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Abstract  A recent bathymetric survey of Lake 
Constance revealed ~ 170 mounds composed of 
loosely deposited rocks aligned in a ~ 10-km long 
chain along the southern Swiss shoreline in a 
water depth of 3–5  m. The mounds are 10–30  m 
in diameter and up to 1.5  m high. Over their entire 
length of occurrence, the mounds are estimated to be 

composed of ~ 60 million individual boulders, with 
a total weight of ~ 78,000 t. A ground penetrating 
radar (GPR) survey showed that the mounds are 
not linked to the glacial substrate but were rather 
deposited artificially on the edge of a prograding 
shelf composed of Holocene lake sediments. Here, 
we present the results of a coring campaign with 
four piston cores along a GPR transect across one of 
the mounds. The cores recovered the full Holocene 
sedimentary succession all the way into the basal till 
that is overlain by lacustrine sediments dating back 
to ~ 14,400  cal. yrs BP. The four cores are merged 
into a ~ 12.4-m long composite section reflecting 
continuous sedimentation from the siliciclastic-
dominated Late Glacial to the carbonate-rich Late 
Holocene. The stratigraphic horizon representing 
the mound’s construction was radiocarbon-dated 
to ~ 5600–5300  cal. yrs BP, placing them in the 
Neolithic period. This age was confirmed by 
radiocarbon dating of wood samples collected during 
underwater excavation of the mounds. Geochemical 
analysis of the Holocene sedimentary succession 
shows generally high carbonate contents (average 
of 69%). The interval from 5750 to 4950  cal. yrs 
BP, a part of the mound period, is characterized by 
a Holocene minimum in carbonate content (average 
of 57%) and by larger mean grain sizes. Comparing 
these values to those from a recent surface-sediment 
depth transect indicates that this was a period of rather 
low lake levels, which might have favoured mound 
construction. Correlations to nearby archaeological 
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sites and to the general West-Central European lake-
level record indicates that the mounds likely were 
built during a short phase of low lake levels during a 
general trend of climatic cooling followed by a lake-
level transgression.

Keywords  Lake sediments · Lake-level changes

Introduction

From 2013 to 2015, the International Commission 
for the Protection of Lake Constance (IGKB) 
supported a bathymetric survey of Lake Constance. 
A combination of multibeam echo sounding (MBES) 
and airborne laser scanning (LiDAR) resulted in 
a new high-resolution bathymetric map covering 
the whole lake with a grid resolution of 0.5  m (not 
public), as well as 3 m and 10 m, which are available 

to the public. Within the first analyses of the results, 
a chain of submerged mounds along the shallow-
water zone of the southern shore in Switzerland 
was discovered (Wessels et  al. 2016). This initial, 
unexpected discovery laid the base for a systematic 
exploration by the Archaeological Department of the 
Canton of Thurgau (AATG): the mounds are arranged 
parallel to the shoreline in a water depth of 3–5  m 
with a regular spacing of 85–110 m. The whole chain 
of mounds stretches from the village of Altnau to 
the town of Romanshorn, covering ~ 10 km (Fig.  1). 
The mounds are circular in shape with diameters of 
10–30 m and a height of up to 1.5 m. They are built 
up by loosely deposited, cobble-sized rocks, which 
reflect the composition of local outcrops of till 
sediments in creeks and along the beach, consisting 
mainly of Molasse sandstones with minor amounts 
of gneisses, limestones and other crystalline rocks 
(Leuzinger et al. 2021). The total chain is estimated to 

Fig. 1   Topographic map (Swisstopo, Federal Office of Topography) showing the locations of the mounds (red dots) along the 
Southern Swiss shore of Lake Constance between the village of Altnau and the town of Romanshorn
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be composed of more than 60 Mio individual cobbles, 
weighting ~ 78,000  t. Already upon their initial 
discovery, the question of a natural or anthropogenic 
origin of the mounds was raised (Leuzinger et  al. 
2021). Further geophysical, sedimentological, and 
archaeological investigations focused on Mound 
no. 5, located ~ 250 m offshore the village of Uttwil 
(Fig.  2a). An underwater ground penetrating radar 
(GPR) survey showed a succession of glacial till, 
late glacial clays and postglacial lake sediments 
underlying the mounds, indicating their non-glacial 

and thus most likely anthropogenic origin. The 
survey further revealed that the mounds were initially 
constructed at the shelf edge and that the shelf has 
prograded towards the lake since then (Hornung 
2018). Archaeological dives and a sampling trench in 
a mound retrieved multiple fragments of wood. Most 
of them were radiocarbon dated to 5550–5250  cal. 
yrs BP, suggesting that the mounds were built during 
the Neolithic age by local pile dwellers (Leuzinger 
et  al. 2021). However, it is still unclear if these 
mounds were constructed on periodically dry land or 

Fig. 2   a Bathymetric map 
(Wessels et al. 2016) of 
Lake Constance showing 
a part of the chain of 
mounds along the shelf 
edge. b Orthophoto 
(Swisstopo, Federal Office 
of Topography) of the study 
area around Mound no. 5 
showing sampling locations 
(surface-sediment samples 
and sediment cores) and the 
GPR transect
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if they have been submerged in the lake since their 
construction. Calculations based on geotechnical 
drillings in the vicinity of the Lake Constance 
outlet resulted in a minimum lake level of 393  m 
above sea level (m a.s.l.; Swiss vertical datum), still 
0.5–2.0  m above the top of the mounds (Leuzinger 
et al. 2021). This study presents in detail the results 
of a sediment-core transect carried out in 2019 
across the shelf along a ground-penetrating radar line 
crossing a mound. The focus of this sedimentological, 
petrophysical and geochemical analysis is to identify 
changes and trends of the depositional environment 
reflecting the paleoenvironment before, during 
and after mound formation. The main aim is to 
reconstruct lake-level changes that may have strongly 
influenced relevant processes. For this purpose, the 
core-based paleoenvironmental reconstruction will 
be calibrated with modern surface samples taken at 
various water depths. Further, we aim to confirm the 
Neolithic age of the mounds by dating the sediments 
corresponding to the prehistoric shelf edge the 
mounds were constructed on.

Site description

Limnology

With a total surface area of 536  km2, a maximum 
depth of 251 m and a volume of 48.4 km3, tri-national 
(Germany, Austria, Switzerland) Lake Constance 
is one of the largest perialpine lakes. Most of the 
inflow (~ 65%) is brought by the Alpine Rhine River. 
The lake is generally divided into the larger and 
deeper Upper Lake (“Obersee”) and the smaller and 
shallower Lower Lake (“Untersee”). The mean lake 
level in the Upper Lake is some 395 m a.s.l. Driven 
by seasonal snow melt in the Alpine source area, 
lake-level maxima are reached in June and July. 
Consequently, minima occur in late winter (March) 
when precipitation is retained as snow. The mean 
annual difference between minima and maxima 
is 1.40  m and the observed all-time maximum 
difference is 3.38  m (Güde and Straile 2016). After 
a period of anthropogenic eutrophication during 
the 20th century, the lake has returned to its natural 
monomictic, oligotrophic state (Wessels et  al. 1999; 
Milan et  al. 2022). Sediments mainly brought in by 
the Rhine River are usually transported along the 

northern shore (Wessels 1995; IGKB 2016). Small-
scale slow currents in the shallow water areas close 
to the shore are mainly controlled by gradients in 
temperature and density while strong rip-currents are 
also driven by onshore winds (Wessels 1999).

Geological setting

The greater Lake Constance area lies in the Molasse 
basin in the northern Alpine foreland. Most of 
the catchment of the Alpine Rhine River is built 
up by Mesozoic limestone (Helvetic nappes) and 
metamorphic schists (Penninic nappes) (Wessels 
1998a). With the onset of the Quaternary, the Molasse 
substrate around Lake Constance was covered 
multiple times by the advancing and retreating 
Rhine Glacier, which led to formation of several 
overdeepened valleys, with the Lake Constance 
Basin as the largest of them. After the Last Glacial 
Maximum (LGM), the Rhine Glacier retreated and 
modern Lake Constance became ice-free (Keller 
1994; Wessels 1995, 1998a, b, c).

Previous studies of Lake Constance sediments

In general, Upper Lake Constance can be divided 
into three main sedimentation areas: the northern 
slope influenced by allochthonous clastic input from 
the Rhine River, the central basin characterized by 
turbidite deposits, and the southern slope, which is 
dominated by autochthonous carbonate production 
typical for a hard-water lake (Wessels 1995, 1998a). 
First sediment cores in Lake Constance were retrieved 
in the late 1960s near the Rhine Delta (Förstner 
et al. 1968). In the 1980s and 1990s, multiple coring 
campaigns retrieved piston cores to classify the 
different sediment types, map their distribution and 
track changes in the trophic state, lake level, and 
climate (Giovanoli 1991; Hofmann 1991; Ostendorp 
1991; Neukirch 1991; Niessen and Sturm 1991; 
Niessen et  al. 1992). The sediments investigated 
in all these campaigns cover the last ca. 17,500 cal. 
yrs BP and represent different depositional settings 
ranging from sub- to proximal glacial sediments, 
annually laminated loess deposits, and lake marls 
intercalated with flood layers (Wessels 1998b). They 
provided useful information about the natural change 
in environmental conditions and the anthropogenic 
influence (Kober et  al. 2007; Hanisch et  al. 2009; 
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Schwalb et  al. 2013). The recovery of the longest 
available core, a 24  m long core from the Central 
Basin (Schaller et  al. 2022), marks the most recent 
limnogeological research of Lake Constance.

The shallow‑water area

About 14% of Upper Lake Constance is part of the 
shallow-water area with water depths less than 
10  m that mostly stretch out 200–500  m from the 
shore towards the lake (Güde and Straile 2016). 
The distribution of sediments in this ‘shelf’ area 
is influenced by clastic river input, autochthonous 
calcite precipitation and resuspension, as well as 
deposition by wind-induced waves (Schmieder et  al. 
2004; Güde and Straile 2016). Large-scale, lake-
wide analyses of littoral surface sediments show a 
decrease in allochthonous material from east to west 
and north to south and decreasing mean grain sizes 
with increasing water depths. In general, larger mean 
grain sizes are observed along the northern shore 
(Schmieder et  al. 2004; IGKB 2016). The littoral 
surface sediments of the southern shore are commonly 
described as fine- to coarse-grained without clear and 
distinct laminations or sedimentary structures. This is 
attributed to the constant redistribution and lakeward 
transport out of the shallow-water area (Güde et  al. 
2009; Güde and Straile 2016). In recent years, 
several studies investigated the increasing erosion of 
surface sediments and the resulting disintegration of 
archaeological artifacts of the littoral zone (Ostendorp 
et al. 2016; Ebersbach et al. 2019). Studies have been 
carried out to better understand the processes and 
mechanisms involved in surface-sediment distribution 
(Wessels and Weber 2013; Hofmann et  al. 2019; 
Wessels and Hornung 2019).

Archaeological background

There are few traces of Paleo- and Mesolithic 
human activity in the region (Leuzinger 2010). The 
first evidence of Neolithic pile dwellings along the 
Lake Constance shore dates to ca. 5900 cal. yrs BP. 
Throughout the Neolithic, these occupations were 
short-term and discontinuous. Settlements were 
built in multiple waves of occupation and were 
often abandoned and re-occupied later. With the 
onset of the Bronze Age (~  4200  cal. yrs BP), the 
settlements became more permanent, and the Lake 

Constance Area was relatively densely populated 
(Schlichtherle 2004; Billamboz 2014; Benguerel 
et  al. 2020). The first written sources of human 
activity in the region date to the time of Roman 
occupation (~  2000–1600  cal. yrs BP). Alamannic 
settlement along the Northern and Southern shores 
of Upper Lake Constance occurred from ~  1750 to 
1250  cal. yrs BP (Leuzinger 2013). Well-preserved 
sites from the Neolithic and Bronze Age are found 
especially along the German shores of the Lower 
Lake (e.g., Hornstaad Hörnle) and the Überlingen 
Basin of the Upper Lake (e.g., Sipplingen, Bodman, 
Unteruhldingen) (Kolb 1997; Köninger 1997; 
Dieckmann et al. 1997). On Swiss territory, three of 
the most intensely studied areas are those of Upper 
Lake (Arbon-Bleiche 2 and 3), Lower Lake (e.g., 
Steckborn, Ermatingen, Eschenz) and Seebachtal 
(Nussbaumersee, Ürschhausen-Horn), ~ 40 km to the 
west (Hasenfratz 1997; Jacomet et  al. 2004; Brem 
and Leuzinger 2016). However, up to today, there 
is no direct evidence for settlements in the vicinity 
of mound no. 5 around ~ 5450 BP (Leuzinger et al. 
2021). Since 2011, a total of 111 representative 
sites from France, Italy, Switzerland, Germany, 
Austria, and Slovenia are listed as UNESCO-World 
Heritage Site Prehistoric pile dwellings around 
the Alps. Eleven of those selected sites are found 
along the shores of Lake Constance (Hagmann and 
Schlichtherle 2011).

Materials and methods

Geophysical methods

The underwater GPR survey was performed in April 
2018 offshore the settlements of Uttwil, Romanshorn 
and Güttingen. Multiple profiles running parallel 
and orthogonal to the shoreline in the vicinity of 
eight different mounds were recorded with a bistatic 
broadband antenna (Geophysical Survey Systems 
Inc.) at 200 MHz frequency, which was drawn 
directly above the sediment surface. The antenna was 
towed along the transect at a measurement interval of 
0.7–1.0 cm in a water-tight casing on a sled developed 
at TU Darmstadt (Hornung 2023). The data were 
processed with the software ReflexW (Sandmeier 
Scientific Software), travel times were converted to 
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depth by using a wave velocity of 0.05 m/ns for all 
profiles (Hornung 2018).

Sediment coring and surface‑sediment sampling

A coring campaign was carried out in June 2019. The 
four coring sites are located along a GPR transect 
in the shallow-water area on the southern shelf 
(Hornung 2018, Fig.  2b). Coring was performed 
from an anchored inflatable coring platform in a 
water depth of 3.4–4.7 m. A percussion piston-coring 
system was used with a barrel length of 3  m and a 
diameter of 6 cm. For each coring location, a gravity 
short core and one to two piston cores were taken with 
an overlap of ~ 50 cm. Cores were cut into ~ 1-m long 
sections for better handling. In total, 11 cores were 
retrieved and cut into 25 sections. The sections were 
labelled after the coring locations and core number 
(e.g., BO_32_3A is the first section (A) from the 3rd 
core (3) of coring site BO_32). The sediment-surface 
samples were taken by archaeological divers from the 
AATG in May 2020. Twelve samples were recovered 
along a water-depth transect from 0.5 to 6.0 m. This 
transect also follows the GPR transect (Fig. 2b).

Sediment description and analysis

Core sections were analyzed for wet bulk density 
(WBD) and magnetic susceptibility (MS) at 5  mm 
resolution with a GEOTEK-multi-sensor-core-logger 
(MSCL). The two lowermost sections (BO19_100_3B 
and BO19_100_3C) were additionally analyzed with 
X-ray computed tomography (CT) at the Institute of 
Forensic Medicine, University of Bern. Afterward, 
the cores were split in half, photographed (Geotek 
linescan) and macro- and microscopically described 
(texture, colour, sedimentological structures). For 
the microscopical description of the texture, smear 
slides were produced. Samples for geochemical 
laboratory analyses were taken every 20 cm, freeze-
dried, and then powdered and homogenized with 
pestle and mortar. Total carbon (TC), nitrogen (TN) 
and sulphur (TS) measurements were performed 
on a CHNS elemental analyser (Thermo Scientific 
Flash 2000). Total inorganic carbon (TIC) was 
measured with a multi-element EA 2000CS. Total 
organic carbon (TOC) content was calculated by 
subtracting TIC from TC. The carbonate content 
in weight percent (wt% CaCO3) was calculated by 

multiplying TIC by 8.33. Organic matter content 
(wt% OM) was calculated by multiplying TOC by 
1.8 (Meyers and Teranes 2001). Fourier transform 
infrared spectroscopy (FTIRS) was used to measure 
the biogenic silica content (wt% bSi) following the 
method described by Meyer-Jacob et  al. (2014) 
using a Bruker Vertex 70 HTS-XT instrument set up 
and sample preparation as described in Vogel et  al. 
(2016). Siliciclastic wt% (SilC) was calculated by 
subtracting CaCO3, OM and bSi wt% from 100%. 
Volumetric (vol%) particle-size distribution (PSD) 
was measured by laser- diffraction analysis (LDA). To 
break up naturally formed aggregates, organic matter 
was dissolved with 30% hydrogen peroxide (H2O2). 
The samples were then further dispersed by adding a 
dispersion solution consisting of a mixture of sodium 
hexametaphosphate (NaPO3) and sodium carbonate 
(Na2CO3) and shaking them overnight (Ryzak and 
Bieganowski 2011). In addition, aggregate-forming 
carbonates were dissolved with 5% hydrochloric acid 
(HCl) (Murray 2002). Measurements were carried 
out on a Malvern Mastersizer 2000 at the Institute of 
Geography of the University of Bern. Measurements 
for TIC, TC, TN, TS (CNS), bSi (FTIRS) and PSD-
LDA as well as the calculations of CaCO3, OM, bSi 
and SilC were carried out on the surface samples in 
the same way as for the core samples.

Composite profile

Based on macroscopic sedimentological structures 
(e.g., distinct layers) and MSCL data, overlapping 
sections between piston cores were correlated 
to establish a composite section for each coring 
location. These composite profiles of all four cores 
were then visually correlated along prominent layers 
guided by the GPR stratigraphy and the radiocarbon 
ages resulting in a 12.4-m long dual composite 
section (hereafter termed composite2 section, or 
simply BO19). The two correlations between cores 
BO19_12 and BO19_32 and between cores BO19_32 
and BO19_66 pose some uncertainties as no clear and 
distinct layers could be identified. The depth scale 
used for the composite2 depths refers to cm composite 
depth (cmcd).
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Age‑depth model

Core sediments were sieved for organic remains 
usable for accelerator mass spectrometer radiocarbon 
dating (AMS 14C). In total, 13 samples of small, 
terrestrial fragments were measured at the Laboratory 
for the Analysis of Radiocarbon with AMS (LARA), 
University of Bern (Szidat et  al. 2014) (Tab. 1). 

The radiocarbon ages were calibrated by using the 
IntCal20 calibration curve (Reimer et al. 2020) within 
the software Bacon v2.5.8 (Blaauw and Christen 
2011). The software was also used to create an age 
model for the composite2 section. In this manuscript, 
we refer to the weighted mean age rounded to decades 
when providing ages and age ranges.

Table 1   Accelerator mass spectrometer radiocarbon age determinations

Lab code Core section Composite 
depth [cm]

Composite2 
depth [cm]

Radiocarbon 
age [yrs 
BP ± 1σ]

Calibrated age [yrs BP, 2σ] Remarks

BE-16962.1.1 12_2A 123 123 3078 ± 68 3447–3077 gas measurement
BE-16963.1.1 12_2B 221 221 3634 ± 69 4151–3724 gas measurement
BE-16964.1.1 12_2C 321 321 4222 ± 89 5026–4449 gas measurement
BE-11676.1.1 32_2C 226 425 4788 ± 38 5594–5335 graphite measurement
BE-16965.1.1 32_3A 342 541 7061 ± 148 8176–7618 probably reworked material
BE-16966.1.1 32_3B 442 641 6552 ± 89 7582–7278 gas measurement
BE-16967.1.1 32_3C 542 741 7565 ± 119 8599–8040 gas measurement
BE-16968.1.1 66_3A 367 898 11,117 ± 112 13,231–12,767 gas measurement
BE-16969.1.1 66_3B 456 987 12,093 ± 165 14,829–13,528 gas measurement
BE-16970.1.1 66_3C 495 1026 12,202 ± 185 14,988–13,617 gas measurement
BE-16971.1.1 100_2C 304 1016 – – measurement not reliable
BE-16972.1.1 100_3B 339 1051 12,223 ± 306 15,290–13503 gas measurement

Fig. 3   a GPR line (Hornung 2018) across mound no. 5 with 
four radar facies R1-R4 (boundaries marked by coloured 
lines) and prehistoric shelf edge (red arrow) b compilation of 
the GPR line with sediment-core locations, stratigraphic units 

and MSCL data (MS and WBD). Correlation between the 
prehistoric shelf edge and the cores is indicated by the yellow 
arrow
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Results

GPR stratigraphy

The GPR line (Fig.  3a) images in detail the 
stratigraphic architecture of the shallow-water zone 
down to a sediment depth of ~  2–3  m. Based on 
the geometrical properties (e.g., shape, thickness, 
continuity, and inclination) of the reflections, four 
radar facies (R1–4) were distinguished; R1 (oldest) 
to R3 (youngest) form a conformable stratigraphic 
succession representing three distinct periods. R4 is a 
locally confined radar facies that is embedded within 
R3 (Hornung 2018): R1 shows a continuous, high-
amplitude reflection at the top with a sharp boundary 
to the overlying facies and very little further signal 
penetration. R2 is characterized by continuous, 
parallel inclined low-amplitude reflections with 
intercalated discontinuous, chaotic very low-
amplitude reflections and diffraction hyperbolas. R3 
initially shows continuous parallel high- to medium-
amplitude reflections, which are generally inclined 
towards the lake forming clinoforms. Subsequent 
clinoforms are intercalated with low-amplitude, 
discontinuous, and wavy to chaotic reflections. 
Both sub-types of R3 show repetitive patterns of 
high to low amplitudes forming distinct reflection 
packages repeating in hierarchical patterns showing 
larger-scale trends. The inclination of clinoforms 
increases towards the lake basin and their shape 
converts from concave to convex. R4 shows a rather 
chaotic facies; it is formed by the mound itself 
and is defined by overlapping, hyperbolic high-
amplitude reflections that are interpreted to be caused 
by the individual rocky blocks in an unmigrated 
GPR section (diffraction hyperbolas). Some high-
amplitude reflections (single blocks) continue in an 
inclined, lakeward direction. The GPR line clearly 
documents that the mound (R4) is embedded within 
R3 indicating that it is not connected to the R2 or R1 
units below (Fig. 3a).

Core sedimentology and stratigraphy

Based on macro- and microscopic sedimentological 
description and petrophysical and geochemical 
analysis, the core lithologies were grouped into ten 
lithotypes. Fig.  4 provides detailed information of 
all lithotypes with characteristic core photographs 
as well as their sedimentological, petrophysical and 
geochemical signatures. In addition, the lowermost 
two sections of the composite core are shown in 
Fig. 5 including their CT images. The succession of 
lithotypes is further divided into three stratigraphic 
units I–III (Fig. 3b). Figure 6 displays the succession 
of the stratigraphic units as part of the composite2 
section with the composite depth profiles of wet 
bulk density, magnetic susceptibility, sediment 
composition, PSD and AMS 14C measurements. 
Unit I (Lithotype J, 1203.9–1243.9 cmcd) is built up 
by beige to brown, homogeneous clayey silt to silty 
clay with medium- to coarse-sized gravel forming 
a matrix-supported diamictic fabric (Fig.  5). Unit I 
shows low content in carbonate (27–36 wt%) and high 
content in siliciclastic (63–71 wt%). Unit I is also 
characterized by high magnetic susceptibility (up to 
44.4 SI*10−5) and the highest density (1.9–2.4 g/cm3). 
Stratigraphic Unit I was only recovered in coring site 
BO19_100. Unit II (lithotypes E-I, 1023.3–1203.9 
cmcd) shows a succession of grey, partially black-
spotted, finely laminated to homogeneous clayey 
silt (lithotypes E and F), a silty, clayey sand layer 
(Lithotype G), and beige to yellowish and brown, 
laminated silt and clay with scattered gravel clasts 
(lithotypes H and I). Similar to Unit I, Unit II shows 
low contents of carbonate and high contents of 
siliciclastic. The magnetic susceptibility falls in the 
same range as in Unit I, wet bulk density is slightly 
decreased (1.2–2.2  g/cm3). Unit II was recovered 
in coring sites BO19_66 and BO19_100 with the 
exception that Lithotype G (silty, clayey sand) only 
occurs in two sections of coring site BO19_100. Unit 
III (lithotypes A-D, 0-1023.3 cmcd) consists of beige, 
grey and brown, fine-sandy to clayey silt with a cap of 
silty fine sand (Lithotype A) on top. The silt appears 
either laminated (lithotypes B and C) or homogeneous 
(Lithotype D). Snail shells appear throughout the 
whole succession. Unit III is characterized by 
the lowest wet bulk density (1.1–1.8  g/cm3) and 
magnetic susceptibility (−  5 to 7 * 10−5) values and 
the highest carbonate content (54–87 wt%). Unit III 

Fig. 4   Summary of the lithotypes including macroscopic 
sedimentological description, geochemical and petrophysical 
properties, Geotek linescan and lithotype code used in 
Figs.  7 and 8. WBD wet bulk density [g/cm3], MS magnetic 
susceptibility [SI*10−5], CaCO3 carbonate [wt%], SilC 
siliciclastic [wt%], OM organic matter [wt%], bSi biogenic 
silica [wt%]

◂
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was recovered at every coring site. From ~ 950 to 900 
cmcd (~ 13,400–12,820 cal. yrs BP), a first decrease 
of carbonate content (down to ~ 55 wt%) is observed. 
An upcore trend of decreasing carbonate content then 
occurs starting from ~  750 cmcd (~  9010  cal. yrs 
BP) to a plateau of minimum values of ~ 55 wt% at 
~ 450–350 cmcd (~5750–4950 cal. yrs BP), which is 
overlain by a subsequent rise until the top of the core. 
The siliciclastic content in- and decreases inversely 
proportional to the carbonate content. For the same 
interval, we also observe a respective decrease, 

plateau, and subsequent increase in the contents 
of the clay and fine silt grain fractions. This is also 
expressed by in- and decreasing mean and median 
grain sizes.

Surface‑sediment samples

The results of the geochemical (CNS, FTIRS) and 
PSD-LDA analysis performed on the surface samples 
are plotted against their respective water depth 
(Fig.  7). The PSD shows the highest proportions of 

Fig. 5   Compilation of Geotek linescan, CT scan and lithotypes for sections BO19_100_3B (left) and BO19_100_3C (right)
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sand (45–90 vol%) in a water depth of 0.5–1.5  m 
below which a drop to the lowest values (< 10 vol%) 
occurs. The proportion of sand then peaks again at 3.0 
m water depth with 60 vol% and decreases steadily 
towards 20 vol% at 5.0 m water depth. A subsequent 
rise towards 50% is observed from 5.0 to 6.0 m water 
depth. In general, a trend of decreasing mean and 
median grain size with increasing water depth can be 
deduced. Carbonate content generally increases with 
increasing water depth: it rises from ~ 30–50 wt% in 
a water depth < 3 m towards contents of 50–65 wt% 
in water depths of 3–6  m. The siliciclastic content 
inversely decreases with increasing water depth.

Age model

Results of the AMS 14C measurements, calibrated 
ages and composite depths of the samples are 
provided in Table  1. From the 13 analyzed 
samples, one measurement (BE-16971.1.1) was not 
measurable. Another sample (BE-16965.1.1) did not 
follow the general age-depth trend and was interpreted 
as reworked material and therefore excluded from 
the age model. The remaining samples lie in the age 
range from ~  14,390 to 3270 cal. yrs BP, i.e., from 
the late glacial throughout most of the Holocene. The 
age model (Fig. 8) covers the sedimentary succession 
of Unit III and ranges from ~ 14,440 to 1960 cal. yrs 
BP. Coring site BO19_32 was specifically selected to 
cover the sediments corresponding to the prehistoric 
shelf edge the mound was constructed on. The GPR 
reflection corresponding to the prehistoric shelf edge 
was extrapolated to the coring site (Fig.  3). Using 
this approach, the sediments deposited during mound 
construction are expected at ~ 425 cmcd. Using this 
approach, Mound no. 5 was dated to ~  5520  cal. 
yrs BP (sample BE-11676.1.1), coinciding with 
radiocarbon dated wood that was excavated directly 
in the mounds (Leuzinger et al. 2021).

Discussion

Core‑to‑GPR correlation

The three radar facies R1–R3 identified by GPR are 
correlated to the sedimentological record of the cores 
(Fig. 3b). Facies R4, representing the mound, was not 
recovered in the cores, as the applied coring device 

is not able to penetrate boulders. The boundary 
between R3 and R2 could not be correlated to a 
lithologic change in the composite core BO19_100. 
There is neither a distinct sedimentological layer 
nor a noticeable change in the petrophysical 
data so that radar facies R3 and R2 together are 
correlated to stratigraphic Unit III. Due to limited 
radar penetration, the boundary between R2 and R1 
cannot be traced from the shore- proximal area to 
coring site BO19_100 closest to the shore (Fig.  3). 
However, extrapolating the prominent reflection 
clearly suggests its occurrence in composite cores 
BO19_100 and BO19_66 coinciding with the 
prominent changes in lithology and petrophysical 
data at the Unit II–III boundary (Fig.  3). Therefore, 
we attribute R1 to stratigraphic Unit II. Unit I is only 
recovered in composite core BO19_100 at a depth of 
~  4.9  m. Due to the maximum penetration depth of 
the GPR of ~ 2–3 m, Unit I was not identified in the 
GPR campaign.

Interpretation of GPR data and core lithologies: 
depositional evolution of the shelf area

The matrix-supported diamictic fabric of the 
lowermost stratigraphic Unit I is interpreted as till 
deposited during the last glaciation. It correlates to 
the basal lodgement till that covers extensive areas of 
the hills south of Lake Constance (Zaugg et al. 2008). 
The top of a gravel-rich bed visible in the CT scan 
(Fig. 5) marks the boundary to overlying stratigraphic 
Unit II comprised of more finely laminated sediments. 
Scattered, individual gravel clasts coincide with 
peaks in wet bulk density and magnetic susceptibility. 
The change from Unit I to Unit II is interpreted as 
the final retreat of the Rhine Glacier from the Lake 
Constance area after a short readvance (“Stein am 
Rhein” stage) after 20,600  cal. yrs BP (Kamleitner 
et  al. 2023). Afterwards, a cold proglacial lake 
dominated by clastic sedimentation formed and 
led to deposition of Unit II. Individual clasts are 
interpreted to represent dropstones, i.e., glacial debris 
from floating icebergs, indicating that the glacial 
front still was in contact with Lake Constance. Unit 
II thus represents the clastic pro- and postglacial 
sedimentation (Wessels 1998c). The change to the 
carbonate-rich sediments of Unit III documents the 
transition towards a more temperate lake and onset 
of biologic productivity, resulting in the deposition 
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of endogenic lacustrine chalk (Wessels 1998c). 
The continuous, parallel reflections recognized 
in the GPR data represent regular deposition in 
periods of calm weather, whereas intercalated, 
chaotic reflections are interpreted as storm deposits 
(tempestites). Repeated reflection packages indicating 
low-energy sediments at their base and terminating in 
tempestites point to pronounced short-term climate 
fluctuations superpositioned on long-term trends. 
These mixed clastic-endogenic lake deposits create 
a prograding shelf-edge system. Controlled by wave-
base remobilization and currents, the laterally stacked 
clinoforms identified by GPR indicate that the shelf 
edge prograded from a shore-proximal location over 
100  m out into the lake. GPR data and sediment 
cores clearly show that the mounds are separated 
from the glaciolacustrine deposits (Unit II) as they 
are deposited on top of the laterally prograding 
lacustrine shelf deposits (Unit I; Fig.  3b). This 
excludes the mounds to be a natural relict of buried 
elongated till such as a side moraine, clearly pointing 
towards an anthropogenic origin. The prehistoric 
shelf edge coinciding with the mounds is marked by 
radar reflections with exceptionally high amplitudes 
(arrow in Fig.  3a). They are likely caused by rocks 
rolling down the edge during mound construction 
or destruction, confirming the assumption that the 
mound was constructed at the shelf edge at that 
time. Radiocarbon dating of the uppermost layers 
of Unit II and the lowermost layers of Unit III 
shows that proglacial clastic sedimentation lasted 
at least until ~  14,400  cal. yrs BP and ceased latest 
at ca. 14,000  cal. yrs BP. This age range suggests 
that calcite precipitation started with the end of the 
Oldest Dryas and onset of the Bølling-Allerød (Clark 
et  al. 2012). The short interval of lower carbonate 
content from 950 to 900 cmcd (~ 13,400–12,820 cal. 
yrs BP) is interpreted as drop in productivity due to 
changing climate conditions, which coincides, within 
the uncertainties of the age model, with the Younger 
Dryas cold period (~  12,900–11,700  cal. yrs BP) 

(Clark et al. 2012). This signal is also reported from 
other cores recovered from the deeper part of Lake 
Constance (Schaller et al. 2022).

Lake‑level changes and implications for mound 
construction

Since the deglaciation, the lake level of Lower 
Lake Constance is limited by the height of multiple 
alluvial fans deposited in the narrow strait between 
the villages of Öhningen (Germany) and Eschenz 
(Switzerland) (Müller 2011) and the outlet of Upper 
Lake Constance at the city of Konstanz. The lowest 
possible level of Lake Constance as defined by the 
minimal elevation of the underlying moraine in the 
outflow area and a minimal depth of the outflowing 
Rhine amounts to 392.5  m a.s.l. (Leuzinger et  al. 
2021), which is still ~ 1 m above the crest of mound 
no. 5. Periods of higher lake levels are commonly 
associated with higher annual precipitation, colder 
summer temperatures and a reduced seasonal 
vegetation period. Times of lower lake levels, 
in contrast, are interpreted as periods of low 
precipitation and rather warm temperatures (Müller 
2011). Using a series of prehistoric morphologic and 
archaeologic lake-level markers (i.e., palaeo beach 
terraces and cultural layers), a general decreasing lake 
level from 400 to 401 m a.s.l. at 9000–8000 cal. yrs 
BP towards 392–394 m a.s.l. at 5000–3700 cal. yrs BP 
is inferred. Afterwards, the lake level is interpreted to 
increase gradually to a maximum elevation of 397 m 
a.s.l. during the Roman period (Müller 2011; Vogt 
2020). This general lake-level reconstruction can 
now be compared with sediment-core and surface-
sediment data: the modern calibration obtained by 
the surface sediments indicate (i) a slight increase 
in carbonate content and (ii) a decrease in grain size 
with increasing water depth (Fig. 7). Applying these 
trends to the composite2 section above 750  cmcd 
(Fig. 6) indicates a trend to decreasing and subsequent 
increasing water depth, with a mid-Holocene low 
stand from ~  350–450 cmcd (~  5750–4950  cal. 
yrs BP) which coincides with the extrapolated 
prehistoric shelf edge at 425 cmcd (~  5520 cal. yrs 
BP). In combination with radiocarbon dating of 
the wooden piles found on the mound (5550–5250 
cal. yrs BP; Leuzinger et  al. 2021), it is interpreted 

Fig. 6   Log sheet of the composite2 section BO19. Yellow 
arrows indicate general trends in carbonate content and 
particle-size distribution. The sediment horizon that was 
correlated to the prehistoric shelf edge of mound construction 
is highlighted by the yellow bar

◂
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that the mounds were constructed during a period 
of low lake levels when the shoreline was closer to 
the lineament of the mounds as it is today. However, 
the trends inferred from the modern surface-samples 
transect are not fully unambiguous and may not be 
representative for the whole area along the chain of 
mounds. Besides the water depth, other factors like 
temperature or small-scale current-related processes 
probably control the grain size and carbonate content 
in the shallow-water area. In addition, the gradual 
decline in carbonate content measured from 720 to 
400 cmcd (~ 8520–5330 cal. yrs BP) is also reported 
from other Lake Constance sediment studies and is 
linked to the filling of lakes in the upstream Rhine 
Valley that acted as sediment traps (Wessels 1998b). 

This led to an increased supply of allochthonous 
sediment into Lake Constance and might cause part 
of the observed decreasing carbonate concentrations. 
Besides, the initial shallowing inferred from the 
composite2 core can be related to the aggrading 
nature of sedimentation. Furthermore, multiproxy 
records report a global, centennial scale climatic 
change occurring at ~  5600–5000 cal. yrs BP in 
west-central Europe that is expressed in general 
colder and wetter climate and referred to as the onset 
of the Neoglaciation period or the mid-Holocene 
climatic reversal (Magny and Haas 2004; Magny 
et al. 2006). Lake-level data from the Jura Mountains, 
the Swiss Plateau and the French Alps document a 
phase of higher lake level at 5650–5200 cal. yrs BP 

Fig. 7   Particle-size 
distribution (left) and 
sediment composition 
(right) analysis of surface-
sediment samples. Yellow 
arrows indicate general 
trends
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(Magny 2004, 2007). On the other hand, the water-
depth increase inferred from the upper part of the 
composite2 core is significant, as it works against 
ongoing accumulation. Besides, the GPR data 
show a change in the geometry of the reflections in 
stratigraphic Unit III (lacustrine chalk): from flat line 
reflections in the late-/postglacial they develop into a 
more concave shape in the first half of the Holocene. 
Around the horizon of mound construction, another 
change towards planar and finally convex reflections 
occurs. This change in reflection geometry implies a 
shift in coastal morphology, currents or water depth 
that are possibly related to a lowering of the lake 
level. Moreover, at the archaeological site of Arbon-
Bleiche 3, ~  12  km southwest of the study area, 
cultural layers were deposited at an exceptional lake 
level low stand at 5334–5320  cal. yrs BP (Jacomet 
et al. 2004; Magny et al. 2006), which was followed 
by a sudden rise that contributed to the abandonment 
of the settlement. In general, cultural layers and other 
archaeological findings along the southern shore of 
Lake Constance from the time of mound construction 
(i.e., the change from Pfyn- to Horgen-culture) are 
rare. This could be explained by subsequent erosion 
due to a rapid lake-level rise. We therefore propose 

that the mounds were deposited during a short scale 
interval of lowered lake level following a phase of 
higher lake level at 5600–5500 cal. yrs BP and before 
a transgression starting at 5320 cal. yrs BP (Fig. 9).

Conclusions

The southern shelf of Lake Constance holds one of 
the largest Neolithic structures in Europe composed 
of ~ 170 submerged mounds aligned over a distance 
of 10 km in water depths of 3–5 m. Combining data 
from ground penetrating radar and from a transect of 
sediment cores shows that the mounds were formed 
on a prograding shelf composed of Holocene mixed 
clastic-endogenic lake sediments that overlie late 
glacial siliciclastic sediments and glacial till. Unlike 
previously speculated, the mounds are thus not part 
of a natural elevated ridge, such as a side moraine of 
the Rhine Glacier, but are of anthropogenic origin. 
The Holocene lake sediments form a wave-base and 
current-controlled prograding shelf system with the 
mounds being constructed at the prehistoric shelf 
edge. Radiocarbon dating of the cored sediments 
corresponding to the prehistoric shelf edge suggests 

Fig. 8   Age-depth model of the postglacial lacustrine section 
of the composite2 core BO19 using IntCal20 and a Bacon 
model (Blaauw and Christen 2011; Reimer et  al. 2020). The 

model shows the calibrated 14C ages (blue), 95% confidence 
interval (grey) and best model based on the weighted mean age 
of each depth (red)
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a Neolithic age (5600–5300 cal. yrs BP) for the time 
of mound formation. This is in accordance with 
ages inferred from wood fragments from one of 
the mounds. Based on a water-depth calibration of 
carbonate content and grain size from recent surface 
samples in combination with findings from nearby 
archaeological sites, we conclude that the mounds 
probably were constructed during a rather short 
interval of relatively low lake level during a phase of 
climatic cooling that was followed by a transgression. 
Ultimately, the geophysical, sedimentological and 
geochemical data, combined with the morphology-
based lowest-possible lake level, indicate that the 
mounds were at least partially submerged during their 
construction.
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