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Burial dating with terrestrial cosmogenic nuclides and luminescence dating techniques have become two
powerful tools to temporally constrain Quaternary deposits. A combination of both methods at the same
geological setting has rarely been realized to date, although their viable time frames overlap by several
tens of thousands of years. When Middle Pleistocene sediments with depositional ages ranging around
ca. 120 ka to ca. 300 ka are targeted, both methods are employed, but come towards their lower and
upper limits, respectively. A combined dating approach can be worthwhile at this age range and allows
not only exploring the edges of both methods, but holds the opportunity to do a cross-check of results at
an age spectrum, where both dating techniques are at risk to become fuzzy.

Here we present a case study where numerical ages of two Middle Pleistocene terraces located in the
Vienna Basin were generated by combining burial and luminescence dating. A variety of processes, such
as changing sediment input rates, erosion, and tectonics controlled the formation of fluvial terraces in the
basin and shaped its complex modern surface. Age correlation of the evolved mosaic of blocks and
dislocated sediment bodies is challenging and requires quantitative geochronological information in
order to establish a coherent terrace stratigraphy. Luminescence and burial samples originating from two
fluvial terraces, the lower Gaenserndorf terrace (GDT) and the higher Schlosshof terrace (SHT), were
analyzed and evaluated. Luminescence and burial ages at the GDT site are in good agreement and suggest
a depositional age of 140 + 170 ka bracketed by pIRIR225 luminescence ages ranging from 120 + 10 ka to
260 + 30 ka. Luminescence samples at the SHT site are in saturation, but provide minimum ages, which
are coherent with the burial dating result of 340 + 170 ka. The new numerical ages indicate that the
vertical offset between the GDT site and the SHT site was not purely caused by fault activity, but suggest
two independent episodes of sediment accumulation.

Besides providing new insights into the stratigraphic and morphological configuration of the central
Vienna Basin area, the cosmogenic nuclide data set is compelling from a methodological point of view. At
the GDT site, several samples exhibited 26Al/!°Be nuclide ratios exceeding the surface production ratio of
6.75. Even though affected samples were excluded from burial age calculations, a detailed investigation
on possible scenarios, which could have caused an upwards shift of 26A1/1°Be ratios, was carried out.

© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The Vienna Basin is located between the Eastern Alps and the
West Carpathians at the border of the Czech Republic, Slovakia, and
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deposited during the Neogene and Quaternary and is crossed by the
Danube river (e.g. Fink and Majdan, 1954; Kiipper, 1955; Fuchs and
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Grill, 1984; Decker et al.,, 2005; Holzel et al., 2010). During the
Pleistocene, climatic cooling caused the abrasion and subsequent
transport of glacial debris from inneralpine areas to the foreland
providing sediment to form large gravel terraces along the Danube
and its tributaries (van Husen and Reitner, 2011). A combination of
climate oscillations and over-regional tectonic uplift provided ideal
conditions to the formation of a complex terrace staircase in the
basin (Royden, 1985; Peresson and Decker, 1997; Salcher and
Wagreich, 2010). Multiple Pleistocene terrace levels were identi-
fied along the southern riverbank of the Danube showing pro-
nounced differences in altitude. Interestingly, an equivalent of this
staircase is not mirrored as prominently north of the Danube. While
to date, seven Pleistocene stratigraphic units are documented in the
southern part (e.g. Fink and Majdan, 1954; Liithgens et al., 2017 and
references therein), only three terrace units have been found in the
area to the north: the Gaenserndorf terrace (GDT), the Schlosshof
(SHT) and the terrace west of Seyring (TWS) (Fig. 1). An extensive
Miocene fault system underlying the sediments was reactivated
during the Pleistocene. It was influencing the morphology of the
terraces and caused vertical displacement of individual fragments
(Decker et al., 2005; Wessely, 2006).

The traditional approach of correlating fluvial terraces is based
on geomorphological configurations, in particular base level
elevation (Penck and Briickner, 1909). Connected base levels are
interpreted towards the same period of accumulation. In an area
with evidence of an interplay of multiple processes, e.g. tectonic
uplift, sediment input and sediment preservation, cryoturbation
and local dislocation, this approach might result in misleading
correlations. In the Vienna Basin, vertical and lateral displacement
of individual terrace segments notably complicates terrace corre-
lation based on comparing base levels. Numerical ages of individual
sediment bodies are therefore vital to establish a coherent terrace
stratigraphy and to improve the temporal and spatial understand-
ing of surface changes during the Quaternary.

Age information is sparse in the basin area and limited to only a
few data sets: (1) dendrochronology and radiocarbon dates gained
from the analysis of reworked wood fragments, which were found
embedded in the lowermost terrace level and are associated with

the Holocene (Fink, 1977, 1981); (2) luminescence ages and burial
ages from a core drilled south of the Danube, where luminescence
data (based on the measurement of the post infrared, infrared
stimulated luminescence signal at 225 °C (pIRIR225) of potassium-
rich feldspar) provide minimum ages ranging around 250 ka for the
upper section of the core (signals are in field saturation), and where
isochron burial dating yields a Late Pliocene age for cobbles
collected from deeper sections of the core (Liithgens et al., 2017);
and (3) Optically Stimulated Luminescence (OSL) ages from the GDT
setting (Weissl et al., 2017), which include reliable ages from MIS 2.
These were determined by combined measurement of lumines-
cence signals of both quartz and potassium-rich feldspar. However,
older ages only rely on measurements of potassium-rich feldspar
using the IR signal stimulated at 50 °C (IR50). This signal is known
to be prone to fading, an athermal signal loss over time (Wintle,
1973), leading to age underestimation if not corrected for.
Because of the high dose range of the samples, the authors decided
not to apply any fading correction. In addition, the luminescence
signals for the respective samples approach field saturation. Taking
these factors into account, ages from Weissl et al. (2017), for which
no age control from quartz measurements is available (especially
around and above 200 ka), must be interpreted as minimum ages.

Here, we present a new geochronological case study targeting
terrace bodies in the Vienna Basin, where two independent phys-
ical dating methods were applied to put time constraints on the
deposition of the GDT and the SHT north of the Danube: isochron
burial dating using the cosmogenic isotope pair 2°Al and '°Be and
pIRIR225 luminescence dating.

The objectives of this study are:

(1) to test the feasibility of burial dating at the central Vienna
Basin area north to the Danube, in particular targeting the
lower GDT, in order to assess whether the level of cosmo-
genic nuclide concentrations in these sediments is high
enough to be analyzed with Accelerator Mass Spectrometry
(AMS).

(2) to realize a cross-check on burial and luminescence
(pIRIR225) ages, as both dating methods are frequently used
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Fig. 1. Map displaying the northern and part of the southern terrace staircase along the Danube in the central Vienna Basin area, the Gaenserndorf terrace (GDT), the Schlosshof
terrace (SHT) and the terrace West of Seyring (TWS). Crosses indicate outcrops which were sampled for cosmogenic nuclide and luminescence analysis. The solid thick line towards
the East specifies the Austrian-Slovakian border, while the solid thick line towards the West circles the city area of Vienna. Thin black lines are active faults dissecting the Miocene
base of the Vienna Basin, e.g. VBTF (Vienna Basin Tranform Fault). Dashed thin lines mark the location of transects illustrated in Fig. 2.
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to answer geochronological questions related to Quaternary
stratigraphy. Time frames covered by luminescence dating
range from a few tens of years to several hundreds of thou-
sands of years (Wintle, 2008). Burial dating spans ca. 100 ka
to 5 Ma (Granger and Mugzikar, 2001), thus overlapping with
the luminescence method. The GDT and the SHT, which are
estimated to have formed during the Middle Pleistocene
(Kiipper, 1955; Fink and Majdan, 1954; Thenius, 1974), are
suited to test luminescence and burial dating independently.
to generate novel and robust geochronological information
at the Vienna Basin area, which allows constraining the age
of two Middle Pleistocene terraces (GDT and SHT).
(4) to scrutinize a cluster of elevated 26Al/'°Be ratios, which
occurred among some of the samples collected from the GDT
and to make an attempt to explain these irregularities.

3

~

2. Geological setting

The Vienna Basin is a subsiding pull-apart structure with di-
mensions of 200 km in length, 55 km in width and up to 5.6 km in
depth. The Neogene to Quaternary infill mainly consists of fine
sediments and gravel deposits (e.g. Fink and Majdan, 1954; Royden,
1985; Kovac et al., 2004). The basin's subsidence started approxi-
mately 17 Ma ago, during the Early Miocene. The structure formed
following an extensive NE-SW trending Miocene fault system with
the most prominent lateral (sinistral) displacement along the
Vienna Basin Transform Fault (VBTF) at its SE margin (Decker, 1996,
Fig. 1). Basin inversion and only scarce presence of Pliocene sedi-
ments indicate that subsidence halted during the Late Miocene.
Evidence of sediments attributed to the Miocene and found at el-
evations of up to 440 m asl at the basin's margin, together with the
fact that a terrace staircase developed during the Quaternary, point
to a major uplift from Late Pannonian times onward (Decker, 1996;
Salcher, 2008).

During the Quaternary, the fault system was active and has had
an impact on the continuity of the sediment record, in particular at
the central part of the basin. In the study area, normal faults con-
nected to the Neogene fault system below the investigated terraces,
are very likely to have caused a vertical displacement of individual
segments (Decker et al., 2005; Hinsch et al., 2005; Salcher and
Wagreich, 2010; Hinsch and Decker, 2011 and references therein).
Several geomorphological indicators stress the tectonic control of
some (NE-SW trending) fault scarps that border the terraces, while
other scarps evolved from erosion by the Danube river and local
tributaries (Beidinger and Decker, 2011; Decker et al., 2005; Weissl

et al,, 2017).

The syntectonic filling of the basin with largely marine sedi-
ments began approximately 17 Ma ago during the Badenian, and
continued up to Late Pannonian times, ca. 8 to 9 Ma ago (Kovac
et al., 2004; Strauss et al., 2006; Beidinger and Decker, 2011). This
period was followed by a hiatus of sediment deposition during the
Pliocene until the beginning of the Quaternary, when fluvial,
lacustrine and eolian deposits resumed to accumulate at local
depocenters (Beidinger and Decker, 2014; Decker et al., 2005;
Hinsch et al.,, 2005; Salcher et al., 2012; Salcher et al., 2017).
While Neogene basin fillings amount to thicknesses of up to 5.6 km,
Quaternary sediments reach only thicknesses of up to 170 m
(Kullmann, 1966; Salcher, 2008; Beidinger and Decker, 2014; Lee
and Wagreich, 2016). This relatively thin and young sediment
cover largely consists of gravel and sand layers mainly delivered by
the Danube and Morava, but also by some smaller rivers such as the
Russbach (Fig. 1). Most debris from inneralpine regions and the
Bohemian Massif passed through the basin and was ultimately
deposited farther to the East (e.g. Ruszkiczay-Riidiger et al., 2016;
Tanaskovi¢ et al., 2017). A small fraction, however, was preserved
in the Vienna Basin and formed terraces. A correlation of these
terrace sediments by field geologic methods is difficult, not only
due to a plurality of processes, which affected the basin during the
Quaternary, but also because of their uniform quartz rich lithology
and a paucity of fossils, which are limited to the loess cover partly
blanketing the terraces.

2.1. GDT setting

The Holocene flow path of the Danube delimits the southern
margin of the GDT (Fig. 1, terrace level 1). Westwards, the terrace
adjoins the TWS, which rests upon Penninic Units. Its base is
located ca. 4—6m above the base of modern Danube sediments
(Fig. 2a). The GDT is dissected by a number of normal faults that
have presumably controlled the formation of small subbasins inside
the Vienna Basin (Aderklaa, Obersiebenbrunn and Lassee basin;
Decker et al., 2005, Fig. 1). Towards the East, the Lassee basin sep-
arates the GDT from the SHT (Beidinger and Decker, 2011). The GDT
sediment largely consists of coarse clast-supported gravel with
coarse to medium sandy matrix and subordinate sand lenses that
are cut by overlying gravel beds. The total thickness of the terrace
deposit lies between 10 and 15 m. Often, the uppermost 3—4 m are
affected by intense cryoturbation and may be covered by loess of
varying thicknesses. Clasts are mostly well-rounded, typical for
fluvial transport.
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Fig. 2. NE-SW transects cutting through (a.) Gaenserndorf terrace (GDT) and (b.) Schlosshof terrace (SHT). Map view positions of the transects are provided in Fig. 1. The GDT's base
level lies at a lower elevation (ca. 150 m asl) compared to the SHT's (ca. 160 m asl), which is also reflected in the terraces’ deviating surface elevation.
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The sampled outcrop is located in an abandoned gravel pit (E
16.6329444, N 48.2927778°, altitude 163 m asl) and consists of
intermittent sand lenses and gravel bed units forming a typical
braided river facies, which is classified as high-energy deposit. The
clast-supported matrix in the sampled sediment layer provides an
abundancy of cobbles suited for cosmogenic nuclide analysis. Ten
samples were collected from a sediment layer at ca. 4.5 m depth,
five cobbles at position GXX-II and five more clasts at position GXX-
Il (Fig. 3). Four luminescence samples, MAR-01 to MAR-04, were
collected from sand layers throughout the profile at varying depths
(Fig. 4).

Cosmogenic nuclide sample position GXX-II is located at the lee
side of a weathered granite boulder. The presence of the boulder
suggests that all pebbles were washed into their recent position in
the course of a single phase of sedimentation and is assumed to
reduce the probability of postdepositional movement. Isolated
gneiss or granite boulders are a frequent phenomenon in sand and
gravel terraces at the study area (Eppensteiner et al., 1973). This
type of boulder found in a facies dominated by smaller grain sizes is
explained by ice rafting or root transport. On top of the block, a
small channel structure, typical for braided river systems, was
identified. The fossil channel showed foresets with intermittent
cobble beds. The sampled layer's limitation towards the top unit
was horizontal. The stratification showed no evidence of vertical
mixing or tectonic impact. Pronounced manganese and iron oxide
horizons marked changing paleo-water conditions in depths of
3—3.5m below surface, as well as in the sampled sediment layer.

2.2. SHT setting

The SHT is roughly triangularly shaped, bordered by the Lassee
fault system to the West (Beidinger and Decker, 2011) and delimi-
ted by fluvial erosion by the rivers Danube and Morava to the South

VIAR:01
1220420 ka

GXX-I;

and East (Fig. 1). The base of the terrace lies ca. 25—30 m above the
modern Danube sediments' base level and is significantly higher
compared to the GDT elevation (Fig. 2b). The sampling sites for
cosmogenic nuclide dating and luminescence dating are located in
an active gravel pit with predominantly gravel sized unconsoli-
dated fluvial sediments and subordinate sand lenses (Fig. 5). The
top of all sediments is influenced by cryoturbation down to about
3.5m. The quarry's base is formed by Neogene clays that are
covered with mainly coarse-grained fluvial gravels and sands.
Sediments are affected by a side branch of the Lassee flower
structure (Beidinger and Decker, 2011) that offsets both, the
Neogene and the Quaternary. The clays at the eastern side are
displaced from ca. 153 m asl to 164 m asl.

The five clasts sampled for cosmogenic isotope burial age dating
(E 16.8874056°, N 48.2388361°, altitude 153 m asl) are located ca. 3
m above the Neogene base and 10 m below the old surface from the
western (basinward) side of the fault. The six luminescence sam-
ples originate from both sides of the fault (Fig. 5).

3. Methods
3.1. Isochron burial dating with cosmogenic nuclides

3.1.1. Principle of isochron burial dating

When secondary cosmic rays, comprising neutrons and muons,
reach the earth's surface, they interact with the upper layers of the
lithosphere and cause the in situ production of stable and unstable
terrestrial cosmogenic nuclides (Lal and Arnold, 1985; Lal, 1988;
Nishiizumi et al., 1986; Gosse and Phillips, 2001). The dating of
buried sediments using these nuclides relies on their time-
dependent, differential decay in the subsurface, where samples
are largely shielded from cosmic radiation (Nishiizumi et al., 1986;
Klein et al., 1986). Burial dating requires the analysis of at least two

Fig. 3. (a.) Outcrop Gaenserndorf terrace (GDT). Luminescence sample MAR-04 was collected from a surface-near sand lense further southwards to the cosmogenic nuclide samples
(GXX-II and GXX-III). Positions of the remaining luminescence samples (MAR-01 to MAR-03) are shown in (b.),(c.) and (d.) together with cosmogenic nuclide sample positions. (c.)
Zoom on cosmogenic nuclide sample set position (GXX-II) at the lee side of a crystalline block and luminescence sample MAR-02. (d.) Zoom on cosmogenic nuclide sample set

position (GXX-III) and luminescence sample MAR-01.
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Fig. 4. Profile GDT outcrop; luminescence (OSL) sample positions are marked with a
cross, cosmogenic nuclide sample positions are indicated with a circle.

nuclides, as there are two unknowns in the sample’s history: first,
the time of exposure and second, the time of burial itself
(Nishiizumi et al., 1986; Granger and Muzikar, 2001; Granger,
2006). 26A1 and '°Be are a favored pair to be combined for burial
dating: (1) Both nuclides are produced in quartz, which is ubiqui-
tous and highly resistant to weathering, (2) 26Al and '°Be show
similar geochemical behavior, which eases sample preparation, (3)
their surface production rates are linear proportional at the range of
regular attenuation lengths (Brown et al., 1992; Gosse and Phillips,
2001; Argento et al., 2013) and (4) the isotopes half-lives deviate by
a factor of two (°Be T12=1387+0.012 Ma and 26p] Ty
2=0.705 + 0.024 Ma; Chmeleff et al., 2010; Korschinek et al., 2010;
Nishiizumi, 2004).

26A] and '°Be are built up at well-constrained production rates at
the earth's surface. While local production rates vary depending on
altitude, geomagnetic latitude and shielding (Nishiizumi et al.,
1989; Stone, 2000), the nuclides’ surface production ratio is
assumed to be stable at a value of ca. 6.75, regardless of the sam-
ple's geographic location (Nishiizumi et al., 1989; Kubik et al., 1998;
Balco and Rovey, 2008). When terrestrial rock is covered and
therefore less affected by cosmic ray bombardment, nuclides begin
to disintegrate, 25Al approximately twice as fast as '°Be. The decay
process leads to a gradual drop of the 26A1/1°Be ratio, providing key
information with respect to the sample's burial time. Nuclide ratios
measured in buried samples and related to the initial surface pro-
duction ratio via the law of decay allow the calculation of burial
ages.

At the Vienna Basin settings, where it is aimed to put age con-
straints on abandoned fluvial terraces, one important factor com-
plicates this simple burial model: postburial production by muons.
Approximately 98% of the 2°Al and °Be inventory in terrestrial
material at the surface accumulate due to spallogenic production by

neutrons. However, this production pathway is limited to the
earth's surface and the very upper centimeters of soil or rock. The
remaining 2% are produced by muons, short-lived energetic lepton
particles, which show much weaker interaction with matter than
neutrons (Braucher et al, 2003; Brown et al., 1995; Lal, 1988).
Muons have physical properties that allow the particles to travel
into greater depths of the lithosphere, where they cause nuclide
production. Through this production pathway, 2°Al and '°Be is
added to the nuclide inventory subsequent to the sample's burial, a
process that needs to be taken into account when dating sediment
layers with incomplete shielding.

Given the depth profile of muon attenuation, postburial nuclide
production is most effective at shallow depths, where spallogenic
production becomes negligible (>3 m), and muonic impact is still
strong enough to penetrate terrestrial material (<30 m) (Granger
and Muzikar, 2001; Dunai, 2010; Braucher et al., 2013). Fluvial
terraces fall into this category, so that postburial production needs
to be addressed.

Balco and Rovey (2008) put forward the idea to broaden the
field of isochron applications to geochronological questions in
sedimentary deposits that are potentially affected by postburial
production. The strategy is to accomplish correction for muon
production by treating clasts, which share their final burial episode,
as an amalgamated sample. Clasts that were presumably deposited
in the course of the same sedimentary event and are collected from
the same stratigraphic layer have been exposed to an identical rate
of postburial production from their deposition onward. Pre-
depositional erosion and transport are very likely to vary among
individual samples, therefore causing scatter in nuclide concen-
trations. Nevertheless, muon production subsequent to burial is
constant for all clasts. When this assumption is valid, nuclide
concentrations of clasts sampled from the same depth, show a
linear trend in a diagram, where 26Al is plotted against '°Be. The
slope of the isochron derived from the sample set by regression
depends on the amalgamated sample's collective age of deposition,
on the 2°A1/1°Be production ratio and on the nuclides’ decay con-
stants, but is insensitive to postburial production. Outliers, for
example reworked clasts with a different burial history, are easy to
identify as they do not plot along the isochron.

The concept of isochron burial dating using cosmogenic nuclides
was first applied by Erlanger et al. (2012), who put time constraints
on fluvial terraces in South Africa. Since then, the method has
become more and more popular for settings, where postburial
production is likely to contribute to the sediments’ nuclide in-
ventory, i.e. sediments at shallow depths (e.g. Balco et al., 2013;
Ciner et al, 2015; Matmon et al., 2015; Granger et al., 2015;
Bender et al., 2016; Schaller et al., 2016; Zhao et al., 2016; Akg¢ar
et al., 2017; Tu et al., 2017).

3.1.2. Sample preparation and sample analysis

Nuclide extraction of all, in total ten, GDT samples, was
accomplished at the cosmogenic isotope laboratory at the Lamont-
Doherty Earth Observatory, according to the laboratory's protocol
(LDEO, 2009a; LDEO, 2009b). °Be/?Be and 26Al/?’Al ratios were
measured at the Center for Accelerator Mass Spectrometry at the
Lawrence Livermore National Laboratory (LLNL) using the stan-
dards 07KNSTD3110 (Be) and KNSTD30960 (Al), respectively.

The five SHT clasts were processed following the procedure of
Granger et al. (2015) at the Geochronology Laboratory of the
Department of Lithospheric Research (University of Vienna), and at
the Laboratory for Cosmogenic Nuclide Extraction at the Institute of
Applied Geology (BOKU Vienna). Aluminum and Beryllium oxides
were analyzed at PRIME laboratory and VERA, respectively. Stan-
dards at PRIME are characterized by Nishiizumi (2004) for
Aluminum and by Nishiizumi et al. (2007) for Beryllium. Standards
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at VERA are secondary standards. For Aluminum measurements, Beryllium, the secondary standard is calibrated to NIST 4325 with
two standards were used: AW-V-2 with an 2°Al/?’Al ratio of  a'’Be/”Be ratio of 1.704 + 0.03712.
2.71+0.027? and AW-V-3 with a ratio of 3.55+0.05"12. For Elemental analysis to quantify total Aluminum in samples was
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performed using ICP-OES. Total uncertainties on °Be and 26Al
concentrations are calculated combining the AMS measurement
error, uncertainties on the nuclides’ surface production rates, un-
certainties on the nuclides half-lives and ICP-OES errors in the case
of Aluminum.

3.1.3. Isochron age calculations

Burial ages were computed following Granger (2014) using the
corresponding MATLAB script. The initial nuclide ratio (Rjpit) was
set at 6.75. As '9Be reference production rate at Sea Level High
Latitude (SLHL), 4.00+0.32 atoms/g qtz and yr was adopted
(Borchers et al., 2016). In order to normalize nuclide concentra-
tions, the local '°Be production rate was estimated using the scaling
scheme of Stone (2000). Normalized 2°Al measurements were first
plotted against normalized 1°Be measurements and a regression
line was fitted to the data using the routine described by York (York
et al., 2004). From the slope of this line, an initial burial age was
calculated (tpyr). Nuclide contribution due to postburial production
is indicated by the intercept of the regression line resulting from
the first isochron estimate, and a line generated by modeling
postburial production of 26Al and '°Be under the assumption of
steady erosion in the source area (Erlanger et al., 2012; Granger,
2014; Zhao et al, 2016, Akcar et al., 2017). The resulting post-
burial production component was then subtracted from measured
nuclide concentrations, allowing to isolate the inherited nuclide
component (Npeinn) at t=tpy. In order to calculate Npejnn at
thur = 0, a'Be linearization factor is introduced to correct all 1°Be
measurements for nuclide production subsequent to the samples’
burial. Normalized 26Al concentrations were then plotted against
linearized °Be concentrations with the postburial production
component added. The slope of the resulting isochron allowed
estimating a new burial age. The quantification and correction for
postburial production was iterated until ages converged. In order to
calculate age uncertainties, a Monte-Carlo simulation based on the
recursive fits of 26Al and °Be data was performed and probability
histograms were generated. The simulation was repeated 10,000
times by randomly varying 26Al/1°Be ratios within the measured
errors bars. Resulting ages are the respective mean ages with 1o
standard deviation derived from the histograms.

3.2. Luminescence dating

3.2.1. Principle of luminescence dating

OSL dating techniques enable the determination of depositional
ages of sediments. During sediment transport, the light sensitive
luminescence signal stored in quartz and potassium-rich feldspar
minerals is erased (zeroed or optically bleached). After deposition
of the sediments, naturally occurring ionising radiation induces a
new build-up of charge stored within defects of the crystal lattice of
minerals, which function as natural dosimeters. Once the rate of
this build-up of charge (termed the doserate) and the energy stored
within the crystals (termed the equivalent dose) is known, a
depositional age can be calculated using the general luminesce age
equation age (a) = equivalent dose (Gy)/doserate (Gy/a). For further
details concerning luminescence dating techniques in general, we
refer to a number of overview papers: Preusser et al. (2008), Rhodes
(2011), and Wintle (2008).

In this study, only potassium-rich feldspar was used as a
dosimeter, because of the expected age range from previous work
(Weissl et al., 2017), which implied equivalent doses clearly beyond
the signal saturation level of quartz for the sediments under
investigation. This assumption was confirmed by test measure-
ments on the stratigraphically youngest sample from the GDT site,
which clearly showed the quartz signal to be in field saturation.
Therefore, potassium-rich feldspar was used for all analyses in this

study. Whenever K-feldspar is used for luminescence dating, it has
to be taken into account that an athermal signal loss over time
(termed anomalous fading) frequently occurs (Wintle, 1973),
resulting in potential age underestimation if not detected and
corrected for. However, the applicability of fading correction
models (e.g. Huntley and Lamothe, 2001) in high dose ranges, as
expected in this study, is rather limited. Thus, we chose to apply a
measurement protocol reducing the expected amount of fading
compared to the classical infrared stimulated luminescence signal
of feldspar measured at a temperature of 50 °C (IR50) by measuring
a post infrared, infrared stimulated signal (pIRIR) at an elevated
temperature (Buylaert et al., 2009, 2012). Such pIRIR signals were
proven to show significantly less or even negligible fading
compared to the IR50 signal, ideally making it possible to circum-
vent fading correction completely.

3.2.2. Sampling and sample preparation

Samples were collected from suitable sand layers and sand
lenses from both locations under study (Figs. 3 and 5) by driving
opaque stainless steel cylinders into the freshly cleaned sediment
surface. Additional samples from the direct surroundings of the
luminescence samples were taken for determination of the radio-
nuclide content. All sample preparation was conducted at the
Vienna Laboratory for Luminescence dating (VLL) under subdued
red light conditions. The sampling cylinders were opened and the
outer few centimetres of material were removed because of light
exposition during the sampling process. Separates of potassium-
rich feldspar were prepared according to standard procedures
(described in detail in Liithgens et al., 2017; Rades et al. in press) by
drying, sieving, chemical treatment (10% HCI to remove carbonates,
10% H;0, to remove organics, and sodium-oxalate for dispersion of
particles), and density separation (using LST FastFloat). Samples for
radionuclide determination were first dried, and subsequently
stored in sealed Marinelli beakers (500 ml, containing about 1 kg of
sample material) for at least four weeks for establishing secondary
secular radon equilibrium.

3.2.3. Experimental setup

All measurements for the determination of the equivalent dose
were conducted at the VLL using two RIS@ TL-OSL DA-20 lumi-
nescence reader systems (Botter-Jensen et al., 2000, 2003), each
equipped with a0sr/°°Y beta source delivering a doserate of
approximately 0.1 Gy/s. The emission from multigrain feldspar al-
iquots with a sample diameter of 1 mm (each containing about
20—-30 grains of grain size fractions 200—250 um or 200—300 pm,
respectively) was stimulated using infrared (IR, 875 nm) LEDs and
detected through a LOT/Oriel D410/30 optical interference filter,
selecting the K-feldspar emission at 410 nm (Krbetschek et al.,
1997). A range of pre-tests was conducted for a selected number
of samples in order to prove the suitability of the chosen pIRIR
measurement protocol using a stimulation temperature of 225 °C,
and a preheat temperature of 250 °C held for 60 s. Results from dose
recovery experiments showed excellent performance for both
evaluated signals, the IR50 signal taken from the pIRIR measure-
ments, and the pIRIR225 signal (Table 1). Signals were integrated
over the first second of stimulation with the last 10 s subtracted as
background. Based on the results from dose recovery experiments
the following rejection criteria were defined: recycling ratio <5%,
recuperation <5% of the natural signal, test dose error <5%, and
signal >3 above background. Fading tests were conducted for two
samples following the approach of Auclair et al. (2003), but modi-
fied to also detect the pIRIR225 signal. Results from these tests
exhibit g-values of about 3% per decade for the IR50 signal, and g-
values around 1% per decade for the pIRIR225 signal, therefore
showing similar values as samples from previous work conducted
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Table 1
Results from luminescence pre-tests.
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Sample ID Sample ID Dose Recovery Recovery Ratio Recovery Ratio Fading g-value IR50 g-value Residuals® Residual IR50 Residual

Lab Field Test [n] IR50 * [—] pIRIR225% [-] Test[n]  °[%] pIRIR225 ° [%] [n] *[Gy] pIRIR225 * [Gy]

VLL- MAR-01 4 1.1+0.1 1.1+0.1 6 3.0+03 1.1+02 3 1.9+05 122+28
0199-L

VLL- MAR-03 4 09+0.1 1.1+0.1 n/a n/a n/a n/a n/a n/a
0201-L

VLL- MAR-04 n/a n/a n/a 6 33+04 1.3+0.2 3 14+0.1 13.7+1.9
0210-L

VLL- SH-06 4 1.0+0.1 1.0+0.1 n/a n/a n/a n/a n/a n/a
0234-L

2 Average + standard deviation.
> Weighted mean + standard error.
¢ Exposed on the laboratory windowsill for ca. 3 days, Vienna, summer of 2015.

in the Vienna Basin (Liithgens et al., 2017). This also holds true for
the relatively low residual signals detected in this study (ca. 1-2 Gy
for the IR50 signal, and ca. 12—14 Gy for the pIRIR225 signal, see
Table 1).

The content of naturally occurring radionuclides (>*4U and 232Th
day chains, as well as “°K) contributing to the doserate of the
samples was determined at the VLL by high resolution, low-level
gamma spectrometry using a Canberra HPGe (40% n-type) detec-
tor. Samples were measured for 24 h to achieve a preferable signal
to noise ratio.

For the calculation of the overall doserate, the external doserate
was calculated based on the results from the gamma spectrometry
measurements using conversion factors of Adamiec and Aitken
(1998) and B-attenuation factors of Mejdahl (1979), as well as an
average alpha efficiency (a-value) of 0.08 + 0.02. For the time of
burial, we assume an average estimated water content of 15 + 5%
for all samples, with the assigned uncertainty effectively covering
relatively dry to almost saturated conditions. For the calculation of
the internal doserate, an average potassium content of 12 +0.5%
(following Huntley and Baril, 1997) was taken into account. Finally,
the cosmic doserate was determined according to Prescott and
Stephan (1982) and Prescott and Hutton (1994), based on the
geographical position of the sampling spot (longitude, latitude, and

Table 2

altitude), the depth below surface, as well as the average density of
the sediment overburden. To adequately reflect uncertainties of
these values, the cosmic doserate was assigned with an error of
+10%.

4. Results
4.1. Isochron burial ages

10Be/?Be and 26Al/27Al ratios of both, the GDT and the SHT, are
reported in Tables 2 and 3. Resulting 26Al/'°Be ratios are listed in
Table 4. Four GDT samples showed an unusual pattern of elevated
26A1/1%Be nuclide ratios, far above the 26A1/'°Be ratio of 6.75, and
were thus plotting in the “forbidden zone” above the surface
exposure line of the isochron plot (Fig. 6a) (Lal, 1991). This pattern,
occurring at the GDT setting only, might be explained by the
presence of two separate clast populations, one which originates
from slowly to moderately eroding surfaces and areas with small
hillslope gradients (possibly from a source in the Bohemian Massif)
or from re-deposited older gravel, and a second population origi-
nating from fast eroding surfaces, presumably the Alps. The latter
(supposedly glacially impacted) set of samples with 26Al/1°Be ratios
exceeding 6.75 is prone to have an initial nuclide ratio higher than

Analytical Be data. GDT samples (IDs GXX) were processed at LDEO and measured at LLNL, normalized to standard 07KNSTD3110 = 2.85 x 10~ '2. Three procedural blanks were
processed along with both batches and showed ratios from 1.787 x 10~ '® to 2.323 x 1076, GXX-II-1 was included in both batches for quality control. The two subsamples were
measured in the course of two separate AMS runs. GXX-II-1 (1) and GXX-II-1 (2) are deviating by 2.23%. This value lies below the AMS measurement uncertainty of both
subsamples. SHT samples (IDs TVXX) were processed at the Vienna Laboratory (VL) and were measured at VERA and PRIME lab, respectively. Standards used at PRIME lab were
characterized by Nishiizumi (2004). At VERA, the secondary Be standard is calibrated to NIST 4325 with a'°Be/°Be ratio of 1.704 + 0.03'2. Be concentrations of double

measurements were averaged for burial age calculations.

Site Sample ID TCN LAB/AMS  Quartz [g]  °Be carrier [mg]  '°Be/®Be [-]  Error ratio AMS [%]  '°Be [atoms/g qtz]  Total error °Be [%]

GDT GXX-II-1 (1) LDEO/LLNL 24.9980 0.1820 5.405E-14 3.83 26298 6.29
GXX-II-1 (2) LDEO/LLNL 24.9272 0.1769 5.673E-14 2.31 26906 5.50
GXX-II-2 LDEO/LLNL 25.2633 0.1782 9.213E-14 1.90 43428 5.34
GXX-II-3 LDEO/LLNL 25.3911 0.1793 6.220E-14 2.63 29352 5.64
GXX-II-5 LDEO/LLNL 25.3505 0.1785 6.338E-14 235 29821 5.51
GXX-I1I-10 LDEO/LLNL 24.7806 0.1764 3.362E-13 1.88 159934 533
GXX-III-1 LDEO/LLNL 24.3382 0.1763 9.097E-14 1.90 44038 5.34
GXX-III-2 LDEO/LLNL 25.0836 0.1819 1.185E-13 2.08 57443 5.40
GXX-III-3 LDEO/LLNL 24.8726 0.1823 6.332E-14 2.33 31015 5.50
GXX-11I-4 LDEO/LLNL 25.0268 0.1823 5.827E-14 2.19 28365 5.45
GXX-III-5 LDEO/LLNL 25.2166 0.1828 9.372E-14 2.04 45400 5.39

SHT TVXX 1 VL/VERA 44,1634 0.2477 1.150E-13 6.96 43103 8.79
TVXX 2 VL/VERA 40.5659 0.2498 7.510E-14 4.66 30901 7.11
TVXX 4 (1.00-0.50) VL/PRIME 32.0867 0.3616 1.168E-13 4.61 87970 7.08
TVXX 4 (0.50-0.25) VL/PRIME 52.4899 0.3695 1.899E-13 3.55 89333 6.44
TVXX 5 VL/PRIME 32.7028 0.3617 3.938E-14 5.98 29107 8.03
TVXX 6 VL/PRIME 54.0745 0.7263 5.029E-14 4.77 45138 7.19

P10 4.00 + 0.32 atoms/g yr (Borchers et al., 2016).
t1/2,8e 1387000 + 12000 yrs (Korschinek et al., 2010; Chmeleff et al., 2010).

i _ 2 2 2
Error propagation.Ertygq ge = \/erer +erry ot ermro-
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Table 3

Analytical Al data. GDT samples (IDs GXX) were processed at LDEO and measured at LLNL, normalized to standard KNSTD30960 = 3.096 x 10~'!. Two process blanks processed
along with two sample batches showed ratios of 2.424 x 10~'® and 1.412 x 10~'>. GXX-II-3 provided enough material to be loaded into two AMS targets, listed as GXX-1I-3 (1)
and GXX-II-3 (2). Corresponding ratios deviate by 5.04% being below AMS measurement uncertainty. SHT samples (IDs TVXX) were processed at the Vienna Laboratory and
were measured at VERA and PRIME, respectively. Standards used at PRIME lab were characterized by Nishiizumi et al. (2007). Standards at VERA are secondary standards. For
Aluminum, two standards were used: AW-V-2 with a?®Al/?’Al ratio of 2.71 + 0.027'2 and AW-V-3 with a ratio of 3.55 + 0.05 ', TVXX 4 was separated into two fractions
depending on grain size (1.00—0.50 um and 0.50—0.25 pm). Al concentrations of double measurements were averaged for burial age calculations.

Site Sample ID

TCN LAB/AMS Quartz [g] 27Al total [mg] 26Al/?7Al [—]

Error ratio AMS [%] ICP-OES Error” [%] 26Al [atoms/g qtz] Total error 26Al [%]

GDT GXX-II-1 LDEO/LLNL 24.9272 1.6652 1.453E-13
GXX-1I-2 LDEO/LLNL 25.2633 1.6998 2.010E-13
GXX-II-3 (1) LDEO/LLNL 25.3911 3.6422 7.881E-14
GXX-II-3 (2) LDEO/LLNL 25.3911 3.6422 7.493E-14
GXX-II-5 LDEO/LLNL 25.3505 1.7362 1.529E-13
GXX-II-10 LDEO/LLNL 24.7806 1.6888 5.240E-13
GXX-II-1 LDEO/LLNL 243382 21737 1.525E-13
GXX-III-2 LDEO/LLNL 25.0836 1.7097 2.467E-13
GXX-III-3 LDEO/LLNL 24.8726 1.6296 1.428E-13
GXX-11I-4 LDEO/LLNL 25.0268 1.6843 1.484E-13
GXX-III-5 LDEO/LLNL 25.2166 1.7060 1.740E-13

SHT TVXX1 VL/VERA 441634  0.8369 6.034E-13
TVXX 2 VL/VERA 40.5659 1.6372 1.534E-13
TVXX 4 (1.00-0.50) VL/PRIME 32.0867  2.3207 2.924E-13
TVXX 4 (0.50-0.25) VL/PRIME 524899  2.6327 4.403E-13
TVXX 5 VL/PRIME 32.7028 14.7095 1.912E-14
TVXX 6 VL/PRIME 54.0745  0.8794 2.467E-13

4.94 0.96 216637 7.73
441 0.92 301887 7.40
9.85 1.21 252318 11.53
11.28 1.21 239907 12.77
4.86 1.87 233800 7.85
2.52 2.39 797030 6.82
6.13 2.36 303939 8.81
4.04 1.49 375261 7.28
6.17 1.87 208788 8.72
6.04 2.20 222892 8.71
4.86 1.63 262723 7.79
11.41 2.66 255231 12.83
1437 1.99 138187 15.52
5.76 0.70 472096 8.22
4.70 0.81 492899 7.52
15.20 0.62 191961 16.30
4.04 0.02 89533 7.12

t1/2,a1 705000 + 24000 yrs (Nishiizumi, 2004).
*) Maximum value combined error of aliquot A, B and C.

i — 2 2 2 2
Error propagation.Erryyg 41 = \/ erTp,, +eITg, .o + €M, + €MMiep_ops-

Table 4

26A1/19Be ratios of GDT and SHT samples. Multiple GDT samples (ID GXX) show elevated ratios (>6.75). '°Be depletion for each affected sample was calculated in order to give a
reference for the number of atoms necessary to consolidate ratios (<6.75). TVXX 4 (av.) are the averaged Al and Be values from Tables 2 and 3. Sample ratios plotted in bold font

(?°Al/'°Be < 6.75 within errors) were accepted for age calculations.

Site Sample ID Quartz [g] 10Be [atoms/g qtz] 26A1 [atoms/g qtz] 26A1/1%Be [—] Error 26A1/°Be [—] Error 26A1/1%Be [%] 10Be Depletion
[atoms/g qtz]
GDT GXX-II-1 (1) 24.9980 26298 216637 8.238 0.821 9.96 5797
GXX-1I-1 (2) 24.9272 26906 - 8.052 0.764 9.48 5188
GXX-II-2 25.2633 43428 301887 6.951 0.634 9.12 1296
GXX-II-3 (1) 25.3911 29352 252318 8.596 1.103 12.83 8029
GXX-II-3 (2) - - 239907 8.173 1.141 13.96 6190
GXX-II-5 25.3505 29821 233800 7.840 0.752 9.59 4816
GXX-1I-10 24.7806 159934 797030 4983 0.431 8.65 -
GXX-II-1 24.3382 44038 303939 6.902 0.711 10.30 989
GXX-III-2 25.0836 57443 375261 6.533 0.592 9.06 -
GXX-III-3 24.8726 31015 208788 6.732 0.694 10.31 -
GXX-11I-4 25.0268 28365 222892 7.858 0.807 10.27 4656
GXX-III-5 25.2166 45400 262723 5.787 0.548 9.47 —
SHT TVXX 1 44,1634 43103 255231 5.921 0.921 15.55 -
TVXX 2 40.5659 30901 138187 4472 0.763 17.07 -
TVXX 4 (av.) - 88651 482497 5.443 0.590 10.85 -
TVXX 5 32.7028 29107 191961 6.595 1.198 18.17 -
TVXX 6 54.0745 45138 89533 1.984 0.201 10.12 -

. : _ 2 2
Error propagation.Erry = \/errwse + ermyga;-

6.75 due to muon production. Muons travel deep into the rock and
continue to build up nuclides at depths, where spallogenic pro-
duction has ceased. Muon production is assumed to establish
higher 26A1/1°Be ratios in rocks at ranges around 7.0 + 0.4 (negative
muon capture) to 7.7+ 1.4 (fast muon capture) at the surface
(Heisinger et al., 2002) and ca. 8.3 to 8.4 in depths of about 10 m
depending on rock density (Braucher et al., 2013; Akcar et al., 2017).
Samples associated with fast eroding surfaces in the source area are
dominated by muon production as rock layers are brought to the
surface rapidly. Consequently, 26A1/1°Be ratio in samples of this type
are likely to show 2Al/1°Be ratios higher than 6.75. Burial ages
derived from samples originating from glacial areas need to be
calculated using an increased initial nuclide ratio, which captures
the pace of erosion in the source area and the muon signal recorded
in the samples. The determination of an initial nuclide ratio in

cobbles from glacial source areas is challenging and adequate
values appear to lie somewhere in the spectrum between 6.75 and
8.4. As this problem is subject of current research, all samples with
nuclide ratios above the surface production ratio and without
measurement uncertainties falling below 6.75 were eliminated
from age calculations, namely GXX-II-1, GXX-II-3, GXX-II-5, GXX-
[11-4.

GXX-II-10 exhibited significantly higher nuclide concentrations
and plotted isolated in an entirely different region of the isochron
diagram (Fig. 6a). The sample did not follow a linear relationship
reflected by the amalgamated sample, making a strong argument
for GXX-II-10 being a reworked clast, which experienced a complex
burial history (Balco and Rovey, 2008; Dunai, 2010). Samples, which
violate a linear trend provided by the majority of samples, are
assumed to be outliers (Balco and Rovey, 2008). The rejection of
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Fig. 6. Isochron plots displaying full GDT and SHT data sets (left column), and selected data sets used for age calculation (right column) for comparison. Black line indicates the
surface production ratio of 6.75, colored line indicates the computed isochron. Histogram insets are the results of a Monte-Carlo simulation based on a recursive fit to 2°Al and '°Be
data to generate an isochron age. The simulation was carried out with 10,000 reruns by varying 2°Al/1°Be ratios within the measured errors bars. The given ages are the respective

mean ages and 1¢ standard deviations derived from corresponding histograms.

GXX-II-10 was confirmed by the application of Peirce's criterion, a
statistical approach to identify outliers (Peirce, 1852; Gould, 1855;
Ross, 2003). Samples GXX-II-2, GXX-III-1, GXX-III-2, GXX-III-3 and
GXX-III-5 were accepted for burial age calculations. The isochron,
which was calculated based on blank corrected 26Al and '°Be con-
centrations of accepted GDT samples, produces a mean burial age of
140 + 170 ka with a likelhood of 0.1813 (Fig. 6b).

At the SHT setting, all samples showed ratios below 6.75.
However, one sample with a very low isotope ratio (TVXX 6) was
identified as an outlier by applying Peirce's criterion, and was
excluded from age calculation (Fig. 6¢). TVXX 4 was processed and
analyzed twice, one grain size fraction ranging from 1.00 to
0.50 mm and a second one from 0.50 to 0.25 mm. %Al and '°Be
concentrations were averaged and the mean value was used for the
burial age calculation, resulting in a burial age of 340 + 170 ka with
a likelihood of 0.1380 (Fig. 6d).

4.2. pIRIR225 ages

The results of gamma spectrometry measurements for the

pIRIR225 luminescence samples and the doserate calculations are
summarized in Table 5. All samples showed very similar charac-
teristics, with respect to signal intensities and shape of the dose
response curves (Fig. 7). For the majority of samples from the SHT
site, all measured equivalent doses plot above, or in the upper
linear part of the dose response curve though, indicating saturation
of the pIRIR225 signal. To properly check for saturation, an addi-
tional rejection criterion was applied to the pIRIR225 measure-
ments. The 2Dy value marks the point of 86% saturation and was
introduced as a criterion for the evaluation of the saturation level of
a dose response curve by Murray and Wintle (2003). The IR50
signals taken from the pIRIR225 sequence were not included in
further analysis, because the stronger effects of fading present in
this signal prevents reliable evaluation of the saturation level. Ali-
quots were rejected whenever their pIRIR225 equivalent dose was
larger (no overlap within errors on the 1c level) than the individual
2Dg value constructed for each dose response curve. For the ma-
jority of the SHT samples, all aliquots had to be rejected based on
this criterion. However, using the average 2Dg value of all aliquots
measured for each sample, minimum ages could be calculated for



Table 5

Results from radionuclide analysis and dose rate calculation of pIRIR225 luminescence samples.
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Site  SampleIDLab  SampleID Depth 238U 232Th K [%] Water Cosmic Doserate  Doserate Fs ” (external + internal)
Field [m] [ppm] [ppm] content * [%] [Gy/ka] [Gy/ka]

GDT VLL-0199-L MAR-01 3.7 0.60 +0.02 1.98 +0.07 1.05+0.02 15+5 0.13+0.01 1.91+0.10
VLL-0200-L MAR-02 4 0.45 +0.01 1.72 +£0.07 1.24+0.03 15+5 0.13 +£0.01 2.01+£0.11
VLL-0201-L MAR-03 1.2 0.66 +0.02 2.23 +0.09 1.10 £ 0.02 15+5 0.18 +0.02 1.98 +0.10
VLL-0210-L MAR-04 1 1.33+0.03 5.76 +0.20 0.93 +0.02 15+5 0.19+0.02 2.20+0.12

SHT VLL-0222-L SH-01 3.8 1.21+0.03 4.39+0.16 0.68 +0.02 15+5 0.13 +£0.01 1.89+0.10
VLL-0223-L SH-02 0.6 0.89 +0.02 4.10+0.15 1.13+0.02 15+5 0.19+0.02 2.25+0.12
VLL-0224-L SH-03 13 0.49 +0.02 1.77 £ 0.08 1.07 £ 0.02 15+5 0.18 +0.02 1.89+0.10
VLL-0232-L SH-04 7.7 0.54 +0.02 1.97 +0.08 0.90 +0.02 15+5 0.08 +0.01 1.77 +0.09
VLL-0233-L SH-05 6.4 1.16 +0.03 417 +£0.16 1.37+0.03 15+5 0.10+0.01 242 +0.13
VLL-0234-L SH-06 14 1.20+0.03 452 +0.17 0.91 +0.02 15+5 0.18 +0.02 2.09+0.11

¢ Estimated average water content throughout burial time. Values covering rather dry to almost saturated conditions.
b Including an alpha attenuation factor of 0.08 +0.01 and an internal K content of 12.5 + 0.5%.
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Fig. 7. Representative dose response curves and shinedown curves of an aliquot of
sample MAR-04 for both luminescence signals analyzed in this study: IR50 (top) and
pIRIR225 (bottom).

these samples (as discussed in Liithgens et al., 2017). Despite the
relatively similar 2Dg values for all samples, the calculated mini-
mum ages range from about 190 ka to about 270 ka, depending on
the overall doserate for each sample. Only two samples, the
stratigraphically youngest sample from each sampling site, show
equivalent doses very clearly below saturation level (SH-06 and
MAR-04), yielding ages of 34 + 3 ka (SH-06) and 120 + 10 ka (MAR-
04), respectively. For the three remaining samples from the GDT

site (MAR-01, MAR-02, and MAR-03), the large majority of equiv-
alent dose values passes the 2Dg rejection criterion, although most
equivalent doses overlap within error with the individual 2Dg value
calculated for each dose response curve. This may likely indicate
that these samples are close to saturation, however, an average
equivalent dose, and consequently a depositional age, can still be
calculated for these samples (Table 6).

5. Discussion
5.1. Methodological considerations on isochron ages

Although half of the cosmogenic GDT sample set was eliminated
in the course of data evaluation, predominantly due to 26Al/1°Be
ratios exceeding the surface production ratio of 6.75, it was possible
to calculate a burial age based on the five remaining data points.
The resulting isochron age is within errors in agreement with
pIRIR225 luminescence ages from the same outcrop. Particularly
MAR-01 and MAR-02 collected from positions next to the amal-
gamated cosmogenic nuclide sample, provide an excellent oppor-
tunity for an independent cross-check and underpin the robustness
of the GDT data set, even though the mean isochron age lies
somewhat below the neighboring pIRIR225 ages. pIRIR225 lumi-
nescence and burial ages are coherent within uncertainties.

Often, when measured nuclide concentrations lead to increased
26A]/19Be ratios, the quality of sample preparation and AMS mea-
surements is doubted. Regarding the GDT data set, the probability
of laboratory and measurement errors is very small due to double
measurements:

= Aliquots of sample GXX-II-1 were processed with two separate
sample batches and were analyzed in the course of two inde-
pendent AMS Beryllium runs. 1°Be/°Be ratios of GXX-II-1 (1) and
GXX-II-1 (2) correspond to sample fractions that were processed
and analyzed independently, yet ratios differ only by 2.29%,
being below measurement uncertainties of individual sample
ratios, hence demonstrating that the AMS Beryllium data is
reproducible and consistent (Table 2).

Aluminum in GXX-II-3 was relatively high due to a high native
Aluminum content, which could not be lowered through
extensive purification treatment. The sample was divided and
loaded into two separate AMS cathodes. Ratios deviate by 5.04%,
a value which is within a normal range of Aluminum isotope
analysis (Hunt et al., 2008, Table 3).

In order to extend the testing for procedural and analytical
problems, which might be a reason for irregular 26A1/1%Be ratios, we
evaluated several scenarios that have the potential to cause an
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Table 6
Summary of OSL data.

Site Sample Sample ID Grain Size [um] Fs pIRIR225 © [n] Fs pIRIR225 D, ° Fs pIRIR225 2Dy ¢ Dose Rate Fs ¢ Fs pIRIR225 Age ©
ID Lab Field [Gy] [Gy] [Gy/ka] [ka]

GDT VLL-0199-L MAR-01 200-250 16 517 +49 588 + 60 2.04+0.11 220+20
VLL-0200-L MAR-02 200—-250 9 559 +60 549 + 52 2.14+0.12 260+ 30
VLL-0201-L MAR-03 200-250 20 485 +48 527 +43 2.16+0.12 220+30
VLL-0210-L MAR-04 200—-250 24 296 +22 476 +24 239+0.14 120+ 10

SHT VLL-0222-L SH-01 200—-250 5 n/a 529+33 2.02+0.23 >260 + 20
VLL-0223-L SH-02 200-300 4 n/a 512+27 244 +0.14 >210+20
VLL-0224-L SH-03 200—-250 5 n/a 530+38 2.07 +0.12 >260 + 20
VLL-0232-L SH-04 200—-250 4 n/a 506+ 10 1.85+0.10 >270+20
VLL-0233-L SH-05 200—-250 5 n/a 479+17 2.52+0.14 >190+10
VLL-0234-L SH-06 200—-250 28 78 +5 449 + 35 227+013 34+3

2 Number of grains passing all rejection criteria.

b Error weighted mean + error weighted standard deviation.
¢ Arithmetic mean + standard deviation.

4 Overall doserate. Details please see Table 5.

e

Ages calculated using the software ADELE (Kulig, 2005) and rounded to tens of thousands of years.

upwards shift of 26Al/1°Be ratios: (1) neglected native Be, (2) loss of
19Be during sample processing, (3) uncertainties in ICP-OES anal-
ysis of 2’Al and (4) contamination with 26Al.

(1) Native °Be: The calculation of °Be relies on the premise that
the added Beryllium carrier is the only source of °Be in the
sample. If native Beryllium is present in quartz at a signifi-
cant level, it adds an unknown amount of °Be atoms to the
nuclide inventory. Unquantified native °Be leads to an un-
derestimation of '°Be and results in elevated 26A1/1°Be ratios.
In the course of elemental analysis prior to quartz digestion,
small amounts of Beryllium were found in three samples
(GXX-1I-2, GXX-IlI-1, GXX-III-4). Table 7 displays native °Be
contents and resulting extra °Be ranging around several
hundreds of atoms per gram quartz (A'°Be). The number of
19Be atoms necessary to bring ratios down to a value of 6.75
are specified in Table 4. The three affected samples were
corrected for native Beryllium, but their 26A1/1°Be ratios did
not drop significantly.

(2) Loss of 19Be: Independent double processing and double AMS
measurement of GXX-II-1 make a strong case for the con-
sistency of the 1°Be data.

(3) ?’Al measurement with ICP-OES (Overestimation of 27Al):
Accurate values for 27Al contents in samples are crucial to the
calculation of 2°Al concentrations. The determination of total
Aluminum is therefore one of the most delicate parts of
cosmogenic nuclide analysis. ICP-OES Aluminum data for
GDT samples are reported in the supplementary data section
(S 1 and S 2). We took multiple aliquots from each sample at
various stages of sample evaporation, which provided good
control over possible Aluminum losses or additions linked to
the heating of sample solutions. Aluminum concentrations of

Table 7

aliquots were averaged for each individual sample, leading to
a sample-specific mean 2’Al value with a maximum uncer-
tainty of 2.39%. Blanks spiked with Aluminum carrier hold
another opportunity for quality control of the ICP-OES
measurement. As the amount of carrier added to the sam-
ple is known (analog to °Be carrier addition), the measured
Aluminum content should be in good agreement with the
expected content. Deviations between expected and
measured contents of two blanks amount to 0.95% and 0.06%
promoting confidence in the data set.

(4) Contamination with 2®Al: Additions of meteoric 26Al are
unlikely as the isotope’s production in the atmosphere is by
three orders smaller compared to the build-up of 1°Be due to
lacking target elements (Gosse and Phillips, 2001; Granger
et al., 2013).

Nuclide ratios deviating from the 26Al/1°Be surface production
ratio of 6.75, are not unusual and have occurred in numerous
previous studies, albeit rather isolated (e.g. Hancock et al., 1999;
Hauselmann et al., 2007; Erlanger et al., 2012; Hidy et al., 2014;
Davis et al, 2014; Granger et al, 2015; Ciner et al, 2015;
McPhillips et al., 2016). Irregularities in these works were mainly
attributed to issues concerning laboratory procedures or AMS
measurements. Some other recent studies, however, found
26A]1/19Be ratios systematically deviating from expected values,
causing doubt regarding the validity of both, the upper limits of
atmospheric and in situ production ratios in terrestrial rock. Auer
et al. (2009) determined 2°Al/'°Be ratios in deep Antarctic ice.
Nuclide ratios in ice cores are expected to correspond to either the
atmospheric production ratio of 1.89 x 10~3, or to lower values due
to radioactive decay over time. The authors analyzed a cluster of
samples originating from more than 2500 m depth, which showed
26A1/1%Be values being well above the expected production ratio in

List of samples with native Beryllium found in the course of elemental analysis. Ratios were calculated with and without consideration of native ®Be in order to test the ratios
sensitivity towards changes in °Be at the given level of cosmogenic nuclide concentrations. Additional '°Be atoms (A'°Be) due to native Be amount to some hundreds of atoms
per gram quartz and lower ratios only marginally. For burial age calculations, °Be corrected ratios of GXX-II-2 and GXX-III-1 were used. GXX-I1I-4 was discarded for further data

evaluation because of its nuclide ratio being well above 6.75.

Sample Be carrier Native °Be 10Be w/o native *Be 19Be w/native °Be [atoms/g qtz] A'%Be, 26A1/1°Be w/o 26A1/1°Be w/native
ID [mg] [mg] [atoms/g qtz] [atoms/g qtz] native °Be [—] 9Be [—]

GXX-II-2 0.1782 0.0022 43428 43964 536 6.951 6.867

GXX-III-1 0.1763 0.0016 44038 44438 400 6.902 6.840

GXX-I1I-4 0.1823 0.0021 28365 28692 327 7.858 7.768
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the atmosphere.

With respect to the build-up of 26Al and °Be in terrestrial rock
or soil, a number of production rate studies have reported varying
26A1/19Be surface production ratios in the past. Klein et al. (1986)
investigated Libyan desert glass and found an in situ 26Al/1°Be
production ratio of around 7. Nishiizumi et al. (1989) published a
ratio of 6.02 + 0.44 for glacially polished rocks in the Sierra Nevada,
which later was corrected to 6.75 subsequent to '°Be standardiza-
tion. Kubik et al. (1998) studied a landslide in the Eastern Alps,
which was dated independently using the radiocarbon method and
dendrochronology. They yielded a surface production ratio of
6.52 + 0.43. In recent years, along with the implementation of the
CRONUS Earth Calculator, the value 6.75 was broadly adopted as
26A1/1%Be in situ production ratio (Balco et al., 2008). However, ra-
tios being incoherent with this value are continuing to occur.
Goethals et al. (2009) analyzed '°Be, 2°Al and 2!Ne of Bishop Tuff in
Eastern California, calculated a 2Al/1%Be spallogenic production
ratio of 7.76 + 0.49. Lifton et al. (2014) measured %Al and '°Be in
paleo shorelines of Lake Bonneville in Utah and yielded a ratio of
6.65 + 0.77. Corbett et al. (2017) analyzed 24 constantly exposed
bedrock and boulder surfaces along the western coastline of
Greenland and found a nuclide ratio of 7.3 + 0.3. A comprehensive
study by Borchers et al. (2016), where the authors tested the quality
of scaling scheme parameters and developed a new production rate
calibration procedure, the resulting 26Al/1°Be ratio amounts to 7.28.
Argento et al. (2013) reported that geographic location, in particular
altitude, is not only influencing nuclide production itself, but also
affects the 26Al/19Be ratio, which has been considered as globally
constant until then. They developed a new physics-based model,
which is able to depict the ratio's dependence on elevation and
reported a2%A1/!%Be production ratio of 7 at sea-level and a value of
6.9 at 3000 m asl. As measured nuclide ratios in buried samples
evolve from the surface production ratio, the latter not being well
constrained is eminently problematic for burial age dating. How to
decipher altitude dependent surface production ratios accurately
(e.g. Argento et al., 2015), along with the modeling of muon pro-
duction in the subsurface (Balco, 2017 and references therein) are
two major fields of ongoing research.

Apart from uncertainties in the surface production ratio of 26Al
and '°Be, there is also a possible process-based explanation for
increased 26Al/1°Be ratios at the GDT site. Rapid exhumation of
fresh bedrock layers increases the relevance of muons as dominant
nuclide production pathway prior to exposure. Braucher et al.
(2013) measured a muon dominated production ratio of approxi-
mately 8.3 for a depth range of 0—6500 g/cm?; Akcar et al. (2017)
calculated a 26A1/"°Be of ca. 84at 10m depth gradually
decreasing towards a value of 6.75 at the surface. When rock layers
are abraded rapidly and experience only short exposure times, their
nuclide inventory has not reached equilibrium with the surface
ratio of 6.75. Samples from glacial areas are likely to record a muon
production signal from their source area so that 25Al/1°Be ratios
well above the surface production ratio of 6.75 are possible.
Kuhlemann (2007) estimated erosion rates around 30—180 m/Ma
for the Northern Calcareous Alps, which supports this argument.
Together with the fact that low nuclide concentrations were found
in most GDT samples, there is strong evidence that muon produc-
tion in the samples’ source area is a relevant factor at the GDT
setting.

Regarding the SHT setting, four out of five 26Al/'1°Be isotope
values were used for isochron age calculation. One clast was
rejected due to its low Aluminum content, which may indicate that
this sample was previously buried and thus preserved '°Be. The
burial age at the base of the SHT (10 m below the surface) yields
340 + 170 ka.

5.2. Methodological consideration on pIRIR225 ages

Burial ages determined by luminescence dating techniques
must be evaluated with regard to factors potentially resulting in
unwanted over- or underestimation of ages. Whenever potassium-
rich feldspar is used as a dosimeter for luminescence dating pur-
poses, incomplete bleaching of the luminescence signal before
burial, leading to an age overestimation, needs to be discussed. The
IR50, and especially the pIRIR225 signal of feldspar is known to
bleach much more slowly than the luminescence signal of quartz
(e.g. Thiel et al., 2011a). Because of the high dose range, no quartz
measurements were conducted in this study, however, the com-
parison of the two detected feldspar signals may also allow an
evaluation of the bleaching properties of the samples, because the
pIRIR225 signal is expected to bleach even more slowly than the
IR50 signal (e.g. Bickel et al., 2015a, 2015b; Murray et al., 2012). For
that comparison, all ages must be corrected for fading. We tested
this for all samples not showing field saturation, and for those
samples, the fading corrected IR50 and pIRIR225 based ages agree
within error, indicating that incomplete bleaching was not a sig-
nificant factor for the samples under investigation. However, we
decided not to include these comparative data in the pIRIR225
summary table for two reasons: Firstly, as already described above,
fading correction should not be applied in the higher dose range
beyond the lower linear part of the dose response curve. This would
clearly be the case for all samples in this study. Secondly, the low
fading rates detected for the pIRIR225 signal are usually considered
as a negligible fading rate (Thiel et al., 2011b). Therefore, we only
present ages for the pIRIR225 signal, which were not corrected for
fading (Table 6).

5.3. Stratigraphical considerations

Sediments deposited at SHT and GDT settings mainly originate
from Alpine catchments or from the Variscian basement of the
Bohemian Massif. It appears that the sediment source of both ter-
races is largely similar, even though the SHT is closer to the Morava
river so that there might be minor contribution from its drainage
area. Nuclide concentrations at both sites are relatively low, indi-
cating that the clasts have not been exposed to cosmic radiation
over long periods of time. Clasts detached from bedrock by valley
erosion experienced fast transport rates due to high hillslope gra-
dients prior to their deposition in the Danube's flood plain. High
erosions rates in the source areas in combination with short trav-
elling times in river systems or repeated burial episodes may have
left only a relatively short time window for cosmogenic nuclide
production, being coherent with low nuclide concentrations found
in the samples.

Four out of ten samples at the GDT site exhibit increased
26A1/19Be ratios as opposed to the SHT site, where all sample ratios
lie below 6.75. This pattern could either be explained by environ-
mental impacts, which might have affected some GDT samples
locally, or by a varying geomorphological processes prior to the
sediments’ deposition (e.g. sediment supply, erosion rates and
transport rates in river systems). Due to elevated nuclide ratios
occurring at the GDT site exclusively, GDT sediments are more likely
to originate from glacial source areas with high erosion rates
compared to SHT sediments.

An evaluation of the terrace ages from a paleo-climate
perspective shows that the central isochron age of the GDT falls
into MIS 6, while pIRIR225 ages indicate MIS 7. This classification
might point towards environmental conditions, which promoted
glacial erosion, thereby producing large amounts of glacial debris
susceptible to mobilization and subsequent transport to the Vienna
Basin. A similar interpretation might be valid for the SHT setting,
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whose central isochron age falls into MIS 10 and pIRIR225 data
provides minimum ages ranging around MIS 7 and 8. We are aware
that correlation with MIS is very challenging, given the un-
certainties of the determined ages. These first tentative assump-
tions therefore need to be backed up in the course of future studies.
Further cosmogenic nuclide analysis (accompanied by lumines-
cence dating analysis) targeting GDT and SHT sediments, but
collected from different terrace sections, could clarify, whether
elevated 26Al/'%Be ratios are isolated to the sampled GDT outcrop,
or if they are characteristic for the entire terrace body, but are
systematically absent in SHT sediments. This would strongly sup-
port the process-based interpretation of the occurrence of the
elevated ratios and may qualify them as a preliminary indicator for
predominant glacial erosion in the respective sediment source
areas.

6. Conclusions

The evaluation of pIRIR225 luminescence and isochron burial
dating ages at the GDT and SHT sites allow the following
conclusions:

(1) 25Al and '°Be concentration levels in sediments of both ter-
races are high enough to carry out cosmogenic nuclide
analysis successfully, albeit concentrations ranging at the
lower end of the feasible spectrum, at least regarding the
GDT.

(2) Although half of the GDT cosmogenic nuclide data set had to
be rejected, burial ages and pIRIR225 luminescence ages
from the site are in good agreement within errors. The GDT
isochron burial age suggests that the terrace was deposited
ca. 140 + 170 ka (1o error), which is supported by pIRIR225
luminescence ages of samples originating from the same
outcrop and ranging between 120 + 10 ka and 260 + 30 ka.
pIRIR225 luminescence ages of the SHT site provide mini-
mum ages due to saturation, but are coherent with the SHT
burial dating result of 340 + 170 ka.

(3) Based on the novel geochronological information, there is
strong evidence that the GDT and the SHT did not form
concurrently, but are witnesses of two different episodes of
increased sediment input into the Vienna Basin. Fault activity
in the study area may have had an impact on the morphology
of the GDT-SHT complex, but has clearly not solely caused the
difference in elevation between the two terrace bodies.

(4) Several cosmogenic nuclide samples at the GDT site showed
26A1/19Be ratios above the surface production ratio and were
hence eliminated for isochron burial dating calculations. A
number of possible scenarios, which might explain increased
26A1/19Be ratios, were evaluated (e.g. chemical procedures,
carrier characterization, native Beryllium, ICP-OES), but
procedural or analytical errors were shown to be unlikely.
Isolated samples with increased ratios together with sys-
tematic deviations in recent studies give cause for specula-
tions about the validity of 6.75 as upper limit for 2°Al/°Be
surface production ratios. Especially when it comes to sedi-
ment source areas in glacial regions, typically affected by
high erosion rates, it is likely that nuclide ratios are domi-
nated by muon production prior to the clasts' exhumation.
When the mobilization of clasts is followed by only short
periods of exposure to cosmic radiation, and short burial
times, it appears that there is not enough time for the ratio to
consolidate towards the surface production ratio of 6.75.
Values of up to 8.4 have been shown to be more accurate to
characterize initial, preburial 2°Al/1°Be ratios in samples
originating from glacial areas. Recent studies have

broadened our knowledge on isochron age calculations with
sediments derived from glacial areas (Braucher et al., 2013;
Akgar et al., 2017). However, more research is needed in or-
der to develop a strategy to estimate initial 26Al/1°Be ratios,
especially in sediments where muon production is relevant.
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