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Abstract. The development of the Fennoscandian Ice Sheet (FIS) in its SW Baltic Sea sector during MIS 2 
led to the formation of the Jasmund Glacitectonic Complex (JGC). The evolutional stages of the latter reflect 
small-dimensioned ice sheet oscillations. A glacitectonically formed piggyback basin is in focus to give direct 
information on the evolution of the JGC. We present a set of five OSL ages from syn-kinematic glacilacustrine 
and alluvial fan sediments deposited between ice margin-parallel thrust-bounded ridges from the southern mar-
gin of the JGC. The ice front proximal depositional environment and short transport distances of the sediments 
implicate a possible insufficient bleaching of the luminescence signal. Nonetheless, we were able to gain reli-
able ages of ~22 ka for the growth of the southern JGC. The samples pre-date the Oder ice stream reaching its 
maximum extent, the Pomeranian ice marginal belt at ~18–20 ka. A comparison of our data with the existing 
age data related to the evolution of the JGC will contribute to a better understanding of the FIS dynamics in the 
research area and the timing of the Pomeranian phase in NE Germany.
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Introduction

During the Weichselian (~115–11.7 ka; Litt et al. 
2007; Cohen et al. 2013) repeating advances of the 
Fennoscandian Ice Sheet (FIS) shaped the morpholo-
gy of the SW Baltic Sea area. Many questions regard-
ing the maximum extent of ice marginal belts (IMB) 
and their timing are still under discussion (Hughes et 
al. 2016; Lüthgens et al. 2020; Kleman et al. 2021). 
From the last decade on, publications progressively 
describe an asynchronous extent of the FIS in this 
area (Houmark-Nielsen 2010; Marks 2012; Lüthgens 
et al. 2020; Tylmann et al. 2022).

Advances of the FIS lead to the development of 
several glacitectonic complexes in its SW periphery 
(Van der Wateren 1986; Pedersen 2005, 2014; Ped-
ersen, Gravesen 2009; Gehrmann  2018; Gehrmann, 

Harding 2018, 2019). As glacitectonic complexes 
originate from proglacial deformation, they are not 
only scale models for orogenic deformation, they 
furthermore permit an insight into regional ice sheet 
evolution (Pedersen 2005). Glacitectonic deforma-
tion displays regional ice dynamics and palaeoen-
vironmental conditions (Pedersen  2005; Gehrmann 
2018; Gehrmann, Harding 2018; Winsemann et al. 
2020). Winsemann et al. (2020) pointed out that gla-
citectonic complexes provide the potential to deter-
mine the extent of glaciers and ice sheets during a 
specific time, whilst also providing information on 
ice marginal dynamics and the interaction of an ice-
sheet with its foreland.

One of the largest glacitectonically deformed land-
scapes in the SW Baltic Sea region is the Jasmund Gla-
citectonic Complex (JGC) (Figs 1A, B; Groth 2003; 
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Ludwig 2011; Gehrmann 2018; Gehrmann, Harding 
2018, 2019; Gehrmann et al. 2017, 2022) on the is-
land of Rügen. A multiphase evolutional model that 
integrated all parts of the complex was suggested by 
several authors (Groth 2003; Ludwig 2011; Gehrmann 
2018; Gehrmann, Harding 2018, 2019; Gehrmann et 
al. 2022). Common in all the mentioned models is a 
two-step main evolution, leading to the development 
of the northern and the southern sub-complex (Fig. 
1B). Gehrmann et al. (2022) deciphered the principal 
structural evolution with the formation of the north-
ern before the southern sub-complex based on mor-
phological and structural features. The stratigraphic 
interpretation of the JGC formation is mainly based 
on lithostratigraphic constraints and isolated dating re-
sults (Panzig 1995; Niedermeyer et al. 2010; Kenzler 
et al. 2015, 2017, 2022, 2023). Gaining numerical age 
data bears some difficulties due to the lack of directly 
dateable material. For temporal reconstruction of such 
complexes, sediments are required that were deposited 
during their formation.

In order to get new insight into the chronologic ev-
olution of the JGC we present a set of five new OSL 
ages from syn-kinematic siliciclastic deposits of gla-
cilacustrine and alluvial origin. We test the deposits 
in order to gain robust age data on the development of 
the JGC. Corresponding with the fact that an ice ad-
vance formed the JGC (Kenzler et al. 2022), we aim 
to pre-date an ice marginal position by the evolution 
of a glacitectonic complex. In addition, we integrate 
the dating results in a cross-regional scale to test the 
latest models on the dynamics of the FIS during the 
late Weichselian.

Regional setting and lithostratigraphic units

The Jasmund peninsula as a part of the island of 
Rügen is located in the SW Baltic Sea in the NE part 
of Germany (Fig. 1A). At several cliff outcrops along 
the coastline of the Jasmund peninsula, the glacitec-
tonically thrusted and folded strata of the JGC are 
easily accessible. The glacitectonic framework shows 
strong similarity to the glacitectonic deformation 
structures visible at the Upper Cretaceous chalk cliffs 
of Møns Klint in SE Denmark (Pedersen, Gravesen 
2006, 2009; Aber, Ber 2011). Credner (1893) already 
recognized that the morphology of the Jasmund pe-
ninsula is dominated by subparallel ridges striking in 
different main directions (Fig. 1B). Keilhack (1912) 
and Jaekel (1917) were the first subdividing the struc-
tural setting of the typical depositional succession 
of the JGC, which consists of glacitectonically im-
bricated blocks of Upper Cretaceous (Maastrichtian) 
chalk, paraconformably overlain by Pleistocene de-
posits (Fig. 2). The latter represent a succession of 
three diamictons interpreted as till units (M0, M1 and 
M2; Jaekel 1917; Panzig 1995) representing Elsterian 
(~400–320 ka; Litt et al. 2007) or late Saalian (~191–
126 ka; Cohen, Gibbard 2011) and Weichselian ice 
advances of the FIS. The stratigraphic classification 
of the particular till layers was determined by fine-
gravel analysis and correlation with the regional Qua-
ternary stratigraphy in the SW Baltic Sea area (Panzig 
1995) as well as luminescence dating (Krebetschek 
1995; Panzig 1995; Kenzler et al. 2015, 2017, 2022, 
2023) and a few radiocarbon ages (Steinich 1992). 
These tills are partially interbedded by units of (gla-

Fig. 1 A – Map of the SW Baltic Sea region with Last Glacial Maximum (LGM, Brandenburgian/East Jylland phase, 
early MIS 2) and post-LGM (Pomeranian/Bælthav phase, MIS 2) ice marginal belts based on Ehlers et al. (2011) and 
Houmark-Nielsen (2010). Black rectangle shows the study area, the Jasmund peninsula, as a part of the island of Rügen. 
B – Digital Elevation Model (DEM5, 10 times exaggerated, hill shade; processed by J. Hartleib) of the Jasmund peninsula 
showing the Jasmund Glacitectonic Complex (JGC) divided into the northern and the southern sub-complex, the study 
site Dwasieden and other important cliff sections mentioned in the text (Kenzler et al. 2022, 2023)
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ci-)fluvial and (glaci-)lacustrine sediments (I1 and I2) 
representing (inter-)stadial units deposited under ice-
free conditions (Kenzler, Hüneke 2019). A fourth till 
unit M3 (Jaekel 1917; Panzig 1995) is disconform-
ably overlying the older deposits.

The oldest glacial deposit to be discovered on the 
Jasmund peninsula is the M0 diamict. It intermittent-
ly overlies the Maastrichtian chalk and is discussed to 
be deposited by an Elsterian (MIS 10; Panzig 1995; 
Litt et al. 2007) or Saalian advance of the FIS (Dren-
the phase, MIS 8/6; Niedermeyer et al. 2010; Kenzler 
et al. 2017). The overlying M1 unit is deposited by a 
late Saalian ice advance (Warthe phase, MIS 6; Litt 
et al. 2007). The following lithostratigraphical unit I1 
consists of mostly silty and sandy (inter-)stadial sedi-
ments with layers of fine-grained gravel at the base 
(Fig. 2; Panzig 1995; Kenzler et al. 2022, 2023).

The M2 till represents an early MIS 2 (LGM, 
Brandenburgian/Frankfurt phase) advance of the FIS. 
It is overlain by the predominantly silty and sandy I2 
unit.

Forming the top section of the outcrop, the M3 till 
displays a MIS 2 re-advance of the late Weichselian 
(post-LGM, Pomeranian/Mecklenburgian phase, Nie-
dermeyer et al. 2010; Kenzler et al. 2010, 2017). At 
the base of the M3 complex, the main glacitectonic 
angular unconformity (GAU, Kenzler et al. 2023) is 
located, separating the whole sequence in pre- (plus 
locally syn-) and post-kinematic glacitectonic strata 
(Fig. 2). The strata closely associated with the GAU 

can be seen as a key to the chronological interpre-
tation, as it has been deposited immediately before 
(respectively, during) or immediately after the forma-
tion of the JGC.

In particular, the detection of syn-kinematic de-
posits as a part of the I2 unit offers the potential to 
directly date the evolution of the JGC and give insight 
into the dynamics of the FIS at the same time (Ken-
zler et al. 2023). These syn-kinematic strata were re-
cently identified at the southern sub-complex (Plonka 
et al. 2022) and the northern sub-complex (Kenzler 
et al. 2023).

Up to now, geochronological data in connection 
with the evolution of the JGC (nearly without excep-
tions) refers to pre-kinematic strata (Steinich 1992; 
Krbetschek 1995; Panzig 1995; Kenzler et al. 2015, 
2017, 2022; Pisarska-Jamroży et al. 2018a).To date 
the evolutional stages of the JGC, sediments are re-
quired to be deposited simultaneously to the devel-
opment. A depositional environment revealing these 
syn-kinematic deposits is found in piggyback basins. 
Piggyback basins are not only a common feature 
of thrust belts, in smaller scale they also develop in 
glacitectonic complexes during thrust-fault deforma-
tion between thrust-bounded ridges (Pedersen 2005, 
2014; Plonka et al. 2022; Kenzler et al. 2023). Piggy-
back deposits discovered in glacitectonic complexes 
thereby reflect the development of glacitectonic de-
formation.

At the southern boundary of the JGC, the nearly 
300 m long active cliff section of Dwasieden has re-
cently been in focus of numerous studies (Fig. 1B). 
Previous works focused on the polyphase deforma-
tion of the Pleistocene tills on the basis of microstruc-
tural investigation (Brumme 2015; Brumme et al. 
2019). Pisarska-Jamroży et al. (2018a, 2019) iden-
tified soft-sediment deformation structures (SSDS) 
in late Weichselian glacilacustrine and glacifluvial 
deposits as evidence for glaci-isostatically induced 
crustal faulting. Furthermore, ice-rafted debris (IRD) 
of (overturning) ice rafts in a local Weichselian pro-
glacial lake were described (Pisarska-Jamroży et al. 
2018b).

As a part of the Dwasieden cliff, Plonka et al. 
(2022) identified a sedimentary succession impli-
cating the evolution of a piggyback basin. They de-
scribed the syn-kinematic basin filling during the 
second evolutional stage of the JGC (growth of the 
southern sub-complex), providing a detailed study 
on the stepwise evolution of the basin based on sedi-
mentological analyses. The synoptic sedimentary log 
of the piggyback basin filling displays the growth 
stages during the formation of the JGC (Fig. 3). The 
log illustrates the upper part of the synoptic lithos-
tratigraphic section of the Jasmund peninsula (Fig. 2, 
lithostratigraphical units M2-I2-M3). The focus is on 

Fig. 2 Tectonostratigraphic section of the Jasmund penin-
sula (modified from Kenzler et al. 2023), including syn-
kinematic strata of the upper I2 unit as a key feature of 
the glacitectonic imbrication on the Jasmund peninsula 
(Plonka et al. 2022; Kenzler et al. 2023). Undulated red 
line shows the glacitectonic angular unconformity (GAU) 
at the base of the M3 unit
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Fig. 3 Synoptic lithological log of the Dwasieden cliff section showing information about sedimentary features, lith-
ostratigraphic units and OSL age classification (modified after Plonka et al. 2022). Red dots show OSL sample position 
of the presented study. Facies codes are adopted from Miall (1996) and Benn, Evans (2010). 1 Sample position and 2 OSL 
age are from Pisarska-Jamroży et al. (2018a)
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the I2 unit, which can be subdivided into five litho-
logical units referred to as A to E from bottom to top 
(Fig. 3; Plonka et al. 2022).

Unit A is directly overlying the M2 till and reaches 
up to 3.5 m in thickness, thinning out towards SW. It 
is dominated by two beds of boulder-rich sandy grav-
el, intercalated by cross-bedded gravelly sand. Unit A 
is mainly deposited by high-rate meltwater discharge 
from the proximal glacier front, with intercalated sand 
indicating a phase of less energetic flow. The contact 
to the underlying M2 till is sharp and locally truncat-
ing due to erosional channels in dm scale.

Unit B is up to 9.2 m thick and consists of fine- to 
medium-grained parallel- and cross-laminated sand 
intercalated by cm- to dm-scaled silt beds. The depos-
its of unit B are thinning out towards NE. An outsized 
clast within a bed of horizontally laminated sand is 
interpreted as a dropstone (Fig. 3). The sediments dis-
play a glacilacustrine phase with meltwater influx and 
alternating sedimentation from suspension and from 
bed load in the form of hypo- and hyperpycnal flows. 
Polyvalent palaeo-current directions indicate several 
meltwater sources into the lake.

Unit C consists of medium- to coarse-grained sand 
with occasional gravel beds and a cm-scaled diamictic 
bed in the lower part. With a maximum 1.4 m thick-
ness, it marks the filling of a local erosional channel. 
This unit documents the drainage of the proglacial 
lake, due to changes in the geomorphological setting.

Unit D is composed of rhythmically alternating 
layers of fine-grained sand, silt and clay in which rip-
up clasts of clay are abundant. It is up to 5.8 m thick 
and is thinning out towards SW. This unit displays a 
phase of recurring accumulation of meltwater depos-
its in the basin and the continued development of a 
proglacial lake.

The uppermost unit E consists mainly of medium- 
to coarse-grained sand generally coarsening upwards. 
Towards the top of the up to 8.6 m thick unit, occa-
sional gravel beds appear. An up to 1 m thick pebble 
bed at the base, mostly consisting of the rip-up clasts 
of unit D, indicates the local erosion of the underlying 
unit. A broad range of sedimentary structures indi-
cates the depositional environment to be more high-
energetic than observed in the former units. This unit 
documents a setting of alluvial and fan delta prograda-
tion into the basin. The boundary between unit E and 
the overlying M3 till is the GAU described above.

This part of the Dwasieden cliff section offers the 
potential to directly date the development of the JGC. 
To test if the sediments described in Plonka et al. 
(2022) reveal the potential to gain robust OSL ages, 
this work presents a set of five new OSL ages from 
syn-kinematic deposits of the lithostratigraphical I2 
unit (MIS 2), located at the margin of the southern 
sub-complex of the JGC.

Methods

Methods – luminescence dating

Luminescence dating on proglacial sediments of-
fers a possibility to date the development of glacial 
landforms which are directly related to ice margins 
and thereby used to reconstruct the extent of ice ad-
vances. An advantage of luminescence dating is the 
abundance of quartz and feldspar mineral grains that 
are ubiquitous in glacial deposits rather than e.g. or-
ganic material for radiocarbon dating. The effect of 
incomplete bleaching of sample material, as a result 
of insufficient sunlight exposure, on age calculation is 
a general issue. This can be circumvented by measur-
ing samples on (quasi-) single-grain level and the ap-
plication of statistical models (Galbraith et al. 1999; 
Fuchs, Owen 2008; Thrasher et al. 2009).

Methods – luminescence sample preparation

For luminescence dating, five samples (UG219-
223) were retrieved by using an opaque PVC liner 
or stainless steel tins. Samples were taken from gla-
cilacustrine and alluvial deposits of the units B and E 
(Fig.  3). Preparation and equivalent dose (De) meas-
urements were conducted at the luminescence lab of 
the University of Greifswald under subdued red light. 
Samples were dry sieved to obtain the coarse-grained 
fraction of 100–150 µm. A standard cleaning and sepa-
ration technique followed. To remove carbonates and 
dispersion of aggregates, the samples were treated with 
HCl and sodium oxalate (Na2C2O4). H2O2 was used to 
remove organic matter. Quartz mineral fractions were 
separated using sodium polytungstate solution. The last 
step in preparing was the etching of quartz grains with 
40% HF for 40 minutes to exclude feldspar contamina-
tion and affection of alpha radiation on the outer rim of 
quartz grains, followed by the dissolution of fluorides 
using 20% HCl and the final wet sieving step.

Following the single aliquot regenerative-dose 
measurement protocol (Table 1, SAR; Murray, Win-
tle 2000) using quasi single-grain aliquots (equivalent 
to < 1 mm aliquots), the OSL signal was measured by 
using a Risø TL/OSL DA-20 reader equipped with a 
90Sr/90Y beta source (Bøtter-Jensen et al. 2010). To 
determine the most suitable preheat temperature, sev-
eral test measurements were conducted on medium 
aliquots (6 mm). The test measurements (Fig. 4), such 
as preheat plateau, dose recovery and thermal trans-
fer test, were conducted on sample UG222. The test 
results recommended a preheat temperature of 240°C 
and a cutheat temperature of 220°C. This is in con-
formity with test results gained from glacifluvial sedi-
ments of similar provenance published in Kenzler et 
al. (2022, 2023).
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Table 1 Single aliquot regenerative dose protocol (SAR) 
used to determine the equivalent-dose of quartz mineral 
grains in this study

Run Treatment
1 Dose (except before first run)
2 Preheat (240°C for 10 s)

3 Optical stimulation with IR-diodes for 100 s at 125°C 
(only for last run)

4 Optical stimulation with blue LEDs for 40 s at 125°C
5 Give test dose
6 Cut heat at 220°C
7 Optical stimulation with blue LEDs for 40 s at 125°C
8 Return to run 1

Fig. 4 Results of OSL test measurements (preheat plateau, 
dose recovery and thermal transfer) depending on preheat 
temperatures from 160–280°C. Each data point represents 
the mean value of three measured 6 mm aliquots. Shaded 
column displays chosen preheat temperature (240°C) for 
the SAR protocol used

Fig. 5 OSL-signal decay curve for representative sample 
UG222, showing natural (green), 0 Gy (blue) and 37 Gy 
(red) dosed signal. Growth curve (red) and plotted natural 
signal (dashed green) are shown in the inserted box

According to Wintle and Murray (2006), recu-
peration < 5% of the natural signal was applied as 
a rejection criterion, whereas the recycling ratio was 
set at 15%. Studies on OSL dating of partly bleached 
(glacifluvial) sediments yielded robust results work-
ing with this rejection criteria (Hardt et al. 2016). To 
exclude a possible feldspar contamination, an addi-
tional IRSL measurement at the end of each SAR se-
quence was conducted, in which an IR depletion ratio 
of  > 0.9 was applied (Duller 2003).

The OSL decay curve displays a fast decreasing 
OSL signal within the first second, exhibiting a fast 
component domination (Fig. 5). For the isolation of 
the fast component OSL signal from the medium and 
slow ones, an early-background subtraction was used 
(Cunningham, Wallinga 2010). Therefore, the back-
ground integral (0.48–1.6 s) was subtracted from the 
integral of the first 0.48 s.

Plonka et al. (2022) describe a fast changing dep-
ositional environment proximal to the glacier front 
for the strata under investigation. Hence, insufficient 
bleaching, as addressed for glacifluvial sediments 
in e.g. Fuchs and Owen (2008) and Lüthgens et al. 
(2010a), has to be considered for the sample material 
dated in this study. Reasons for that exist in the dep-
ositional environment proximal to the glacier front, 
short transport distances and suspension load (Plonka 
et al. 2022). This might lead to an overestimation of 
depositional ages because of an unknown residual sig-
nal which adds to the OSL signal accumulated since 
the last transport event (Fuchs, Owen 2008; Arnold et 
al. 2009; Thrasher et al. 2009).

Previous works on samples from glacifluvial de-
posits (Fuchs, Owen 2008; Thrasher et al. 2009; Hardt 
et al. 2016; Lüthgens et al. 2010a, b, 2011a, b) focus 
on single-grain or quasi single-grain measurements 
to obtain robust depositional ages. Cunningham and 
Wallinga (2012) have shown that both types of meas-
urements are suitable for dating of partially bleached 
sediment. To minimize the effect of insufficient 
bleaching on the obtained De values, in this work an 
analysis on quasi single-grain niveau (Murray et al. 
2012; Hardt et al. 2016) was chosen as a preferable 
option. Duller (2008) pointed out that it is common 
that 90–95% of the emitted luminescence signal is 
derived from 5–10% of the grains or less. Tests on 
Weichselian glacifluvial sediments from NE Germa-
ny on single-grain niveau have shown that only 3–5% 
of quartz grains emit a significant luminescence sig-
nal (Lüthgens et al. 2010b, 2020; Hardt et al. 2016). 
Hence, reducing the number of quartz grains on an 
aliquot to a small amount should provide a lumines-
cence signal derived from only one grain. In this work 
the grains on each accepted < 1 mm aliquot were 
counted to determine the average grain number, which 
is a more precise method than calculating the average 
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number of grains. Grain numbers on a single aliquot 
range between 26 (UG221) and 33 (UG220) (Table 
3). For comparison, the average number of grains for 
1 mm aliquots was calculated using R studio and the 
Luminescence Package (Kreutzer et al. 2020). Based 
on a mean grain size of 125 µm and a packing density 
of 0.65, the calculated grain number for an aliquot re-
sults in 42, which is significantly higher.

To obtain reproducible age estimates, at least 50 
equivalent dose (De) values (Rodnight 2008) have to 
pass the rejection criteria (Table 3). Following the 
investigation of Rodnight (2008) for determination 
of the burial dose, the Minimum Age Model (MAM, 
Galbraith et al. 1999) was chosen.

Methods – dose rate determination

For sediment dose-rate determination, the concen-
trations of uranium (U), thorium (Th) and potassium 
(K) were analyzed using low-level gamma spectrom-
etry at VKTA e.V. (Dresden). The conversion fac-
tors of Guérin et al. (2011) were used to calculate the 
external dose-rate. According to Prescott and Stephan 
(1982) and Prescott and Hutton (1994), the contribu-
tion of cosmic radiation to the environmental dose 
was estimated as a function of geomagnetic latitude, 
altitude and burial depth of the samples.

Table 2 General sample information and summary of results from radionuclide analyses, water content determination and 
total dose rate

Sample 
ID

Altitude 
(m a.s.l.)a

Depth below 
ground (m)a

Grain size 
(µm)

Potassium 
(%)

Thoriumb 
(ppm)

Uraniumc 
(ppm)

Water content (%) Total dose 
rate

(Gy ka-1)in situ satu-
rated

for age 
calculation

UG223 17 6 100–150 1.13 ± 
0.08

2.56 ± 
0.20

1.09 ± 
0.22 2.7 24.7 10 ± 8 1.60 ± 0.16

UG222 4 19 100–150 0.94 ± 
0.08

1.79 ± 
0.14

0.57 ± 
0.11 2.6 26.1 10 ± 8 1.10 ± 0.15

UG221 4 19 100–150 1.03 ± 
0.08

1.94 ± 
0.16 0.6 ± 0.16 3.0 26.3 10 ± 8 1.19 ± 0.15

UG220 8 15 100–150 0.96 ± 
0.08

2.06 ± 
0.16

0.87 ± 
0.20 4.1 25.7 10 ± 8 1.20 ± 0.15

UG219 5 18 100–150 0.69 ± 
0.06

1.42 ± 
0.12 0.6 ± 0.12 3.8 25.1 10 ± 8 0.86 ± 0.13

a Values display the height a. s. l/depth below ground in the field and do not correlate with sample position in the synoptic lithological 
log (Fig. 3); b Thorium concentration was calculated from the actvities of 228Ac, 208Tl and 212Pb; c Uranium concentration was calculated 
from the actvities of 214Pb and 214Bi

Table 3 Results of OSL measurements and age calculation
Sample ID Aliquot size No. of aliquotsa Avg. grain number Over dispersion (%) Mean De (Gy) MAM De(Gy) MAM age (ka)

UG223 1 mm 52 (480) 30 32.0 41.7 ± 2.3 32.3 ± 2.9 21.8 ± 3.1
UG222 1 mm 53 (528) 28 17.9 28.5 ± 1.0 23.1 ± 1.7 21.1 ± 3.2
UG221 1 mm 51 (576) 26 28.9 37.5 ± 2.0 28.9 ± 2.4 24.2 ± 3.7
UG220 1 mm 50 (288) 33 33.4 38.8 ± 2.8 29.9 ± 3.1 24.9 ± 4.1
UG219 1 mm 50 (480) 28 30.8 27.9 ± 1.4 18.8 ± 1.6 21.9 ± 3.9

aAliquots that passed rejection criteria (total number of measured aliquots)

The in-situ water content was determined, where-
as the saturated water conten was calculated with 
cylindrical volumeters for each sample (Kenzler et 
al. 2017). The in-situ water content ranges between 
2.6 and 4.1%, the determined water saturation rang-
es between 24.7 and 26.3% (Table 2). An increased 
water content attenuates the absorption of radiation 
by the sediment and thereby lowers the dose rate. As 
palaeohydrological conditions differ strongly from 
present-day conditions, the water content for the 
samples over burial time can only be estimated. The 
development of the piggyback basin described in 
Plonka et al. (2022) suggests changing water content 
of the pore space in the sediment. Another influence 
on the water content is the tilting of the strata due to 
glacitectonic deformation. Furthermore, the ground-
water level has changed during the last ~10 ka due to 
the development of the Baltic Sea and glaci-isostatic 
rebound (Andrén et al. 2011). In order to take these 
factors of uncertainty into account, an average water 
content of 10 ± 8% is assumed for the calculation of 
the dose rate. This provides a possibility to cover a 
broad range between minimum and maximum water 
content, but results in higher absolute errors regard-
ing the calculated ages. The radionuclide concen-
trations and the calculated dose rates are shown in 
Table 2.
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Results

Results – quartz luminescence measurements

A summary of the luminescence measurements is 
shown in Table 3. The calculated ages are ranging 
between 21.1 ± 3.2 ka (UG222) and 24.9 ± 4.1 ka 
(UG220). Taking the overlapping errors into account, 
the ages are stratigraphically consistent.

The distribution of De values for two representa-
tive samples (UG221 and UG223) is shown in Fig. 6. 
Both samples display a broad distribution of De val-
ues and exhibit a positive skewness in De distribution 
of 1.8 (UG221) and 1.5 (UG223). Skewness towards 
the smaller De values indicates a luminescence sig-
nal which is at least partly emitted by insufficiently 
bleached mineral grains (Fuchs et al. 2007; Fuchs, 
Owen 2008). The overdispersion, which indicates the 
spread of De values, ranges between comparatively 
low 17.9 % (UG222) and 33.4 % (UG220). Deposits 
from ice marginal areas tend to exhibit comparatively 
high overdispersion values due to different bleach-
ing characteristics of mineral grains resulting in the 
spread of De values (Lüthgens et al. 2010b; Hardt et 
al. 2016). To determinate the true burial dose of a 
sample, different statistical age models can be applied 
(Galbraith et al. 1999; Olley et al. 1999; Roberts et 
al. 2000; Lepper, McKeever 2002). For samples from 
a proglacial depositional environment, it is recom-
mended to apply the Minimum Age Model (MAM, 
Galbraith et al. 1999). The MAM allows to correct 
insufficiently bleached aliquots from De  analysis by 
the setting of sigma_b (σb), as a parameter of overd-
ispersion expected for a well-bleached sample from 
the dataset (Cunningham, Wallinga 2012). Shen et 
al. (2015) used σb = 0.1 (e.g. 10 % overdispersion) as 
a characteristic value for their quartz samples from 
flood deposits regarded as well-bleached. As a stand-
ard value for single-grain data, σb = 0.2 (e.g. 20% 
overdispersion) could be applied as a realistic esti-

mation (Arnold, Roberts 2009). For multi-grain data, 
σb must be smaller due to averaging in grain-to-grain 
variation (Cunningham  et al. 2011; Cunningham, 
Wallinga 2012). Cunningham et al. (2011) show 
overdispersion depending on the number of grains 
per aliquot. In this study, σb = 0.15 was chosen for the 
presented data set (Table 3).

Results – reliability of the OSL data

The valid application of the SAR protocol (Murray, 
Wintle 2000) was approved by dose recovery tests in 
each SAR sequence. Additional IRSL measurements 
at the end of each SAR sequence (Table 1) were car-
ried out to exclude possible feldspar contamination 
(Duller 2003). As the palaeohydrological conditions 
can only be estimated, uncertainties regarding the wa-
ter content were displayed by a comparatively high 
overall error of ± 8%. According to the investigations 
of Cunningham et al. (2011) and the overdispersion 
values ascertained for the dataset at hand, the setting 
of σb = 0.15 is regarded as adequate.

Figure 7 shows an abanico plot of the calculated 
ages. The univariate plot displaying the kernel den-
sity estimate (KDE) shows a clear bimodal distribu-
tion. For samples UG220 und UG221 displaying ages 
around 24 ± 4 and 25 ± 4 ka, a residual luminescence 
signal of the penultimate deposition cycle cannot fully 
be excluded. The samples are from glacilacustrine and 
alluvial deposits. The dropstone in unit B (UG220) 
implicates an ice-contact glacial lake, which is ac-
companied by meltwater supply and suspension load. 
Slumps and slides from the basin margin additionally 
might lead to redeposition of sediments and hence to a 
mixture of grains with different bleaching intensities. 
Slumps and slides may also be a cause for insufficient 
resetting of the luminescence signal for parts of unit E 
(UG221). For this unit, Plonka et al. (2022) describe 
a higher-energetic depositional environment com-
pared to the previous units with abundant meltwater 

Fig. 6 Abanico plots showing the De distributions of representative samples UG221 and UG223. De values are shown on a 
log-scale. Dark grey horizontal bar (dispersion bar) displays the 2σ range around the dashed central value line (centrality 
line) defined as the MAM. N = number of aliquots that passed the rejection criteria, in brackets: total of aliquots measured 
per sample
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discharge and sediment supply as well as sheet-flood 
events and the incision of erosional channels.

Ages for samples UG219, UG222 and UG223, 
ranging from 21 ± 3 to 22 ± 4 ka are evaluated to be 
reliable. Moreover, the mean age of these three sam-
ples indicating 21.6 ± 3.4 ka (Fig. 7) is used as an 
equivalent for the calculated OSL ages in this study.

Discussion

The stratigraphy and deformation history of the 
JGC must be discussed in the frame of the overall 
ice-margin fluctuation of the FIS. The area of the 
island of Rügen was ice-free between the LGM ad-
vance (Brandenburgian phase, early MIS 2) and a 
post-LGM re-advance (Pomeranian phase, MIS 2) of 
the FIS, as indicated by widespread glacifluvial and 
glacilacustrine deposits of the lithostratigraphic unit 
I2 (Panzig 1995; Müller, Obst 2006; Kenzler et al. 
2017, 2023; Plonka et al. 2022). Chronological data 
from the I2 unit outcropping at the cliffs of Jasmund 
peninsula show that this ice-free episode lasted from 
23 ± 2 to 20 ± 2 ka (Kenzler et al. 2017; Kenzler, 
Hüneke 2019). Since the I2 unit includes the young-
est pre-kinematic deposits, both the northern and 
southern part of the JGC subsequently formed by the 
post-LGM re-advance (Pomeranian phase, MIS 2) of 
the FIS (Kenzler et al.  2022), probably induced by 
surge events of the related ice streams (Gehrmann 
2018; Gehrmann, Harding 2018, 2019; Gehrmann et 

al. 2022). Finally, the ice overran the study area and 
reached its maximum position, the Pomeranian IMB 
(Fig. 8; Litt et al. 2007; Ehlers et al. 2011; Hughes et 
al. 2016; Tylmann et al. 2022).

A reliable set of age data is now available from 
pre-kinematic, post-kinematic and, for the first time, 
syn-kinematic sediments of the JGC (Fig. 9).

Fig. 7 OSL age estimation based on abanico plot. Black – based on samples UG219-UG223. Note the bimodal distribu-
tion displayed in the kernel density estimate (black solid line). Green – based on samples UG219, UG222 and UG223 
regarded as most reliable/adequately bleached. Red – based on samples UG220 and UG221 regarded as affected by 
incomplete bleaching

Fig. 8 Overview map showing the maximum extent of the 
FIS during the MIS 2 post-LGM Pomeranian/Bælthav ice 
advance. Note the possible ice divide (black dashed line, 
Tylman et al. 2022) between the JGC and the Teterow 
Glacitectonic Complex (TGC). Positions of glacitectonic 
complexes according to Pedersen (2005) and Börner et al. 
(2019). Cited age data: 1 Kenzler et al. (2023), 2 Tylmann et 
al. (2022), 3 Hardt, Böse (2016), 4 this study
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Kenzler et al. (2022) dated pre-kinematic sedi-
ments of the lithostratigraphical unit I1 (Fig. 2) of the 
northern sub-complex at the Glowe site (Fig. 1B) to 
be younger than ~ 45–34 ka and concluded that the 
formation of the JGC occurred subsequently, most 
probably around 20 ka, incorporating data from prior 
publications (Steinich 1992; Krbetschek 1995; Ken-
zler et al. 2015, 2017; Pisarska-Jamroży et al. 2018a; 
Kenzler, Hüneke 2019). In addition, Kenzler et al. 
(2023) dated a sedimentary sequence (I2 unit) from 
a basin structure at the so-called outcrop Stripe 25 
of the northern sub-complex (Fig. 1B). The derived 
OSL ages implicate that the evolution of the northern 
sub-complex took place during MIS 2 (Kenzler et al. 
2023). At least one age is obtained from syn-kinemat-
ic deposits displaying an age of 19.2 ± 2.8 ka (LUM 
3154). Based on this single age and incorporating the 
statistical error, the evolution of the northern sub-
complex took place between 22.0–16.4 ka (Fig.  9). 
For the formation time of the southern sub-complex, 
Pisarska-Jamroży et al. (2018a) provide an age of 
17.9 ± 1.8 ka (LUM 3146) for aeolian sand on top 
of a glacifluvial conglomerate (unit A, Fig. 3). Ac-
cording to Plonka et al. (2022), the lithological unit A 
was deposited during a short phase at the beginning 
of the evolution of the JGC. The lithological log in 
Pisarska-Jamroży et al. (2018a) shows that the sam-
ple was taken from a patchy layer with a thickness of 
~ 30 cm between a massive conglomerate below and a 
silty to clayey layer above. An influence by radiation 
from adjacent layers and rocks on the absorbed dose 

rate of the sample cannot be excluded and might led 
to an underestimation of the true burial dose (Preuss-
er et al. 2008; Riedesehl, Autzen 2020; Murray et 
al. 2021). Finally, the new age data presented in this 
study indicating an age of 21.6 ± 3.4 ka exclusively 
derived from syn-kinematic deposits, complements 
the previously published data.

The two-stage main evolution of the JGC is con-
cluded from geomorphological and structural data 
(Gehrmann 2018; Gehrmann, Harding 2018, 2019; 
Gehrmann et al. 2022). Based on the present data, 
there is no clear age difference between the OSL data 
of Kenzler et al. (2023) and this study, with 19.2 ± 
2.8 ka for the northern and 21.6 ± 3.4 ka for the south-
ern part (Fig. 9). The overlap of the statistical error 
indicates, on the contrary, the conclusion that both 
sub-complexes arose penecontemporaneously. It is 
assumed that the two main evolutional stages took 
place in a period which is smaller than the statistical 
error of at least ± 10% characteristic of OSL dating 
equating to more than ~ 2 ka. Hence, the distinction 
between the growth of the northern and the southern 
sub-complex by OSL dating is not conclusive.

The structural two-phase model of the JGC, with 
ice advancing from different directions (NE, SE), 
forming the northern and the southern sub-complex 
as the main evolutional stages during MIS 2 (Gehr-
mann, Harding 2018, 2019), is in agreement with 
the asynchronous dynamics of the FIS described by 
Tylmann et al. (2022) for the post-LGM Pomeranian 
IMB. The latter authors depict the area of Rügen as a 

Fig. 9 Age distribution of selected OSL ages for (i) the growth of the northern sub-complex, (ii) the growth of the southern 
sub-complex and (iii) the Pomeranian IMB (MIS 2). Age estimation of Tylmann et al. (2022) based on new and recalcu-
lated 10Be, OSL and radiocarbon ages. Age estimation of Hardt, Böse (2016) based on recalculated 10Be and OSL ages
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the tongues of the Baltic and the Oder ice stream con-
verged. In this area, further dating is of key impor-
tance for a better understanding of the regional dy-
namics of the ice sheet during this period.

With a reliable age of 21.6 ± 3.4 ka for the ice 
marginal glacitectonic imbrication on the southern 
sub-complex of the JGC, the OSL data presented in 
this study pre-date the age assessment of the Pomera-
nian IMB of Hardt and Böse (2016) and Tylmann et 
al. (2022). These authors suggest ages of 20–18 ka for 
the formation of the Pomeranian IMB (MIS 2) extent 
of the FIS in NE Germany (Figs 8, 9). Since Arnold 
and Sharp (2002) calculated flow velocities of 400 to 
600 m/yr for the SW sector of the FIS between 22–
18 ka, which roughly equates to 50 km/ka, the differ-
ence in age data coincides with the distance between 
the JGC and the MIS 2 Pomeranian IMB (Fig. 8).

Conclusions

The syn-kinematic deposits of a piggyback basin 
infill were tested in order to gain robust age data on 
the evolution of a glacitectonic complex by means of 
quartz luminescence dating. As the sediments were 
deposited proximal to the ice sheet, short transport 
distances and a large proportion of suspension load 
may have led to insufficient resetting of the lumines-
cence signal. Nevertheless, the samples analysed in 
this study yielded reliable ages, using quasi single-
grain aliquots (< 1 mm) and statistical models for age 
calculation.

We conclude that the development of the JGC 
was triggered by the post-LGM ice advance during 
MIS 2. The asynchronous advance of the ice margin 
in the SW Baltic Sea region around the Jasmund pe-
ninsula led to the development of distinct ice lobes, 
which formed the northern (older) and the southern 
(younger) sub-complex. The evolution of the JGC 
took place between 22–20 ka. The new OSL data of 
the Dwasieden cliff section provides an age of 21.6 
± 3.4 ka for the growth of the southern sub-complex. 
The results of this study (i) are in agreement with the 
data by Kenzler et al. (2023) regarding the evolution 
of the JGC and (ii) pre-date the NE-Germany maxi-
mum extent of the FIS manifesting in the Pomeranian 
IMB between 20–18 ka (Hardt, Böse 2016; Tylmann 
et al. 2022).
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centre of a possible ice divide between the Baltic ice 
stream (causing the northern sub-complex) and the 
Oder ice stream (causing the southern sub-complex) 
(Fig. 8). Based on a compilation of new and recalcu-
lated 10Be surface exposure ages, OSL and radiocar-
bon ages, Tylmann et al. (2022) suggest ages around 
20–19 ka for the Baltic ice stream and 19–18 ka for 
the Oder ice stream reaching its maximum extent. 
In agreement with these results, we suppose a short-
scale temporal offset < 2 ka of both ice streams com-
pared to the model of Lüthgens et al. (2020), which 
concluded that an early MIS 3 ice advance formed 
the northern part of the JGC, whereas the formation 
of the southern part is related to a late MIS 3 ice ad-
vance. This model implicates an offset of at least 16 
ka, which contradicts the existing and presented age 
data from the Jasmund peninsula. The model of Tyl-
mann et al. (2022) is, from a spatial point of view, an 
analogue to the model of Lüthgens et al. (2020) for 
late MIS 3, which depicts Klintholm and Oder lobes 
divided by the island of Bornholm (Figs 1A, 8). Both 
models imply that the island of Bornholm and the Jas-
mund area, together with the Rønne Bank as a line of 
elevations in the Baltic Sea, strongly affected the ice 
flow pattern of the FIS, for the LGM and post-LGM 
advances of the Weichselian glaciation.

Ludwig (2011) already proposed the occurrence 
of two ice streams generating the glacitectonic defor-
mation at the Jasmund peninsula and progressively 
leading to the rise of the JGC. We follow this princi-
pal thesis and assume that the topography of the Bal-
tic Sea basin and especially the area of the Jasmund 
peninsula act as a nunatak, which splits the advancing 
FIS into two branches giving way to the Baltic and 
the Oder ice stream.

Apart from the Jasmund peninsula, numerical age 
data for the German sector of the SW Baltic Sea area 
is scarce (Hughes et al. 2016; Tylmann et al. 2022). 
Regarding the geomorphological record of the Po-
meranian IMB in Mecklenburg-Western Pomerania, 
the assumption about a continuous IMB expanding 
the whole area existed for a long time (Fig. 8). If 
there are two separated ice streams, more distinct lo-
bate structures of the IMB would be expected. A hint 
to a more lobate structure of the ice margin during 
this time might be the Teterow Glacitectonic Com-
plex (TGC) of the Mecklenburger Schweiz (Nagel, 
Rühberg 2003; Börner et al. 2012, 2019), which is 
situated in the prolongation on the Bornholm-Rügen 
ice divide (Tylmann et al. 2022) at the intersection 
of two end-moraine lobes (Fig. 8). The orientation 
of the TGC lies orthogonal to most of other glacitec-
tonic complexes in the area of Mecklenburg-Western 
Pomerania, which are normally aligned to the ice 
marginal positions marked by terminal moraines 
(Fig. 8). Hence, the TGC might mark the point where 
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