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Abstract

Cut-and-fill sequences are the result of climatically or tectonically induced alternating aggradation and incision
phases of a fluvial system. A recently established cosmogenic nuclide chronology of the Cover Gravels (Deckenschot-
ter in German) in the northern Alpine Foreland, which are the oldest Quaternary glaciofluvial gravels and comprise
evidence of early Pleistocene glaciations, suggests a cut-and-fill build-up. This suggested cut-and-fill architecture chal-
lenges the morphostratigraphy. The Deckenschotter deposits represent a suitable archive for reconstructing drainage
patterns, base level changes, and the landscape evolution of the northern Alpine Foreland during the early Pleisto-
cene. In this study, we focused on the highest morphostratigraphic Deckenschotter sites: three at Irchel and one in
the area around Lake Constance. Sediment analyses were performed to determine their provenance and depositional
environments. The geochronology was established using isochron-burial dating. The results indicate that the sedi-
ments were transported from the Central and eastern Central Alps, as well as from the Molasse, to the foreland and
deposited in a proximal glaciofluvial environment. Based on these findings, we propose that the Deckenschotter are
cut-and-fill sequences that accumulated in three stages during the early Pleistocene at ca. 2.5 Ma, ca. 1.5 Ma, and ca.

1 Ma. The presence of a cut-and-fill system implies that the regional base level was relatively constant during the early
Pleistocene. In addition, the ca. 2.5 Ma glaciofluvial gravels document the first evidence of glaciers in the northern
Alpine Foreland. This timing is synchronous with the onset of Quaternary glaciation in the northern hemisphere at ca.

2.7 Ma.

Cosmogenic nuclides, '°Be and °Al
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1 Introduction

The interactions between stream power and its base
level produce either aggradation or incision along the
course of a river (e.g., Blum & Térnqvist, 2000; Burbank
& Anderson, 2011). For example, aggradation will occur
when water discharge is lower and the bedload is higher
than during an incision phase (Bull, 1990; Burbank &
Anderson, 2011; Howard et al., 1997). Whether rivers
aggrade or incise is dependent on changes in climate
and/or tectonics (Burbank & Anderson, 2011). Thus,
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fluvial sequences represent an archive of the evolution
of a drainage system, terrace formation, and climate, as
well as environmental changes, uplift rates, base-level
changes, and changes in hydrological conditions (Bender
et al.,, 2016; Bridgland & Westaway, 2014; Erlanger et al.,
2012; Grotzinger & Jordan, 2017; Macklin et al., 2012;
Schaller et al., 2016; Schildgen et al., 2002).

Alternating aggradation and incision phases of a river
can result in cut-and-fill sequences (Bull, 1990; Burbank
& Anderson, 2011; Howard et al.,, 1997). A simple cut-
and-fill sequence can form as follows. During the first
phase, the river incises the bedrock or existing valley fill
as a result of increased stream power and/or a reduction
in bedload. As a result, degradational or strath terraces
form. During the second phase, the river accumulates
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sediment in the space created by the incision due to
a higher bedload and/or reduced stream power. Dur-
ing the third phase, the sediments deposited during the
second phase are incised and new accumulation occurs
(Burbank & Anderson, 2011; Howard et al., 1997). Such
cycles of aggradation and incision can also lead to the
burial of older deposits by younger ones, which makes
the history of cut-and-fill sequences complex (Lewin &
Gibbard, 2010; Richards, 2002). In the study of cut-and-
fill sequences, it is important to unravel the processes
that produced the cut-and-fill cycles. Terrace formation
in cut-and-fill systems has been attributed to either cli-
mate change induced by Milankovitch cycles (Bekkad-
dour et al., 2014; Litty et al, 2018; Huang et al., 2019;
Whitfield et al., 2013) or glacial-interglacial cycles (e.g.,
Bridgland, 2000 and references therein; Schildgen et al.,
2002). The formation of cut-and-fill sequences can also
be explained by the interplay between tectonics and wet
or dry climates (Tofelde et al., 2017). To reconstruct the
geochronology is of utmost importance for determining
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the sequence of events in a cut-and-fill system and to rec-
ognize the forces driving the system. Dating techniques
that utilize cosmogenic nuclides (e.g., Huang et al., 2019),
optically stimulated luminescence (e.g., Egberts et al,
2020), radiocarbon (e.g., Foster et al., 2009), U-Th iso-
topes (Kock et al., 2009), and biostratigraphy (e.g., White
et al., 2017) are widely used to detect terrace chronolo-
gies. However, establishing the sequence of events in
a cut-and-fill system can be hampered by erosion and
weathering of the terrace fills, which leaves behind later-
ally and vertically discontinuous and fragmented archives
(Lewin & Macklin, 2003).

The Quaternary sedimentary records in the Swiss north-
ern Alpine Foreland are laterally and vertically discontinu-
ous (Fig. 1). These archives can be morphostratigraphically
attributed to the oldest Quaternary deposits and are classi-
fied as “Cover Gravels” (Deckenschotter in German). They
lie unconformably on top of Cenozoic Molasse or Mesozoic
bedrock. Swiss Deckenschotter consist of glaciofluvial sedi-
ments intercalated with glacial and/or overbank deposits
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Fig. 1 The extent of the Reuss, Linth, and Rhaetian Lobes in the Swiss northern Alpine Foreland during the Last Glacial Maximum (LGM) (Bini
et al, 2009) ®Federal Office of Topography, swisstopo, CH-3084 Wabern. Please note that the Rhaetian Lobe is the merge of the Rhine and Thur
paleoglaciers. HDS: Upper Deckenschotter Deposits; TDS: Lower Deckenschotter Deposits. The black rectangles mark the extent of Figs. 2 and 3
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(Du Pasquier, 1891; Graf, 1993). Based on their topographic
location, Deckenschotter are subdivided into the lithostrati-
graphic groups Upper Cover Gravels (HDS; Hohere Deck-
enschotter in German) and Lower Cover Gravels (TDS;
Tiefere Deckenschotter in German) separated by a significant
incision phase (Graf & Miiller 1999). The different Decken-
schotter units are different informal groups and their sub-
divisions represent informal formations. The HDS and the
TDS together with the Higher Terraces (HT; Hochterrasse
in German), and the Lower Terraces (N'T; Niederterrasse in
German) represent the four distinct morphostratigraphic
units, which were introduced based on the observed out-
wash plains in Bavaria by Penck and Briickner (1909). For
a long time these units were correlated with the Giinz,
Mindel, Riss, and Wiirm glaciations, whereas the HDS
were correlated with the Giinz glaciation, the TDS with the
Mindel, the HT with the Riss, and the NT with the Wiirm.
Since the identification of the Deckenschotter at the end of
the nineteenth century (Du Pasquier, 1891), other than the
normal polarity indicated by paleomagnetism (Graf, 1993),
the only evidence obtained related to their chronology were
mammal fossils found in overbank deposits in the HDS at
Irchel (Canton of Zurich) in the 1990s that were attributed
to Mammal Neogene 17 (MN17, 1.8-2.5 Ma) (Bolliger et al.,
1996). Therefore, the timing of the HDS and TDS remained
relatively unconstrained until the last decade, when depth
profile and isochron-burial burial dating techniques, as well
as burial dating applying the P-PINI method were used to
determine the chronostratigraphy of the Swiss Deckens-
chotter (Akgar et al,, 2014, 2017; Claude et al., 2017, 2019;
Knudsen et al,, 2020). According to these studies, the HDS
were deposited between 2.8 Ma and 0.8 Ma and the TDS
between 0.7 Ma and 0.5 Ma (Akgar et al., 2014, 2017; Claude
et al,, 2017, 2019; Knudsen et al., 2020). In addition, three
HDS subunits at Irchel indicated that ca. 1 Ma deposits
are located at the same topographic elevation as ca. 2 Ma
deposits (Claude et al., 2019).

Intercalated till layers within the Deckenschotter
deposits (e.g., at Feusi) and sedimentological provenance
analyses of various HDS and TDS sites in the Swiss
northern Alpine Foreland Basin indicate that these sites
were affected by ice lobes that drained the Alpine Ice
Sheet during glacial periods (Graf, 1993, 2009). The topo-
graphically highest (and morphostratigraphically oldest)
HDS deposits are located at Irchel and at Herrentisch,
Canton of Schafthausen (Fig. 1). The Irchel Gravel Com-
plex is built up by five lithostratigraphic formations that
overlie the Molasse. Morphostratigraphically, from oldest
to youngest, the formations are: the Langacher Gravel,
Irchel Gravel, Steig Gravel, Hasli formation, and Fore-
nirchel Gravel (Fig. 2) (Graf, 1993). These gravels were
transported by the Linth Lobe (Graf, 1993). The MN17
mammal fossils were found in the Hasli formation, which
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is consisting of overbank deposits (Bolliger et al., 1996).
Therefore, the morphostratigraphically older Langacher,
Irchel, and Steig gravels are considered to have been
deposited prior to MN17. However, the recently devel-
oped cosmogenic nuclide chronology contradicts the
existing morphostratigraphy and suggests a more com-
plex cut-and-fill history for the HDS at Irchel (Claude
et al.,, 2019). The ca. 1 Ma old deposits show an influence
from the Rhaetian paleoglacier, whereas the older gravel
units do not (Claude et al., 2019). This change in petro-
graphic composition was interpreted as a result of the
rerouting of the Rhine River during the Mid-Pleistocene
Revolution, which is characterized by climatic changes
and major changes in drainage patterns (e.g. Clark et al.,
2006). The second morphostratigraphically highest Deck-
enschotter unit after the Irchel area is located at Her-
rentisch (Fig. 1), which is assumed to be first transported
onto the northern Alpine Foreland by the Rhaetian Lobe
and then by meltwater discharge (Graf, 2009). Since the
deposition of the Deckenschotter in the Lake Constance
region the erosional base has been lowered by ca. 280 m
(Heuberger et al., 2014).

The goal of this study was to determine whether the
Deckenschotter deposits at Herrentisch and Irchel
formed as multiple cut-and-fill sequences within the
Hohere Deckenschotter, as well as to reconstruct changes
in base level and landscape evolution during the early
Pleistocene in the northern Alpine Foreland. Therefore,
we focused on the following sites at Irchel: Schartenflue
(Langacher Gravel), Hochwacht (Irchel Gravel), and Hasli
(Steig Gravel), as well as the Chroobach site at Herrent-
isch (Figs. 2, 3). The deposits at each site were analyzed
in detail in the field to reconstruct the provenance of the
sediments, the depositional environment, and the paleo-
flow direction. The geochronology was established using
the isochron-burial dating technique with cosmogenic
19Be and °Al. The sedimentology of the deposits indi-
cated the presence of six units at Irchel. At Chroobach,
possible transport by the Rhaetian Lobe (Bini et al., 2009),
which includes the Rhine and Thur paleoglaciers, was
observed. In addition, the results suggest that Deckens-
chotter deposits formed by multiple cut-and-fill events
that occurred in three stages during the early Pleistocene.

2 Study sites

The Irchel area is a ca. 4.5 km long and 1.5 km wide
mesa-type hill in the Swiss northern Alpine Foreland
beyond the extent of the Last Glacial Maximum (LGM)
(Fig. 1). It is located approximately 20 km NNE of Zurich
between the Rhine and T6ss rivers. The highest elevation
is 694 m a.s.l.. The Miocene Upper Freshwater Molasse
(OSM; Obere Siisswasser Molasse in German)
unconformably underlies the Deckenschotter at Irchel
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Fig. 2 Simplified geological map of the Irchel and the LGM extent of the Rhaetian Lobe. The solid line A-B shows the cross-section on the lower left
corner (after Graf, 1993 and Claude et al,, 2019) and the solid line X-Y the cross-section in Fig. 15. OFederal Office of Topography, swisstopo, CH-3084

(Fig. 2). The unconformity between the Deckenschotter
and the OSM can be observed at different locations
across the Irchel. In the southeastern part, the
Deckenschotter has a maximum thickness of 25 m,
while it is 40 m thick in the northwestern part.
Furthermore, the base of the Deckenschotter decreases
from 660 m a.s.l. in the southeast to approximately
625 m a.s.l. in the northwest (Du Pasquier, 1891; Frei,
1912a; Graf, 1993).

The HDS at Irchel was placed into a chronostratigraphic
framework using topographical location, paleomagnetism,
and biostratigraphy (Fig. 2) (Bolliger et al, 1996; Graf,
1993). The paleomagnetism of the Hasli formation exhibits
a trend to an inverse polarity and is therefore older than
the Brunhes chron (0.78—-0 Ma; Spell & McDougall, 1992).
In general the HDS show a normal polarity and therefore,
the accumulation should belong to a normal polarity event
such as the Jaramillo event (1.01-0.9 Ma) or the Olduvai
(2.0-1.78 Ma) during the Matuyama chron (2.6—-0.78 Ma;
McDougall et al, 1992) (Graf, 1993). In addition, a

re-analysis of the mammal fossils (Arvicolinae) found
in the Hasli formation indicates that they belong to
the upper part of the MN17, suggesting an age of ca.
2.0-1.8 Ma (Cuenca-Bescos, 2015). Three sites at Irchel
have been dated with cosmogenic nuclides (Claude et al.,
2019). The Steig gravel was dated to 0.940.2 Ma, while
the Irchel Gravel at the Hiitz site was dated to 0.9 0.2 Ma
using isochron-burial dating. The Forenirchel Gravel at
Wilemer Irchel yielded a cosmogenic °Be depth-profile
age of 2.87'% | ' Ma (40; Claude et al., 2019). According
to the morphostratigraphy proposed by Graf (1993), the
Forenirchel Gravel is topographically the highest unit at
Irchel; thus, it should be younger than the Irchel and Steig
gravels. However, the cosmogenic nuclide geochronology
indicates a more complex stratigraphy than the proposed
morphostratigraphy (Claude et al., 2019).

At Irchel, we investigated the Langacher Gravel at
Schartenflue, the Irchel Gravel at Hochwacht, and the
Steig Gravel at Hasli (Fig. 2). Schartenflue is located
at an elevation of 636 m a.s.l. in the northern part of
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the Irchel. At this outcrop, the Langacher Gravel is
underlain by the Molasse bedrock and overlain by the
Irchel Gravel. The stratigraphic boundary between the
Langacher and Irchel gravels consists of a 50 cm thick
paleosol that contains heavily weathered non-carbonate
clasts (Graf, 1993). The Irchel Gravel that underlies the
Hasli Formation was investigated at the Hochwacht site
in the northwestern part of Irchel. The Molasse bedrock
outcrops approximately 50 m northwest of the outcrop at
637 m a.s.l. The Hasli site is at an elevation of 655 m a.s.l.
We studied the Steig Gravel at this site, which is located
approximately 10 m below the Hasli Formation (Fig. 2).
The Herrentisch (684 m a.s.l.) is a ca. 2.5 km long by
0.5 km wide mesa-type hill in the Schienerberg area,
which is located on the western side of Lake Constance
(Fig. 3). The uppermost 10 m of this hill is composed
of HDS, which unconformably overlies the Molasse
bedrock. In addition, the HDS was covered by the
Rhaetian Lobe during the LGM (Fig. 1). In this study, we
examined the HDS at the Chroobach site. The sampling
site is located at an elevation of 672 m a.s.l. and the base
of the HDS sequence is located at approximately 670 m
a.s.l. (Frei, 1912a, b; Graf, 2009; Heuberger et al., 2014).
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3 Methodology

3.1 Sediment analyses

The analysis of clasts in a deposit provides information
about their origin, transport mechanism, and depositional
environment (Schliichter, 1989; Weltje & von Eynatten,
2004). As the Deckenschotter deposits contain clasts of
different lithologies, clast petrography establishes their
provenance (Adelsberger, 2017; Claude et al., 2017, 2019;
Frei, 1912a; Graf, 1993; Lindsey et al., 2007; Schliichter,
1989; Weltje & von Eynatten, 2004). In the field, a bucket
was used to collect gravel samples to avoid any visual bias.
At each site, fresh material from the outcrop was collected
using the bucket and afterwards sieved into the pebble
fraction (2—6 cm). This fraction has been transferred back
into the bucket and at least 250 clasts were selected blindly
from the bucket (after Schliichter, 1989). The clasts were
petrographically classified into the following lithologies:
(1) light colored limestones, (2) dark colored limestones,
(3) grey limestones (4) siliceous limestones, (5) vein quartz,
(6) quartzites, (7) chert/hornstones, (8) radiolarites, (9)
sandstones, (10) dolomites, and (11) crystallines (Claude
et al,, 2017; Graf, 1993, 2009; Schliichter, 1989). In addition,
key lithologies were identified. For example, the Verrucano,
a red colored conglomerate and breccia, is a key lithology
for the Linth Lobe (Hantke, 1980), while the Julier granite
is a key lithology for the Rhine and Thur Lobes. We looked
explicitly for these two lithologies to gather information on
the ice lobes that transported these sediments.

Clast morphology is particularly suited to define
glacial and fluvial transport (Benn, 2004). Over time,
different methods have been developed to analyze clast
morphologies (Benn, 2004; Cailleux, 1947; Sneed &
Folk, 1958). Sneed and Folk (1958) assessed each clast
based on roundness, sphericity, and form. Benn and
Ballantyne (1994) suggested the C,-index (percentage
of clasts with a ratio of c/a-axis<0.4) to interpret
clast forms combined with the RA-index (percentage
of angular and very angular clasts) or the RWR-index
(percentage of rounded and well-rounded clasts).
The RA-C,, index is applied mostly in glacial settings
because it can differentiate between supraglacially-
transported angular clasts and subglacially-transported
abraded clasts (Benn & Ballantyne, 1994; Benn, 2004;
Brook & Lukas, 2012). The RWR-C,, index, which
targets the more rounded clasts, is more suitable in
some settings for distinguishing between different
transport mechanisms (Benn, 2004; Brook & Lukas,
2012; Evans et al,, 2010; Lukas et al., 2013). To analyze
the morphometry of the gravels at the study sites, we
applied the technique proposed by Cailleux, (1947)
because the reported shapes of the clasts in the
Deckenschotter deposits at Irchel were sub-angular to
sub-rounded (Graf, 1993). This method has been applied
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in glacial and meltwater environments (Cailleux, 1947;
Schliichter, 1989). To obtain significant results and
exclude the effect of lithology on the shape of the clasts
during transport, clasts from the same lithology must be
analyzed (Benn, 2004; Schliichter, 1989). In this study, at
least 100 vein quartz clasts from the gravel fraction were
collected at each site to determine the flattening and
roundness indices.

The clast fabric provides information about the depo-
sitional environment and the transport mechanism
(Boulton, 1978; Benn & Ballantyne, 1994; Benn, 2004;
Lukas et al., 2012; Sneed & Folk, 1958). As clast fabric
also includes a description of the orientation of single
clasts in sediment, this analysis allows the reconstruction
of paleoflow direction (Adelsberger, 2017; Boggs, 2009;
Chandler & Hubbard, 2008; Lukas et al., 2012;). There-
fore, elongated clasts are of particular interest (Boggs,
2009). To determine the paleoflow direction, clasts with
an a-axis>6.3 cm and a b:a ratio of > 1.5 were used (Lukas
et al,, 2012). A ratio of > 1.5 ensures that elongated clasts
are measured, but not oblate clasts. In the field, the azi-
muth and inclination of the 25 clasts that fulfilled these
criteria were measured.

3.2 Isochron-burial dating

Isochron-burial dating is used to determine the timing of
deposition of terrestrial sequences, such as river terraces,
glaciofluvial sediments, or paleosols, for a time range of
0.1-5 Ma (Akgar et al.,, 2017; Balco & Rovey, 2008; Balco
et al., 2013; Bender et al., 2016; Ciner et al., 2015; Claude
etal., 2017, 2019; Darling et al., 2012; Erlanger et al., 2012;
Litty et al, 2018; Matmon et al., 2015; Schaller et al,
2016; Tu et al., 2017; van Buuren et al., 2020; Zhao et al.,
2016). This method is based on the radioactive decay of
cosmogenic '°Be (t;,,=1.4 Ma) and 2°Al (t;,=0.7 Ma)
(Akgar et al., 2017; Balco & Rovey, 2008; Bender et al.,
2016; Erlanger et al., 2012). The isochron-burial dating
method takes advantage of the difference in the 2°Al/'°Be
ratio at the surface at the time of deposition and the
26A1/1%Be ratio of the deposit to calculate a depositional
age (Akgar et al., 2017; Balco & Rovey, 2008; Bender et al.,
2016; Erlanger et al., 2012). This method can be applied
to sediments with a more complex exposure history
prior to burial and experienced post-burial production
(Akgar et al., 2017; Balco & Rovey, 2008; Bender et al.,
2016; Granger & Muzikar, 2001). Samples from the same
chronozone that share the same post-burial histories
and differences in inherited nuclide concentrations (i.e.,
different pre-burial histories) are crucial for calculating
isochron-burial ages (Akgar et al., 2017; Balco et al., 2013;
Bender et al., 2016; Ciner et al., 2015; Claude et al., 2019;
Erlanger et al., 2012; Schaller et al., 2016).
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3.2.1 Sampling and sample preparation

A total of 49 samples from 4 sites were collected
(Table 1). At each site, the coordinates of the sampling
locations were determined using a GPS and the alti-
tudes were taken from the high resolution digital maps,
made publicly available by the Federal Office of Topog-
raphy (swisstopo), because they are more accurate com-
pared to the ones measured by the GPS. At each site, at
least nine clasts and a sediment sample consisting of > 50
quartz pebbles were collected. To ensure a variety of
pre-burial histories, we collected clasts of different lith-
ologies, shapes, and sizes. Thirteen clasts (quartzite, vein
quartz, and Verrucano) were collected at Hasli, nine
clasts (quartzite, vein quartz, and sandstone with quartz
veins) were collected at Hochwacht, 11 clasts (quartzite,
vein quartz, gneiss, and conglomerate) were collected at
Schartenflue, and 12 clasts (quartzite) were collected at
Chroobach.

The sample preparation for cosmogenic °Be and 2°Al
analyses took place at the Surface Exposure Laboratory
of the University of Bern. For each study site, we first
prioritized nine clasts and the sediment samples and
purified them according to the methods described by
Akcar et al.,, (2017 and references therein). We aimed for
approximately 50 g of pure quartz. To achieve high qual-
ity 2°Al/*’ Al accelerator mass spectrometry (AMS) meas-
urements a maximum Al concentration of 30 ppm was
targeted prior to dissolution (Akgar et al., 2017; Claude
et al, 2019). Total Al concentrations were measured
before dissolving the samples. Samples that exceeded
the targeted Al concentration were either subjected to
additional leaching steps or excluded. The samples fulfill-
ing the requirements were dissolved in batches of nine
samples and a full process blank. Twenty-seven samples
between 45 and 50 g were dissolved. Each sample was
spiked with ca. 200 pl of Be carrier and the full process
blank with 400 pl (Table 2). The cosmogenic °Be und
Al were extracted based on the protocols described by
Akcar et al., (2017), after which the 10Be/°Be ratios and
26A1/%7 Al ratios were measured at the AMS facilities at
ETH Zurich. Cosmogenic '°Be/’Be ratios of five sam-
ples from the Hochwacht site were measured using the
TANDY accelerator (Christl et al.,, 2013; Miiller et al.,
2010). The '°Be/’Be of 20 samples and the 2°Al/*’ Al ratios
of all samples were measured using the MILEA accelera-
tor (Maxeiner et al., 2019). All measured °Be/°Be ratios
were normalized to the ETH Zurich in-house stand-
ards S2007N and S2010N (Christl et al., 2013) and cor-
rected with a weighted average full process blank ratio
of (2.76 £0.18) x 10715, The total Al concentrations were
determined using inductively coupled plasma optical
emission spectrometry (ICP-OES) at the Institute of Geo-
logical Sciences of the University of Bern. The °Al/!*Be
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Table 1 Sample information for the Deckenschotter sites investigated in this study
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Site Sample name Lithology Altitude Latitude (°N) Longitude Amount of quartz  Amount of Al
(ma.s.l.) (DD.DD) (°E) (DD.DD)  after leaching (g) after leaching
(ppm)
Irchel Hasli HASL-1 Quartzite 655 47.5346 8.6200 81 65
HASL-2 Quartzite 64 39
HASL-3 Quartzite 85 109
HASL-5 Quartzite 59 151
HASL-7 Vein quartz 71 20
HASL-9 Quartzite 77 240
HASL-10 Quartzite 74 40
HASL-12 Verrucano 51 157
HASL-13 Vein quartz 87 25
HASL-14% qtz pebbles 66 59
Irchel Hochwacht HWT-1 Quartzite 637 47.5596 8.5825 76 26
HWT-2 Vein quartz 81 28
HWT-3 Quartzite 100 53
HWT-4 Sandstone 52 57
HWT-5 Quartzite 70 7
HWT-6 Quartzite 79 291
HWT-7 Sandstone 60 138
HWT-8 Vein quartz 81 27
HWT-9 Quartzite 51 37
HWT-10° gtz pebbles 77 25
Irchel Schartenflue SART-1 Quartzite 636 47.5484 8.5956 80 29
SART-3 Vein quartz 87 28
SART-4 Vein quartz 66 6
SART-5 Quartzite 59 23
SART-6 Conglomerate 75 148
SART-7 Quartzite 77 165
SART-8 Quartzite 66 32
SART-9 Gneiss 71 32
SART-10 Vein quartz 47 13
SART-12° qtz pebbles 51 17
Chroobach CHRO-1 Quartzite 672 47.70378 8.84923 48 159
CHRO-2 Quartzite 67 135
CHRO-3 Quartzite 134 178
CHRO-4 Quartzite 1 n.a
CHRO-5 Quartzite 119 146
CHRO-6 Quartzite 40 250
CHRO-7 Quartzite 82 157
CHRO-8 Quartzite 35 149
CHRO-9 Quartzite 55 138
CHRO-10 Quartzite 27 N.D
CHRO-11 Quartzite 53 161
CHRO-12 Quartzite n.a n.a
CHRO-13° qtz pebbles 46 47

2 Sediment sample
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ratios were calculated using the CRONUS-Earth expo-
sure age calculator and referenced to 07ZKNSTD (Balco
et al., 2008, and the update from v. 2.2 to v. 2.3 published
by Balco in June 2016; http://hess.ess.washington.edu/
math/v.2.3).

We calculated the isochron-burial ages with the Mat-
Lab® code provided by Erlanger et al., (2012; in personal
communication with Darryl Granger). The code first
plotted the measured 2°Al concentrations versus the
19Be. Then, it regressed a line through the data plot and
estimated a preliminary isochron-burial age by using the
slope of the regressed line and its shift from the initial
surface production ratio. Then, the code used this pre-
liminary age to determine the post-burial component,
which was later deducted from the measured concentra-
tions to compute the inherited isotope concentrations.
In the next step, the code corrected the inherited con-
centrations for the decay of '°Be and 2°Al to determine
the pre-burial erosion rates, and subsequently calcu-
lated an inherited 2°Al/*°Be ratio. By using the inherited
isotope ratios, the code estimated a linearization factor
to perform the corrections for post-burial production.
Finally, the code plotted the '°Be and *°Al concentra-
tions corrected for post-burial production, recalculated
the isochron-burial age and iterated these steps until the
age converged. For the isochron-burial age calculations,
1o AMS measurement uncertainties were considered. To
calculate the isochron-burial ages, we applied 4.00£0.32
atoms/gSiO,/a as the production rate of cosmogenic '°Be
at the surface due to spallation at sea level-high latitude
(SLHL) (Borchers et al., 2016). Altitude/latitude scaling of
the surface production rate was calculated according to
the time dependent Lal (1991)/Stone (2000) scheme (Lm).
Mean lives of 2.005 Ma for 1°Be and 1.02 Ma for *°Al were
assumed. °Be and 2°Al half-lives of 1.387 Ma (Chmel-
eff et al.,, 2010; Korschinek et al., 2010; Nishiizumi, 2004;
Nishiizumi et al., 2007) and 0.705 Ma (Norris et al., 1983),
respectively, were used. The surface production ratio of
6.75 is commonly used to determine isochron-burial ages
in fluvial settings (e.g. van Buuren et al., 2020 among oth-
ers) because fluvial erosion gathers the clasts from the
surface or near the surface, and this equalizes the initial
ratio to the surface ratio. Whereas deep erosion in glacial
settings makes the initial ratio equal to the ratio at depth
(Akgar et al.,, 2017). Muon induced reactions dominate
the subsurface '°Be and 2°Al production and 2°Al/'°Be
ratios at depth up to 8.3 were already reported in the lit-
erature (e.g. Braucher et al.,, 2011, 2013; Margreth et al,
2016). Here, we concisely clarify why the ratio at depth
(as initial ratio) is necessary for the isochron-burial age
calculations in glacial landscapes. Glaciers deeply erode
the bedrock (cf. Fig. 7 in Akgar et al., 2017). The clasts,
which are plucked from the depth, are then transported as
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englacial or subglacial sediment loads. Thus, they are fully
isolated from the cosmic ray cascade. Until their deposi-
tion in the glacial or glaciofluvial environment, they have
never get exposed to the cosmic rays and keep their ratio
at depth, which is larger than 6.75. As the original pluck-
ing depth remains unknown, Akgar et al., (2017) recom-
mended to use the production ratio at depth, which is
ranging from 6.75 to 8.4, for the modelling isochron-bur-
ial ages in landscapes dominated by deep erosion. Simi-
larly, the majority of the modeled initial *°Al/*°Be ratios
at the source, which were computed by a source to sink
approach (P-PINI: Particle Pathway Inversion of Nuclide
Inventories), were larger than 7.2 (cf. Figure 8 in Knudsen
et al., 2020). Knudsen et al. (2020) proposed that the ana-
lyzed samples stem from a landscape dominated by fast
and deep glacial erosion. In line with these indications, we
applied an initial 2Al/1°Be ratio of 7.6+0.8 for calculat-
ing our isochron-burial ages. In addition, to enable com-
parison, we also calculated isochron-burial ages for the
Feusi, Iberig, and Tromsberg sites based on the reported
19Be and 2°Al concentrations in the supplementary file of
Knudsen et al. (2020).

4 Results

4.1 Sediment analyses

4.1.1 Gravels at the study sites

At Schartenflue, the Langacher Gravel is 2 m thick and
12 m wide (Fig. 4a), comprising a sandy, uncemented,
moderately sorted, and clast-supported gravel (Fig. 4b—
d). Sand and silt fractions fill the pore spaces. The cob-
bles have a maximum size of 25 cm. The upper and lower
parts of the gravel layer contain large clasts of up to
25 cm, of which a paleoflow direction towards the NNW
was obtained. The middle part is mainly composed of
clasts smaller than 6.3 cm and exhibits an imbrication
towards the SSE. The contact between the Langacher
and the Irchel gravels is a ca. 15 cm thick heavily weath-
ered paleosol layer. The Irchel Gravel at this site is well
cemented (Fig. 4a).

The Irchel Gravel at Hochwacht is approximately 6 m
thick. Approximately 50 m north of the outcrop, the
contact between the Deckenschotter and the underly-
ing Upper Freshwater Molasse (OSM) is visible. The
Irchel Gravel at this site is a poorly sorted and poorly
cemented sandy gravel, and the grain size ranges up to
20 cm (Fig. 5a). The fabric is mainly clast supported. The
matrix mainly comprises sand and a small amount of silt.
A paleoflow direction towards the NW was obtained at
this site. The Irchel Gravel is overlain by a ca. 1 m thick
ochre-colored fine-grained sediment layer that is attrib-
uted to the Hasli Formation (Graf, 1993).

At the Hasli site, the ca. 2.5 m thick Steig Gravel out-
crops approximately 10 m below the Hasli formation,


http://hess.ess.washington.edu/math/v.2.3
http://hess.ess.washington.edu/math/v.2.3

11 Page 10 of 25

C. Dieleman et al.

S ey

SART-6 and SART-1

Fig. 4 Field photographs of the Schartenflue site. a Overview of the outcrop and positions of the close-up photographs b and ¢. b Photograph
of the sample SART-2. ¢ Close-up photograph of the Langacher Gravel and the position of close-up photograph d. d Photographs of the samples

where the mammal fossils were found by Bolliger et al.
(1996). In a 1.3 m high and 4 m wide cave, unconsoli-
dated and uncemented sandy gravels were observed
(Fig. 6a). In the lowermost 20 cm of the gravel layer,
poorly sorted clasts of up to 20 cm in diameter were
measured (Fig. 6b—d). The remaining gravels are sandy,
fine grained, and moderately sorted (Fig. 6a). The matrix
filling the spaces consists mainly of fine-grained sand and
silt. A N-NNW paleoflow direction was obtained at this
site.

At the Chroobach site, the Deckenschotter deposit
outcrops along a hiking path and is approximately 4 m in
thickness and approximately 15 m in length (Fig. 7a). The
gravels are very well cemented (Fig. 7b). The clasts are
poorly sorted and have a maximum grain size of approxi-
mately 25 cm (Fig. 7b). The matrix is mainly composed
of sand and a small amount of silt. A paleoflow direction
towards the W/N'W was inferred at this site.

4.1.2 Clast petrography

The results of the petrographic analysis performed on
clasts from the study sites are shown in Figs. 8 and 9.
More than one third of the 279 clasts from Schartenflue
are dark colored limestone (37%) (Fig. 8). The second
largest relative abundance are quartzite (16%), followed
by crystalline clasts (14%). The relative abundances of
light colored limestones and siliceous limestone pebbles
are the same (9%). Sandstone (6%) and vein quartz clasts
(6%) also exhibit the same relative abundances. Chert
comprises 2% of the clasts and 1% are radiolarites, while
1% of the clasts are conglomerates, including Verrucano
clasts and other conglomerates. At the Hochwacht site,
261 clasts were analyzed (Fig. 8). The limestone aggre-
gates comprise approximately 75%. Of these, 47% are
dark colored limestones, 28% are light colored limestones,
and 6% are siliceous limestones. Vein quartz and quartz-
ite clasts comprise 7% and 5%, respectively. The same
relative abundances are exhibited by sandstones (3%)
and crystalline clasts (3%). Conglomerates comprise 2%
of the clasts, including Verrucano clasts. One radiolarite
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Fig.5 Field photographs from the Hochwacht site. a Overview of
the outcrop and the position of photograph b. b Photograph of the
sample HWT-2

clast is found in this set, which is not represented in the
pie diagram. At the Hasli site, 274 clasts are analyzed
(Fig. 8). The gravels are mostly composed of dark colored
limestones (22%) and siliceous limestones (19%). Light
colored limestones represent 14% of the clasts. Dolomite
(10%), quartzite (11%), and vein quartz (12%) have simi-
lar abundances. Sandstone comprise 7% of the clasts. The
contribution of crystalline clasts is 3% and chert clasts
contribute 1%. Verrucano conglomerate clasts have a rela-
tive abundance of 1%. Few radiolarite clasts are found,
but their abundance is too small (<1%), thus they are not
shown in the pie diagram. At the Grossriiti site a total of
251 clasts were analyzed, whereof 34% are dark colored
limestones (Fig. 8). The siliceous limestones (14%) rep-
resent the second largest relative abundance followed by
the crystalline (13%). Vein quartz and quartzite show the
same relative abundance of 11%. Light colored limestones
account for 8% and cherts for 5%. Sandstone clasts com-
prise 2%. The same relative abundance were exhibited by
radiolarite and dolomites (1%). A total of 276 clasts were
analyzed from the upper part of the abandoned gravel
pit at Strengebrunnen (Fig. 8). Almost half of the clasts
are dark colored limestones (42%) and the second largest

Page110f25 11

relative abundance represents siliceous limestones (14%).
The contribution of the quartzite is 13% and the one of
the crystalline clasts 12%. Vein quartz contributes with
5%. Light colored limestones and sandstones have a rela-
tive abundance of 4% each. Cherts and conglomerates
contribute with 3% and 2%, respectively. At Chroobach,
259 clasts are analyzed (Fig. 9). Different types of lime-
stone are identified, which aggregate to approximately
80%. Greyish colored limestones represent 40% of the
clasts. Dark colored limestones and dolomites have simi-
lar relative abundance of 18% and 12%, respectively. Sili-
ceous limestones have a relative abundance of 8% and
light colored limestones have an abundance of 3%. The
contributions of red colored quartz-rich sandstones and
quartzites are 7% and 3%, respectively. Vein quartz and
sandstone clasts have the same relative abundances of 1%.
Crystalline lithologies represent 3% of the clasts. Chert
clasts and weathered components have relative abun-
dances of 2% each. One radiolarite clast is found at this
site that is not represented in the pie diagram.

4.1.3 Clast morphometry

At Schartenflue, 114 vein quartz clasts were analyzed for
their morphometry (Figs. 10, 11). The roundness indices
(Z;) change from 50 to 600, with some outliers between
650 and 700 (Fig. 10a). The median Md(Z,) has a value of
253. The distribution is unimodal and has a peak between
200 and 300. The flattening indices (A;) were between 100
and 400 and had a median Md(A,) of 168 (Fig. 11a). At
Hochwacht, 110 vein quartz clasts were measured. The
calculated roundness indices (Z;) at this site vary from
50 to 600, with a few outliers between 850 and 900. The
median Md(Z,) has a value of 298 (Fig. 10b). The dis-
tribution in the histogram is bimodal. The first mode is
between 250 and 300, and the second is between 350 and
400. The A, values range from 100 to 350 and the median
Md(A)) has a value of 174 (Fig. 11b). The 102 vein quartz
clasts from Hasli have Z; values between 100 and 600 and
a median Md(Z,) of 285 (Fig. 10c). The histogram shows a
multi-modal distribution. The first mode value is between
200 and 300, the second between 350 and 400, and the
third between 450 and 500. The flattening indices (A,) at
Hasli vary between 50 and 350. The median Md(A,) has a
value of 176 (Fig. 11c). The 97 analyzed vein quartz clasts
from the Grossriiti site have Z; values between 50 and
700 and a median Md(Z,) of 223 (Fig. 10d). The distribu-
tion is multimodal with the first peak between 100 and
150, the second one between 200 and 250, and the third
one between 350 and 450. The flattening indices (A,) are
between 100 and 300 and have a median Md(A,) of 174
(Fig. 10d). At Strengebrunnen 108 vein quartz clasts were
analyzed. The Z, values change from 50 to 650 (Fig. 10e).
The distribution is unimodal with the peak between 150
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Fig. 6 Field photographs from the Hasli site.a O

of the sample HASL-5

verview of the outcrop and indicating the positions of photographs b, ¢, and d. b Close-up
photograph of the Steig Gravel at Hasli showing the poor sorting and the sandy to silty matrix. ¢ Photograph of the sample HASL-3. d Photograph

and 200. The median Md(Z;) has a value of 208. The flat-
tening indices (A;) at Strengebrunnen vary between 100
and 450. The median Md(A;) has a value of 165 (Fig. 11e).
At Chroobach, 112 quartzite clasts were measured.
The Zi values range from 50 to 700, with some outliers
between 750 and 800. The median Md (Z;) has a value
of 234 (Fig. 10f). The distribution is unimodal, with one
mode between 150 and 250. The value of the flattening
index (A;) amounts from 100 to 500, with some outliers
between 650 and 700. The median Md(A;) has a value of
190 (Fig. 11f). The median of the flattening and round-
ness indices are plotted for the study sites in an A;-Z;
plot (Fig. 12). These results indicate that the Hasli and
Hochwacht sites were located at a transition from glacial
to fluvial transport, whereas a larger glacial influence is
inferred at the Schartenflue site. The Chroobach, Gross-
riiti, and Strengebrunnen sites were even more glacially
influenced.

4.2 |Isochron-burial dating

At total of 27 samples were processed to extract cosmo-
genic 1°Be and %°Al. Eight samples from the Scharten-
flue site yielded total Al concentrations of 35 ppm and
lower (Table 1). The samples were three quartzite clasts
(SART-1, SART-5, and SART-8), three vein quartz
clasts (SART-3, SART-4, and SART-10), one gneiss clast
(SART-9), and one sediment sample (SART-12). At
Hochwacht, six out of the ten samples had total Al con-
centrations below 35 ppm. The sediment sample (HWT-
10), two quartzite clasts (HWT-1 and HWT-5), and
two vein quartz clasts (HWT-2 and HWT-8) with the
lowest Al concentrations were dissolved for the extrac-
tion (Table 1). For the Hasli site, three vein quartz clasts
(HASL-2, HASL-7, and HASL-13) and one quartzite
clast (HASL-10) had the required low total Al concentra-
tions (<50 ppm) for further processing (Table 1). In addi-
tion, the sediment sample (HASL-14) and two quartzite
clasts (HASL-1 and HASL-3) were processed, despite
having>50 ppm total Al concentrations. At Chroobach,
the sediment sample (CHRO-13) had the necessary low
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Fig. 7 Field photographs from the Chroobach site. a Overview of the
well-cemented gravel outcrop along the hiking path and position of
photograph b. b Close-up photograph indicating the uncemented

poorly-sorted gravels

total Al-concentrations (Table 1). As it was not possible
to reduce the total Al concentrations in the other sam-
ples by applying multiple leaching steps, six quartzite
clasts (CHRO-1 and CHRO-9) and red colored quartz-
rich sandstone clasts (CHRO-2, CHRO-5, CHRO-7,
and CHRO-11) with the lowest concentrations were
processed. The results of the cosmogenic '°Be and *°Al
analyses for the Hasli, Hochwacht, Schartenflue, and
Chroobach sites are shown in Table 2. The °Be/Be ratios
varied from 3.25x 1071* to 115.48x 107, The relative
measurement uncertainty of the 1°Be/’Be ratios was 1.7—
9.7%. The cosmogenic °Be-concentrations ranged from
(7.9240.81) x 10® at./g to (308.28 4+5.25) x 10° at./g. The
contribution of the blank correction was 0.2-7.6%. The
total Al concentrations varied from 0.32 mg to 9.53 mg,
and from 6 to 191 ppm, respectively. The 2°A1/%’Al ratios
ranged from 2.88 x 107'* to 50.68 x 107%. The relative
uncertainty of the *°A1/%’ Al measurements was 1.1-4.5%.
The 2°Al concentrations ranged from (41.01 +1.84) x 103
at./g to (1066.03+11.73) x 10® at./g. Although samples
were processed with total Al concentrations larger than
50 ppm, there was no detectable influence on the final
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26A1 concentrations, which is due to the new developed
MILEA AMS-facility measuring 2°Al/*’Al and '°Be/’Be
ratios with higher efficiency (Maxeiner et al., 2019). The
2A1/%Be ratios ranged from 2.6440.08 to 7.18+0.52
(Fig. 13; Table 2).

The isochron-burial ages were calculated using the
code provided by Erlanger et al., (2012; personal com-
munication with Darryl Granger) using the ratio of
7.61+0.8 (Table 3). For the Schartenflue site, an age of
1.3£0.1 Ma was calculated (Fig. 14a). The Hochwacht
site yielded an age of 2.6 0.1 Ma (Fig. 14b). For the Hasli
site, an age of 1.3+£0.1 Ma was calculated (Fig. 14c). An
age of 1.84+0.1 Ma was obtained for the Chroobach site
(Fig. 14d). To estimate the contribution of the post-burial
production in the measured '°Be and 2°Al concentra-
tions, we calculated the isochron-burial ages using the
St, Lm, and LSDn, which did not alter the isochron-bur-
ial age. In addition, the age calculation with the Code of
Bender et al. (2016) yielded the same age as the ones cal-
culated with the code of Erlanger et al., (2012; in personal
communication with Darryl Granger). This implies that
the post-burial production at our study sites is negligible.

5 Discussion

We first defined the provenance of the Deckenschotter
deposits at the study sites, then, established a new chron-
ostratigraphy based on the isochron-burial ages from
Chroobach and Irchel. Finally, we combined the prov-
enance, transport mechanism, depositional environment,
and the depositional age to reconstruct the landscape
evolution and the changes in base level during the early
Pleistocene.

5.1 Provenance of the Deckenschotter deposits

As the Deckenschotter deposits are defined as
glaciofluvial sediments deposited proximal to the glacier
margin, the clast petrology indirectly yielded information
about the paleoglacier, which transported fresh gravels
from the Alps, as well as reworked material along its flow
path. We compared the petrographic results from Irchel
with those of Claude et al. (2019) and Graf (1993) (Fig. 8).
This comparison enabled us to identify the following
compositional classes: (1) Steig Gravel at the Steig and
Hasli sites; (2) Irchel Gravel at the Hochwacht, Hiitz,
Strengebrunnen, Ebni, Grossriiti, and Amslerboden
localities; (3) Langacher Gravel at the Schartenflue site;
and (4) Forenirchel Gravel at the Schaffhauser Buck,
Wilemer Irchel, and Brudergarten sites. All the sample
sets analyzed for this study comprise different types of
limestone and vein quartz, which are lithologies being
abundant across the Alps and therefore do not pinpoint
a provenance (Pfiffner, 2010; swisstopo, 2005; Weissert
& Stossel, 2010). Instead key lithologies and dolomite,
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could suggest an origin of the gravels in the eastern
Central to the Eastern Alps transported to the northern
Alpine Foreland by the Linth and Rhaetian paleoglaciers,
which also reworked parts of the Molasse bedrock.
Verrucano, found in all sample sets, currently outcrops
in the eastern Central Alps (swisstopo, 2005). In addition,
Verrucano is considered a key lithology of the Linth Lobe
(Du Pasquier, 1891; Frei, 1912a; Hantke, 1980). Larger
volumes of dolomite are exposed in the eastern Central
Alps, whereas smaller volumes are found in the Valaisian

Alps. Besides the Alps, dolomite can also be reworked
from the Molasse, especially from the Hornli alluvial
fan in the Thur Valley (Gasser & Nabholz, 1969; Pavoni,
1957). Quartzite occurs in the Valaisian Alps or in the
eastern Central Alps (Sartori et al., 2006). Furthermore,
they are also found in the northern Alpine Foreland as a
component of the conglomerates in the Molasse (Matter,
1964; Pavoni, 1957). Based on the measured paleoflow
directions at the study sites, the geographical location of
Chroobach and Irchel, and the absence of key lithologies
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from the Rhone paleoglacier, the Valaisian Alps as a
provenance for these Deckenschotter can be excluded.
Furthermore, as there are no key lithologies are present
from the Aare and Reuss paleoglaciers, the western
Central and the Central Alps could be excluded as origin.

The morphometry of the sediments at the Schartenflue,
Hochwacht, Hasli, Strengebrunnen, Grossriiti, and
Chroobach sites point towards a glacial to glaciofluvial
influence. At all sites, at least about half of the clasts
show Z; values between 150 and 300, which indicates a
deposition in the proximity of glaciofluvial environments
(Cailleux & Tricart, 1959; Schliichter, 1976). Around
15-20% of the clasts at the Schartenflue, Chroobach,
Grossriiti, and Strengebrunnen sites and around 5% at
the Hasli and Hochwacht sites point towards a glacial
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transport, as their Z; values are between 50 and 150
(Cailleux & Tricart, 1959; Schliichter, 1976). The values
above 300 likely represent better rounded clasts and
therefore suggest either reworking or a fluvial transport
(Schliichter, 1976). The values of the flattening index
indicate a compact shape of the clasts, which can be
interpreted as a glacial to glaciofluvial transport. Based
on the results of the sediment analyses, we conclude
that the Deckenschotter sediments were transported to
the northern Alpine Foreland by glaciers and were then
further transported by meltwater.

5.2 Chronostratigraphy of the Deckenschotter

Based on (1) the clast petrographical analyses by Graf
(1993), Claude et al., (2019) and this study, and (2) the
ages based on the cosmogenic nuclides from the study of
Claude et al. (2019) and this study, we propose the follow-
ing chronostratigraphy (Fig. 15). The Irchel Gravel at the
Hochwacht site located on top of the Molasse was dated
to 2.6+0.1 Ma (Fig. 15). This age is not in agreement
with the Irchel Gravel age at Hiitz (0.9£0.2 Ma), which
indicates that the lithostratigraphy does not provide any
information about their depositional timing although
they show the same clast petrographical composition.
Based on the isochron-burial age, we assigned the Irchel
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Gravel at Hiitz, Ebni, Grossriiti, and Strengebrunnen to a
separate unit called the “Ebni Gravel” The Irchel Gravel
represents the oldest deposits and likely covered a large
part of the Irchel. At the Amselboden site, the clast
petrography was similar to those at Hochwacht, Strenge-
brunnen, and Hiitz. We attribute the Amselboden site to
the Irchel gravel due to its topographic location. On top
of the Irchel Gravel, the Hasli formation was deposited,
consisting of fine-grained sediments. The Hasli forma-
tion was biostratigraphically dated to MN17 (2.0-1.8 Ma;
Cuenca-Bescos, 2015). The ages of the mammal fossils
and the isochron-burial ages are contradictory, as the
fossils are older than the dated Steig Gravels underlying
the Hasli formation. These few large intact fossils might
have been reworked as a result of transport over a short
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Table 3 Calculated isochron-burial ages for the four sites using
an initial ratio of 7.6 £ 0.8

Age calculated with the
code of Granger (pers.

com.)
Site Ratio 7.6 £ 0.8
Irchel Hasli 13+0.1 Ma
Irchel Hochwacht 26+0.1 Ma
Irchel Schartenflue 1340.1 Ma
Chroobach 1.84+0.1 Ma

distance in a very fine-grained sediment clast. Except for
potential reworking, we cannot provide a plausible expla-
nation as to why the mammal fossils are older than the
underlying gravels. The Forenirchel Gravel, which was
dated to 2.8 | | Ma (40) at the Wilemer Irchel site
(Claude et al., 2019), was deposited on top of the Hasli
formation (Fig. 15). As the clast petrography from the
Wilemer Irchel, Schaffhauser Buck, Brudergarten, and a
site located above the Hasli formation at the Hochwacht
site all exhibit similar provenances, they were classified
into the Forenirchel Gravel.

C. Dieleman et al.

The 1.3+0.1 Ma Langacher Gravel at the Scharten-
flue site could have been deposited in the Ebni Channel
on top of the Molasse at the end of an incision phase that
occurred to create space for deposition. The Langacher
Gravel was likely thicker than today. A degradation phase
after ca. 1.3 Ma must have eroded the gravel, causing its
preservation only as a relict deposit. During this phase,
a second channel (Hiitz Channel) was also created in the
southeastern part of Irchel. At ca. 1 Ma, the Ebni Gravel
was deposited in two broad channels: the one indicated
by the Strengebrunnen, Grossriiti, and Ebni sites and the
other outcropping at Hiitz (0.9 +0.4 Ma). Later, the Hiitz
Channel in the southeast was cut by the Steig Channel
(cf. Graf, 1993) where the Steig Gravel was deposited at
the Hasli (1.34+0.1 Ma) and Steig (0.94+0.2 Ma) sites. In
addition, both sites had northward paleoflow directions.
These lines of evidence suggest the presence of at least
six sub-units at Irchel (Irchel Gravel, Forenirchel Gravel,
Langacher Gravel, Ebni Gravel, Steig Gravel, and the Hasli
formation), which indicate deposition by cut-and-fill
cycles (Fig. 15). This dynamic environment of cut-and-fill
sequences at Irchel does not appear to be a local phenom-
enon, but could also be valid for the other Deckenschot-
ter sites. In addition, these cut-and-fill sequences imply
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Fig. 15 Cross-section X-Y showing the reconstructed stratigraphy based on the existing and new established cosmogenic nuclide chronology as
well as on the clast petrography (modified after Graf, 1993). For the position of the cross-section, please refer to Fig. 2

that sediments of different ages are located at the same
topographic elevation. Therefore, using the topographic
elevation to constrain the chronostratigraphy can be mis-
leading. Therefore, we prefer to use the term Deckens-
chotter, as the separation into HDS and TDS based on the
morphostratigraphy seems not appropriate to classify and
describe these cut-and-fill sequences.

At Irchel, the sub-units exhibited very similar petro-
graphic compositions but had different ages. This can be
observed at Hochwacht, where the Irchel Gravel exhibits
a very similar clast petrography to that of the Ebni Gravel
at Hiitz and Strengebrunnen (Fig. 8). Their isochron-bur-
ial ages differed, as the Irchel Gravel at Hochwacht was
dated to 2.6+0.1 Ma, while the Ebni Gravel at Hiitz was
dated to 0.9 £0.4 Ma (Fig. 15). This result implies that a

Table 4 Chronology of the Swiss Deckenschotter sites

similar clast petrography does not necessarily indicate
similar ages. It also indicates that the catchments were
relatively constant at the time of Deckenschotter deposi-
tion. This is in agreement with drainage reconstructions
that indicated static river catchments (Kuhlemann &
Rahn, 2013). The Irchel Gravel, Forenirchel Gravel, Lan-
gacher Gravel, and Ebni Gravel span a period of approxi-
mately 1.5 Ma and all exhibit imprints from the Linth
Lobe. At the Stadlerberg, Feusi, and Siglistorf sites, the
situation seems to be similar. At Irchel, with the deposi-
tion of the Steig Gravel at ca. 1 Ma, an initial change in
the catchment may be inferred, as the relative abundance
of dolomite was higher than in the other units.

The detailed analyses of the Deckenschotter depos-
its at the study sites and the existing Deckenschotter

Site Morphostratigraphic unit Cosmogenic Nuclide Age (Ma) Source

Chroobach HDS 198e and 2°Al 1840.1 This study

Irchel Steig HDS 19Be and %Al 09401 Claude et al. (2019)

Irchel Hitz HDS 198e and %Al 09+02 Claude et al. (2019)

Wilemer Irchel HDS 1%Be 28718 (459) Claude et al. (2019)

Hasli HDS 198e and 2°Al 13401 This study

Hochwacht HDS 1%8e and 2°Al 26401 This study

Schartenflue HDS 198e and 2°Al 13401 This study

Stadlerberg HDS 108e 2.4*’2'34_2 (39) Claude et al. (2019)

Siglistorf HDS 19Be and %Al 15+0.1 Akcar et al. (2017)

Feusi HDS 198e and Al 13£0.1 Recalculated from Knudsen et al. (2020)
Tromsberg HDS 198e and %Al 15+£0.1 Recalculated from Knudsen et al. (2020)
Iberig TDS 198e and %Al 09+0.1 Recalculated from Knudsen et al. (2020)

Confidence levels of the modelled depth-profile ages are indicated in parentheses. Reported isochron-burial ages are calculated based on a 2°Al/'%Be surface ratio of

7.6 +0.8 after Akcar et al. (2017) within 10 uncertainty
HDS upper cover gravels, TDS lower cover gravels
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chronologies from other sites indicate that these gravel
units were deposited during three accumulation phases
(Table 4). This finding, combined with the existing sedi-
mentological data and cosmogenic nuclide geochronol-
ogy, strengthens the interpretation of the Deckenschotter
deposits as cut-and-fill sequences (cf. Claude et al., 2019).
The first Deckenschotter accumulation phase occurred
at ca. 2.5 Ma, the second at ca. 1.5 Ma, and the third at
ca. 1 Ma. The Irchel and Forenirchel Gravels at Irchel
and gravels at Stadlerberg (2.47*3 ;, Ma) were depos-
ited during the first accumulation phase (Fig. 1). During
the second phase, Deckenschotter was deposited at Sig-
listorf (1.54+0.2 Ma), Feusi (1.3+£0.1 Ma), Tromsberg
(1.54+0.1 Ma), Irchel (1.3+0.1 Ma; Langacher Gravel),
and Chroobach (1.84+0.1 Ma). At the Chroobach site
in the area around Lake Constance, the Deckenschotter
deposits were dated to 1.8£0.1 Ma. According to Frei
(1912b), the Deckenschotter deposits at Herrentisch rep-
resent gravels transported by the oldest Rhine Lobe. Dur-
ing the third aggradation phase, the deposition of gravels
at Iberig (0.9+0.1 Ma) and Irchel (Steig Gravel and Ebni
Gravel) occurred at ca. 1 Ma.

5.3 Cut-and-fill build-up of Deckenschotter

Deckenschotter deposits of different ages are all located
at similar topographic elevations (Fig. 16). This implies
that the local base level was relatively constant from
2.5 Ma to 1 Ma. Although the base level remained rela-
tively constant over time, local aggradation and incisions
were observed. At Irchel, ca. 2.6 Ma, ca. 1.5 Ma, and
ca.1l Ma Deckenschotter deposited on top of the Molasse

C. Dieleman et al.

are located at similar elevations (Fig. 15). Recent stud-
ies indicate that it is challenging to observe cut-and-fill
sequences within gravel units and only age constraints
could illustrate the presence of a cut-and-fill architecture
(e.g., Steffen et al., 2009; Tofelde et al., 2017). At Irchel
the different gravel units were distinguished based on
their clast petrographical composition and not on the
observed lithological contacts in the field (Claude et al.,
2019; Graf, 1993; this study). This implies that their cut-
and-fill architecture could only be suggested based on
the age constraints of the different gravel units at differ-
ent locations. To create the cut-and-fill sequences, an
almost constant base level and changes in sediment sup-
ply or water discharge are required. Clast morphometry
indicates that the presence of glaciers in the foreland
caused these changes. Based on the results from Irchel,
at least five glacial advances can be inferred. The first gla-
cial advance reached close to Irchel at ca. 2.6 Ma, trans-
porting sediment toward the northern Alpine Foreland.
Gravel aggradation can be linked to the beginning of a
deglaciation as a large amount of glacially transported
sediment was transported by meltwater; therefore, the
sediment supply increased (Benn & Evans, 1998; Savi
et al,, 2014). During the first deglaciation stage, the Irchel
Gravels were deposited on top of the Molasse bedrock.
It is likely that the currently preserved gravels are only
remnants and that the deposits were thicker at the time
of deposition. Deckenschotter are deposited in braided
river systems in a glaciofluvial environment (Claude
et al,, 2017; Graf, 1993). As braided rivers are character-
ized by lateral movement, this could also explain why
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Fig. 16 Elevation vs. distance plot showing positions of the dated Deckenschotter sites (between 2.6 Ma and ca. 1 Ma) and the current base level
of the Rhine (modified after Claude et al, 2019). Grey band indicates the base level of the River Rhine during the Deckenschotter times. HDS: Upper
Deckenschotter Deposits; TDS: Lower Deckenschotter Deposits
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there was negligible or limited incision (Vandenberghe,
2008). In a subsequent phase, glacial retreat and an inter-
glacial period prevailed. Indications for this warm period
are the fine-grained sediments in the Hasli formation
at Irchel, which overlie the Irchel Gravel and contain
mammal fossils, ostracods, or gastropods (Graf, 1993).
These fossils indicate that deposition occurred during
a warm, more humid period, while some of the fossils
point to deposition in a lacustrine environment and not
a river (Graf, 1993). Thereafter, glaciers again advanced
onto the northern Alpine Foreland, depositing the grav-
els at Stadlerberg and the Forenirchel Gravel at Irchel.
This aggradation phase was then interrupted by a sub-
sequent erosion phase. At Irchel, the Forenirchel Gravel
was partially eroded and the incision of the Ebni Channel
reached the Molasse. Incision might have been caused by
a reduced sediment supply and high meltwater discharge
(Ballantyne, 2002; Benn & Evans, 1998). The next glacial
advance was observed at Tromsberg, Siglistorf, Feusi,
Schartenflue at Irchel, and Chroobach. The Langacher
Gravel at Irchel was deposited on top of the Molasse
in the Ebni Channel. The third glacial advance was fol-
lowed by an incision phase that likely partially eroded
the Langacher Gravel and formed the Hiitz Channel. The
fourth glacial advance led to the aggradation of the Ebni
Gravel in the Ebni and Hitz channels. Within a short
period of time, the next erosion phase occurred, which
created space for the Steig Gravel to aggrade as a result
of the fifth glacial advance. The five glacial advances and
retreats implied by the results of this study must have
influenced the bedload and stream power, resulting in
three cut-and-fill cycles and the build-up of the Deckens-
chotter sequence at Irchel.

5.4 Landscape evolution

Prior to the deposition of the first Deckenschotter sedi-
ments, the northern Alpine Foreland was characterized
by a transient landscape with low relief, wide valleys,
and plateau-like hills (Claude et al, 2017, 2019; Gib-
bard & Lewin, 2009; Kuhlemann & Rahn, 2013; Miiller
et al,, 2002). This topography might have facilitated the
advance of glaciers into the northern Alpine Foreland
(Miiller et al., 2002). According to the sedimentology of
the Deckenschotter, it must have been deposited in the
proximity of glaciers. This indicates that the glaciers must
have reached the northern Alpine Foreland during the
periods when the Deckenschotter was deposited. There-
fore, we argue that the Deckenschotter gravels at Irchel
(Irchel Gravel and Forenirchel Gravel) and Stadlerberg
indirectly document the first expansion of glaciers from
the central Alps into the Alpine Foreland. Muttoni et al.
(2003) and Knudsen et al. (2020) suggested that glaciers
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reached the southern and northern Alpine Foreland after
the Middle Pleistocene Revolution (MPR; ca. 0.9 Ma;
Maslin & Ridgwell, 2005). Our results on the contrary
indicate an occurrence of foreland glaciations prior to the
MPR. The onset of Quaternary glaciation in the northern
hemisphere occurred at ca. 2.7 Ma (Gibbard & Lewin,
2009; Maslin & Ridgwell, 2005).

The first Deckenschotter glaciation seems to represent
the onset of Quaternary Alpine glaciation to the north-
ern Alpine Foreland, which would correspond to the
Marine Isotope Stage (MIS) 100, 102, or 104. The onset
of glaciation in the Alpine valleys must have occurred
prior to 2.6+0.1 Ma (if glaciers were present) and was
then restricted to the Alps. Later glacial advances must
have eroded the deposits and features related to the
early Alpine glaciation. Drainage reconstructions for the
period prior to 2 Ma indicate that the Alpine Rhine was
draining eastward into the Danube (e.g., Claude et al,,
2019; Liniger, 1966), whereas the base level of the Alpine
Rhine was inclined westward (Claude et al., 2019). The
rerouting of the Alpine Rhine towards the west is sug-
gested to have occurred at ca. 2.1 Ma (Kuhlemann &
Rahn, 2013; Miiller et al., 2002).

During the first phase, the Deckenschotter was depos-
ited in a normal stratigraphy without evidence of deep
incisions. Phase two was marked by the first cut-and-fill
cycle. At the beginning of phase 2, space was created for
the subsequent gravel aggradation due to a pulse of ero-
sion. During the second aggradation phase (ca. 1.5 Ma),
meltwater from the Rhine and from the Thur, Linth, and
Reuss Lobes caused the accumulation of the Deckens-
chotter at Chroobach, Irchel (Langacher Gravel), Siglis-
torf, Feusi, and Tromsberg (Graf, 1993, 2009). Based on
the presence of an intercalated till layer in the Decken-
schotter deposits at Feusi (Graf, 1993), as well as on the
clast morphometry indicating a glacial influence on the
transportation mechanism (Fig. 12), we suggest that this
phase was characterized by glaciers advancing farther
onto the northern Alpine Foreland than during the previ-
ous phases.

The final phase of Deckenschotter cut-and-fill
sequences was marked by a cycle of aggradation and
incision at ca. 1 Ma. During this time, meltwater from
the Linth and Reuss lobes incised previously deposited
Deckenschotter gravels and created accommodation
space for the aggradation of fresh material from the
eastern Central Alps; for example, the accumulation of
gravels at Iberig and in the Steig Channel at Irchel (Graf,
1993; Miiller et al., 2002 and references therein). The
Deckenschotter deposits were preserved as mesa-type
hills. This suggests that the base level dropped and the
local relief increased after ca.l Ma. As a consequence,
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enhanced incision prevailed at ca. 1 Ma, which has
also been observed at other locations in the Alps. For
example, based on dated cave sediments a tenfold
increase in erosion after 0.8—1 Ma was observed in the
Aare Valley. The delay in the abrupt increase in erosion of
around 1 Ma later than the onset of the glaciation in this
area might likely be explained by a threshold behavior
(Haeuselmann et al., 2007). In addition, the relief of the
Rhéne Valley increased due to erosion during the past
one million years (Valla et al.,, 2011). This relief increase
around 1 Ma was also explained to be induced by the
Mid Pleistocene Revolution (MPR) (Claude et al., 2019;
Haeuselmann et al., 2007).

6 Conclusions

In this study, we reconstructed the landscape of the Swiss
northern Alpine Foreland since the early Pleistocene
based on sedimentology and the cosmogenic nuclide
chronology of the Deckenschotter. The sedimentology
of the Deckenschotter indicates that the deposits origi-
nated from the Central and eastern Central Alps, as well
as from the Molasse, and that they were deposited in a
glaciofluvial environment. The established and existing
chronologies suggest that the Deckenschotter deposi-
tion occurred in three major accumulation phases at ca.
2.5 Ma, ca. 1.5 Ma, and ca. 1 Ma. During the early Pleis-
tocene, the base level was relatively constant. The cut-
and-fill sequences were controlled by changing stream
power and bedload due to glacial advances. In addition,
the 2.5 Ma glaciofluvial gravels document the first evi-
dence of glaciers in the northern Alpine Foreland. This
timing is synchronous with the onset of Quaternary gla-
ciation in the northern hemisphere at ca. 2.7 Ma (Maslin
& Ridgwell, 2005).

At Irchel, the results strengthen the evidence for
the presence of a more complex cut-and-fill architec-
ture in the Deckenschotter deposits. We suggest that a
cut-and-fill structure was present at all of the Deckens-
chotter deposits, not only at Irchel. Furthermore, subdi-
viding the Deckenschotter deposits that were deposited
by cut-and-fill cycles into HDS and TDS based on their
morphostratigraphy may not be concurrent with the
chronostratigraphy. Thus, deducing a relative chronol-
ogy based on the morphostratigraphy can be mislead-
ing. Therefore, we suggest using Deckenschotter as a
collective term instead of HDS and TDS. In addition, we
showed in this study that the petrography of the same
clasts does not necessarily mean the same age. Using
the isochron-burial ages and the petrographic analyses
from the Chroobach site, we established an initial chro-
nology of the easternmost Deckenschotter deposited by
the Rhaetian paleoglacier in the Swiss northern Alpine
Foreland.
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