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A B S T R A C T

It is hitherto commonly thought that earthquakes triggered by geologically rapid changes in the pressure caused
by the fluctuating extent of thick land-ice masses occur exclusively during ice retreat. Our study of deformed
sediment layers within an undeformed glaciolacustrine and glaciofluvial succession exposed in a coastal cliff on
Rügen Island, south-western Baltic Sea, challenges this widespread idea. Based on their structural and de-
formational features, the layers under investigation are interpreted as seismites which formed as a result of
seismically-induced liquefaction. The stratigraphic context aided by optically stimulated luminescence (OSL)
dating indicate that the documented seismites must have formed shortly before the front of the Pleistocene
Scandinavian Ice Sheet reached the study area during the Last Glacial Maximum, thus during a stage of ice
advance. This implies that the flexural isostatic response of the Earth's crust as a consequence of the ice load
during ice advance was accompanied by earthquakes probably due to local re-activation of pre-existing faults.
The crustal response to an increasing ice load was consequently less gradual than previous studies about gla-
ciation-related tectonics suggest.

1. Introduction

Land-ice masses of several Pleistocene glaciations, including those
of the last two glacial cycles (Saalian and Weichselian) reached the area
of present-day northern Germany. They left widespread traces in the
form of glacial sediments (mostly glacial diamicts) and glacigenic de-
posits (mainly glaciofluvial and glaciolacustrine gravels, sands and silts,
as well as diamictic mass-flow deposits) that predominantly accumu-
lated in front of the ice sheet. Such sedimentary successions have been
investigated extensively in numerous European countries, including
Great Britain (Knight, 1999), The Netherlands (Vanneste et al., 1999),
Germany (Brandes et al., 2012; Hoffmann and Reicherter, 2012;
Brandes and Winsemann, 2013), Sweden (Mörner, 2005; Gruszka et al.,
2016), Denmark (Schwan and Van Loon, 1979; Schwan et al., 1980),
Poland (Van Loon and Pisarska-Jamroży, 2014; Woźniak and Pisarska-

Jamroży, 2018; Pisarska-Jamroży and Woźniak, in press; Pisarska-
Jamroży et al., in press) and Latvia (Van Loon et al., 2016) in order to
unravel the sedimentary, morphological and glaciotectonic develop-
ments during the last two glaciations. Over the past decade, evidence
from these and several other sites in formerly glaciated regions has
become available, showing that particularly fine-grained (glacio)la-
custrine sediments contain strongly deformed levels whose formation
was most probably triggered by the passage of seismic waves (e.g.
Doughty et al., 2014; Gladkov et al., 2016). It is suggested by the above-
mentioned authors and many others (e.g. Chunga et al., 2007;
Pawlowski et al., 2013) that earthquake-induced liquefaction must be
held responsible, and that the associated earthquakes occurred due to
glacio-isostatic rebound of the Earth's crust/lithosphere during degla-
ciation, particularly in settings where seismic events cannot be attrib-
uted to endogenically-induced earthquakes, because they occur in
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contemporary seismically inactive intraplate regions or in low-seismi-
city areas (Brandes et al., 2012). The resulting deformed levels, com-
prising a single or at times several layers, are now commonly referred to
as ‘seismites’ (Seilacher, 1969; Galli, 2000; Moretti, 2000; Rodríguez-
Pascua et al., 2000; Van Loon, 2014).

The decrease in crustal loading during ice-sheet retreat is widely
considered to have been more rapid than the load increase during ice-
sheet advance, resulting in a faster glacio-isostatic crustal rebound
during deglaciation compared to crustal down-warping associated with
a major ice advance (Grollimund and Zoback, 2001). The relatively
swift glacio-isostatic rebound during deglaciation must occasionally
have triggered faulting, because seismites in sediments that accumu-
lated during deglaciation indicate that the rebound was accompanied
by repeated episodes of earthquake activity, with earthquake recur-
rence times ranging from only a few or a few dozens to a few hundreds
of years (Van Loon et al., 2016: 6–200 years) to thousands of years
(Pantosti et al., 2012: 2150 years) to tens of thousands of years
(Ezquerro et al., 2015: 45,000 years). To our knowledge, no seismites
have so far been described from sediments that accumulated during ice-
sheet advance. This has been regarded – based on stress-state calcula-
tions and fault-stability principles in formerly glaciated regions (Steffen
et al., 2014c; Brandes et al., 2015) – to suggest that the crustal loading
of the Earth's crust during ice advance was a far more gradual process
(and not accompanied by strong earthquakes) than the postglacial
glacio-isostatic rebound. Here we argue that this simple idea of gradual
flexural loading of the crust during ice advance versus a more shock-
wise fault-accentuated rebound during deglaciation must be revised, as
we document seismites from a sedimentary succession in northern
Germany that clearly accumulated in front of the advancing Weichse-
lian ice mass. In the following, we describe these deformed layers,
analyze their genesis, and provide absolute date control showing that
the deformation took place during ice advance.

2. Geological setting

The sediments under study form part of the Quaternary cover on
Rügen, an island in the south-western part of the Baltic Sea (Fig. 1) that
is situated above the Trans-European Suture Zone (TESZ; Pharaoh,
1999), where the composition and thickness of the crust and the li-
thosphere changes from NE to SW (e.g., Krawczyk et al., 2008). The
TESZ represents a crustal boundary between Baltica (with the thick
crystalline basement of the East European Craton) in the north and
Avalonia (a rather small terrain with thinner crust, derived originally
from Gondwana) in the south. Both continental plates collided during
the Caledonian Orogeny, as indicated by an accretionary wedge of
deformed Ordovician marine sediments exposed in boreholes of
northern Rügen. This fold-and-thrust belt can be traced from the Ca-
ledonian Deformation Front (CDF) between Rügen and Bornholm to-
wards the Anklam fault (Fig. 1).

The TESZ is a zone of crustal weakness and is characterized by
numerous faults activated and re-activated during several late
Palaeozoic and Mesozoic tectonic phases. Most prominent are the NW
trending faults of the Tornquist Zone (Berthelsen, 1992), subdivided
into the Sorgenfrei-Tornquist Zone (STZ) and the Tornquist-Teisseyre
Zone (TTZ), and of the Tornquist Fan in the area between Rügen and
Bornholm (Thybo, 2000). The latter comprises a splay of NW to WNW
trending faults between the STZ and the Anklam Fault that separate
uplifted and down-faulted blocks (Fig. 1B) (Seidel et al., 2018). These
faults also control the distribution of the sedimentary successions at the
north-eastern margin of the North German Basin (NGB), which subsided
after Permo-Carboniferous magmatism and extension. Mesozoic trans-
tension above the TESZ led to the formation of the Western Pomeranian
Fault System (WPFS; Krauss and Mayer, 2004). Compressional tectonics
during the Late Cretaceous and the early Tertiary caused fault re-acti-
vation and anticline formation.

Late Pleistocene ice advances eroded nearly all Tertiary sediments

in the vicinity of Rügen, and subglacial channels were incised into the
Cretaceous chalk (Obst et al., 2017). Tertiary sediments are only locally
preserved in graben structures bordered by WNW to NW trending faults
of the WPFS. This suggests re-activation of this fault system during the
Cainozoic (particularly during the Oligocene-Miocene) due to changes
in the stress field from NE to NW (Seidel et al., 2018). No indications
are known that the area was tectonically truly active during the late
Neogene. Normal faults developed in Late Weichselian deposits around
the Tornquist Zone due to stress changes induced by ice melting
(Brandes et al., 2018). Recent vertical movements along offshore sub-
surface faults caused by glacial isostasy are postulated but are difficult
to detect and to verify (Al Hseinat and Hübscher, 2017).

The study area experienced several phases of major glaciation when
the Scandinavian Ice Sheet (SIS) advanced into the lowlands of
northern Germany, reaching Last Glacial Maximum (LGM) terminal
positions approx. 250 km to the south of Rügen Island. At Rügen, the
Pleistocene sediments para-conformably overlie Maastrichtian chalk
and comprise a series of glacial diamicts and interbedded packages of
gravel, sand and clay. The succession is divided into three to four
subglacial till units and two to three glaciofluvial to glaciolacustrine
units (Müller and Obst, 2006). Based on regional correlations, the
lowermost till in the section under study is interpreted to have formed
during the Saalian glaciation during Marine Isotope Stage 6 (MIS 6),
whereas the rest of the succession accumulated during the Weichselian
glaciation (MIS 4-2: Panzig, 1995a; Kenzler et al., 2015).

Overall, the Weichselian glaciation of northern Germany is divided
into three main ice expansion phases (Liedtke, 1981), with the largest
ice extent reached during the so-called Brandenburgian phase between
24 and 20 ka (Heine et al., 2009; Stephan and Müller, 2012; Kenzler
et al., 2015, 2017). A second major SIS advance into northern Germany
occurred during the Pomeranian phase of the Weichselian glaciation for
which absolute ages between 20 and 16 ka have been obtained (Litt
et al., 2007; Heine et al., 2009; Lüthgens et al., 2011; Rinterknecht
et al., 2012, 2014; Lüthgens and Böse, 2011; Hardt and Böse, 2018).
Compressional ice flow around Rügen during this advance is widely
considered to have been responsible for the formation of the so-called
Jasmund Glaciotectonic Complex (JGC) in the NE part of the island
(Groth, 2003; Ludwig, 2011; Gehrmann et al., 2016; Gehrmann and
Harding, 2018). The JGC consists of a series of laterally stacked thrust-
sheet imbricates of internally well-preserved slabs containing an up to
150m thick sedimentary succession of Maastrichtian chalk and over-
lying Pleistocene units (Steinich, 1972). Within this setting, the in-
vestigated Pleistocene record at the study site near Dwasieden is part of
a single fault-bound thrust sheet located in the south-western edge of
the JGC (Fig. 1C).

The final phase of Late Pleistocene glaciation in the region, locally
referred to as the Mecklenburgian stage (Rühberg and Krienke, 1977),
is associated with the uppermost but spatially discontinuous till layer
on Rügen. The ice retreat from the ice-marginal position of the Meck-
lenburgian stage commenced by some 16 ka ago with the deglaciation
of Rügen, which was completed by approx. 15 ka (Preusser, 1999;
Görsdorf and Kaiser, 2001; Kaiser et al., 2009; Küster and Preusser,
2009; Rinterknecht et al., 2014; Rother and Kindermann, 2016). The
overall deglaciation pattern points to a relatively rapid final SIS retreat
from the North German Plain, probably accelerated by widespread
glacier calving into large proglacial lakes.

3. The cliff section

Based on fine-gravel analysis, luminescence and radiocarbon ages,
the general stratigraphy of the Pleistocene succession on Jasmund
Peninsula can be summarised as follows. Above pre-Marine Isotope
Stage 3 (MIS 3) till units (M0 and M1), follows a clayey, sandy to
gravelly unit (I1) representing ice-free depositional conditions. The
overlying till unit (M2) indicates the first late-Weichselian advance of
the Scandinavian Ice Sheet followed by a succession of intercalated
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sorted deposits (I2) and a till (M3), referring to oscillation phases of the
ice margin during MIS 2 (as found by Steinich, 1992; Krbetschek, 1995;
Panzig, 1995a, 1995b; Ludwig, 2006, 2011; Kenzler et al., 2015, 2017).

The investigated cliff section at the Dwasieden site, located about
2 km SW of the township of Sassnitz, has a length of some 150m with a
maximum cliff height of 20m (Ludwig, 1954/1955; Brumme, 2016).
The lithological characteristics and chronostratigraphical correlations
of the exposed record are shown in Fig. 2. Based on this, the lowermost
unit of the succession, outcropping at beach level, consists of Late
Cretaceous chalk (Early Maastrichtian). This semi-lithified limestone is
overlain by five unlithified Late Pleistocene units comprising three

glacial diamictic layers (i.e., tills), separated from one another by in-
terbedded glaciofluvial and glaciolacustrine muds, sands and gravels.
The surface of the chalk layer is highly irregular with disharmonic
glacitectonically-induced folds that extend into the overlying till.

The lowermost till (M1) is 1–1.5m thick (Fig. 2) and is rich in chalk
clasts; it is interpreted as a subglacial traction till deposited due to a
combination of particle lodgement and deformation at the glacier
substratum (sensu Benn and Evans, 2010). In this scenario, the sedi-
ment was released directly from the ice by pressure melting or liberated
from the substrate, and was homogenized by shearing (cf. Evans et al.,
2006). The overlying roughly 1-m thick unit (I1) consists of interbedded
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Fig. 1. Location and structural geological setting of the study area. A: Position of Rügen within NW Europe. B: Major and minor faults of the Tornquist zone and
Tornquist Fan (thick and thin red lines) and of the Western Pomeranian Fault System (thin yellow lines) in the southern Baltic Sea and adjacent coastal areas (for data
sources, see Seidel et al., 2018, and references therein). The Caledonian Deformation Front (CDF; green dashed line) outlines the northern rim of an accretionary
wedge between the Baltica and Avalonia crustal plates. STZ= Sorgenfrei-Tornquist Zone, TTZ=Tornquist-Teisseyre zone. C: Detail of Rügen Island with main deep-
rooted faults in the vicinity of the Jasmund Glaciotectonic Complex (JGC). The Schaabe Fault, situated close to the study site (yellow dot) belongs to a set of NW-
trending Palaeozoic faults that were partly re-activated during the Mesozoic and Cainozoic. The postglacially incised valley near the Schaabe Fault is marked (light
dashed line). AH=Arkona High, MRB=Middle Rügen Block, SRB= South Rügen Block. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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glaciolacustrine silts, sands and fine-grained gravels. Soft-sediment
deformation structures within the I1 package occur abundantly and will
be described in detail in the following chapter. This unit is overlain by a

further subglacial traction till (M2) with sharp erosional lower and
upper boundaries. This 2-m thick till is overlain by 3–4m of crudely
stratified boulder-rich sandy gravel (I2-A), which was deposited by
debris flows and migrating transverse bed forms in a glaciofluvial set-
ting. These coarse gravels are covered by patches of up to 30 cm thick
aeolian sand (I2-B). These deposits are overlain by ~6m of glaciola-
custrine sediments (I2-C) that are characterized by rhythmically bedded
silts and clays; they include intraclast layers comprising clay fragments.
The succession is topped by another glacial till bed (M3) which is only
preserved in the SW part of the cliff section (outside the site of Fig. 2).

4. Description and analysis of the deformed levels

The glaciofluvial and glaciolacustrine sediments that are inter-
calated between the M1 and M2 tills (Fig. 2) contain three levels (SSDS-
1 to SSDS-3) displaying numerous soft-sediment deformation structures
(Fig. 3). The first of these deformed levels (SSDS-1) has well-defined
lower and upper boundaries but the deformation structures take irre-
gular positions from place to place. The SSDS are concentrated in a few
places of this layer, without any obvious lateral or vertical alignment.
The presence of an ice-wedge cast originating from the top of SSDS-1
(Fig. 4) indicates that this unit was exposed to periglacial conditions
during and after its accumulation (cf. Van Vliet-Lanoë et al., 2004;
French, 2007; Superson et al., 2010; Vandenberghe, 2013;
Vandenberghe et al., 2016, 2017), but before it was covered by the ice
mass that deposited till M2 (Fig. 2).

Two deformed levels somewhat higher in the stratigraphy (SSDS-2
and SSDS-3) show entirely different characteristics regarding both their
distribution (laterally continuous and vertically restricted to relatively
thin levels) and structural nature (see Sections 4.1 through 4.3). Fur-
thermore, the SSDS in these levels are occasionally truncated at the
upper boundary of the layer in which they occur, and these two layers
show SSDS over the total exposed length of over 150m (Fig. 3). These
two levels, which are locally separated by hardly deformed sandy se-
diments, but elsewhere stacked immediately upon each other, are the
main subject of the present study.

4.1. Description of SSDS-1

The lowermost deformed level is, as mentioned above, not well
defined regarding its vertical extent. The presence of an ice-wedge cast
within this unit (Fig. 4), extending to far below the other deformation
structures in this level, indicates that periglacial processes contributed
to the deformation of this level. As the deformations do not seem to be
bound to a specific set of layers, no true lower boundary can be dis-
tinguished. The other SSDS in this level are mainly load casts and as-
sociated structures, types of SSDS that are also known to occur fre-
quently in periglacially deformed sediments.

4.2. Description of SSDS-2

The middle deformed level (SSDS-2) consists of sandy silts; it is
about 30–40 cm thick, and is deformed over its total exposed length.
Most of this level displays over its entire length complex contortions
(Figs. 2 and 5), and the deformation is at most places significantly more
intense than in SSDS-3. Most deformations are load casts and pseudo-
nodules, with genetically related flame structures. In contrast to the
load casts observed in SSDS-1, which appear to have been generated
individually during a relatively long-lived phase of ongoing processes
that affected the sediment, most load casts within level SSDS-2 deform
other load casts (see right-hand side of Fig. 5A), indicating that several
short, well defined phases of renewed loading must have occurred.

The scale of the individual structures increases somewhat along the
cliff section from SW to NE: the widths of the load casts reach up to
1.2 m (commonly much less, of the order of some 0.2 m), whereas the
pseudonodules are up to 70 cm wide (commonly much less: some

Fig. 2. The Pleistocene succession in the cliff section near the castle ruin of
Dwasieden on Rügen Island, with the ages of the various dated sediments.
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15 cm) and 3–22 cm high. The water-escape structures are up to a few
centimetres long. The complexity of the deformations also increases
towards the NE, and a slight increase in the number of pseudonodules is
found in the same direction.

4.3. Description of SSDS-3

The upper deformed level is not present over the entire length of the
exposed section, due to the erosive character of the base of the over-
lying glacial till (M2, see Fig. 2). The thickness of SSDS-3 ranges from
10 to 20 cm. It differs from SSDS-2 in being less intensely deformed, but
also – and even more so – by a noted decrease in the amplitude of the
deformations from NW to SE.

Most of the deformation structures in SSDS-3 consist of relatively

simple load casts and pseudonodules (Fig. 6). Like in SSDS-2, most of
the load casts in the SSDS-3 level are composed of coarse silt
(20–63 μm) and fine sand (63–125 μm); their internal lamination tends
to run parallel to the outer surface of the load casts. The various fea-
tures suggest that the parent sediment was horizontally-laminated be-
fore liquefaction initiated the deformation of the layers with the load
structures. The genetically related flame structures consist of massive
silt, and are intruded into the fine-grained sands. The kidney- and oval-
shaped pseudonodules and the ball-and-pillow structures that occur
mainly in the SW part of the section are composed of silt and very fine
sand. Some water-escape structures are also present; they are filled with
massive silt.

Fig. 3. The cliff section near the castle of Dwasieden, showing the large lateral extent of the two inferred seismites SSDS-2 and SSDS-3. The location left-hand side of
panel A corresponds approximately with that of the right-hand side of panel B, as indicated by the black line. Figures C–E show details of the deformed levels
(seismites) SSDS-2 and SSDS-3, the positions of which are shown in Fig. 2, above the periglacially deformed level SSDS-1.
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4.4. Genetic analysis of the deformed levels

An abundance of SSDS within glaciolacustrine and glaciofluvial
sediments is in itself not remarkable, particularly when such sediments
are water-saturated and are composed of relatively large proportions of
fine sand and silt, as these make them prone to deformation by lique-
faction. A critical feature in the Dwasieden section is that the deformed
levels SSDS-2 and SSDS-3 are interbedded with undeformed layers,
below and above, in addition to a thin layer between SSDS-2 and SSDS-
3 that is hardly deformed (Fig. 2). This excludes an origin of the de-
formations as a direct result of ‘normal’ endogenic tectonics or glacio-
tectonics, because in this case the layers above (and certainly those
below) the two deformed levels should not only be deformed as well,
but should also show deformations that point at similarly directed
tectonic forces. Periglacial processes can also be excluded because the
deformations do not cross the boundaries between successive layers, do
not include frost fissures or ice-wedge casts, and are not related to the
level of what should have been the active layer.

The presence of strongly deformed levels sandwiched between un-
deformed levels could be explained in three ways: (1) due to litholo-
gical and rheological differences (including possible differences in pore-
water content), as some layers would be far more susceptible to

deformation and have a lower threshold to deforming processes than
other layers, (2) the deformation may have a direct sedimentary origin
as potentially caused by slumping leading to contorted bedding, and (3)
the sediments have been affected by Rayleigh waves (which are gen-
erated by the interaction of S- and P-waves) generated by earthquakes
(it is well known that the long-wavelength Rayleigh waves affect by
cyclic shear stresses specifically layers or sets of the layers that are
susceptible to liquefaction, thus primarily in the top part of the sedi-
mentary column; see Viktorov, 2013). Option (1) can be excluded,
because some of the layers under- and overlying the deformed levels
have the same grain-size distribution and diagenetic characteristics as
the deformed levels. Option (2) can also be excluded, because no signs
of mass transport are present (the sediments do not show any of the
characteristics of slumping, debris flowage or turbidity currents, nor of
sliding; rather they show the well-preserved – though contorted – la-
mination that is characteristic of lacustrine sediments). This leaves
deformation by seismic shocks as the most feasible explanation for the
observed structures and their architecture.

The identification of seismites is not a trivial task, particularly since
one of the most diagnostic features characterizing modern earthquakes
that deform surficial sediments, viz. sand blows, are very rare in ancient
sediments due to metadepositional erosion, although they have been
occasionally described (e.g. Van Loon and Maulik, 2011). Sims (1973,
1975) stated that seismites could be recognized as such if (1) they occur
in a seismically active region, (2) their SSDS are largely restricted to
specific stratigraphic horizons, (3) they can be traced or correlated over
large areas within a sedimentary basin, and (4) there is no detectable
influence of slope movement or failure. Hilbert-Wolf et al. (2009)
suggested the following criteria on the basis of other studies devoted to
the topic (primarily Obermeier, 1996; Rossetti, 1999; Wheeler, 2002):
(1) a clear association with faults as potential triggers, (2) the observed
deformations must be consistent with those having a known seismic
origin, (3) a widespread occurrence that is temporally constrained, (4) a
systematically higher intensity or increase in frequency towards a
possible epicentre, (5) lack of indications for any other causal me-
chanisms, (6) vertical recurrence of deformed layers, (7) a stratigraphic
position in between undisturbed layers, and (8) the presence of faults
associated with wedges of intraformational breccias, conglomerates, or
massive sandstones. More recently, Owen and Moretti (2011) proposed
the following criteria to recognize seismites: (1) a large areal extent; (2)

Fig. 4. Ice-wedge cast in the irregularly deformed level SSDS-1 below the
seismites.

Fig. 5. Characteristic soft-sediment deformation structures at two locations (A and B) of seismite SSDS-2. The yellowish sediments consist of silty fine-sandy material,
the brownish sediments consist of silty clay and clayey silt.
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lateral continuity of deformed sediment; (3) vertical repetition; (4)
SSDS with a morphology comparable with structures described from
earthquake-affected layers; (5) proximity to active faults; (6) depen-
dence of complexity or frequency with distance from the triggering
fault. These criteria seem in practice the best applicable since they are
not only the common divisor of the criteria mentioned by the various
above researchers, but also can relatively easily be checked in the field.

The two deformed levels fulfil these criteria: (1) they can be fol-
lowed over the entire exposed cliff section (~150m); (2) the levels are
laterally completely deformed, without interruptions by non-deformed
intervals; (3) the presence of two levels indicates a repetitive trigger;
(4) the SSDS show strong resemblance with the SSDS formed during
both experiments mimicking seismic shocks (e.g., Moretti et al., 1999)
and historical earthquakes (e.g., Jin et al., 2017); (5) numerous faults
occur in the subsurface and may well have been reactivated by the
crustal deformation due to the advancing Scandinavian Ice Sheet; (6)
we did not find such a change in complexity or intensity for SSDS-2, but
we found this, indeed, for SSDS-3 (see Section 4.2).

Taking all together, the only feasible explanation for the interbed-
ding of the deformed levels SSDS-2 and SSDS-3 between non-deformed
levels is deformation due to differential liquefaction caused by the
passage of earthquake-induced Rayleigh waves. Consequently, we
identify both deformed layers as seismites.

5. Dating of the seismites

The stratigraphic context of the two seismites at Dwasieden suggests
that these seismites formed either during a phase of ice-sheet retreat
(associated with the underlying till M1) or during a phase of ice ad-
vance (associated with the overlying till M2). To distinguish between
both options, we undertook an optically stimulated luminescence (OSL)
dating study of the investigated soft-sediment succession.

Three samples were taken for OSL age dating: one sample from
SSDS-3 (LUM 3147) and another from the directly overlying sandy
stratum I1-D (LUM 3148). In addition, a further OSL sample was col-
lected from a sand layer above the gravel bed I2-B (LUM 3146, Fig. 2).

Standard separation and cleaning techniques were applied to extract
pure coarse-grained quartz grains (Kenzler et al., 2017). Dose-rate and
water-content determinations (Table 1) followed the experimental
setup described in detail by Kenzler et al. (2015, 2017). Potential
problems with an inhomogeneous irradiation field could be assumed for
sample LUM 3148. Due to a sample location< 15 cm below the over-
lying M2 till, the dose-rate determination is much less reliable in
comparison to samples LUM 3147 and LUM 3146. Therefore, we added
for sample LUM 3148 a systematically error of 10% (instead of 5% for

samples LUM 3147 and LUM 3146) to the gamma spectrometry analysis
results (Table 1). The luminescence age of sample LUM 3148 should be
treated as a minimum age in the context of the overall stratigraphy
because of the inhomogeneous M2 till above. A SAR protocol (Murray
and Wintle, 2000) was applied to determine the quartz equivalent dose
(Table 2).

The final calculated OSL ages are in stratigraphic order (Table 1)
and support the age assessments presented in Kenzler et al. (2017) for
contemporaneous horizons from nearby sites in the north-eastern part
of the Jasmund Peninsula (Fig. 7). Although the sampled horizons are
inferred to have been deposited in a proglacial environment, there are
no indications of a significant influence from partially bleached quartz
grains, giving confidence that the resulting ages are robust (Fuchs and
Owen, 2008).

Based on the results of the OSL dating, the investigated succession
(upper part of unit I1), including SSDS-3, was deposited between
22.7 ± 1.9 ka and 19.0 ± 2.3 ka. This time roughly coincides with the
maximum extent of the Weichselian Scandinavian Ice Sheet in the
south-western Baltic Sea area (Fig. 8) (Houmark-Nielsen, 2010;
Toucanne et al., 2015; Hughes et al., 2016).

Kenzler et al. (2017) concluded that the first late Weichselian ice
advance reached the Jasmund Peninsula at 23.2 ± 2 ka. The SSDS-3
level thus must have been deposited shortly before the ice sheet covered
the study area. This assessment is further supported by the occurrence
of an ice-wedge cast at the top of SSDS-1, suggesting a cold climate and
periglacial conditions prior to the advance of the Scandinavian Ice
Sheet across the site. In this scenario, the till that directly overlies SSDS-
3 is likely to represent the Brandenburgian advance phase of the ice
sheet during the Last Glacial Maximum.

The OSL sample from the aeolian sand (unit I2-B) at the top of the
gravel bed (unit I2-A) yielded an OSL age of 17.9 ± 1.8 ka (Fig. 2). The
dated unit represents a short phase of ice retreat during post-LGM os-
cillations of the ice front (cf. Toucanne et al., 2015). The overlying
glaciolacustrine unit (I2-C) comprising rhythmically bedded layers of
silt and clay intraclasts, indicating a depositional environment in the
direct vicinity of the Scandinavian Ice Sheet, was probably deposited
during a subsequent ice advance, most likely the Pomeranian phase of
the Weichselian Glaciation (cf. Kenzler et al., 2017).

6. Discussion

The presence of seismites in the investigated succession indicates
that the advancing Scandinavian Ice Sheet (SIS) caused shock-wise
down-warping of the Earth's crust, resulting occasionally in moderate-
magnitude earthquakes, which are infrequent in stable intraplate

Fig. 6. Details of seismite SSDS-3, immediately stacked on seismite SSDS-2. A: Deformed sand lumps within a structureless silty mass, with the upper part eroded by
the overlying diamicton. B: Sandy load casts and flame structures in the lower part of the seismite.
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regions. The formation of seismites requires earthquakes with a mag-
nitude of at least about 4.5–5.0 (Ambraseys, 1988; Marco and Agnon,
2005; Rodríguez-López et al., 2007; Alfaro et al., 2010), although this
may be somewhat less close to the epicentre (cf. Obermeier, 1996).

No earlier studies suggest that ice-load-induced earthquakes have
occurred while the SIS was advancing. Because the study area is si-
tuated in a low-seismicity intraplate setting, and because the formation
of seismites requires moderate-magnitude earthquakes, it seems only
appropriate to discuss here which faults may have been involved.

The response of pre-existing faults to changes in surface loads in-
duced by the growth and melting of continental ice sheets and the as-
sociated glacial isostatic adjustment has been assessed by two- and
three-dimensional models (e.g., Wu et al., 1999; Hampel and Hetzel,
2006; Hampel et al., 2009; Steffen et al., 2014a,b; Hampel et al., 2015).
The stress state along a fault affects its stability, and if it is changed,
faults that were formerly inactive can be re-activated. 3-D numerical
experiments of slip-rate variations on fault arrays by Hampel et al.
(2009) reveal that, in general, both normal and thrust faults show a
slip-rate decrease during ice-sheet growth and a pronounced slip-rate
increase during deglaciation – if the faults are located beneath the ice
sheet. Slip on faults located beyond the ice-sheet margin, in contrast,
accelerates during glacial loading and decelerates during subsequent
unloading, regardless of whether they are loaded on their footwall or
hanging wall. This has been modelled for faults about 35 km away from
the ice margin and is true for normal and thrust faults oriented parallel
to the ice margin as well as for thrust faults oriented perpendicular to

Ta
bl
e
1

Su
m
m
ar
y
da

ta
fo
r
do

si
m
et
ry
,
w
at
er
-c
on

te
nt

de
te
rm

in
at
io
n,

do
se

ra
te
s,

nu
m
be

r
of

al
iq
uo

ts
th
at

pa
ss
ed

th
e
re
je
ct
io
n
cr
it
er
ia
,e

qu
iv
al
en

t
do

se
s,

an
d
O
SL

ag
es
.

Sa
m
pl
e
ID

A
lt
it
ud

e
(m

am
sl
)

D
ep

th
be

lo
w

gr
ou

nd
(m

)
Po

ta
ss
iu
m

(%
)

Th
or
iu
m

a
(p
pm

)
U
ra
ni
um

b
(p
pm

)
W
at
er

co
nt
en

t
in

si
tu

(%
)

W
at
er

co
nt
en

t
m
ax

ca
lc
ul
at
io
n
(%

)
W
at
er

co
nt
en

t
us
ed

fo
r
ag

e
Q
ua

rt
z
do

se
ra
te

(G
y
ka

−
1
)

A
liq

uo
t
si
ze

N
o.

of
al
iq
uo

ts
c

M
ea
n
D
e
(G

y)
M
ea
n
ag

e
(k
a)

LU
M

31
46

9.
0

7.
0

1.
47

±
0.
07

d
3.
86

±
0.
14

d
0.
93

±
0.
05

d
0.
3

24
.3

12
±

5
1.
69

±
0.
12

6
m
m

23
(2
4)

30
.2

±
2.
0

17
.9

±
1.
8

LU
M

31
47

3.
0

13
.0

1.
61

±
0.
08

d
3.
92

±
0.
20

d
1.
26

±
0.
04

d
8.
1

22
.4

17
±

5
1.
85

±
0.
14

6
m
m

23
(2
4)

41
.9

±
1.
7

22
.7

±
1.
9

LU
M

31
48

3.
5

12
.5

1.
44

±
0.
14

e
1.
67

±
0.
17

e
0.
56

±
0.
06

e
2.
7

29
.8

25
±

5
1.
33

±
0.
15

6
m
m

21
(2
4)

25
.2

±
1.
2

19
.0

±
2.
3

a
Th

e
th
or
iu
m

co
nc

en
tr
at
io
n
w
as

ca
lc
ul
at
ed

fr
om

th
e
ac
ti
vi
ti
es

of
2
2
8
A
c,

2
0
8
Tl

an
d

2
1
2
Pb

.
b
Th

e
ur
an

iu
m

co
nc

en
tr
at
io
n
w
as

ca
lc
ul
at
ed

fr
om

th
e
ac
ti
vi
ti
es

of
2
1
4
Pb

an
d

2
1
4
Bi
.

c
Th

e
to
ta
l
nu

m
be

r
of

m
ea
su
re
d
al
iq
uo

ts
an

d
(i
n
pa

re
nt
he

se
s)

th
e
al
iq
uo

ts
th
at

pa
ss
ed

cr
it
er
ia
.

d
In
cl
ud

es
an

un
ce
rt
ai
nt
y
of

5%
.

e
In
cl
ud

es
an

un
ce
rt
ai
nt
y
of

10
%
.

Table 2
Modified single-aliquot regenerative-dose (SAR) protocol used for optically
stimulated luminescence (OSL) dating of coarse-grained quartz samples.

Run Treatment for quartz

1 Dose (except before first run)
2 Preheat (240 °C for 10 s)
3 Stimulation with IR-diodes for 100 s at 125 °C
4 Optical stimulation with blue LEDs for 40 s at 125 °C
5 Give test dose
6 Cutheat at 220 °C
7 Optical stimulation with blue LEDs for 40 s at 125 °C
8 Return to run 1

Fig. 7. Luminescence ages of glaciofluvial and glaciolacustrine deposits below
and above the first late-Weichselian till (M2) on the Jasmund Peninsula in
comparison to advances of the Scandinavian Ice Sheet.
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the ice margin. By analogy to the experimental setting of Hampel et al.
(2009), we interpret the fault re-activation on Rügen – and the for-
mation of seismites – to be a consequence of crustal down-warping of
the area in front of the growing Weichselian ice sheet.

An inferred moat setting near the advancing ice margin is in ac-
cordance with the environmental interpretation of the SSDS-bearing
sediments (glaciolacustrine deposits characterized by dropstones) and
is within the error envelope of the presented OSL ages from of the sandy
deposits (22.7 ± 1.9 ka, 19.0 ± 2.3 ka minimum age). Furthermore,
this view is in agreement with the palaeogeographical reconstruction of
the Scandinavian Ice Sheet by Hughes et al. (2016), which shows an
overrun of the Rügen area by the ice-sheet margin between 25 ka and
24 ka.

The migration of the moat in front of the advancing SIS apparently
re-activated one (or possibly several) of the numerous faults that cross
Rügen Island (Fig. 1). The most prominent faults in the vicinity of
Rügen are the Wiek, Bergen and Strelasund Faults, which are part of the
Tornquist Fan and formed during extension in the northern foreland of
the Variscan Orogen (Fig. 1B). They are deep-rooted and subdivide the
area from north to south into major blocks, named the Arkona High,
and the Middle and South Rügen Blocks (Franke and Hoffmann, 1988).
The Middle Rügen Block is further subdivided by, among other faults,
the Nord Jasmund, Schaabe, Parchow and Rappin Faults (Fig. 1C),
which changed their character during the Carboniferous from normal
faults into reverse faults and were re-activated during the Mesozoic
(Seidel et al., 2018).

Among the faults, which are most likely to have been re-activated
by glacio-isostatic movements during the Pleistocene, the Schaabe Fault
is situated only 2 km away from the deformed cliff section exposed near
Dwasieden (Fig. 1C). This NW trending fault dips slightly towards NE. It
was generated as a normal fault during Devonian extension tectonics
and partly reversed due to Carboniferous compression (Seidel et al.,
2018). The fault strikes parallel to the ice margin of the advancing
Scandinavian Ice Sheet in a distance of a few tens of kilometres and
could easily have been re-activated because of considerable slip varia-
tions in the moat area, as suggested by numerical model results of
Hampel et al. (2009).

Interestingly, a 5-m DEM suggests that this fault underlies a young

NW-SE trending valley incised into surficial sediments of the southern
part of the Jasmund Glaciotectonic Complex with mainly NE-SW or-
iented rafts of folded and uplifted chalk and an older Pleistocene suc-
cession (Fig. 1C). This suggests the repeated re-activation of a pre-ex-
isting zone of weakness even after the latest Weichselian ice advance.
Such observations support the idea of discrete vertical blocks move-
ments, both in front of the advancing ice sheet causing faulting-induced
subsidence, and during the phase of ice retreat and stress release due to
postglacial glacio-isostatic rebound.

In the case of earthquakes induced during advance of the
Scandinavia Ice Sheet, however, other possibilities of generation have
to be considered. Stick-slip, downhill sliding of glacial ice masses may
have induced earthquakes up to magnitude 5. Such a relationship be-
tween rapid mass movements in glaciers and so-called glacial earth-
quakes has been described for Greenland. More recently, large ice-loss
events (iceberg calving) in which icebergs of cubic-kilometre scale
collapse against the calving face have been proposed as a source for
distinct seismic signals.

7. Conclusions

Based on the presented stratigraphical, sedimentological and geo-
chronological findings from two seismites within a glaciolacustrine
succession that is capped by a late Weichselian (Last Glacial Maximum;
MIS-2) till, we conclude that earthquakes with magnitudes of> 4.5
occurred in NE Germany just prior to the direct glaciation of the area
during the main ice advance of the Scandinavian Ice Sheet during the
Last Glacial Maximum. We attribute this to a shock-wise down-warping
of the Earth's crust under the influence of the increasing load by the
advancing ice mass. The migrating moat induced elastic stress at pre-
existing faults, which was released by fault re-activation. This implies
that earthquakes did accompany not only ice retreat, as hitherto as-
sumed, but also ice advance. This sheds new light on the response of the
Earth's crust to the geologically exceptionally fast alternations of sig-
nificant loading and unloading by advance and retreat of continental
ice sheets, respectively. This finding might help to interpret the results
of future studies concerning the rheology of the Earth's crust.

Fig. 8. A: Palaeogeographical map of the south-western
Baltic Sea area with the most likely extent of the
Scandinavian Ice Sheet at 25 ka (based on Hughes et al.,
2016), and reconstructed positions of the moat and the
forebulge (according to the glacio-isostatic adjustment
model, ICE-6G_C (VM5a) of Peltier et al., 2015). B: Sim-
plified section across the forebulge, moat and ice margin,
showing the difference between the surface altitude at
25 ka and the recent one (according to the glacio-isostatic
adjustment model, ICE-6G_C (VM5a) of Peltier et al.,
2015).
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