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Abstract 

The modern, over 250-m-deep basin of Lake Constance represents the underfilled northern part of an over 
400-m-deep, glacially overdeepened trough, which reaches well into the Alps at its southern end. The overdeep-
ening was formed by repeated glacial advance-retreat cycles of the Rhine Glacier throughout the Middle to Late 
Pleistocene. A seismic survey of Lake Constance revealed a Quaternary sediment fill of more than 150 m thickness 
representing at least the last glacial cycle. The stratified sedimentary fill consists at the base of ice-contact deposits 
on top of the molasse bedrock, overlain by glaciolacustrine to lacustrine sediments. During the successful field test of 
a newly developed, mid-size coring system ("HIPERCORIG"), the longest core (HIBO19) ever taken in Lake Constance 
was retrieved with an overall length of 24 m. The sediments recovered consist of a nearly continuous succession of 
lacustrine silts and sands including more than 12 m of Late Glacial sediment at the base. 14 lithotypes were identified 
through petrophysical and geochemical analyses. In combination with a 14C- and OSL-based age-depth model, the 
core was divided into three main chronostratigraphic units. The basal age of ~ 13.7 ka BP dates the base of the succes-
sion back to the Bølling-Allerød interstadial, with overlying strata representing a complete and thick Younger-Dryas 
to Holocene succession. The sediments offer a high-resolution insight into the evolution of paleo-Lake Constance 
from a cold, postglacial to a more productive and warmer Holocene lake. The Late Glacial succession is dominated by 
massive, m-thick sand beds reflecting episodic sedimentation pulses. They are most likely linked to a subaquatic chan-
nel system originating in the river Seefelder Aach, which is, despite the Holocene drape, still apparent in today’s lake 
bathymetry. The overlying Holocene succession reveals a prominent, several cm-thick, double-turbiditic event layer 
representing the most distal impact of the Flimser Bergsturz, the largest known rockslide of the Alps that occurred 
over 100 km upstream the river Rhine at ~ 9.5 ka BP. Furthermore, lithologic variations in the Holocene succession 
document the varying sediment loads of the river Rhine and the endogenic production representing a multitude of 
environmental changes.

Keywords:  Lake Constance, Lake sediments, Rhine glacier, Overdeepening, Subaquatic channels, Flimser Bergsturz

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

1  Introduction
1.1 � Background and motivation
Since the beginning of the Quaternary, the Alpine gla-
ciers advanced at least 15 times into the northern Alpine 
foreland (Keller & Krayss, 2011; Preusser et  al., 2011), 
including the modern area of trinational Lake Constance 
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(Switzerland, Austria, Germany; Fig.  1). The impact of 
glaciers on the Alpine landscape and societies triggered 
in the early nineteenth century first scientific observa-
tions. A concise summary of the Quaternary glacial his-
tory and its investigation was provided in Preusser et al. 
(2011). Furthermore, new age constrains on glacial activi-
ties during the past glacial cycles correlate well with the 
evolution of the landscape (Buechi et  al., 2018; Gaar 
et  al., 2019). The last and best preserved major glacial 
advance into the northwestern Alpine foreland (Last Gla-
cial Maximum; LGM) started at ~ 29 ka BP and reached 
its maximum extent at ~ 26–22 ka BP (Gaar et al., 2019). 
Glaciers retreated back into the Alps at ~ 18–17  ka BP 
(Gaar et al., 2019; Ivy-Ochs et al., 2008) and left a peri-
alpine scenery shaped by glacial erosion and deposition. 
One of the most impressive large-scale erosional features 
is the creation of widespread glacial overdeepened val-
leys and basins defined as the topography below the flu-
vial base level (Buechi et al., 2018; Preusser et al., 2010). 
The erosional mechanism and processes that control 
the shape and dimension of these valleys are still widely 
debated (i.e., Herman et al., 2011; Huuse, 2000; Magrani 
et  al., 2020; Preusser et  al., 2010; Reber & Schlunegger, 
2016). They initially form proglacial lakes during the gla-
cier’s retreating phase that might eventually be filled with 

lacustrine and (glacio-) fluvial sediments. Some of these 
initially formed lakes might exist for a long time, such as 
Lake Constance.

The modern basin of Lake Constance represents a 
major overdeepened trough in the northern Alpine fore-
land (Fig.  1). The lake was formed after the retreat of 
the Rhine Glacier and was initially much larger extend-
ing far into the Alps (Keller et  al., 2005a, 2005b; Wes-
sels, 1998a, 1998b; Wessels et al., 2015). Lake Constance, 
together with Lake Walen, Lake Zurich, and others, rep-
resents the distal parts of the overdeepenings that have 
not yet been filled. Previous studies investigating Lake 
Constance’s sedimentological history can be divided into 
two types: (i) short-core studies using manual coring 
techniques focusing on the youngest history (e.g., Wes-
sels et  al., 1999); and (ii) long-core studies using up to 
10 m long cores focusing mainly on the older Holocene 
and the Late Glacial sediments (e.g. Hanisch et al., 2009; 
Schneider et al., 2004; Schwalb et al., 2013; Wessels, 1995, 
1998b, 1998c). However, the Late Glacial sediments were 
recovered to date only as a few meters of stratigraphically 
heavily condensed sediments offering thus only low tem-
poral resolution. This is related to the large water depths 
(> 200 m) and coring techniques, which do not allow to 
take long (> 10 m) cores without mobilizing large drilling 

Fig. 1  Bathymetric map of Lake Constance including the location of the coring site (red dot, WGS84: 47.66813°/9.28686°), the traces of the three 
seismic profiles (airgun in red and pinger in black) crossing the coring site, and the paths of major inflowing streams in blue. The light-orange 
colored areas at the shore of the lake represent the terrestrial topographic lidar data with elevations > 0 m above the reference lake level of 395 m 
a.s.l. (Wessels et al., 2015). Grey shaded area is the Lidar-based land topography (Swisstopo). The inset in the upper right corner shows the location 
of the study site (red dot) in Central Europe, with the indicated surrounding countries
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equipment. New coring technology became available 
through the HIPERCORIG coring system (Harms et  al., 
2020), which bridges the gap between costly deep drill-
ing systems and small manual coring systems. A field 
test of this coring system (Harms et al., 2020), in combi-
nation with new bathymetric (Wessels et  al., 2015) and 
seismic data (Fabbri et al., 2021) of the lake basin (Figs. 1 
and 2), offered a unique opportunity to access the deeper 

and older lake sediments revealing new insights into the 
postglacial history of the lake (Harms et  al., 2020). This 
study investigates the pre-Holocene sediments from the 
deep basin of Lake Constance that were recovered with 
high-resolution during the HIPERCORIG field-test. Our 
investigations focus on the lithology, stratigraphy, chro-
nology, and depositional mechanisms providing new 
implications on pre-Holocene deep lacustrine sediment 
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Fig. 2  Seismic profiles P203 (top) and 301 (bottom): Stratigraphic unit boundaries are marked by colored lines. Different seismic stratigraphic units 
are labelled by circled numbers: I Molasse bedrock; II Glacial deposits; III Glaciolacustrine deposits; IV Lacustrine deposits. Multiple reflections are 
indicated with dashed yellow or green lines. The location of the core (HIBO19) is indicated by a black solid line in P203, whereas the projected 
location in P301 is marked by a grey one. The vertical scale is in two-way travel time [s], the horizontal axis is in common midpoints (CMP) with a 
3-m spacing. Intersection of the two seismic lines indicated by vertical black line. See Fig. 1 for profile location
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successions in the context of the glacial retreat as well as 
the postglacial evolution of the lake.

1.2 � Study site
Modern Lake Constance (9°30′ E, 47°30′ N) is a monom-
ictic and oligotrophic lake with a surface of 536  km2, a 
maximum water depth of 251 m, and an estimated water 
volume of ~ 50 km3 (Fig. 1). The reference lake level lies 
at 395 m above sea level (a.s.l.) with seasonal variations 
of ± 1.5 m. The catchment area of ~ 11,500 km2 is mainly 
based in the Alps and the surrounding foreland. The 
main inflow (~ 64%, 7.66  km3/year) is the Alpine Rhine 
(Schwalb et  al., 2013; Wessels, 1998a), while the out-
flow is the Lower Rhine at Stein am Rhein (Fig. 1). The 
larger Upper Lake (‘Obersee’) and the smaller Lower 
Lake (‘Untersee’) are connected over the so-called ‘Lake-
Rhine’ (‘Seerhein’) at Konstanz. The modern lake basin 
(Fig.  1) represents the remains of an overdeepened val-
ley in the molasse bedrock formed by the Rhine Glacier. 
The bedrock overdeepening and its sedimentary filling 
represents the development of the basin since the local 
LGM-advance that started at ~ 29 ka BP when the glacier 
(partly) re-excavated/eroded the basin. The Rhine Gla-
cier retreated into the Alpine valleys by ~ 17 ka BP (Gaar 
et al., 2019) when the lake became ice-free and first glaci-
olacustrine and later lacustrine sediments were deposited 
(Wessels, 1998b). The Late Glacial and Holocene evolu-
tion of Lake Constance has been investigated with several 
up to 10  m long sediment cores (Wessels, 1995, 1998b, 
and references therein). However, it remains unclear 
whether deposits from older glacial cycles are preserved 
in the basin as the deeper sedimentary strata was not 
recovered to date.

2 � Methods
2.1 � Bathymetric and seismic data
High-resolution bathymetric data of Lake Constance 
were acquired in 2013 by a multibeam echosounder 
survey in deeper waters and by an airborne light detec-
tion and ranging (LIDAR) survey in shallow-water areas 
(Wessels et  al., 2015). The resulting bathymetric grid 
has a cell size of 3 m and covers the entire lake from the 
Rhine inflow in Bregenz to the outflow in Stein am Rhein. 
About 500  km of seismic profiles were acquired during 
multichannel reflection seismic survey campaigns using 
Mini GI (0.1 l volume) and GI 210 air guns (0.7 l volume) 
in 2016 and 2017, respectively (Fig. 2). Streamer lengths 
between 50 and 87.5  m (32–56 channels) were used 
depending on water depth (shallow Untersee vs. deep 
Obersee) and available space for maneuvering. Stand-
ard processing was carried with a bin distance of 2–3 m 
(see Fabbri et al. (2021) for details). Vertical resolution of 
the data is 2–3  m. For time-to-depth conversion of the 

airgun seismic data, a velocity of 1600 m/s was assumed 
for the entire thickness of the Quaternary deposits. In 
2021, a cross line was acquired exactly over the drill site 
with a 3.5  kHz pinger high-resolution single-channel 
seismic system. These seismic data with a vertical reso-
lution in a dm-scale allow for a detailed core-to-seismic 
correlation using a constant velocity of 1400 m/s for the 
uppermost 9  m of unconsolidated water-saturated sedi-
ments as determined by matching MSCL-density peaks 
(see below) with high-amplitude reflections. This veloc-
ity is slightly lower than ambient bottom-water velocities 
(~ 1420 m/s at 4 °C) but can be explained by gas-induced 
sediment expansion after core recovery and by pressure 
release. All seismic data were interpreted in Kingdom-
Suite software.

2.2 � Coring operations HIPERCORIG
During the HIPERCORIG-project, a field test for a newly 
developed medium-size deep-water drilling system took 
place from May to July 2019 in Lake Constance (Harms 
et  al., 2020). Two drill cores, HIBO19 Core-A and B, 
with 22 and 20  m length, respectively, and a short core 
(Core-C) of ~ 1.5  m length were taken at a water depth 
of ~ 205 m at a location 5 km East of Konstanz (Fig. 1). 
The distance between holes A, B, and C was ~ 10  m. A 
detailed description of the drilling device, campaign, and 
core recovery is given in Harms et al. (2020).

2.3 � Core sampling and analysis
Density and magnetic susceptibility of each core section 
were measured using a GEOTEK-multi-sensor-core-
logger (MSCL) (Geotek Limited, Daventry, Northants, 
UK) with a resolution of 5  mm at the Institute of Geo-
logical Sciences, University of Bern. Afterwards, the sec-
tions were cut and split longitudinally into an archive 
half for non-destructive analyses and a working half for 
sampling use. The archive halves were photographed 
using the GEOTEK Line Scanner and sedimentologi-
cally described. A continuous, nearly gap-less composite 
splice was established using the short core and the two 
long cores, based on the macroscopic sedimentologi-
cal descriptions and the petrophysical properties. Depth 
is addressed as meter composite depth (mcd) when dis-
cussing the entire composite section or as cm-section 
depth (cmsd) when addressing single core sections (a 
detailed synopsis is provided in Additional file 2: Fig. S1). 
Furthermore, X-ray computed tomography (CT) scans 
of four selected representative core sections were taken 
using a medical X-ray-CT-scanner (Siemens Somatom) 
at the Institute of Forensic Medicine, University of Bern.

Samples for geochemical analyses were taken based 
on the composite section with a spacing of 1.5, 10, 
and 20  cm down to 0.15, 2.05 and below 2.05 mcd, 
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respectively. Total carbon (TC), nitrogen, and sulfur were 
measured via elemental analysis (CHNS elemental ana-
lyzer; EuroEA 3052 EuroVector; Lipka et al., 2018). Total 
inorganic carbon (TIC) was analyzed via an multi ele-
ment EA 2000CS or a Macro-Element analyzer multi EA 
4000CS BU (Analytik Jena; Lipka et al., 2018), or using a 
Thermo Finnigan MAT 253 gas mass spectrometer cou-
pled to a Thermo Electron Gas Bench II via a Thermo 
Electron Conflo IV split interface (Böttcher et al., 2018). 
For the latter measurements, solid CaCO3 and Li2CO3 
and liquid NaHCO3 standards were used to scale the 
mass 44 measurements to TIC contents. Total organic 
carbon (TOC) was derived from the difference between 
TC and TIC. Weight-percent of carbonates (CaCO3) and 
organic matter were calculated using a stoichiometrically 
simplified approach from TIC and TOC through multi-
plication with 8.3 and 1.8, respectively (Meyers & Ter-
anes, 2001). This approach does not consider potential 
downcore changes in carbonate phases but allows a 100% 
sum-curve of lithologic constituents to be calculated. On 
filtered (0.45  µm cellulose acetate filters) acid extracts 
(0.5  M HCl for 1  h at room temperature) made on 52 
samples taken throughout the entire sediment record, Ca 
and Mg were measured via ICP-OES (iCAP 7400 DUO, 
Thermo Fisher Scientific). The Cc/Dol ratios was calcu-
lated assuming the earth alkaline elements to be solely 
bond to calcite, aragonite, or dolomite. ‘Cc’ stands for the 
sum of calcite and aragonite, and ‘Dol’ for detrital stoi-
chiometric dolomite.

Biogenic silica (bSi) concentrations were inferred 
by means of Fourier transform infrared spectroscopy 
(FTIRS) at the Institute of Geological Sciences, Uni-
versity of Bern, following the procedures described in 
Vogel et  al. (2016) and using the calibration introduced 
by Meyer-Jacob et al. (2014). Samples from 0 to 12 mcd 
were freeze-dried, powdered, and homogenized with an 
agate mortar and pestle. Further on, 11  mg of the sam-
ple were diluted using 500  mg spectroscopic grade and 
IR transparent potassium bromide (KBr). Sample-KBr 
mixtures were carefully homogenized and measured on 
a Bruker Vertex 70 equipped with an HTS-XT multisam-
pler accessory. Siliciclastic content was calculated by sub-
tracting carbonate, organic matter, and bSi content from 
100%. Scanning-X-ray fluorescence analysis (scanning-
XRF) was performed at 5 mm integrals with an integra-
tion time of 20 s using an ITRAX XRF-core scanner (Cox 
Ltd.) equipped with a Cr-tube set to 30 kV and 50 mA at 
the Institute of Geological Sciences, University of Bern. 
Scanning-XRF was employed to investigate relative ele-
ment concentration changes along the cored sediment 
succession. An Argon-threshold of > 11,200 counts was 
used to filter out low-quality data caused by gaps, cracks, 
and surface roughness (e.g., coarse sands). Based on all 

analyses and additional smear slide microscopic obser-
vations, seven background (Table  1) and seven event 
lithotypes (Table 2) were determined and described. Fur-
thermore, the cored succession was divided into three 
main lithostratigraphic units.

Additionally, the prominent event layers at 8.89–9.02 
mcd were divided into 1 and 0.5  cm thick intervals, 
respectively, on which the grain-size distribution, the 
mineral-phases composition, and the lithological con-
stitution were determined. The high-resolution semi-
quantitative grain-size laser-diffraction analysis (Taubner 
et  al., 2009) was conducted at the Institute of Geogra-
phy, University of Bern, using a Malvern Mastersizer 
2000. These samples were treated with a dispersion agent 
(11 g/l (NaPO3)6 + 2.3 g/l Na2CO3) overnight to separate 
the small grain-size fractions. For determining the min-
eral-phase compositions via Powder X-ray Diffraction 
(PXRD), a mixture of 4 g sample, 1 g corundum (internal 
standard) and 10 ml Ethanol were homogenized for 6 min 
in a Mccrone Mill (Retsch). After drying, the powder was 
measured with an Empyrean diffractometer from Mal-
vern Panalytical using a Cu X-ray source (40 kV, 40 mA), 
fixed divergence slit (0.25°) and a 1Der detector (Malvern 
Panalytical), from 5 to 75° 2Ɵ with an integration time of 
0.8 s per step with a step size of 0.017° 2Ɵ. Quantification 
was done in TOPAS ACADEMICS V6 (Coelho Software) 
using Rietveld refinement. Clay phases were fitted by the 
Pawley method and quantified via the internal standard 
(e.g., Akker et  al., 2021). All PXRD measurements were 
done at the Institute of Geological Sciences, University of 
Bern. The lithological constitution is based on the same 
method as described above for the entire core, except 
that bSi was not measured for these samples.

2.4 � Chronostratigraphy and age model
The chronostratigraphic model is based on a combina-
tion of seven radiocarbon (14C) ages and three optically 
stimulated luminescence (OSL) ages as well as the cor-
relation of a prominent turbidite layer (Schneider et  al., 
2004) with the previously 14C-dated Flimser Bergsturz 
(Deplazes et  al., 2007). Tephra-bearing horizons (i.e., 
Laacher See tephra) could not be identified upon mac-
roscopic core description. All ages were obtained from 
samples collected below 8.83 mcd, as the focus of the 
study is laid on the lower section.

To obtain the radiocarbon samples, sediments were 
sieved to extract macroscopic terrestrial organic remains. 
The samples were cleaned and, if possible, identified, 
small samples were merged (Table  3). 14C-data were 
acquired with accelerator mass spectrometry (AMS) at 
the LARA laboratory, University of Bern. 14C-ages were 
calibrated using OxCal and the IntCal20 calibration 
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curve (Reimer et al., 2020) and are presented with a 2-σ 
range.

Three OSL-samples were taken in the coarse sandy 
facies as whole-core rounds prior to opening to minimize 
the risk of light penetration and resetting of the natural 
luminescence signal. Two samples were taken from core 
sections that are not part of the composite core. These 
samples depths were projected onto their correlated com-
posite depth by visual matching key lithological features. 
All further preparations and measurements were done 
under red-light conditions. The 180–250  µm potassium 
(K)-feldspar fraction was extracted by using the standard 
OSL-sample preparation protocol (Preusser et al., 2008). 
All measurements were conducted using TL/OSL DA-
RISØ reader in the Luminescence-Laboratory, University 
of Bern. A post-IR IRSL 150 protocol (Reimann & Tsu-
kamoto, 2012) was used to measure the equivalent dose 
(De) from two signals measured at 50  °C (IR50) and at 
150  °C (pIR150). Dose recovery and residual-dose tests 
were conducted to check the reliability of the protocol, 
with recovered dose for each sample within 10% of the 
originally given dose. De measurements were done on 
24 aliquots of 1 mm diameter for each sample. Measure-
ments for fading-rate estimates were additionally carried 
out following Auclair et  al. (2003). Final De per sample 
for both IR50- and pIR150-signals were calculated using 
the central age model (CAM; Galbraith et al., 1999). The 
concentrations of relevant radionuclides (i.e., K, Th, and 
U) for dose rate (Dr) determination were measured with 
high-resolution low-level gamma spectrometry at the 

LARA laboratory at the University of Bern (Preusser & 
Kasper, 2001). Water content was determined on the 
basis of bulk-density MSCL-data (Lukas et  al., 2012). 
Based on these results, the final Dr for each sample was 
calculated by using the Dose Rate and Age Calculator 
(DRAC; Durcan et al., 2015). Calculated ages (sample De/
Dr) were then corrected for fading, using the fading cor-
rection model by Huntley and Lamothe (2011) included 
in the Luminescence R package (Kreutzer et al., 2012).

The age-depth model is primarily based on a second-
degree polynomial line regression of the 14C-ages. The 
14C-ages were selected due to the internal consistence 
in sampling, measurement, analyses, and error dimen-
sion. The best fit and the uncertainty range were manu-
ally picked according to the weighted probability, the 
OSL-ages, and the correlated Flimser Bergsturz-age. The 
2-σ probability envelop of the 14C-ages was also manually 
modified to include the OSL-ranges.

3 � Results
3.1 � Seismic data
Seismic data provide an overview of the larger strati-
graphic architecture of the study area and helps to 
understand the major phases in the development of Lake 
Constance since the last glacial cycle. It reveals a ~ 200 m 
deep u-shaped erosional truncation of the bedrock below 
today’s lake floor. The stratified fillings of this incision 
were interpreted as glacial, fluvial, and lacustrine depos-
its (Fig. 2). The sedimentary cover on top of the bedrock 
at the drill site amounts to ~ 180  ms two-way-travel 

Table 3  Radiocarbon age data

a Marks the CO2-gas measurements, otherwise measurements were done on graphite

Radiocarbon measurements

Sample Core-section Section 
depth 
[cmsd]

Composite 
depth 
[mcd]

Age 
uncalibrated 
[yr BP]

Lab code Age calibrated [yr BP] Material

14C-1a HIBO19-A-4-1 85–87 8.83–8.85 8322 ± 90 BE-14442.1.1 9525–9029 Young branches + bud scale

14C-2a HIBO19-A4-2 5–15 9.02–9.12 8434 ± 190 BE-14443.1.1 10,120–8987 Leaf fragment + undefined 
terrestrial material

14C-3 HIBO19-A-4-2 66–68 9.63–9.65 9598 ± 40 BE-14444.1.1 11,163–10,763 Needle fragment (Pinus) + bud 
scale

14C-4a HIBO19-A-5-1 56–58 10.60–10.61 9973 ± 120 BE-14445.1.1 11,878–11,196 Undefined terrestrial seed + 1 
seed (Betula)

14C-5 HIBO19-A-5-2 24–25 11.28–11.29 12,294 ± 25 BE-14446.1.1 14,786–14,095 Wood fragment

14C-6a HIBO19-A-10-2 87–88 21.90–21.91 12,409 ± 115 BE-14447.1.1 15,013–14,094 Undefined leaf frag-
ment + piece of bark

14C-7 HIBO19-A-11-2 87–88 23.98–23.99 11,772 ± 70 BE-14448.1.1 13,784–13,496 Branch + 2 seed and leaf 
(Betula nana) + seed (Caryo-
phyllaceae)

Flimser Bergsturz HIBO19-A-4-1 91.5–99.5 8.895–9.025 9480–9430 Corelation of turbiditic event 
layer with Flimser Bergsturz 
14C-age (Deplazes et al., 2007)

HIBO19-A-4-2 0.5–5
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time (twt) equaling ~ 145 m. Based on the seismic facies 
analysis of profile P203 and P301 (Fig.  2), four major 
seismic stratigraphic units were described (Fabbri et al., 
2021): Unit I is characterized by horizontally and later-
ally continuous high-to-medium-amplitude reflections 
with a sharp erosional upper boundary to the overlying 
Unit II, and is interpreted as the molasse bedrock. Unit 
II is characterized by variable thickness (up to ~ 140 ms 
twt = ~ 110  m) and by a transparent to chaotic seismic 
facies with only few non-continuous reflections. This unit 
is interpreted to represent glacial deposits. Unit III has 
a maximum thickness of ~ 20  ms twt corresponding to 
~ 15 m and levels out most of the topography. The lower 
part of Unit III is characterized by rather transparent 
seismic facies with few continuous reflections, whereas 
the upper part displays some higher-amplitude horizon-
tal reflections with slightly upwards-bend lateral onlaps 
onto Unit II. Unit III is interpreted as glacio-lacustrine 
deposits. The uppermost Unit IV is composed of con-
tinuous high-amplitude reflections that mostly drape 
the underlying strata and that consist of Late Glacial and 
Holocene lacustrine sediments as confirmed through 
coring (Hanisch et al., 2009; Schwalb et al., 2013; Wessels, 
1995, 1998b).

3.2 � Lithotypes
The 24-m-long composite succession was divided into 
seven lithotypes reflecting background sedimentation 
(LB1-7), and seven lithotypes reflecting event-deposition 
(LE1-7) (Figs. 3 and 4). Lithologic descriptions and inter-
pretations of the respective depositional environment as 
well as representative core-photographs of the lithotypes 
are provided in Table  1 for LB1-7 and Table  2 for LE1-
7. Figure 5 illustrates detailed line scans and CT scans of 
selected core sections with key lithotypes.  

3.3 � Age‑model
The seven 14C-ages and the published age of the Flim-
ser Bergsturz (Deplazes et  al., 2007) are provided in 
Table 3. Two samples, 14C-5 and 14C-6 were classified as 
‘reworked’, because they show an older age than 14C-7 
and they consist of large material that can easily survive 
reworking processes (driftwood, piece of bark/wood; 
Table 3). The OSL-ages support this interpretation (Fig. 6 
and Table  4): the three OSL-ages overlap within errors, 
spanning ~ 10.9 to ~ 14.7 ka BP for the IR50 signal, and 
~ 11.0 to ~ 16.8  ka BP for the pIR150 signal (Additional 
file 1: Table S1). The IR50-ages were selected for the final 
chronology as this signal is faster to bleach under light 
exposure (Colarossi et  al., 2015), thus, limiting the risk 
of inherited signal potentially carried over from previous 
transport deposition cycles (‘partial bleaching’). Such a 
phenomena is common in fast depositional environments 

(López et al., 2018) and may lead to significant age over-
estimation. However, based on the moderate dispersion 
(Table  4) of the aliquots De-distribution, the general 
age agreement between both signals (Additional file  1: 
Table  S1), and the radiocarbon-based chronology, no 
significant partial bleaching is expected for the analyzed 
samples.

Because this study focusses on the early to pre-Holo-
cene sediments, the refined age model (Fig. 6) starts at a 
depth of 8.83  m with an age of ~ 9.4  ka BP. The transi-
tion between Younger Dryas and Holocene is located at 
~ 11.4 (min 10.3, max 13.8) mcd. The Bølling-Allerød—
Younger Dryas boundary is placed at ~ 20.35 (min 16.95, 
max 21.55) mcd. The age-depth model can roughly be 
divided into three sections with characteristic sedimenta-
tion rates: (1) slow deposition between 0 and ~ 9.65 mcd, 
with an estimated sedimentation rate of ~ 0.88 m/ka; (2) a 
transition zone between ~ 9.65 and 10.6 mcd with a sedi-
mentation rate of ~ 1.9 m/ka; and (3) a zone of fast depo-
sition ~ from 10.6 mcd to the bottom (~ 24 mcd) with an 
estimated sedimentation rate of ~ 6.4 m/ka.

3.4 � Stratigraphic units and core‑to‑seismic correlation
Based on the 14 defined background and event litho-
types (Tables 1a and b), the succession (Figs. 3 and 4) was 
divided into three main stratigraphic units (1, 2, and 3) 
with Unit 1 containing four subunits (1a–1d). These units 
are described in detail [incl. age range according to age 
model (Fig. 6)] from top to bottom in the following sec-
tion. Additionally, a correlation with the stratigraphic 
units presented in Wessels (1995, 1998b), Hanisch et al. 
(2009), and Schwalb et al. (2013) is given in Table 4.

Unit 1 (0 to 9.96 mcd; 0 to ~ 11.5  ka BP) Consists of 
laminated to layered grey (LB1, 2, and 3) to beige (LB 4 
and 5) silty mud. The grey variety rather occurs in the 
upper part, the beige variety in the lower part of the 
units. These lithologies are intercalated by several types 
of event layers (LE1, 2, 3, and 6). The low-density val-
ues at the very top represent the uncompacted youngest 
sediments at the lake floor. In the high-resolution seismic 
data, Unit 1 is characterized by a laterally continuous and 
rather draping seismic facies with a series of medium-to-
high amplitude reflections (Fig. 7). Overall, density values 
slightly increase downcore. In general, the magnetic sus-
ceptibility signal shows low values over the entire Unit 1. 
Density and magnetic susceptibility signals show match-
ing peaks that are mostly linked to event layers. The very 
top of Unit 1 is characterized by high bSi and organic 
matter concentrations, which quickly decrease downcore 
to a stable lower level for the remaining part of the unit. 
CaCO3 content shows a variable pattern in the upper 
half, including a peak with high values at the very top. It 
reaches a maximum of over 55 wt% in the lower parts of 
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Fig. 3  Petrophysical and lithological data versus depth of the HIBO19 composite core section. Columns from left to right: depth-scale [mcd], 
combined composite core photo (line scan), stratigraphic units (labelled with numbers), lithotypes (color code in the lower left corner) with 
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the plot’s entire width. Gaps in the cores are indicated in white. The lowermost gap is caused by whole-core OSL-sampling leaving only MSCL-data 
available for this section
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the unit and then quickly decreases at the very bottom of 
Unit 1. The Cc/Dol ratio lays between 16 and 2, follows 
qualitatively the CaCO3-pattern. The Ca/Ti-ratio reveals 
matching patterns with the CaCO3 content supporting 
its function as indicator for endogenic calcite abundance 
(Croudace & Rothwell, 2015). The Si/Ti and Zr/Ti ratios, 
serving in this study as indicators for greater grain sizes 
(Croudace & Rothwell, 2015), are low with some minor 
peaks. They match with the density and the magnetic 
susceptibility signals as well as with the estimated grain 
size of the background sediments and the event layers.

Subunit 1a (0–0.24 mcd) The uppermost sediments 
below the lake floor consist of light grey to black (thin) 
laminated silty mud (LB1) as exemplified in the very 
top of the surface core (Fig.  5). The topmost ~ 1–2  cm 
were remobilized during the drilling process. The whole 
Subunit 1a shows low density and magnetic susceptibil-
ity values that correspond with the high contents in bSi, 
organic matter, and CaCO3, as well as with the high Cc/
Dol-ratio.

Subunit 1b (0.24–2.86 mcd) Consists of light grey to 
dark grey (thin) laminated silty mud (LB2) with poten-
tial coring artefacts (LB3) as shown in the surface core 
(Fig. 5). The top of the subunit shows an increased den-
sity and magnetic signal, that matches with increased 

siliciclastic content. The section shows low bSi values as 
well as downcore increasing organic matter content and 
decreasing Cc/Dol-ratio. Density and magnetic suscepti-
bility values decrease slightly towards the bottom of Sub-
unit 1b. Due to the coring artefacts, these petrophysical 
signals might represent rather disturbed signals, hence, 
no reliable detailed correlations between the measured 
signals can be established.

Subunit 1c (2.86—gradual transition between 6.75 
and 7.25 mcd) This subunit consists of finely laminated 
to partly layered grey to beige-grey silty mud (LB4) with 
potential coring artefacts (LB3) as shown in core sec-
tion A-3-1 (Fig.  5). The background sediments are spo-
radically intercalated by several types of event layers such 
as mm-scaled rusty colored laminas (LE1), brownish to 
grey fining up turbiditic type (LE2), and traces of greyish 
homogeneous deposits (LE3). There is no systematic cor-
relation between the occurrences of the event layers. The 
subunit is characterized by rather low density and mag-
netic susceptibility values. In general, both signals slightly 
increase downcore, but display an unstable pattern with 
high amplitudes and high-frequency variations. Some of 
those minor peaks coincide with identified event deposits 
(LE2 and LE3). Furthermore, the entire subunit displays 
very low bSi-, variable low organic-matter-, and medium 
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Fig. 7  3.5 kHz pinger seismic line across the drill site with spliced core data (lithology and density profile of composite section; for explanations of 
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CaCO3 contents and Cc/Dol ratio, which are increasing 
downcore corresponding with the Ca/Ti ratio. Si/Ti and 
Zr/Ti ratios are low with some minor peaks indicating lit-
tle grain-size variability.

Subunit 1d (gradual transition between 6.75 and 7.25–
9.96 mcd) This subunit consists of finely laminated to 
partly layered grey to beige silty mud (LB5) that is inter-
calated by few rusty layers (LE1) and by greyish, more 
homogeneous layers (LE3) at the transition to Subunit 1c. 
The lithology of Subunit 1d is shown in the top ~ 20 cm 
of core section B-5-2 (Fig.  5). In contrast to the overly-
ing subunits, several sub-cm- to cm-thick fining-up sand 
layers (LE6) occur. Two prominent brownish fining-up 
event layers (LE2) occur at 8.895–9.025 mcd; these layers 
are postulated to be the distal effect of the Flimser Berg-
sturz (Schneider et al., 2004), and were correlated with an 
existing 14C-age (Deplazes et al., 2007) (Table 3; see “Dis-
cussion” section below). These two stacked layers have 
sufficient thickness and high density to produce a clear 
high-amplitude reflection on the high-resolution seismic 
data (green horizon M; Fig. 7), whereas the remainder of 
the subunit coincides with a rather transparent seismic 
facies. In general, the density signal slightly increases 
from top to bottom of Subunit 1d, whereas the magnetic 
susceptibility remains low. The subunit is characterized 
by very low bSi values, oscillating low organic matter, 
high CaCO3 contents, and high Cc/Dol ratio. The Ca/Ti-
ratio correlates well with the CaCO3 contents and the Cc/
Dol ratio above the prominent event layer, but below, this 
correlation is weaker. The Zr/Ti-ratio shows a strong and 
sharp peak at the prominent event layer and some minor 
peaks correlating with sandy event layers.

Unit 2 (9.96–11.38 mcd; ~ 11 to ~ 12 ka BP) The top 
~ 33 cm (9.96–10.29 mcd) consists of a mud-clast con-
glomerate (LE5) with a partly erosive fining-up middle 
sand base (LE6) shown in core section B-5-2 (Fig.  5). 
This mud-clast conglomerate has strongly elevated 
density and magnetic susceptibility values when com-
pared to overlaying and underlying lithologies. It 
coincides in the high-resolution seismic data with a 
zone of high-amplitude reflections (light blue hori-
zon M; Fig. 7) which was previously identified in other 
high-resolution seismic surveys in Lake Constance 
(Schwestermann, 2016). The remaining underlaying 
part of Unit 2 is built up by homogeneous to laminated 
beige to grey-beige silty mud (LB6). The more lami-
nated upper part (10.23–11.04  mcd) is intercalated by 
few cm-scaled homogeneous grey (LE3) and fining-up 
sand layers (LE6), whereas the homogeneous lower 
part (11.04–11.38 mcd) contains the uppermost bright 
yellowish-beige mm-scaled clay layer (LE4). While 
no traces of organic matter were measured, a slightly 

increased bSi content is identified. CaCO3 contents of 
the background sediments increase slightly from top to 
bottom, whereas the Cc/Dol ratio shows waring values 
on a rather low level. Ca/Ti, Si/Ti and Zr/Ti ratios dis-
play major peaks in the sand succession (Fig. 4).

Unit 3 (11.38–24.015 mcd; ~ 12 to ~ 13.5 ka BP) Unit 
3 shows a fine (LB7) and a coarse (LE6, LE7) endmem-
ber lithology: ~ 30% of the unit are composed of lami-
nated alternating grey-beige and yellow-beige clay to 
clayey silt lithologies (LB7), varying between mm thick, 
isolated laminas, and several dm-thick, nearly continu-
ous beds (i.e., ~ 11.4 to ~ 11.6 and ~ 16.3 to ~ 16.9 mcd). 
These clay-rich successions are either interrupted by 
thinly laminated to bedded fining-up sandy successions 
(LE6) or by fining-up sandy successions followed by 
massive sand beds (LE6 + LE7), making up ~ 70% of the 
units. The high-resolution seismic signals did not fully 
penetrate Unit 3, as only minor traces of reflections 
can be recognized on the seismic line (Fig. 7). The weak 
reflections, however, are inclined towards the NE indi-
cating a non-draping geometry (Fig.  7). The relation-
ship between the different lithotypes is shown in core 
section B-8-2 (Fig.  5). The thickness of the individual 
fining-up sand successions varies between thin lami-
nation and massive bedding with partly erosive basal 
contacts to the underlying clay-rich successions. Addi-
tionally, the laminated fines are sporadically interca-
lated by bright yellowish-beige clay laminae (LE4). The 
sand beds show high-density and rather low magnetic 
susceptibility signals, whereas the clay rich successions 
have a lower density, but a higher magnetic susceptibil-
ity signal. In general, the density and magnetic suscep-
tibility profiles display mirrored patterns (Fig.  3): The 
density signal of the fining-up sand beds is noisier due 
to its variable thickness and occurrence of clay lamina-
tions. However, several of them show strong magnetic 
susceptibility peaks, likely caused by a higher mica con-
tent. Below 12 mcd, bSi is considered absent based on 
smear slide inspection. Organic matter concentration is 
very low (< 0.5%wt). Varying but generally low CaCO3 
contents occur in the coarse beds and higher values 
where fines predominate. The Cc/Dol ratio shows vary-
ing values in the upper half of the section with a peak 
at around 17 mcd and low ones below, due to the low 
number of samples, not robust correlation with the 
lithotypes was possible. The Si/Ti-ratio is elevated in 
the coarse beds and low in the fines. Fining-up coarse 
beds show intermediate values. Overall, the Si/Ti curve 
matches well with the density curve (Figs. 3 and 4). The 
Zr/Ti-ratio has a noisy pattern, but the coarser sand 
beds present a high-amplitude and high-frequency 
signal, whereas the clay-dominated beds show lower 
values.
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4 � Discussion: paleoenvironmental evolution
The 24-m recovered sediment ssequence documents the 
postglacial evolution of Lake Constance during the last 
~ 14  ka. The lowermost stratigraphic unit, Unit 3, con-
tains sediments from the late Bølling–Allerød interstadial 
to the late Younger Dryas stadial (Fig. 6). The period rep-
resents the last ‘cold’ state of the lake region with low pro-
ductivity and a depositional environment characterized 
with the sedimentation of predominantly clastic detritus. 
Even though, the Bølling–Allerød was characterized in 
previous cores from Lake Constance (Wessels, 1998b) 
and in other lakes in the northern perialpine realm by 
increased biological productivity (Ammann et al., 2013), 
Unit 3 shows only few samples with enhanced organic 
matter content not exceeding 1% (Fig. 4). In addition, the 
carbonates in this section are detrital as supported by 
microscopic analysis. Overall, the entire unit was rather 
quickly deposited with over 12.6  m in just ~ 2  ka. The 
two endmember lithotypes of this unit, LB7 and LE7, 
represent two very different depositional patterns. The 
laminated fine-grained deposits, LB7, are interpreted as 
pelagic-lacustrine, potentially varved, background depos-
its, while the abundant siliciclastic dominated coarse-
grained sand beds, LE7, represent high-energy periods 
when coarse particles were transported dynamically into 
the deep basin. The frequent alternations between those 
two depositional modes indicate a highly dynamic sedi-
mentological environment with locally highly varying 
sedimentation rates.

	(i)	 Laminated fine-grained successions (LB7): The 
beige-yellowish fine-grained laminated succession 
show a higher carbonate content and represent 
a mixture of the averaged low-energy sediment 
influx into the entire lake. They were previously 
identified in other sediment cores from Lake Con-
stance and other perialpine lakes as background 
deposits, including in the prominent bright yel-
lowish layers (LE4 in Table 2; Hanisch et al., 2009; 

Niessen et al., 1992; Schwalb et al., 2013; Wessels, 
1995, 1998b).

	(ii)	 Coarse-grained siliciclastic sandy successions 
(LE7): Each up to ~ 1 m thick sand bed was most 
likely deposited during a single event of short dura-
tion (hours to days). In contrast to the fine-grained 
deposits, the sand source has to be of a more local 
origin and fed from the northern lake shore as the 
drilling location is located on the northwestern 
slope of the deep basin. This local signal is also 
supported by previous sediment-core studies that 
documented lithological equivalent units (Table 5) 
for the laminated background sediments, but not 
for the sands (Hanisch et al., 2009; Schwalb et al., 
2013; Wessels, 1995, 1998b). The increased silici-
clastic contents (Fig. 4), the greater grain size, the 
increased thickness of the individual deposits and 
consequently the increased sedimentation rate 
compared to the background sedimentation indi-
cate a much higher depositional energy. The bathy-
metric data clearly document the presence of a 
subaqueous, branched to meandering channel sys-
tem characterized by multiple branches originat-
ing in the Seefelder Aach Delta to the northwest. 
The traces of the channel systems are still visible on 
today’s lake floor through the > 10  m thick Holo-
cene drape (Fig.  8).This highly dynamic system 
producing two endmember lithologies, which are 
controlled by the distance to the active paleochan-
nels: LE7 within or very proximal to the channel 
and LB7 as the background sedimentation in inac-
tive and unaffected parts of the channel. The chan-
nel system can be traced back into the Seefelder 
Aach Delta, but the present stream delivers only 
few m3/s of water, which is not sufficient to gener-
ate such deeply incised channels and the associated 
overbank deposits. It must have been formed by a 
Late Glacial stream with higher discharge rates and 

Table 5  Correlation of the stratigraphic units from the HIBO19-Core with previous stratigraphic units from Wessels (1995, 1998a, b), 
Hanisch et al. (2009), and Schwalb et al. (2013)

Lithotype corelation

Wessels (1995, 1998a, b) Hanisch et al. (2009) Schwalb et al. (2013) HIBO19

Turbidites, massive sands, and laminated silts Unit 5 Unit 4 Unit 1a and 1b

Light brown to dark grey laminated silt Unit 4/4a Unit 3 Unit 1c and 1d

Black spotted lake marls Unit 3 Unit 2 Unit 2

Massive, brownish grey to dark grey muds Unit 2

Yellowish brown to grey rhythmites Unit 1 Unit 1 Unit 3

Deformed sandy and gravelly mud Not recovered Not recovered Not recovered

Laminated grey muds



    7   Page 20 of 25	 S. Schaller et al.

suspension load that was active until the Younger-
Dryas-Holocene-transition after which the major 
sand deposits are absent in the cores. A potential 
sand source would be the mobilized glaciofluvial 
sediments of the retreating Rhine Glacier. How-

ever, it is assumed that the glacier has retreated 
latest around 17 ka BP back into the Alpine valleys 
to the south (Gaar et al., 2019; Wessels, 1998b). A 
direct link to meltwater escaping a retreating gla-
cier lobe is thus very unlikely. Nevertheless, the 

HIBO19
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Fig. 8  Detailed bathymetric map around the coring site and the Seefelder-Aach River. The two airgun seismic lines and the coring site (WGS84: 
47.66813°/9.28686°) are marked in red and the high resolution pinger line in black, the City of Konstanz shown as black dot and the Aach River in 
blue. The yellow ochre colored area along the shoreline is based on LIDAR-data for elevations between 0 and 1 m above the reference lake level 
of 395 m a.s.l. (Wessels et al., 2015). The inset on the upper right illustrates prominent geomorphological features, such as subaquatic canyons, 
highlighted in light blue and potential source areas of subaquatic mass movements in light grey
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glacier may have provided easily erodible deposits 
in the proglacial environment (i.e., sander plain 
without vegetation) in the catchment area. These 
deposits might have been remobilized by the Late 
Glacial Seefelder Aach River and were fed into the 
erosive channel system. Alternatively, the sands 
may also represent eroded molasse bedrock by the 
Aach River (e.g., Aachtobel), a bedrock source that 
requires, however, higher runoff as the previously 
proposed mobilization mechanism for Late Gla-
cial sediments. A mix of both sources might also 
have contributed to the deposition of the coarse-
grained deposits in the lake basin. In any case, the 
required runoff values are not easy to be reached 
once the Rhine Glacier has retreated from the 
northern shore. A possible explanation to gener-
ate the required high-discharge events could be 
outburst events from breaching dams, such as out-
breaks of moraine dammed lakes in the catchment 
of the Aach River. Such lakes possibly existed dur-
ing deglaciation (Keller & Krayss, 2000), however, 
they may have also been present until the end of 
the Late Glacial and their runoffs might have kept 
the channel system active.

Unit 2 represents the Younger-Dryas–Holocene-transi-
tion, when a clear change in the paleoenvironmental set-
ting occurred. The massive sands and the beige-yellowish 
clays disappear and are replaced by a beige-grey silty mud 
void of organic matter and siliceous algal remains (Fig. 4). 
The entire unit has been deposited rather quickly, 1.42 m 
in ~ 0.8 ka, but still much slower than the underlying Unit 
3. The homogeneous lower part of Unit 2 was deposited 
during a stable, calm, and low-energy phase, which was 
replaced by a more unstable depositional phase repre-
sented by the thin sand layers. These layers are poten-
tial traces of minor reactivation phases of the channel 
system. They are intercalated by several homogenei-
ties, that can likely be linked to subaquatic mass move-
ments as their traces are still visible in the bathymetric 
data (Fig. 8). The top of Unit 2 is formed by a mud-clast 
conglomerate overlying a normal-graded bed. They both 
must have been formed by the major mass movement 
with thick deposits identified on the high-resolution seis-
mic line towards the NE (blue mm; Fig. 7) and not nec-
essarily by an event going down the channel system, in 
particular as the lake floor was already levelled out by 
then (Fig.  7). The subaquatic mass movement from the 
steep slopes first triggered a high-velocity turbidite flow 
transporting and depositing the sand that became even-
tually overlain by the mud-clast conglomerate indicating 
a slower debris-flow-like process eroding and mobilizing 
the previously deposited yellowish-beige and grey clasts.

Unit 1 represents the Holocene sediments that were 
deposited when the lake changed to a higher trophic 
state. The depositional environment became stable and 
low-energy conditions prevailed, as documented in the 
laminated to layered background sediments. Sedimenta-
tion rate decreased to < 1 m/ka (~ 10 m in ~ 11 ka). The 
age-depth model indicates for Subunit 1d an even lower 
sedimentation rate during the early phase of the warming 
lake (~ 0.65  m/ka). The predominating stable and low-
energy conditions of Unit 1 were only disturbed upon 
few occasions: (i) cm-scaled sand beds in Subunit 1d with 
terrestrial macro remains indicating a terrestrial source 
of these clastic layers that are related to high-discharge 
events from reactivated channel phases by the Seefel-
der Aach or from remobilization of near-shore deposits 
through lateral mass movements causing turbidity cur-
rents; (ii) turbiditic and partly homogenite-like event 
layers that occur frequently until the transition of Subu-
nits 1c to 1b; and (iii) minor fine-grained event layers in 
Subunit 1a and b that are related with slightly increased 
runoffs during floods and heavy rainfalls.

The major and most prominent disturbance of the low-
energy environment is represented by the two thickest 
and coarsest turbiditic event layers in Unit 1 at 8.895–
9.025 mcd (Fig.  9). Age data and comparison to previ-
ous studies (Schneider et al., 2004) connect this layer to 
the Flimser Bergsturz, the largest rockslide in the Alps 
that occurred ~ 9.5  ky BP over 100  km upstream the 
Rhine River (Deplazes et al., 2007; Poschinger, 2005). The 
14C-dates of the over and underlying background depos-
its (Fig. 9) corresponds well with the postulated age of the 
Flimser Bergsturz of 9480–9430 cal. BP (Deplazes et al., 
2007). The grain-size distribution, the mineral-phase dis-
tribution, the lithological constitution, and the CT scans 
of the layer clearly reveal the two-phased character with 
two stacked normally graded beds of ~ 5 (upper) and 
~ 7 (lower) cm thickness within this anomaly. Upward 
decreasing carbonate contents in the graded beds may 
reflect a grain size effect (increasing clay content up-
core). Additionally, the CT scans reveal a ~ 1–2 mm thick 
low-density layer in between these two turbiditic layers 
(Fig. 9). This thin layer represents the background period 
before the secondary event occurred, supporting the 
postulated short time period in between the two events 
(Schneider et  al., 2004). Furthermore, the two bases, 
especially the lower one, are clearly of a wavy shape, as is 
typical for hyperpycnal flood events (Mulder & Alexan-
der, 2001; Zavala, 2020), an interpretation supported by 
the matching peaks in the grain-size distribution as well 
as quartz and feldspar content. Carbonate content shows 
the highest concentrations measured in coarser detrital 
deposits, i.e., > 40% in comparison to ~ 20–25% in the 
sand deposits in Unit 3. Consequently, these two stacked 
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turbidites require a source area that is richer in mobile 
carbonates. This can be explained by the redeposits of the 
9  km3 of rockslide material provided by the Flims event 
(Poschinger, 2005). An initial explanation for the two-
phased characteristic appearance of the event layer in 
Lake Constance was provided by Schneider et al. (2004) 
interpreting the lower layer as Flimser Bergsturz and the 
upper layer as Taminser Bergsturz signal, a temporal suc-
cession not anymore supported by recent investigations 
in the Flims/Tamins rockslide area (Calhoun et al., 2015; 
Poschinger, 2005). A more likely interpretation is that the 
lower layer is a direct result of the Flimser Bergsturz that 
mobilized, in addition to the falling rock masses, an enor-
mous amount of Quaternary valley-fill deposits, while 
the upper layer represents the remains of an outburst of 
the rockslide-dammed Lake Ilanz a few years after the 
rock slide (Poschinger, 2005). In fact, a third carbonate-
rich but thinner (5  mm thick) turbidite 2  cm above the 
upper layer (8.87–8.875  mcd; Fig.  9) might represent a 
later outburst event upon a further incision and lowering 
of the dam.

The entire Holocene unit is marked by a shift in 
sediment composition (Fig.  3) and by a change in 
depositional mechanism. In Subunit 1d, productivity 
increases up core leading to precipitation of endogenic 

calcite as indicated by microscopic analysis of shape, 
size, and interference colors, which is further sup-
ported by the exceptionally high calcite concentrations 
and Ca/Ti-ratio (Fig. 4). CaCO3 content decreases sub-
stantially up-core from the middle of Subunit 1d until 
the end of 1b, while organic matter and bSi contents 
remain stable. Additionally, the sediment composition 
changes again from one dominated by autochthonous 
constituents to one that is dominated by allochthonous 
clastic material. It is, however, not entirely clear if this 
shift was caused by increased allochthonous input or by 
a decrease in autochthonous flux (Wessels, 1998b). The 
increased sediment flux of the Rhine as an explanation 
for the changes is supported by: (i) the increased occur-
rence of turbidites, (ii) the lower sedimentation rate 
of Subunit 1d compared to Unit 1; and (iii) the strong 
upsurge in siliciclastic sedimentation and declining 
Ca/Ti-ratios. The very top of the Holocene sediments, 
Subunit 1a, represents a rapid shift in the paleoenviron-
ment: highly elevated carbonate, organic matter, and 
bSi contents, together with the black color of the lami-
nas, indicate anthropogenically-induced eutrophication 
of Lake Constance during the late Holocene (Wessels 
et al., 1999).
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5 � Summary and conclusions
The 24-m-long sediment core (HIBO19) recovered 
from the deep basin of Lake Constance in over 200 m 
water depth provides a nearly continuous sediment 
record reflecting the environmental history since 
the Late Glacial. With a bottom age of ~ 13.7  ka BP, 
the base of the record reaches back into the Bølling–
Allerød interstadial and offers a high-resolution insight 
into the post-glacial evolution of the lake. Late Gla-
cial sediments document a very low lake productivity 
and a high-variability depositional environment due 
to local hydrodynamic conditions which typical of a 
proglacial cold lake. The low-energy phases are repre-
sented by the finely laminated background clay depos-
its, whereas the sand particles were transported to 
the coring site with episodic high-energy hyperpycnal 
flows through an impressive subaquatic channel sys-
tem. Geomorphological channel routing analysis iden-
tified the Seefelder Aach River Delta on the northern 
shore of Lake Constance as the most likely source of 
the sand. Since the Rhine Glacier had already retreated 
from Lake Constance Basin at the time of deposition, 
the glacier itself could not have been the direct source 
of the sand. Instead, the sand may have been remo-
bilized from sander outwash plains deposited in the 
River Aach-catchment by the retreating Rhine Glacier, 
or it may have originated from eroded molasse bed-
rock. The observed deposition of coarse layers requires 
high-discharge flow events capable of transporting 
large amounts of sands and pouring them to the deep-
water realm, which cannot be achieved by the modern 
low-energy river system. One hypothesis is that these 
high-discharge events may be related to the collapse 
of moraine-dammed meltwater lakes in the catchment 
north of Lake Constance that persisted until the end 
of the Late Glacial, provoking major outburst floods. 
However, the circumstances of the formation and dep-
osition of these sands cannot be conclusively clarified 
based on the available data, which, in contrast to the 
well-known laminated background sediments, are only 
known from the HIBO19-cores. The same applies to a 
mud-clast conglomerate, which was deposited at the 
end of the Younger Dryas stadial and probably repre-
sents the distal effect of a subaquatic mass movement as 
identified at the toe-of-slope on the seismic data. This 
fact underlines the uniqueness of observing these sands 
and the need of drilling deep into these pre-Holocene 
sediments to gather detailed information that cannot 
be obtained only by seismic or other geophysical sur-
veys. Therefore, the close linking of high-resolution 
seismic surveys with sedimentological investigations 
of several long cores recovered from the channel sys-
tem, covering the whole transect from its roots to its 

end, could contribute to a better understanding of the 
formation mechanism of the system. Additionally, drill-
ing through the whole post-glacial succession, which 
contains the complete channel dominated sequence, 
would help to reconstruct, and date the evolution of the 
system.

A major change in the depositional environment 
occurred at the Younger-Dryas–Holocene-transition, 
which marks the onset of a modern warm lake with 
increased biotic productivity. The whole Holocene record 
shows dominant, stable low-energy and deep-water con-
ditions. However, the records reveal phases of higher 
energy and rapid deposition during the early Holocene, 
represented by homogenites and cm-scaled sand layers 
that might be associated with minor reactivation phases 
of the subaquatic channel system or with lateral mass 
movements producing turbidites. During the mid-Holo-
cene, the frequency of brownish, fining up turbiditic lay-
ers, representing local flood events, increases. The most 
prominent Holocene event is the dm-scaled double tur-
bidite coinciding with the Flimser Bergsturz, the largest 
Alpine rockslide that occurred ~ 100  km upstream the 
Rhine-river. Framing 14C-ages of the event layer coincide 
well with the established event ages of 9480–9430 cal. BP 
for the Flimser Bergsturz. While the lower layer might be 
a direct product of the rockslide itself, the upper turbidite 
and a third, much thinner turbidite above, might result 
from a dam breach of the rockslide-dammed Lake Ilanz. 
More cores, in particular from the deep-water depo-
center of Lake Constance, are required to increase confi-
dence of these interpretations.

A shift from in-situ carbonate production to an alloch-
thonous siliciclastic dominated sedimentation occurred 
in late early-Holocene (~ 7–8  ka BP). This shift might 
be correlated with an increased sediment influx from 
the Rhine or with a decrease in the in-situ carbonate 
production. The lake was dominated by allochthonous 
siliciclastic sedimentation until very recent times, when 
the carbonate, organic matter, and bSi contents dramati-
cally increased during the anthropogenic eutrophication 
of Lake Constance. This late phase in the lake evolution 
with increased nutrient supply is represented by the 
uppermost black and organic-rich sediments.
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Additional file 3: Figure S2. XRF element counts versus depth for Tita-
nium, Silica, Calcium, and Zirconium as used for element/Titanium-ratios 
shown in Fig. 4.
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