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Abstract. We drilled a 210 m-thick succession of Quaternary sediments and extended it 30 m upsection with
information that we collected from an adjacent outcrop. In the 240 m-thick succession we identified 12 different
lithofacies, grouped them into five facies assemblages, and distinguished two major sedimentary sequences. A
sharp contact at 103 m depth cuts off cross-beds in sequence A and separates them from the overlying horizontal
beds in sequence B. Although the lowermost facies assemblage of each sequence includes a till deposited during a
period of ice cover, the two tills differ from each other. In particular, the till at the base of sequence A is dominated
by large clasts derived from the underlying Molasse bedrock, whereas the till at the base of sequence B has no
such Molasse components. Furthermore, the till in sequence A bears evidence of glaciotectonic deformation.
Both tills are overlain by thick assemblages of subaqueous, most likely glaciolacustrine and lacustrine facies
elements. The cross-bedded and steeply inclined sand, gravel, and diamictic beds of sequence A are interpreted
as deposits of density currents in a subaqueous ice-contact fan system within a proglacial lake. In contrast, the
lacustrine sediments in sequence B are considered to record a less energetic environment where the material
was most likely deposited in a prodelta setting that gradually developed into a delta plain. Towards the top,
sequence B evolves into a fluvial system recorded in sequence C, when large sediment fluxes of a possibly
advancing glacier resulted in a widespread cover of the region by a thick gravel unit. Feldspar luminescence
dating on two samples from a sand layer at the top of sequence B provided uncorrected ages of 250.3± 80.2 and
251.3± 59.8 ka. The combination of these ages with lithostratigraphic correlations of sedimentary sequences
encountered in neighboring scientific drillings suggests that sequence B was deposited between Marine Isotope
Stage 8 (MIS 8; 300–243 ka) and MIS 7 (243–191 ka). This depositional age marks the end of one stage of
overdeepening–fill in the perialpine Aare Valley near Bern.

1 Introduction

Periods of global cooling have caused fluctuations in ice
volume throughout the Quaternary, which is, for example,
recorded in marine sediments (Lisiecki and Raymo, 2005).
During these cool periods, ice sheets and glaciers have ad-
vanced from the polar areas to lower latitudes and from
mountainous regions to the lowlands. The European Alps and
their forelands were affected by these glaciations multiple
times, as pointed out more than 100 years ago (Heim, 1885;

Penck and Brückner, 1909). The most famous initial recon-
struction of the number and chronology of glacial advances
in the Alps by Penck and Brückner (1909) has evolved to-
wards a detailed knowledge about the complexity of this
chronology, yet these details have still been a matter of scien-
tific debate in the past years (e.g., Fiebig and Preusser, 2008;
Ehlers et al., 2018). This debate is further complicated by
the fact that glacial advances from the Alps to their forelands
were regionally variable through the course of the Quater-
nary. On the global scale, it was recognized that the peri-
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odicity of glacial cycles increased from 41 to 100 ka, prob-
ably due to an increased eccentricity forcing (e.g., Ruddi-
man et al., 1986; Lisiecki, 2010) during the Middle Pleis-
tocene climatic Transition (MPT, 1250–700 ka; Clark et al.,
2006). Studies of the topographic evolution in the Central
Swiss Alps suggest that glacial valley erosion started to in-
crease during the MPT (Haeuselmann et al., 2007b; Valla
et al., 2011). It was also proposed that glacial overdeepen-
ing of valleys in the northern Alps and in their foreland was
initiated during the MPT (Schlüchter, 2004). Overdeepen-
ings are local bedrock troughs where the rock surface is be-
low the present-day base level. These bedrock depressions
thus provide accommodation space where fragmented and
potentially intact glacial–interglacial sedimentary sequences
could accumulate after glacial retreat. Hence, overdeepen-
ings have the potential to preserve the sedimentary record
throughout repeated glacial cycles (Preusser et al., 2010;
Cook and Swift, 2012). Numerous extensive overdeepen-
ings were formed in the Swiss Alps and on the Swiss
Plateau (Fig. 1a, b), where a minimum of eight Quaternary
glaciations has been recognized so far in the sedimentary
record, including archives recovered from these overdeepen-
ings (Keller and Krayss, 2010; Preusser et al., 2011). One of
these large glacial troughs, which is referred to as the Aare
Valley overdeepening, is situated in the greater Bern area be-
tween the Jura Mountains and the Aar Massif in the Central
Alps (Fig. 1a, b; Reber and Schlunegger, 2016).

Among the various glacial archives, surficial deposits of
the Last Glacial Maximum (LGM, i.e., the state of local max-
imum ice extent; Ehlers et al., 2018), such as moraines, have
been thoroughly investigated because of their easy accessi-
bility. Hence, the LGM is probably the most investigated
and best reconstructed glacial advance among the Quaternary
glaciations in the Alps. Dating of Alpine LGM moraines sug-
gests a correlation with the timing of the maximum global
ice volume during Marine Isotope Stage 2 (MIS 2, 29–
14 ka; e.g., Ivy-Ochs et al., 2008). On the Swiss Plateau and
in the Jura Mountains, moraines and boulders, situated be-
yond the LGM ice extent, were tentatively assigned to the
MIS 6 (191–130 ka), yet the scatter in the assigned ages
is large (e.g., Bickel et al., 2015; Graf et al., 2015). An
MIS 6 age has also been proposed for the basal sediments
encountered in a drilling about 150 km northeast of Bern
(site Niederweningen; Dehnert et al., 2010). The sedimentary
record of the oldest glaciations in the Northern Alpine Fore-
land, which occurred during the Early Pleistocene (2.58–
0.77 Ma), is preserved on top of local heights in the “Deck-
enschotter” deposits (Bolliger et al., 1996; Haeuselmann
et al., 2007a; Akçar et al., 2017; Claude et al., 2019). How-
ever, results from a recent study that employed a probabilis-
tic framework to interpret cosmogenic nuclide-based ages
(Knudsen et al., 2020) contradict the biostratigraphic cor-
relation with the Early Pleistocene (Bolliger et al., 1996).
Apart from the Deckenschotter deposits, the majority of Mid-
Pleistocene sediments is rather unlikely to be preserved at

the surface and is therefore hardly accessible. Nevertheless,
Mid-Pleistocene sedimentary sequences were encountered
by drillings in overdeepenings at different locations across
the Swiss Plateau, including the area investigated in the
present study (e.g., Schlüchter, 1989; Preusser et al., 2005;
Dehnert et al., 2010; Buechi et al., 2017). Although these
drillings showed that the overdeepening fill mainly com-
prises fluvio-lacustrine sediments postdating the MPT, they
currently present point information within a limited regional
context. Accordingly, a tight network of drillings is required
to fill the gaps in information and particularly to improve our
understanding of the Quaternary history of the Alps (e.g., the
“Drilling Overdeepened Alpine Valleys project”, Anselmetti
et al., 2014).

Here, we conducted such a drilling in the confluence area
of the Rhône and Aare glaciers (Fig. 1c) with an effort to re-
construct the sedimentary and landscape dynamics that can
be expected in a glacial-to-glaciolacustrine setting (Buechi
et al., 2017; Fabbri et al., 2018; Sutherland et al., 2019). We
selected the Bern area for this drilling because the recently
modeled bedrock topography implied a sediment thickness
of 150 m (Fig. 1d; Reber and Schlunegger, 2016). Further-
more, previous drillings in the region (Sect. 3), mapping (Ge-
ologiebüro Kellerhals et al., 2000; Isler, 2005), and outcrops
provide a stratigraphic frame, which allows us to place the
point information of the drilling in a regional context.

2 Geological setting

The study area is located in the Middle Aare Valley (MAV)
between the border of the Alps and the city of Bern (Fig. 1b,
d). Glaciers originating in the Central Alps advanced into
the MAV repeatedly during the Quaternary (e.g., Schlüchter,
1989; Preusser et al., 2005; Wüthrich et al., 2018). During the
LGM the confluence of the more voluminous Valais/Rhône
lobe and the Aare glacier was located at the downstream ter-
minus of the MAV (Fig. 1c; Bini et al., 2009; Ehlers et al.,
2011). Abundant traces of the LGM are present in the Bern
area as terminal moraines, drumlins, till cover, and outwash
plains (Fig. 1c). The Aare glacier retreated from the Bern
area ca. 20 ka ago (Wüthrich et al., 2018). The region was
ice free by 17 ka at the latest (Meichtry, 2016). In the 1980s,
two scientific drillings were conducted to unravel the glacia-
tion history of the region beyond the LGM cover (Meikirch
and Thalgut, Fig. 1c, d). The cored material was analyzed
for pollen biostratigraphy and luminescence dating (Wel-
ten, 1982, 1988; Schlüchter, 1989; Preusser and Schlüchter,
2004; Preusser et al., 2005). The results of the investigated
drillings showed that the sediment infill of the overdeepened
MAV is locally as old as MIS 11 (424–374 ka; Koutsodendris
et al., 2012) or possibly even older (Sect. 3).

In the MAV, the bedrock consists of early Miocene flu-
vial sandstones and overbank fines, which are referred to
as the Lower Freshwater Molasse (LFM; Platt and Keller,
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Figure 1. (a) Distribution of overdeepenings in the Swiss Alps and Plateau. For data availability, see below. The green box outlines the extent
of the study area as shown in (d). (b) Location map of the geographic (bold font) and geologic (normal font) settings in the vicinity of the
study area. (c) Surface distribution of deposits from the last glaciation. The maximum extent of glaciers during the LGM is indicated along
with the flow directions (green arrows) of the Rhône and Aare ice streams (modified from Ehlers et al., 2011). The locations of the Meikirch,
Rehhag, and Thalgut drill sites are marked. (d) This map shows the varying thickness of the sediment fill in the MAV overdeepening as
derived from the bedrock model (see below). The locations of the Meikirch, Rehhag, and Thalgut drill sites are marked. Numbers (i) to (iv)
indicate branches of the MAV overdeepening as mentioned in the text (Sect. 2). These branches are (i) the N-directed continuation of the main
overdeepening, which is ca. 8.5 km long, (ii) an isolated bedrock depression (Meikirch trough) located 2 km north of the distal termination
of the main trough, (iii) a ca. 2 km-long SW-oriented branch situated about 1 km SW of Bern, and (iv) a ca. 6.5 km-long SW-directed branch,
referred to as the Bümpliz trough. The green box shows the location of the map in Fig. 3, in which the local geology and morphology at the
Rehhag site atop the Bümpliz trough (iv) are presented in more detail. All elevation data are based on ASTER (NASA/METI/AIST/Japan
Spacesystems and U.S./Japan ASTER Science Team, 2019). The Reber and Schlunegger (2016) bedrock topography in (d) is part of the
bedrock surface model for Switzerland in (a). The Swiss-wide model is a composite of various data sets (Jordan, 2010; Dürst Stucki et al.,
2010; Dürst Stucki and Schlunegger, 2013; Reber and Schlunegger, 2016), and the model is available via the Federal Office of Topography
(Swisstopo). A free-of-charge high-resolution reconstruction of the bedrock topography in the Canton of Bern (Reber and Schlunegger,
2016) with a 10 m resolution in elevation is available through the canton’s geodatabase (http://www.geo.apps.be.ch/de, last access: 24 June
2021). The thickness of the Quaternary fill has been determined through the elevation difference between the modern topography and the
bedrock surface (e.g., Dürst Stucki and Schlunegger, 2013).

1992). The bedrock surface model of the MAV (Reber and
Schlunegger, 2016) shows the occurrence of an overdeepen-
ing beneath the current valley surface (Fig. 1d). According
to estimations by Dürst Stucki and Schlunegger (2013), the
Quaternary sediment infill in the MAV varies in thickness
between 150 and 300 m, yet the thickness reaches local max-

ima with more than 500 m. The MAV main trough is divided
into two branches (Aare and Gürbe) separated by a bedrock
ridge (Belpberg, Fig. 1d). At its terminus, four lateral troughs
depart from the main overdeepening (i–iv, Fig. 1d).
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3 Previous scientific drilling in the MAV

A first 160 m-deep drilling on the western flank of the Aare
branch (Fig. 1d) did not reach the base of the Quaternary
glacial fill (Fig. 2 left; Welten, 1982, 1988; Schlüchter, 1989;
Preusser and Schlüchter, 2004). At the deepest level between
462 and 536 m a.s.l., this Thalgut drilling encountered pollen
(Pterocarya and Fagus) embedded in lacustrine deposits. The
pollen assemblage was correlated with the Holsteinian in-
terglacial, the equivalent to MIS 11 (cf. de Beaulieu et al.,
2001; Koutsodendris et al., 2012). Attempts to use lumines-
cence dating on this part of the Thalgut section encountered
saturated samples, which supports the assignment of a rel-
atively old age through palynology (Lowick et al., 2012).
The overlying unit up to 593 m a.s.l. consists of a 50 m-thick
sequence of deltaic gravel foresets, 4 m of till, and 4 m of
lacustrine deposits, which were interpreted as deposits of
an advancing and retreating glacier (possibly during MIS 8,
300–243 ka). A hiatus is located at 593 m a.s.l. The section
overlying this hiatus includes 15 m-thick glaciofluvial gravel
foresets, which are overlain by 3 m-thick interglacial lacus-
trine deposits and 3 m-thick glaciofluvial gravel beds. Results
of luminescence dating (Preusser and Schlüchter, 2004) and
pollen analyses (Welten, 1982, 1988) allowed these authors
to link the lacustrine sediments to the Eemian, which cor-
responds to MIS 5e (129–111 ka; e.g., Brauer et al., 2007).
Paleosol formation at 614 m a.s.l. and below indicates a time
span without sedimentation and thus points towards the oc-
currence of another hiatus. Preusser and Schlüchter (2004)
linked this hiatus to an interstadial prior to the LGM. The up-
permost 6 m-thick succession consists of glaciofluvial gravel
beds and of an LGM till (MIS 2).

A second drilling conducted north of Bümpliz into the
Meikirch trough (Fig. 1c) retrieved a continuous sedimentary
succession that spans from 518 to 608 m a.s.l. (Fig. 2 right;
Welten, 1982, 1988). The suite is characterized by lacustrine
mud beds, containing three segments with different inter-
glacial pollen assemblages. The sequence is topped by a 6 m-
thick suite of glaciofluvial gravel. The 110 m-thick sequence
is framed by two glacial tills at the base and at the top. Lumi-
nescence dating allowed Preusser et al. (2005) to link these
sediments to two successive glaciations, which were inter-
rupted by an interglacial period. The aforementioned authors
considered the sediments to chronicle the time interval from
MIS 8 through MIS 7 (243–191 ka) to MIS 6 (191–123 ka).
A hiatus separates the succession described above from an
LGM till (MIS 2) at the top.

4 Site survey and drilling

The main goal of this study was to recover the record of
at least one glacial–interglacial cycle, which should, prefer-
ably, include the Eemian (i.e., MIS 5e) or any older in-
terglacial. We considered locations with inferred sediment
thicknesses over 100 m to increase the probability of recov-

Figure 2. Left: modified log of the Thalgut drill core (Welten,
1982, 1988; Schlüchter, 1989; Preusser and Schlüchter, 2004).
Right: modified log of the Meikirch drill core (Welten, 1982, 1988;
Preusser et al., 2005). The luminescence ages and respective er-
rors (in brackets) of the uppermost and lowermost samples as de-
termined by Preusser et al. (2005) are displayed in the log (508 and
600 m a.s.l.).
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ering one full glacial–interglacial cycle. Furthermore, the
newly drilled section should potentially allow a correlation
with the previously drilled MAV suites. Thus, we collected
information from drilling reports and geological maps to as-
sess the stratigraphic architecture of the MAV sedimentary
fill. We targeted outcrops of Pleistocene lacustrine deposits
during this reconnaissance, because they had the greatest po-
tential to contain fine-grained sediments that could be en-
riched in pollen and were most likely formed within the
desired age range. Using these constraints, we located the
drilling above the Bümpliz trough (Fig. 1d, location iv; posi-
tion CH1903+/LV95: 2595232, 1197952; WGS 84: 46.9326,
7.3760) near an abandoned clay pit, referred to as the Re-
hhag outcrop, which we trenched, sampled, and mapped in
the field and acquired aerial images of (Fig. 3). This outcrop
is located on the western flank of the Wangen Valley (Fig. 3a)
and unveils a 35 m-thick (567–602 m a.s.l.) sedimentary suc-
cession of lacustrine deposits that underlie a thick glacioflu-
vial gravel unit (locally ca. 30 m; Fig. 3b; Isler, 2005). The
outcrop exposes a shift from a lacustrine environment to a
fluvial setting and was used to extend the sedimentary se-
quence recovered in the drilling. Additionally, two samples
from a well-sorted sand unit within the succession were col-
lected for optically stimulated luminescence dating (OSL;
see below).

Drilling was conducted by Fretus AG between February
and May 2019, using a Nordmeyer DSB 1/6 mobile rig to a
total depth of 211.5 m. A total of 207 core sections, each 1 m
long, and 9 sections, 0.5 m in length, were retrieved in plastic
liners. A down-the-hole percussion coring tube was used up
to a depth of 37 m, and it was replaced by a CSK-146 wireline
diamond coring system for the remaining 171.5 m of uncon-
solidated sediment and 3 m of bedrock. The first 30 m were
cased with 324 mm casing, followed by 6 m with a 280 mm
casing, while the lower diamond coring section remained un-
cased. When the rod was removed to exchange the drill bit,
the hole was stabilized by a drilling mud consisting of wa-
ter with additions of biodegradable polymer and bentonite.
Water inflow was recorded at depths of 3–4 and 8–9 m. Ma-
jor drilling fluid losses occurred at a depth of 168–169 m. A
core recovery rate of 92.3 % was achieved, 6.6 % of the core
had lost all structures due to disturbance during drilling, and
only 1.1 % of the core was physically lost.

After retrieval, the liners were capped, provisionally
marked, and kept in wooden boxes with direction markers,
name tags, and the respective driller depth to allow proper
storage. The cores were weighed in as a first estimate of
core recovery. Parallel to the drilling operations, cores were
regularly transported to the Institute of Geological Sciences,
University of Bern, for their investigation in the off-site core
laboratory. The drill hole was cemented after the completion
of the drilling operations, following official cantonal regula-
tions. The core is stored in the Swisstopo core repository and
is available for further investigation.

5 Methods

5.1 Core logging and sampling

We measured γ density, loop magnetic susceptibility, and P-
wave velocity values at a 0.5 cm resolution (Schultheiss and
Weaver, 1992) with a Multi Sensor Core Logger (MSCL;
Geotek Ltd.) at the off-site core laboratory. Because the cou-
pling between the P-wave instrument, the liner, and the core
material could not be maintained, we did not consider these
values for further investigations. The data set of the density
and loop magnetic susceptibility, which consists of more than
42 000 readings per parameter, includes outliers that were
measured at both ends of a liner. These were disregarded
from the subsequent analysis. After logging with the MSCL,
the liners were opened under light-sensitive conditions (i.e.,
in a dimmed room and under red light). One half of the core
was packed and stored in two layers of lightproof tubular film
to preserve the material for future extraction of luminescence
samples.

After splitting, individual cores were logged (Sect. 5.2),
and the material was scanned with a digital line scanner on
the MSCL under stable lighting conditions to ensure con-
sistent colors on the photos. We then measured the shear
strength values particularly of fine-grained and silt-rich ma-
terial with a vane meter (max. 250 kPa; Eijkelkamp, 2012) to
complement the information yielded by the γ density anal-
ysis. However, the degree of consolidation was locally too
high to allow penetration with the vane meter. As the last
step, we collected samples for the determination of the pollen
and carbon content (total carbon TC, total inorganic carbon
TIC, and total organic carbon TOC).

5.2 Sediment description

The sediment was logged at the scale of individual beds in the
direction of the drilling, i.e., downsection. The description
followed a modified template of Krüger and Kjær (1999) for
deposits in glacial environments. We then followed state-of-
the-art approaches to characterize and interpret the sedimen-
tological observations (e.g., Rose and Menzies, 2002; Buechi
et al., 2017; Rosenblume and Powell, 2019; Sutherland et al.,
2019). Accordingly, each sediment bed was first assigned to
a lithofacies based on upper and lower bed contacts, the bed
thickness, the grain size, the clast shape, and the sedimen-
tary structures. This information built the basis for inferring
a transport and deposition mechanism for individual lithofa-
cies (Sect. 6.1 and Appendix A). As a final step, the encoun-
tered strata were grouped into different facies assemblages
(FAs) based on their position within the cored sedimentary
succession, their lithofacies, and distinct changes in the suc-
cession of lithofacies (Sect. 7). The lithofacies assemblages
then built the basis for developing a scenario of how the sed-
imentary environment has evolved through time (Sect. 8.2).
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Figure 3. (a) Detailed overview of the abandoned Rehhag clay pit with the OSL sample location and two trenches. At these three positions,
the composition, texture, and fabric of the sediment were analyzed in more detail, as these are the sites that record the transition from a
lacustrine to a fluvial environment. The displayed geological map resulted from our mapping in the clay pit. More detailed information is
available in Sect. 4. The outcrop sequence overlaps with the sedimentary sequence recovered in the drilling at an elevation of 567 m. a.s.l.
or 4 m core depth. The map inlet shows the entire Rehhag clay pit and the location of the drill site. Furthermore, the position of the cross
section in (b) is indicated, along with the outline of the overdeepening and part of the adjacent Wangen Valley. (b) SW–NE-oriented cross
section through the study site, showing the geological details at the Rehhag (2× exaggerated). The lacustrine sediments correspond to the
top of sequence B, whereas the fluvial gravel beds correspond to sequence C in this paper (Forstschotter; Sect. 8.2). In the section, the LGM
till is only a few meters thick. Note the 23◦ shift relative to the north. The elevation data in the main map were produced from a drone survey.
Elevation data in the inlet map with 2 m resolution from © Swisstopo.

5.3 Optically stimulated luminescence dating

Two samples (RE-01 and RE-03) from a well-sorted, 10 m-
thick sand unit within the succession at the Rehhag outcrop
were collected for feldspar luminescence dating (Fig. 3). We
used 18 cm-long, 4.6 cm-wide, capped, and lightproof PVC
tubes to collect the unconsolidated sand. Dose rate samples
were scraped around the tubes into plastic bags prior to the
extraction of the tubes. Feldspar infrared stimulated lumi-
nescence (IRSL) signals from multi-grain aliquots (1 mm)
were measured at 50 and 225 ◦C with a Risø luminescence
reader and a single-aliquot regenerative-dose (SAR; Murray
and Wintle, 2000) post-IR IRSL protocol based on Buylaert
et al. (2009). Further methodological details are described in
Appendix B.

Luminescence measurements were analyzed with the
R.Luminescence package (Kreutzer et al., 2012). In a first
step, in addition to the standard quality criterion, the sat-

uration of the apparent equivalent dose (De) per individual
aliquot was tested (by the 2D0 rule: De> 2D0 =̂ saturation;
Wintle and Murray, 2006). The sample equivalent dose (ED)
was then calculated from the apparently unsaturated aliquot
De data using the Central Age Model (CAM; Galbraith and
Roberts, 2012). In a second step, a fading correction based
on Kars et al. (2008) was individually applied to each un-
saturated aliquot De, the results of which were then tested
again for saturation and eventually used for the calculation
of a fading-corrected age. The K, Th, and U contents were
measured by high-resolution gamma spectrometry to deter-
mine the natural dose rate for each sample in order to cal-
culate the sample ages. Further methodological details are
available in Appendix B. The R script that was written for
this analysis can be accessed at the drilling data repository
(Schwenk et al., 2021).
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5.4 Palynology

A total of 10 samples (2 cm3 each) were collected for a
preliminary palynological analysis. The samples were taken
from different fine-grained beds within the upper 72 m of the
core to identify segments where pollen concentrations are
suitable for a more extensive analysis. Before the chemical
treatment, all samples were soaked in distilled water, and Ly-
copodium tablets were added (Stockmarr, 1971). The stan-
dard lab protocol was applied following Moore et al. (1991)
using HCl, KOH, HF, and acetolysis. The hydrofluoric acid
treatment was repeated due to the high content of lithogenic
components in all samples. For pollen identification, a trans-
mitted light microscope with different magnifications, paly-
nological keys (Moore et al., 1991; Beug, 2004), the paly-
nological atlas of Reille (1992), and the reference collection
of the Institute of Plant Sciences, University of Bern, were
used.

5.5 Organic and inorganic carbon

Throughout the core, 16 clayey silt layers and an additional
49 silt and sand layers were sampled for the determination of
their carbon content. The TC, TIC, and TOC concentrations
were measured with a Thermo Scientific Flash 2000 Smart
(Thermo Fischer, Waltham, MA, USA). The CaCO3 content
of the sediment can be determined under the assumption that
the measured inorganic carbon was solely bound in carbonate
minerals. The multiplication of the TIC by a stoichiometric
factor of 8.33 results in the respective carbonate concentra-
tion.

6 Results

6.1 Sediment inventory

6.1.1 Bedrock

The Rehhag drilling recovered a total of 211.5 m of core
material (Fig. 4). In the lowermost 3 m the drilled section
consists of red, yellow, and predominantly green-gray fine-
grained sandstone beds that are interbedded with thin and
light-colored siltstone, which displays abundant mottling.
Given the high grade of consolidation, reddish color, mot-
tling, and fabric of the sediments, these sandstones are at-
tributed to the Lower Freshwater Molasse Group (LFM; Platt
and Keller, 1992) and are considered to represent the bedrock
at the base of the overdeepening. The overlying Quaternary
sediments follow upon a sharp contact with the Molasse
bedrock. Accordingly, we place the top of the bedrock at an
elevation of 362.5 m a.s.l.

6.1.2 Lithofacies of the Quaternary suite

The overlying 208.5 m-thick Quaternary suite (Fig. 4) and
the sediments exposed in the Rehhag clay pit (Fig. 3a, b)

were categorized into 12 lithofacies (lfs; Fig. 4). Please refer
to Table 1 and to Appendix A for a full description of the
lithofacies and to Fig. 5 for illustrations of specific sedimen-
tary features. In general, the Quaternary succession is domi-
nated by well-sorted sand beds or characterized by units with
a sandy component. Fine-grained sediments such as clayey
silt beds also contribute to the succession but are less fre-
quently observed than the sandy layers. Coarse-grained ma-
terial such as pebble and gravel beds (and larger grain sizes),
however, is less frequent but dominates the lithofacies on top
of the cored suite (i.e., Forstschotter, Sect. 4). Generally, a
good to moderate degree of sorting is present in lfs 1 to 10.
The stratified diamicts of lithofacies 11 (Dms) and the mas-
sive diamicts of lithofacies 12 (Dmm) deviate from this pic-
ture as the material is poorly sorted (Dms and Dmm) and
lacks a sedimentary organization of the material (Dmm). In-
terestingly, Dmm deposits are encountered in two depth in-
tervals between 83 and 103 m and at the base of the drilled
Quaternary suite between 194 and 208.5 m depth (Fig. 4).
Accordingly, we used these diamicts to subdivide the Quater-
nary succession into a lower sequence A (between 208.5 and
103 m depth) and an upper sequence B (uppermost 103 m)
where each sequence starts with a > 10 m-thick succession
including massive diamicts. In this context, the massive di-
amicts are referred to as Dmm.1 or Dmm.2 if they occur at
the base of sequence A or sequence B, respectively.

6.1.3 Oversteepened beds, strike-slip faults, and
subhorizontal shear planes

Contacts with a dip angle > 40◦ are present in the core sec-
tions at 108–109 m and 119–120 m depths and occur within
successions of beds with variable grain sizes in the range
of sand and variable admixture of a silty component (e.g.,
Fig. 5i). The encountered dipping angles are steeper than can
be expected from silt and sand deposits (e.g., Beakawi Al-
Hashemi and Baghabra Al-Amoudi, 2018). Hence, we con-
sider these beds to be evidence for localized oversteepening,
which occurred after the deposition of the material.

A staircase structure cuts across the contact between a
medium-grained sand and a silty fine-grained sand in the cen-
ter (46 cm section depth) of the core section 124–125 m. This
staircase consists of three steps that have relative vertical dis-
placements of 4 and 1.5 cm from the lower left-hand to upper
right-hand sides of the core, respectively. Upsection of the
staircase, beds appear to be displaced along two subvertical,
undulating lines that separate the three steps. Downsection
of the staircase, the displacement becomes less visible, and
it dissipates into small-scale ruptures and irregularities from
55 cm and below. We consider these steps to result from a
displacement of the material along a set of two subvertical
shear planes (i.e., faults). Because the fault traces dissipate
downsection of the staircase, we interpret this structure as
resulting from strike-slip rather than normal faulting.
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Figure 4. Drill log of the presented Rehhag drilling and the sequentially overlying outcrop in the Rehhag clay pit. Blank spaces in the log
show considerable core loss. The depth from the top of the drilling is shown on the left-hand side and absolute elevation on the right-hand
side of the figure. The figure also displays the logging results of the magnetic susceptibility, γ density, shear strength, TOC and CaCO3
concentration measurements. The left-hand side of the log illustrates the distribution of lithofacies assemblage, and the respective lithofacies
are noted. The sedimentary succession can be divided into two major sequences that were each initiated by a glacial advance. The basal till in
each sequence is overlain by a thick assemblage of lacustrine deposits. The lower sequence A was formed in an ice-contact fan environment
of a proglacial lake. The upper sequence B was formed from turbid underflows in a proglacial lake or deposited by turbid underflows in a
lacustrine prodelta environment. The entire sequence is overlain by fluvial braidplain deposits, which can be considered a third sequence C, as
this unit potentially transitions to another glacial period. An LGM till (Holocene) unconformably overlies the considerably older, Pleistocene
sequence.

Sci. Dril., 30, 17–42, 2022 https://doi.org/10.5194/sd-30-17-2022



M. A. Schwenk et al.: Successful drilling into the Quaternary sediment infill of the overdeepened Aare Valley 25

Table 1. This is a summary of the 12 lithofacies elements identified in the drill core, their main properties, and interpretation. Detailed
descriptions can be found in Appendix A. Illustrative core photos are displayed in Fig. 5.

No. Lithofacies Description Interpretation

1, Gsc Gravel with basal scours
(Fig. 5a), outcrop only

Moderately sorted, clast-supported, subrounded to rounded,
fine-grained to cobble-sized gravel, sandy matrix; 10–100 cm-
thick beds; concave-upward features, imbrication, normal, in-
verse, and normal to inverse grading; Alpine lithologies Ap-
pendix A

(Glacio)fluvial gravel

2, Ghb Horizontal-bedded gravel,
below 185 m

Moderately sorted, clast- and matrix-supported, subangular to
rounded, fine- to medium-grained gravel, sandy matrix; 3–
70 cm-thick beds; horizontally bedded; normal, inverse, and
inverse-to-normal grading; Alpine lithologies

Hyperconcentrated (or
concentrated) density
flows (proximal)

3, Gcb Cross-bedded gravel, below
185 m

Moderately sorted, clast- and matrix-supported, subangular to
rounded, fine- to medium-grained, sandy matrix; 5–70 cm-thick
beds; inclined at 15–30◦; normal, inverse, and inverse-to-normal
grading; Alpine lithologies

Concentrated (or hyper-
concentrated) density
flows (proximal)

4, Sm Massive sand, core only Well-sorted silty fine- to medium-grained sand; 30–100 cm-thick
beds; massive, clusters of outsized clasts

Hyperconcentrated
density flows

5, Shb Horizontal-bedded sand
(Fig. 5b), entire core &
outcrop

Well-sorted silty fine- to medium-grained sand; 5–40 cm-thick
beds; horizontally bedded; massive, normal, inverse, inverse-to-
normal grading

Quasi-steady hyperpyc-
nal turbidity currents or
braidplain

6, Scb Cross-bedded sand, below
107 m

Well-sorted silty fine- to medium-grained sand; 5–40 cm-thick
beds; inclined at 10–35◦; massive, normal, inverse, inverse-to-
normal grading, cross-beds

Concentrated density
flows

7, Slm Laminated sand (Fig. 5c),
below 185 m

Well-sorted silty fine- to medium-grained sand; 20–50 cm-thick
beds; horizontal, inclined at 10–35◦; silt-rich or silt laminae,
subparallel; cross-beds

Turbidity flows

8, Sdf Deformed sand, core only Well-sorted silty fine- to medium-grained sand; 5–50 cm-thick
beds; horizontal and inclined; disorganized, wavy, and folded
structures

synsedimentary convo-
lution or water escape

9, Fdf Deformed mud and sand
(Fig. 5d), above 21 m &
outcrop

Clayey silt, silty to fine-sandy medium-grained sand; distorted
and folded interbeds; thickness undiscernible

Synsedimentary
convolution

10, Fm Massive mud (Fig. 5e),
core only

Very well-sorted clayey silt; 1 to > 100 cm-thick beds; massive Settling in stagnant
water or Bouma Te

11, Dms Stratified diamict (Fig. 5f),
below 103 m

Poorly sorted, silty fine-grained sand, outsized clasts of coarse-
grained sand to cobble-sized material; 10 to > 100 cm-thick
beds; horizontal, inclined at 20–30◦; massive matrix; subangular
to rounded clasts, Alpine lithologies; bands of clasts indicating
bedding orientation

Hyperconcentrated den-
sity flow (proximal)

12, Dmm Massive diamict (Fig. 5g
and h), core only

Poorly sorted, matrix-supported, silty to medium-sandy matrix,
coarse sand to cobble-sized clasts; 20 to > 100 cm; massive, un-
stratified; subangular to rounded clasts, Alpine lithologies; at
the bedrock contact angular to subangular clasts, coarse sand to
boulder, Molasse sandstone

Subglacial deposition

A third feature was found in the lowermost 3.5 m (205–
208.5 m) above the bedrock contact within diamictic beds of
Dmm.1 (Fig. 4). The corresponding beds contain subhori-
zontal clay bands up to 5 cm thick, which are, on a smaller
scale, composed of thinner wavy sub-bands with a large vari-

ety of colors, including green, yellow, brown, and red. Each
of the larger bands includes a singular, dark straight line,
which upon core opening shows a plane that reflects the light
similar to slickensides (Fig. 5j). One such band (Fig. 5h)
hosts a dark red and trapezoid clast, where the band mate-

https://doi.org/10.5194/sd-30-17-2022 Sci. Dril., 30, 17–42, 2022



26 M. A. Schwenk et al.: Successful drilling into the Quaternary sediment infill of the overdeepened Aare Valley

Figure 5. Photos of eight illustrative core sections. For lithofacies descriptions, see Appendix A and Table 1. (a) Ghb, QDR-RE-IfG 175,
170–171 m: clast-supported, fine- to medium-grained gravel beds with a sandy and silty matrix and sand interbeds. (b) Shb, QDR-RE-IfG
063, 59–60 m: sandy deposits with a distinct normal grading between 10 and 57 cm. (c) Slm, QDR-RE-IfG 187, 182–183 m: cross-bedded,
laminated sand beds. (d) Fdf, QDR-RE-IfG 011, 10–11 m: fine-grained sediments showing deformation, most probably due to slumping.
(e) Fm, QDR-RE-IfG 043, 39–40 m: thick clayey silt layer with a gradual contact atop a normally graded sand. The upper contact is sharp.
(f) Dms, QDR-RE-IfG 144, 139–140 m: mud beds with outsized clasts showing an inclined bedding and arrays of clasts where the a–b
planes are aligned parallel to the bedding. (g) Dmm.2, QDR-RE-IfG 106, 101–102 m: upper till void of sedimentary structures. (h) Dmm.1,
QDR-RE-IfG 212, 207–208 m: lower till showing colored clay bands hosting glaciotectonic shear planes at 49, 60, 81, 90, and 97 cm. Note
the probably rotated clast at 90 cm depth. (i) QDR-RE-IfG 115, 108–109 m: example of oversteepened beds. The apparent dip is ca. 52◦.
(j) QDR-RE-IfG 212, 207–208 m: example of a shear plane (arrow) in Dmm.1. The inset shows the apparent dip of the plane and a projection
of the plane into the cored material based on the prepared foot wall surface (black polygons).

rial is wrapped around the particle and forms a blanket that
tapers off on both sides of the clast. These structures share
similarities to shear planes that can be formed by the glacio-
tectonic brittle deformation of a till (e.g., van der Wateren,
2002; Phillips, 2018). Probably, the clay bands atop or on
both sides of these shear planes represent a fault gouge. In
this context, the trapezoid clast described above could re-

semble an augen-like rotational clast right above such a shear
plane.

6.2 Shear strength and γ density

The mean density within the bedrock section of the core is
as high as 2.55 g cm−3 and then decreases distinctly at the
transition from the Lower Freshwater Molasse bedrock into
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the unconsolidated Quaternary sediment at 208.5 m depth
(Table 2 and Fig. 4). Within the entire sediment infill, the
mean density is slightly increased in the assemblages which
contain the Dmm (2.28± 0.24 and 2.17± 0.24 g cm−3)
and Dms (2.24± 0.18 g cm−3) lithofacies. The assemblages
that mainly consist of sand show reduced density values
(2.17± 0.19 and 2.13± 0.14 g cm−3). Overall, the density of
the lower sequence A is notably higher than that of the over-
lying sequence B. The highest density values in the sedimen-
tary suite are well aligned with peaks in the shear strength
data. The highest shear strength values are measured for co-
hesive sediments, i.e., silt or silty beds, whereas sand beds
show the lowest shear strengths throughout the entire core.

6.3 Magnetic susceptibility

After the rejection of outliers, the magnetic susceptibility
(MS) data show two distinct patterns along the core (Fig. 4).
A higher MS amplitude is measured in the lower half of the
core up to a depth of 85 m, where the signal is attenuated.
The signal then remains at lower levels upsection. The mean
MS values in sequences A (59.90± 330.83× 10−6) and B
(59.56± 105.97× 10−6) are closely aligned despite the dif-
ferent scatter of the data.

Generally, MS peaks are caused by fine-grained sediment
particles or gravel clasts with an iron component. Highest
MS peaks can be caused by metallic particles chipped off the
drill head and rod. Furthermore, data peaks are encountered
in core sections that were disturbed by the drilling (e.g., me-
ters 171–173).

6.4 Optically stimulated luminescence measurements

Following the first step of the R routine, which was applied
to the IRSL measurements of samples RE-01 and RE-03, the
De of all aliquots but one were kept for the IR50 signal, while
half and one-third of the De of the aliquots were dismissed
for the pIRIR225 signal due to clear saturation (De> 2D0;
Table 3). Apparent sample EDs of 520.4± 121.2 and
474.8± 115.4 Gy for the IR50 signal and of 555.2± 173.8
and 586.4± 132.4 Gy for the pIRIR225 signal were cal-
culated for RE-01 and RE-03, respectively, which are
equivalent to ages of 234.6± 57.0 ka/203.4± 51.7 ka (IR50)
and 250.3± 80.2 ka/251.3± 59.8 ka (pIRIR225). After fad-
ing correction and further evaluation of possibly saturated
aliquots, an ED of 788.9± 379.3 Gy was derived (from
CAM) for sample RE-03 for the IR50 signal, which yielded
a fading-corrected age of 338.0± 164.5 ka. No fading-
corrected ages could be calculated for the pIRIR225 and for
the sample RE-01 (either signal) as all aliquots clearly indi-
cated saturation after fading correction. All results from lu-
minescence and related measurements are presented in Ta-
ble 3.

6.5 Palynology and carbon content

Despite the additional hydrofluoric acid treatment, the con-
centrations of fine-grained lithogenic components in the
pollen samples were still remarkably high. Pollen concen-
trations were extremely low in all samples. In fact, pollen
was found in only 4 of the 10 samples, and never more than
three grains were encountered. Four grains could be identi-
fied as either Poaceae (39.24; 36.38; 20.89 m) or Rumex ace-
tosa (35.11 m) type. All other grains (n= 3) were either cor-
roded or fragmented beyond determinability. Abundant Ly-
copodium spores were identified in all samples, ensuring that
low pollen concentrations do not reflect a loss of pollen dur-
ing chemical treatment.

The mean TOC throughout the core is 0.19± 0.08 wt %,
and the mean TIC is 4.32± 0.73 wt %, or correspond-
ingly, the mean calcium carbonate concentration is
36.02± 6.12 wt %. The mean TOC concentrations in se-
quences A and B are very similar and are at 0.19± 0.09 wt %
and 0.19± 0.08 wt %, respectively. The lowest TOC
concentrations were measured for the Dmm and the
neighboring sediments (Dmm.1 0.11± 0.06 wt %, Dmm.2
0.08± 0.02 wt %; Fig. 4 and Table 2). The CaCO3 concen-
trations in sequence A are higher (39.72± 5.28 wt %) than
in sequence B (33.04± 5.07 wt %). Most significant is the
drop in the carbonate concentration around the two sections
of the sequence that contain Dmm beds, where the mean
concentrations are as low as 28.32± 10.05 (Dmm.1) and
27.16± 4.71 wt % (Dmm.2; Table 2). However, it has to
be noted that the mean CaCO3 concentration around the
Dmm.1 beds is based on the results of three readings only
(17.98 wt % and 28.92 wt % for Dmm.1 beds and 38.06 wt %
for a Scb bed). In total, seven TIC measurements were ob-
tained around the beds of Dmm.2, where the corresponding
carbonate concentrations range between 21.94 wt % and
32.27 wt %. Here, two measurements (87–88 m, 22.04 wt %;
103–104 m, 32.27 wt %) were obtained from Dmm.2 beds.
The remaining five readings were obtained from sand beds,
including the lowest value in the range (21.94 wt %).

7 Interpretation

The sorting, stratification, and fabric encountered in litho-
facies 1 to 10 point towards a deposition mechanism with
support by water (Sect. 6.1, Table 1 and Appendix A). Fur-
thermore, the gray colors observed in lfs 2 to 10 are an
indicator of the deposition in a non-oxidizing aquatic en-
vironment. After the carving or excavation of the investi-
gated glacial overdeepening, the bedrock trough was most
likely filled with water simultaneously to the glacial retreat
and to the onset of the waterlain deposition, thereby form-
ing a> 100 m-deep lake. Accordingly, lithofacies elements 2
through 10 were most likely formed in a lacustrine environ-
ment. The beds of lithofacies 1 were most probably deposited
in a fluvial setting. However, the interpretation of the diamic-
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Table 2. This is a summary of the identified lithofacies assemblages, their extent from the top of the drilling, their extent in absolute elevation
(surface 571 m a.s.l.), and the different lithofacies they comprise. The table also shows how the facies assemblages are grouped into the major
sequences. Along with the assemblages, the mean values of the measured γ density, TOC content, and CaCO3 concentration are presented.
The CaCO3 concentration of the bedrock is based on Blaser et al. (1994).

Facies Driller’s Elevation Lithofacies Sequence Magnetic γ density TOC CaCO3
assemblage depth (m) (m a.s.l.) susceptibility (g cm−3) (wt %) (wt %)

(×10−6)

Bedrock 211.5–208.5 359.5–362.5 45.91± 6.95 2.55± 0.31 0–20

FA 1 208.5–194.0 362.5–377.0 Dmm.1, Sdf, Shb, Scb
A

154.94± 845.58 2.28± 0.24 0.11± 0.06 28.32± 10.05
FA 2 194.0–141.0 377.0–430.0 Ghb, Gcb, Sm, Shb, Scb, Slm, Dms 50.89± 132.58 2.17± 0.19 0.20± 0.09 40.32± 2.55
FA 3 141.0–103.0 430.0–468.0 Dms, Sm, Shb, Scb, Sdf 36.21± 39.34 2.24± 0.18 0.19± 0.09 42.18± 1.68

FA 1 103.0–84.0 468.0–487.0 Dmm.2, Sdf, Shb, Scb
B

54.43± 31.28 2.17± 0.24 0.08± 0.02 27.16± 4.71
FA 4 84.0–(+20) 487.0–591.0 Sm, Shb, Sdf, Fm, Fdf 61.12± 119.77 2.13± 0.14 0.22± 0.07 34.46± 4.07
FA 5 (+20)–(+30) 591.0–601.0 Gsc (C) Outcrop only

Table 3. Details of the IR50 and pIRIR225 luminescence analyses of samples RE-01 and RE-03, including the details of the first step
analysis of the apparent (i.e., uncorrected) De, the details of the second step analysis for fading correction (Kars et al., 2008), and inputs for
the calculation of the natural dose with DRAC (Durcan et al., 2015). The table has “NaN” (not a numeric) entries where age calculations
were attempted but failed due to the elimination of saturated aliquots.

ID/signal OD (%) Step 1 EDapp (Gy) Apparent
nused/nmeasured age (ka)

RE-01/IR 50 ◦C 20 11/12 520.4± 121.2 234.6± 57.0
RE-01/pIRIR 225 ◦C 17 6/12 555.2± 173.8 250.3± 80.2
RE-03/IR 50 ◦C 22 12/12 474.8± 115.4 203.4± 51.7
RE-03/pIRIR 225 ◦C 8 9/12 586.4± 132.4 251.3± 59.8

g2d ρ′ Step 2 EDcorr (Gy) Corrected
(% per decade) nused/nmeasured age (ka)

RE-01/IR 50 ◦C 3.5± 0.1 2.4× 10−6
± 7.7× 10−8 0/12 NaN NaN

RE-01/pIRIR 225 ◦C 1.7± 0.1 1.2× 10−6
± 6.6× 10−8 0/12 NaN NaN

RE-03/IR 50 ◦C 3.3± 0.2 2.2× 10−6
± 1.4× 10−7 2/12 788.9± 379.3 338.0± 164.5

RE-03/pIRIR 225 ◦C 1.5± 0.2 1.0× 10−6
± 1.2× 10−7 0/12 NaN NaN

U (ppm) Th (ppm) K (%) Dose rate
(Gy ka−1)

RE-01/IR 50 ◦C
0.73± 0.11 3.24± 0.12 1.49± 0.01 2.22± 0.14

RE-01/pIRIR 225 ◦C
RE-03/IR 50 ◦C

1.12± 0.13 4.50± 0.14 1.42± 0.02 2.33± 0.14
RE-03/pIRIR 225 ◦C

tic beds (Dmm, Dms) is equivocal as several transport mech-
anisms (such as cohesive debris flows, glacial processes, and
flow of glacigenic material at the ice front) can be invoked to
explain the related structures (see Appendix A).

7.1 Assignment of the Dmm lithofacies to a glacial till

We interpret Dmm as a subglacial till because the lowest
CaCO3 concentrations encountered in Dmm.1 and Dmm.2
beds (Sect. 6.5 and Table 2) point to the admixture of Mo-
lasse bedrock material (carbonate content between 0 % and
20 %; Blaser et al., 1994) to material derived from more
carbonate-rich sources (e.g., Helvetic and Penninic nappes).

This admixture of Molasse material most likely occurred
through in situ glacial carving, because the Dmm.1 directly
overlies the bedrock and comprises angular and subangular
Molasse blocks. In addition, the partial green, red, and yel-
low colors of the Dmm.1 matrix resemble the colors of the
bedrock very well. Since the LFM units are poorly consol-
idated (Platt and Keller, 1992) and have one of the lowest
erodibilites reported for the rocks in Switzerland (Kühni and
Pfiffner, 2001), the presence of angular to subangular Mo-
lasse clasts points to a very short transport distance. Active
erosion by subaqueous cohesive debris flows is unlikely (see
Appendix A; Iverson, 1997; Mulder and Alexander, 2001).
Therefore, we suggest that Dmm.1 was formed by subglacial
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processes and that the Molasse rafts could have been de-
rived from in situ plucking and dragging of bedrock pieces
by the glacier. At 103 m depth, Dmm.2 follows upon a sharp
contact, where the underlying > 35 m-thick suite of cross-
bedded lithofacies is abruptly cut off by this contact. We in-
terpret the contact between the upper Dmm.2 beds and their
substratum as an erosional contact and thus as a major uncon-
formity. As subaqueous cohesive debris flows are unlikely
to form such unconformities (see references above), we sug-
gest that erosion probably occurred during a glacial advance.
Accordingly, Dmm.2 above the unconformity rather corre-
sponds to a till than to a debris flow deposit. The inferred
occurrence of erosion is also supported by the low CaCO3
concentration (27.16± 4.71 wt %; see above), and a glacial
mechanism is consistent with published interpretations on
the origin of distinct glacigenic sedimentary layers within
the MAV overdeepening during MIS 8 and probably even
during MIS 10 (374–337 ka; Preusser and Schlüchter, 2004;
Preusser et al., 2005, 2011).

7.2 Interpretation of oversteepeened beds, faults and
shear planes as glaciotectonic features

If the interpretation of the Dmm as subglacial till is correct,
then the oversteepened beds, strike-slip faulting, and subhor-
izontal shear planes described in Sect. 6.1.3 could be ex-
plained by glaciotectonic deformation.

The oversteepening described as the first structure in
Sect. 6.1.3 is possibly representative of such a glaciotectonic
deformation. In this context, oversteepening can occur when
the bedded preglacial substratum is tilted by the overriding
glacier (e.g., Phillips et al., 2002). According to Boulton et al.
(2001) the tilting of the unlithified sediments occurs if the
water pressure beneath the glacier and in the substratum is
high enough to promote such motion and deformation. Ac-
cordingly, we interpret these oversteepeened beds as a glacio-
tectonite (Evans et al., 2006).

Subvertical faults and displaced bedding in the preglacial
substratum could be the result of loading and the anisotropic
compaction of the subglacial stratum. Alternatively, differ-
ences in the longitudinal motion of the glacier and differ-
ences in the motion transfer to an anisotropic substratum
could result in the occurrence of strike-slip faulting. How-
ever, we are not aware that similar structures have previously
been described and explained by glaciotectonics. Thus, the
ambiguity in determining the formation process of the sec-
ond feature in Sect. 6.1.3 remains.

Subhorizontal shear planes with slickensides as encoun-
tered at the base of the Quaternary suite were also observed
beneath Breiðamerkurjökull (Benn, 1995) and were consid-
ered to indicate the occurrence of shear fractures (Boulton
et al., 2001). These shear planes are formed due to an in-
crease in the consolidation of the subglacial till and to a
decrease in both the subglacial water pressure and water
content, thereby promoting a downward increase in strain

within the till (Boulton et al., 2001). The interpretation
of such a consolidation in the Dmm.1 lithofacies is addi-
tionally supported by the highest sediment density values
(2.26± 0.29 g cm−3, Table 2) and the associated high shear
strengths (Fig. 4). Hence, we interpret the observed shear
planes (third feature in Sect. 6.1.3) as a result of brittle de-
formation in the simple shear regime and in a water-poor
subglacial setting at the base of a till section (3.5 m above
the bedrock). Additionally, we identified a rotational bedrock
intraclast attached to one of the shear planes, which sup-
ports the interpretation of deformation through simple shear
(Phillips, 2018).

In summary, the subglacial tills represented by the lithofa-
cies Dmm.1 and Dmm.2 as well as their subjacent beds bear
deformation features that most likely resulted from glacio-
tectonic processes (Broster, 1991; Hart and Boulton, 1991;
Phillips, 2018). Therefore and following Evans et al. (2006),
we interpret these tills as subglacial traction tills.

7.3 Facies assemblage and interpretation of the
sedimentary environment

In this section, we group the 12 lithofacies elements into 5
FAs (Fig. 4 and Table 2), which we use as a basis for re-
constructing the depositional environment and the related
evolution of the landscape surrounding the Bümpliz trough
(Sect. 8).

FA 1 comprises beds of Dmm with interbedded Sdf, Shb,
and Scb. This assemblage is encountered at depths between
84 and 103 m as well as 194 and 208.5 m and is dominated
by the presence of Dmm beds, which overlie their substra-
tum with sharp contacts. The structures preserved by the
Dmm beds have been interpreted as recording the occurrence
of glaciotectonic processes, which we have linked with the
shear mechanisms that occur below a moving glacier. In such
an environment, the interbeds could be interpreted as sub-
glacial deposits that were detached from the substratum and
thrust between layers of till as floes of intact sediment or re-
worked sediment patches (Sdf; Aber and Ber, 2007). How-
ever, we have not observed any evidence for thrust faults be-
tween the Dmm and its interbeds, which would be required
for such an interpretation. Alternatively, the interbeds could
have been deposited in subglacial or englacial conduits and
ponds (Shb and Scb; e.g., Buechi et al., 2017). Accordingly,
we refer to the lithofacies ensemble in FA 1 as subglacial
traction till with interbeds.

FA 2 comprises an ensemble of the seven lfs Ghb, Gcb,
Sm, Shb, Scb, Slm, and Dms and occurs at depths between
141 and 194 m upon a gradual contact with FA 1 sediments.
Planar cross-bedding (10–30◦) and (sub)horizontal bedding
are the dominant sediment structures in FA 2. Evidence for
trough cross-bedding can be identified only in Scb and Slm.
In a glaciolacustrine environment as inferred for the Bümpliz
trough, such deposits could be formed by density flows at a
delta/fan apron or in a prodelta/fan environment. These flows
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could originate from surges on a delta plane or collapses of
the delta front, including ice-marginal deltas (Postma, 1990;
Lønne, 1995; Winsemann et al., 2018). Alternatively, the
density flows could also be ejected by (sub)glacial conduits
in an ice-contact lake, or they could originate from collapses
at the front of an ice-contact fan (Powell, 1990; Lønne, 1995;
Mulder and Alexander, 2001; Winsemann et al., 2018). Be-
cause FA 2 directly overlays a subglacial traction till, we
tentatively prefer the second interpretation. In such a con-
text, the steep foresets (20–30◦) could form in front of sub-
aqueous ice-contact fans or in front of deep-water deltas, in-
cluding ice-contact deltas (Lønne, 1995). The subhorizontal
beds could then accumulate in channels that are cut into the
delta/fan foresets. Because the FA 2 sediments reveal a fining
upward trend, the sourcing glacier was most likely retreating
during deposition of FA 2.

FA 3 assembles beds of the five lfs Dms, Sm, Shb, Scb,
and Sdf. This assemblage is found at depths between 103 and
141 m and overlies FA 2 upon a gradual contact. In contrast
to the FA 2 sediments, FA 3 comprises up to 50 % of Dms
beds recording the dominance of hyperconcentrated density
flows. Because such currents could result from the efflux of
subglacial conduits, we consider that the Dms beds record the
occurrence of an ice-contact fan (Lønne, 1995). The thick-
ness (ca. 6 m) and steep inclination (20–30◦) of individual
Dms layers are consistent with such an interpretation as these
structures point to the existence of steeply dipping foresets
in front of an ice-contact fan. Because of the relatively (in
comparison with FA 2) immature texture of the FA 3 de-
posits, we suggest that the sediment source (i.e., the glacier
grounding line) had advanced relatively close to the deposi-
tional site (see also Lønne, 1995). In particular, we envisage
a mechanism where the glacier either shifted closer to the de-
positional site or where it moved over the previously formed
ice-contact fan. As discussed in Sect. 7.2, the oversteepen-
ing and faulting encountered in the uppermost 20 m of FA 3
(Sect. 6.1.3) were possibly formed by glaciotectonic defor-
mation.

FA 4 assembles beds of Sm, Shb, Sdf, Fm, and Fdf. This
assemblage is found in the outcrop +20 m above the top
of the drilling and down to a depth of 84 m. This fourth
FA is dominated by sand deposits with a massive texture
or a grading that suggest deposition from hyperconcen-
trated density flows that escaped the glacier (Fitzsimons and
Howarth, 2018) and quasi-steady hyperpycnal turbidity cur-
rents with sources in a delta/prodelta environment (Nemec,
1990; Postma, 1990; Fitzsimons and Howarth, 2018). Be-
cause FA 4 shows an overall fining-upward trend and follows
upon FA 1 (Fig. 4), we envisage a scenario where the flows
originated first from a glacier and then from a deltaic envi-
ronment. Accordingly, the basin was finally fed by a braided
river system that developed small mouth bars at the delta
front (e.g., mouth bar-type deltas; Postma, 1990). Such a
delta is expected to prograde towards the point of observa-
tion, resulting in a continuous filling of the lake. We do see

evidence for such a development by the occurrence of the ca.
30 m-thick Fdf succession. These sediments are then overlain
by Shb sands, which show evidence (ocher to brown color)
for oxidation and thus for incipient pedogenesis. This allows
us to allocate the approximate elevation of a local paleo-base
level at the top of FA 4 at about 580 m a.s.l.

FA 5 comprises beds of Gsc only. This assemblage is
found only in the outcrop within the Rehhag clay pit at
heights of+30 to+20 m above the top of the drilling (Figs. 3
and 4). We interpret this lf as a fluvial deposit (Table 1).
However, it is noteworthy that this fifth FA resides above the
paleo-base level determined by FA 4. In this context, Isler
(2005) interpreted this gravel unit as a sign of an advancing
glacier (i.e., Vorstossschotter). We follow this interpretation
based on (i) the large spatial extent, (ii) the large thickness
exceeding 30 m, (iii) the occurrence of clasts up to cobble
size, and (iv) the superposition of these gravel beds on top
of the lacustrine sequence encountered at the Rehhag. We
find it plausible that such tick gravel deposits can be linked
to increased erosion, sediment transport, and water supply in
response to the onset of another glacier advance.

8 Discussion

8.1 Assignment of a depositional age

The pollen content of the encountered sedimentary suite
was too low to allow a relative chronological positioning of
the sedimentary succession and a paleoenvironmental recon-
struction. We explain the low pollen concentration by the en-
ergetic depositional environment, which was dominated by
the sediment supply through different density and turbidity
flows. For pollen to accumulate, a persistently stagnant wa-
ter column would be required, as was probably the case at the
Meikirch and Thalgut sites. In fact, we have not encountered
laminated and organic- and pollen-rich silt and clay layers in
the drilled sedimentary suite.

The luminescence dating on a well-sorted sand of the
mouth bar delta in FA 4 was more successful than the pollen
analysis. Yet the luminescence signal of the tested sediment
lies in the high dose range of the feldspar luminescence sys-
tem (Fig. B1), possibly reflecting an old (ca. 105-year time
range) depositional age of the sediment. Alternatively, the
high dose range might also reflect an inherited signal due to
the lack of light exposure of the feldspar grains prior to de-
position (so-called “partial bleaching”), which is common in
glacial environments as sediment is typically transported in
suspension over short distances and in turbid water (Duller,
2006). We, however, interpret the high luminescence signals
as mainly resulting from an old depositional age rather than
a significant partial bleaching effect, because the sampled
lithofacies shows evidence for incipient pedogenesis, which
is indicative of an ice-free and light-exposed environment.
The inferred sufficient exposure is additionally supported
by the observed moderate overdispersion (OD5 20 %) of
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the individual aliquot De distributions, which are within
the common range of OD reported for well-bleached flu-
vial/glaciofluvial sediments (e.g., Galbraith et al., 2005; Ja-
cobs et al., 2006; Gaar et al., 2014). Furthermore, the differ-
ences between the apparent IR50 and pIRIR225 ages (10 %
to 25 %) lie within the typical range of age differences in-
duced by differential fading (Buylaert et al., 2009; Li et al.,
2014). Accordingly, a minimum age of about 250 ka is pro-
vided by two apparent (i.e., non-fading-corrected) pIRIR225
measurements, which are considerably more stable and un-
derestimate ages to a smaller degree compared to the IR50
measurements. We note that a significantly higher single age
(338.0± 164.5 ka, RE-03 IR50) was obtained after fading
correction. However, this age needs to be taken with caution
because (i) it is based on only two aliquots, it shows an un-
usual age increase (66 %), and it has a significant error, and
(ii) a significant portion of aliquots De from both signals lie
below the 2D0 saturation limit criterion (Table 2) and, thus,
do not support a much older (i.e., several 100 ka) depositional
age, despite a potential fading artifact (King et al., 2018).
Considering the ensemble of these constraints, we tentatively
suggest a depositional age > 250 ka for sequence B (mini-
mum apparent pIRIR225 ages). This age is consistent with
the regional stratigraphic context provided by the Thalgut
and Meikirch drillings (Sect. 3), where sediments in an age
range from MIS 11 to MIS 6 have been recovered so far.
Most noteworthy, such an age is supported by sedimento-
logical evidence, because the transition from a lacustrine to
fluvial environment (paleo-base level) is recorded at an ele-
vation of about 580 m. a.s.l. at both the Meikirch and Rehhag
sites. This facies change was dated to lie within the MIS 7 in
the Meikirch sedimentary succession (Preusser et al., 2005).
Therefore, we tentatively assign an MIS 8 (300–243 ka) to
MIS 7 (243–191 ka) depositional age to the well-sorted sand
unit at the top of FA 4 because of the apparent similarities
in the stratigraphic architectures of the Meikirch and Rehhag
sedimentary successions.

8.2 Evolution of the Bümpliz trough

In the following, we use the succession of distinct FAs en-
countered in the Rehhag core and clay pit to reconstruct a
scenario of how the landscape evolved throughout the depo-
sition of the analyzed sedimentary succession (Fig. 6). The
entire suite starts with a glacial till (FA 1), which contains
evidence for active bedrock erosion and glaciotectonic pro-
cesses. This basal till was thus most likely formed during a
glacial advance into the Bümpliz trough (Fig. 6a). Although
there is ample evidence for the occurrence of bedrock ero-
sion during this glacial period, the formation of the Büm-
pliz overdeepening through this particular glacier is a pos-
sible hypothesis, which, however, cannot be tested with the
available observations. The sediments of the overlying FA 2
record the retreat of possibly the same glacier that deposited
the basal till. As a result, the overdeepening was filled with

meltwater, and a > 150 m-deep proglacial lake was formed.
A range of subaqueous density flow deposits accumulated in
a distal ice-contact fan environment (Fig. 6b), recording a
further retreat of the glacier.

Subsequently, flow tills (i.e., hyperconcentrated density
flows) dominated the sedimentary processes in a proximal
ice-contact fan environment (FA 3), thus documenting a
second advance of a glacier close to the depositional site
(Fig. 6c). At this stage, we are not capable of determining
whether this was the same glacier as the one that formed
the basal till above the bedrock. Abruptly, the flow till de-
posits were cut by the same or another glacial advance, as
evidenced by the upper and thus stratigraphically younger
till (Fig. 6d) that has a similar lithofacies assemblage and
thickness to the basal till. This glacier dragged or thrust the
underlying beds into an oversteepened position, thereby leav-
ing distinct features of glaciotectonic deformation. After the
retreat of this particular glacier, accommodation space was
again available to be filled with water, which was ca. 80 m
deep, and subsequently with sediment (Fig. 6e). During this
time, sedimentation was dominated by concentrated density
flows and turbidity currents. These flows were probably first
generated from underflows that were sourced by conduits es-
caping the glacier. They subsequently originated from floods
on a delta top or collapses on a delta flank. As sediment ac-
cumulation continued, the lake basin was eventually filled to
a paleo-base level. Following the filling of the lake basin, the
area was gradually covered by thick glaciofluvial gravel beds
(Fig. 6f), which could point towards another glacial advance.

Overall, the sediment that was retrieved from the Büm-
pliz trough documents a shallowing-up sequence. Following
an erosional glacial advance, the formation of the sequence
started in an underfilled trough or a basin. After one break of
the sequence, the lake basin was filled to a paleo-base level
and evolved into overfill conditions. This overfill probably
occurred in parallel with the third advance of a glacier close
to the Bümpliz trough. Therefore, and as already suggested
in Sect. 6.1, the sedimentary sequence within the Bümpliz
trough can be subdivided into two main stratigraphic se-
quences, the lower sequence A and the upper sequence B.
Both sequences started with the formation of a glacial till
that was subsequently covered by thick glaciolacustrine and
lacustrine deposits. Finally, the occurrence of the glacioflu-
vial gravel beds on top of sequence B could be regarded as
a further sequence C, when overfill conditions prevailed and
when the region evolved into a large fluvial braidplain.

The segmentation of sequences A and B is additionally
supported by the results of the γ density, magnetic sus-
ceptibility, and carbon content measurements and could re-
flect distinct changes in environmental conditions. First, the
higher γ density of the sequence A deposits could indicate
that the material of this sequence was loaded and compacted
by more glacial advances than the material in the upper se-
quence B, yet the loading by the sediment column itself can
have a similar effect. Second, the relatively high MS signal
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Figure 6. Schematic figures showing the evolution of the Bümpliz trough (Sect. 8.2 and Fig. 1d) as inferred from the retrieved sediment core.
The relative core position is indicated by a vertical black line in (f). The facies assemblages related to each phase in the model are specified
in the figures. Glacier ice is colored light blue, ice motion is indicated by a double-headed arrow, lake water is dark blue, and single-
headed arrows indicate sediment flow. (a) First glacial advance with bedrock erosion and brittle shearing of the subglacial till. (b) Retreat
of the glacier and fining-up aggradation in a distal ice-contact fan (ICF) setting. (c) Deposition of “flow tills” after overcoming a threshold
on the lake bed and/or a glacial advance (ICF). (d) Erosion and cutting off foresets due to a second glacial advance with formation of a
glaciotectonite (oversteepening). (e) Deposition from underflows in a proglacial lake or from turbulent density flows on a lacustrine prodelta.
(f) Overfilled lake basin covered by thick glaciofluvial gravel beds.

amplitude in sequence A and in the upper till could be related
to the abundance of coarse-grained material in these deposits.
Third, the drop in the carbonate concentration between se-
quences A and B could indicate a more pronounced input
and admixture of Molasse bedrock during the deposition of
sequence B. Potentially, there is a connection between the
observed MS signal and the carbonate concentration in that
the sediment composition varies between the two sequences
and that the sediment routing and supply were modified dur-
ing the lacustrine phase in sequence B.

9 Conclusions

We analyzed 208.5 m of unconsolidated Quaternary sedi-
ment and 3 m of Molasse bedrock in a drill core recovered
from the Bümpliz trough, a branch of the overdeepening in
the MAV. It is the first scientific drilling in the MAV that
reached bedrock. The retrieved sediments revealed two ma-
jor sequences, A (lower) and B (upper), with each of them
starting with a till deposited when the area was glaciated.
Each glacial period was accompanied by erosion of Mo-
lasse bedrock as documented by the relative depletion of the
CaCO3 concentration in either till. Molasse rafts and shear
planes in the lower till provide evidence for the occurrence
of erosion and glaciotectonic deformation during the first

recorded glacial advance. Similarly, the formation of the up-
per till was accompanied by glaciotectonic deformation of
the substratum during the second glacial advance. Each till
is overlain by subaqueous (glacio)lacustrine sediments that
record the filling of the overdeepened trough after the ice
retreated from the area. The lower sequence A documents
the supply and deposition of sediment by a range of den-
sity and turbidity currents. It was formed in a grounding line
setting, where the ice was submerged in a proglacial lake
and where sediment-laden (sub)glacial conduits formed ice-
contact fans. The upper sequence B chronicles the supply
and deposition of sediment mainly by turbidity currents. It
was formed in a delta apron to prodelta environment, where
the turbid flows were generated either from underflows in a
proglacial lake, from flooding events on the delta plain, or
from gravitational collapses at the delta front. Measurements
of IRSL signals indicate that the deposition of the upper,
stratigraphically younger sequence B probably occurred in a
phase of global cooling during MIS 8 and the subsequent in-
terglacial MIS 7. Hence, sequence B of the presented drilling
is likely an equivalent to the sedimentary sequence recov-
ered in the nearby scientific drilling in Meikirch. Finally, se-
quence B evolved into overfilled conditions, recorded by the
fluvial braidplain deposits of sequence C.
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Appendix A: Lithofacies description and
interpretation

A1 Lithofacies 1: Gsc, gravel with basal scours (outcrop
only)

This lf is composed of an amalgamation of moderately
to well-sorted, clast-supported, fine-grained to cobble-sized
gravel beds and is only encountered in the Rehhag outcrop
(Fig. 3). The matrix can vary from fine- to coarse-grained
sand with light-brown to gray-brown color. Individual gravel
beds are between 10 and 100 cm thick and have mostly grad-
ual basal contacts. They display a stacking of beds with
inverse-to-normal grading. Additionally, beds with concave-
upward, sharp basal contacts are present. These beds often
contain a layer of sand along the contact. Well-sorted gravel
beds show clast imbrication. The clasts are subrounded to
rounded and comprise rather durable lithologies that are
derived from the Alpine nappes. In particular, we encoun-
tered the following clast types: (i) limestones, siliceous lime-
stones, and dolomites that were most likely derived from the
Helvetic and Penninic Prealpine thrust nappes, (ii) arkose
sandstone clasts, which might be derived from the Per-
mian/Triassic suite overlying the Aar Massif, (iii) quartzite
constituents, which could be derived from either the Trias-
sic cover of the Penninic Bernhard nappe or which represent
recycled material from Miocene Molasse conglomerates,
and (iv) rare metamorphic or granitic/granodioritic clasts
(Fig. 1b; Institut für Geologie, Universität Bern and Bunde-
samt für Wasser und Geologie, 2005). The latter crystalline
lithologies are either derived from the Aar Massif or the
crystalline Penninic nappes. Alternatively, crystalline clasts
might also represent recycled material from the Miocene Mo-
lasse conglomerates (Matter, 1964). Granitic/granodioritic
and quartzite constituents are more abundant in Gsc than in
any other lf and dominate the cobble fraction.

Interpretation. Concave-up structures point towards the
occurrence of basal scouring. Well-sorted gravel with basal
scours is commonly encountered where water flow is fun-
neled in channels. Sorting and particularly imbrication indi-
cate fluctuating transport energies, including localized upper
flow regime conditions (e.g., Garefalakis and Schlunegger,
2019). The well-sorted nature of this lithofacies together with
the clast fabric indicates that the material had been trans-
ported over some distances before the gravel was deposited.
Overall, this fabric is characteristic of a transport and deposi-
tion by water, possibly by a braided river (Rust, 1978; Miall,
1985).

A2 Lithofacies 2: Ghb, horizontal-bedded gravel (below
185 m depth)

This lf is composed of moderately sorted, clast- and matrix-
supported, fine- to medium-grained gravel beds. The ma-
trix can vary from fine- to coarse-grained sand, which has

a brownish-gray to gray color (Fig. 5a). The bed thicknesses
vary between 3 and 70 cm. Because individual beds do not
show any evidence for inclination, we consider them to be
horizontally bedded. Individual gravel beds that are > 5 cm
thick commonly have a sharp basal contact, whereas thinner
gravel beds can gradually evolve from underlying sand beds
and thus display gradual basal contacts. Normal and inverse
gradings are most common in beds that are> 10 cm thick. In
addition, intra-bed transitions from inverse to normal grad-
ing occur where beds are > 50 cm thick. In normally graded
beds, grain size can decrease to thin layers solely composed
of sand. Gravel components are subangular to rounded and
comprise lithologies that are indicative of an Alpine origin
(see Gsc).

Interpretation. This lf was probably deposited from wax-
ing and waning concentrated or hyperconcentrated density
flows, which were generated by gravitational instabilities in
a delta/fan environment (Mulder and Alexander, 2001) or by
underflows in an ice-contact lake (Fitzsimons and Howarth,
2018). We base this interpretation on the presence of normal
and inverse grading, the moderate sorting, and the clast- and
matrix-supported fabric (Lowe, 1982; Mulder and Alexan-
der, 2001). Occasionally, the density of these flows decreased
to such a degree that only sand was transported and de-
posited, as indicated by thin sand intercalations. We consider
the coarse-grained composition of this lf together with the
inferred transport mechanism as evidence for a relative prox-
imity to the sediment source (Mulder and Alexander, 2001).

A3 Lithofacies 3: Gcb, cross-bedded gravel (below
185 m depth)

This lf comprises moderately sorted, clast- and matrix-
supported, fine- to medium-grained gravel beds. The ma-
trix is composed of fine- to coarse-grained sand, which is
brownish gray to gray. Individual beds are between 5 and
70 cm thick and show inclinations where the dip angles range
from 15 to 30◦. Normal and inverse grading is frequently ob-
served. Similarly to Ghb, transitions from inverse-to-normal
grading within individual beds are often present where beds
are > 50 cm thick. The clasts are subangular to rounded and
comprise lithologies that are indicative of an Alpine origin
(see Gsc).

Interpretation. The angles (15–30◦) observed in this lf cor-
respond to dip angles of bed sets in cross-beds. We there-
fore consider this lf to be cross-bedded. Steeply dipping
cross-beds can be indicative of large-scale foresets in deltas
and fans (Lønne, 1995). Additionally, the observed dip an-
gles can be indicative of foresets and backsets in scours
formed around chutes-and-pools or for backsets into scours
that formed behind an isolated hydraulic jump, both under
supercritical flow conditions within fans and deltas, which
formed in proglacial lakes (Hornung et al., 2007; Lang et al.,
2017, 2021). The required supercritical flow can either re-
sult from motion on steep slopes or from the confinement of
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channels (Parker et al., 1986; Mulder and Alexander, 2001).
In such a context, the formation of channels and scours
by currents eroding their substratum is more likely to oc-
cur through concentrated density flows, due to an increased
flow velocity compared to hyperconcentrated density flows
(Parker et al., 1986). The spatial extent and further character-
istics of these cross-beds could not be observed in the cored
sediment. Otherwise, this lf is similar to Ghb. Therefore, we
suggest a similar mechanism where concentrated or hyper-
concentrated density flows transported and deposited the ma-
terial in a delta or fan environment.

A4 Lithofacies 4: Sm, massive sand

This lf is composed of well-sorted, massive, silty fine- to
medium-grained sand beds. The color of the material varies
between brownish gray and gray brown. Individual beds are
between 30 and 100 cm thick and commonly have a sharp
base. Individual beds and layers do not show any evidence
for inclination, and thus we consider them to be horizontally
bedded. Isolated clasts of coarse-grained sand to medium-
sized gravel are embedded within the silty sand and are con-
sidered outsized clasts. Such clusters of outsized clasts are
encountered throughout entire beds or in limited sections
within individual beds.

Interpretation. The lack of stratification and the presence
of gravel clusters in entire or in parts of individual beds are
probably signs of confined particle motion (saltation and/or
fluid turbulence are absent) in a hyperconcentrated density
flow (Mulder and Alexander, 2001). Such flows need a con-
siderably inclined bed to move, and they come to a fast halt
through frictional freezing (Lowe, 1982; Mulder and Alexan-
der, 2001). In submerged basins fed by subglacial conduits,
these flows can also be quasi-steady and might not point to
the occurrence of short-lived pulses (Plink-Björklund, 1999).

A5 Lithofacies 5: Shb, horizontal-bedded sand (entire
core and outcrop)

This lf comprises well-sorted, silty fine- to coarse-grained
sand. In the core, the color varies between brownish gray and
gray brown (Fig. 5b). In the Rehhag outcrop, the color of this
lf depends on the grain size. In particular, the coarsest grains
cause a gray tone, whereas the finer-grained sand particles
are responsible for an ocher and brown color. Individual beds
are 5 to 40 cm thick, have a sharp base, and bear no sign of
inclination. Gradual contacts can occur with both underlying
or overlying gravel beds. The sand can be massive or shows
either a normal or inverse grading. Inverse-to-normal grading
occurs in thicker beds. Normally and inversely graded beds
can include thin layers of fine- to medium-sized gravel.

Interpretation. The grading in this lf suggests that the pro-
portion of fluid to solid material in the flow was larger during
deposition of its beds than during transport and accumula-
tion of the Sm layers (see above). With a higher proportion

of fluid in the flow, turbulences become important for keep-
ing particles aloft, with the consequence that the transport
of particles larger than medium-grained gravel cannot be ac-
complished (Mulder and Alexander, 2001). In a lacustrine
delta-front to prodelta setting, Mulder and Alexander (2001)
consider the oscillation of grading in sand beds as resulting
from the waning and waxing of quasi-steady hyperpycnal tur-
bidity currents. Similar (sub)horizontal sand beds can, how-
ever, be formed in fluvial braidplains that can occur on an
active delta plain (Miall, 1985; Postma, 1990).

A6 Lithofacies 6: Scb, cross-bedded sand (below 107 m
depth)

This lf comprises well-sorted, silty fine- to medium-grained
sand. Bed thicknesses range from 5 to 40 cm. The color
varies between brownish gray and gray brown. Individual
beds have a sharp base, and they are inclined with dip angles
between 10 and 35◦. Opposite dip directions were formed on
a scale that is small enough for them to be present within a
single core section. Gradual contacts can occur with under-
lying gravel layers. Beds are massive or show normal and
inverse grading. Inverse-to-normal grading is present within
individual beds and can include thin gravel layers.

Interpretation. Similarly to Gcb, we consider the dip an-
gles between 10 and 35◦ as a sign of cross-bedding and that
the opposite dip directions within single core sections are
evidence for the occurrence of a trough cross-bedding. The
presence of such cross-beds could be a sign of concentrated
density flows within the lower flow regime (e.g., Bouma Tc;
Bouma, 1962). Compared to the Sm lithofacies, however,
these flows were possibly more diluted because the forma-
tion of cross-bedding requires that the grains were able to
saltate.

A7 Lithofacies 7: Slm, laminated sand (below 185 m
depth)

This lf is composed of well-sorted, silty fine- to medium-
grained sand. The color varies between brownish gray and
gray brown. Individual beds are between 20 and 50 cm thick
and have a sharp basal contact. The layers are either horizon-
tally bedded or inclined with dip angles between 10 and 35◦.
Beds of this lf bear intercalated silt laminae or sand lami-
nae with increased silt content and with sharp contacts with
the surrounding sand (Fig. 5c). These laminae show a sub-
parallel alignment with an inhomogeneous spacing. Within
individual core sections, multiple stacks of laminae can dip
in opposite directions.

Interpretation. The presence of laminae, which are the
main feature in this lf, suggests deposition in both the upper
(Tb) or lower (Td) flow regimes. In this context, the cross-
stratified laminations with opposite dip orientations could
form either in a Tb to Td setting (Bouma, 1962).
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A8 Lithofacies 8: Sdf, deformed sand

This lf comprises well-sorted, silty fine- to medium-grained
sand. The color varies between brownish gray and gray
brown. Individual beds are between 5 and 50 cm thick and
have either sharp or gradual basal contacts. The beds can be
horizontally bedded or are occasionally inclined. Internally,
this lf shows a slightly chaotic arrangement of layers as well
as wavy and folded structures. These waves and folds are vis-
ible due to slight changes in sediment composition.

Interpretation. The presence of folded structures within
inclined beds could hint towards the occurrence of synsed-
imentary deformation of beds by sliding. More chaotic struc-
tures could also result from the escaping of water after
the sudden loading of water-saturated sediment layers. The
chaotic structures might thus be similar to ball-and-pillow
structures.

A9 Lithofacies 9: Fdf, deformed mud and sand (above
21 m depth and outcrop)

This lf comprises layers that are composed of clayey silt and
beds with silty to fine-sandy medium-grained sand. The color
varies between olive gray and gray brown (Fig. 5d). The sed-
iment is characterized by a chaotic pattern in which the alter-
nation of sand and silt layers is disrupted, folded, and crum-
pled. These deformed beds form successions that are several
decimeters to meters thick and display sharp contacts with
other lf.

Interpretation. This lf shows flame-like structures together
with a chaotic bedding and convolute structures. We consider
these observations as evidence for deformation, for example,
trough sliding. However, indicators for inclination were not
encountered, which might have been lost during the synsedi-
mentary deformation.

A10 Lithofacies 10: Fm, massive mud

This lf comprises massive, very well-sorted clayey silt layers
(Fig. 5e). The thicknesses of individual beds vary between 1
and > 100 cm. The color ranges between olive gray and dark
gray. Mud beds that are between 1 and 5 cm thick are encoun-
tered at depths below 100 m. The thickness of layers grad-
ually increases upsection, and mud beds are thickest at ca.
20 m depth. The contacts with the overlying beds are sharp.
However, the contacts with the underlying coarser-grained lf
can be sharp or gradual.

Interpretation. The very fine-grained composition of this
lf hints at a deposition by settling in very quiet or stagnant
water, for example, in a lake. Stagnant water conditions can
occur temporally, e.g., during different seasons, or spatially,
e.g., at a considerable distance from the location of a wa-
ter influx. However, lamination is absent in this lithofacies.
Layers of massive silt can for example be formed on top
of a Bouma sequence after the preceding turbulent flow has
ceased (Te; Bouma, 1962).

A11 Lithofacies 11: Dms, stratified diamict (below 103 m
depth)

This lf is poorly sorted and comprises subangular to rounded
outsized clasts that range in size from coarse sand to cob-
ble and that are embedded in a silty fine-grained sand ma-
trix (Fig. 5f). The matrix is massive and dominant in vol-
ume. Therefore, this lf can be categorized as a clast-poor di-
amict. The matrix color ranges from light-brownish gray to
dark gray. The beds are between 10 and > 100 cm thick. In-
dividual layers of Dms can have apparent thicknesses of ca.
6 m, yet this estimate could be biased by the core liner length.
The basal contacts are sharp and are either horizontal or dip
at angles between 20 and 30◦. The outsized clasts can be dis-
organized, or they are arranged in strings of clasts. In these
strings, the a–b plane of individual clasts is aligned in one
direction. Furthermore, these strings are oriented parallel to
the dip of the basal contacts or to the inclined interbeds of
other lfs. The lithologies of these clasts are identical to those
in lf 1.

Interpretation. This lf is markedly different from all lfs de-
scribed above due to its diamictic composition. Similarly to
Sm, such a composition can develop from hyperconcentrated
density flows (Mulder and Alexander, 2001). Yet the Dms
is different as the clasts’ a–b planes can be aligned, which
hints towards the occurrence of a flow-internal shear com-
ponent (Nemec, 1990; Nemec et al., 1999). Furthermore, the
diamictic composition indicates that the deposition occurred
close to the sediment source (because of a lack of sediment
sorting) or alternatively points towards a large grain size va-
riety of the entrained and supplied material. Although such a
diamict could be a glacigenic deposit, we interpret the con-
tinued and noticeable inclination of the beds as evidence for
their deposition as foresets. Other authors might previously
have referred to similar deposits as flow tills if they were en-
countered in a glacial environment (e.g., Dreimanis, 1989).

A12 Lithofacies 12: Dmm, massive diamict

This lf is very poorly sorted, matrix-supported, and com-
prises coarse-grained sand to cobble-sized clasts that are em-
bedded in a silt to medium-grained sand matrix with a brown
to ocher color (Fig. 5g and h). The abundance of clasts is
variable. Locally, this diamict can vary in composition from
clast-poor to clast-rich. The thicknesses of individual beds
range from 20 to > 100 cm. The basal contacts are sharp and
horizontal. The beds are massive without any evidence for a
stratification. The clasts are subangular to rounded, and their
lithologies are identical to those in lf 1. Generally, the en-
countered clasts do not show striation and grinding marks.
Although all the layers within the Dmm share the above
properties, the Dmm beds at the bottom (Dmm.1) and the
center (Dmm.2) of the drilled core show markedly different
sedimentary features.
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The beds of Dmm.1 at the base of the cored sediment con-
tain sandstone clasts of the LFM bedrock. These clasts range
from coarse-grained sand to boulder size with the largest
components close to the bedrock, and these are angular to
subangular. Alpine clasts are absent within the lowermost
meter of the cored sediment. Above this lowermost meter the
proportion of Alpine to Molasse constituents increases up-
section. Furthermore, patches and bands in the Dmm.1 ma-
trix have a similar or even the same color as the red-, yellow-
, and green-colored Molasse bedrock. The beds of Dmm.2
only contain Alpine clasts, and blocks derived from the LFM
are missing.

Interpretation. This lf is similar to Dms in composition,
yet it shows a difference in color and does not bear signs
of a stratification. These are distinct differences to all previ-
ous lfs. Deposits with a disorganized distribution of coarse-
grained material can result from cohesive debris flows in
which a silt and clayey matrix provides cohesion to the mov-
ing material (Mulder and Alexander, 2001). These subaque-
ous cohesive debris flows have a low erosive power, possi-
bly due to motion on a thin water layer (Iverson, 1997; Mul-
der and Alexander, 2001). Alternatively, such diamictic ma-
terial with a disorganized distribution of clasts can be ob-
served in glacigenic deposits. Therefore, the interpretation
of the formation process of Dmm is ambiguous. This ambi-
guity can only be resolved in a larger context, which is pro-
vided when lithofacies elements are grouped into lithofacies
assemblages. These assemblages are presented in Sect. 7.

Appendix B: Optically stimulated luminescence
dating

Two samples (RE-01 and -03) were recovered from a ca.
10 m-thick set of Shb within FA 4 for the measurement of
infrared stimulated luminescence at 50 ◦C (IR50) and 225 ◦C
(pIRIR225) on feldspar grains. We used 18 cm-long, 4.6 cm-
wide, capped, and lightproof PVC tubes to collect the un-
consolidated sand. The tubes were run into the sediment us-
ing a hammer. Dose rate samples were scraped around the
tubes into plastic bags prior to the extraction of the tubes.
After treatment with H2O2 and HCl (both 15 %), the grain
size interval between 180 and 212 µm was separated for the
measurements. Feldspar minerals were then extracted using a
sodium poly-tungstate heavy liquid. Per sample, 12 aliquots
with 1 mm mask diameter were prepared for the equiva-
lent dose analysis. A single-aliquot regenerative-dose (SAR;
Murray and Wintle, 2000) post-IR IRSL protocol based on
Buylaert et al. (2009) was used (Table B1). The lumines-
cence measurements were conducted on an automated Risø
TL/OSL reader. The aliquots were illuminated with IR LEDs
(max. ca. 130 mW cm−2; 100 s at 90 %). The emitted sig-
nals passed through a 410 nm interference filter (LOT-Oriel
D410/30 nm) and one Schott BG-39 and were detected by an
EMI 9235QB photo-multiplier tube. Fading measurements

Table B1. Modified post-IR IRSL 225 ◦C (Buylaert et al., 2009)
protocol applied to measure the luminescence signals from feldspar.

Step Procedure

1 Natural/regenerative dose
2 Heat to 250 ◦C for 60 s
3 IR stimulation for 100 s at 50 ◦C
4 IR stimulation for 100 s at 225 ◦C
5 Test dose (Tx )
6 Heat to 250 ◦C for 60 s
7 IR stimulation for 100 s at 50 ◦C
8 IR stimulation for 100 s at 225 ◦C

Repeat

were conducted on six (RE-01) and seven (RE-03) aliquots
per sample in order to derive the average fading parameter
ρ′ for both samples and each signal (Auclair et al., 2003;
Huntley and Lamothe, 2001). The K, Th, and U content was
determined by high-resolution gamma spectrometry on ca.
400 g of sample. Then, the natural dose rate was calculated
with the DRAC online tool (Durcan et al., 2015).

IRSL measurements were analyzed using the
R.Luminescence package (Kreutzer et al., 2012) and
an R script specifically written to allow for a routine mul-
tistep analysis. The apparent equivalent dose of individual
aliquots (De) for both signals was determined with a single
exponential saturation function (Fig. B1a). The measure-
ment quality of individual aliquots was tested by applying
a recycling ratio (10 % of unity) and a recuperation (5 % of
the natural signal) criterion. To evaluate aliquot saturation,
the 2D0 rule was applied (De> 2D0 =̂ saturation; Wintle
and Murray, 2006). The reliability of the measurement
protocol was confirmed through dose recovery tests (DRTs)
that were conducted on each sample. The DRT results lay
within 15 % of the given dose for both signals. In a first
step, the R routine performed a saturation test on the De
of individual aliquots, which passed the recycling ratio and
the recuperation criterion. After the rejection of saturated
aliquots, the equivalent dose for each sample (ED) and per
signal was calculated, using the Central Age Model (CAM;
Galbraith and Roberts, 2012), which was then used to
determine the respective apparent ages. In a second step, the
remaining aliquots were individually corrected for fading,
using the model of Kars et al. (2008). The fading-corrected
aliquots were then tested for saturation again, and only
aliquots that passed this second test were used to determine
a fading-corrected age (Fig. B1b).
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Figure B1. Analysis of luminescence measurements for sample RE-03, using R.Luminescence (Kreutzer et al., 2012). (a) Plot of the
apparentDe distribution for the IR50 (triangle symbols) and pIRIR225 (square symbols) signals. (b) Dose response curves (DRCs) of one of
the two aliquots that passed both steps of saturation testing. This plot shows both the measured laboratory DRC and the modeled/simulated
fading-corrected DRC based on Kars et al. (2008).
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Code and data availability. All data obtained during the core
processing and luminescence measurements as well as the re-
spective analyses can be found in a separate data publication
(https://doi.org/10.5880/fidgeo.2021.021, Schwenk et al., 2021).
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