,
after O'Sullivan et al. (2020)

Classification of apatites grains from the northern

Two trends are evident in the samples from the north-
ern slope in the modelled grain-age populations. From
sample LPF1 to LPF2, the age of the youngest modelled
age peak decreases from 47.0 + 3.8 Ma (Peakl [P1]) to
34.9 + 1.7 Ma (Table 2, Figure 7). In samples LPF3 and
I1, this youngest modelled peak is 34.9 + 2.8 Ma and
36.1 + 2.1 Ma (Figure 7). The number of Eocene
and younger AFT ages increases which leads to an in-
creasing proportion of grains that belong to P1 from
LPF2 to I1 (Table 2). Sample E1 contains the youngest
modelled AFT grain-age population of 27.5 + 1.7 Ma
(Table 2, Figure 7). This rejuvenation of the mod-
elled grain-age populations leads to a decrease in lag
times from LPF1 (22.6 + 4.0 Ma) to E1 (7.5 + 2.1 Ma;
Figure 8). A similar trend is found in the Variscan and
non-Variscan subgroups of the AFT data from LPF
1 (Variscan subgroup: 71.0 + 11.0 Ma; non-Variscan
subgroup: 47.4 + 3.8 Ma) to E1 (Variscan subgroup:
28.4 + 2.8 Ma; non-Variscan subgroup: 26.7 + 2.1 Ma;
Table 2). Both subgroups also mirror the decreas-
ing lag-time trend from LPF1 (Variscan subgroup:
46.7 + 11.2 Ma; non-Variscan subgroup: 23.1 + 4.0 Ma)
to E1 (Variscan subgroup: 8.4 + 3.2 Ma; non-Variscan
subgroup: 6.7 + 2.5 Ma; Figure 8). The modelled grain-
age peaks of the subgroups overlap in these samples
within 1o uncertainty (Table 2).

The BHU sample (Figure 2) contains 42 datable
grains; most apatites (82.9 + 7.1%) are grouped in P1
(46.8 + 3.1 Ma). The modelled grain-age populations of
sample HFM are slightly younger (P1: 39.8 + 2.6 Ma)
than in the BHU sample (Figure 7). The associated

18 — 18
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FIGURE 7 Calculated ages (log (Ma)) based on the results of the AFT analyses for the northern (a) and southern (b) slope samples

plotted against the depositional age of the (grouped) samples (grains plotting in the IM-field and U-Pb ages between 21 and 60 Ma are
excluded). Colours represent the classification of the grains based on the ATE, the marker symbol shows its U-Pb age (Variscan or non-
Variscan subgroup). Additionally, the peaks of the grain-age population are plotted in (a). Note the rejuvenation of the modelled grain-

age peaks. Uncertainty bars of AFT ages are at the 1o level. See text for discussion. IM = mafic I-type granitoids and mafic igneous rocks;

LM = low- and medium-grade metamorphic (<upper amphibolite-facies) and metasomatic rocks; HM = partial-melts/leucosomes/high-

grade metamorphic rocks; S = S-type granitoids and high aluminium saturation index (>1.1) ‘felsic’ I-type rocks; UM = ultramafic rocks

including carbonatites, lherzolites and pyroxenites
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Modelled grain-age populations of the AFT ages from the northern slope (group) samples (P1, P2, P3), their standard

deviation (P1 SD, P2 SD, P3 SD) and the proportion of grains that belong to these peaks (F1, F2, F3) within standard deviation (F1 SD, F2

SD, F3 SD)
Number P1 P1SD P2 P2SD P3 P3SD F1 F1SD F2 F2SD F3 F3SD
Sample of grains (Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (%) (%) (%) (%) (%) (%)
LPF1
All grains 61 47.0 3.8 785 7.2 — — 440 13.0 48.0 13.0 —_ -
Variscan subgroup 14 71.0 110 — — — — 100.0 — — — —_ -
Non-Variscan subgroup 47 47.4 3.8 87.5 8.2 — — 50.0 14.0 50.0 14.0 - —
LPF2
All grains 63 34.9 2.8 65.5 4.9 227.0 64.0 350 11.0 58.0 11.0 6.0 16.0
Variscan subgroup 8 41.2 2.9 = = = = 100.0 — = = = =
Non-Variscan subgroup 55 46.5 2.9 1240 180 — — 724 8.9 27.6 89 - —
LPF3
All grains 95 36.1 2.1 723 3.6 — — 425 7.6 57.5 7.6 —_ -
Variscan subgroup 46 34.8 2.4 754 5.8 — — 59.0 100 41.0 10.0 - —
Non-Variscan subgroup 49 38.6 34 71.6 4.9 — — 29.1 9.6 709 9.6
11
All grains 55 35.0 1.7 83.1 8.3 251.0 22.0 65.7 7.8 24.7 7.6 10.0 11.0
Variscan subgroup 24 35.1 1.9 256.0 220 — — 833 7.6 16.7 7.6 - —
Non-Variscan subgroup 31 37.6 3.2 86.1 8.9 = = 540 120 46.0 12.0 = =
El
All grains 103 27.5 1.7 51 3.1 97.6 6.3 371 7.8 43.3 8.6 20.0 12.0
Variscan subgroup 34 28.4 2.8 544 34 101.0 11.0 340 11.0 54.0 12.0 13.0 16.0
Non-Variscan subgroup 69 26.7 2.1 46.5 4.5 100.7 7.6 320 120 440 13.0 24.0 17.0
BHU
All grains 42 46.8 3.1 162.0 12.0 == = 829 71 17.1 7.1 = =
Variscan subgroup 23 38.9 33 163.0 120 — = 72.8 9.9 272 9.9 = =
Non-Variscan subgroup 19 59.1 5.3 — — — — 100.0 — — — - —
HFM
All grains 68 39.8 2.6 110.6 8.8 — — 684 8.1 39.8 2.6 —_- -
Variscan subgroup 30 353 2.6 117.7 9.6 — — 69.8 9.0 117.7 9.6 - —
Non-Variscan subgroup 38 55.6 4.1 — — — — 100.0 — — — - —
lag times of P1 are between 27.5 + 3.4 Ma (BHU)and 6 | DISCUSSION
21.2 + 2.9 Ma (HFM, Figure 8). In these two samples,
the AFT age peaks of the two subgroups (Variscan and 6.1 | Provenance of detrital apatites
non-Variscan) do not overlap within their 1o uncer-
tainty (Table 2, Figure 8). 6.1.1 | Samples from the northern
Due to the small number of analysed apatites (81) and  slope and the HFM

samples (three) from the southern slope, a clear trend is
not detectable. In the older samples Ul and N1 (Figures 2
and 7), grains with Oligocene, Eocene, Paleogene and
Cretaceous ages are present. In the younger sample G1
(Figure 2), mostly Eocene, Paleocene and Cretaceous
ages are present. Only three grains are younger than the
Eocene.

The increasing abundances of apatites with high LREE
and lower Sr/Y values in the samples from the northern
slope and the HFM (Figure 6) are interpreted as reflecting
increasing input from high-grade (>upper amphibolite-
facies) metamorphic sources. Consistent with this inter-
pretation, the amount of acceptable U-Pb ages increases



EAGE

HULSCHER ET AL.

MWI LEY_ Basin

Research

HI\"

(a) Modelled fission-track lag times (Ma)
10 100 1

(b) Modelled fission-track lag times (Ma)(c)

Classification of apatites
Non-Variscan Variscan
10 100 subgroup  subgroup

18, L
: HFM
19 Hall Formation "%( 19
g Base Hall g BHU
=, [Unconformity |~ —~ — 17
< 20t Y E1 ‘ 09
8 |y b
— pper %]
& 211 pychkirchen 121 =
£ Formation 2
‘@ 22t —op122 =
q‘% S| 1 o ‘ n=31 O n=24 %
[m)] e
23 LPF3 . n=49 G n=461232
Lower &£
241t Puchkirchen | —o— | LPF2 ‘ n=55 G n=9424
. :
) ormation LPF1 . n=47 ‘ n=14 |25
S Non-Variscan subgroup: -

Variscan subgroup:

- Peak 1 -- Peak 2 ¢ Peak 3 & Peak 10Peak

FIGURE 8

‘o Peak 3

Peak 1 1Peak 2 Peak 3 BEUM BLM BIMBHM® S

(a) Lag times of modelled peak ages of the AFT grain-age population (log (Ma)) of the samples from the northern slope. (b)

Lag times of modelled peak ages of the two subgroups (Variscan, non-Variscan subgroup) of the samples. (c) Classification of the apatites
belonging to the subgroups and number of grains (n) in the subgroup for every sample. Note that the lag-time Peak1 of both subgroups
overlap during the samples LPF2, LPF3, 11 and E1 within 1o uncertainty. We interpreted this as indicating a similar thermal history for both
groups. Both subgroups differ in the HFM sample group in their modelled lag-time peaks. We attributed this to an input from a different
source with longer lag times in the non-Variscan subgroup, probably the AFM. Note the small number of apatites in the BHU sample group

what hampers interpretation. See text for discussion. IM = mafic I-type granitoids and mafic igneous rocks; LM =

low- and medium-grade

metamorphic (<upper amphibolite-facies) and metasomatic rocks; HM = partial-melts/leucosomes/high-grade metamorphic rocks; S = S-
type granitoids and high aluminum saturation index (>1.1) ‘felsic’ I-type rocks; UM = ultramafic rocks including carbonatites, lherzolites

and pyroxenites

from LPF1 (40%) to HFM (58%, Figure S4), as high-grade
metamorphic apatites are more suitable for U-Pb dating
than low-grade metamorphic apatites due to their higher
U contents (Henrichs et al., 2018).

Similarly, Sharman et al. (2018) found a change in
the detrital zircon U-Pb age distribution from the LPF to
UPF, indicated by a decreasing number of zircons with
ages >525 Ma and an increase in ages between 250 and
375 Ma. These authors interpret their results to reflect in-
creasing longitudinal sediment bypass from the German
NAFB (Figure 1), as a result of the development of the
Halfinger Canyon in early Aquitanian times on the shelf
close to Munich (Figure 3). Concurrently, transverse sed-
iment delivery from the Eastern Alps in the south via the
AFM decreased. However, increased sediment bypass
from the Munich shelf cannot explain our results for
two reasons. (a) The Halfinger Canyon cuts into Lower
Aquitanian Marls on the shelf (Zweigel, 1998). Therefore,
the Halfinger Canyon must have been established well
after the Chattian/Aquitanian boundary (23.0 Ma) and
after the recorded change towards a source with abun-
dant high-grade metamorphic apatite at 23.3 (+0.3) Ma
(Figures 3 and 6). (b) The sediment-routing system in the
Upper Austrian NAFB experienced a major rearrange-
ment at 19.0 Ma. Eastward-directed, channel-controlled
sediment transport ended and clinoforms started to

prograde northward into the basin (Figure 3; Hiilscher
et al., 2019), leading to a cut-off of sediment supply from
the NAFB west of Munich (Kuhlemann & Kempf, 2002).
Our ATE and U-Pb results suggest that the apatite prov-
enance has not changed from sample group LPF3 to the
HFM (Figure 6). The sources of the high-grade (>upper
amphibolite-facies) metamorphic apatites with late
Variscan/Permian U-Pb ages (Figure 5) must still have
been connected to the Upper Austrian NAFB.

For the above reasons, we regard the Munich delta
system as a subordinate apatite source for the Upper
Austrian NAFB - except for the BHU samples, see below —
and interpret the increasing abundances of late Variscan/
Permian, high-grade metamorphic apatites to be linked to
processes in the Eastern Alps and the paleo-Inn drainage
network. A comparison with thermochronological results
from pebbles from the Chiemgau and Wachtberg paleo-
Inn fans shed from the Eastern Alps reveals a similar age
range (Variscan, Permian, Eoalpine, and Alpine K-Ar ages,
Oligocene to Cretaceous AFT ages; Briigel et al., 2003) as
found in our northern slope samples by the U-Pb and AFT
thermochronometers (Figure 7, Figure S3). Additionally,
we found a similar rejuvenation trend in our AFT grain-
age populations as described from the late Oligocene to
early Miocene deposits of the paleo-Inn (Figures 1 and
9; Dunkl et al., 2009; Kuhlemann et al., 2006). Based on
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Comparison between thermochronological data from the Tauern Window (a) and from the sedimentary deposits in the

NAFB (b). In (b) only the youngest modelled peaks are shown; note that in the 27.5 Ma old sand sample from Dunkl et al. [2009], the
youngest modelled age peak was excluded because the authors interpreted it to be derived from the Periadriatic magmatic chain. For

literature sample location of (a), see Figure S6 and (b), see Figure 1. The depositional ages and their uncertainties were partly recalibrated

to the updated basin stratigraphy. Cooling ages in (a) are from the Penninic and Subpenninic units of the Tauern Window and mirror

the cooling following the Barrovian-peak metamorphism (“Tauernkristallisation”) of these units. Light grey area represents the range of

regionally variable cooling paths realized in the Tauern Window. At 23.3 + 0.3 Ma, the high-grade metamorphic apatites became abundant

in the Upper Austrian NAFB. Cooling of the Tauern Window accelerated at 23-21 Ma with the onset of tectonic activity along orogen-

perpendicular normal faults at the eastern and western end of the window. At 13 Ma, the window reached the surface as documented by

Penninic pebbles observed in the Austrian MKH fans (Briigel et al., 2003). The cooling trend in the Tauern Window (a) is in line with the
AFT data from the sedimentary record (b) in the foreland. AFT lag-times decrease from 20-30 Ma in samples older than 24.1 Ma to 2-12 Ma
thereafter. In Upper Freshwater Molasse sediments, Bernet et al. (2009) found zircon fission track ages with lag-times <10 Ma. Data from
(a): Bertrand et al., 2017; Blanckenburg et al., 1989; Borsi, 1978; Cliff et al., 1985; Dunkl et al., 2003; Favaro et al., 2015; Foeken et al., 2007;
Fiigenschuh et al., 1997; Grundmann & Morteani, 1985; Hawkesworth, 1976; Inger & Cliff, 1994; Jager et al., 1969; Lambert, 1970;

Most, 2003; Oxburgh et al., 1966; Raith et al., 1978; Reddy et al., 1993; Roddick et al., 1980; Satir, 1976; Satir & Morteani, 1982; Scharf,
Handy, Favaro, et al., 2013; Staufenberg, 1987. Closure temperatures: Rb-Sr White Mica: 500 + 50°C (Purdy & Jédger, 1976); K-Ar White
Mica: 425 + 50°C (Blanckenburg et al., 1989); Ar-Ar White Mica: 387.5 + 37.5°C (Reiners & Brandon, 2006); K-Ar Biotite: 320 + 40°C (Del
Moro et al., 1982); Rb-Sr Biotite: 300 + 50°C (Jiger, 1967); Zircon Fission Track: 230 + 20°C (Reiners & Brandon, 2006); Apatite Fission

Track: 120 + 20°C (Reiners & Brandon, 2006)

these similarities, we interpret the apatites in the northern
slope samples to have been sourced dominantly by lon-
gitudinal sediment delivery from the proximal Wachtberg
and Chiemgau fans. However, a transverse component is
noticeable by the continuous appearance of pre-Tertiary
AFT ages (Figure 7, Figure S2) which are a minority in
22 Ma paleo-Inn deposits but common in the AFM (Frisch
et al., 2001; Kuhlemann et al., 2006).

Potential source rocks for the HM- and S-field apatites
in the Eastern Alps are portions of the Otztal-Bundschuh
nappe system (Figure 1). The Otztal-Stubai nappe complex
underwent upper amphibolite-to-eclogite-facies condi-
tions (6-15 kbar, 550-700°C) during the Variscan orogeny
but did not experience any Permo-Mesozoic or high-grade
(>upper amphibolite-facies) Eoalpine metamorphic im-
print (Miller & Thoni, 1995; Rode et al., 2012; Schulz

et al., 2019). This is in accordance with the observed U-Pb
grain-age distribution of the high-grade metamorphic ap-
atites (Figure 5).

LM affinity apatites partly show Permo-Mesozoic U-Pb
ages, which implies in parts of the source a metamorphic
overprint of this age (Figure 5). The source might have
been the Drauzug-Gurktal nappe system, as these nappes
were affected by the Variscan orogeny and recorded a
subsequent upper greenschist-/lower amphibolite-facies
(2.4-4.2 kbar, 450-530°C), Permo-Mesozoic metamorphic
event (Schuster et al., 2001, 2015). These nappes structur-
ally overlie the Otztal-Bundschuh nappes but did not ex-
perience an Eoalpine overprint (Schmid et al., 2004). The
appearance of apatite U-Pb ages between 21 and 60 Ma
that plot in the IM-field (Figure 5) shows that the Eocene/
Oligocene (zircon U-Pb ages: 43-24 Ma; Ji et al., 2019)
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intrusions along the Periadriatic Line were part of the
paleo-Inn drainage network (Briigel et al., 2000; Sharman
et al., 2018). However, these interpretations might be
partly biased by the high number of apatites of IM (64%)
and LM (76%) affinity which failed the U-Pb age uncer-
tainty threshold filter.

Sample group BHU is enriched in LREE-rich apatites
with long AFT lag times compared to all other northern
slope samples (Figures 4 and 7). This period of channel
sedimentation is characterized by an erosional period on
the shelf close to Munich (Zweigel, 1998) and the remobi-
lization of shelf strata into the Puchkirchen channel sys-
tem (Grunert et al., 2013). This remobilized shelf sediment
is a potential source of the apatites in the BHU sample, but
the interpretation is complicated by the small sample size
(58 grains, Table 1).

In the HFM sample group, the fraction of apatites
plotting in the HM- and S-field reaches a maximum
(Figures 4 and 6). The youngest modelled AFT age peak
(P1: 39.8 + 2.6 Ma) is older compared to sample E1 in the
UPF, even though several rapidly cooled apatites were
found (Figures 7 and 8, Figure S2). This increase in age
is in contrast with previously published modelled AFT
age peaks (P1: 23.8 + 3.0 Ma, 26.9 + 7.0 Ma; Kuhlemann
et al., 2006; Figure 9) from the proximal Wachtberg Fan
(Figure 1). The Upper Marine Molasse is characterized by
strong tidal currents (Grunert et al., 2012), which could
have mixed our distal HFM sample more efficiently with
redeposited material from the AFM (see below) than the
proximal samples of Kuhlemann et al. (2006), resulting
in the observed increase in AFT ages. This interpretation
is supported by the differences between the modelled
AFT age peaks of the Variscan and non-Variscan sub-
groups in the BHU and HFM sample groups (Figure 8),
pointing to a different thermochronological evolution of
the source areas of the two subgroups. The younger AFT
ages (Variscan subgroup) may be derived directly from
the exhuming hinterland, whereas the older AFT ages
(non-Variscan subgroup) may be redeposited from the
AFM. Detrital AFT ages from southern Alpine foreland
deposits of Burdigalian age show a young (22.2 + 2.4 Ma,
17.7 + 5.5 Ma) modelled age peak (Stefani et al., 2007;
Zattin et al., 2003). These young grains may reflect a
northward migration of the drainage divide into the area
of the future Tauern Window (Figure 10), an interpreta-
tion which is challenged by the constant sandstone pe-
trography of southern Alpine foreland sediments (Stefani
et al., 2007). Nevertheless, we interpret the mixing of a
young and older AFT signal in the Upper Austrian NAFB
and a northward migration of the drainage divide to be
the origin of the differences between the AFT age peaks of
Kuhlemann et al. (2006) and our dataset (Figure 9).

6.1.2 | Samples from the southern slope
Samples Ul and N1 from the southern slope (Figure 4,
Figure S3) show similar U-Pb age, ATE and AFT data as
the samples LPF3, I1, E1 and HFM and probably reflect
a similar provenance. In the G1 sample, the presence of
Eoalpine U-Pb ages (Figure 4, Figure S4) shows that the
grains were likely sourced from the Koralpe-Wo6lz nappe
system which experienced Eoalpine metamorphism
(Figure 1) (Krenn et al., 2012; Thoni & Miller, 2000).
We interpret the differences in AFT, ATE and U-Pb data
(Figures 4 and 7, Figure S4, Table 1) between samples G1
and N1 to be related to the redeposition of the AFM south
of the Upper Austrian NAFB (Figure 1). The interpretation
is supported by the similar AFT grain-age distribution of
sample G1 (Figure 7 and Figure S2) and the AFM (Frisch
et al., 2001). Reworking started between the deposition of
sample N1 (21.5 + 0.5 Ma) and sample G1 (20.8 + 0.2 Ma),
which is in line with previous estimates of ca. 21 Ma
(Frisch et al., 2001). In early Miocene times (23-21 Ma),
the drainage network of the AFM must have reached back
to the magmatic complexes close to the Periadriatic Line
(34-28 Ma; Borsi et al., 1979) due to the appearance of ap-
atites (Figure S3) and zircons (Sharman et al., 2018) with
Alpine U-Pb ages on the southern slope and volcanic ma-
terial in the formation itself (Frisch et al., 2001).

6.2 | Thermochronological
evolution of the Eastern Alps from 29 to
18 Ma

The detrital AFT results reveal that in late Oligocene/early
Miocene times the Eastern Alps were in large parts a slowly
(<0.1 mm/a) exhuming mountain range, as suggested by
previous studies (Frisch et al., 1998; Kuhlemann, 2007).
Most (77%) AFT single-grain ages are older than the
Oligocene (>33.9 Ma) and have lag times >10 Ma
(Figures 7 and 8). Our AFT results are dominated by the
Paleocene to Eocene cooling of the Austroalpine units fol-
lowing the Eoalpine orogeny and only to a lesser extent
record processes that started after the Alpine continent-
continent collision at 35 Ma (Handy et al., 2010).
However, starting from sample group LPF2, an increas-
ing number of fast-cooled AFT ages (lag times <10 Ma)
appear in the northern slope samples, an up-section trend
which cumulates in a minimum lag time of 7.5 + 2.1 Ma at
20 Ma (Figure 8, Table 2). In combination with the change
towards a higher abundance of high-grade metamorphic
apatites in these samples, the decreasing lag times on the
northern slope suggest accelerated exhumation in the
Eastern Alps (Figure 10). This acceleration started around
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FIGURE 10 Paleogeographic reconstructions of the eastern NAFB and the Eastern Alps before 24 Ma (a), around 21 Ma (b) and
around 18.6 Ma (c), redrawn after Sharman et al. (2018), Kuhlemann and Kempf (2002), Frisch et al. (1998), and Ortner and Stingl (2001).
Before 24 Ma (a), the Upper Austroalpine units of the Eastern Alps shed apatites with low-grade metamorphic trace-element geochemistry
and a Permo-Mesozoic U-Pb age peak onto the northern slope of the Upper Austrian NAFB. Upper Austroalpine units above the future
Tauern Window experienced enhanced exhumation due to the active doming of the underlying Penninic units of the future Tauern
Window. The AFM was deposited on top of the present day Northern Calcareous Alps (Frisch et al., 2001). The drainage divide (blue,
dashed line) was located close to the Periadriatic Line. The shelf around Munich trapped the sand-sized sediment from the west (Sharman
et al., 2018). From 23.3 + 0.3 Ma onward (b), the apatite single-grain distribution in the northern slope samples became dominated by
grains from high-grade metamorphic source-rocks and Variscan/Permian U-Pb ages above the future Tauern Window, which are the
sources of the fast-cooled apatites. On the Munich shelf, the Halfinger Canyon developed after 23.0 Ma (Zweigel, 1998) but represented a
subordinate sediment source for the Puchkirchen Channel System. The drainage divide (blue, dashed line) was still located in the Adamello
area but moved east of it, northwards into the area of the future Tauern Window, as revealed by young AFT ages in the Southern Alpine
Foreland Basin (Stefani et al., 2007; Zattin et al., 2003). The AFM was uplifted and redeposited from 21 Ma onward. At 19.0 Ma (c), channel
sedimentation ended in the Upper Austrian NAFB and clinoforms prograded northward. The NAFB west of Munich was cut-off from the
Upper Austrian NAFB as sediment source. Sample positions relative to the channel may differ from the description in Table 1 due to the
lateral variability of the channel through time

27.5 + 1.7 Ma as revealed by the AFT ages in sample E1
(Figure 8) and by AFT gneiss pebble data from 22 Ma old
Chiemgau Fan deposits (30.9 + 2.0 Ma, 25.8 + 8.0 Ma;
Figure 9; Briigel et al., 2003; Kuhlemann et al., 2006). Both
AFT subgroups (Variscan and non-Variscan U-Pb ages)

were affected by this, as they both show a similar lag-time
evolution (Figure 8). AFT lag times could have been short-
ened by a thermal perturbation due to magmatic activity
along the Periadriatic Line as suggested by Kuhlemann
et al. (2006). However, this interpretation is challenged
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by the >50 Ma old zircon fission track ages of pebbles
from the Chiemgau Fan (Briigel, 1998) and the increas-
ing abundance of high-grade metamorphic apatites at
23.3 Ma in our samples (Figure 6). Both findings cannot be
explained by a thermal perturbation along the Periadriatic
Line. Our interpretation of accelerated exhumation after
27.5 + 1.7 Ma is supported by the doubling of Eastern
Alpine sediment-discharge rates from 1,072 + 167 km?/
Myr before 29 Ma to 2,486 + 375 km®/Myr after 29 until
21 Ma (values represent the arithmetical mean and the
standard deviation of the discharge rates from the Eastern
Alps to all circum-Alpine basins during the time period;
Kuhlemann et al., 2001). The increase in exhumation rates
cannot be associated with a change in climate (e.g. higher
precipitation rates) as global (Cramer et al., 2009) and re-
gional (Mosbrugger et al., 2005) climate proxies suggest
stable climatic conditions. The exhumation (constrained
to ca. 29 Ma by the sediment-discharge rates [Kuhlemann
et al., 2001] and ca. 27 Ma by the AFT data) was thus tec-
tonically triggered (Rosenberg & Berger, 2009).

We interpret these observations to reflect an early ex-
humation period of the Tauern Window. After the end of
oceanic subduction in the Eastern Alps, the accretion of
European crust at the base of the Adriatic plate culminated
in subsequent Barrovian metamorphism in the thickened
crust (Schmid et al., 2013). Peak metamorphic tempera-
tures were variable in space and reached up to 600°C in the
centres of the two Tauern subdomes (Figure 1) (Bousquet
et al., 2012; Grof3 et al., 2021). Estimates for the timing of
peak metamorphism range from 40-30 Ma (Christensen
et al,, 1994; Favaro et al., 2015; Glodny et al., 2005;
Grundmann & Morteani, 1985; Ratschbacher et al., 2004;
Schneider et al., 2015; Selverstone, 1988; Zimmermann
et al., 1994) to ca. 20 Ma, depending on the region and
structural level exposed (Blanckenburg et al., 1989).
Ongoing upper and lower plate convergence was trans-
lated into shortening localized in the Tauern Window re-
gion in the form of large-scale upright folding (Figure 10).
This is recorded by concentric cooling age patterns, with
the youngest ages in the centres of the antiformal dome
structures of the window (Reddy et al., 1993; Scharf,
Handy, Ziemann, et al., 2013; Schneider et al., 2015).
Folding led to the onset of early Oligocene (30-28 Ma)
vertical rock uplift and resultant exhumation and cooling
of the Tauern Window, as witnessed by the earliest cooling
ages (U-Pb on apatite, Rb-Sr on white mica) postdating ac-
cretion of European crust and the climax of regional meta-
morphism (Favaro et al., 2015; Schneider et al., 2015). The
overlying Upper Austroalpine nappes responded to this
upright folding with focused erosional denudation as wit-
nessed by the increasing number of high-grade metamor-
phic apatites and decreasing AFT lag times in our dataset
(Figure 9). Spatially restricted but fast eroding areas with a

high mineral fertility can dominate the single-grain distri-
butions of orogen-wide sediment-routing systems (Malusa
et al., 2017). Our inferred onset of this exhumation at 29-
27 Ma is in line with the onset of cooling in the Tauern
Window (31-28 Ma; Favaro et al., 2015; Reddy et al., 1993;
Schneider et al., 2015).

Based on the doubling of the sediment-discharge rates
after 29 Ma, we assume that 11,308 + 4,334 km?® more
material was eroded from the Eastern Alps between 29
and 21 Ma (2,486 + 375 km?®/Myr) than between 34 and
29 Ma (1,072 + 167 km*/Myr) (Kuhlemann et al., 2001).
By dividing this additional amount of material through
the area above the future Tauern Window (3,125 km?;
Favaro et al., 2017), these two estimates suggest that a
3.6 + 1.4 km thick rock unit was eroded during the early
exhumation period from 29 to 21 Ma. This fits in with
estimates from the AFT results presented here, which
imply erosion of a ca. 3.3-4.7 km thick rock unit of Upper
Austroalpine Nappe provenance in the Eastern Alps from
29-27 to 20 Ma.

6.3 | Trigger of early and slow
exhumation of the Tauern Window

Southern Alpine indentation is the most likely driver
of the early Tauern Window exhumation, which was fo-
cused in a fairly restricted area of the central Eastern
Alps. Lateral escape of the Eastern Alps and retreat of the
Pannonian slab both started later, at respectively 23-21 Ma
(Horvath et al., 2006) and during the Late Neogene (Linzer
et al., 1998), and can be excluded as the trigger for early
exhumation of the Tauern Window. Indentation of the
Southern Alps has been suggested as a driver for the Tauern
Window exhumation by several authors (Ratschbacher
et al., 1991; Rosenberg et al., 2007; Royden, 1988; Scharf,
Handy, Favaro, et al., 2013). The main, rapid period of this
indentation started around 23-21 Ma (Pomella et al., 2011,
2012); however, Favaro et al. (2015) inferred that early
Adriatic indentation began around 28 Ma. At this stage,
early strike-slip faulting has been recognized along the
Inntal fault system (Ortner et al., 2006), the Defereggen-
Antholz-Vals fault (Miiller et al., 2000) and the Salzach-
Ennstal-Mariazell-Puchberg fault (Figure 1; Rosenberg &
Schneider, 2008; Schneider et al., 2013).
Contemporaneously at 32-28 Ma, mylonitic and
brittle E-W directed transpression (Figure 1) as well as
syn-tectonic magmatism testifies to motion along the
Giudicarie Fault System (GFS; Figures 1 and 10) south-
west of the Tauern Window (Martin et al., 1993; Miiller
et al., 2001; Prosser, 1998). Adriatic indentation into the
Eastern Alps along the GFS can explain why exhuma-
tion was localized in the Tauern Window region. This is
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evident by the large (>20 km) amount of exhumation that
took place northeast of the GFS (Favaro et al., 2017). In
contrast, the Adriatic indenter itself is largely unaffected
by exhumation (Rosenberg et al., 2018) and Austroalpine
units NW of the GFS experienced only a small (10-
12 km) degree of collisional shortening (Rosenberg &
Kissling, 2013). This early indentation must have started
at the latest by 28 Ma, as suggested by the earliest cool-
ing ages in the Tauern Window (Favaro et al., 2015;
Reddy et al., 1993; Schneider et al., 2015) and the AFT
data presented here, and lasted until 23-21 Ma (Favaro
et al., 2015). According to the AFT cooling ages presented
in this study, exhumation in response to indentation from
29-27 Ma to 20 Ma caused 3.3-4.7 km of erosional denu-
dation (0.3-0.6 mm/a) and reflects slower exhumation
than in the period from 21 to 13 Ma, when the rates in-
creased to 1.5-2 mmy/a (Frisch et al., 2000).

The increased indentation (Verwater et al., 2021)
and exhumation rates after 21 Ma (Frisch et al., 2000)
are associated with a transition from exhumation dom-
inated by orogen-perpendicular shortening to orogen-
parallel extension (Favaro et al., 2017) via normal
faults localized at the eastern and western ends of the
Tauern Window (Behrmann, 1988; Frisch et al., 2000;
Fiigenschuh et al., 1997; Genser & Neubauer, 1989;
Scharf, Handy, Favaro, et al., 2013; Selverstone, 1988).
Estimates of the amount of orogen-parallel extension
along those faults are debated and range between 14
and 160 km (Favaro et al., 2017; Frisch et al., 2000;
Filigenschuh et al., 2012; Linzer et al., 2002; Rosenberg
& Garcia, 2011; Scharf, Handy, Favaro, et al., 2013; Wolff
et al., 2020). The transition was caused by modifications
of the boundary conditions of the orogen, namely the
opening of the Pannonian basin in the east at 21 Ma
(Horvath et al., 2006) and the cessation of the propaga-
tion of the northern Alpine front around the same time
(Hinsch, 2013; Ortner et al., 2015). Adriatic motion was
no longer transferred into propagation of the northern
Alpine front (Figure 10), but mainly into indentation
along the GFS (Pomella et al., 2011, 2012; Prosser, 1998,
2000) and eastward lateral escape of the Eastern Alps
(Ratschbacher et al., 1991).

7 | CONCLUSIONS

In this paper, we reconstruct the early exhumation (from
29 to 27 Ma onward) of the Tauern Window in the cen-
tral European Eastern Alps by combining geochemical
(trace-element geochemistry) and thermochronological
(U-Pb, FT) single-grain analysis on detrital apatites from
Oligocene/Miocene sediments of the Upper Austrian
NAFB. This highly discriminative single-grain multi-proxy
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approach reveals three major trends from the Oligocene
samples up-section into the earlier Miocene: (1) an in-
creasing proportion of grains from a high-grade metamor-
phic source with late Variscan/Permian U-Pb ages, (2) an
increase in U-Pb ages with acceptable age uncertainties,
and (3) an increasing number of Oligocene AFT ages.

When integrated with previously published results
from single-grain and pebble analysis of paleo-Inn river
deposits in the eastern NAFB, we show that the majority
of the apatites in the Upper Austrian NAFB were deliv-
ered from the Eastern Alps. Furthermore, our and previ-
ously published data suggest an exhumation event in the
Eastern Alps starting at 29-27 Ma that we attribute to the
surface response to the onset of upright folding and dom-
ing in the Penninic units of the future Tauern Window in
front of the Adriatic indenter. Data from the presently ex-
posed Penninic units of the Tauern Window support the
interpretation of an early period of doming-related exhu-
mation starting at 31-28 Ma (Favaro et al., 2015; Reddy
et al., 1993; Schneider et al., 2015). Early Adriatic inden-
tation documented by motion along the Giudicarie Fault
System (Martin et al., 1993; Miiller et al., 2001; Pomella
et al., 2011) drove this early and slow (0.3-0.6 mm/a) ex-
humation period from 29-27 to 23-21 Ma which removed
3.3-4.7 km of rocks of Upper Austroalpine units above the
future Tauern Window.
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